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Abstract: Aged distilled beverages (cognac and brandy) contain phenolic antioxidants as their quality
markers. Voltammetric sensors based on the carbon nanotubes and electropolymerized pyrocatechol
violet (PCV) or p-aminobenzoic acid (ABA) were developed for the simultaneous determination of
the phenolic antioxidants in cognac and brandy. The polymerization conditions of PCV and ABA
were optimized. Sensors allow for the simultaneous sensitive determination of gallic and ellagic
acids as well as syringaldehyde and vanillin. The analytical characteristics are improved vs. other
modified electrodes. The sensors show selectivity in the presence of typical interferences and other
natural phenolics. The sensors that were developed were tested on cognac and brandy samples.

Keywords: electrochemical sensors; carbon nanotubes; electropolymerization; gallic acid; ellagic
acid; syringaldehyde; vanillin; cognac and brandy

1. Introduction

Aged distilled beverages, namely cognac and brandy, contain natural phenolic an-
tioxidants that are often considered as quality markers for these beverages [1]. Phenolic
acid (gallic and ellagic) and aromatic aldehydes (vanillin and syringaldehyde) are the
major contributors to the antioxidant properties of aged distilled beverages [1–3]. Their
simultaneous determination is of practical interest.

Different types of chromatography and capillary electrophoresis are usually applied
for their quantification [2,4,5]. Nevertheless, less tedious and simpler methods are en-
couraged. Electrochemical sensors are simple, reliable, and cost-effective and could be
an effective alternative tool for these purposes [6–8]. The only problem facing electro-
chemical approaches is their low selectivity of when determining the phenolic content
due to the structural similarity of the analytes. This limitation can be overcome using
chemically modified electrodes. Thus, electrodes based on a Printex L6 carbon-silver
hybrid nanomaterial [9], layer-by-layer combination of multi-walled carbon nanotubes
(MWCNT), and electropolymerized quercetin [10] or gallic acid [11], reduced graphene
oxide, and poly(glutamic acid) [12] were developed for the determination of gallic acid. An
MWCNT-based sensor is described for the ellagic acid quantification [3]. Syringaldehyde is
not usually considered for electroanalysis, while many electrochemical sensors have been
developed for vanillin determination, including ones that are based on a combination of
carbon nanomaterials and electropolymerized films [13,14].

Nevertheless, the simultaneous voltammetric detection of gallic and ellagic acids as
well as aromatic aldehydes not often considered. Currently, there is just one example of
gallic and ellagic acid quantification in a mixture using an MWCNT-modified carbon paste
electrode [6]. The possibility of the simultaneous determination of syringaldehyde and
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vanillin has been demonstrated on a glassy carbon electrode (GCE) that was modified
with carbon nanofibers and cationic surfactant cetylpyridinium bromide [7]. The analytical
characteristics presented in Table 1 can be improved further. The disadvantage of both
approaches is the absence of data on the selectivity of the electrode response to the target
analytes. Furthermore, the use of this application in real samples was not realized.

Table 1. Analytical characteristics of simultaneous voltammetric determination of natural phenolic acids and aromatic aldehydes.

Electrode Methods Analyte
Detection Limit,

μM
Linear Dynamic

Range, μM
Ref.

MWCNT-carbon paste electrode AdDPV 1 Gallic acid – 2.50–21.25
[6]Ellagic acid – 0.0075–0.019

Cetylpyridinium bromide/Carbon
nanofibers/GCE DPV 2 Syringaldehyde 0.53 2.5–30

[7]Vanillin 1.17 5.0–40
1 Adsorptive differential pulse voltammetry. 2 Differential pulse voltammetry.

Thus, novel voltammetric sensors that are based on carbon nanotubes and electropoly-
merized pyrocatechol violet (PCV) or p-aminobenzoic acid (ABA) have been developed
for the simultaneous determination of phenolic antioxidants in cognac and brandy for the
first time.

2. Materials and Methods

PCV and 99% ABA from Sigma-Aldrich (India and Germany, respectively) were used
as monomers to obtain polymeric coverage. Their standard solutions (10 mM for PCV and
25 mM for ABA) were prepared in distilled water. Gallic (99%) and ellagic (95%) acids,
vanillin (99%) from Sigma (Germany), and syringaldehyde (98%) from Aldrich (Germany)
were used as standards. Their 10 mM (0.86 mM for ellagic acid) stock solutions in c.p. grade
methanol (ethanol (rectificate) in the case of aromatic aldehydes) were prepared in 5.0 mL
flasks. The exact dilution with the corresponding solvent was used for the preparation of
less concentrated solutions.

Britton–Robinson buffer with a pH of 2.0 was used as a supporting electrolyte for the
quantification of the natural phenolics. It was prepared from a mixture of 0.04 M boric acid,
0.04 M phosphoric acid, and 0.04 M acetic acid. The pH value was adjusted using a 0.2 M
NaOH solution on a pH meter.

MWCNT (outer diameter 40–60 nm, inner diameter 5–10 nm and 0.5–500 μm length) and
polyaminobenzene sulfonic acid functionalized single-walled carbon nanotubes (f-SWCNT)
(d × l is 1.1 nm × 0.5–1.0 μm) were purchased from Aldrich and Sigma-Aldrich (Steinheim,
Germany), respectively. MWCNT (0.5 mg mL−1 homogeneous suspension in 1% sodium
dodecylsulfate (Panreac, Barcelona, Spain) was prepared by sonication for 30 min in an
ultrasonic bath (WiseClean WUC-A03H (DAIHAN Scientific Co., Ltd., Wonju-si, Korea). A
homogeneous 1.0 mg mL−1 suspension of f-SWCNT was obtained by ultrasonic dispersion
for 30 min in dimethylformamide.

All reagents were chemical grade purity. Double distilled water was used for the
measurements. The experiments were conducted at laboratory temperature (25 ± 2 ◦C).

Voltammetric measurements were conducted on the potentiostat/galvanostat Autolab
PGSTAT 12 (Eco Chemie B.V., Utrecht, The Netherlands) with GPES software, version
4.9.005. Electrochemical impedance spectroscopy (EIS) was performed on the potentio-
stat/galvanostat Autolab PGSTAT 302N with the FRA 32M module (Eco Chemie B.V.,
Utrecht, The Netherlands) and NOVA 1.10.1.9 software. The 10 mL glassy electrochemical
cell consisted of the working GCE with a 7.07 mm2 geometric surface area (CH Instruments,
Inc., Bee Cave, TX, USA), or a modified electrode, a silver-silver chloride saturated KCl
reference electrode, and a platinum wire as the counter electrode was used.

An “Expert-001” pH meter (Econix-Expert Ltd., Moscow, Russian Federation) equipped
with a glassy electrode was applied for the pH measurements.
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Scanning electron microscopy (SEM) was conducted on a high-resolution field emis-
sion scanning electron microscope MerlinTM (Carl Zeiss, Oberkochen, Germany) at the
accelerating voltage of 5 kV and at the emission current of 300 pA.

3. Results and Discussion

3.1. Polymer-Based Sensors Creation and Their Characteristics

A carbon nanotube-modified GCE was used as a substrate for polymeric coverage
and electrochemical deposition. For this reason, f-SWCNT/GCE and MWCNT/GCE were
obtained by drop-casting 2.0 or 4.0 μL of the f-SWCNT or MWCNT suspension, respec-
tively, at the GCE surface. The application of the carbon nanotubes provided high surface
area and conductivity for the electrode. Then, the electropolymerization of PCV and
ABA in potentiodynamic mode was performed. Both PCV and ABA form conductive
polymers, the formation of which were confirmed by the appearance of quasi-reversible
redox peaks on the cyclic voltammograms. The redox currents are increased when the
number of cycles is grown. The polymerization conditions of PCV and ABA were op-
timized based on the voltammetric response of the pairs of target analytes (gallic and
ellagic acids on the polyPCV/f-SWCNT/GCE and syringaldehyde and vanillin on the
polyABA/MWCNT/GCE). The peak potential separation for both types of analytes did
not change, regardless of whether it was on the polymer-based sensors vs. the carbon
nanotube-modified electrodes (Figure 1), while oxidation currents showed a statistically
significant increase. Thus, the electropolymerization of PCV should be performed using a
50 μM monomer in 0.1 M H2SO4 with 10 cycles ranging from −0.2 to 1.1 V at 50 mV s−1.
The optimum conditions for ABA electropolymerization are 20-fold potential cycling from
−0.5 to 2.0 V at 100 mV s−1 from a 100 μM monomer in Britton–Robinson buffer pH 2.0.

Figure 1. Background-subtracted differential pulse voltammograms of the 10 μM mixtures of (a) gallic and ellagic acids and
(b) syringaldehyde and vanillin in Britton–Robinson buffer with a pH of 2.0. ΔЕpulse = 50 mV, tpulse = 50 ms, υ = 10 mV s−1.

The sensors that were developed have been characterized with scanning electron mi-
croscopy (SEM), cyclic voltammetry, chronoamperometry, and electrochemical impedance
spectroscopy (EIS). According to SEM data, the polymeric coverages exhibit a porous
structure, with the shape of the particles and their aggregates deposited on the surface of
the carbon nanomaterials confirming that electropolymerization was successful (Figure 2).
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Figure 2. SEM images of (a) polyPCV/f-SWCNT/GCE and (b) polyABA/MWCNT/GCE.

The electroactive surface area of the electrodes was calculated on the basis of cyclic
voltammetry and chronoamperometry (for GCE) in the presence of 1.0 mM [Fe(CN)6]4−. A
statistically significant increase in the effective surface area (49.0 ± 0.2 mm2 for polyPCV/f-
SWCNT/GCE and 89 ± 4 mm2 for polyABA/MWCNT/GCE vs. 38.9 ± 0.6 mm2 for
f-SWCNT/GCE, 75 ± 3 mm2 for MWCNT/GCE, and 8.2 ± 0.3 mm2 for GCE) explain
the increase in the analyte oxidation currents well. The EIS data show that the polymer-
based sensors demonstrate lower charge transfer resistance (26.0 ± 0.4 and 4.9 ± 0.3 kΩ for
polyPCV/f-SWCNT/GCE and polyABA/MWCNT/GCE) compared to the GCE (68 ± 4
and 72 ± 3 kΩ) and the GCE modified with carbon nanotubes (19.2 ± 0.8 kΩ for f-
SWCNT/GCE and 12.1 ± 0.9 kΩ for MWCNT/GCE). Thus, polymer-based sensors are
characterized by a higher electron transfer rate. SEM and electrochemical method data
confirm the effectivity of the developed modifiers.

3.2. Simultaneous Quantification of Natural Phenolic Antioxidants

For the quantification of the phenolics under consideration, the sensors that were
created were used under differential pulse voltammetry conditions in Britton–Robinson
buffer medium with a pH of 2.0 in order to provide the highest possible oxidation currents
for the analytes (phenolic acids and aromatic aldehydes). The linear dynamic ranges of
0.75–10 and 10–100 μM for gallic acid and 0.75–7.5 and 7.5–100 μM for ellagic acid on the
polyPCV-based sensor were obtained. The detection limits were equal to 0.12 μM for gallic
acid and 0.11 μM for ellagic acid. The PolyABA-based sensor provided linear response in
the ranges of 0.075–7.5 and 7.5–100 μM for syringaldehyde and 0.50–7.5 and 7.5–100 μM
for vanillin when the detection limits were 0.018 and 0.19 μM, respectively. The detection
limits were calculated as 3SDa/b, where SDa is the standard deviation of the intercept
of the calibration graph and where b is the slope of the calibration graph. The analytical
characteristics that were obtained are improved vs. those of other modified electrodes [6,7].
The proven independent electrooxidation of the analyte pairs allows the application of cali-
bration graphs for the equimolar mixtures, which is another advantage of the approaches
developed here. The high accuracy of the sensors has been confirmed by recovery values
(97.1–101%) that were determined using model solutions for the studied phenolics. The
relative standard deviation values of 0.41–4.8% indicate that the sensor response has high
reproducibility as long as a new electrode is prepared before each measurement.

The sensor selectivity in the presence of typical interferences and other natural phe-
nolics was obtained, which is an important advantage. The 1000-fold excess of inorganic
ions (K+, Mg2+, Ca2+, NO3

−, Cl−, and SO4
2), glucose, rhamnose, and sucrose as well as

ascorbic acid (1000- and 100-fold excess in the case of phenolic acids and aromatic aldehy-
des, respectively) does not show an interference effect. It has been proven that there is an
absence of an interference effect caused by syringaldehyde and vanillin (<2.5 and <10 μM,
respectively) on the oxidation peaks of phenolic acids. On contrary, gallic and ellagic
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acid are the major potential causes of interference for the determination of the aromatic
aldehydes that are under consideration. A 10-fold excess of gallic acid and <1.0 μM of
ellagic acid do not interfere with the determination of vanillin and syringaldehyde. The
interference effect of ellagic acid caused by its high concentration in cognac and brandy
can be excluded via sample dilution. Thus, the sensors that have been developed here can
be applied for the analysis of aged distilled beverages.

3.3. Real Samples Analysis

The sensors that were developed were successfully tested on cognac and brandy
samples. The phenolic acids and aromatic aldehydes show resolved oxidation peaks
on the differential pulse voltammograms for cognac and brandy that is confirmed by
the standard addition method (Figure 3). Due to the low concentration of vanillin, the
sample volume varied for the quantification of syringaldehyde and vanillin (40 and 500 μL,
respectively). The recovery rate of 98.9–102% indicates the absence of matrix effects in
these determinations.

Figure 3. Background-subtracted differential pulse voltammograms of (a) 50 μL of cognac with the addition of phenolic
acids at the polyPCV-based sensor; (b) 40 μL and (c) 500 μL of brandy with the addition of aromatic aldehydes at the
polyABA-based sensor. Supporting electrolyte was Britton–Robinson buffer with a pH of 2.0. ΔЕpulse = 75 mV (50 mV for
aromatic aldehydes), tpulse = 25 ms, υ = 10 mV s−1.

The quantification of natural phenolic antioxidants in cognac and brandy has been
performed and compared using an independent chromatographic determination (Figure 4).
The results that were obtained agree with each other well. t-Test data (0.0100–2.19) are
less than the critical value of 2.45, which indicates the absence of systematic errors in
the determination. Similarly, the F-test results (1.00–17.36) achieved the less than critical
value of 19.25, indicating that the methods that were used in this study demonstrate
uniform precision.

Figure 4. Quantification of (a) gallic and ellagic acids and (b) syringaldehyde and vanillin in cognac and brandy (n = 5;
p = 0.95).
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Thus, the novel highly sensitive and selective voltammetric sensors that were devel-
oped in this study for the simultaneous determination of the structurally related phenolic
antioxidants in cognac and brandy are characterized by the simplicity of their fabrication
as well as their reliability and cost-efficiency, and they can be applied for routine analysis
as an alternative to chromatographic methods.
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Abstract: In the environmental, industrial, and biomedical fields, pH monitorization is of the upmost
importance. However, the most used type of pH sensors, glass pH-electrodes, still present limitations
in their application in low volume samples and in cellular pH sensing, due to their size and invasive
nature. Fluorescence-based sensors present a solution to such issues, providing a non-invasive
solution to pH sensing. Herein, we report the rational development of carbon dots (CDs) as a pH
nanosensor via an active surface preservation (ASP) method. Carbon dots (CDs) are carbon-based
fluorescent nanoparticles with valuable properties such as high aqueous solubility, low cost and good
biocompatibility, with remarkable fluorescence performance, been increasingly used as fluorescent
nanosensors. Namely, these nanomaterials present advantages over molecular probes in terms of
(photo)stability and water solubility, among others. By employing ASP strategies, the CDs will be
prepared by using precursors with known active functional features. The ASP method allows the
nanoparticles to retain the structural features of precursors, thus retaining their properties, without
the need for costly and time-consuming post-synthesis functionalization procedures. In this work, we
intend to provide a proof-of-concept of this type of strategy by utilizing the known pH-sensitivity of
fluorescein to provide a pH-based response to CDs. The resulting CDs presented reversible response
by fluorescence enhancement in the range of pH from 4 to 12. The nanoparticles exhibited excellent
photostability, in different pH solutions. The studied CDs were also unaffected by, either variation
of ionic strength or the presence of interferent species, while being compatible with human cancer
cells. Finally, CDs were able to determine the pH of real samples. Thus, a selective pH fluorescent
CDs-based nanosensor was developed.

Keywords: carbon dots; pH sensing; active surface preservation; nanosensor; fluorescence; biocom-
patibility
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Abstract: This work describes the development of a novel and low-cost methodology for the simulta-
neous quantification of four main nonsteroidal anti-inflammatory drugs (NSAIDs) in pharmaceutical
samples using differential pulse voltammetry coupled with an artificial neural network model (ANN).
The working electrode used as a detector was a carbon paste electrode (CPE) modified with multi-
wall carbon nanotubes (MWCNT-CPE). The specific voltammetric determination of the drugs was
performed by cyclic voltammetry (CV). Some characteristic anodic peaks were found at potentials of
0.446, 0.629, 0.883 V related to paracetamol, diclofenac, and aspirin. For naproxen, two anodic peaks
were found at 0.888 and 1.14 V and for ibuprofen, an anodic peak was not observed at an optimum
pH of 10 in 0.1 mol L−1 Britton–Robinson buffer. Since these drug’s oxidation process turned out
to be irreversible and diffusion-controlled, drug quantification was carried out by differential pulse
voltammetry (DPV). The Box Behnken design technique’s optimal parameters were: step potential of
5.85 mV, the amplitude of 50 mV, period of 750 ms, and a pulse width of 50 ms. A data pretreatment
was carried out using the Discrete Wavelet Transform using the db4 wavelet at the fourth decomposi-
tion level applied to the voltammetric records obtained. An ANN was built to interpret the obtained
approximation coefficients of voltammograms generated at different drug concentrations to calibrate
the system. The ANN model’s architecture is based on a Multilayer Perceptron Network (MLP) that
employed a Bayesian regularization training algorithm. The trained MLP achieves significant R
values for the test data to simultaneous quantification of the four drugs in the presence of aspirin.

Keywords: carbon paste electrode; voltammetry; artificial neural network; quantification; nons-
teroidal anti-inflammatory

1. Introduction

Nonsteroidal anti-inflammatory analgesics NSAIDs are important drugs worldwide
due to their low cost and easy accessibility. Most of these drugs can be purchased without
a prescription; they are widely used to relieve pain, reduce inflammation and reduce high
temperatures. Standing out from this large group of NSAIDs are paracetamol, diclofenac,
naproxen, aspirin, and ibuprofen, which are the most frequently used. The pharmacological
action of these drugs is that they block the enzyme cyclooxygenase and break down the
prostaglandins produced by the cells of the body that increase inflammation, pain, and

Chem. Proc. 2021, 5, 3. https://doi.org/10.3390/CSAC2021-10450 https://www.mdpi.com/journal/chemproc11



Chem. Proc. 2021, 5, 3 2 of 8

fever. Although NSAIDs are commonly used, they are not suitable for everyone and can
sometimes cause adverse side effects if their use is constant: peptic ulceration, digestive
disorders, temporary deafness. Recent studies mention that they may be related to heart
attacks [1–3]. Due to the high demand for NSAIDs in pharmaceutical samples, many
analytical methods have been proposed for their quantification, the most common being
liquid chromatography (HPLC) [4]. This method has some disadvantages, such as the need
for sample preparation by chemical reaction or extraction. Some cases include previous
derivatization, long analysis times, and a high cost associated with the use and maintenance
of the equipment.

An alternative to traditional analysis methods in areas such as the food industry,
pharmaceuticals, and environmental monitoring is known as Electronic Tongues (ETs) [5,6].
These systems combine electrochemical techniques (e.g., potentiometry, voltammetry,
and impedance spectroscopy) with sophisticated multivariate analysis tools to classify
or quantify samples [7]. Their main advantage compared to traditional methods is that
they allow quick and low-cost measurements, avoiding the pretreatment of samples in
most cases. Although ETs using potentiometric and voltammetric techniques have been
reported in the literature [8,9], voltammetric methods are usually the most widespread due
to their advantages such as short analysis time and high sensitivity [10,11]. In addition
to this, data processing techniques based on artificial neural networks (ANNs), principal
component analysis (PCA), and partial least squares (PLS) are popular for decoding the
acquired voltammograms of aqueous solutions containing mixtures of different chemical
species giving results favorable in the quantification of these species [12,13]. In this work,
a methodology based on voltammetric methods is proposed together with ANNs as a
modeling and calibration tool to quantify NSAIDs simultaneously.

2. Methods and Materials

2.1. Instrumentation and Reagents

The chemical reagents used are of an analytical grade. All solutions used were
prepared using high purity deionized water (18.2 MΩ cm). The experiments were carried
out using a potentiostat Autolab PGSTAT302N (Metrohm, Utrecht, The Netherlands)
connected to a computer. A three-electrode system was used consisting of a reference
electrode with saturated Ag/AgCl (BASi), a graphite bar as the auxiliary electrode, and a
carbon paste electrode (CPE) modified with multi-wall carbon nanotubes (MWCNT-CPE)
OD × L 6–9 nm × 5 μm> 95% (Sigma-Aldrich, CAS 308068-56-6, Mexico) as working
electrode. The pH measurements were performed on a Corning pH/Ion meter 450 digital
pH meter. A Sartorius CPA224S brand analytical balance was used. All the potentials
referred to in this work are referred to the Ag/AgCl electrode. Standard solutions of
diclofenac sodium, naproxen sodium, paracetamol, aspirin, and ibuprofen (Sigma-Aldrich,
México) were flushed with high purity nitrogen. A Britton–Robinson (BR) 0.1 mol·L−1

buffer solution was used in a range of pH 7–11. Buffer BR was prepared by mixing
appropriate volumes of acids (phosphoric acid, boric acid, and acetic acid) and adjusted
with concentrated NaOH to the desired pH.

2.2. Electrochemical Characterization
2.2.1. Electrode Preparation

The paste mixture for the proposed working electrode consisted of a 3:2 ratio for
mineral oil and multi-walled carbon nanotube graphite powder (MWCNT). The graphite
mix is made up of 30% graphite powder and 10% MWCNT. The paste obtained is placed
with a spatula in a 1 mL syringe tube (30 mm long by 6 mm wide) and compacted with
the syringe’s plunger, placing it on a flat surface until excess air is eliminated. At one end
of the syringe with the paste, the electrical contact (copper wire) is placed. Finally, the
working electrode is built.
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2.2.2. Electrochemical Analysis of the NSAIDs in the Proposed Working Electrode

Cyclic voltammetry (CV) is performed for the supporting electrolyte (0.1 molL−1 BR
buffer at pH 7) and the NSAIDs-BR system (5 × 10−4 mol·L−1 for each drug), starting at
the zero-current potential, in anodic direction and cycling in a potential window from 0 to
1.3 V considering a scan rate of 0.1 Vs−1. At different scan rates, anodic and cathodic CV
peaks were analyzed to determine the mechanism that controls the oxidative processes.
Moreover, a pH study for the NSAIDs-BR system was performed to choose the maximum
anodic current intensity for analytical quantification.

Quantification of the drug is carried out by DPV. The optimization of the parameters of
the technique is carried out, with the Box Behnken (BBD) four-factor design, step potential
“X1” (V), interval time “X2” (s), modulation time “X3” (s) y modulation amplitude “X4”
(V) and three levels for each factor so that the highest intensity of the anodic current is
obtained. The design matrix considers 27 experimental units at random that include the
three replicas of the central point. Using a polynomial regression, the response variable was
predicted as a function of the independent variables and their interactions. The prediction
of the model is described in Equation (1).

Y = β0 +
K

∑
i=1

βiXi +
k

∑
i=1

βiiX2
i +

k

∑
i=1

k

∑
j=1

βijXiXj + ε, (1)

where Y is the response variable (maximum anode current intensity), Xi and Xj are coded
independent variables, and β0, βi, βii, and βij are coefficients of intercept, linear, quadratic,
and interaction terms, respectively. k is the number of independent variables (k = 4 in this
study), ε is an experimental error [14]. Determination and regression coefficients were
estimated using Minitab® Statistical software version 18.

2.3. Quantification of NSAIDs by ANN
2.3.1. Data Processing

Having the optimal parameters of the DPV, the DPV’s are carried out at different
concentrations of the NSAIDs (ranging from 5 × 10−7 to 7 × 10−5 mol·L−1). A matrix
of peak intensities of dimensions [189 × 27] (intensities x number of samples) was built
with the recorded voltammogram records. The pretreatment of the data was carried out
using the Discrete Wavelet Transform using the 4th level wavelet decomposition of a
Daubechies function (db4). In this pretreatment, only approximation coefficients were
chosen considering the degree of similarity between the original voltammogram and the
one recovered with these coefficients [13]. Thus, the final input matrix to feed the ANN
model has a dimension of [18 × 27] (approximation coefficients x number of samples). The
ANN calibration model is based on a Multilayer Perceptron Network (MLP). The MLP
input layer was established considering the number of approximation wavelet coefficients.
In contrast, the output layer was defined using one neuron for each of the analytes to be
quantified since it is associated with the matrix of concentrations of dimension [4 × 27]
(i.e., paracetamol, diclofenac, naproxen, and ibuprofen), aspirin was not quantified in
the model as it was considered only as an interferer. The hidden layers were established
through a trial-and-error process, modifying the number of neurons in the layers until an
appropriate number of neurons were found that favored obtaining a satisfactory linear
regression coefficient. In this way, the final MLP model was 18 × 10 × 8 × 4 (18 input
neurons, 10 neurons in the first hidden layer, 8 neurons in the second hidden layer and 4
output neurons).

2.3.2. ANN Modeling

The described data set of 27 samples, were selected for the training set. The testing set
was conformed using an external set of 10 additional samples randomly generated within
the concentration range described above. All data sets were normalized in the interval of
[−1, 1] to favor the training process. The activation functions established were: purelin
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for the input layer, tansing for the two hidden layers, and purelin for the output layer. In
the same way, the chosen training algorithm was Bayesian regularization, with a training
error set at a value of 0.001, together with a learning rate of 0.01. The MLP models were
programmed on the MATLAB® R2021a (MathWorks, Natick, MA, USA) platform using the
Deep Learning and Wavelet Toolboxes.

3. Results and Discussion

3.1. Electrochemical Characterization

The electrochemical study of the NSAIDs was carried out by CV in a solution of
4 × 10−4 mol·L−1 of the drug standards, in BR buffer at pH 7 (Figure 1a). In the window
from 0 to 1.3 V in the first sweep in the anodic direction, the oxidation peak corresponding
to paracetamol, diclofenac, at a potential of 0.446 and 0.629, respectively, was observed.
Naproxen presented two oxidation peaks at a potential of 0.888 and 1.14 V. In the case of
ibuprofen, no anodic signal was observed, but the baseline was modified compared to the
blank, so we believe that if it is carried out by the oxidation of the drug. Reversing the
sweep in the cathodic direction, only one reduction peak was observed with a maximum
peak potential at 0.263 V, which corresponds to the reduction of paracetamol. Moreover, a
CV was performed in a mixture of the five NSAIDS and the BR Buffer (blank) using the
proposed working electrode (Figure 1b), under the same conditions of the systems shown
in Figure 1a. In Figure 1b, only three oxidation peaks can be observed in the anodic sense,
since some signals overlap in the drugs, and it should also be noted that in the cathodic
sweep the reduction signal of paracetamol is not observed, and this could be because the
product that was reduced reacted chemically with some oxidation products of the other
drugs and the product is no longer electroactive in reduction.

 

Figure 1. CVs obtained for the systems containing the NSAIDs and the supporting electrolyte, using the proposed working
electrode and in presence of aspirin. Potential window from 0 to 1.3 V and at a scan rate of 100 mVs−1, (a) individual for
each NSAIDs, (b) mixture of the four NSAIDs.

Considering the anodic wave corresponding to the oxidation of the NSAIDs for the
mixture of the drugs. A pH study was carried out by CV, in a 0.1 mol L−1 BR buffer with a
concentration of 5 × 10−4 mol L−1 for each drug, in Figure 2 the anodic sweep is shown. It
can be observed that the highest current intensity is obtained at pH 10 for the mixture of
drugs; it can also be observed that as the pH increases the anodic peak potentials of the
drugs shift to lower values. Different CV scan rates (10 to 300 mV·s−1) were studied, and
the maximum anodic peak current was plotted vs. the square root of the scan rate for each
NSAID. A correlation coefficient greater than 0.99 was obtained after the proper statistical
analysis, which suggests that the diffusion of the electroactive species to the surface of the
electrode governs the oxidation processes.
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Figure 2. CVs obtained for the NSAIDs mixture at different pHs (range of 7–10) in a 0.1 mol·L−1 BR
buffer, using a potential window of 0 to 1.3 V and a scan rate of 100 mV·s−1, and a concentration of
4 × 10−4 mol·L−1 for the NSAIDs.

A BBD with three levels was used for the optimization of the four variables related
to the DPV technique to maximize the anodic current peak of paracetamol (this NSAID
has the highest peak current intensity). Twenty-seven experiments were carried out,
generating the corresponding voltammograms of NSAIDs using the MWCNT-CPE at pH
10. The parameters of the DPV technique were chosen considering the capabilities of the
potentiostat used. The proposed second-order model regression that correlates the current
response and the DPV factors is shown in Equation (2).

Y = 1.747 + 0.22X1 + 0.352X2 − 0.935X3 + 1.082X4 − 0.476X2
2 − 0.431X2

2 − 0.308X2
3 − 0.012X2

4
−0.309X1X2 + 0.211X1X3 + 0.209X1X4 + 0.297X2X3 + 0.66X2X4 + 1.507X3X4.

(2)

Table 1 shows the theoretical response (Y) after the optimization of the DPV param-
eters, obtained by using the Response Optimizer function in the Minitab® V.18 software.
The maximum anodic current for paracetamol was determined as 5.24 μA under optimal
conditions.

Table 1. Optimal DPV parameters found with the Box Behnken design.

X1 (V) X2 (s) X3 (s) X4 (V) Y (μA)

0.00585 0.75 0.05 0.05 5.24

3.2. Quantification of NSAIDs Using ANN

Using the optimal parameters of the DPV to analyze the 27 samples considering
different concentrations of the NSAIDs, and they were performed using a 35−2 fractional
facto-rial design. The trained MLP was used to determine the performance in the quantifi-
cation task of drugs and the relationship between the concentrations obtained and those
expected was evaluated, both for the training and the test phases. In this sense, the linear
regression obtained from the comparison was a measure of the model’s goodness. Given
ideal conditions, the line must have a slope equal to 1 and its intersection equal to 0. The
comparative graphs between the real concentrations of paracetamol, diclofenac, naproxen,
and ibuprofen and those predicted with the MLP model for the training and test data
set (Figures 3 and 4, respectively). The high level of linearity allows a linear regression
coefficient of the data obtained very close to one (R = 0.98) for paracetamol and diclofenac,
while for the naproxen and ibuprofen, the correlation value was 0.87 and 0.78 respectively;
aspirin was present as an interfering agent in the mixture.
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Figure 3. Comparison between the expected NSAIDs concentration and those obtained after MLP training phase.
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Figure 4. Comparison between the expected NSAIDs concentration and those obtained during MLP test phase.

4. Conclusions

In this work, a potential tool for voltammetric determination is presented. A combi-
nation of DPV and DWT-ANN allowed us to obtain satisfactory results for quantifying
paracetamol, diclofenac, naproxen, and ibuprofen in the presence of aspirin. The use of
DWT is helpful to compact voltammograms, preserving the analytical information of the
original records. Multivariable models created with ANN correctly describe the complexity
in voltammograms caused by overlapping peaks without the need for a pretreatment
step on the samples. Finally, carbon paste electrodes with nanotubes are low-cost and
easy-to-make devices that allow us to determine the drugs in the order of microgram
per liter.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10450/s1.
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Abstract: Hydrogen sulfide (H2S) is a highly toxic chemical capable of causing severe health issues.
Due to its environmental impact, it is critical to create effective methods for its monitoring. Inkjet
printing technology has become an alternative for sensor fabrication because it is an economic, fast,
and reproducible method for mass producing micro-electrodes. Herein, a miniaturized 25 mm2

inkjet-printed amperometric sensor is presented. A gold electrode coupled with a silver track was
modified with two inks: single-walled carbon nanotubes (SWCNTs) and a mixture of SCWCNTs and
poly(vinyl alcohol) (PVA). Morphological and electrochemical properties were studied, as well as
H2S sensor performance. This approach is a suitable option for environmental H2S tracking.

Keywords: electrochemical sensor; amperometric sensor; H2S sensor; single-walled carbon
nanotubes

1. Introduction

Environmental equilibrium is a hard-to-preserve resource, dangerously impacted by
human heavy industrial activities [1,2]. It is naturally regulated through biogeochemical cy-
cles. Among these, the sulfur cycle is of crucial importance, since it is vital for maintaining
the composition of both the atmosphere and soils, as well as most living beings. Nonethe-
less, even more dangerous is an excess of highly toxic compounds such as water-soluble
hydrogen sulfide (H2S) gas. This is a poisonous, inflammable, and corrosive chemical,
hazardous to human health at concentrations as low as 20 ppm (1.1 μM) for prolonged
exposure [3]. Even though it generally appears as a gas, it has labile hydrogens, meaning it
coexists as different species in aqueous media. Hydrogen sulfide can appear as different
species depending on the pH of its medium, being capable of losing both its protons and
transitioning from a gas to ions. It has a pka1 of approximately 7 and a pka2 of about 13.5,
meaning that HS- predominates between pH 7.5 and 13. Due to the dangerous nature of
H2S and its frequent appearance in gas streams, a great need has recently arisen for many
biotechnological processes to remove it [4], which require adequate systems for quick and
easy tracking.

Nonetheless, many of these removal processes occur in aqueous media, requiring
consideration of the environmental pH for adequate quantification. Thus, it is appropriate
to incorporate a simultaneous pH measurement with the H2S tracking.
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In recent years, printed electronics have steadily replaced more traditional electrode
fabrication methods. Among these, inkjet printing has the main advantage of not requiring
any mask preparation, greatly reducing the time and cost of device fabrication.

Moreover, its low drop volume and precision, added to its capacity for printing
metal-based inks, allow for the fabrication of highly reproducible micro-electrodes.

For biotechnological applications, microsensors can be printed on different substrates
and their designs can be adapted to the shapes of bioreactors with little cost impact [5].
Therefore, inkjet printing technology is an interesting alternative for the development of a
microsensors platform for H2S and pH measurements.

Moreover, electrochemical sensors have the advantages of high sensitivity, in situ
application, and a broad range of applicable materials. However, H2S determination using
electrochemical sensors has many design and implementation challenges to solve, such as
the pH influence on measurements [6] and electrode passivation by accumulation of S0

produced from H2S oxidation [7].
Among the authors who have developed H2S sensors, Yang et al. (2018) [8] fabricated

a sensor using Nafion for H2S measurement in gaseous samples. This membrane was
added to carbon fibers modified with platinum and rhodium nanoparticles. The H2S was
adsorbed on the platinum, releasing protons that crossed the Nafion membrane while
electrons moved through an external circuit. The H2S concentration was proportional to
the circulating charge. This sensor had a linear range from 2.9 μM to 5.9 mM, and the
minimum detectable signal was 2.9 μM. Brown et al. (2019) [9] deposited a thin layer
of S0 on a glassy carbon electrode (GCE) and covered it with electro-polymers to avoid
passivation of the electrode via accumulation of S0. The H2S was measured by constant
potential amperometry (CPA), using a potential of 0.3 V vs. Ag/AgCl. This sensor exhibited
a high degree of selectivity and a linear range between 0 μM and 15 μM, with lowest and
highest detection limits of (9 ± 6) nM and (79 ± 51) nM, respectively.

Furthermore, new carbon materials with excellent electronic properties have become
suitable options for electrode development. As an example, Lawrence et al. (2004) [10]
modified a GCE with carbon nanotubes (CNTs) deposited on the surface by drop casting
a solution of CNTs in dimethylformamide (DMF). The main advantage found was the
catalytic capacity that decreased the oxidation potential from 0.4 V to −0.3 V (vs. Ag/AgCl).
This allowed amperometric measurements at 0.1 V (vs. Ag/AgCl) in a range between
1.25 μM and 112.5 μM, with a detection limit of 0.3 μM. Li et al. (2017) [6] used cobalt
to magnetically attach MoS2 monolayer sheets to CNTs, which were deposited on glassy
carbon electrodes using a Nafion membrane as an adhesive. Analysis was performed
by amperometry obtaining a linear range of application from 0.05 μM to 0.6 μM, with a
detection limit of 7.6 nM.

Despite authors applying carbon materials for H2S sensor development, there are no
reports of the use of SWCNTs ink for an inkjet-printed H2S sensor. Moreover, several studies
have reported poly(vinyl alcohol) (PVA) addition to conductive materials to improve its
mechanical and adhesive properties [11–13].

In this study, the fabrication of a H2S amperometric microsensor has been stud-
ied using both a SWCNTs ink and a SWCNTs–PVA ink for Au electrode modification.
Morphological and electrochemical characterizations were carried out for electrode perfor-
mance analysis.

2. Materials and Methods

2.1. Inkjet-Printed H2S Sensor Fabrication

The printing process for the electrode was performed using Ag NPs ink (SI-J20x
Nanosilver Inkjet Printing Ink from Agfa, Mortsel, Belgium), Au NPs ink (Drycure Au-JB
1010B from C-ink, Japan), and SWCNTs ink (Carbon nanotube, single-walled, conductive
aqueous ink, SWCNT 1.00 mg/mL from Sigma-Aldrich, Spain). To passivate the electrode,
SU8 ink (XP PriElex SU-8 1.0 Inkjettable Dielectric from Kayaku, Westborough, MA, USA)
was used. All inks were printed over polyethylene teraphtalate (PET) sheets (Q65HA,
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Du Pont Teijin Films, Dumfries, UK), using a Dimatix printer (DMP-2831 from FUJIFILM
Dimatix, Santa Clara, CA, USA). The SWCNTs–PVA composite ink was prepared by
mixing a commercial SWCNTs ink, and a 5 wt.% PVA solution, both acquired from Sigma-
Aldrich. For SWCNTs ink and SWCNTs–PVA ink deposition, the drop casting technique
was performed on a thermal plate. The applied temperature was a studied parameter. The
final electrode dimensions were a 1 mm diameter gold disk with a total length of 26 mm
and surface of 25 mm2, and an approximately 2 mm diameter SWCNTs disk.

2.2. Sensor Characterization

Morphological characterization of the electrodes was carried out via optical mi-
croscopy. Images were obtained with a digital microscope (USB microscope AM4815ZTL
from DinoLite, Alemere, The Netherlands).

Electrochemical characterization was performed with a PalmSens potentiostat–
galvanostat (PalmSens4 from PalmSens, The Netherlands). A three-electrode configu-
ration was used for the electrochemical cell. An Ag/AgCl (1 M KCl) reference electrode
(reference electrode with Ag/AgCl in aqueous KCl from ItalSens, PalmSens, Houten, The
Netherlands) and a platinum wire counter electrode (counter electrode made of platinum
wire from ItalSens, PalmSens, Houten, The Netherlands) were used. The fabricated elec-
trode functioned as the working electrode. Cyclic voltammetry (CV) measurements were
carried out using the redox pair K3[Fe(CN)6]/K4[Fe(CN)6] (0.01 M) at 0.01 V/s from −0.1 V
to 0.5 V. Intensity peaks (Ip) resulting from redox reactions allowed for electrochemical
characterization.

To study the effect of deposition temperature in the SWCNTs–PVA ink, ten layers of
PVA were drop casted over a gold inkjet-printed electrode at 90 ◦C and at room temperature.
Intensity-peak values were obtained.

For H2S calibration, a stock H2S solution (0.1 M) was prepared by dissolving NaS·9H2O
and NaOH (both from Sigma-Aldrich, Spain) in deionized water (Milli-Q from Millipore
Corporation, Burlington, MA, USA). Standardization was carried out according to standard
methods [14]. The stock solution was diluted in phosphate-buffered saline solution (PBS)
(from Sigma-Aldrich, Madrid, Spain) to obtain a 0.02 M H2S solution.

3. Results and Discussion

3.1. Inkjet-Printed H2S Miniaturized Sensor Fabrication

Inkjet-printed micro-electrodes were fabricated by first printing the Ag tracks and
pads, drying at 100 ◦C in an oven, then printing the Au surfaces and connecting tracks,
which were later dried at 120 ◦C. Subsequently, inks were sintered at 150 ◦C for 60 min to
improve their conductivity. Finally, micro-electrodes were passivated by printing an SU8
layer over the tracks, preventing the short circuiting of the electrodes.

Both SWCNTs and SWCNTs–PVA inks were drop casted on a gold electrode, covering
it completely (Figure 1). Both inks showed good adhesion to gold, allowing morphological
and electrochemical characterization of the microsensors.

 
Figure 1. Photographs of (A) inkjet-printed Au electrode, (B) SWCNTs drop casted over Au electrode, and (C) drop-casted
SWCNTs–PVA over Au electrode.
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3.2. Microsensor Electrochemical Characterization

Cyclic voltammetry measurements of Au, SWCNTs, and SWCNTs–PVA electrodes
were carried out. These allowed verification of whether the applied modifications yielded
an electrode with properties of interest that could be used for an H2S sensor. The main
interest was in fabricating a sensor capable of oxidizing H2S at low voltages and with
a high tolerance for sulfur poisoning since it is well known that S0 is highly insoluble
in water [7] and has a high affinity for Au atoms. Thus, the electrode would gradually
deteriorate by accumulating non-conductive layers of sulfur atoms.

Modified electrodes presented a similar current density and a smaller potential gap
than bare Au electrodes (Figure 2). The smaller peak separation, specifically due to reducing
the potential necessary for ferrocyanide oxidation, meant that SWCNTs and SWCNTs–PVA
are both favorable for use as an H2S sensor, with the added benefit of lowered rates of
sulfur deposition on their surfaces due to the less-favorable S–C interaction compared
with S–Au.

 
Figure 2. Cyclic voltammetry of Au, SWCNTs, and SWCNTs-PVA electrodes in hexacyanofer-
rate/hexacyanoferrate (0.01 M).

3.3. PVA Deposition Temperature Study

The effect of PVA deposition temperature was studied through the drop casting of 10
layers of PVA on an Au inkjet-printed electrode at 90 ◦C and at room temperature. Cyclic
voltammetry was performed, and current-peak (Ip) values were obtained. The results
showed that at room temperature, PVA deposition had a smaller passivation effect than at
90 ◦C, in which case the electrode’s current values dropped significantly (Table 1).

Table 1. Effect of polymer deposition temperature on Au inkjet-printed electrodes.

Temperature
Ip

Au Electrode (μA)
Ip

Au Electrode + PVA (μA)
% Ip Reduction

25 ◦C 8.12 7.46 8.1
90 ◦C 3.92 1.22·10−5 100.0

3.4. Microsensor Calibration and Analytical Response

Calibration of SWCNTs and SWCNTs–PVA microsensors was performed by adding
different volumes of H2S standard to a PBS solution, measuring a concentration range
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between 0 and 600 μM. The chronoamperometry method was used for H2S oxidation
(Equation (1)) at a polarization voltage of 50 mV, and the resulting current was measured.

H2S → S0 + 2e− + 2H+ (1)

Calibrations were performed for both SWCNTs and SWCNTs–PVA under the same
conditions (Figure 3). The results showed good correlation between the measured cur-
rent and the analyte concentration, with a similar slope for both sensors but different
linear ranges.

 
Figure 3. Calibrations of two different sensors made of Au electrodes modified with SWCNTs and
SWCNTs-PVA by drop casting. Inset shows a reduced range of H2S concentration for the SWCNTs
sensor calibration.

While the SWCNTs sensor showed a higher sensitivity (19.3 ± 0.4 mA/M) compared
to SWCNTs–PVA (9.4 ± 0.2 mA/M), it also had a reduced working range. SWCNTs can
measure H2S concentrations from 8 μM to 60 μM, with a limit of detection (LD) of 4.3 μM.
On the other hand, SWCNTs–PVA is capable of measuring from 52 μM to 512 μM, with a
LD of 34 μM.

4. Conclusions

We demonstrated a novel miniaturized inkjet-printed amperometric H2S sensor fab-
ricated by modification of a gold electrode with SWCNTs ink. The results showed that
the addition of a stabilizing polymer allowed for an increased range of H2S concentration
measurements. Due to the low versatility of the SWCNTs sensor, the addition of PVA
was considered, to improve the H2S sensor performance. However, it was necessary to
adapt the fabrication temperature conditions to avoid electrode passivation, limiting the
SWCNTs–PVA ink-deposition temperature to 25 ◦C. This sensor offers an approach for H2S
tracking with environmental and biotechnological applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10462/s1.
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Abstract: In this study, optical multisensor systems based on molecular emitters as a light source
are introduced. To obtain such light sources, cyclometalated Ir(III) complexes and Cu(I)-based
complexes were synthetized and investigated. Since each complex has its own emission spectrum in
the visible range, it is possible to choose an appropriate set of emitters for specific analytical tacks.
The developed analytical device was successfully applied for fluoride and phosphate quantification
in surface water.

Keywords: optical multisensor systems; molecular emitters; iridium complexes; copper complexes;
photoluminescence; chemometrics; water analysis; fluoride; phosphate

1. Introduction

The development of portable and inexpensive analyzers allowing fast determination
of the integral sample characteristics is a current trend in analytical chemistry. Optical
spectroscopy in the visible and near infrared (NIR) range has a great potential due to the
advances in modern optical engineering. Optical multisensor systems (OMS) are devices
working on the principle of optical spectroscopy but optimized for a specific analytical task
and composed of cheaper elements: light-emitting diodes (LEDs), optical fibers, 3D-printed
parts, stamped optics, etc. Such specialization enables essential reduction of analyzers’
price, size, and weight, thus making the analysis widely available for both real-time
application and in-field measurements. There are many examples of OMS applications for
various analytical problems in the recent literature [1–5].

In the present work, a novel platform for construction of OMS was suggested. The
idea is to use a combination of molecular emitters as a multichannel light source with
tunable intensity and wavelength range. Cyclometalated Ir(III) complexes [6] and Cu(I)-
based complexes [7] were synthetized and tested in order to obtain such a light source.
Each individual complex has its own emission spectrum in the visible range. This enables
the selection and optimization of the light source for a specific analytical application.
Several optical setup designs of OMS were developed. The proposed prototype was tested
to analyze the metal ions in aqueous mixtures. The practical application of the OMS
was demonstrated for the quantification of fluoride and phosphate in real surface and
tap waters.

2. Methods and Materials

To obtain light sources for OMS, two sets of molecular emitters were synthesized.
One of them consisted of eight cyclometalated Ir(III) compounds: firstly synthesized
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[Ir(dfppy)2(bpbpy)]PF6 (1), [Ir(ppy)2(bpbpy)]PF6 (2), [Ir(pybt)2(bpbpy)]PF6 (3), and synthe-
sized according to the standard procedure: (4) [8], (5) [9], (6) [10,11], (7) [12], and (8) [13].
The second set consists of six Cu(I)-based complexes: [Cu(MePPy3)I]2[Cu2I4] (9) [14],
[Cu4I4(py)4] (10) [15], [Cu(Tpdp)I] (11) [16], [CuCl(PPh3)2(py)] (12) [17], [Cu(PPh3)3(4-
Mepy)]Br (13), and [CuI(PPh3)2(4-Mepy)] (14) [18]. The mixture of each series gives
multiband light source in the region from about 400 to 800 nm.

A different optical setup was constructed for each set of emitters. A homogeneous
mixture of molecular emitter powders (mixture of iridium(III) or copper(I) complexes) was
placed on a glass substrate under the sample. The solution under study was placed either
in a glass cup (1 cm in diameter) for the setup with Ir(III)-complexes or in a polystyrene
Petri dish (3.5 cm in diameter) for the setup with Cu(I)-complexes. Initially, photolumi-
nescence of the molecular emitters was initiated using the laser diode (λexct = 365 nm
and λexct = 385 nm for the first and the second experimental setup, respectively). Fur-
ther, the laser diode was replaced by a UV flashlight with λexct = 365 nm. The light that
passed through the sample was recorded by a fiber-optic UV−vis spectrometer AvaSpec-
ULS2048CL-EVO (Avantes, Apeldoorn, the Netherlands). The optimal geometry of the
device and the required amount and placement of sample solution were chosen experimen-
tally to obtain a stable and reproducible analytical signal.

To compare Ir(III)-based and Cu(I)-based OMS, the optical setups were tested on two
separate calibration series prepared from aqueous solutions of Co(II) and Cu(II) nitrates.
Each calibration set consisted of seven samples with different concentrations ranging from
0.01 to 0.1 M with a 0.015 M step for Ir(III)-based setup and ten samples with different
concentrations ranging from 0.01 to 0.1 M with a 0.01 M step for Cu(I)-based setup.

The practical application of the Cu(I)-based OMS was demonstrated for quantitative
determination of fluoride and phosphate in surface and tap waters. A total of 5 samples
for analysis were collected from the tap, rivers, and a lake. The standard photometric
methods were used as a reference for the quantification of phosphate [19] and fluoride [20]
in water samples. Sample preparation for analysis was carried out in accordance with the
procedures described in [19,20]. The mass concentrations of phosphate and fluoride in
the calibration solutions were 0–0.96 mg/L with a 0.12 mg/L step and 0–0.4 mg/L with a
0.04 mg/L step, respectively.

To relate the analytical signal response of OMS to the analyte content, the calibration
models were built using partial least-squares (PLS) regression [21]. The model performance
was estimated by full cross-validation (CV) and validation with a test set. Root mean-square
error (RMSE) of calibration (RMSEC), prediction (RMSEP, for the test set) or cross-validation
(RMSECV) and the respective coefficients of determination (R2) were used to compare
the models.

3. Results and Discussion

In order to choose a set of appropriate emitters for multiband light sources, several re-
quirements were established: the absorption spectrum must not overlap with the emission
spectrum; excitation radiation at 365/385 nm must fit into the absorption maximum; the
emission should be intense enough to be employed as the light source in the solid phase.
Ir(III) luminescent complexes that have bright controlled emission fit these requirements.
Another set of molecular emitters based on Cu(I) complexes is a cost-effective alternative
to Ir(III) complexes and their application as a light source in OMS was also tested. The
resulting mixture of each set of complexes upon excitation with the laser diode has shown
emission spectra in the range of 450–800 nm (Figure 1). Emission of the mixture of eight
Ir(III) compounds is higher at the right end of the spectrum from 600 to 800 nm (black line
in Figure 1), while emission of the mixture of six Cu(I) complexes is higher at the left end
of the spectrum (red line in Figure 1). Despite this difference, both sets are suitable as a
multiband light source in the visible region.
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Figure 1. Normalized emission spectra of: mixture of eight Ir(III) complexes is marked in black and
mixture of six Cu(I) complexes is marked in red.

The block diagram of the experimental setup is shown in Figure 2. In accordance with
the proposed optical setup, the emission of molecular emitters is excited by the laser diode.
The light passing through a sample is registered with a fiber-optic cable connected with
a spectrometric detector. The laser diode can be replaced by inexpensive UV flashlight.
Another advantage of UV flashlight is that its power is higher than that of the laser diode.
Therefore, two optical setups were constructed and compared: with laser diode and with
UV flashlight as excitation light.

 
Figure 2. Block diagram of the experimental setup, where 1—exciting light; 2—emitted light; 3—
transmitted light.

In order to compare Ir(III) and Cu(I) compounds as a light source in OMS, the series of
colored aqueous solutions of copper and cobalt nitrates were chosen because these solutions
absorb the light in the visible range (Co(NO3)2 in the range of 400–600 nm, Cu(NO3)2—
700–900 nm). Individual PLS models were built to relate the registered optical signals with
copper and cobalt content, and the respective modeling statistics are presented in Table 1.
Despite the simplicity of the developed analytical platform, PLS models for copper and
cobalt exhibit a good performance for both OMSs (with Ir(III) and Cu(I) complexes). The
parameters of the model for copper quantification are somewhat worse in Cu(I)-based OMS
than in Ir(III)-based OMS, while for the cobalt model they are better. A set of copper(I)-
based molecular emitters was chosen for further research because it is more efficient both
economically and environmentally.

At the next stage, the laser diode was replaced by a UV flashlight. The experimental
results showed that the recorded optical density of the initial emission of Cu(I) complexes
upon excitation with the UV flashlight is much higher than that upon the laser diode. The
PLS results for OMS with UV flashlight are better for both Cu and Co models (Table 1).
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Table 1. PLS modeling and validation statistics.

Emission Source Light Source
Calibration CV

RMSE R2 RMSE R2

Co a Laser (365 nm) Ir(III) complexes c 0.005 0.98 0.009 0.94
Co b Laser (385 nm) Cu(I) complexes d 0.002 1 0.005 0.98
Co b UV-flashlight Cu(I) complexes d 0.002 0.99 0.004 0.99
Cu a Laser (365 nm) Ir(III) complexes c 0.002 1 0.003 0.99
Cu b Laser (385 nm) Cu(I) complexes d 0.006 0.96 0.013 0.84
Cu b UV-flashlight Cu(I) complexes d 0.003 0.99 0.004 0.98

PO4
3− UV-flashlight Cu(I) complex (9) 0.006 1 0.031 0.99

F− UV-flashlight Cu(I) complex (10) 0.020 0.97 0.029 0.96
a 7 samples, b 10 samples, с mixture of 8 Ir(III) complexes, d mixture of 6 Cu(I) complexes. The interval range for
the modeling: 450–800 nm for Co, Cu, and F−, 600–750 nm for PO4

3−.

The practical application of the developed Cu(I)-based OMS was demonstrated for the
determination of fluoride and phosphate content in real surface and tap waters. Fluoride
and phosphate are essential components for living cells; however, excess concentrations in
surface water can lead to various human diseases and a general reduction in water quality.
The evaluation of fluoride and phosphate by simple and inexpensive analytical methods is
an important task for timely environmental monitoring.

The colored complexes of fluoride and phosphate absorb light in the regions of 450–800
(absorption maximum at around 590 nm) and 550–800 nm (absorption maximum at around
700 nm), respectively. Since these analytes are determined using an individual calibration
sample set, a single molecular emitter was chosen for each of the anions based on its the
emission properties: complex (9) with emission maximum of 659 nm for fluoride determi-
nation and complex (10) with emission maximum of 584 nm for phosphate determination.

The RMSE and R2 for the full cross-validation are similar for both phosphate and
fluoride PLS models (Table 1 and Figure S1 in Supporting Information). Further, the
calibration models were used to predict the content of fluoride and phosphate in five water
samples. The content of anions evaluated by a standard spectrophotometric technique was
employed for model precision assessment. The prediction performance of the phosphate
model is pretty good: RMSEP = 0.073 mg/L with R2 = 0.97. The PLS model for fluoride
has also relatively low RMSEP (0.074 mg/L), but R2 is 0.7. This can be caused by the fact
that water samples were taken in different regions and from different sources (several from
rivers, one from a lake, and one from a tap). Each sample may contribute strongly to the
model, and more samples are needed to make more accurate predictions. Mean squared
errors (MSE) that show the average squared difference between the estimated by reference
method values and predicted by OMS values were 0.34% and 0.54% for phosphate and
fluoride, respectively.

4. Conclusions

The proposed approach to OMS development allows reducing analysis time and does
not require additional sample preparation. Moreover, OMS based on molecular emitters
can be adopted for the particular analytical task by selecting the appropriate wavelength
region. Despite the relative technical simplicity of OMS, its application in combination with
modern chemometric methods provides high accuracy of analysis, comparable with that of
full-featured spectrometers. Both synthetized sets of Ir(III) and Cu(I)-based complexes are
suitable as a light source in OMS. However, Cu(I) complexes are easier to produce, cheaper,
and environmentally friendly. The demonstrated application of OMS based on molecular
emitters for the determination of fluorides and phosphates in surface water proves their
high practical significance.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/CSAC2021-10611/s1, Figure S1: Predicted versus measured values of cross-validation for
quantification of (A) PO4

3− and (B) F−.
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Abstract: The application of mercaptosuccinic acid-capped gold nanoparticles as a sensing probe
for the colorimetric detection of Fe(III) is reported. The well-dispersed gold nanoparticles (AuNPs)
with a diameter of around 20 nm were obtained by a one-step reaction of tetrachloroauratic acid
with mercaptosuccinic acid (MSA) as a reducing and capping agent, respectively. Fe(III) reportedly
causes the aggregation of prepared MSA-capped AuNPs followed by a change in color and a
shift to long wavelengths in the absorbance spectra. The resulting method allows for a visual
and spectrophotometric Fe(III) determination with detection limits of 30 ng/mL and 23 ng/mL,
respectively. MSA-capped AuNPs have been used as sensing probes for the detection of Fe(III) in
drinking water samples with a detection limit that is much lower than the maximum permissible
level of Fe(III) specified by official regulations (300 ng/mL).

Keywords: mercaptosuccinic acid; gold nanoparticles; Fe(III) ions; colorimetry; aggregation; drink-
ing water

1. Introduction

Currently, the control of the quality and composition of consumed drinking water
has become extremely important. One of the main problems with a centralized water
supply is the almost ubiquitous increased concentration of heavy metals in water, the
main concentration of which is iron. This is primarily due to the widespread occurrence of
this chemical element in various soils [1]; however, significant amounts of Fe(III) can also
come from wastewater from the metallurgical, metalworking, textile, paint, and varnish
industries as well as from agricultural wastewater. Considering that a high consumption
of Fe(III) can cause toxic effects, the determination of Fe(III) content in water resources is of
great importance for human life.

Various analytical methods, such as atomic absorption spectrometry [2], inductively
couple plasma mass spectrometry [3], liquid chromatography [4], and spectrophotomet-
ric [5] and fluorescent [6] methods, are successfully applied for Fe(III) determination.
Despite the high sensitivity of these methods, they are complex and time-consuming,
and usually require expensive equipment operated by skilled personnel. On the con-
trary, colorimetric systems offer a promising approach for the detection of various metal
ions largely due to their simplicity and rapidity as well as due to the opportunity to
estimate results visually. To date, a number of colorimetric sensors, based on the ag-
gregation of nanomaterials induced by metal ions through registration of color changes
(visually), and a shift of the plasmon resonance peak (spectrophotometrically) have been
reported [7]. A widespread approach used to increase the selectivity of these techniques
is the functionalization of the surface of nanomaterials with various ligands [8]. Among
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these, pyrophosphate [9], hydroxamic acid [10], oxamic and p-aminobenzoic acids [11],
casein [12], and (glycol)chitosan [13,14] have been employed for the colorimetric detection
of Fe(III) in various environmental and biological samples.

A colorimetric system based on gold nanoparticles (AuNPs) functionalized with mer-
captosuccinic acid (MSA) for the simple, rapid, selective, and cost-effective detection of
trace Fe(III) ions in water was developed. The choice of the functionalizing agent was
determined by previously described binding properties of mercaptosuccinic acid [15–17].
Moreover, the one-step preparation and functionalization of the proposed AuNPs greatly
simplifies and accelerates the preparation of the sensor system. To the best of our knowl-
edge, this is the first report of using mercaptosuccinic acid-functionalized AuNPs as a
colorimetric sensor for the detection of trace levels of Fe(III) in aqueous media.

2. Experimental Design

2.1. Chemicals and Materials

An aqueous solution of Fe(III) (1 g/L) was obtained from the Center of Standardization
of Samples and High-Purity Substances (St. Petersburg, Russia). Salts of Cd2+, As3+, Cu2+,
Zn2+, Pb2+, Sn2+, and Cr3+ were also obtained from the Center of Standardization of
Samples and High-Purity Substances. 2-Mercaptosuccinic acid (MSA) and tetrachloroauric
acid (HAuCl4) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q-purified
water was obtained using a Milli-Q Simplicity system from Millipore (Bedford, MA, USA)
and used to prepare all aqueous solutions.

2.2. Synthesis of MSA-Functionalized AuNPs

Gold nanoparticles were synthesized through the reduction of HAuCl4 by mercap-
tosuccinic acid [18]. First, 100 mL of the 0.01% HAuCl4 solution was heated to boiling
temperature and stirred using a magnet stirrer. After that, 12.5 mL of the 1 mM aqueous
solution of MSA was added to the reaction mixture. The MSA solution was preliminar-
ily neutralized with a sodium hydroxide in a stoichiometric ratio of 1:2. Thereafter, the
reaction mixture was incubated with continuous stirring for 15 min and cooled to room
temperature. The synthesized MSA-functionalized AuNPs were concentrated 10 times by
centrifugation, resuspended in Milli-Q water with an adjustment to pH 3–4, and stored at
4–6 ◦ C until analysis.

2.3. Transmission Electron Microscopy

The prepared MSA-functionalized AuNPs were applied to 300 mesh grids (Pelco
International, Redding, CA, USA) coated with a support film of polyvinyl formal deposited
from chloroform. A JEM CX-100 electron microscope (JEOL, Tokyo, Japan) operating at
80 kV was used to obtain the images. The digital images were analyzed using Image Tool
software (University of Texas Health Science Center, San Antonio, TX, USA).

2.4. Detection of Fe(III) Ions

To determine the Fe(III) ions, 5 μL of a concentrated MSA-AuNP colloidal solution
was added to an aqueous solution (pH 5) containing various amounts of analyte. After
5 min, the absorption spectra were measured by the EnSpire Multi-mode Plate Reader
(PerkinElmer Inc., Waltham, MA, USA). When applying this technique for real water
samples, a preliminary dilution (2–15 times depending on the water source) of the samples
was used. To test the selectivity of the developed technique and the interference from other
heavy metal ions, the solutions containing Hg2+, Cd2+, As3+, Cu2+, Zn2+, Pb2+, Sn2+, or
Cr3+ (100 ng/mL) were examined.

3. Results and Discussion

3.1. Synthesis and Characterization of MSA-Capped AuNPs

Mercaptosuccinic acid was chosen as a reducing agent due to the presence of two car-
boxyl groups providing functionalization by a chelate structure (Figure 1). The procedure
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of the MSA-capped AuNPs’ synthesis includes mixing a HAuCl4 and MSA solution at an
optimized molar ratio of 2:1, which ensures a spherical form of particles with a size distri-
bution within 20–25 nm [18]. Figure 2a,b shows the TEM image of MSA-functionalized
AuNPs and the size distribution of the nanoparticles. The obtained nanoparticles have a
spherical morphology with an average diameter of 19.9 ± 7.1 nm (number of particles was
195). In addition, the protection layer on the gold particles was observed in a TEM image.
The obtained absorbance spectra of the MSA-AuNPs in the presence and absence of Fe(III)
are given at Figure 2c. A strong peak at 530 nm was observed for MSA-AuNPs.

Figure 1. Scheme of MSA-functionalized AuNPs’ synthesis.

 
(a) (b) (c) 

Figure 2. (a) TEM image of MSA-capped AuNPS. (b) Histogram of MSA-AuNPs particles’ diameter distribution. (c) Ab-
sorption spectrum of MSA-AuNPs before (red) and after (blue) the addition of Fe(III) ions.

3.2. Colorimetric Determination of Fe(III) Ions

The proposed assay scheme is illustrated in Figure 3. In the presence of Fe(III), the
coordination of MSA on the particle surface induced the critical convergence and loss
of stability of the colloidal solution, resulting in a color change from red to blue. When
the Fe(III) concentration reached 20 ng/mL, particle aggregation occurred, as registered
by a decrease in the absorption peak at 530 nm and an increase in the peak at 660 nm.
Consequently, the A530/A660 ratio was selected as an analytical signal.

To find the optimal conditions for the determination of Fe(III) ions, we studied some
factors affecting the analytical signal, such as the pH of the medium and the volume ratio
of the reacting components (MSA-AuNPs and Fe(III)). The effect of pH on the changes in
the analytical signal in the presence of Fe(III) ions was studied; the maximum detection
sensitivity was achieved at pH 4.5.
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Figure 3. Scheme of the colorimetric detection of Fe(III) ions using MSA-capped gold nanoparticles.

To investigate the optimum volume ratio of the reaction components (MSA-AuNPs
and Fe(III) solution), various ratios of the volumes of MSA-AuNPs and Fe(III) ion con-
taining solutions (1:1, 1:3, and 1:30) were tested. The best sensitivity of the analysis was
achieved with the volume ratio of MSA-AuNPs/Fe(III) ion solutions equal to 1:30.

The aggregation of MSA-AuNPs in the presence of Fe(III) was proceeded by complex-
ation with the chelating ligands of mercaptosuccinic acid, which was accompanied by a
blue shift in the absorption spectrum. The detection limit using MSA-AuNPs as the sensing
probe was 23 ng/mL, at least 10 times lower than the maximum permissible concentration
of Fe(III) for drinking water, which is 300 ng/mL by official regulations. The linear range of
the calibration curve was 20–30 ng/mL, with an approximation factor of R2 0.98 (Figure 4).
In addition, the developed sensing system allowed for the detection of Fe(III) by the naked
eye at a concentration of 30 ng/mL, which corresponded to the blue color of the reaction
mixture. The effectiveness of the developed system for the analysis of real samples was
confirmed by the determination of Fe(III) ions in water samples without a matrix influence.

(a) (b) 

Figure 4. (a) Calibration curve for Fe(III) ion detection using AuNP-MSA. (b) Linear range of the calibration curve.

3.3. Selectivity of Fe(III) Ions’ Detection

To check for the possible influence of other metal ions on the analytical signals for the
detection of Fe(III) ions, solutions of Hg(II), Cd(II), As(II), Cu(II), Zn(II), Pb(II), Sn(II), and
Cr(II) were tested under the chosen optimal conditions (Figure 5). It was found that the
tested ions did not influence the analytical signal; the color change was achieved only for
Fe(III) ions. The experimental data showed that the analytical signal (A530/A660) induced
by Fe(III) significantly exceeded the signals for other metal ions.
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Figure 5. Absorbance spectra of MSA-capped AuNPs after the addition of 100 ng/mL of metal ions.

4. Conclusion

A highly sensitive and selective colorimetric system for Fe(III) ion detection based
on mercaptosuccinic acid-functionalized gold nanoparticles was developed. The sensing
mechanism is the aggregation of gold nanoparticles due to the selective complexation of
mercaptosuccinic acid with Fe(III), resulting in a change in color and in the absorbance
spectrum. Under optimal conditions, this system showed a good linear correlation between
Fe(III) concentrations and the colorimetric signal, with visual and instrumental detection
limits of 30 and 23 ng/mL, respectively. The system demonstrated high selectivity against
other metal ions. The assay combined simple fabrication and operation with the possibility
of sensitive on-site monitoring. The effectiveness of the developed system was confirmed
by the determination of Fe(III) ions in the water samples without a matrix influence.
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Abstract: In the present work, it has been shown that bismuth film electrodes deposited on screen-
printed carbon supports could be successfully used to provide well-shaped, sensitive and repro-
ducible catalytic adsorptive stripping signals of Ge(IV) in the presence of catechol and V(IV)-HEDTA
(HEDTA-N-hydroxyethyl-ethylene diamine-triacetic acid) complex.

Keywords: film electrodes; germanium; stripping voltammetry

1. Introduction

Germanium represents a unique group of elements known as Critical Raw Materials
(EU). Although such elements typically constitute only a small percentage of a material
by weight, they are essential to its performance [1]. Among the numerous analytical tech-
niques available, voltammetry seems to have much to offer in this regard, as voltammetric
techniques are insensitive to the presence of inorganic salts and, at the same time, they offer
low detection limits. Among voltammetric methods, catalytic adsorptive stripping voltam-
metry (CAdSV) plays an essential role in trace analysis due to its remarkable sensitivity.
To induce a catalytic effect which gives the method its outstanding sensitivity, ions with
oxidizing properties must be added to the examined solution, e.g., nitrate, nitrite, bromate
or chlorate. Unfortunately, many electrode materials, both metallic sensing layers as well
as auxiliary polymers, are damaged under the influence of these oxidants.

As was reported earlier, using HMDE or silver-amalgam working electrodes and
the supporting electrolyte containing V(IV)-HEDTA (HEDTA-N-hydroxyethyl-ethylene
diamine-triacetic acid) complex (Figure 1), catechol or its derivatives, the well-developed
germanium signals could be recorded at nM level [2,3]. To develop a workable analytical
procedure for the detection of trace amounts of germanium, and to meet the current
guidelines that impose limitations on the application of mercury in chemical and analytical
laboratories, an environmentally friendly alternative should be employed instead. The
metallic film electrodes, such as bismuth (BiFE) and lead (PbFE) electrodes are among the
most widely used sensors in the field of stripping voltammetry [4].

This work aims to assess the applicability of lead and bismuth film electrodes de-
posited electrochemically or by physical deposition from gaseous phase on different sup-
ports to provide catalytic adsorptive stripping signals of Ge(IV) in the presence of catechol
and V(IV)-HEDTA complex.
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Figure 1. The structure of V(IV)-HEDTA complex.

2. Materials and Methods

Electrochemical study was performed on a Autolab 204 analyzer (Metrohm Autolab
B.V., Utrecht, The Netherlands). Disposable screen-printed electrodes (4 mm diameter)
(DropSens, Oviedo, Spain) or disc electrodes (3 mm diameter) made of glassy carbon
or gold (Mineral, Łomianki-Sadowa, Poland) were used as supports for bismuth films.
Platinum wire and Ag/AgCl (3 M KCl) were applied as the anode and reference electrodes.
All applied reagents were analytical grade.

Lead and bismuth films were plated just prior to use by means of potentiostatic
deposition. Before plating, the disc substrates were polished using an Al2O3 suspension (0.3
and 0.05 μm) applied onto a polishing cloth. Screen-printed electrodes did not require any
preparation or processing other than 2 min of soaking in the plating solution immediately
prior to electrolysis. The plating process performed in quiescent 0.34 M HClO4 containing
0.043 M of Bi(III) or stirred 0.2 M acetate buffer containing 0.003 M Pb(II) was monitored by
recording chronoamperometric curves and stopped when the charge reached the defined
threshold (Eplat = −0.9 V, Qplat = 0.8 mC per mm2). Pre-plated electrodes were rinsed
with 0.1 M acetate buffer (PbFE) or 0.34 M HClO4 (BiFE) and water. The PVD deposition
followed the protocol described in the previous work [5].

The supporting electrolyte contained 0.05 M acetate buffer (pH of 4.4), 1 mM of
catechol, 1 mM of V(IV) and 1.5 mM of HEDTA. CAdSV voltammograms were recorded
after 30 s of accumulation performed at the potential of −0.6 V (PbFE) or −0.4 V (BiFE) by
differential pulse mode.

3. Results and Discussion

3.1. Support Selection

To deposit the metallic sensing layers, the following supports were considered: (1)
carbon-based electrodes: glassy carbon, carbon paste, impregnated carbon, screen printed
carbon and (2) gold-based electrodes: bulk disc, PDV deposited gold, gold screen printed.
The sensing layers were deposited electrochemically by ex situ plating or by PVD deposi-
tion. The preliminary tests of freshly prepared films rinsed with water were performed
by microscopic inspection. In the case of carbon-based supports and bismuth films, the
visual changes were not pronounced, as the plating only gave the surface a black, velvety
appearance. In the case of lead deposits, the electrode surface was turned gray. In the case
of gold supports, the results were more complex. While the expected finding was that the
type of the support (gold monolithic disc, gold screen printed layer, or PVD deposited
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gold) does not play the key role, this study showed that the method of support prepara-
tion plays an important role. The films deposited on the gold disc electrode were very
stable and adhesive. The lead layers deposited on the SPE or PVD gold were oxidized
within minutes once removed from the plating solution (Figure 2). In the case of bismuth,
the oxidation at AuSPE was slower but unrelenting. Information on the mechanism of
oxidation of the metallic layer was provided by analysis of the bismuth films deposited
on the microscratched Au PVD layer (Figure 3a–c). The microscopic images revealed the
bismuth crystallites formed near microscratches are susceptible to oxidation. Gradually
the gold support was exposed, but after 10 min, further changes were not observed as
the bismuth crystallites adjacent to the scratches were depleted. The color histograms of
microscopic images of Bi deposited on AuPVD shown in Figure 3d have not demonstrated
any further changes for pictures taken 10 and 12.5 min after removal from the plating
solution. The microanalysis performed by SEM XRF, and XRD studies of AuSPE as well as
AuPVD electrodes did not reveal other elements than gold. Some insight was provided by
contact angle measurements, displaying a significant difference in wettability of PVD gold
(68.0 ± 0.2◦) and SPE (92.0 ± 0.3◦) electrodes. Since the surface microstructure of materials
correlates closely with the apparent contact angle at the boundary between the liquid and
the surface, the different surface properties of AuSPE and AuPVD were confirmed. The
AuPVD contact angle value corresponds well to earlier reported values [6], while those
obtained for AuSPE are substantially higher, placed on the threshold of hydrophobicity.
The high contact angle can be explained by the rough three-dimensional structure of the
gold layer, preventing the access of water molecules to the electrode surface by trapped air
or by organic compounds of the ink used for screen printing. Regardless of cause, the gold
screen printed electrodes cannot be used for bismuth or lead ex situ plating.

 

 

(a) (b) 

  
(c) (d) 

Figure 2. Microscopic images of Pb plated gold SPE recorded after 0 (a), 2.5 (b), 5 (c) and 7.5 (d) min
after plating. Gray regions represent the lead layer while yellow the exposed gold support.
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(a) (b) 

 
(c) (d) 

Figure 3. Microscopic images of Bi plated gold sputtered electrode recorded 0 (a), 2.5 (b) and 12
(c) min after plating (150x; images brightened to make the details more visible). Color histogram
analysis of the bismuth layer plated on the sputtered gold electrode (d) (https://www.dcode.fr/
image-histogram, accessed on 8 June 2021).

3.2. Stability Studies of Metallic Films in Contact with V(IV)-HEDTA Solution

The externally plated bismuth and lead films as well as PVD deposited bismuth
and lead layers were exposed to the supporting electrolyte containing the V(IV)-HEDTA
complex, catechol and acetate buffer. Employing bismuth film electrodes of any type, it was
possible to record well-shaped germanium signals in solutions containing from a few to
several hundred nM of germanium. In the case of lead film electrodes, only PbFE deposited
on glassy carbon, carbon paste and impregnated carbon provided measurable germanium
signals. Lead layers deposited on SPE supports of any type did not deliver any germanium
signals. Although the signals recorded by the most promising lead electrode, namely,
PbFE/GC, in the solution containing 30 nM of Ge(IV), were initially quite pronounced,
there was no Ge(IV) signal after recording ten or so voltammograms. In this way, the
unsuitability of PbFEs for their intended use in stripping voltammetry became apparent.

3.3. Analytical Performance of Bismuth Plated Screen Printed Electrodes

It was shown [2] that when the HMDE electrode was used as the working electrode,
the catalytic activity of HEDTA vanadium complexes towards the germanium complex was
correlated with the redox behavior of V(IV)-HEDTA. In the case of pyrogallol germanium
complexes, the intensity of the germanium signal correlated with the characteristics of the
voltammetric signal representing the reduction of the V(IV) complex [3]. The cyclic voltam-
mograms shown in Figure 4a were recorded by means of bismuth plated glassy carbon
and carbon SPE electrodes and compared with the curves obtained when CGMDE and
GC were used. Both CGMDE and GC delivered well-shaped reversible voltammograms
of V(IV)-HEDTA complex, while at BiFE electrodes only reduction signals were observed.
Such behavior indicates that the catalytic process at BiFEs proceeds following a different
mechanism than that observed at CGMDE.

The catalytic signals of Ge(IV) recorded at BiFE/SPE in the presence of V(IV)-HEDTA
were pronounced and highly reproducible, as it is shown in Figure 4b. The calibration
curve is given by the equation y = (0.083 ± 0.001)x + (0.06 ± 0.01) (r2 = 0.9989), where y
and x denote the peak current (μA) and Ge(IV) concentration (nM). The Ip = f(cGe(IV)) is
linear within the range from 2 to 30 nM (LOD = 1.5 nM). Finally, BiFE/SPEs were applied
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for Ge(IV) determination in Ge(IV) spiked snow water (10 nM) via the standard addition
method and the concentration of 10.05 ± 0.11 nM was determined.

 

 

−

(a) (b) 

Figure 4. CV voltammograms recorded in an 0.05 M acetate buffer containing 1 mM of V(IV) and
2 mM of HEDTA using glassy carbon (GC), bismuth plated glassy carbon (BiFE/GC), bismuth
plated screen printed carbon electrode (BiFE/SPE) and a controlled-growth mercury drop electrode
(CGMDE). Scan rate = 50 mVs−1 (a). Ten consecutive differential pulse voltammograms recorded by
Bi/SPE electrode in the solution containing 3 or 30 nM of Ge(IV) and 0.05 M acetate buffer (pH of
4.4), 1 mM of catechol, 1 mM of V(IV) and 1.5 mM of HEDTA (b).

4. Conclusions

The results reported here demonstrate that the properties of lead and bismuth film
electrodes differ considerably and only bismuth plated electrodes enable germanium
analytical signals to be obtained when Ge(IV)-catechol-V(IV)-HEDTA system is employed.

Author Contributions: Conceptualization, A.K.; methodology, A.K.; software, A.K.; writing—
original draft preparation, A.K.; writing—review, A.B. and J.Z.; visualization, A.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the subsidy of the Ministry of Education and Science for the
AGH University of Science and Technology in Kraków (Project No 16.16.160.557).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available on request from the corresponding author, (A.K.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eggert, R.G. Minerals go critical. Nat. Chem. 2011, 3, 688–691. [CrossRef] [PubMed]
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Abstract: Many carbon materials are well-known conductive materials, widely used in the fabrication
of composite electrodes. In this work, diverse allotropic forms of carbon such as graphite, MWCNTs
and rGO were tested. Furthermore, these materials allow the construction of cheaper, smaller,
portable, reliable and easy-to-use devices, which can be easily modified. The above-mentioned
composite electrodes were developed for metal analysis in water such as Cu, Cd and Pb that, at a high
concentration, can have consequences on human health. SWASV is the selected technique. It would
be ideal to exploit the potential properties of mercury for metal detection by tuning the electrode’s
surface. Due to mercury’s hazardous properties and to reduce the amount of this substance used in
polarography, the use of nanoparticles is a good option due to their properties. Mercury nanoparticles
were used to modify the surface of the composite electrodes to improve electroanalytical sensor
response. For this reason, using these modified composite electrodes can lower detection limits
and widen the linear range that can be achieved for Cd (0.05–1 mg·L−1) and Pb (0.045–1 mg·L−1).
However, for Cu (0.114–1.14 mg·L−1), meaningful variations were not observed compared to the
bare electrode.

Keywords: electrochemistry; Hg nanoparticles; graphite; composite electrodes; metal analysis; SWASV

1. Introduction

Water is fundamental for all Earth’s living forms, and a key issue for social and
economic development. Currently, water analysis is a vital topic, for because monitoring
some parameters is important to prevent some health problems. One of the parameters that
has become important involves determining the concentration of heavy metals in water.
To do this, several analysis techniques are used, such as atomic absorption spectroscopy
(AAS) [1], inductively coupled plasma (ICP) [2], high-performance liquid chromatography
(HPLC) [3], etc. Some of the metals that can be found in water are Cu, Cd and Pb and, at
high concentrations, can have consequences on human health [4–6].

In this work, a voltametric technique has been chosen, known as square-wave anodic
stripping voltammetry (SWASV) [7,8]. SWASV consists of two steps: first, applying a
potential to preconcentrate the analyte on the surface of the electrode; second, taking a
measurement by applying staircase potential to record the current generated.
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To use this technique, composite electrodes were construct using different carbon ma-
terials and a non-conductor epoxy. The behavior of graphite, reduced graphene oxide (rGO)
and carbon nanotubes (CNTs) were tested in the detection of Cd, Pb and Cu. However, we
work with the bare electrode; the modification of their surface with mercury nanoparticles
(Hg-NPs) was also tested [9]. Mercury was used, a long time ago, in polarography, and it
is well-known for its ability to form amalgams with some metals, reducing the potential
where they appear [10,11]. Hence, taking advantage of these properties, the aim of this
work is to reduce the amount of mercury used in polarography for the determination of
Cd, Pb, and Cu.

2. Composite Electrodes Construction, Characterization, and Modification

2.1. Composite Electrode Construction

Composites were constructed using three different carbon materials: graphite, CNTs
and rGO. The first step is to weld a copper sheet to a commercial connector; after that,
it is placed in a PVC tube. A mixture of one of the carbon materials and Epotek H77 is
prepared, and the PVC tube (2.1 cm, ∅6 mm) is filled with this mixture. Then, it is cured
for 2 days at 80 ◦C. Then, the surface must be polished.

The percentages tested of carbon materials are shown in Table 1. These percent-
ages were optimized previously, and they are related to their respective improvement
in the electroanalytical properties of developed sensors, in terms of detection limit and
sensitivity [12].

Table 1. Percentages used in the construction of each electrode.

Material % Carbon Material % Epotek H77

Graphite
15 85

20 80

CNTs 10 90

rGO 15 85

2.2. Composite Electrode Chacaterization

Electrodes were characterized using Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS) using a computer-controlled Multi-AUTOLAB M101 (Eco
Chemie, Utrecht, The Netherlands) with a three-electrode cell: a platinum-based electrode
53–671 (Crison Instruments, Alella, Barcelona, Spain) as a counter electrode, an Ag/AgCl
handmade electrode as a reference electrode and the constructed composite electrodes as
working electrodes. The characterization was performed in solution composed of 0.01 M
K4Fe(CN6), 0.01 M K3Fe(CN6) and 0.1 M KCl. For CV, the scan rate was 10 mV·s−1 and the
rate of frequencies used in EIS was 0.01 to 104 Hz.

The behavior of the 15% rGO electrode was unusual, possibly related to the orientation
of the layers in the Epotek H77 matrix, and its characterization using CV and EIS was
not successful. In Figure 1, the characterization of the rest of the carbon electrodes, with
graphite or CNTs, can be observed. The most notable difference is showed in EIS, where the
20% graphite presents the lower charge transference resistance. Thus, a highly conductive
surface is then available for the preconcentration of cationic metals.
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Figure 1. CV (a) and EIS (b) characterization of the different electrodes.

2.3. Composite Electrode Modification with Hg-Nps

After electrode characterization, the surface of the electrode is modified with mer-
cury nanoparticles (Hg-NPs) following the synthesis from [9]. In the synthesis, 78 mg
Hg2(NO3)2·2H2O is used, 1 mL 1 M HNO3 is added and then 0.5 mL of a solution of 3.5 g
of PVA (Polyvinyl Alcohol) added to 16 mL of Milli-Q water. All the steps of the synthesis
were performed at 25 ◦C and under stirring conditions.

A total of 20 μL of the nanoparticle solution is drop casted on the electrode surface
and dried in the oven at 80 ◦C for 2 h. The modified electrodes were characterized using
scanning electron microscopy (SEM) (MerlinFe-SEM, Carl Zeiss, Germany) and the Hg-NPs
were characterized using transmission electron microscopy (TEM) (JEM-2011 200 kV, Jeol,
Peabody, MA, USA) (see Figure 2).

 

Figure 2. (a) Retrodispersive (left) and secondary electron (right) SEM images; (b) 20% graphite
electrode drop casted with Hg-NPs image; (c) TEM image of the Hg-NPs.

2.4. Metal Solution Preparation and Determination

The metal solutions were prepared using certified stock standards of 37 mg·L−1

Pb(NO3)2 (≥99%, supplied from Sigma-Aldrich), 11,438 mg·L−1 Cu(NO3)2 (99.5 %, pur-
chased from Merck) and 1000 mg·L−1 Cd(NO3)2 (99 %, obtained from Panreac). They
were added to a 0.1 M acetic acid (CH3COOH, 99.9% acquired from J.T.Baker, HPLC
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reagent)/0.1 M Ammonium acetate (NH4CH3COO, 97 % purchased from Panreac) buffer
with Milli-Q water at pH 4.6 [13].

2.5. Bare Composite Electrodes

For metal determination, the technique chosen was SWASV. This consists of applying
a potential (−1.4 V) for 7 min that reduces the metal ions on the electrode surface; then,
staircase potential is applied and the current generated is recorded. This process is per-
formed under N2 bubbling. Moreover, a modification in the electrochemical cell is used.
Instead of using a handmade reference electrode, the one used for the measurements is
Orion 900 electrode (Thermo Scientific, Beverly, MA, USA).

Firstly, the bare electrodes were used for the electrochemical detection of Cd, Pb and
Cu. The results for all electrodes studied are shown in Figure 3.

Figure 3. Calibration curves for Cd (a), Pb (b) and Cu (c) for each raw material.

As can be seen, 20% graphite electrodes showed the best response, as it has a better
sensitivity compared with 15% graphite and 10% CNTs composite electrodes for three
metal cations analyzed.

2.6. Hg-NPs Drop Casted Electrodes

The next step is to modify the surface of the 20% graphite electrode with Hg-NPs, as
mentioned above. Once the surface is modified, the electrode is tested for Cd, Pb and Cu
determination using SWASV. The corresponding results are shown in Figure 4.
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Figure 4. Calibration curves for Cd (a), Pb (b) and Cu (c) for 20% graphite (black) and 20% graphite plus Hg-NPs (blue).

With this modified 20% graphite electrode, lower quantification limits can be achieved.
In Table 2, all the parameters of the calibration curves are summarized.

Table 2. Feature parameters: sensitivity, r2 and linear range of each cationic metal detected separately.

[Cd2+]

Electrode (20% graphite) Sensitivity [A·(mg·L−1)−1] r2 (n) Linear Range (mg·L−1)

Bare (1.6 ± 0.1) × 10−4 0.995 (n = 5) 0.1–1

plus Hg-NPs (3.4 ± 0.2) × 10−5 0.98 (n = 6) 0.05–1

[Pb2+]

Electrode (20% graphite) Sensitivity [A·(mg·L−1)−1] r2 (n) Linear Range (mg·L−1)

Bare (1.9 ± 0.2) × 10−4 0.95 (n = 4) 0.09–0.45

plus Hg-NPs (6.4 ± 0.3) × 10−5 0.98 (n = 7) 0.045–1

[Cu2+]

Electrode (20% graphite) Sensitivity [A·(mg·L−1)−1] r2 (n) Linear Range (mg·L−1)

Bare (9.7 ± 0.9) × 10−5 0.95 (n = 7) 0.057–1.14

plus Hg-NPs (7 ± 1) × 10−6 0.90 (n = 5) 0.114–1.14

3. Conclusions

Carbon composite electrodes are very versatile, robust, and reliable electrodes to work
with for Cd, Pb and Cu detection. The well-known properties of mercury to form an
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amalgam with other metals can be taken advantage of to modify the surface of the carbon
composite electrode in order to decrease the limit detection of the bare electrode. To emulate
the polarography, the use of Hg-NPs reduces the amount of mercury used without losing
its properties. In this case, Cd and Pb form an amalgam with Hg, reducing the detection
limit (Cd = 0.05 mg·L−1; Pb = 0.045 mg·L−1) in comparison with the bare electrode. The
Cu metallic cation does not exhibit this behavior. Although the bare electrode has higher
sensitivity because its electroactive area is not modified, when the electrode was modified
with Hg-NPs, its electroactive area decreases. We added a polymer (from the synthesis of
the NPs) over the electrode’s surface that is not as good as a conductor as graphite. On the
other hand, we improved the detection limit due to the specific interaction of mercury with
metals cations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10456/s1.
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Abstract: Paper-based microfluidic technology is a relatively new field of research that provides
low-cost platforms and sensors for point-of-care diagnostics. While the majority of research in this
field has been for biomedical applications, more and more paper-based devices and platforms are
being designed and developed for environmental applications, such as water quality monitoring and
assessment. One such application is the detection of nitrate in water samples. Colorimetric detection
of nitrate by paper-based devices using the Griess assay requires the reduction of nitrate to nitrite
before undergoing the reaction. In this paper, we measured the performance of a paper-based dip
strip for detecting nitrate and nitrite by calculating its limit of detection and limit of quantification.
We also calculated the reduction efficiency of vanadium (III) chloride in the dip strip for detecting
nitrate. Our results show that the reduction time of nitrate via vanadium (III) chloride is much longer
than that when using zinc microparticles. Our results also show that the performance of the dip
strip using vanadium (III) chloride for nitrate detection is not as good as more intricate paper-based
devices that have a separate reaction zone with zinc microparticles. The limits of detection and
quantification calculated were 3.352 and 7.437 ppm, and the nitrate reduction efficiency varied over
the range of nitrate concentrations tested.

Keywords: nitrate reduction; zinc microparticles; vanadium (III) chloride; materials for chemical sensing;
nitrate detection; Griess reaction; colorimetric assay; paper-based devices; paper microfluidics;
point-of-care diagnostics

1. Introduction

Paper-based microfluidic technology has been gaining a lot of attention over the past
several years for the many advantages it provides. Most importantly, paper-based microflu-
idic technology allows the development of low-cost, portable and easy-to-use devices and
sensors that can be easily disposed of. These devices can also provide qualitative or quanti-
tative results and data at the point of care without the need for specialized equipment or
power sources. Several paper-based devices have been developed for various applications,
such as for water analysis [1–4], biomedical applications [5,6], food analysis [7–10], soil
analysis [11] and many other miscellaneous applications [12–15]. The field of paper-based
microfluidics is expected to continue garnering greater attention as more applications are
sought after or the performance improved for the ones already developed [16].

Paper-based devices are generally made up of several different sections that serve
different purposes. While more complex devices may include valves and actuators to
manipulate fluids and perform multistep reactions [17,18], simpler devices generally in-
clude a sample port, transport channels, reactions zones and a detection zone [19]. The
majority of paper-based devices use colorimetric detection since it is the simplest technique
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to produce a quantifiable signal [20,21]. Properties of the material used in paper-based
devices influence assay performance and have a substantial impact on the development of
paper-based sensors [22]. Therefore, proper material selection and optimization is critical
to enhancing the performance of assays in paper-based devices [23]. This is usually an
iterative and an ongoing process to learn and adapt different advancements in the field of
paper-based technology to check for the possibility of improving the output and perfor-
mance of paper-based sensors. An example is the selection of a suitable reducing agent to
be used in a paper-based device meant for detecting nitrate in water.

Nitrate is part of the nitrogen cycle [24] and is an essential nutrient needed for plant
growth; however, it plays a significant role in water nutrient pollution when present in
excessive amounts [25,26]. Nitrate is also the most stable form of nitrogen in oxygenated
systems, and all other forms of nitrogen-containing compounds can become a source for
it [27,28]. Ingesting nitrate has been linked to colorectal cancer, thyroid disease and central
nervous system birth defects [29]. Therefore, it is important to measure nitrate levels in
water for environmental monitoring purposes and to ensure its safety for consumption.
Different techniques are readily available to measure nitrate concentrations in water but are
either costly, time-consuming or may require trained personnel [30,31]. Several paper-based
sensors have been developed for the rapid and inexpensive detection of nitrate in water,
food and human saliva, and their limits of detection (LOD) and limits of quantification
(LOQ) are given in Table 1.

Table 1. Performance of paper-based sensors developed for detecting nitrate in different media.

Reference Media LOD (ppm) LOQ (ppm)

[32] Water 0.533 1.765
[33] Water 1.178 2.976
[9] Food Sample 3.6 12
[34] Food Sample 0.4 NA 1

[35] Food Sample 0.4 1.4
[36] Human Saliva 4.96 16.74

1 NA, not available.

All of the paper-based devices developed thus far for measuring nitrate levels have
used the Griess assay for detection since it is the most commonly used spectrophotometric
method for quantifying concentrations of nitrate and nitrite [37,38]. However, this assay is
specific to nitrite molecules and, therefore, nitrate molecules have to be reduced to nitrite
first before detection. There are several different reducing agents that can reduce nitrate
to nitrite, such as cadmium, copperized cadmium, zinc, nitrate reductase, irradiation by
ultraviolet light, hydrazine sulfate, titanium (III) chloride, vanadium (III), hydroxylamine,
tin chloride or ascorbic acid [36,39,40]. Some of these reducing agents are not suitable for
use in paper-based devices, while others have been tested and used in this type of sensors.

Nitrate reductase, irradiation by ultraviolet and hydrazine require lengthy reduction
times [41], which may not be suitable for paper-based sensors due to concerns of sample
evaporation. Titanium (III) chloride is violet in color and absorbs light in the same range
as the azo dye product of the Griess assay [41]. Ferreira et al. [36] tested tin chloride,
hydroxylamine, ascorbic acid and zinc microparticles. They used zinc microparticles in their
paper-based nitrate sensor since the other agents tested did not extensively reduce nitrate
to nitrite. Experimental results by Jayawardane et al. [33] showed that cadmium and zinc
microparticles produced similar results for nitrate reduction in their paper-based device.
They opted for zinc microparticles due to the higher toxicity of cadmium. Thongkam
et al. [35] developed a very simple paper-based device for measuring nitrate and nitrite
concentrations in food samples, and they used vanadium (III) chloride to reduce nitrate
before detection.

We had previously developed a sensitive paper-based nitrate sensor by testing differ-
ent device architectures and optimizing the different components of the device [32]. The
final device adopted a folding architecture with part of the detection chemistry immobilized
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at the detection zone. This improved the quality and uniformity of the signal developed.
The device also incorporated a new composite material made-up of zinc microparticles and
cellulose fibers to enhance nitrate reduction. A nitrate conversion efficiency of 27% was
achieved using this new composite material called Zinculose [42]. However, the results
obtained by Thongkam et al. [35] for nitrate detection in food samples by using vanadium
(III) chloride as a reducing agent are very promising. In this paper, we measure the perfor-
mance of a dip strip using vanadium (III) chloride for reducing nitrate by calculating its
limits of detection and quantifications. We also calculate the nitrate reduction efficiency of
vanadium (III) chloride and compare the results to those obtained when using Zinculose.

2. Methods

Thongkam et al. [35] studied the effect of the different parameters on nitrate detection.
They tested different concentrations of sulfanilic acid and N-(1-Naphthyl)ethylenediamine
dihydrochloride used in the Griess assay for detection. They also examined the effect of
different concentrations of vanadium (III) chloride and reaction times on the intensity of
the color produced in the detection zone. In this paper, we use the optimum concentrations
they have found when preparing the reagents to be used in our experiments.

2.1. Materials

The items below were used in preparing and running the experiments presented in this
paper. Whatman grade 1 filter paper (GE Healthcare Whatman 1-1001824), backing cards (DCN
Dx MIBA-050), sulfanilamide (98%, Alfa Aesar-A1300136), N-(1-Naphthyl)ethylenediamine
dihydrochloride (Alfa Aesar-J6321414), hydrochloric acid (Fisher Chemical-A142-212),
sodium nitrate (≥99.5%, Honeywell Fluka-31440), sodium nitrite (≥99%, Honeywell Fluka-
31443) and ASTM Type 1 deionized water (resistivity > 18 MΩ/cm, LabChem-LC267405).

2.2. Methods

Strips 1 × 8 cm were cut out from a 30 × 8 cm backing card using a guillotine paper
cutter. Three circles, 6 mm in diameter each, were punched out using a tissue biopsy from
the Whatman filter paper and stuck onto the backing card, Figures 1 and S1.

  

(a) (b) 

Figure 1. (a) Schematic showing the components and dimensions of the dip strip used. (b) The
yellow circle shows the color analysis zone used in ImageJ to quantify the color intensity of one of
the detection zones; the diameter of the circle is about 125 pixels, which is approximately 5.3 mm.

Nitrate and nitrite solutions at concentrations of 1000 ppm were freshly prepared on
the day of testing by dissolving the required amount of nitrate or nitrite salt in deionized
water. These solutions were then diluted using deionized water into the following concen-
trations 0.5, 1, 2.5, 5, 10, 20 and 40 ppm. We followed the procedure outlined by Thongkam
et al. [35] in preparing the detection chemistry for nitrate and nitrite. For nitrite detection,
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the solution was called reagent “A” and consisted of equal parts (1:1 ratio) volume of sul-
fanilic acid and NED solution. For nitrate detection, the solution used was called reagent
“B” and consisted of equal parts (1:1:1 ratio) volume of the above sulfanilic acid, NED
solution and the reducing reagent solution. The sulfanilic acid used in reagents “A” and
“B” was prepared by dissolving 0.1 g of sulfanilamide in 100 mL of 2 mol L−1 hydrochloric
acid. The NED solution used in reagents “A” and “B” was prepared by dissolving 0.1 g
of N-(1-Naphthyl)ethylenediamine dihydrochloride in 100 mL of deionized water. The
reducing reagent solution used in reagent “B” was prepared by dissolving 3 g of vanadium
(III) chloride in 100 mL of 6 mol L−1 hydrochloric acid. 2 μL of reagent A or B was pipetted
onto each circle and allowed to air-dry for at least 30 min, Figure S2. Each dip strip was
then submerged into the appropriate nitrate or nitrite solution for 1 s, shaken to remove
excess fluid and then scanned using a desktop scanner (Canon TS6020) at a resolution of
600 DPI. The nitrate dip strips were scanned after 10 min, and the nitrite dip strips were
scanned after 5 min following the optimized scan times previously found by Thongkam
et al. [35]. The detection zones were analyzed using ImageJ in RGB mode, similar to how
they analyzed their results. We have previously shown that the green component of the
measured color intensity shows the largest difference in value over the concentration of
nitrate or nitrite for paper-based devices using the Griess assay [43]. Therefore, the data
for the different color intensities were provided in the supplementary file, Tables S1–S4.
A MATLAB code was used to fit the data to an exponential decay function of the form
y = a × exp (−x/b) + c, and the symbolic toolbox was used to calculate the limits of de-
tection and quantification. The limits of detection and quantification were obtained by
finding the analyte concentrations corresponding to yLOD or yLOQ on the calibration curves
developed. yLOD or yLOQ were calculated using the following equations [44]:

yLOD = yB − 3 σB

yLOQ = yB − 10 σB

where yB corresponds to the mean color intensity of the blank solution (0 ppm) and σB is
its respective standard deviation.

3. Results and Discussion

The detection zones of the nitrate dip strips showed little to no color change after
10 min, Figure S3, but color started to form after a much longer wait time, so the dip strips
were scanned after 1 h as well, Figure S4. The following section shows the results obtained
for the nitrate and nitrite dip strips.

3.1. Nitrate and Nitrite Analysis

Figure 2 shows the calibration curves developed for the detection of nitrate in deion-
ized water after a reaction time of 10 min and 1 h. The limits of detection and quantification
for nitrate after 10 min are 37.03 and 121 ppm, respectively. The limits of detection and
quantification for nitrate after 1 h are 3.352 and 7.437 ppm, respectively.

Figure 3 shows the calibration curves developed for the detection of nitrite in deionized
water after a reaction time of 5 min and 1 h. The limits of detection and quantification
for nitrite after 5 min are 0.522 and 0.854 ppm, respectively. The limits of detection and
quantification for nitrite after 1 h are 0.889 and 1.823 ppm, respectively.
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(a) (b) 

Figure 2. (a) An exponential decay calibration curve in the form y = a × exp (−x/b) + c, where a = 2741, b = 41,430 and
c = −2492 was established for nitrate after a reaction time of 10 min. (b) An exponential decay calibration curve in the form
y = a × exp (−x/b) + c, where a = 80,230, b = 147,700 and c = −79,980 was established for nitrate after a reaction time of 1 h.
The error bars represent the standard deviation.

 

(a) (b) 

Figure 3. (a) An exponential decay calibration curve in the form y = a × exp (−x/b) + c, where a = 54.94, b = 14.57 and
c = 197.4 was established for nitrite after a reaction time of 5 min. (b) An exponential decay calibration curve in the form
y = a × exp (−x/b) + c, where a = 45.56, b = 15.65 and c = 205.2 was established for nitrite after a reaction time of 1 h. The
error bars represent the standard deviation.

3.2. Reduction Efficiency

The reduction efficiency of vanadium (III) chloride was calculated using the data
obtained in the above experiments used to calculate the LOD and LOQ for nitrate and
nitrite. First, the results obtained from the nitrite experiment after 1 h were used to establish
the calibration curve using the method outlined in Section 2.2. Then the results obtained
from the nitrate experiment after 1 h were used to calculate the intersection of the measured
result with the calibration established for nitrite using the symbolic toolbox. Table 2 gives
the nitrate conversion efficiency calculated. As can be seen from the table, the conversion
efficiency varies between almost 0% and 27%.
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Table 2. Calculated nitrate conversion efficiency.

Nitrate Concentration (ppm)
Normalized Nitrite Concentration

Calculated (ppm) 1
Reduction Efficiency

(%)

0 0 0
0.5 0.098 19.54 ± 0.80
1 0.006 0.61 ± 0.23

2.5 0.300 12 ± 0. 05
5 0.524 10.48 ± 0.08

10 1.086 10.86 ± 0.01
20 3.296 16.48 ± 0.03
40 10.896 27.24 ± 0.01

1 This concentration is normalized by subtracting the intensity calculated for 0 ppm from all other concentrations.

3.3. Discussion

The limits of detection and quantification obtained for nitrate and nitrite in our analysis
were much higher than those obtained by commercial dip strips using the Griess assay.
This can be attributed to one or more of the following reasons: using the RGB mode in
data analysis, not depositing enough reagent volume for reaction or using hydrochloric
acid since it evaporates completely without producing acidic conditions when rewet. The
reaction with the Griess assay should take place under acidic conditions [45].

A maximum reduction efficiency of 27% was obtained by vanadium (III) chloride.
This is similar to the reduction efficiency obtained by Zinculose (27%). However, this
reduction efficiency was only obtained for a high nitrate concentration of 40 ppm, while
lower concentrations resulted in a much lower reduction efficiency. This raises the question
of repeatability and uniformity of vanadium (III) chloride nitrate reduction when used in
paper-based devices.

Each of the two reducing agents, zinc microparticles and vanadium (III) chloride, has
its own set of advantages and should be used in specific applications with an appropriate
device design. Zinculose is a composite material that can be incorporated into any paper-
based device. The zinc microparticles in Zinculose are held in place by the matrix, which
allows the passage of more sample volume through the material and the reduction of more
molecules as they pass through it. This allows for signal amplification as more molecules
become available to be captured and detected. However, vanadium (III) chloride is not
immobilized and would wash away in any lateral flow paper-based device design. Nitrate
reduction using vanadium (III) chloride takes much longer than that by zinc microparticles.
That is why commercial dip strips generally use zinc microparticles in the detection zone
to reduce nitrate to nitrite before detection, Figure S5. Vanadium (III) chloride allows for
the development of simple dip strips since the reducing reagent can be mixed with the
detection chemistry and easily deposited in the detection zone. However, the limits of
detection and quantification achieved by dip strips utilizing vanadium (III) chloride are
not as good as those obtained in more intricate designs using zinc microparticles.

4. Conclusions

Paper-based microfluidic technology is a relatively new field of research that is gaining
a lot of attention and is producing a lot of innovation. In this paper, we measured the per-
formance of a dip strip utilizing vanadium (III) chloride to reduce nitrate before detection.
We observed that vanadium (III) chloride has some drawbacks that make it impractical for
use in paper-based devices meant for detecting nitrate. These include long reduction times
required and low limits of detection and quantification obtained. Therefore, we recommend
using zinc microparticles as the reducing agent for nitrate detection in paper-based devices.
Future work will include developing a suitable lightbox, similar to [46], that emits green
light for measuring nitrate and nitrite concentrations using paper-based devices utilizing
the Griess assay in the field.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/CSAC2021-10459/s1, Figure S1. Dip strip used in experiments, Figure S2. Dip strip used
in experiments after the solutions are dried on the detection zones, Figure S3. Color formed in the
detection zone vs. nitrate or nitrite concentrations after several minutes, Figure S4. Color formed
in the detection zone vs. nitrate or nitrite concentrations after 1 h, Table S1. ImageJ analysis of
nitrate detection zones after 10 min. Test order was randomized, Table S2. ImageJ analysis of nitrate
detection zones after 1 h. Test order was randomized, Table S3. ImageJ analysis of nitrite detection
zones after 5 min. Test order was randomized, Table S4. ImageJ analysis of nitrite detection zones
after 1 h. Test order was randomized, Figure S5. Zinc microparticles observed using an electron
scanning microscope with EDS analysis in the nitrate test fields of commercial dip strips (a) Quantofix
91313 (b) Quantofix 91351.
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Abstract: A voltammetric immunosensor was developed to quantify a major peanut allergen, Ara h 1,
using screen-printed carbon electrodes (SPCE) as transducers. A sandwich-type immunoassay was
performed on nanodiamond-coated SPCEs using an alkaline phosphatase-labeled detection antibody
and a mixture containing an enzymatic substrate (3-indoxyl phosphate) and silver nitrate. The
immunological interaction was detected through the (linear sweep) voltammetric stripping of the
enzymatically deposited silver. The immunosensor’s applicability was evaluated by analyzing
breakfast cereals, cookies, and energy and cereal bars. Ara h 1 was successfully tracked in these
commercial food products.

Keywords: peanut allergy; Ara h 1; food allergy; electrochemical immunosensor; screen-printed
carbon electrode; nanodiamond

1. Introduction

Peanuts are integrated into the Mediterranean dietary pattern, and their consumption
has been recommended worldwide. Despite its noteworthy nutritional value, reported
cases of peanut allergy have increased, and therefore commercial food tracking is essential
since in extreme cases peanut intake causes anaphylaxis [1].

Detection of peanut traces in food samples can be achieved using electrochemical
immunosensors that benefit from their advantageous features such as rapid detection and
high selectivity and sensitivity [2]. Because SPCEs can be connected to portable devices,
they can be used for in situ allergen analysis. Few electrochemical immunosensors were re-
ported for the determination of Ara h 1: a sandwich-type gold nanoparticle-coated SPCE [3],
a reagentless label-free single-walled carbon nanotube-based biosensor [4] and an impedi-
metric immunosensor using a gold electrode functionalized with 11-mercaptoundecanoic
acid self-assembled monolayer [5].

Among the distinct carbon-based nanomaterials, nanodiamonds (NDs) have not yet
been used in the analysis of allergens. Nevertheless, due to their 3D configuration efficient
electrode nanostructuration can improve the analytical signal [6].

The present work reports the development of an electrochemical immunosensor for
the analysis of the peanut allergen Ara h 1 using SPCEs/NDs. In a sandwich-type assay,
the antibody–antigen interaction was detected through Linear Sweep Voltammetry (LSV).

2. Materials and Methods

2.1. Materials and Solutions

Electrochemical measurements were performed using an Autolab PGSTAT101
potentiostat–galvanostat controlled by the NOVA software package v.1.10 (Metrohm Auto-
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lab). Screen-printed carbon electrodes (SPCE, DRP-110) and the connector to interface the
electrodes (DRP-CAC) were supplied by Metrohm DropSens.

Albumin from bovine serum (BSA), 3-indoxyl phosphate (3-IP), nanodiamonds (NDs,
nanopowder), nitric acid (HNO3), streptavidin-alkaline phosphatase (S-AP), silver nitrate
and tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigma-Aldrich. The
capture antibody (CAb, anti-Ara h 1), purified natural Ara h 1 and the detection antibody
(DAb; biotin, anti-Ara h 1) were obtained from Indoor Biotechnologies.

Solutions of BSA and CAb were prepared in Tris-HNO3 (0.1 M, pH 7.2, Tris buffer);
Ara h 1, DAb, S-AP solutions were prepared in Tris buffer containing 1.0% BSA (m/V). The
solution containing 3-IP and silver nitrate was prepared in Tris 0.1 M (pH 9.8 + Mg(NO3)2
2 × 10−2 M). A Tris buffer (0.1 M, pH 8.5) was used to extract Ara h 1 from the food samples.
The evaluation of the accuracy of the sensor’s results was performed using a commercial
ELISA kit (Indoor Biotechnologies).

2.2. Methods

The SPCEs were nanostructurated with NDs (0.10 ng/mL) and the CAb (10 μg/mL)
was immobilized overnight. The electrochemical immunoassay consisted of the following
incubation steps: (i) Ara h 1 standard solution/food sample extract (30 min); (ii) DAb
(250× dilution, 60 min); (iii) S-AP (20,000× dilution, 30 min) and (iv) enzymatic reaction
(3-IP (1.0 × 10−3 M) and silver nitrate (4.0 × 10−4 M), 20 min). Washing between the
incubation steps was performed using Tris buffer. The electrochemical analysis of the
deposited silver was carried out by Linear Sweep Voltammetry (LSV; voltammograms
were recorded using the following parameters: potential range from −0.03 to +0.4 V,
scan rate: 50 mV/s). A schematic representation of the sandwich-type immunosensor is
presented in Figure 1a.

 
 

(a) (b) 

Figure 1. Nanodiamond-based voltammetric immunosensor. (a) Schematic representation of the immunosensor construc-
tion; (b) results obtained for NDs 1 mg/mL dispersed in DMF, DMSO and H2O. Experimental parameters: CAb 10 μg/mL,
Ara h 1 (0 and 250 ng/mL), DAb 250× dilution, S-AP 200,000× dilution, 3-IP (1.0 × 10−3 M), Ag+ (4.0 × 10−4 M).

A set of food products was bought in local supermarkets. The extraction procedure
was performed as recommended by the Ara h 1 standard supplier. Briefly, 1 g of the food
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sample was mixed with 10 mL of the extraction buffer, vortexed for 5 s, incubated for
15 min at 60 ◦C, centrifuged at 2500 rpm for 20 min and stored at −20 ◦C until use.

3. Results and Discussion

3.1. Optimization of the Experimental Parameters

NDs were used for the SPCE’s nanostructuration. Several solvents (DMF, DMSO and
H2O) that are typically employed for the dispersion of carbon-based nanomaterials were
tested. The obtained ip values are presented in Figure 1b, and the signal-to-blank (S/B)
ratio in the presence and absence of Ara h 1 (0 and 250 ng/mL) was used to select the
best solvent. As can be observed, the dispersion of NDs in H2O provided the optimum
condition to proceed the studies. Then, several ND concentrations were tested, from 1.0 to
0.03 mg/mL, and the best performance was obtained for 0.10 mg/mL.

The electrode surface was biofunctionalized with CAb and distinct concentrations
between 5.0 and 25 μg/mL were studied. A 10 μg/mL concentration was selected and
used to study the adequate DAb dilution (tested range: from 250× to 1000×). In this case a
250× dilution was found to provide the best performance.

Additionally, several dilutions of the streptavidin-alkaline phosphatase conjugate
(S-AP) were tested, from 100,000× to 250,000×, and the selected value was 200,000×. To
conclude the optimization process and reduce the assay time, the antigen incubation time
was tested (30 min and 60 min), and it was verified that a 30 min incubation allowed the
appropriate detection of the allergen.

3.2. Analytical Performance

The analytical responses toward different Ara h 1 concentrations using the nanostruc-
tured SPCE/NDs were evaluated. A linear concentration range was established between
25.0 and 500 ng/mL (ip = (0.027 ± 0.001) [Ara h 1] + (1.41 ± 0.31), r = 0.994, n = 5)
with a sensitivity of 0.342 μA·mL·ng−1·cm−2. The limits of detection (LOD) and quan-
tification (LOQ) were 0.78 and 2.6 ng/mL, respectively (calculated using the equations:
LOD = 3 Sblank/m and LOQ = 10 Sblank/m where Sblank is the standard deviation of the
blank signal and m is the slope of the calibration plot).

3.3. Precision, Recovery and Stability Studies

The precision of the results provided by the immunosensor was tested using different
electrodes on distinct days. A 250 ng/mL Ara h 1 solution was analyzed in triplicate and a
relative standard deviation (RSD) of 7.3% was obtained.

To evaluate the accuracy of the results, recovery studies were performed using spiked
cookie samples. The result for three replicates of added 250 ng/mL was found to be 75%.

The storage stability of the optimized SPCE/NDs platform was evaluated during
several weeks using 0 and 250 ng/mL Ara h 1 solutions. It was verified that the sensing
phase was stable for up to two weeks.

3.4. Applicability and Method Validation

The Ara h 1 content in raw peanuts of unknown variety was quantified. The obtained
amount (4.29 ± 0.16 mg/g) was in accordance with previously reported results [3].

The immunosensor’s applicability was evaluated by analyzing several commercial
products: (1) cereal bar (no peanut); (2) energy bar containing peanut; (3) cookie that “may
contain peanut”; (4) granola that “may contain peanut”; (5) pineapple cookie containing
8% of peanut. Examples of the obtained LSV voltammograms are shown in Figure 2a. The
results were compared with the ones obtained using a commercial ELISA kit (Figure 2b).
The good correlation indicated the accuracy of the results. The results of these analyses are
presented in Table 1.
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(a) (b) 

Figure 2. Analysis of food products. (a) LSV voltammograms (solid lines—presence of Ara h 1;
dashed lines—absence of Ara h 1); (b) correlation between the obtained results for the analysis of
food products using the developed immunosensor and the commercial ELISA kit. (1) Cereal bar (no
peanut); (2) energy bar containing peanut; (3) cookie that “may contain peanut”; (4) granola that
“may contain peanut”; (5) pineapple cookie containing 8% of peanut.

Table 1. Results of the quantification of Ara h 1 (mg/g) in food products using an ELISA kit and the
developed voltammetric immunosensor.

Product ELISA (mg/g) Immunosensor (mg/g)

Cereal bar (no peanut) ND ND
Energy bar containing peanut 0.40 ± 0.04 0.37 ± 0.05

Cookie that “may contain peanut” ND ND
Granola that “may contain peanut” 0.20 ± 0.01 0.15 ± 0.01

Pineapple cookie containing 8% of peanut 0.77 ± 0.03 0.75 ± 0.01

* ND: not detected.

Ara h 1 was not detected in the (1) cereal bar (no peanut) and the (3) cookie that
“may contain peanut”. On the latter product’s label the warning may intend to protect
the producer and consumers due to possible line-production cross-contaminations. On
the other hand, the presence of Ara h 1 was confirmed and quantified in the following
products: the (2) energy bar containing peanut (0.37 ± 0.05 mg/g), (4) granola that “may
contain peanut” (0.15 ± 0.01 mg/g) and the (5) pineapple cookie containing 8% of peanut
(0.75 ± 0.01 mg/g).

4. Conclusions

A nanodiamond-coated SPCE immunosensor was developed to track the major peanut
allergen Ara h 1 in commercial food products. Within a total assay time of 2 h 20 min, a
limit of detection (LOD) of 0.78 ng/mL was achieved. A set of breakfast products were
analyzed and the presence and/or absence of Ara h 1 was confirmed and quantified in the
peanut-containing products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/CSAC2021-10458/s1.
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Abstract: Organic semiconductors can be used as highly sensitive fluorescent sensors for the detection
of trace-level vapours of nitroaromatic explosives. This involves fluorescence quenching of the sensors
and indicates the presence of explosives in the surrounding environment. However, for many organic
fluorescent sensors, the quenching of fluorescence is irreversible and imposes a limitation in terms
of the reusability of the sensors. Here, we present a study of thermal desorption of 2,4-DNT from
thin-film explosives sensors made from the commercial fluorescent polymers Super Yellow and
poly(9-vinyl carbazole). Thermal cycling of the sensor results in recovery of fluorescence, thereby
making them reusable.

Keywords: organic semiconductors; nitroaromatic explosives; fluorescence quenching; thermal desorption

1. Introduction

Detection of explosives is critical for homeland security, humanitarian demining, and
military operations. Various detection technologies [1] are being used complementarily to
mitigate explosive hazards which may arise from terrorist attacks. For example, X-ray [2]
can be used in conjunction with other sensing technologies, such as ion mobility spec-
troscopy [3], canines for airport security [4], or radar imaging together with metal detectors
for demining operations [5].

Most of these technologies are either expensive and bulky, or complex, requiring a well-
experienced operator for optimum performance. Organic semiconductors are promising
when used as explosives sensors [6–8], as they can be used to design thin film explosive
sensors that be easily fabricated by solution processing. Interestingly, the sensors are
comparably portable, cheaper [9,10], and can detect trace vapours of explosive molecules
with high sensitivity and fast response time [11,12].

When trace-level vapours of explosives encounter an organic fluorescent sensor,
molecules from the vapour are absorbed into the film and modify its light-emitting prop-
erties [13,14]. Specifically, an electron is transferred from a photogenerated exciton in the
sensor to a sorbed nitroaromatic molecule, which results in fluorescence quenching and
indicates the presence of explosives in the surrounding environment. The response to
ppb levels of explosives is very rapid; however, for many organic fluorescent sensors, the
quenching of fluorescence is irreversible or has slow reversibility [15], which makes them
single-use sensors and imposes a limitation in terms of reusability.

It is crucial to have sensors that are reusable, especially in security or military opera-
tions. This implies the sensors can recover their fluorescence after exposure to analytes,
thereby minimising the number of sensors that would be carried out for operations. There
are limited data in the literature showing fluorescence recovery of polymer films after
quenching due to explosives vapours [10,12,16]. Zhoa and Swager [16] showed that poly
(p-phenylene ethynylene) (PPEs) films can rapidly recover their fluorescence after exposure
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to DNT and TNT vapours. The measurement was made using a commercially available
explosives trace detector called FIDO [11]. In the same experiment, sensory films made
from poly(p-phenylenebutadiynylene)s (PPDs) showed much slower recovery, which was
attributed to strong binding interactions between the analytes and polymer films.

A promising approach to obtain a reusable organic fluorescent sensor is the application
of heat to the fluorescent film, which can thermally desorb the sorbed analytes and result
in recovery of the fluorescence [17,18]. Tang et al. [18] showed the thermal desorption of
various analytes from carbazole dendrimers films. The heating of the films from 40 ◦C to
80 ◦C under the flow of nitrogen resulted in almost full recovery of the sensors’ fluorescence.

Here, we present a study of thermal desorption of 2,4-DNT from thin-film explosives
sensors made from the commercial fluorescent polymer Super Yellow (SY). Thermal cycling
of the sensor results in a recovery of fluorescence, thereby making them reusable, while
additionally providing a route to confirm that the fluorescence quenching arises from the
analyte response. To optimise the performance of the sensors in terms of reusability, Super
Yellow sensors and blended Super Yellow–Poly(9-vinyl carbazole) (PVK) sensors were
fabricated. The sensors were exposed to 2,4-DNT vapour in a custom-made chamber while
monitoring their fluorescence, before being heated to desorb the DNT molecules from the
sensors. Finally, an improvement of the sensors made from the polymer blend and the
effect of temperature on these sensors are discussed. This method can be applied to other
organic fluorescent sensors, removing the limitation of single-use sensors.

2. Materials and Methods

The fluorescent polymers Super Yellow (SY) and poly(9-vinyl carbazole) (PVK), and
the solvents used were purchased from Sigma Aldrich (Merck) and were used without
further purification. See Figure 1 for the chemical structure of the polymers.

 

(a) (b) 

Figure 1. Chemical structures of (a) Super Yellow (SY) and (b) Poly (9-vinyl carbazole) PVK.

2.1. Sample Preparation

Thin films for sensing were fabricated by first preparing SY and PVK solutions by
dissolving in chlorobenzene at 6.5 mg/mL and 20 mg/mL, respectively. The solutions were
left on a magnetic stirrer for 24 h at room temperature. For the polymer blend, appropriate
mass ratios were measured from the prepared polymer solutions and left for another 24 h
on the stirrer for proper mixing of the blend. Thin films for sensing were made by spin-
coating the prepared solutions on 25 mm2 glass substrates at 2000 rpm for 60 s, both for the
SY sensor and the blend of SY–PVK. Before spin-coating, the substrates were ultrasonically
cleaned in Hellmanex III solution, DI-water three times, acetone and isopropanol for 20,
5 × 3, 10, and 10 min, respectively, dried in a nitrogen stream, and then plasma ashed in a
100% oxygen plasma (Plasma Technology MiniFlecto) for 3 min. For optical absorbance
measurements, fused quartz windows of 12 mm diameter (from UQG optics) were used
as substrates.

2.2. Film Characterisation

Optical absorption measurements of the thin films were made using a Cary 300 UV-
vis spectrophotometer, and an Edinburgh Instruments FLS980 fluorimeter was used the
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measure emission spectra. Photoluminescence Quantum Yield (PLQY) measurements
were performed in an integrating sphere [19], using a Hamamatsu Photonics C9920-02
measurement system with 444 nm and 340 nm excitation wavelengths. The thickness
measurement was made using an Ellipsometer (J. A Woollam M2000U).

2.3. Explosives Vapours Sensing

A custom design vacuum-tight chamber (made of stainless steel) was used for the
sensing experiment. The setup for the experiment is the same as that used in our previous
work [20], with a slight modification—the sensors were placed in contact with the heater.
Excitation of the films was performed using 405 nm continuous wave laser light from a
diode laser (Photonic Solutions) after attenuation of the power to 16 μW. Photolumines-
cence from the sensors was measured using a fibre-coupled CCD spectrometer, taking a
measurement every 3 s for 300 s. Explosives vapours were generated using the setup as
shown in [21] and nitrogen was used as the carrier gas, and at a flow rate of 6 mL/min.
To check for fluorescence recovery, nitrogen gas was used to flush the analyte-exposed
sensors, or the sensors heated to 90 ◦C, followed by a flow of nitrogen gas to flush out the
desorbed analytes from the chamber.

3. Results and Discussion

3.1. Photophysical Characterisation

Figure 2a shows the optical absorption of SY, PVK, and a blend of SY and PVK at a 25%
to 75% mass ratio. PVK is transparent in the visible wavelength region, SY absorbance peaks
at about 443 nm, while the blend retains the properties of both SY and PVK. To understand
whether there is a transfer of energy from the PVK to SY molecules in the polymer blend or
the blend films phase-separated into regions of SY and PVK, PL measurements of the films
were measured (Figure 2b). The films were excited at 340 nm, in a region where both PVK
and SY absorb light. PL emissions from both SY and PVK in the blends indicate that there
is incomplete transfer of energy between PVK and SY, and there is some level of phase
separation of regions of SY and PVK. A blue shift is seen in the peak emission of SY in the
blend, which can be attributed to a separation of the SY molecules by the PVK matrix [22].

Figure 2. (a) Optical absorption of SY, PVK, and a blend of SY and PVK at 25% to 75% mass ratio, respectively; (b) Fluores-
cence spectra of various concentrations of SY–PVK blend at 340 nm excitation wavelength.

3.2. Fluorescence Quenching and Thermal Release of DNT from Sensors

Sensing of DNT vapour using 90 nm thin films of SY and thermal desorption to recover
the fluorescence of the quenched SY sensors was demonstrated (Figure 3a). For reference
(black line), the PL of the sensor (when only exposed to clean nitrogen gas) remains stable
throughout the 300 s. The red line shows the fluorescence from the film when exposed
to DNT vapour; fluorescence was collected in clean nitrogen for 60 s, then DNT vapour
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was introduced in a nitrogen stream (point 1) at 6 mL/min and left to flow for 60 s before
cutting off the flow (point 2).

Figure 3. Fluorescence quenching due to DNT vapour and thermal desorption of DNT from sensors made of (a) SY film,
and (b) blend of SY and PVK at 24.5% and 75.5% mass ratio, respectively. Key (Red): 1 = DNT flow on; 2 = DNT flow off and
clean nitrogen flow on. Key (Blue): 1 = DNT flow on; 2 = DNT flow off; 3 = heat on; 4 = heat off and clean nitrogen flow on.

Although the source of the DNT vapour was turned off and the system flushed
with clean nitrogen, the fluorescence continued to decrease, suggesting that there was
a continuing diffusion of DNT vapour into the film [14,21] and that there was a strong
binding interaction between the DNT molecules and the SY film [17]. An increase in
temperature can weaken the binding strength and release the DNT molecules from the thin
film. The blue line shows the thermal desorption of DNT molecules from SY films after
fluorescence quenching due to DNT vapour exposure. At point 3, the nitrogen gas flow
was temporarily stopped and a heating element was turned on (point 3), which ramped
up the temperature of the film from room temperature to 90 ◦C (point 4). This resulted in
an initial thermal degradation [23], then a turning point at around 180 s. We attribute this
change to the point when DNT molecules started desorbing from the film, as fluorescence
recovery can be seen. When the nitrogen flow was turned back on (point 4), a further
increase in the fluorescence was observed. However, the fluorescence could not reach the
reference baseline, this may be due either to thermal degradation or there might be some
residual DNT molecules left in the film [17].

To optimise the sensor in terms of thermal stability, films fabricated using a blend of
SY and PVK were used for similar DNT vapour sensing—see Figure 3b. PVK was chosen
because it has a high glass transition temperature and may likely improve the thermal
stability of SY sensors [24]. Thermal desorption of the sorbed DNT molecules (point 3 to 4)
resulted in a much higher recovery of fluorescence, almost reaching the reference baseline.
An investigation of the complex processes during the temperature ramp is in progress.

4. Conclusions

We have shown that commercially available conjugated polymer Super Yellow (SY)
can be used as a highly sensitive and reusable sensor for nitroaromatic explosives. An
increase in the temperature of the sensors weakens the analyte binding interaction and
allows the sorbed analytes to diffuse out of the thin film, which results in the recovery of
the PL of the sensors. To optimise the sensors, the high thermally stable polymer PVK was
blended with SY, which showed an improvement during thermal desorption of the analytes
when resetting the sensors. This method can be applied to other organic fluorescent sensors,
removing the limitation of single-use sensors.
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Abstract: The relative humidity (RH) sensing response of a chemoresistive sensor using a novel
ternary hybrid nanocomposite film as a sensing element is presented. The sensitive layer was
obtained by employing the drop-casting technique for depositing a thin film of nanocomposite
between the electrodes of an interdigitated (IDT) structure. The sensing support structure consists of
an IDT dual-comb structure fabricated on a oSi-SiO2 substrate. The IDT comprises chromium, as
an adhesion layer (10 nm thickness), and a gold layer (100 nm thickness). The sensing capability of
a novel thin film based on a ternary hybrid made of oxidated carbon nanohorns–titanium dioxide–
polyvinylpyrrolidone (CNHox/TiO2/PVP) nanocomposite was investigated by applying a direct
current with known intensity between the two electrodes of the sensing structure, and measuring the
resulting voltage difference, while varying the RH from 0% to 100% in a humid nitrogen atmosphere.
The ternary hybrid-based thin film’s resistance increased when the sensors were exposed to relative
humidity ranging from 0 to 100%. It was found that the performance of the new chemoresistive sensor
is consistent with that of the capacitive commercial sensor used as a benchmark. Raman spectroscopy
was used to provide information on the composition of the sensing layer and on potential interactions
between constituents. Several sensing mechanisms were considered and discussed, based on the
interaction of water molecules with each component of the ternary nanohybrid. The sensing results
obtained lead to the conclusion that the synergic effect of the p-type semiconductor behavior of the
CNHox and the PVP swelling process plays a pivotal role in the overall resistance decrease of the
sensitive film.

Keywords: oxidized carbon nanohorns (CNHox); titanium (IV) oxide (TiO2); polyvinylpyrrolidone
(PVP); chemoresistive humidity sensor; swelling
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1. Introduction

Relative humidity (RH) sensors have received increasing attention in the last decades
due to their importance in many areas of daily life, such as HVAC (heating, ventilation,
and air conditioning), food storage, biomedical, climatology, structural health monitoring,
agriculture, microelectronics and so forth [1]. The sensing principle, fabrication technology,
temperature operating capability, and the sensitive layer play a cardinal role in obtaining
superior sensing performances [2]. Due to their excellent sensing properties toward water
molecules, abundance and ease of manufacture, low cost, tunable electric properties, and
ability to operate under adverse conditions, semiconducting metal oxides (SMOX) have
emerged as promising candidates for sensing humidity with high accuracy [3]. TiO2 is one
of the most-used SMOXs and has received increased attention in the last decades due to its
fast, linear and sensitive response towards RH changes [4].

At the same time, a lot of recently reported work focused on using carbon-based
nanomaterials as sensitive layers within the design of humidity sensors [5]. Among these,
in the last years, oxidized carbon nanohorns—single—graphene tubules with oxygen
functionalities, mostly carboxylic groups (CNHox) and their nanocomposites, have been
extensively explored and have proven to be an attractive option [6–10]. Interestingly, the ox-
idized carbon nanohorns–TiO2 nanohybrid was recently used for enhanced photocatalytic
hydrogen production [11].

This paper presents, for the first time to our knowledge, the synthesis and characteri-
zation of a film based on a ternary nanocomposite comprising oxidized carbon nanohorns–
titania–polyvinylpirrolidone CNHox/TiO2/PVP at 2/1/1 w/w/w ratio. Furthermore, the
room temperature RH sensing response of a resistive sensor employing the synthesized
sensing film was investigated.

2. Materials and Methods

2.1. Materials

All the materials used in the experiments described below were purchased from
Sigma Aldrich (Redox Lab Supplies Com, Bucharest, Romania). CNHox (structure shown
in Figure 1a) is characterized by diameters between 2 and 5 nm, lengths between 40 and
50 nm, and a specific surface area around 1300–1400 m2/g. PVP, with the structure depicted
in Figure 1b, has an average molar weight of 40,000 Da. TiO2 is a nanometric powder
(averaged particle size lower than 25 nm), while isopropyl alcohol, (CH3)2CHOH, is a
solution 70% w/w in water.

 

 

(a) (b) 

Figure 1. The structure of: (a) CNHox; (b) PVP.

2.2. Synthesis of the Ternary Hybrid Nanocomposite Sensing Films and Experimental Setup

The synthesis of the sensitive film based on the ternary nanohybrid CNHox/TiO2/PVP
at 2/1/1 w/w/w ratios is described below.

PVP powder (2 mg) was dissolved in 5 mL isopropyl alcohol solution (70% w/w in
water) and subjected to stirring in an ultrasonic bath for one hour at room temperature (RT).
CNHox (4 mg) was added to this solution, followed by stirring in the ultrasonic bath for
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three hours at room temperature. An amount of 2 mg TiO2 nanopowder was added to the
previous dispersion, and continuous stirring was performed in the ultrasound bath for 6 h
at RT. The dispersions’ homogenization was achieved by employing a mild sonication bath
(FS20D Fisher Scientific, Dreieich, Germany) at 42 kHz (output power 70 W). This treatment
facilitated a relatively uniform distribution of the CNHox and TiO2 in the PVP network.
The film was annealed in a two-step sequence according to the following procedure:

- Heating for 24 h at 90 ◦C under low pressure (2 mbar);
- Heating for 24 h at 120 ◦C under low pressure (2 mbar).

Using the drop-casting method, the sensitive film was obtained by depositing the
dispersion of CNHox/TiO2/PVP in isopropanol solution over the IDT sensing structure
(contact area being masked).

The sensing device consists of a metallic IDT dual-comb structure fabricated on a
Si substrate (470 μm thickness) covered by SiO2 (as passivation layer, 1 μm thickness)
(Figure 2). The IDT’s metal stripes were made by successive deposition of 10 nm chrome
(Cr) and 100 nm gold (Au). The sensor has dimensions of 20 × 11 mm2 [6,7,10].

Figure 2. This is a figure. Schemes follow the same formatting.

Raman spectra of the sensing layer were acquired by Lab Ram HR 800 Raman spec-
trometer (Horiba Europe, Antwerp, Belgium), using a He-Ne laser excitation (633 nm).

Surface topography of the sensing films based on the TiO2/CNHox/PVP ternary
nanohybrid was investigated by scanning electron microscopy (SEM-Nova NanoSEM 630,
Thermo Scientific, Waltham, MA, USA). For surface visualization, a field emission gun scan-
ning electron microscope/FEG-SEM-Nova NanoSEM 630 (Thermo Scientific, Waltham, MA,
USA) (F.E.I.), with superior low voltage resolution and high surface sensitivity imaging,
was used.

The RH sensing measurements were conducted in a suitable experimental setup
(Figure 3). The dry nitrogen was purged through two vessels in series containing deionized
water for varying the RH in the testing chamber from 0% to 100% RH.

 
Figure 3. Experimental setup employed for RH measurements.
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The experimental chamber included a tandem of sensors: the resistive sensing struc-
ture (abbreviated as DUT—device under testing, Figure 3) using the CNHox/TiO2/PVP-
based sensitive film and a capacitive RH commercial sensor (abbreviated as REF, Figure 3).
During all measurements, the RH was continuously monitored by the REF sensor. A Keith-
ley 6620 current source (Keithley Instruments GmbH, Germering, Germany), providing
current variation between 0.01 and 0.1 A, was employed. The data were collected and
analyzed with a PicoLog data logger (PICO Technology, Neots, Cambridgeshire, UK). All
experiments were conducted at the ambient temperature [6,7,10].

3. Results

3.1. Raman Spectroscopy

The interaction between CNHox, TiO2, and PVP was proven using Raman spec-
troscopy. Figure 4 shows four Raman spectra recorded in four different positions of the
CNHox/TiO2/PVP = 2/1/1 (w/w/w) film, plotted in red, gray, green, and blue color. It can
be observed that three active Raman bands (D, G, 2D) were recorded at the wavenumbers
of 1318.3, 1591.9, and 2627.8 cm−1, which confirm the presence of the nanocarbonic material
(CNHox). One can also identify specific TiO2 bands as follows: Eg mode at 149.1 cm−1

(very sharp and intense), B1g at 397.6 cm−1, A1g at 513.9 cm−1, and Eg at 634.7 cm−1. The
peaks associated with PVP are undetectable, most probably being covered by CNHox. The
shift of the Raman peak positions of both CNHox and TiO2 within the ternary nanohybrid
compared to the Raman peak positions of each of the two materials considered separately
is the most interesting result shown in Figure 4. A plausible explanation for this result can
be related to the hydrogen bonds formed between all the components of the synthesized
ternary nanohybrid.

 
Figure 4. Raman spectra recorded in four different positions of the film deposited from the ternary
nanocomposite CNHox/TiO2/PVP.

3.2. SEM Analysis

Scanning electron micrographs show that the surface morphology of the coating
mixture is relatively homogenous in all the cases (Figure 5).
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Figure 5. Scanning electron micrographs of the TiO2/CNHox/PVP at X150,000 magnification.

3.3. RH Monitoring Capability of the Ternary Hybrid Nanocomposite

The RH sensing capability of the ternary hybrid nanocomposite-based sensing layer
was investigated by applying a current between the two electrodes and measuring the
voltage difference when varying the RH from 0% to 100%. A notable characteristic of these
sensors is low power consumption, below 2 mW. The behavior of the manufactured sensors
is presented in Figure 6.

Figure 6. The response of sensor: “RH curve-blue” presented as a function of time for three mea-
surement cycles, when relative humidity was increased in ten steps from 0% RH to 100% RH; “RH
curve-red” shows the characteristic measured for a commercial, capacitive sensor.

The resistance of the ternary hybrid-based thin film increases when RH increases. The
ternary nanohybrid-based resistive sensors’ overall linearity—in humid nitrogen when
varying RH from 0% to 100%—is very good, as shown in Figure 7.

An important parameter, such as response time (in seconds), was estimated for both
manufactured and commercial RH sensors (Figure 8). It has been observed that, between 10
and 70% RH, comparable response times for either DUT or REH are measured. Differences
appear at an RH below 10% and higher than 70%.
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Figure 7. The transfer function of the quaternary nanohybrid-based resistive sensors in humid
nitrogen (RH = 0–100%).

Figure 8. Response time of the tested sensor variation for relative humidity jumps.

3.4. Analysis of the Sensing Mechanism

The most plausible sensing mechanism considers the p-type semiconducting material
properties of CNHox and the swelling of the hydrophilic polymer. At the interaction
with oxidized carbon nanohorns, H2O molecules donate their electron pairs, decreasing
the number of holes in the nanocarbonic materials. Thus, the ternary nanohybrid-based
sensing film becomes less conductive. In the same line, the swelling of the hydrophilic
polymer PVP increases the distance between the CNHox particles and diminishes the
electrically percolating pathways. However, the interaction of water molecules with the
surface of TiO2 yields protonic conduction (Grotthuss mechanism), which should increase
the sensing film’s conduction. Without completely excluding the later mechanism, one
can come to the conclusion that the first two effects prevail and play a pivotal role in the
overall increasing resistance of the sensitive film.

4. Conclusions

The RH sensing response of a resistive detector using sensing layers based on a
ternary hybrid nanocomposite of CNHox/TiO2/PVP (2/1/1) was reported. The novel
sensitive film used within the design of the chemoresistive sensor exhibited an RT response
comparable to that of a commercial capacitive humidity sensor. The ternary nanohybrid-
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based resistive sensors’ overall linearity—in humid nitrogen when varying RH from 0%
to 100%—was shown to be excellent. The estimated response times were comparable to
those of the commercial sensor. Several sensing mechanism hypotheses were discussed
according to the possible chemical interaction between oxidized carbon nanohorn, titania,
PVP, and water molecules. Although the Grotthuss mechanism cannot be excluded, the
hole conduction ability of CNHox in conjunction with the swelling of hydrophilic polymer
prevails and leads to the overall decreasing conduction of the sensing films.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10616/s1.
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Abstract: Carbonaceous-based nanomaterials (C-NMs) are the pillar of myriad sensing and catalytic
electrochemical applications. In this field, the search for environmentally sustainable C-NMs from
renewable sources became a duty in the development of nano-sensors. Herein, water-soluble carbon
nanofibers (CF) were produced from eucalyptus scraps-based biochar (BH) through an ultrasound
treatment, assisted by sodium cholate used as a stabilizing agent. Noteworthy, thanks to the use of
the bio-stabilizing agent, the nanofibers were dispersed in water avoiding the use of organic solvents.
The BH-CF was investigated as sensing material onto commercial screen-printed electrodes via drop-
casting (BH-SPE) and as thin-film fully integrated into a lab-made flexible electrode. The thin film
was produced via BH-CF vacuum filtration followed by the film transferring to a thermo-adhesive
plastic substrate through thermal lamination. This approach gave rise to a conductive BH-CF film
(BH-Film) easily embodied in a lab-made electrode produced with office-grade instrumentation
(i.e., craft-cutter machine, thermal laminator) and materials (i.e., laminating pouches, stencil). The
BH-CF amount was optimized and the resulting film morphologically characterized, then, the
electrochemical performances were studied. The BH-CF electrochemical features were investigated
towards a broad range of analytes containing phenol moieties, discrimination between orto- and
mono-phenolic structures were achieved for all the studied compounds. As proof of applicability,
the BH-CF-based sensors were challenged for simultaneous determination of mono-phenols and
ortho-diphenols in olive oil extracts. LODs ≤ 0.5 μM and ≤ 3.8 μM were obtained for hydroxytyrosol
(o-diphenol reference standard) and Tyrosol (m-phenols reference standard), respectively. Moreover,
a high inter-sensors precision (RSD calibration-slopes ≤ 7%, n = 3) and quantitative recoveries in
sample analysis (recoveries 91–111%, RSD ≤ 6%) were obtained. Here, a solvent-free strategy to
obtain water-soluble BH-CF was proposed, and their usability to sensor fabrication and modification
proved. This work demonstrated as cost-effective and sustainable renewable sources, rationally used,
can lead to obtain useful nanomaterials.

Keywords: biochar; sensor; nanomaterial
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Abstract: Phytochemical products start to be employed to assist 2D nanomaterials exfoliation. How-
ever, a lack of studies regarding the molecules involved and their capacity to give rise to functional
materials is evident. In this work, a novel green liquid-phase exfoliation strategy (LPE) is proposed,
wherein a flavonoid namely catechin (CT) exclusively assists the exfoliation of bulk graphite in
conductive water-soluble graphene nanoflakes (GF). Physicochemical and electrochemical methods
have been employed to characterize the morphological, structural, and electrochemical features of the
GF-CT. Surprisingly, the obtained GF-CT integrates well-defined electroactive quinoid adducts. The
resulting few-layers graphene flakes intercalated with CT aromatic skeleton ensure strict electrical
contact among graphene sheets, whereas the fully reversible quinoid electrochemistry (ΔE = 28 mV,
Ip, a/Ip, c = ~1) is attributed to the residual catechol moieties, which work as an electrochemical
mediator. The GF-CT intimate electrochemistry is generated directly during the LPE of graphite,
not requiring any modification or electro-polymerization steps, resulting in stable (8 months) and
reproducible material. The electrocatalytic activity has been proven towards hydrazine (HY) and
β-nicotinamide adenine dinucleotide (NADH), a pollutant and a coenzyme, respectively. High
sensitivity in extended linear ranges (HY: LOD = 0.1 μM, L.R. 0.5–150 μM; NADH: LOD = 0.6 μM,
L.R. 2.5–200 μM) at low overpotential (+0.15 V) was obtained using amperometry, avoiding electrode-
fouling. Improved performances, compared with graphite commercial electrodes and graphene
exfoliated with a conventional surfactant, were obtained. The GF-CT was successfully used to
perform the detection of HY and NADH (recoveries 94–107%, RSD ≤ 8%) in environmental and
biological matrices, proving the material exploitability even in challenging analytical applications.
On course studies aim to combine the intrinsic conductivity of the GF-CT with flexible substrates, in
order to construct flexible electrodes/devices able to house GF-CT-exclusively composed conductive
films. In our opinion, the proposed GF-CT elects itself as a cost-effective and sustainable material,
particularly captivating in the (bio)sensoristics scenario.

Keywords: nanostructured-functional-material; grapheme; 2D-materials; mediator; phytochemicals;
catechol-moieties; liquid-phase-exfoliation
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Abstract: Microfluidic paper-based analytical devices (μPADs) have witnessed a great extent of
innovation over the past decade, developing new components and materials assisting the diagnosis
of different diseases and sensing of a wide range of biological, chemical, optical, and electrochemical
phenomena. The novel paper-based cantilever (PBC) actuator is one the major components that
allows autonomous loading and control of multiple fluid reagents required for the accurate operation
of paper-based microfluidic devices. This paper provides an extensive overview of numerical and
experimental modeling of fluidically controlled PBC actuators for automation of the paper-based
assay. The PBC model undergoing hygro-expansion utilizes quasi-static 2D fluid loaded structure
governed by the Euler–Bernoulli beam theory for small and moderately large deflections. The
solution for the model can avail the response of paper-based actuators for response deflection θ,
within 0◦ to 10◦ under the assumption of insignificant cross-sectional deformation. The actuation
of PBC obtained using a quasi-static theory shows that our results are consistent with quantitative
experiments demonstrating the adequacy of models.

Keywords: paper-based cantilever; microfluidic analytical device; paper-based actuator

1. Introduction

The first usage of paper as a substrate material goes back to the early 1800s with
litmus paper, the oldest form of pH indicator, for analytical testing of chlorine and carbonic
oxide [1]. Developed by Müller and Clegg [2], the first microfluidics channel on filter
paper was utilized to elute a mixture of pigment. However, in 2007, the Whiteside’s
Group of Harvard University gave a new push to the endless possibilities of paper-based
microfluidics by introducing a patterned paper as a platform for portable devices [3]. Due
to the several benefits of paper for making microfluidic paper-based analytical devices
(μPADs), it has attracted extreme attention. Paper is a very cheap and renewable material
since it is made of cellulose, the most abundant organic polymer on Earth, and it is also
biocompatible and can be used for numerous biological and chemical applications [4,5];
thanks to capillary forces, an external force is not needed for fluid transport in paper.

Paper-based microfluidic devices are made up of different sections that serve different
purposes. The simpler devices generally have a sample port, transport channels, reaction
zones, and a detection zone. Devices that perform more complex reactions or enzyme-
linked immunosorbent assay (ELISA) protocols require proper sample timing and control
as it flows into the different reaction zones. Such control is usually achieved by the use of a
suitable valving system in the device.

Different valving systems have been developed for use in paper-based microfluidic
devices. Some of these valving systems were simple, autonomous and required little-to-no
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operator input while others required some operator involvement or an external power
source to operate. Li et al. [6] reported a method to stop and to promote wicking by
manually separating and re-joining two paper channels using a sliding separator or a
switch valve. Jahanshahi-Anbuhi et al. [7] utilize the switch valve, which they refer to as
a flap, in a paper-based sensor for the detection of pesticides. Han et al. [8] built on the
concept and created a 3D slip-PAD in which the operator connects the different fluidic
channels by manipulation of the cartridge that holds the paper-based device. Martinez
et al. [9] reported on a press valve in a multilayer paper-based device that had small gaps
between the paper layers which were created by the finite thickness of the tape in between
the layers. The operator would need to press the buttons to mechanically bridge the discrete
channels to promote wicking. Rodriguez et al. [10] and Jayawardane et al. [11] utilized
discarded separators in their devices that would be removed after a predetermined amount
of time to connect appropriate fluidic channels. Noh et al. [12] and Lutz et al. [13] provided
designs for metering valve systems that were based on paraffin wax and dissolvable
sugar, respectively. While this valving system is cheap, controls the flow rate and requires
no operator input, it suffers from the fact that it can only impede the flow rate of the
sample without completely stopping it until it is required to move to the next section of
the device. Chen et al. [14] and Gerbers et al. [15] developed novel autonomous two- and
three-dimensional microfluidic valves involving no external actuation based on altering the
hydrophobicity of a multilayered structure by means of a surfactant. With this technique,
they were able to control the order and mixing time of the sample and multiple reagents
autonomously. However, these valves required long response times and large volumes
of actuation fluids. Lai et al. [16] provided a design for a timing valve in their device
that consisted of a surfactant and a wax barrier to provide appropriate time delays to
sequentially handle the multiple fluidic operations of the device. Koo et al. [17] used
an electrowetting valve in which a dielectric material that is normally hydrophobic, is
polarized and becomes hydrophilic when the valve is actuated with an applied potential
difference. Li et al. [18] developed a magnetic valve with the use of a blend of ferromagnetic
nanoparticles and polydimethylsiloxane that magnetized the paper cantilever. Although
the operation of the magnetic valve was autonomous, it required an applied potential to
actuate the cantilever. Phillips et al. [19] used a thin-film electric heater to thermally actuate
a wax valve to pass or block the flow of the sample. Kong et al. [20] reported actuators
based on selective wetting of folded paper strips. These strips reduced the actuator’s
response time to within two seconds from wetting, while utilizing a very small volume of
actuation fluid in the order of four microliters. Toley et al. [21] developed a valving toolkit
that utilized an expanding element, which was a compressed sponge valve, to control the
flow of the fluid in the device. Fu et al. [22] developed a thermally actuated cantilever
valve that utilizes a shape-memory polymer.

This paper provides an overview of the behavior of a fluidically controlled paper-
based cantilever (PBC) for the automation of a paper-based assay that is exploited in a
fluidic circuit to sequentially load several reagents to the analyte detection area. For this
purpose, first a simple paper-based cantilever (PBC) will be modeled. Different scenarios
for using the cantilever will then be presented. Finally, a mathematical model will be
developed for better understanding of the model and for comparing with the experimental
results.

2. Methods

A fluidic circuit is used to conduct complex immunoassay to sequentially load two or
more additional reagents in addition to the sample fluid. Once a user pipettes a certain
amount of sample fluid on the sample port of the paper-based cantilever, as the sample
fluid transfers to the free end of the PBC due to the capillary force, and hence, the hygro-
expansion of cellulose fibers, the cantilever starts to bend downward and contacts the
stationary component within several seconds. This paper incorporates experimental,
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analytical and numerical methods for analysis and the results from different methods were
compared to check for adequacy of the model.

2.1. Materials

The following materials were used in preparing, fabrication, and testing the cantilever
valves used in this study. Filter paper (GE Healthcare Whatman grade 4—1004917 & grade
41—1441866), chromatography paper (GE Healthcare Whatman 1—3001878), deionized
water, and food coloring (Wilton Icing Colors). The stationary component was a 1 × 1 cm
chromatography paper. The dimensions of the cantilevers were using a vector graphics
software (CorelDraw X6). The cantilevers were then cut out from paper, in the cross-
machine direction, using a laser engraver (Epilog mini 40W). An 8-megapixel video camera
with 30 frames per seconds capability was used to record the actuation of the cantilever
valve. A media player (Avidemux) was used to playback the recording and collect the data.

2.2. Modeling
2.2.1. Concept of Design
Single Cantilever Design

The design of the single cantilever device comprises a paper-based cantilever, reagent
pad, stationary structure and a support structure. Figure 1 demonstrates the single can-
tilever design of PBC in two conditions (unloaded and loaded). The PBC remains in a
normally open position with the separation distance ‘d’, until the sample fluid is loaded.
Upon loading with sample fluid, the PBC absorbs the sample fluid though wicking and the
actuator activates and results in deflection, as shown in Figure 1, resulting in the transfer
of sample fluid to the reagent pad.

Figure 1. Single cantilever design of PBC actuator device.

Double Cantilever Design

In the double cantilever design, two cantilevers are utilized to allow for the sequential
loading of reagents into an area of interest on the paper-based device. Figure 2 shows the
diagram of the double cantilever design and Figure 3 shows the sequence of operation for
this architecture. The operation of this device is fairly simple; first, the user just needs to
pipette a certain amount of activation liquid (e.g., DI water) on the sample pad initiating
the actuation of the cantilever on the right, shortly after the addition of the activation fluid,
as seen in Figure 3b. This permits the flow of the reagent on the righthand side into the
middle section of the device to react with any chemicals dried there. In the meantime,
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part of the activation fluid is flowing through the timing channel to the left and activates
the second cantilever after a predetermined duration of time, as seen in Figure 3d. This
connects both zones and thus enables the passage of the reagent on the left into the area of
interest to react with the material there, as seen in Figure 3e.

Figure 2. Addition of activation fluid on sample pad for double cantilever design of PBC actuator
device.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 3. Sequence of operation of the double cantilever design. (a) Initial state of device after pipetting activation fluid,
(b) Loading of the first reagent on-to detection zone upon activation of the first cantilever. (c) Activation fluid passing from
the delay channel for actuation of the second cantilever. (d) Loading of the second reagent on-to the detection zone upon
activation of the second cantilever. (e) Final state of the device after mixing of two reagents.

2.2.2. Experimental Model

A picture of the experiment is shown in Figure 4, consisting of PBC and a capillary
tube to load the fluid and obtain the response deflection.
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Figure 4. Experimental model for PBC actuator.

In order to measure the deflection of the PBC, Whatman grade 41 filter paper was
selected. The filter paper was cut in the cross-machine direction with a 4 mm width and a
40 mm length using an Epilog Mini laser engraver. The picture of samples for PBC can be
seen in Figure 5.

 

Figure 5. Paper-based cantilevers (PBCs).

A 2 mm in diameter capillary tube was used to introduce fluid into the PBC. A fixture
for the position of PBC and capillary was designed and utilized to reduce the uncontrollable
error of running experiments (Figure 6).

 

Figure 6. Fixture for experiment.

2.2.3. Mathematical Model

This paper models the response of PBC on the fluidic loading of the paper-based
cantilever. The PBC undergoes hygro-expansion when exposed to fluid, which results in
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the actuation of the cantilever. The mathematical modeling of the PBC determines the
response deflection, the Euler–Bernoulli beam theory will be used with the assumption
that the cross-section remains normal to the axis of the cantilever deflection and that
cross-sectional deformation is not significant.

Modeling of Flow in Paper

The capillary model is adapted to simulate the flow in paper for this experiment. This
model will be utilized to develop an analytical expression for fluid imbibition into paper
due to capillary action. According to the Washburn equation [23]:

Lw =

√
Rγ cos θ

2η
t (1)

where, LW—wetted length, R—pore radius, γ—the surface tension of the liquid, t—the time
taken for liquid to seep into the capillary, θ—the contact angle of liquid on the capillary
walls and η—the viscosity of fluid.

Modeling of PBC

The quasi 2D fluid structure mode is adapted for analysis. Geometry is inspired by
the bending of the paper-based cantilever when exposed to fluid. Cantilever actuation
is considered as the system output defined by fluid loading, please refer Table 1 for
parameters.

Table 1. PBC parameters.

Variables Description Dimension

x Length coordinate L
z Height coordinate L
t Time T

w Deflection L
q Transverse loading MT−2

l PBC length L
b PBC width L
h PBC height L
ρ Fluid density ML−3

E Young’s modulus ML−1T−2

Consider the PBC with a uniform rectangular cross-section loaded by a water column,
as shown in Figure 7. Moderately large static deflection (Appendix A) of PBC is governed
by equation [24],

EI
d4w
dx4 + N

d2w
dx2 + q = 0 (2)

where, E—Young’s modulus of the wet paper, I—second moment of inertia, N—internal
(axial) stress in PBC and q—auxiliary loading is the equivalent transverse loading resulting
in the same deflection of the PBC.

Internal (axial) stress in PBC is given by,

N = EAε (3)

where, A—cross-sectional area of PBC and ε– membrane strain (due to hygro-expansion
and rotation of PBC) [25].

The auxiliary loading of PBC is given by,

q = ρg
(Vf

l

)
(4)

where, Vf —volume of fluid imbibition into PBC.
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Figure 7. Static actuation model of PBC.

Substituting the above equation to governing Equation (2) we get,

wIV + λ2wII = Q (5)

where,

λ = l

√
N
EI

(6)

Q =
−ρg

(Vf
l

)
EI

(7)

In the above equations, λ and Q are parameters associated with the type of paper and
fluid used for experiment respectively.

In order to solve Equation (2) uniquely, four boundary conditions are required. A four
combination of in-plane boundary condition for PBC are given as, deflection: fixed-end
x = 0, w(x) = 0; slope: fixed-end x = 0, wI(x) = 0, slope; bending moment: free-end x = l,
wII(x) = 0; shear force: free-end x = l, wIII(x) = 0.

Non-Dimensional Model of PBC

To get a better idea of the relative size of the terms, we need a non-dimensionalized
Equation (5) as per Table 2.

Table 2. PBC parameters.

Variables Expression Description

x∗ ( x
l
)

Characteristic Length
w∗

(
w
Rg

)
Characteristic Deflection

t∗
(

Rg
l

)
t Characteristic Time

λ∗ l
√

N
EI

Internal Stress Parameter

Q∗ ρgVf l3

Rg EI
Fluid Loading Parameter

Rg
√

I
A

Radius of Gyration

Thus, the non-dimensional form of Equation (5) yields to,

w∗ IV + λ∗2w∗ I I = Q∗ (8)

The solution to the problems depends on a four combination of in-plane boundary
condition for the non-dimensional model given as,

Fixed − end x∗ = 0, w∗(x∗) = 0 (9)

Fixed − end x∗ = 0, w∗ I(x∗) = 0 (10)

Free − end x∗ = l, w∗ I I(x∗) = 0 (11)
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Free − end x∗ = l, w∗ I I I(x∗) = 0 (12)

To summarize, Equation (8), together with boundary conditions, related the deflection,
hygro-expansive stress and loading of PBC.

Solution for PBC

The problem is solved under the assumption of fixed-free end conditions, and the
fluid load is distributed according to the square of wetted length as per the Washburn
equation mentioned earlier. There is a considerable elastoplastic effect [26] of PBC response
due to fluid imbibition.

In order to determine the deflection shape of the PBC, consider Equation (8). The
roots of the characteristic equation are 0, 0, ±iλ. Therefore, the general solution of the
homogeneous equation is,

w∗
g(x∗) = C0 + C1x∗ + C2cos(λ∗x∗) + C3sin(λ∗x∗) (13)

As a particular solution of the inhomogeneous equation,

w∗
p(x∗) = Cx∗2 (14)

Substituting the above solution to the governing Equation (8), we get,

C =
Q∗

2λ∗2 = −1
2

(
ρgVf l
NRg

)
(15)

The general solution for Equation (4) is sum of the general solution of the homoge-
neous equation, and the particular solution of the inhomogeneous equation,

w∗(x∗) = w∗
g + w∗

p (16)

There are four unknowns, and four boundary conditions as per Equation (4) for trans-
verse deflection. The coefficients determined from boundary conditions are C0 = −C/10,
C1 = −4C/100, C2 = C/10, and C3 = 9C/1000.

The general solution for deflection of PBC,

w∗
g(x∗) = C0 + C1x∗ + C2cos(λ∗x∗) + C3sin(λ∗x∗) + Cx∗2 (17)

3. Results

3.1. Analytical Solution

Analytical solution for the problem is obtained by substituting the value of coefficients
in Equation (17).

w∗
g(x∗) = − C

10
− 4C

100
x∗ + C

10
cos(λ∗x∗) +

9C
1000

sin(λ∗x∗) + Cx∗2 (18)

Eliminating C between Equations (15) and (18), we get

w∗
g(x∗) = − Q∗

2000λ∗2

(
100 cos λ∗x∗ + 9 sin λ∗x∗ + 1000x∗2 − 40x∗ − 100

)
(19)

For the future reduction of the solution, typical values for the variables can be obtained
from Table 3.

An output of MATLAB for the analytical solution for variable values is compatible
with the information indicated in Table 3.
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Table 3. Variable used to obtain response deflection of PBC.

Variables Value Description

ρw 1000 kg/m3 Density of water
Vf 1.42 × 10−8 L Volume of fluid moved into PBC
l 20 × 10−3 m Length of PBC
b 4 × 10−3 m Width of PBC
h 0.25 × 10−3 m Height of PBC
N 5.3 × 10−3 N Axial force
E 20.5 MPa Young’s modulus of wet paper [25]

3.2. Numerical Solution

The numerical solution for the problem is obtained by using d-solve function, an
output from MATLAB for the analytical solution for the water and variable values are
compatible with the information indicated in Table 3.

3.3. Comparison of Numerical and Analytical Solution

A comparison of the analytical and numerical solution is made in Figure 8, where the
solid color and dash lines in plot represent analytical and numerical solutions, respectively.

Figure 8. Analytical and numerical solution for PBC.

3.4. Experimental Results

In order to validate the obtained results for the response deflection of the PBC, data
for the maximum deflection and change in height of the capillary tube were obtained from
the experiment, as presented in Table 4. The experiment was conducted with five replicas
of PBC, fabricated at the Microfluidics Laboratory URI, to study the effect of fluidic loading
on response deflection (actuation) of PBC.

Table 4. Experimental results for PBC.

Variables Results (in mm)

Maximum Deflection of PBC 3.04
Change in Height of Capillary Tube 8.96

3.5. Parametric Model

The parametric plots for the fluid (water) loading and internal (axial) stress are shown
in Figures 9 and 10, respectively.
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Figure 9. Parametric model for fluid loading Q∗.

Figure 10. Parametric Model for internal stress parameter λ∗.

Figure 9 displays the relationship between the characteristic length and response
deflection of PBC for the increasing value of the fluid loading parameter, Q∗. Figure 10
displays the relationship between the characteristic length and response deflection of PBC
for the increasing value of the internal stress parameter, λ∗.

3.6. Transverse Displacement of the Free end of PBC

Figure 11 displays the relationship between the length of the cantilever response
deflection of the free end of PBC for different wetted lengths.

3.7. Model Summary

The interpretation for the experiment mode is:

• The response deflection of PBC results in identical values both analytically and nu-
merically. The analytical solution is obtained by the use of an experimental value for
maximum deflection, whereas the numerical solution is obtained by the use of the
material property of PBC, obtained from Table 3;

• Parametric model has been utilized to better understand the effect of fluid loading
and internal stress on response deflection of PBC;

• The Washburn flow model is utilized to govern the imbibition of fluid into PBC, and
the plots of the response deflection of the free end is demonstrated in Figure 11.
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Figure 11. Response deflection of free end of PBC for different wetted length.

4. Discussion

4.1. Summary of Solutions

The maximum deflection of PBC obtained from different models is found to be iden-
tical, i.e., 3.04 mm. Thus, the models are adequate and can be used to compare how the
response deflection is affected by different fluid loadings.

4.2. Non-Dimensional Model

The non-dimensional model was utilized to compare the magnitude of deflection,
fluid loading and internal (axial) stress for PBC. For color water loading, the maximum
deflection is found to be around one order of magnitude larger than the internal stress,
and more than two orders of magnitude smaller than the fluid loading. The other way
to interpret the non-dimensional model is that 1000 units of water loading will induce
250 units of internal stress responsible for membrane strain and 25 units of maximum
deflection at the free end of PBC.

4.3. Parametric Model

Comparison for response deflection of PBCs were carried out and the results are
shared in Section 3.5.

The increasing value of fluid loading parameter, Q∗, results in the higher maximum
deflection of PBC. The fluid loading parameter is considered as the mass of fluid acting
transversely on PBC, the phenomenon of imbibition of fluid from the capillary is carried out
until the paper attains its saturation, and at this point the PBC will correspond to maximum
deflection. Different paper capillaries possess different amounts of fluid based on their
physical properties. The higher value of Q∗ signifies the high fluid carrying capacity of
paper. The graph in Figure 9 demonstrates the increasing response deflection of PBC.

Internal stress parameter λ∗ is another significant factor that needs to be addressed for
the analysis of parametric mode. Generally, internal stress results in stress emerging in the
structure of loading. In the case of paper, it is comfortable to adapt these resultant stresses
in PBC due to the phenomenon of hygro-expansion and bending (rotation). In case of large
deflection, these components cancel out others. Figure 10 plots the response deflection of
PBC with the increasing value of internal stress parameter λ∗. Contrary to parameter Q∗,
the increasing value of parameter λ∗ will result in a lower maximum deflection of PBC.

4.4. Transverse Displacement of Free End of PBC

It is interesting to analyze the response deflection of the free end for different wetted
lengths of PBC. The problem is modeled as a quasi-static 2D fluid structure; however,
the fluid flow is governed by Washburn, which makes the model susceptible to dynamic
conditions. Instead of analyzing the time dependent solution of the model, the response
variable is studied for different wetted lengths. The wetted length of PBC progresses as the
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square root of the time elapsed, so 5 instants in time are included in the Figure 11, when the
value of wetting length is equal to 20, 40, 60, 80 and 100 percent of overall length of PBC.

Due to the fact that Equation (2) is developed for the moderately large static deflection
of PBC, it allows for very minimal room to obtain a solution for the axial displacement of
the free end of PBC. The model is developed with the limitation of deflection θ, within 0◦
to 10◦. Please refer to Appendix A for details.

5. Conclusions

In this paper, an autonomous paper-based actuation system was introduced in order
to sequentially load different reagents into the area of interest. For the purpose of this
study, the concluded result will be utilized to model the behavior of PBC on fluidic loading.
The solution for the model can be utilized to obtain the maximum deflection of PBC under
the assumption, 1◦ ≤ θ ≤ 10◦. For small and large deflection, the model shall be modified
under the similar assumption of cross-sectional deformation.
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Appendix A

Generalized Relationship [27],
Generalized Stress for cantilever in (x, z) plan,
Bending Moment, M =

∫
σxx z dA [Nm]

Normal Stress, N =
∫

σxx dA [N]
Shear Stress, V =

∫
σxz dA [N]

From Euler-Bernoulli hypothesis, and substitution in Axial Force N and Bending
Moment M, for constant E and I we get:

M = EIκ [Nm]
N = EA ε0 [N]

Figure A1. Generalized planar stress for cantilever.

Force equilibrium equation, in x-direction:

dN
dx

= 0
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Force equilibrium equation, in z-direction:

d
dx

(
V + N

dw
dx

)
+ q = 0

Moment equilibrium equation, about y-axis:

dM
dx

= V

Cantilever equilibrium equation,

d2M
dx2 + N

d2w
dx2 + q(x) = 0

Substituting value of M from pervious equation, we get.

d2

dx2 (EIκ) + N
d2w
dx2 + q(x) = 0

where κ = d2w(x)
dx2
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Abstract: We studied the preparation and gas-sensing performance of a hybrid nanomaterial based
on titania nanotubes and graphene derivatives. We fabricated the hybrid structure with tunable
chemical-sensing properties, achieved by tailoring the structure and composition of graphene oxide
and coupling it with titania nanotubes. The parameters of manufactured sensing structures were
investigated for hydrogen and ammonia. Our experimental findings indicate that this research may
demonstrate an efficient way to enhance the gas-sensing properties of metal oxide nanomaterials for
health and safety applications.

Keywords: nanomaterials; titania; graphene; chemical sensor; gas sensor

1. Introduction

Modern gas-sensing systems based on nanotechnology may enable reliable and con-
tinuous detection of different gaseous compounds to control atmospheric pollutants and
protect human health [1–5]. With their quantum-mechanical properties, wide-bandgap
semiconductor nanostructures can affect the characteristics of functional devices [6–8].
Therefore, the application of semiconductor nanomaterials in the development of chemical
gas sensors is of great interest [9–11]. Highly ordered transition metal oxide nanostructures
have been considered as promising materials for applications in chemical gas sensors due
to their good chemical stability and functional properties [12]. In this regard, well-ordered
and highly aligned titania nanotubes, with their superior electron transport properties
and large surface area, are very attractive structures for the fabrication of gas-sensing
systems [13–17]. Herein, we report the preparation and investigation of sensing properties
of titania-based nanotubular structures for their application in gas-detection devices. We
studied the effect of the additive material on the functionalities of nanotubes to optimize
their sensing performance. The morphology, structure, and composition of prepared mate-
rials were examined. The sensing properties of materials were studied for hydrogen (H2)
and ammonia (NH3). We have analyzed the interaction mechanism between the prepared
nanotubes and gaseous compounds, considering their structural and compositional mod-
ifications. The obtained results demonstrate that the fabricated sensing materials have
potential for application in detection systems [17].

2. Materials and Methods

Titania nanotubes were prepared as follows: The metallic titanium films were de-
posited on alumina substrates by radio frequency magnetron sputtering. Then, metallic
films were anodized in a two-electrode system Teflon cell at room temperature. We re-
ported the detailed information on anodization procedure in our previous reports [16,18].
The prepared materials were crystallized via thermal treatment in a tubular furnace at
400 ◦C for 6 h. We reported the crystallization regimes and analysis of the samples in [19].
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The morphological analysis of samples (Figure 1) was performed by means of a LEO
1525 scanning electron microscope (SEM) equipped with a field emission gun. In order
to fabricate the hybrid material, we prepared an aqueous dispersion of graphene oxide.
Then, we drop-casted the prepared dispersion on the surface of titania nanotubes. To
carry out gas-sensing measurements, platinum electrodes and a heater were deposited on
the surface of the sensing structures and on the backside of substrates by DC magnetron
sputtering. The gas-sensing tests were performed in a test chamber and the measurements
were controlled by a computer-controlled gas flow system. The sensor based on pure
titania is denoted as S1 and the sensor based on the composite material is denoted as S2
(Figure 2).

 

Figure 1. SEM images of the obtained samples. (a) The surface morphology of pristine titania nanotubes with different
resolutions; (b,c) the morphologies of the fabricated composite material with different resolutions.

Figure 2. The dynamic response of obtained S1 and S2 sensors for different concentrations of H2 and
NH3 at 200 ◦C.

3. Results and Discussion

The results of the morphological analysis of samples are shown in Figure 1. The SEM
observations confirmed that highly ordered titania nanotubes were successfully prepared.
The tube diameter was 30 nm (Figure 1a). Figure 1b,c shows the surface morphology of
the composite structure. As can be seen, the surface of the titania nanotubes was covered
by graphene oxide sheets. Figure 2 presents the dynamic response of the fabricated S1
and S2 sensors for concentrations of 120, 240, and 480 ppm of H2 and 10, 20, and 30 ppm
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of NH3. The sensing measurements were carried out at 200 ◦C. The graphene oxide
significantly increased the response of the titania nanotubes towards H2. Meanwhile, very
small differences were observed between the sensing behavior of the S1 and S2 structures
towards NH3. The drastic enhancement in the response of the S2 sensor compared to S1 can
be attributed to the depletion layer formed between the titania nanotubes and graphene
oxide. In this case, the presence of more active centers improved the adsorption of H2 on
the surface of the hybrid material, which is important for its sensitivity.

4. Conclusions

We fabricated a hybrid structure based on titania nanotubes and graphene oxide. Then,
we investigated its gas-sensing performance for H2 and NH3. Our experimental findings
show that the depletion layer formed between two materials plays a crucial role in tuning
the sensing response of the hybrid structure. The hybrid material exhibited a better sensing
response towards H2 compared to pristine titania nanotubes, indicating that this this is an
efficient and promising way to enhance the sensing parameters of metal oxide gas sensors.
Moreover, a noticeable difference between the responses of the composite structure and
pristine nanotubes towards NH3 was not observed, which indicates an enhancement in the
selectivity of the composite.
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Abstract: Carbon dots (CDs) are fluorescence carbon-based nanomaterials that possess several
properties such as photoluminescence, biocompatibility and good water solubility. They can be
fabricated from a large variety of precursors; however, most available organic molecules are still
expensive and their use or synthesis can lead to significant challenges to the environment and human
health. It has become desirable to use biomass waste as alternative precursors in the synthesis of
CDs, given that biomass waste material is ubiquitous, nontoxic, cheap and renewable. Spent coffee
grounds (SCGs) are the residues of the treatment of coffee powder can be a potential carbon source
to a more environmentally sustainable synthesis route. In this work, we fabricated SCG-based CDs
via one-pot and solvent-free carbonization at 200 ◦C of solid samples generating particles with sizes
between 2.1 and 3.9 nm. These carbon nanoparticles exhibited blue fluorescence and excitation-
dependent emission of carbon dots with moderate quantum yields (2.9–5.8%). The presence of heavy
metals in water resources, such as Fe3+, can lead to adverse health effects. SCG-based CDs showed
potential for being used as optical Fe3+ optical sensors, with Life Cycle Assessment (LCA) studies
validating the SCGs as more sustainable precursors than classical precursors, both considering a
weight- or function-based functional unit.

Keywords: spent coffee grounds; carbon dots; sustainability; sensing
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Abstract: This study analyzed the potential of proximal optical sensing as an effective approach for
early disease detection. A compact, modular sensing system, combining direct UV–Vis spectroscopy
with optical fibers, supported by a principal component analysis (PCA), was applied to evaluate the
modifications promoted by the bacteria Xanthomonas euvesicatoria in tomato leaves (cv. cherry). Plant
infection was achieved by spraying a bacterial suspension (108 CFU mL−1) until run-off occurred,
and a similar approach was followed for the control group, where only water was applied. A total
of 270 spectral measurements were performed on leaves, on five different time instances, including
pre- and post-inoculation measurements. PCA was then applied to the acquired data from both
healthy and inoculated leaves, which allowed their distinction and differentiation, three days after
inoculation, when unhealthy plants were still asymptomatic.

Keywords: plant disease detection; plant pathology; proximal sensing; spectroscopy; precision
agriculture; principal component analysis

1. Introduction

Biotic agents, specifically pests and pathogens, cause significant losses in crop yields,
with levels that can range between 20% and 40% [1]. Chemical phytosanitary products
are usually applied to prevent and combat these organisms. However, their usage can
negatively impact the environment, mainly when applied to treat plant diseases that appear
suddenly and spread to large scales [2].

Nowadays, phytopathology methods are considered major challenges because, to be
implemented, they often rely on the presence of indicator visible signs of the infection
(disease symptoms), which frequently only manifest themselves at the middle to late
stages of the process, compromising the effectiveness of phytosanitary measures [3]. An
example is the scouting technique, which involves inspecting a crop field to detect and
identify infected plant through disease symptoms [4]. Despite being extremely useful,
this approach requires specialized trained observers (who must be capable of identifying
disease symptoms and distinguishing them from those caused by other abiotic stresses
(e.g., nutritional and physiological disorders)), and can be labor-intensive, time-consuming,
and expensive [5–11]. Moreover, this approach can be an inefficient in the early stages of
the infection and on large areas. Other strategies consist of laboratory-based techniques,
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namely serological and molecular tests, largely used due to their sensitivity, accuracy, and
effectiveness. They include enzyme-linked immunosorbent assay (ELISA) and polymerase
chain reaction (PCR) methods, being the first serological approach based on protein in
the detection of causative diseases and the second molecular technique based on the
DNA sequence of the pathogen. Their development boosted plant disease diagnosis,
since they allow the simultaneous processing of several samples and perform a precise
pathogen identification. Furthermore, PCR enables the detection of pathogens that have not
been cultured. Nevertheless, these procedures present some limitations, especially in the
early phase of the infection process, due to the uneven spread of pathogens inside plants,
compromising their effectiveness in analyzing asymptomatic samples [9,12–14]. Other
drawbacks can also be enumerated. They require several hours to be completed, require
the realization of detailed sampling procedures, and destructive sample preparation, not
allowing a follow-up of the disease progression [12,13].

Therefore, the necessity of developing fast, accurate, and selective in vivo techniques
for plant disease detection arises. These innovative approaches must provide comple-
mentary information to the current methods applied in the phytopathology field and
combine with them. Several non-invasive methods have been developed in the last decade,
which proved to be sensitive, consistent, standardize, rapid, cost-effective, and have high-
throughput [15]. Hyperspectral spectroscopy (HS) is one of them and seems to be effective
in estimating a wide variety of plant chemical, biophysical, and metabolic traits in living tis-
sue [16–22], namely foliar structure, plant chemical composition, water concentration, and
metabolic status [23]. Through spectral measurements in the visible (Vis, 400–700 nm), near-
infrared (NIR, 700–1100 nm), and shortwave infrared wavelengths (SWIR, 1100–2500 nm),
this approach assesses changes in optical properties of leaves, which derive from inter-
actions between light, chemical bonds, and cellular structure [24]. Briefly, modifications
in plants’ reflectance in the Vis range are mostly related to pigment concentration and
physiological processes, such as photosynthesis. In turn, changes in the NIR are correlated
with leaf structure and internal scattering processes. The SWIR region is affected by leaf
structural and chemical composition (including lignins and proteins), as well as water
content [25–29].

Since phytopathogens induce physiological, biochemical, and structural changes
in host plants, HS seems to be promising in plant disease detection, identification, and
quantification [30–38]. Hyperspectral sensors can be used alone or mounted in different
platforms, allowing the performance of mapping, monitoring, scouting, and application
tasks [2]. Their flexibility allows them to assess leaf, single-plant, canopy (proximal sens-
ing), and even plot and regional scales (remote sensing) [2]. Some examples, sorted by
measurement scale, include handheld sensors, rail systems, vehicle, and tractor-mounted
systems, drones UAVs, as well as aircrafts and satellites [39].

Despite the possibilities provided by these optical devices for simple, rapid, non-
destructive disease detection and identification, its application is still very limited, due
to the scarcity of extensive agronomic and phytopathological studies aiming to explore
their full potential. Their technology readiness levels (TRL) are close to TRL3 (analytical
and experimental critical function, and/or characteristic proof-of-concept) [40]. Hence,
this study aimed to evaluate the potential of UV–Vis spectroscopy to detect diseased
tomato leaves and discriminate between healthy and infected leaves, through a multi-
temporal approach. Furthermore, the capability of this technology in detecting changes
in the reflectance spectrum of infected leaves was analyzed, before the first symptoms
became visible.

2. Materials and Methods

2.1. Experimental Design

Tomato (Solanum lycopersicum L.) plants, of the cultivar cherry, were grown in 200 mL
pots containing a commercial potting substrate, in a walk-in plant growth chamber under
controlled conditions (temperature of 25–27 ◦C, humidity of approximately 60%, and
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photoperiod of 12/12 h). Plants were divided into two groups, one of them being inoculated
with Xanthomonas euvesicatoria LMG 905 (Xeu) bacteria and the other being treated with
sterile distilled water only (control group, Con). Plants were inoculated in the laboratory, at
the growth stage of 5–6 fully expanded leaves, by spraying until they became fully wet, and
run-off occurred. The bacterial suspensions used for these inoculation assays consisted of
1 × 108 cells/mL. They were prepared from a 48 hour-old culture, grown on YDC medium
(yeast extract, 10.0 g; dextrose, 20.0 g; CaCO3, 20.0 g; agar, 15.0 g; distilled water up to
1.0 L). The inoculated plants were then covered with transparent polythene bags for 48 h to
increase the relative humidity that fosters bacterial entry into plant tissues through natural
openings, such as stomata [41]. Plants were monitored daily for symptom development for
5 days.

At the same time, to verify if the bacteria cultures used in these inoculation tests were
viable, 20 μL of Xeu solution were cultured in different Petri dishes containing YDC media.
After 48 h, it was possible to observe the bacteria growth in both nutrient media, proving
that bacteria were viable at inoculation.

2.2. Spectral Measurements

Hyperspectral data were collected in vivo from the adaxial side of healthy and infected
tomato plant leaves, using a compact benchtop system consisting of a D2 (deuterium) light
source (Ocean Optics, model DH-2000-BAL, Ostfildern, Germany), spectrometer (Ocean
Optics, model HR4000, Ostfildern, Germany), transmission optical fiber bundle (UV), and
stainless-steel slitted reflection probe for sample measurement. The spectrometer operated
in the 195–1100 nm wavelength range, with a high spectral response and optical resolution
of 0.025 nm (full width at half maximum—FWHM). The measurements were carried out
using an experimental setup in the laboratory. A LED light source was placed beneath the
leaf and provided homogeneous illumination to its entire surface. The light signal from
the sample analyzed was guided to the entrance lens of the spectrometer by the fiber-optic
cable placed perpendicularly 1 cm above the measured surface. Specialized software was
used for data acquisition and processing. Data acquisition was performed with 10 scans
for an integration period of 60 ms, in three leaves per plant, on nine locations on each leaf.

2.3. Data Pre-Processing

Spectral pre-processing was performed, in order to remove possible artifacts, e.g.,
baseline shifts, Mie and Rayleigh scattering, and stray light. Also, a pretreatment with a
fast fourier transform (FFT) was carried out on spectral data to smooth/denoise it. FFT
is an algorithm that computes the discrete Fourier transform (DFT) of a sequence or its
inverse (IDFT). Fourier analysis converts a signal from its original domain (often time or
space) to a representation in the frequency domain and vice versa. The DFT is obtained by
decomposing a sequence of values into components of different frequencies [42]. Spectral
data pre-processing was performed with RStudio software.

2.4. Data Processing—Analytical Techniques

Spectral data was subjected to a principal component analysis (PCA), a multivariate
data analysis technique was used to reduce the dimensionality, while preserving its struc-
ture by projecting it into a new coordinate system. This technique allows the preservation
of the total variance of the dataset and minimizes the mean square approximate errors.
PCA uses eigenvectors and eigenvalues to define the reduced subspace (representing the
original coordinate system). It originates principal components (PC), which are linear
combinations of interrelated variables. PC1 accounts for the maximum possible proportion
of the variance information of the original dataset (explained by the eigenvalue), and
subsequent principal components (PC2, PC3, . . . ) account for the maximum proportion of
the unexplained residual variance, and so forth [43,44].

Contigous hyperspectral wavebands present redundant information [45]. The applica-
tion of a PCA allows the transformation of this type of high-dimensional data into a few
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wavebands that contain most of the information in the original bands. The importance
of these hyperspectral bands in each PC is then established based on the magnitude of
eigenvectors or factor loadings for crop biophysical and biochemical traits, being that
the higher the eigenvector, the higher is the importance of the band. So, PCA allows the
selection of the best wavebands to model biophysical and biochemical quantities and the
elimination of redundant bands (by highlighting the main bands) [46].

3. Results

The spectral response properties of tomato leaves to the stress caused by Xanthomonas
euvesicatoria LMG 905 is very important for discriminating bacterial infection levels in
precise pest management using hyperspectral proximal sensing data. The averaged raw
spectral curves of healthy and diseased tomato leaves were slightly different in some spec-
tral ranges, namely through the visible region of the wavelength spectrum (~480–680 nm)
(please refer to Figure 1) Similarly, the spectral measurements assessed on infected leaf
tissue presented a decrease in signal intensity throughout the sampling period (24–144 h),
which accompanied the appearance of the first visual symptoms of the disease after 72 h.

Figure 1. Spectral measurement curve evolution for tomato leaves inoculated with bacteria Xan-
thomonas euvesicatoria LMG 905, within the sampling period (24–144 h). Leaf spectral curves were
assessed in vivo on the adaxial side of fully expanded leaves, on the spectral region from 195 to
1100 nm.

Figure 2 presents the principal components (PC) Gabriel plot for the healthy (Con)
and diseased (Xeu) leaves spectra, three days after inoculation (before the appearance of
the first symptoms). The PCA algorithm has obtained two PCs, accounting for 99.6% of the
total variance. PC1 (94.3%) discriminates the effects on the variance of these two types of
tomato leaves, which is more evident in PC2 (5.3%).
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Figure 2. Gabriel plot of PC1, PC2, and PC3 resulting from the PCA of the dataset three days after inoculation (all leaves
were asymptomatic, showing no symptoms of the disease caused by Xanthomonas euvesicatoria LMG 905).

The wavelengths that have a higher contribution in these PC are in the interval of
~454–654 nm (visible range of the wavelength spectrum). The ones between ~492–510 nm
(essentially the blue region of the electromagnetic spectrum) explain 30% of the variance of
the PC1, whereas ~454–461 nm (blue region) explain 40% of the variance of the PC2 and
50% of the PC3. In all the first four dimensions of this analysis, the wavelengths ranging
from approximately 445–480 nm (blue) and 580–700 nm (red) were the ones that explain
most of the variance of the data.

This evidence can be related to the symptoms caused by Xeu, since these bacteria
cause small, brown, angular lesions on leaves (which can be surrounded by a yellow halo
with time), affecting the levels of photosynthetic pigments (contributing especially to the
reduction of the chlorophyll levels, whose absorption features are more evident in the blue
and red ranges of the Vis spectral region), cellular content, and structural arrangement.

4. Discussion

The spectral behavior of tomato plants depends on their biochemical and structural
profile. In brief, plants’ spectral signature in the visible spectral region (400–700 nm)
depends mainly on the content of photosynthetic pigments. These compounds are good
absorbers of red and blue wavelengths. Of the major pigments, Chlorophyll a (Chl a)
has maximum absorption in the 410–430 and 600–690 nm regions, whereas Chlorophyll b
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(Chl b) has maximum absorption in the 450–470 nm range. In healthy plants, chlorophyll
concentration is approximately ten times higher than that of other pigments, thus masking
out the specific absorption features of these compounds. The green part of the spectrum, on
the other hand, is less strongly absorbed, resulting in a reflectance peak in the green domain
(at about 550 nm) [25]. Hence, when a light source illuminates healthy plants, they will
preferentially absorb red and blue wavelengths, being the green part of the incident light
less absorbed and, consequently, more reflected, leading to their green appearance [26].
In the NIR region, the plants’ spectral response is related to their structure, structural
components, and internal scattering processes. Likewise, the SWIR region is also affected
by leaf structural and chemical composition (including the action of lignin’s and proteins)
and water content [25–29].

Since phytopathogens cause changes in plants’ biochemical and structural compo-
sition, affecting the levels of photosynthetic pigments and structural elements, tracking
changes in plants’ spectral behavior can allow an indirect analysis of their phytosanitary
status. Generally, unhealthy plants have more reflection in the red region and lower re-
flectance in the NIR region. Briefly, stress usually promotes an increase of reflectance
over the whole spectrum, since it causes a rapid decrease of chlorophylls, which increases
reflectance in the Vis range and exposes the absorption characteristics of other pigments,
such as carotenoids (responsible for the yellowing of the leaves) and xanthophylls (respon-
sible for the reddening of the leaves). With continuing stress, leaf structures decompose,
resulting in extra intra-leaf scattering and an increased NIR signal. At the same time,
concentrations of brown pigments, which absorb radiance in the Vis and at the onset of
the NIR, can increase leading to a flattening of the red edge. Absorption in the SWIR
decreases, due to reduced leaf moisture. With a decay of the leaf tissue, the absorption
features characteristics of healthy plants gradually disappear [47].

Our findings seem to be in accord with the previous information, showing evidence
that UV–Vis spectroscopy can be suitable for plant disease assessment in laboratory condi-
tions. Data collected in a randomized experimental design, combined with a PCA, allowed
the discrimination of healthy and diseased tomato leaves, even at the third day after bac-
teria inoculation, when no visual symptoms were observable. Most of the variance of
the data can be comprised with the first four PCs. In all of them, the wavelengths that
explain most of the variance of the data ranged from approximately 445–480 nm (blue)
and 580–700 nm (red), which was expected, since Xanthomonas euvesicatoria causes tissue
lesions, degrading the chlorophylls levels and affecting their absorption features in these
spectral regions.

Therefore, our results can be related to those obtained in different research, where
sensor-based approaches proved to be capable of assessing modifications in plants’ spectral
behavior, allowing the detection, identification, and quantification of different types of
plant diseases [44,48–51]. They involve the capture and analysis of the optical properties of
plants, within different regions of the electromagnetic spectrum and their relationship with
modifications in plant physiology, namely alterations in tissue color, structural composition,
and transpiration rate [19]. These non-invasive methods have been explored in the last
decade, presenting the benefits of being sensitive, consistent, standard, high-throughput,
rapid, and cost-effective [47], surpassing the limitations of the current methods used in
plant disease detection.

5. Conclusions

The present study suggests that UV–Vis spectroscopy can be a potential tool for the
early detection of plant diseases under laboratory conditions, even when unhealthy plants
are asymptomatic. Despite these findings, its application is still very limited, due to the
scarcity of comprehensive agronomic and phytopathological studies aiming to explore
their full potential, as well as the development of applied advanced statistical approaches
for data analysis. More research is necessary, especially in field conditions, where more
external factors have to surpass, including atmospheric, edaphic, and biotic conditions.
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Future research should also include more stress levels to discriminate not only healthy
leaves from the diseased ones but also different levels of disease severity.
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Abstract: Recent research on volatile organic compounds (VOC) released by the heated vegetation
has shown that, under specific conditions (e.g., extreme heat, humidity, wind, and topography), VOC
might foster wildfire ignition sources and explain sudden changes in fire behavior, particularly in the
most susceptible and flammable forests (eucalypt forests). This work aims to develop an electronic
nose (e-nose) based on a sensor’s array to monitor the concentration of eucalyptol, the major VOC
compound of the Eucalyptus globulus tree. The detection of this target compound was achieved by
measuring the impedance spectra of layer-by-layer developed thin films based on polyethyleneimine,
poly(allylamine hydrochloride), and graphene oxide, by injecting the analyte into a custom-made
vacuum chamber system. The obtained results were analyzed by the principal component analysis
method. The developed e-nose sensor was able to distinguish different concentrations in a range
from 411 to 1095 ppm.

Keywords: wildfires; volatile organic compounds; eucalyptol; electronic nose; impedance spectroscopy

1. Introduction

Extreme wildfires cause the loss of various human lives and have a significant impact
on the biodiversity of ecosystems. These phenomena are, still, not yet fully understood.
Recent studies have proposed a new theory, suggesting that flammable gases generated
from heated vegetation, in particular, Volatile Organic Compounds (VOC) common in
Mediterranean plants may, under some topographic and wind conditions, accumulate
in locations where, after the arrival of the ignition source, they rapidly burst into flames
as occurs in explosions [1,2]. VOC can exhibit a flammable nature, enabling fire ignition
sources and sudden changes in the fire behavior [3].

The electronic nose (e-nose) system, which comprises an array of sensors with partial
specificity and an appropriate pattern recognition system, can recognize complex gases.
Moreover, e-noses have shown favorable efficiency in monitoring applications, making
them a potential tool for the study of VOC [4–6]. Although the e-nose exhibits high
sensitivity, forest environments consist of a complex mixture of gases and therefore the
used sensors must be able to detect, classify and quantify the target compound. To improve
the sensor’s sensitivity, different materials can be used as coatings, thus enhancing the
chemical and physical properties of the sensor [7–9].

The purpose of this work was the development of a custom-made measuring system
attached to an e-nose system to monitor eucalyptol in a range of concentrations, from 411
to 1095 ppm. The concentration range was chosen based on the concentrations found in
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Mediterranean vegetation (including the Eucalyptus tree [10]) and a range that was the
lower flammability limit for terpenes (<1% (v/v)) [11], for laboratory safety reasons.

Thus, different layer-by-layer (LbL) thin films were developed in order to attain the
best combinations for the monitoring of the target compound. The thin films were produced
with polyethyleneimine (PEI), poly(allylamine hydrochloride) (PAH), and graphene oxide
(GO), namely (PEI/GO) and (PAH/GO). These films have been already described in [12–14]
and, thus, may have an interesting potential to monitor VOC, namely eucalyptol.

2. Materials and Methods

The developed e-nose consists of an array of sensing devices based on ceramic solid
supports with deposited gold interdigitated electrodes (IDE), comprising eight “fingers”
each, with dimensions of 22.8 × 7.6 × 0.7 mm and each “finger” has 200 μm of width.
These solid supports were acquired from DropSens (Oviedo, Asturias, Spain) [15].

The thin films were deposited on the sensors IDE by the layer-by-layer (LbL) technique,
which consists of the alternate deposition of polyelectrolytes layers with opposite electrical
charges, to obtain several bilayers. The polyelectrolytes used to built-up the thin films
layers were polyethyleneimine (PEI), poly(allylamine hydrochloride) (PAH), and graphene
oxide (GO), all purchased from Sigma-Aldrich, Steinheim, Germany. The aqueous solutions
of the polyelectrolytes were prepared with a 10−2 M concentration of each polyelectrolyte.
Each of the aqueous solutions were prepared with ultrapure water, obtained in a Milli-Q
ultrapure water system (Millipore GmbH, Billerica, MA, USA). This process was carried
out by alternated adsorption of the positive PEI or PAH polyelectrolytes and the negatively
charged GO molecules.

After each adsorption of the polyelectrolyte layers, the solid support was immersed in
water in order to remove any polyelectrolyte molecules that were not completely adsorbed.
The immersion time, in which the adsorption of the molecules takes place, was 60 s for each
of the polyelectrolytes used and 30 s for the washing process. After the adsorption of each
bilayer, the thin film was dried using nitrogen gas stream (99% purity, Air Liquide, Algés,
Portugal). Thus, thin films of (PEI/GO) and (PAH/GO), with 5 bilayers each, (PEI/GO)5
and (PAH/GO)5, were produced.

The eucalyptol (99%) used for the experiments was purchased from Sigma-Aldrich,
Steinheim, Germany. To test the response of the sensor when exposed to the eucalyptol, a
range of concentrations from 411 to 1095 ppm was evaluated.

The measurements of each sensor were performed inside a custom-made vacuum
chamber system designed by the author’s team, which is depicted in Figure 1.

Figure 1. Schematic illustration of the experimental setup, including the custom-made vacuum chamber.

A sample holder containing the sensor was placed inside the chamber which presents
an approximate volume of 58 L. A rotatory vacuum pump was also connected so that
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primary vacuum could be achieved and maintained inside the chamber during the tests,
enabling a “clean” environment for the measurements. The sample holder was connected
to a Solartron 1260 Impedance Analyzer (Solartron Analytical, AMETEK scientific instru-
ments, Berwyn, PA, USA), in order to measure the impedance spectra at the IDE terminals.
The chamber also has two inputs for the inlet of the eucalyptol and compressed air in the
chamber, allowing the interaction between the target compound and the sensor.

In order to start the testing process, the sample holder with the sensor was placed
inside the chamber and connected to the Impedance Analyzer. After that, the vacuum pump
was switched on to achieve a pressure of 1.3 × 10−3 mbar. Following this, the eucalyptol
would be evaporated into the chamber by the opening of a needle valve that connects
the chamber with the mixture of eucalyptol. Subsequently, and after the evaporation
of the compound and reaching a certain pressure level, the inlet was open to inject the
compressed air until the pressure of 1.3 × 10−3 mbar was attained. Afterward, the electrical
measurements were conducted in a frequency range of 1 Hz to 1 MHz, and an AC signal
voltage of 25 mV. This process was then repeated for each eucalyptol concentration.

The electrical impedance spectra data features were assessed with the Principal Com-
ponent Analysis (PCA) method to reduce the data size and to obtain a new space of
orthogonal components in which different concentration patterns can be observed. The
principal component analysis (PCA) plots were obtained by performing the normaliza-
tion (Z-Score normalization (value-μ)/ϑ, μ and ϑ being the mean value and the standard
deviation of the samples, respectively) of the impedance spectroscopy data.

3. Results and Discussion

Figure 2 shows the electric impedance spectra of the sensors, coated with thin films of
(PEI/GO)5 and (PAH/GO)5, when in contact with different concentrations of eucalyptol,
for different frequencies.

 
(a) (b) 

Figure 2. Impedance spectra measured with (PEI/GO)5 (a) and (PAH/GO)5 (b) LbL films inside of the chamber filled with
different eucalyptol concentrations. In the insets are shown the evolution of the impedance at 63 and 10 kHz as a function of
concentration, respectively.

In order to have a more thorough analysis, a normalization was performed on the
data, using the following equation [12]:

PP(C)− PP(0ppm)

PP(0ppm)
(1)

where PP(C) corresponds to a physical property at a given eucalyptol concentration, and
PP(0ppm) to a measure at a reference concentration, in this case when there was 0 ppm of
eucalyptol. In each of the cases represented in the insets of Figure 2a,b, the physical property
used was the impedance, at a constant frequency, where the effects of the eucalyptol are
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better represented. In both cases, it may be observed that an increase in the concentration
of eucalyptol results in the decrease in the sensors’ impedance values.

Furthermore, a preliminary analysis of the electronic nose concept was performed
by the mean of the Principal Component Analysis (PCA). Thus, the data of each one
of the sensors, (PEI/GO)5 and (PAH/GO)5, when in the presence of different tested
concentrations of eucalyptol were plotted, as shown in Figure 3.

Figure 3. PCA plot for both sensors used with thin films of (PEI/GO)5 and (PAH/GO)5, for a range of eucalyptol from 0 to
1095 ppm.

By the PCA analysis, it can be observed that the e-nose assembled, with two sensors,
each one coated with thin films of (PAH/GO)5 and (PEI/GO)5, can distinguish between
the blank and the different concentrations of eucalyptol that they interacted with.

In fact, the choice of the GO as the upper layer seems to increase the efficiency and
discrimination of the measurements, as the molecules of the thin film may react with the
target compound enabling a better adsorption, since it possesses many functional groups.

4. Conclusions

The electronic nose, consisting of an array of two sensors coated with (PEI/GO)5 and
(PAH/GO)5 thin films, built-up with the LbL technique, was able to detect eucalyptol
and distinguish three different concentrations levels, as the PCA technique has shown.
The use of graphene oxide as the thin film bilayer increased the interaction between
the custom-made chamber’s head space and the thin film coating, and consequently the
efficiency of the impedance measurements and capability of the e-nose to distinguish
different eucalyptol concentrations.

The present work presents a novel and preliminary study, with an in-deep effort in the
build-up of the custom-made chamber. It should be also noted that this project is under devel-
opment; thus, the build-up of different coatings, e.g., different combination of polyelectrolytes
and/or other sensing materials, to improve the e-nose performance, is expected.
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Abstract: In this work, the chemical and nutritional composition of three Amaranthaceae species
(Alternanthera sessilis, Dicliptera chinensis, and Dysphania ambrosioides) was studied. The results showed
a differential flavonoid content in the three species: A. sessilis and D. ambrosioides showed similar
flavonoid contents (15.1 ± 0.6 and 15.1 ± 0.1 mg/g extract, respectively), followed by D. chinensis
(11.4 ± 0.1 mg/g extract). On the other hand, the nutritional results showed a high protein content in
all species (16.9–13.9 ± 0.1 g/100 g dw) and revealed the presence of organic acids, such as oxalic
and succinic acid. Therefore, bioactive compounds, together with protein and organic acids, could be
of great value to the food industry.

Keywords: medicinal plants; phenolic compounds; nutritional value; phytochemistry

1. Introduction

Several plant species have played an important role in traditional medicine worldwide,
as humans have been using plants as a natural remedy for a multitude of diseases for
60,000 years [1]. In particular, the plants from Amaranthaceae family biosynthesize several
bioactive compounds with beneficial biological activities, including essential oils, betalains,
terpenoids, and phenolic compounds [2]. Different phytochemical studies have verified the
different biological activities associated with the plant extracts belonging to this family, such
as antioxidant, antidiabetic, antitumor, antibacterial, anti-inflammatory, among others [3].

Specially, three Amaranthaceae species, namely: Alternanthera sessilis (L.) R.Br. ex Dc,
Dicliptera chinensis (L.) Juss. and Dysphania ambrosioides (L.) Mosyakin and Clemants. These
species have been little explored in terms of their phytochemical valorization. A. sessillis
has been used in traditional Malaysian medicine, both as an infusion and as food, while in
China, its leaves have even been used for the treatment of eye and skin diseases, snake bites,
and wound healing [4]. D. chinensis has a major distribution in southern China, Bangladesh,
northern India, and Vietnam [5], where it was traditionally used with detoxifying and di-
uretic purposes, thanks to the production of organic acids, flavonoids, terpenoids, steroids,
and polysaccharides [6]. Finally, D. ambrosioides, distributed throughout South America, is
known to be used in traditional medicine as a remedy for parasitic diseases, and it is still
currently used to treat parasitosis because of the presence of ascaridol [7].

Due to the health-enhancing potential attributed to Amaranthaceae species, in this
work the nutritional characterization and chemical composition, in terms of phenolic
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compounds, will be carried out. As a result, this research could be considered as the
starting point for a more targeted search for bioactive compounds [8] biosynthesized by
these underexplored plant species.

2. Materials and Methods

2.1. Plant Material and Nutritional and Chemical Characterization

The samples proceeding from the Amaranthaceae species involved in this work, A.
sessilis, D. chinensis, and D. ambrosioides, were thoroughly washed, air-dried, crushed, and
sieved to obtain plant homogenates, which were stored at −80 ◦C until use.

The nutritional characterization (ashes, proteins, lipids, and carbohydrates, as well
as energy) of the three plants was carried out following the methodology adapted previ-
ously [9]. The determinations were carried out by duplicate, and results were expressed in
terms of percentage of composition for ashes, proteins, lipids, and carbohydrates, whereas
energy was expressed as the mean ± standard deviation (SD) in kcal/100 g dry weight
(dw).

The chemical composition (total sugars, fatty acids, and organic acids) was evaluated
following the methodology also described by Barros et al. (2013) [9]. The determina-
tions were performed in duplicate, and the results were expressed as the mean ± SD
in g/100 g dw for total sugars and organic acids composition, whereas fatty acids were
expressed as the relative percentage of saturated fatty acids (SFAs), monounsaturated fatty
acids (MUFAs), and polyunsaturated fatty acids (PUFAs).

2.2. Sample Extraction and the Determination of Phenolic Compounds

For the determination of phenolic compounds, 1 g of each sample was macerated
using 50 mL of ethanol/water (80:20 v/v) as solvent. This mixture was stirred at room
temperature for 1 h and then filtered. This process was repeated twice, and extracts were
collected and concentrated at 40 ◦C in a rotary evaporator, to remove the alcoholic frac-
tion. The aqueous phase was frozen and freeze-dried. For the identification of phenolic
compounds, a Dionex Ultimate 3000 UPLC system (Thermo Scientific, San Jose, CA, USA)
was used, following a previous methodology [10]. The determination was performed by
a diode array detector (DAD) and mass spectrometry (MS) (LTQ XL mass spectrometer,
Thermo Finnigan, San Jose, CA, USA) working in negative mode. Once identified and
quantified, compounds were grouped by their parental skeleton, being expressed as lute-
olin derivatives (LD), apigenin derivatives (AD), kaempferol derivatives (KD), quercetin
derivatives (QD), and isorhamnetin derivatives (ID), in mg/g dw.

3. Results and Discussion

3.1. Nutritional Characterization

The results for the nutritional composition of Amaranthaceae plants are shown in
Figure 1. The inorganic content of all plants, represented by the ashes, showed similar
values, being higher than those of other plants of the same family from the genus Ama-
ranthum [11] For proteins, D. chinensis (16.8 g/100 g dw) and A. sessilis (16.1 g/100 g dw)
show similar values, higher than those of D. ambrosioides (13.9 g/100 g dw). These values
are comparable to other species such as Chenopodium quinoa (quinoa), and they were also
higher than other cereals, such as wheat, maize, or rice [12] With respect to lipids, the
values for A. sessilis (0.74 g/100 g dw) were very low compared with the other species,
which ranged between 1.1–1.8 g/100 g dw, being comparable to the lipid content of fruits
and vegetables [12]. Regarding the carbohydrate content, the results were also very similar
between the three species: 68.8 g/100 g dw for D. chinensis, 73.2 g/100 g dw for A. sessilis,
and 71.5 g/100 g dw for D. ambrosioides, being in accordance with the carbohydrate contents
of C. quinoa and other cereals, as well as other foods, such as chocolate, flour or bread. [12]
Finally, the energy value did not vary much either, ranging from 350–365 kcal/100 g dw
with A. sessilis being the species with the highest energy intake.
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Figure 1. Nutritional characterization (ashes, proteins, lipids, and carbohydrates), and energy
determination of three Amaranthaceae plants: (A) A. sessilis, (B) D. chinensis and (C) D. ambrosioides.
The results for nutrient content were expressed as relative content in percentage, whereas energy
was expressed as mean ± SD, in kcal/100 g dw.

3.2. Chemical Characterization

The results for the chemical characterization of Amarathaceae species, in terms of total
sugars, organic acids, and fatty acids contents are shown in Figure 2. The results for free
sugars were, in decreasing order, 6.33 g/100 g dw for D. chinensis, 4.13 g/100 g dw for A.
sessilis, and 0.34 g/100 g dw for D. ambrosioides. In this case, A. sessilis has the most similar
content to that estimated for C. quinoa (2–3 g/100 g dw) [12].

Figure 2. Chemical characterization (total free sugar, organic acids, and fatty acids contents) of three
Amaranthaceae plants: (A) A. sessilis, (B) D. chinensis, and (C) D. ambrosioides. Results for total sugars
and organic acids were expressed as g/100 g dw, vertical bars indicate standard deviation. The
results for fatty acids content were expressed as relative abundance, in percentage. SFA: saturated
fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids.

Organic acids were detected in all three plant species studied, with a total content of
~9.13 g/100 g dw for D. chinensis, 8.43 g/100 g dw for A. sessilis, and 5.43 g/100 g dw for D.
ambrosioides. Oxalic acid stood out as the organic acid present in the highest concentrations
in all species, especially in the case of A. sessilis (data not shown). This acid is associated
with reduced dietary Ca2+ availability and various kidney diseases [13]. Succinic acid
and fumaric acid were also detected in D. chinensis, although in lower proportions. Both
acids are in high demand by the food, cosmetic and pharmaceutical industries [14]. In
addition, in the case of C. quinoa, previous data showed the presence of oxalic, citric and
fumaric acid [15], revealing a similar profile for this functional food in terms of organic
acids content.
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Concerning the relative abundance of fatty acids in Amaranthaceae plants (pie charts
in Figure 2), SFAs, MUFAs, and PUFAs were detected in these species. According to the
data obtained, the plant with the highest amount of SFA was D. ambrosioides with 73.1%
of the total fatty acids (Figure 2A), followed by A. sessilis with 70.2% and D. chinensis
with 47.4%. As for the MUFA, all plants exhibited very similar values between them,
ranging 8.23–11.8%. Finally, the results for PUFAs showed that D. chinensis had the highest
abundance with 44.4% (Figure 2B), while D. ambrosioides and A. sessilis presented a similar
abundance (19.8% and 15.1%, respectively). According to the data, the most abundant
fatty acid in the three species was hexadecanoic acid, with the range of abundance in the
percentage of total fatty acids in the three plants being 32–40%. A previous study identified
the fatty acids of A. sessilis, in which the second most abundant fatty acid was hexadecanoic
acid [16]. Regarding the high content in PUFAs for D. chinensis, and due to the beneficial
properties associated with these bioactive compounds as antioxidant and cardioprotective
agents, it is suggested that this species presents the healthiest chemical profile.

3.3. The Determination of Phenolic Compounds

The phenolic profiling of hydroethanolic extracts of Amaranthaceae plants was per-
formed by UPLC-DAD-ESI/MS, revealing that flavonoids were the most abundant family
of phenolic compounds in these species. The results for the determination of phenolic
compounds are shown in Figure 3. In the case of A. sessilis extracts, luteolin derivatives
(LD) were the most abundant compounds, with concentrations of 9.7 mg/g extract, with
luteolin-8-C-(rhamnosyl)ketodeoxyhexoside as the most prevalent derivative (Figure 3A).
To a lesser extent, apigenin derivatives (AD), kaempferol derivatives (KD), and quercetin
derivatives (QD) were also reported (<1.8 mg/g extract) (Figure 3A). This plant has two
varieties distinguished by their colors, red and green, and previous studies have shown
that the red variety has a better nutritional composition, a higher content of phenolic
compounds, and a greater antioxidant capacity [12]. Thus, the phenolic composition of A.
sessilis has been seen to be affected by the variety employed.

 
Figure 3. Identification of phenolic compounds (fatty acids, organic acids and tocopherols) of three plants belonging to
the Amantharaceae family: (A) A. sessilis, (B) D. chinensis and (C) D. ambrosioides. LD: luteolin derivatives, AD: apigenin
derivatives, KD: kaempferol derivatives, QD: quercetin derivatives, and ID: isorhamnetin derivatives.

With respect to D. chinensis, the extracts essentially contained different ADs, account-
ing for 10.82 mg/g extract (Figure 3B), being apigenin 6-C-glucoside-8-C-arabinoside the
most prevalent compound. This is the first time, to the best of our knowledge, that the
phenolic profiling of D. chinensis is determined, being spotted as a potential natural source
of apigenin, largely characterized as a bioactive compound [17].

Finally, the results for D. ambrosioides (Figure 3C) showed that this was the only
species presenting isorhamnetin derivatives (ID), which were the most abundant com-
pounds in the hydroethanolic extracts (7.58 mg/g extract), and isorhamnetin-3-O-rutinoside
were quantified as the main phenolic compound. Additionally, IDs, LDs, KDs, and QDs
were also identified in this species in lower concentrations, as well as a lack of ADs
(Figure 3C). In previous studies on D. ambrosioides, the highest concentration of phenolic
compounds extracted was obtained by methanolic extracts, with 87.7 ± 1.4 μg of gallic acid
equivalents/mg extract and 57 ± 1.4 μg quercetin equivalents/mg extract. Moreover, the
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same authors identified quercetin as the most abundant phenolic compound on D. ambro-
sioides [18], which is in accordance with our results, since quercetin-O-rhamnosyl-pentoside
was the second most abundant compound in the hydroethanolic extracts. This suggests
a critical role of solvent on the extraction of phenolic compounds from Amaranthaceae
plants.

4. Conclusions

In this work, the determination of nutritional and chemical characterization, as well as
the phenolic profiling of three Amaranthaceae species largely used in traditional medicine
was developed. In this regard, similar chemical profiles were obtained for all species,
with comparable inorganic, protein, lipid, and carbohydrate contents. The results on
fatty acid composition revealed that D. chinensis showed the healthier profile with a high
proportion of PUFAs. Finally, the determination of phenolic compounds suggested a
species-dependent biosynthesis of these compounds, with luteolin derivatives, apigenin
derivatives, and isorhamnetin derivatives presenting as the most prevalent phytocon-
stituents on A. sessilis, D. chinensis, and D. ambrosioides, respectively. Overall, our results
shed light on the characterization of these species from a nutritional point of view and sug-
gested that Amaranthaceae species can be considered as sources of bioactive compounds
to be applied in the food, cosmetic, and pharmacological industries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10563/s1.
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Abstract: Electronic tongue type sensor arrays are made of different materials with the property
of capturing signals independently by each sensor. The signals captured when conducting electro-
chemical tests often have high dimensionality, which increases when performing the data unfolding
process. This unfolding process consists of arranging the data coming from different experiments,
sensors, and sample times, thus the obtained information is arranged in a two-dimensional matrix.
In this work, a description of a tool for the analysis of electronic tongue signals is developed. This
tool is developed in Matlab® App Designer, to process and classify the data from different substances
analyzed by an electronic tongue type sensor array. The data processing is carried out through the
execution of the following stages: (1) data unfolding, (2) normalization, (3) dimensionality reduction,
(4) classification through a supervised machine learning model, and finally (5) a cross-validation
procedure to calculate a set of classification performance measures. Some important characteristics
of this tool are the possibility to tune the parameters of the dimensionality reduction and classifier
algorithms, and also plot the two and three-dimensional scatter plot of the features after reduced the
dimensionality. This to see the data separability between classes and compatibility in each class. This
interface is successfully tested with two electronic tongue sensor array datasets with multi-frequency
large amplitude pulse voltammetry (MLAPV) signals. The developed graphical user interface allows
comparing different methods in each of the mentioned stages to find the best combination of methods
and thus obtain the highest values of classification performance measures.

Keywords: electronic tongue; graphical user interface; feature extraction; dimensionality reduction;
classification; machine learning

1. Introduction

The data set obtained from an MLAPV (multifrequency large amplitude pulse voltam-
metry) electronic tongue device comes from various types of sensors and their magnitudes
can have different scales [1]. These signals are characterized by having high dimensional-
ity [2]. This can cause problems in Machine Learning models, both in pattern recognition
and in the accuracy of data classification [3]. Due to this, it is necessary to perform the
correct processing of these data sets to obtain high precision values for the classification of
liquid substances.

In 2020, Leon-Medina et al. [2] developed a methodology that seeks to improve the
classification accuracy with an approach based on non-linear feature extraction of signals
obtained with electronic tongue type sensor array devices. This methodology is composed
of several stages: (1) Data unfolding, (2) Normalization, (3) Non-linear dimensionality
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reduction, (4) Classification by means of a supervised machine learning model and finally
a (5) Cross validation [2]. The application of the methodology in each stage includes the
execution of algorithms in the software Matlab®. These algorithms contain a series of
parameters that must be configured. As a result of the application of the methodology, the
value of the classification accuracy and the confusion matrix of the classification model
used are obtained, together with their performance metrics.

Due to the number of stages and the different configuration options of the parameters
in the algorithms, the need was generated to develop a tool that would facilitate the
application of this methodology, guiding the user through the different stages and making
the configuration of the algorithms more user-friendly. One of the main advantages of
a graphical user interface (GUI) is that it makes an implemented system easy to use,
understand and evaluate [4].

Section 2, describes two tests performed by the developed GUI, as well as the datasets
used in each one and the operation of the GUI. Then, Section 3, illustrates the main findings
obtained during the two tests applying the methodology of data processing through the
GUI. Finally, Section 4 shows the main conclusions in data processing through the GUI.

2. Materials and Methods

The measurements of the responses of an electronic tongue system are discretized
currents in time. In this way, a measurement is obtained at each instant of time for each
of the electrodes that make up the electronic tongue device, obtaining a matrix of size
I × K where I are the experimental tests and K are the time instants of the signal collected
by each electrode. Due to the electronic tongue system has an array of sensors and taking
J as the number of electrodes. A data unfolding procedure is executed to convert the
three-dimensional matrix I × J × K, in a two-dimensional matrix I × (J · K) [2]. Figure 1
shows an illustrative graph of the Data Unfolding process.
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Figure 1. Data unfolding procedure.

In this work, two tests with the developed tool are performed using two different
datasets. These tests are described below:

For the first test, a dataset obtained by means of a MLAPV electronic tongue developed
by Liu et al. [5] is used. The electronic tongue consisted of a platinum pillar auxiliary sensor,
an Ag/AgCl reference sensor, and six working electrodes made of different materials, gold,
platinum, palladium, titanium, tungsten, and silver. In the experiment, the fourth titanium
electrode was damaged, so it was not considered in the data analysis [5]. Seven liquids
or aqueous matrices were used to collect the data from the first dataset: (1) red wine,
(2) Chinese liquor, (3) beer, (4) black tea, (5) oolong tea, (6) you maofeng and (7) you pu’er.
Each one with three different concentrations (14%, 25% and 100%) of the original solution
mixed with distilled water, to which three replications were made, that is, 9 samples for
each liquid [2], for a total of 63 samples. With 2050 measurement points per sensor and
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5 sensors in the electronic tongue, when performing the Unfolding procedure of the data
(described above, see Figure 1), the dataset is composed of a matrix of size 63 × 10,250.

The second test uses a dataset obtained from the study by Zhang et al. [6]. This second
dataset contains the data collected from an MLAPV electronic tongue with five working
electrodes made of gold, silver, palladium, tungsten and silver. The auxiliary electrode
used is platinum pillar and the reference electrode is Ag/AgCl [7]. For this study, 13
liquids or aqueous matrices (number of samples) were used: beer (19), red wine (8), white
liqueur (6), black tea (9), tea Maofeng (9), pu’er tea (9), Oolong tea (9), coffee (9), milk (9),
cola (6), vinegar (9), medicine (6), and salt (6), for a total of 114 samples [6]. Like the first
dataset, in the second dataset there are 2050 measurement points per sensor and 5 sensors
in the electronic tongue, when performing the Unfolding procedure of the data, the second
dataset has a size of 114 × 10,250.

The developed GUI is an application made in Matlab® App Designer, it is made
up of seven tabs. Only the first tab is enabled at the beginning of the GUI, as shown in
Figure 2a). By means of the Browser button in the Data Selection section, the file containing
the dataset previously ordered with the unfolding process is selected. Subsequently, the
data is loaded in the GUI through the button Load, after this, the size of the dataset is
shown in the GUI, Figure 2b) illustrates this process.

a) b)

Figure 2. (a) GUI Initial state. (b) dataset selection.

With the dataset loaded, the Browser button is enabled in the Class Labels Selection
to select, in the same way as was done with the dataset, the file Class Labels. Once this
vector is loaded, the number of classes used can be viewed, see Figure 3a.

After selecting the data files, the Normalization tab is enabled, in which the method
for data normalization can be selected, see Figure 3b. With normalized data, the Dimen-
sionality Reduction tab is enabled where the Feature Extraction technique [8] to reduce the
dimensionality of the data can be selected, additionally there is a Parameters section where
it is possible to configure certain parameters depending on the selected dimensionality
reduction technique, see Figure 3c. With the data in low dimensionality, the Plot tab is
enabled for the selection and visualization of the variables in 2D and scatter plots, see
Figure 3d. Simultaneously, the Classification/Validation tab is enabled where there are
four classifiers, along with some parameters that can be configured depending on the
selected classifier, see Figure 3e. Executing the classification stage, the Cross Validation
section is enabled, which contains three validation techniques, see Figure 3f. At the end of
the procedure, the Results tab is enabled, where the classification performance metrics [9]
and the confusion matrix are shown, see Figure 3g. At the same time, the History tab
is enabled, in which a summary of the different techniques and methods used in data
processing is presented, see Figure 3h. Figure 3 shows the sequence of enabling the GUI
tabs throughout the data processing in each of the stages.
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1) 2) 3) 4)

5) 6) 7) 8)

a) b) c) d)

e) f) g) h)

Figure 3. Sequence of enabling the stages in the developed GUI of the tool for classification of
electronic tongue signals. (a) User Data Tab: Selecting the dataset and vector from Class Labels;
(b) Normalization Tab: Data Normalization; (c) Dimensionality Reduction Tab: Data dimensionality
reduction; (d) Plot Tab: 2D and scatter graphics display; (e) Classification Tab: Classifier selection;
(f) Validation Tab: Selection of the cross-validation method; (g) Results Tab: Visualization of the
Confusion Matrix and metrics of the classification model; (h) History Tab: Summary of tests carried
out.

In relation to the plots int the GUI, the data loaded in the GUI, as well as the normalized
data and data after the dimensionality reduction process can be visualized. A table or graph
visualization can be obtained by each experiment in the corresponding tabs. In Figure 4,
the original data are observed, in the Normalization and Dimensionality Reduction stage,
the graphs are made for sample 7 in the same stages.

a) b) c)

Figure 4. Viewing data as a sample chart or table. (a) Original data; (b) Standardized data; (c) Data
after dimensionality reduction.

3. Results

Through the GUI, the following tests are performed with the datasets described above,
see Section 2.

3.1. Comparison Plots 2D and Scatter

In the Plot tab the 2D and scatter graphs obtained after applying a dimensionality
reduction technique are displayed. Figure 5 shows the graphs obtained with three different
dimensionality reduction techniques applied to the first dataset. Additionally, new graphs
generated by selecting different dimensions are observed, the label corresponds to each
class of liquid in the dataset. Each graph can be saved in a file independently. The
parameters used for each dimensionality reduction technique are described below:
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a)

b)

c)

Figure 5. Data representation after dimensionality reduction. (a) Dimensionality reduction method =
Isomap, Dim = 8, K = 54, Plot Dim1 2D = 1, 2 (Default), Plot Dim1 3D = 1, 2, 3 (Default), Plot Dim2
2D = 3, 4, Plot Dim2 3D = 4, 5, 6; (b) Dimensionality reduction method = Locally Linear Embedding
(LLE), Dim = 8, K = 54, Plot Dim1 2D = 1, 2, Plot Dim1 3D = 1, 2, 3, Plot Dim2 2D = 4, 7, Plot Dim2 3D
= 4, 6, 8; (c) Dimensionality reduction method = Laplacian Eigenmaps, Dim = 8, K = 54, Plot Dim1
2D = 1, 2, Plot Dim1 3D = 1, 2, 3, Plot Dim2 2D = 2, 8, Plot Dim2 3D = 3, 5, 7.

3.2. Classification Accuracy Behavior

Two tests are described below to observe the behavior of the classification accuracy.
These tests are applied to the second dataset based on the developed methodology of [7].
First, the number of k neighbors of the k-NN Classifier is modified, varying its value from 1
to 16, but keeping the number of dimensions fixed at 8 in the PCA dimensionality reduction
technique. In the second test, the number of PCA dimensions is varied from 3 to 16, but
the number of neighbors is fixed equal to 2. In both tests, the group scaling method (GRPS)
is used to normalize the data and 5-Fold Cross validation is performed. The results of the
tests carried out are described below in Figure 6.

b)
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Figure 6. Confusion matrix results, and accuracy behavior varying the number of target dimensions
and number of k neighbors. (a) Confusion matrix and performance metrics of the classification model
for the Accuracy of 94.73% obtained in the first test with a parameter k = 2; (b) Confusion matrix
and performance metrics of the classification model for the Accuracy of 50% obtained in the first test
with a parameter k = 16; (c) Summary of the trials of the first trial displayed in the History tab of
GUI; (d) Excel file exported from History tab for the first test; (e) Graph of Accuracy vs. Number
of k Neighbors, obtained from the results in the first test. (f) Graph of Accuracy vs. Number of
Dimensions, obtained from the results in the second test.

131



Chem. Proc. 2021, 5, 21 6 of 6

4. Conclusions

This work showed the development of a tool for the processing of data contained
acquired by an electronic tongue type sensor array. First, the GUI design allows the user
to be guided intuitively through the signal processing methodology by enabling the tabs,
but at the same time it allows the user to choose the different techniques and methods,
as well as the parameter configuration. Second, the GUI offers the visualization of the
data, by means of tables or graphically, both the original data and those transformed
in the Normalization and dimensionality reduction stages. Another advantage is the
visualization of 2D and 3D scatter graphics, where the user can observe the distribution
of the samples, according to the selected feature extraction technique, choosing between
different combinations of dimensions. In the same way, this tool offers the visualization
of the results in the confusion matrix and the performance classification metrics of the
classification model, finally it provides a summary table of the tests carried out in such a
way that the user can easily compare the results obtained.
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Abstract: This study outlines the use of an electronic nose as a method for the detection of VOCs as
biomarkers of bladder cancer. Here, an AlphaMOS FOX 4000 electronic nose was used for the analysis
of urine samples from 15 bladder cancer and 41 non-cancerous patients. The FOX 4000 consists of
18 MOS sensors that were used to differentiate the two groups. The results obtained were analysed
using s MultiSens Analyzer and RStudio. The results showed a high separation with sensitivity and
specificity of 0.93 and 0.88, respectively, using a Sparse Logistic Regression and 0.93 and 0.76 using a
Random Forest classifier. We conclude that the electronic nose shows potential for discriminating
bladder cancer from non-cancer subjects using urine samples.

Keywords: electronic nose; bladder cancer; AlphaMOS FOX 4000; VOCs

1. Introduction

Bladder cancer (BC) is the eighth most common cancer worldwide. In the UK, there
were 12,434 new cases and 6458 fatalities in 2020 [1]. Fortunately, the survival rate for
bladder cancer remains good, with almost every three out of four people surviving the
disease for one or more years [2]. Even with this high survival rate, there has been no
significant improvement over the past ten years. The most common BC screening methods
are cystoscopy, urine cytology, and urine tests, including bladder tumour antigen (BTA)
test, nuclear matrix protein 22 (NMP22), urinary bladder cancer antigen (UBC), and fibrin
degradation products (FDP) [3,4]. Unfortunately, none of these are effective enough for
early diagnosis of BC and they are both expensive and invasive [5,6]. Therefore, there is a
need for a more disease-specific, non-invasive, highly sensitive and low-cost screening test
for BC.

The use of Volatile Organic Compounds (VOCs) has provided a new perspective for
the early detection of cancer. The alterations in VOCs emitted from the body reflect the
changes inside the body caused by this disease. VOCs can be measured from a range
of different biological sources including urine [7], saliva [8], breath [9], faeces [10] and
blood [11]. Measuring VOCs can be simple and non-invasive, mapping well onto the
needs of a screening test [12]. Different studies that have previously been performed
to analyse VOCs to diagnose BC, have mainly focused on urine and faeces [13,14]. The
most common approach is to use GC-MS (Gas Chromatography-Mass Spectrometry).
However, the analysis time is long (tens of minutes) and it is expensive, both in terms of
equipment and running costs [15]. An alternative is to use an electronic nose (eNose), an
instrument designed to mimic the human olfactory system. The eNose is widely used in

Chem. Proc. 2021, 5, 22. https://doi.org/10.3390/CSAC2021-10438 https://www.mdpi.com/journal/chemproc133



Chem. Proc. 2021, 5, 22 2 of 6

the food and beverage industry [16], environment control, pharmaceutical companies [17]
and biomedical applications [18]. Several previous studies have been undertaken for the
detection of bladder cancer using the eNose. Van De Goor et al. used breath to distinguish
head and neck, colon and bladder cancer using an electronic nose [19]. Another study
conducted by Bernabei et al. was able to identify 100% of patients with urinary tract cancer
(bladder and prostate cancer combined) from healthy controls [20]. A further study showed
that bladder cancer was identified with the use of fluorescence urinary VOCs detection
with a sensitivity of 84.2% and a specificity of 87.8% [21].

In our study, we aimed to identify and test the potential of urinary biomarkers to
distinguish between BC and non-cancerous groups using an electronic nose. This is the
first study conducted using an AlphaMOS FOX 4000 eNose to identify bladder cancer from
non-cancerous samples using urinary VOCs.

2. Materials and Methods

2.1. Study Design

A total of 56 patients were recruited at University Hospital Coventry and Warwickshire
NHS Trust, UK. This study was approved by Coventry and Warwickshire and North-East
Yorkshire NHS Ethics Committees (Ref. 18717 and Ref. 260179). Out of 56 patients, 15 were
confirmed with BC, and 41 non-cancerous (symptoms suggestive of but excluded after
further investigations). The demographics for these groups are shown in Table 1.

Table 1. Demographic for the study.

Group Bladder Cancer Non-Cancerous

Number of samples 15 41
Mean Age (years) 70.0 (90–50) 62.5 (90–32)
Sex: Male/Female 12:3 24:12

Avg. BMI 24.4 (27.4–19.8) 30.9 (37.3–22.4)
Current Smoker

(Number and % of patients) 1 (6.7%) 3 (8.3%)

The samples were collected and stored in standard sterile specimen containers and
frozen for 2 h at −80 ◦C. The samples were then shipped to the University of Warwick
for testing, where the samples were defrosted in a laboratory fridge at 4 ◦C and 3 mL of
sample aliquoted into 10 mL glass vials [22].

2.2. AlphaMOS FOX 4000 (Toulouse, France)

The AlphaMOS Fox 4000 is an eNose that comprises 18 commercial metal oxide sensors
(MOS) distributed in three temperature-controlled chambers. There are 6 p-type sensors
and 12 n-type sensors. The output of the sensors is measured as resistance. The FOX 4000
is fitted with a CombiPAL HS-100 auto-sampler using a 2.5 mL gas syringe. In testing,
the samples were placed in the autosampler, then were agitated, and heated to 40 ◦C for
10 min. The headspace was then injected into the eNose at a rate of 200 mL/min into a flow
of 150 mL/min of zero air. Each sample was analysed for 180 s by all the 18 MOX sensors.

2.3. Statistical Analysis

The sensor’s responses were extracted using AlphaSoft (AlphaMOS v12.36) and
then analysed using a MultiSens Analyzer (JLM Innovation GmbH, Tübingen, Germany)
and RStudio (Version 1.4.1106). AlphaSoft is a software product developed to control
AlphaMOS instruments. The output generated by the program was processed and exported
in ASCII format. These files were further analysed using a MultiSens Analyzer (JLM
Innovation GmbH, Germany) for multivariate analysis. Due to the high dimensionality
of the data, the maximum change in resistance was extracted per sensor and used as the
input features for a PCA (Principal Component Analysis) and an LDA (Linear Discriminant
Analysis). The feature matrix was also exported and further processed using a custom
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analysis pipeline created in RStudio. Here, 10-fold cross-validation was performed where
the data was divided into 10 equally sized groups, with nine groups being used for model
training and then applied to the 10th group as a test set. This was repeated 10 times until
all the samples had been in a test group. SMOTE (Synthetic Minority Over-Sampling
Technique) was performed on the data groups due to the high imbalance in the sample
size for BC and the non-cancerous group. It generated syntenic balanced, which were
then used to train the classifier [23]. This was undertaken inside the training fold so as
not to affect the test result. Two classification models were applied to the data, specifically
Random Forest (RF) and Sparse Logistic Regression (SLR), which we have successfully used
before in similar studies [24]. From the resultant probabilities, statistical parameters were
calculated, including Receiver Operator Characteristic (ROC) curve, area under the curve
(AUC), sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV).

3. Results

The typical output from the FOX 4000 eNose is shown in Figure 1, where each curve
represents the response of a sensor to a BC urine sample. Here, the sensor response is
defined as intensity, which is the change in resistance from the baseline divided by the
baseline resistance.

 

Figure 1. A typical output from AlphaMOS FOX 4000 to a BC urine sample.

The PCA results obtained from the MultiSens Analyzer are shown in Figure 2. The
data shows that most of the sample variance can be plotted in the first principal component
(85.3%). Furthermore, there is reasonable separation (though not perfect) between the BC
and non-cancerous groups.

Figure 2. PCA output from BC and non-cancerous groups.

LDA was also performed on the data, as shown in Figure 3, to show the maximum
potential separation between BC and Non-cancer samples.

135



Chem. Proc. 2021, 5, 22 4 of 6

Figure 3. LDA output from BC and non-cancerous groups.

Finally, output statistical parameters were calculated, the results of which are shown
in Table 2.

Table 2. Statistical output from FOX.

Sparse Logistic Regression Random Forest

AUC 0.92 (0.85–0.99) 0.86 (0.76–0.97)
Sensitivity 0.93 (0.68–0.99) 0.93 (0.68–0.99)
Specificity 0.88 (0.74–0.96) 0.76 (0.59–0.88)

PPV 0.74 0.58
NPV 0.97 0.97

The highest separation between the BC and non-cancerous group was obtained using
Sparse Logistic Regression with an AUC (Area Under the Curve) of 0.92. The sensitivity
and specificity obtained were 0.93 and 0.88, respectively. The high sensitivity and specificity
signify that the SLR correctly predicted 36 out of 41 non-cancerous patients and was able
to identify 14 BC patients out of 15.

The RF classifier was able to achieve a sensitivity of 0.93 with a specificity of 0.76. The
AUC for this classifier was 0.86. With the RF classifier, the model was able to correctly
identify 31 of the non-cancerous samples and 14 BC samples out of 15.

This shows that eNose can distinguish cancer samples from non-cancerous samples.
The ROC curve for random forest classifier distinguishing BC and the non-cancerous group
is shown in Figure 4.

 

(a) (b) 

Figure 4. (a) illustrates ROC curve distinguishing BC from Non-cancerous group using Sparse
Logistic Regression and (b) illustrates ROC curve distinguishing BC from Non-cancerous group
using Random Forest classifier.
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4. Discussion

In this paper, we have shown that the AlphaMOS FOX4000 Electronic nose was able
to distinguish bladder cancer urine samples from non-cancerous samples based on their
VOC profile. Our findings prove that eNose can be used to accurately separate these
two groups. This is the first study to compare bladder cancer urine samples from non-
cancerous samples using this eNose, which has the advantage of being fully automated
allowing large numbers of samples to be tested easily.

In our study, we were able to separate the bladder cancer urine samples from the non-
cancerous group with a high AUC of 0.92 and 0.86 using SLR and RF classifiers, respectively.
For the classification of BC and non-cancerous groups using SLR, the sensitivity and the
specificity obtained were 0.93 and 0.88, respectively. The threshold value for classification
of the two groups was 0.13 and the p-value was <0.001. For the RF classifier, the sensitivity
and specificity obtained were 0.93 and 0.76. The threshold value and p-value were 0.29 and
<0.001, respectively.

We found that eNose was able to identify 14 BC samples out of 15, and 36 out of
41 non-cancerous samples using Sparse Logistic Regression classifier. However, our study
is limited by the small number of samples, and we did not attempt to identify the specific
VOC biomarkers involved. A previous study with a commercial eNose (Sensigent Cyranose
320) also showed high sensitivity and specificity [14], with comparable results to those
found here. The sensitivity of eNose highly depends upon the material of the sensors and
the environmental conditions, such as humidity and temperature [25]. A further limitation
of our study was the lack of healthy controls for comparison. Further investigation is
required to understand the specific chemicals associated with separating BC from non-
cancer and to test samples from a larger patient group.
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Abstract: In recent years, many applications have been developed for the detection of different
toxic metals (As, Cd, Cu, Hg, Ni, Pb) in water samples. The classic analytical methods (ICP-MS,
AAS with graphite furnace, ICP-EOS with ultrasonic nebulizer) not only require a longer analysis
time (pretreatment of the sample and analysis), but also the costs involved are higher as a result of
expensive equipment, costs associated with the method validation process and qualified staff. The
use of modified electrodes for trace metals analysi from wastewater samples represents a modern
approach which can provide accurate, fast results with selectivity and sensitivity. Thus, here we
present the development of the previously obtained glassy carbon-modified electrodes based on
poly(2,2′-(ethane-1,2-diylbis(2-(azulen-2-ylamino)-2-oxoethyl)azanediyl))diacetic acid, (polyL) in
laboratory-scale studies. In order to analyze Hg(II) ion content from aqueous samples, an assembly
system made of carbon screen-printed modified electrodes (SPEs) modified with polyL selective
complexing polymeric films coupled with a portable potentiostat was used. The detection of Hg(II)
ions was accomplished by chemical accumulation in an open circuit followed by anodic stripping
using the differential pulse voltammetry technique. The calibration curve of the analytical method
was situated in the range of 20 ppb to 150 ppb (y = 0.0051x + 0.123, R2 = 0.9951), with a detection
limit of 6 ppb. The precision value for the lower limit of the calibration curve was 20%, while for
the upper limit, the value was 10.5%. The novelty of the method consists not only of the low cost
of the analysis, but also of the possibility to provide real-time reliable information about the Hg(II)
concentration in wastewater using a small and portable device.

Keywords: complexing polymer; modified electrode; voltammetric detection; mercury analysis
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Abstract: Rheumatoid arthritis is an autoimmune disorder characterized by persistent erosive
synovitis, systemic inflammation and the presence of autoantibodies, which play an important role in
inducing inflammation and joint damage, releasing pro-inflammatory cytokines from monocytes and
macrophages [1,2]. Likewise, neutrophil activating protein-2 (CXCL7) is a platelet-derived growth
factor belonging to the CXC chemokine subfamily, which is expressed in serum, synovial fluid and
synovial tissue of patients developing rheumatoid arthritis during the first twelve weeks, being
useful to reflect local pathological changes [3]. Besides, matrix metalloproteinase-3 (MMP-3), which is
induced by inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-
α) in rheumatoid synovium, degrades several extracellular matrix components of cartilage and plays
central roles in rheumatoid joint destruction [4]. Therefore, monitoring serum CXCL7 and MMP-3
levels is useful for predicting the disease activity in rheumatoid arthritis. In this work, the construction
and analytical performance of a dual electrochemical platform for the simultaneous determination
of CXCL7 and MMP-3 is described. After the optimization of experimental variables involved in
the preparation and implementation of the biosensor, the analytical usefulness of the developed
configuration was demonstrated by its application to the determination of these biomarkers in
serum samples from healthy individuals and patients with rheumatoid arthritis. To carry out the
simultaneous determination of CXCL7 and MMP3 in human serum, just a fifty-fold sample dilution
in PBS of pH 7.4 was required. In addition, the results obtained using the dual immunosensor
were compared with those provided by the respective ELISA immunoassays, yielding no significant
differences between the two methods. It is important to highlight that reagents consumption, four
times smaller using the dual immunosensor than that required in the ELISA protocol, and an assay
time of 2 h 50 min versus almost 5 h, counted in both cases after incubation of the capture antibody,
are advantageous features of the dual immunosensor [5].

Keywords: rheumatoid arthritis; CXCL7; MMP-3; immunosensor; simultaneous determination;
human serum samples
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Abstract: Mycotoxins are the toxic secondary metabolites naturally produced by fungi; their contam-
ination in agricultural products and food severely threatens food safety and public health worldwide.
The reliable, efficient, and sensitive quantification of mycotoxins in food has become increasingly
challenging to tackle due to the complexity of food matrices and their low level. Visual detection has
emerged as a popular trend toward miniaturization and simplification of mycotoxins assays yet is
constrained with their limited sensitivity. This review mainly focuses on the various sensitive visual
immunoassays for signal amplified detection of mycotoxins. These signal amplified immunoassays
for the improved sensitivity of mycotoxins detection in food through nanomaterials for encapsu-
lation enzyme, enzyme-mediated nanomaterials as the amplified signal readout, and nanozyme.
Furthermore, the underlying principle and the advantages of visual immunoassays for mycotoxins
have been proposed. And the challenges and perspectives have been proposed to develop improved
efficient visual immunoassays for mycotoxins in food.

Keywords: mycotoxins; nanomaterials; catalysis; immunoassay; visualization

1. Introduction

Mycotoxins are toxic secondary metabolites secreted by fungi under suitable tem-
perature and humidity pre- and/or post-harvest [1–3]. Mycotoxins can affect the quality
and safety of agriculture products, the associated processed foodstuffs, feedstuff, and
animals. Over 400 mycotoxins have recently been identified, the worldwide occurrence of
mycotoxins involving aflatoxin (AF), ochratoxin (OT), zearalenone (ZEN), deoxynivalenol
(DON), fumonisin (FB), and T-2 toxin [4,5]. It is well known that aflatoxin is the represen-
tative mycotoxins, including AFB1, AFB2, AFG1, and AFG2, which has been confirmed
to be immunosuppressive, teratogenic, and mutagenic [6,7]. Meanwhile, AFB1 could be
metabolized into the toxic hydroxyl metabolite of AFM1, which is widespread presence of
milk and dairy products.

Additionally, ZEN with a strong estrogenic effect and OTA with neurotoxicity and hep-
atotoxicity could adversely affect animals and humans. To protect humans from exposure
mycotoxins, strict standards of limiting mycotoxin levels in food and the associated prod-
ucts have been regulated in many countries worldwide [8]. The monitoring of mycotoxins
has been recognized as a significant way to safeguard food safety. However, mycotoxins
detection in food matrices is challenging due to their low levels and complex food matrices.

Chem. Proc. 2021, 5, 25. https://doi.org/10.3390/CSAC2021-10443 https://www.mdpi.com/journal/chemproc143



Chem. Proc. 2021, 5, 25 2 of 14

Accordingly, it is highly desirable to conduct the effective, reliable and sensitive analytical
strategy for screening mycotoxins in food matrices.

Nowadays, many efforts have been made to detect mycotoxins in food, involving
instrumental analysis [9–13] and immunoassays [14–16]. The instrumental analysis re-
quires expensive, sophisticated instruments, a time-consuming sample preparation process,
and well-trained staff, which is not suitable for rapid screening numerous samples, and
precludes their wide application in resource-constrained regions [17]. Immunoassays have
been extensively identified as promising specific recognition for quantifying mycotoxins
thanks to their sensitivity, on-site, as well as high-throughput screening capability. The spe-
cific recognition interaction between antibody and antigen has generally favored highly se-
lective and reliable monitoring of mycotoxins. Various signal transduction techniques have
currently been utilized to conduct mycotoxins immunoassays, such as fluorescence [18–20],
electrochemistry [21–24], chemiluminescence [25], and colorimetry [26–28]. Attractively,
visual detection, a popular trend toward miniaturization and simplification analysis, is
capable of directly observing the results by the naked eye without other sophisticated
instruments [29–31].

Currently, various immunoassays involving enzyme-linked immunosorbent assay
(ELISA) [32,33], lateral flow immunoassay (LFI) [34–37] have been demonstrated as an ex-
cellent platform for discrimination of mycotoxins. Among them, ELISA and LFI served as
the representative visual immunoassay, have attracted continuous interest due to their ad-
vantages of simple, and on-sites for rapid screening mycotoxins. Yet, the sensitivity of these
conventional visual detection methods require improvement to monitor trace amounts
of mycotoxins in complex food matrices. Thus, numerous studies have currently been
devoted to the construction of the visualized immunoassays for enhancing the sensitivity
of mycotoxins detection via signal amplification.

Recently, the robust enzyme catalytic amplification has been confirmed to enhance the
sensitivity of immunoassays. Particularly, elaborate enzymatic strategies for improving the
limited enzyme amount and the catalytic activity have been engineered as efficient and
sensitive immunoassays for high-performance sensing targeted analytes. The emerging
nanomaterials with unique optical, electrical, magnetic, and catalytic properties provide
new opportunities for improving enzymatic immunoassays [38–42]. More evidence has
revealed that the integration of novel nanomaterials promoted sensitivity improvements
on mycotoxins detection [43–45]. For instance, Au nanoparticles (AuNPs) functionalized
with antibodies, effectively discriminating the immune complex and enzyme to catalytic
reaction substrate, significantly elevated their analytical performance [46–48]. Accord-
ingly, the combination of nanomaterials and enzymatic immunoassays provides a potent
signal amplified platform for highly sensitive and specific rapidly screening of mycotox-
ins. Herein, we summarize the improvements on visual immunoassays of mycotoxins
by integrating nanomaterials and enzymatic signal amplification. The improvements in
sensitivity of mycotoxin in food were emphasized with the assistance of nanomaterials for
encapsulation enzyme, enzyme-mediated nanomaterials as the amplified signal readout,
and nanomaterials for enzyme-mimics. Challenges and outlook of mycotoxin detection
have been proposed to develop improved and efficient visual immunoassays in food.

2. The Signal Amplified Strategies

Natural enzymes, as potent biocatalysts have been widely used in countless labora-
tories, medical and food safety fields thanks to their high catalytic activities, substrate
specificity, good biocompatibility, and wide range of biocatalysis [49,50]. ELISA is a classical
enzyme-based visual immunoassay, which mainly includes the sorbent substrate, immuno-
recognition and enzyme labels. The antigen or antibody serves as sorbent substrate to
immobilize onto the supporting material, enzyme-labeled molecule then immobilized to
sorbent [51]. The sensing principle of ELISA mainly relies on the specific immune reaction
between antibodies and antigens. Generally, after precoating the antibody or antigen on
the sorbent substrate through physical absorption, the antigen or antibody were captured
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via specific immuno-recognition, and further immobilized on the substrate. The enzyme-
labeled antibody would bind to the antigens to form a bioconjugation. Significantly, the
enzyme catalyzes the colorless chromogenic substrate to generate colorimetric output, and
the resultant colorimetric signal is recorded by UV-vis spectrophotometer or microplate
reader to quantify the analyte concentration [52,53]. The sensitivity of ELISA could be
effectively enhanced by improving the absorbent substrate, the recognition element, en-
zyme label, or chromogenic reagent. Among them, natural enzymes represent robust
signal amplification, which has been extensively utilized to develop the highly sensitive
immunoassays for trace level mycotoxins because of the catalytically amplified signal.

The peroxidase activity of horseradish peroxidase (HRP) has been used in the tra-
ditional ELISA, where HRP served as signal amplification for catalysis H2O2 into hy-
droxyl radical (•OH) that can react with the colorless chromogenic substrate 3,3′,5,5′-
tetramethylbenzidine (TMB), 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
or o-phenylenediamine (OPD) into blue TMBox, green ABTS+•, or yellow OPDox under
acidic condition. The colorimetric signal intensity is associated with the anchored HRP-
labeled antigen or antibody for catalysis chromogenic substrates [54]. Accordingly, the
analytes can be quantified through a direct method or an enzyme-labeled secondary anti-
body. In the previous studies, HRP-labeled antibodies were the most commonly used in the
traditional ELISA to realize the various mycotoxin detection in foods [55–59]. The aforemen-
tioned ELISA adopted enzyme-labeled secondary antibodies through chemical conjugation
to generate a signal. Yet, the chemical conjugation of the enzyme might result in the loss of
enzyme activity, low stability for reagents labeling, and decreased sensitivity and specificity
of the ELISA [60]. More evidence was revealed that the fusion protein had been recognized
as an immunological agent for mycotoxins detection since its good antigen binding and
enzyme activity. A nanobody-alkaline phosphatase (ALP) fusion protein has been revealed
to improve the sensitivity for FB1 and OTA detection in argo-products [61–63].

Note that the enzyme-labeled antigen or antibody revealed the limited enzyme
molecules. For instance, HRP-labeled conjugate always presented the limited HRP molecules
with approximately 2–3 HRP per antibody [64], which remarkably weakened the enzymatic
signal amplification and the sensitivity of immunoassays. Besides the limited enzyme
molecules, the low economy of the conjugated enzyme might lead to an increase the
production cost of the immunoassays [65,66]. Meanwhile, enzyme-label is susceptible to
decreasing or even losing catalytic activity upon practical detection [67]. Thus, the efficient
strategies of augmenting enzyme amounts contribute to amplifying the sensitivity of visual
immunoassay. Various enzymatic signal amplification immunoassays using nanomaterials
as a robust scaffold for enzyme immobilization, enzyme-mediated nanomaterials for am-
plified signal readout, and nanozyme as an alternative for natural enzyme have recently
been used to improve the enzyme loading and catalytic activity.

2.1. Immobilized Natural Enzymes on Nanomaterials for Amplification

Increasing the enzyme amounts in the final antigen–antibody–enzyme complex facili-
tates the catalysis of the substrate and signal amplification in a single recognition reaction
(Figure 1A). Attractively, nanomaterials can execute as excellent carriers for loading and
immobilizing enzymes by virtue of their large surface area-to-volume ratio, high loading
capacity, facile fabrication, ease of functionalization, and high chemical stability. The mul-
tienzymes and antibodies immobilized on the surface of a single nanomaterial to effectively
amplify the detectable signal, and thus enhance the sensitivity [68]. The emerging nanoma-
terials of metal/metal oxides nanoparticles, silica nanoparticles [69], carbon nanomaterials,
and metal-organic frameworks have been demonstrated as excellent carriers for immobiliz-
ing natural enzymes for sensitive analysis. For instance, Zhu et al. utilized botryoid-shaped
Au/Ag nanoparticles (BSNPs) loading HRP–IgG to construct indirect competitive ELISA
for amplified ochratoxin A (OTA) detection in four wheat samples. After precoating the
OTA-OVA antigen, the analyte of OTA was introduced as a competing component, fol-
lowed by the addition of an anti-OTA antibody. Thus HRP-IgG-BSNPs complex was used
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as the enzyme-labeled secondary antibody for catalysis colorless TMB into blue oxidized
TMB with the assistance of H2O2. And the colorimetric intensity was recorded by a mi-
croplate reader to examine the OTA level. The high loading amount of HRP–IgG onto the
BSNPs contributed to improved sensitivity of OTA with the IC50 of 0.05 ng/mL, which
revealed a 30-fold improvement compared to the conventional ELISA [70].

Figure 1. (A) The improved immunoassays using nanomaterials for immobilization natural enzymes.
(B) AuNPs-HRP-goat anti-mouse IgA enhanced ELISA for FB1. Reprinted from ref. [71]. Copyright
2018 Royal Society of Chemistry. (C) Zeolitic imidazolate framework-encapsulated HRP-based
ELISA for ZEN. Reprinted from ref. [72]. Copyright 2021 Elsevier. (D) SiO2 NPs carrying poly
(acrylic acid)@CAT-based ELISA for OTA. Reprinted from ref. [73]. Copyright 2016 American
Chemical Society.

Similarly, Li et al. [71] developed an indirect competitive ELISA for the total FB1, FB2,
and FB3 detection in maize samples based on AuNPs immobilized HRP-goat anti-mouse
IgA. The enhanced sensitivity was approximately ten times compared to the conventional
ELISA (Figure 1B). Liu et al. [72] developed metal-organic frameworks (MOFs)-loaded
HRP and goat anti-mouse IgG for ZEN detection in argo-products. The LOD of this im-
munoassay achieved 0.5 ng/L for ZEN detection, which showed an approximately 126-fold
enhancement relative to conventional HRP-based immunoassay (Figure 1C). Besides single
nanomaterials, polymer-coated nanomaterials as enzyme containers have demonstrated to
be the amplified strategies of conventional nanomaterials for further elevating the enzyme
loading capacity of nanomaterials. Xiong’s group presented that SiO2 NPs carrying poly
(acrylic acid) (PAA) brushes as a “CAT container” were used to amplify the sensitivity of
OTA in various argo-products [73]. In this case, the SiO2@PAA@CAT could generate a
signal amplification for plasmonic ELISA by using catalase (CAT)-catalyzed the changed
plasmonic signal readout of AuNPs. The LOD by naked eye and microplate reader was
10−18 and 5 × 10−20 g/mL, which was seven and eight orders of magnitude lower than
that of CAT-based ELISA (10−11 g/mL by the naked eye) and HRP-based conventional
ELISA (10−11 g/mL by the microplate reader) (Figure 1D).
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2.2. Natural Enzyme-Mediated Nanomaterials for Amplified Signal Readout

In addition to the typical chromogenic substrate, natural enzyme-catalyzed products
enable to regulate the color change of nanomaterials, especially for plasmonic property of
AuNPs, achieving the visual detection of mycotoxins (Figure 2A). For instance, Xiong’s
group [74] developed a direct competitive ELISA through CAT-mediated AuNPs aggrega-
tion using HRP + H2O2 + tyramine system. In this case, phenol polymerization of tyramine
by •OH from HRP-catalyzed H2O2 triggered AuNPs aggregation. The competitive antigen
of OTA-labeled CAT was employed to catalyze H2O2 into H2O and O2. AuNPs presented
monodisperse (red) without OTA, while the AuNPs aggregation (blue) was observed with
OTA, and the extinction spectra of AuNPs were used as the signal recorder. The combined
advantages of ultrahigh CAT catalytic activity and color change of AuNPs contributed
to sensitively detecting OTA in corn samples. The IC50 and LOD (IC10) of OTA were
84.75 and 17.8 pg/mL, which revealed a 2.9- and 2.7-fold enhancement compared with the
conventional ELISA (Figure 2B).

Meanwhile, this group also utilized the glucose oxidase (GOx) -catalyzed glucose
into H2O2, which reduces Au3+ into Au0 on the surface of Au seeds with an obvious
color change for a direct competitive ELISA for FB1 detection in maize samples. The
IC50 was 1.86 ng/mL, approximately 13-fold lower than that of HRP-based conventional
ELISA [75]. Apart from AuNPs, enzyme-assisted etching of Au nanorods (NRs) triggered
visual detection of mycotoxins. HRP-assisted AuNRs-etching direct competitive ELISA
was developed to sensitively detect AFB1 in corn samples. The competitive antigen of
AFB1-labeled GOx could catalyze glucose molecules into H2O2, and HRP simultaneously
catalyze H2O2 to form •OH. The rod-like morphology AuNRs was chemically etched to
spherical morphology by •OH, leading to visual signal output. The etching process of
AuNRs efficiently occurred without AFB1, yet the blocking of AuNRs etching was clearly
presented in the presence of AFB1. The decreased optical density and the apparent color
change from bluish-green to red were collected by a microplate reader or the naked eye
for qualitative AFB1 detection. The method allowed sensitive determination of AFB1 with
IC50 of 22.3 pg/mL, which enhanced 32 times compared to the traditional ELISA [76].

Although these approaches achieved superior sensitivity, most of them rely on tradi-
tional single-signal readout mode. And these strategies might encounter the limitation of
inaccuracy for mycotoxins evaluation, which was partly ascribed to external interferences,
such as nonstandard test processes, different operators, or diverse surrounding environ-
ments [77–79]. Recent development in mycotoxins immunoassays enable the integration
of visual and various signal transduction techniques into dual-signal strategies, and thus
offering multi models for mycotoxins detection because of their self-calibration. Typically,
by using the changed multiple color and LSPR shifts of Au nanobipyramids etched by •OH
generated from HRP-catalyzed H2O2, and the changed photocurrent of CdS etched by the
oxidized HRP. Wei et al. [80] developed an improved colorimetric and photoelectrometric
immunoassay for ochratoxins (Figure 2C). The nanoliposomes as the vehicle for carrying
more secondary antibodies and encapsulating HRP significantly amplified the detection
signal, realizing the simultaneous detection of three ochratoxins (OTA, OTB, and OTC).
The dual-modality immunoassay showed high sensitivity with LOD of 0.7 and 1.7 ng/L for
photoelectrometric and colorimetric readouts, respectively. Attractively, the dual-modality
response immunoassays showed a more accurate and reliable outcome compared with the
single modality.
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Figure 2. (A) The enzymes-catalyzed products-mediated nanomaterials for signal readout. (B) CAT-
mediated AuNPs aggregation-based ELISA for OTA. Reprinted from ref [74]. Copyright 2018
Elsevier.(C) HRP-mediated Au nanobipyramids etching process-based immunoassay for ochratoxins.
Reprinted from ref. [80]. Copyright 2019 American Chemical Society.

2.3. Nanozyme for Signal Amplification

Although natural enzymes are extensively used in various fields, their catalytic ac-
tivities were still susceptible to the extreme environment, e.g., heat, pH, organic solvents,
mechanical stress, heavy metal, etc. Meanwhile, they present many shortcomings, such as
high expense, low recyclability, poor operational stability and limited practical applications,
e.g., the preparation, reaction, and storage requirements [81–83]. Nanomaterials-based
artificial enzymes (nanozyme) have been particularly attractive since the discovery of
Fe3O4 NPs with peroxidase-like activity by Yan’s group in 2007 [84]. Nanozymes are ideal
candidates for alternative natural enzymes due to their high catalytic activity, tunable cat-
alytic activity and types, multienzyme mimetic activity, high stability, low cost, durability
and ease of functionalization [62]. Nowadays, various nanozymes have been served as
catalytic labels for multi-category signal amplification in newly developed immunoassays.
Numerous studies revealed that metal NPs (Au, Ag, Pt, Pd) [85,86], metal oxide NPs
(Fe3O4, CeO2, MnO2, CuO) [87–92], carbon-based (graphene oxide, carbon nitride, carbon
dots) [93–96], and MOFs-based nanomaterials [97–99] with peroxidase-, catalase-, oxidase-,
superoxide dismutase-mimicking properties.

These nanozymes have been designed to amplify the sensing of mycotoxins (Figure 3A).
For example, Xu et al. [100] developed an indirect competitive MOFs -linked immunosor-
bent assay for the high throughput and sensitive detection of AFB1 in grain drinks.
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Peroxidase-like activity of MOFs (MIL-88) was conjugated to a secondary antibody to
substitute natural HRP-labeled secondary antibody. The MOFs-based immunoassay al-
lowed to sensitively detect AFB1 with the LOD of 0.009 ng/L with 20 times improvement
compared to the conventional ELISA. The enhanced sensitivity might arise from their
good dispersity, more active sites, and pores of MOFs-labeled antibodies promoted the
catalytic reaction between MOFs-labeled antibody nanozyme and substrate. Significantly,
the immunoassay could successfully decrease the occurrence of false positives and false
negatives during the detection of AFB1 (Figure 3B).

Furthermore, Zhu et al. [101] developed a competitive ELISA that was constructed to
sensitively monitor OTA in millet samples through octahedral Cu2O nanoparticles etching
of Au nanobipyramids. Peroxidase-mimicking activity of Cu2O could oxidize TMB in the
presence of H2O2, and the yellow product TMB2+ could etch the Au nanobipyramids, trig-
gering a significant longitudinal peak blue shift of local surface plasmon resonance. In this
case, a dopamine-coated microplate was used to capture OTA antigens, and followed by the
immunoreaction between OTA antibodies and the Cu2O-labled secondary antibody. The
growing concentration of OTA resulted in a decrease of Cu2O-labled secondary antibody
amount, further imposing adverse effects on the generation of catalytic product TMB2+

and the etching process of AuNRs (Figure 3C). The method allowed to sensitively detect
OTA with LOD of 0.47 ng/L.

Apart from the single nanozyme for signal amplification, multienzyme-based cas-
cade catalysis is another important signal transduction and amplification strategy. In the
catalytic cascade system, the decreased diffusion path of intermediates between the en-
zymes enables the improvement of unstable intermediates, facilitating their efficiency
and specificity [102–104]. Meanwhile, the single substrate can be converted into more
signal molecule through the multienzyme-associated continuous catalysis reaction and
contributes to the signal amplification [68,83,105]. Lai et al. [105] proposed a competitive
cascade amplified immunoassay for AFB1 detection in peanut samples by a combination of
ascorbate oxidase (AOx)/anti-AFB1 antibody-labeled AuNPs and oxidase-mimics MnO2
(Figure 3D). With the assistance of ascorbic acid (AA), a blue MnO2-TMB system was
converted into a colorless system because of the dissolution of MnO2 into Mn2+. Once
introduced AOx, the color change could be suppressed since AOx catalysis AA to dehy-
droascorbic acid. The cascade signal amplification remarkably improved the sensitivity of
AFB1 with LOD of 6.5 pg/mL, which approximately enhanced 15-, 7-, and 38-fold com-
pared to the existing commercialized AFB1 kits (e.g., QuickingBiotech:100 ppt; Max Signals:
50 pg/mL; MyBioSource: 250 pg/mL). Similarly, Lai further developed a competitive
immunoassay for sensitive screening AFB1 in a peanut sample (LOD: 0.1 ng/mL), based
on the just-in-time generation of an oxidase, mimics MnO2 through the reaction KMnO4
and Mn2+ with the assistance of AOx [106].

Similar to ELISA, LFI is another important visual immunoassay for nanomaterials-
labeled one-step immunochromatographic paper-based point-of-care tests. LFI is widely
used in food safety owing to its low cost, speed, and ease of use [107–109]. The components
of LFI mainly include a sample pad, a nitrocellulose (NC) membrane containing the test
and control zones, conjugate and absorbent pads from cellulose, and a polyvinyl chloride
backing card for assembling the components [110]. Once the sample solution is dropped
onto the sample pad, it can migrate along the strips driven by capillary forces. Then, the
sample dissolves the detection reagent in the conjugation pad, followed by flows along the
strip within the porous membrane, where the analyte and the signal reporter were captured
on the test line, thereby leading to the generation of a detectable signal. The sensing
principle of LFI for analytes mainly includes the competitive and sandwich types. Generally,
the competitive LFI is utilized to analyze mycotoxins due to their low-molecular weight. For
the competitive LFI, the analyte competes with the same molecule, or the analyte blocks the
capture agent attached on reporter tags in conjugation [111,112]. The resultant detectable
signal intensity of the test line decreased upon the growing concentration of mycotoxins.
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Figure 3. (A) Nanozyme-based immunoassays. (B) MOFs-linked immunosorbent assay for AFB1

detection. Reprinted from ref. [100]. Copyright 2021 Elsevier.(C) Peroxidase-like activity of Cu2O-
based immunoassay for OTA detection. Reprinted from ref. [101]. Copyright 2021 Springer Nature.
(D) MnO2-AOx cascade amplified immunoassay for AFB1 detection. Reprinted from ref. [105].
Copyright 2017, Elsevier.

For colorimetric LFI, AuNPs are the common signal labeled material for visual out-
put through non-covalent electrostatic adsorption of antibodies or antigens [113]. Au-
nanomaterials-based LFI have been extensively developed for analysis multiplex myco-
toxins including FB1 [114], AFB1 [115], OTA [116], ZEN [117] etc. In addition, natural
enzymes also provide signals through conjugating to mycotoxin-protein and are executed
as the signal transducer to achieve visual detection, such as HRP-labeled antibodies or
/antigen for immunological recognition construction LFI [118,119]. Nowadays, numerous
nanozymes have been used to label antibodies or antigens for rapid visual LFI. The evi-
dence of Fe3O4 nanozyme for enhanced detection Ebola virus with 100 times enhancement
compared to the conventional AuNPs-based LFI, revealing the signal amplification abil-
ity of nanozyme [120]. Various fascinating nanozyme, such as AuPt nanoflowers [121],
Pt nanocatalyst [122], Pt-Ni(OH)2 nanosheets [123], Prussian blue NPs (PBNPs) [124], have
been used to construct LFI, and realized their widely application in food safety. For ex-
ample, Tian et al. developed PBNPs as a marker signal LFI platform for OTA in soybeans
samples. The new signal of PBNPs can be amplified via the TMB cascaded signal. The
colorimetric signal of PBNPs accumulated on the test line through specific immune interac-
tions, triggering the formation of a visible blue line. Meanwhile, the colorimetric signal
could be further amplified via the peroxidase-mimic property of PBNPs. The resultant col-
orimetric images and grey intensity for OTA concentration were collected and analyzed by
a smartphone and software Image J, respectively. This proposed LFI significantly improved
the sensitivity of OTA with 2–3 orders of magnitude relative to commercial AuNPs-based
LFI [125]. Although nanozyme have been extensively applied in food analysis, their poor
substrate specificity, unclear mechanism, lack of standards and reference materials, and
potential toxicity remained the major challenges for their further application.

3. Conclusions and Outlook

Mycotoxin contamination is a continuous global concern for food safety. Visual
immunoassays remain simple, rapid, on-site detection of mycotoxins contamination as an
alternative to traditional sophisticated techniques. The combination between conventional
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visual immunoassays and nanomaterials, novel visual immunoassays tend to be popular
for mycotoxins by using the signal amplified strategies for tackling their inherent limited
sensitivity. The representative immunoassays based on various nanomaterials could
achieve the enhanced sensitive detection of mycotoxins using signal amplified strategies.
Enzyme-immobilized onto nanomaterials, enzyme-mediated nanomaterials for amplified
signal readout, nanozyme for amplifying the sensitivity of mycotoxins detection.

Although the aforementioned sensitive visual immunoassays for mycotoxins have
revealed outstanding analytical performance and a fascinating prospect, many challenges
still need to be tackled.

(1) The visual signal is obtained by the naked eye. Yet, the reliance on manual
observation rather than instrumental measurement might cause large subjective uncer-
tainty, as well as difficulty in quantitative data. The integration of digital technology [126]
(e.g., machine vision) to simulate human visual ability and objective perception, the accu-
rate and reliable results could be easily quantified, and thus reducing subjective errors in
manual observations.

(2) Compared to the traditional immunoassays, the limited reproducibility and stabil-
ity of nanomaterials-based immunoassays is the important obstacle for further application
in food analysis due to their experimental and systemic factors. The standardization of
nanomaterials preparation could effectively guarantee the reproducibility and stability of
nanomaterials-based immunoassays.

(3) Most visual immunoassays are developed for single mycotoxin, while mycotoxins
always co-occurred with the others in actual food samples. Thus, the simultaneous mon-
itoring multi-mycotoxins by combing the multi-recognition elements in immunoassays
facilitate to shorten the required time, save costs and alleviate the required labor.

(4) The integration of the visual analysis technology and multi-analysis technolo-
gies (e.g., magnetic, optical, and thermal properties, etc.), multi-signal immunoassays of
mycotoxins contribute to minimum background signal and false-positive errors.

(5) Further exploiting the smart, automatic, miniaturized detector with the integration
of smartphone, a portable and high-resolution device for the highly sensitive screening of
mycotoxin contamination.
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Abstract: The use of the electronic nose as a screening device is of great interest in various types of
applications, including food quality control and environmental monitoring. It is an easy-to-use device
and produces a much faster response than that obtained by classical chemical and microbiological
techniques. The reproductivity of nominally identical electronic noses and sensors is critical. Four
identical MOX sensors were compared using two different working methods, namely, the temperature
modulation mode and isothermal mode. Each sensor was tested with two standard compounds,
water and lactic acid, often identified in food matrices, which are potential applications of the
electronic nose.

Keywords: sensor reproductivity; modulation of temperature; isothermal mode; electronic nose;
MOX sensors

1. Introduction

Sensor reproductivity is an important issue to ensure the reliability of the final instru-
ment, such as electronic noses, in which individual sensors are implemented [1]. The core
of the electronic nose is made of an MOX sensor array [2], which may work in isothermal
and/or temperature modulation mode. These two different types of working modes can
affect the sensitivity of the sensor in respect to the gases.

For temperature modulation, a periodic signal is applied to the heater to periodically
change the sensor temperature in order to activate and inactivate the oxidation–reduction
reactions between the sensitive material and gases [3,4]. As a consequence, the sensor
resistance changes periodically with time, and parameters describing this curve can be
extrapolated and used as input (features) to the pattern recognition algorithm. These
parameters play the same roles as those attributed to the responses of individual sensors
that work at a constant temperature, i.e., a fixed voltage applied to the heater [5].

Electronic noses have been used for different types of applications, for example, in the
environmental field [6], medicine [7], security and safety [8], and food control [9,10].

For commercial applications (medical, food, environmental), three different aspects
are important to develop an effective electronic nose: the system must guarantee good
performance in order to achieve sensitivity and specificity; the database and the pattern
recognition software should work on different nominally identical electronic noses with
minimal adaptation work; and sensors should be interchangeable with nominally identical
ones in case of failure. For these reasons, in this work, the reproductivity of nominally
identical sensors was tested comparing the features extrapolated with sensors working in
the two modes: isothermal and temperature modulation.
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2. Material and Methods

In this work, we used a JLM MOX STICK (JLMInnovation Gmbh) device (Figure 1) to
perform experiments. This instrument includes sensor control software and the electronic
part. The experiments were conducted using 4 commercial sensors (TGS 2620—Figaro
Sensor) exposed to vapors from a pure solution of water and lactic acid.

 

Figure 1. JLM MOX STICK device (JLMInnovation Gmbh) equipped with a commercial (Figaro
TGS2620) sensor.

For the constant temperature mode, each sensor was tested with a constant voltage of
3.5 applied to the heater. For temperature modulation, the first part of the period lasted
10 s (4 volts) and the second part of the period lasted 10 s (3 volts). We chose these voltage
and time values to have the same average temperature for both modes during a single
thermal period.

Each sensor was turned on and exposed to ambient air (environmental tempera-
ture 21 ◦C) for one hour in order to stabilize it before performing the planned series of
measurements.

Two vials were prepared using 10 mL of water and 10 mL of lactic acid. Both were
sealed with parafilm and left in the room for one hour to create the headspace. A hole
was then created in the parafilm, and the sensor was inserted. Measurement times were
as follows: 10 min in contact with the compound vapors and 10 min in air to allow for
baseline recovery. Each substance was replicated 3 times.

The following features were used for the elaboration on the temperature modulation
dataset and to describe the resistance versus time curve. Using this method of measurement,
it is possible to extrapolate several features to be used to analyze the data, unlike the
isothermal method that allows the processing of a single parameter, R/R0. The value of
R/R0 was calculated using the minimum resistance value reached by the gas in contact with
the sensor (R), divided by the starting value of the sensor in air (R0). For the temperature
modulation method, 2 significant features were extrapolated:

• Ratio-CH = ratio between the sensor resistance identified at the end of the cold half-
period and at the beginning of the next hot half-period, i.e., Ratio-CH = R2/R3.

• DeltaR-C = change in sensor resistance measured during the cold half-period, i.e.,
DeltaR-C = R1 − R2.

All of this information is shown in Figure 2.
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(a) (b) 

Figure 2. (a) The light blue line represents the modulation of the heater voltage between 3 and 4 volts. The red curve is an
example of sensor resistance measured during exposure to water vapors. DeltaR-C = R1 − R2; Ratio-CH = R2/R3. (b) The
isothermal example shows the voltage applied to the heater with a light blue line, while the red curve shows an example of
sensor resistance measured during exposure to water vapors (response calculated as R/R0).

3. Results and Discussion

Based on our previous experience of food quality control applications [9], we chose
the most significant features (Ratio-CH and R/R0) to compare the results obtained from
each individual sensor. The statistics of the recorded responses are shown in Figure 3.

  

(a) (b) 

Figure 3. (a) Comparison between Ratio-CH (green color) and R/R0 (yellow color) response to water vapors. (b) Response
obtained to lactic acid vapors. Light blue rectangles relate to Ratio-CH, while red rectangles concern R/R0.

The value of each single response is the average of the single values obtained during
the measurement session (replicated three times). The graphs also show the standard
deviation corresponding to each result.

The first thing to note is that for both compounds analyzed and for both methods used,
the sensors return a reproducible response. Evaluating, in detail, the response obtained
by each method, we can see that the standard deviation (absolute value) for temperature
modulation is always lower than that obtained using the isothermal method. This is further
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enhanced by normalizing the standard deviation to the average of the response intensity.
Indeed, concerning water, the value changes from 0.5% to 2.6% for Ratio-CH, while for
R/R0, it changes from 2.25% to 4.65%. It is possible to note the same situation in the
measure of lactic acid (Ratio-CH 0.5–3.9%, R/R0 3.80–10.74%).

During the experience gained using the temperature modulation method, we realized
that one of the features that introduce a large amount of information in the construction
of the PCA (principal component analysis) plot is DeltaR-C, and therefore we decided to
analyze it [7–9].

As can be seen in Figure 4, the reproductivity of the sensors towards the analyzed
compounds is relatively poor in respect to what was observed concerning the Ratio-CH
feature. There is an appreciable variance from sensor to sensor and within individual
measurements. We find a standard deviation that ranges from 5.3% to 63% (water) and
from 2.5% to 27.6% (lactic acid). However, in any case, it is able to return the most
important information combined with other extracted features [7–9]. This means that the
reproductivity of sensors depends on the given feature analyzed.

 

Figure 4. Sensor responses measured during exposure to water and lactic acid vapors.

4. Conclusions

In conclusion, two features were extrapolated and analyzed during experiments
carried out using temperature modulation. Both these features were revealed to be useful
during our old experiments dedicated to the detection of fish shelf life. The reproductivity
of nominally identical sensors showed feature dependence, i.e., the feature Ratio-CH is
better than the feature DeltaR-C. For a constant temperature, the normalized feature may
be more or less repeatable than that extrapolated from the other mode depending on
individual features, though the response extrapolated from this working mode benefits
from the normalization to the reference air, while this does not occur for the temperature
modulation mode.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10613/s1.
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Abstract: The electronic and optical properties of the newly synthesized molybdenum dinitride
(MoN2) in the hypothetical 2H structure analogous to MoS2 is investigated using the density func-
tional theory (DFT) full potential linearized augmented plane wave (FP-LAPW) method and the
modified Becke–Johnson (mBJ) approximation. The aim is to investigate the optoelectronic properties
of this compound for potential optical sensing applications and compare with the capabilities of
MoS2 in this field. As compared to MoS2, which is a semiconductor, MoN2 is found to be a semi metal
from the band structure plots. The dielectric function, optical conductivity and the optical constants,
namely, the refractive index, the reflectivity, the extinction and absorption coefficients, are evaluated
and compared with those of MoS2 and discussed with reference to the sensing performance.

Keywords: layered materials; electronic structure; dielectric function; optical conductivity; optical
constants; optical sensing

1. Introduction

The high potential of transition metal dichalcogenides (TMD) for electronic, sensing,
photonic and thermoelectric device applications has been exploited this past decade, and
especially MoS2, a prototype TMD material, has shown a lot of promise [1–3]. It has
been studied and characterized extensively for structural, electronic, optical and transport
properties both in bulk and in the 2D limit [4–6]. Interest in TM nitrides has been rekindled
because they exhibit a number of unique and advanced catalytic properties for photo and
electrochemical catalysis [7,8]. There were no layered structures in any of these studies.
Layered structures provide more flexibility in doping, the ease of going down to lower
dimensions and materials design.

The search for layered nitrogen rich TM nitrides, particularly those of the MoS2 type,
led to the recent synthesis and discovery of 3R-MoN2, which has the rhombohedral MoS2
structure [9]. It was synthesized through a high P-T route of solid-state ion exchange and
has shown great potential for applications in catalysis and hydrogenation. In addition, the
very recent first principle study of MoN2 monolayer by Zhang et al. [10] showed the 1H
configuration to be the most stable among the structures considered in their study. Their
study revealed the importance of 2D MoN2 as a high-capacity electrode material for metal
ion batteries. Further, the first principles study of Ramanathan and Khalifeh [11] has shown
the 2H MoN2 to be a promising thermoelectric material.

All the above interesting results for MoN2 provide a strong motivation to study
this compound. Considering that to date no optical characterization of MoN2 has been
performed, the present study is devoted to the determination of the electronic and optical
properties from first principles and to look at the various possibilities for optical sensing
applications of MoN2. Since an optical sensor measures a physical property of light and,
depending upon the sensor usage, converts it to a readable output, it is highly essential to
characterize the optical properties of the new layered material MoN2. The hypothetical
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2H structure analogous to MoS2 of MoN2 is investigated using the DFT full potential
linearized augmented plane wave (FP-LAPW) method and the mBJ approximation. In
addition, the 2H MoS2 optoelectronic properties are determined by the same method for
the sake of completeness and comparison.

2. Calculation Details

The geometry of MoN2 is optimized using the ABINIT software program [12,13] with
the generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE)
PAW (projector augmented wave) pseudopotentials [14]. All the structural calculations
are performed with convergence criteria of less than 1 × 10−6 Ha for the self-consistent
field (SCF) iterations and a threshold of less than 1 mRy/a.u. for the optimization of
the geometries [15,16]. The fully relaxed MoS2 lattice constant values are taken from our
previous work [6].

The optimized structures and lattice constant values are then used with the WIEN2k [17]
code to perform full-potential linearized-augmented plane wave (FP-LAPW) calculation em-
ploying GGA_PBE to obtain the ground state energy and electronic properties at a 20 × 20 × 4
k-point grid. The optical properties are evaluated using denser grids of 40 × 40 × 5 with the
more accurate mBJ exchange correlation of Trans Blaha (TB-mBJ) [18].

3. Results and Discussion

3.1. Structural and Electronic

The 2H-MoN2/MoS2 unit cells have hexagonal symmetry and consist of two stacks
of three atomic layers; each stack consists of a Mo atomic plane sandwiched between two
N/S atomic planes respectively. The atoms are bonded covalently in plane and the stacks
are held together by weak Van der Waals force.

The non-magnetic state is the ground state for both the layered compounds and
the structural relaxation of the system with a complete relaxation of all the atoms which
simultaneously gives us the equilibrium geometry. The lattice parameter a and c values of
MoN2 are 3.094 and 11.975 Å, respectively. The lattice parameter values of MoN2 are much
smaller than that of MoS2 due to the shorter bond lengths of Mo–N as compared to Mo–S.
The lattice parameters for MoS2 a = 3.193 and c = 12.359 Å taken from previous work [6]
using the LDA (local density approximation) are in good agreement with the experimental
values [19] aexp = 3.16 Å and cexp = 12.29 Å and within 2.3 and 0.6%, respectively.

The equilibrium lattice constant values for MoN2 and MoS2 are used with the GGA-
PBE WIEN2k code to extract the electronic band structures with a 20 × 20 × 4 k-point grid.

We notice that there is a change in the electronic distribution of MoN2 as compared to
MoS2 which is reflected in the band structure of MoN2, as shown in Figure 1. The MoS2
band structure is also shown on the right panel of Figure 1. The band structures illustrate
the change in behavior of MoN2 to a semi metal one from the semiconducting one of MoS2.
There is an overlap between the bottom of the conduction band and the top of the valence
band in MoN2. This semi-metal feature implies that there is a range of energies for which
electrons and holes co-exist. The Mo 4d, S 3p and N 2p atomic orbitals play a decisive role
in the band structure properties as shown by the total and partial density of states plots
Figures S1 and S2 (a and b).
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(a) (b) 

Figure 1. The band structures of (a) MoN2 and (b) MoS2.

3.2. Optical Properties

The TB-mBJ proves to be an excellent choice with a 40 × 40 × 5 grid for calculating
the optical properties with a high degree of accuracy for MoN2 and MoS2. This section is
devoted to the presentation and discussion of the results for the dielectric function and
optical conductivity. In addition, the optical constants, namely, the refractive index, the
reflectivity, the extinction and absorption coefficients, are obtained and interpreted.

The complex dielectric function (ε = ε1 + iε2) is a function of the amount of light
absorbed by the material. The imaginary part of dielectric function, ε2 (ω), which represents
absorption behavior, can be calculated from the electronic band structure of solids. The
real part of dielectric function, ε1 (ω), which represents the electronic polarization under
incident light can be calculated according to Kramers–Kroing relation [20,21]. Figure 2
shows the real and imaginary plots for the dielectric function for MoN2 and MoS2 in the
photon energy range of 0–14 eV. We see from the plots the anisotropy of the dielectric
function. The general trend is the in-plane values are almost double that of the out-of-plane
direction and the peaks for the zz direction are shifted more towards the right, towards
higher photon energies. The dielectric plots show the high capability for absorption in
the visible part of the spectrum for the in-plane direction and ultra-violet (UV) for the
perpendicular direction, thereby effectively covering a wide range of energies.

 

Figure 2. The dielectric function left panel MoN2 and right panel MoS2; (a) the real ε1 (ω) and (b) imaginary part ε2 (ω) for
the in-plane (xx) and out of plane (zz) directions.

The complex index of refraction of the medium N is defined as N =
√

ε = n+ ik, where
n is the refractive index and k the extinction coefficient. These are depicted in Figure 3.

165



Chem. Proc. 2021, 5, 27 4 of 7

Figure 3. The refractive index top panel and extinction coefficient bottom panel for MoN2 (a) and MoS2 (b) in the xx in-plane
and zz out of plane directions.

Once again, we see the anisotropy in the two directions for these optical constants.
The amplitudes in the xx direction are larger and closer to the visible range for both the n
(ω) and k (ω) compounds. We notice that MoN2 has large static (ω = 0) refractive index
values of ~11 and 4 in the xx and zz directions, respectively. In contrast the corresponding
values for MoS2 are 4 and 3. The larger values of n (ω) imply higher electron density. In
contrast to MoS2, MoN2 has peak extinction coefficient values at ω = 0 of 4.4 and 0.9 in
the xx and zz directions, respectively. Both MoN2 and MoS2 show low k (ω) values in the
infrared and MoS2 continues to have almost zero values up to 1.5 and 2.5 eV for the xx
and zz directions, respectively. The first maxims of MoS2 are at 3 eV of the spectra and
the magnitude in the xx direction is almost six times larger than in the zz direction. The
second k peak for the zz direction is in the UV region and slightly larger than the first xx
peak. Since the extinction coefficient reflects the degree to which light is absorbed, we can
see that the in-plane direction is most favorable for both compounds. However, in contrast
to MoS2, with MoN2 we have strong absorption in infrared in addition to the visible region
of the photon energy.

The conductivity and absorption coefficient graphs for MoN2 and MoS2 are shown in
Figure 4. The graphs show for the xx in-plane direction maximum conductivity is in the
UV region for MoN2 whereas for MoS2 it is in the visible part of the photon energy. The
conductivity in the zz direction has peak positions in the UV region around 8 and 5 eV for
MoN2 and MoS2, respectively.
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Figure 4. The optical conductivity top panel and absorption coefficient bottom panel for MoN2 (a) and MoS2 (b) in the xx
in-plane and zz out of plane directions.

The absorption on the other hand shows the first peak in the visible and second
broader peak with a much higher magnitude in the UV region for MoN2; and a very broad
peak of almost constant magnitude for MoS2, covering the visible and the UV region in the
in-plane xx direction. Beyond 10 eV, both MoN2 and MoS2 show a rise in the absorption
coefficient. With respect to the zz direction, there are a set of small peaks beyond the visible
and a sharp maximum value peak at around 9 eV of the UV region for MoN2; whereas for
MoS2, the peaks are around 6, 10 and 12 eV in the UV region. These characteristics confirm
the suitability of MoN2 and MoS2 for visible and UV sensing applications. The reflectance
is depicted in Figure 5 and we observe large static reflectance value greater than 0.7 for
MoN2 that is double that of MoS2 in the xx direction. In the zz direction, the values are 0.35
and 0.25 for MoN2 and MoS2 respectively. The graphs show that MoN2 is a good infrared
reflector, whereas MoS2 reflects best just beyond the visible range.

Figure 5. The reflectance R (ω) for MoN2 (a) and MoS2 (b) in the xx in-plane and zz out of plane directions in the photon
energy range of 0–14 eV.
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4. Conclusions

In conclusion, as opposed to MoS2, MoN2 is a semi metal as evinced from the band
structure plots. Both the layered materials show anisotropy for all the optical properties
with different magnitudes and peak positions, although the shapes of the graphs for the
same property are similar in the two directions.

The large values of refractive index and good optical conductivity, absorption and
reflectance results obtained reinstate the suitability of these materials for optical sens-
ing applications. In comparison to MoS2, MoN2 shows suitability for infrared sensing
applications in addition to visible and UV.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10429/s1.
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Abstract: Active packaging has gained interest in recent years. As well as protecting food from
the environment, it can incorporate agents with specific properties to extend the shelf life of the
food. As a requirement, it is essential that the active agent has a greater affinity for the food than
for the packaging material and, in this sense, essential oils (EOs) are potential candidates to be
included in this new packaging system. The use of EOs can add to food matrix antimicrobial
and antioxidant properties, reduce the permeability of the packaging to water vapor and extend
the shelf life of food products. However, their use has been limited because they can produce
a strong flavor by interacting with other compounds present in the food matrix and modify the
organoleptic characteristics. Although the nanoencapsulation of EOs can provide chemical stability
and minimize the impact of the Eos on the organoleptic properties by decreasing their volatilization,
some physical modifications have still been observed, such as plasticizing effects and color variations.
In this sense, the quality of the food products and consumer safety can be increased by using
sensors. This technology indicates when food products are degrading and informs us if specific
packaging conditions have changed. This work focuses on highlighting the use of biosensors as a
new methodology to detect undesirable changes in the food matrix in a short period of time and the
use of nanotechnology to include EOs in active films of natural origin.

Keywords: active packaging; intelligent packaging; EOs; nanoencapsulation; biosensors

1. Introduction

There is a vast variety of foods that is sensitive to deterioration through the action
of microorganisms and to the oxidation of lipids during storage. Packaging is used to
protect foods against external and internal conditions, to ensure food safety and to avoid
rapid deterioration caused by chemical and microbiological contamination. Furthermore,
nowadays, consumers are more conscious about sustainability as a benefit of safe and
healthy foods. As a result, the use of materials of natural origin (proteins, polysaccharides
or lipids) as food packaging has gained attention in recent years. Simultaneously, two
new technologies have emerged to protect foods and increase food shelf life, namely [1]:
(i) intelligent packaging (IP) and (ii) active packaging (AP).
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AP consists of the inclusion of chemical or bioactive compounds into the packaging
system to ensure that the protective function of the packaging has a longer duration. This
type of packaging interacts with the product, which can absorb or release components
from the food [2,3]. Despite there being AP that contains different chemical additives,
the use of bioactive compounds, such as essential oils (EOs), as new additives has gained
attention. They are incorporated into films and coatings because of their important bio-
logical activities, such as their antioxidant and antimicrobial properties [4]. However, this
technology presents some limitations to being applied at industrial level. For this reason,
nanoencapsulation has emerged to improve food quality and reduce the limitations of AP
in combination with active ingredients.

Regarding IP, its main objective is to control the conditions of packaged foods, such
as the environment around them (i.e., storage conditions, food quality, sell by date, etc.).
Biosensors are a type of sensor that belong to IP technology that have been widely employed
at an industrial level in food processing during recent years. Specifically, electrochemical
biosensors are the most used technology. However, they are still in the improvement phase
of increasing their applications in packaging systems. These devices can detect undesirable
changes or processes that can occur inside packaging systems, and transform them into a
certain signal that can be easily analyzed [5,6].

This proceeding paper is focused on the use of EOs as possible natural additives or
ingredients to be incorporated into the AP system, in the form of films or coatings, due to
their antioxidant and microbial activities, and the use of biosensors as a possible tool to
detect any undesirable changes inside of the packaging system. Finally, nanoencapsulation
could be a suitable solution to improve food quality and safety even more.

2. Essential Oils in Active Packaging System

Active packaging (AP) is a novel method mainly utilized to prolong the shelf life of
food products and to improve food quality and safety [3]. Many industries are interested
in obtaining AP of natural origins that contains ingredients with bioactive compounds in
order to avoid the use of chemical additives that can be harmful to human health, minimize
the environmental impacts and ensure the acceptance of consumers. Essential oils (EOs)
are one of the possible candidates for natural food additives.

EOs are volatile liquids of a lipid nature that can be obtained from plants. They are
classified as GRAS (generally recognized as safe) food additives [7], thus their use has
gained the attention of many researchers because of their antioxidant and antimicrobial
activities. In addition, they can be used such as food preservatives or incorporated into
edible films or coatings. Regarding food preservatives, their use is very limited due to
their strong flavor and odor. As for edible films, there is a current trend in using materials
such as polysaccharides, proteins or lipids as the edible films or coatings of packaging.
EOs are used as additives or ingredients in edible emulsified films and coatings and can
be incorporated into these edible matrices by several methods, emulsification being the
most common. In fact, many studies are focused on using EOs as food additives in the
packaging field to compete with the current packaging materials due to their substantial
possibilities and adaptability [8–10].

2.1. Effect of the Incorporation of EOs in AP

The incorporation of EOs into the film matrix leads to a heterogeneous film structure
featuring discontinuities, producing modifications to physical properties of the film such as
tensile strength (TS), water vapor permeability (WVP), color, transparency and gloss [11].
Regarding TS, studies have shown different responses of TS when incorporating EOs into
the film matrix [12–14]. In fact, the effect of the addition of EOs on the tensile properties
of edible films depends on the specific interactions between the oil components and the
polymer matrix. Concerning WVP, most studies have shown that the incorporation of
EOs into the film matrix leads to an improvement of the water vapor barrier properties
and a decrease in WVP [15,16]. Keeping this in mind, the hydrophobicity of EOs is a very
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fluctuating characteristic because it depends on various factors. Finally, color, transparency
and gloss are influenced by the type and concentration of EOs [11]. So, the incorporation
of EOs into the matrix leads to specific physical modifications in the packaging that can
reduce the quality and safety of the food products.

On the other hand, EOs are known for the presence of chemical compounds with
antioxidant and microbial properties, which can be applied to avoid oxidation and increase
food quality [11]. The antioxidant activity of the EOs occurs through different mechanisms:
acting as O2 scavengers; producing a barrier against O2.; and promoting a specific antioxi-
dant action. In this sense, the incorporation of EOs can lead to the improvement of food
quality and a reduction in food waste due to the oxidation [17]. However, their use is
limited at an industrial level due to the possible migration of these compounds into the
food product and, consequently, the modification of its organoleptic properties. Concerning
microbial capacity, it depends on the characteristics of the EO and the type of microorgan-
ism. The antimicrobial action mainly inhibits the growth of food pathogens, thus ensuring
protection against microbial deterioration [18]. Many industries are interested in obtaining
packaging systems with antimicrobial properties, since they will promote a longer shelf
life for food products and guarantee a better food quality. Table 1 shows some examples of
AP where EOs with antimicrobial and antioxidant properties have been incorporated.

Table 1. Recent examples of active films containing EOs as the active agents, showing their main
components and biological properties for packaged food products.

Film EOs
Main

Components
of EOs

Biological Activity Ref.

Gelatin OLEO Sabinene

Antimicrobial 2% OLEO (B. subtilis,
S. aureus, E. coli, P. aeruginosa,

C. albicans); Antioxidant DPPH 2%
OLEO (52%)

[8]

Pectin CEO Cinnamaldehyde;
L-linalool

Antimicrobial (S. aureus, E. coli, L.
monocytogenes); Antioxidant: DPPH

1.5% CEO (64.73%)
[9]

Chitosan PAEO
Caryophyllene;
aromadendrene
oxide; selinene

Antimicrobial (S. aureus,
S. typhimurium, K. pneumonia,

P. aeruginosa, B. subtilis)
[10]

Chitosan ZEO Thymol;
γ-terpinene

Antioxidant DPPH (97.2%);
Antimicrobial (B. cereus, E. coli, P.

aeruginosa, E. faecalis, S. aureus,
A. flavus)

[19]

Chitosan-GA CEO Cinnamaldehyde;
L-linalool

Antioxidant: DPPH, maximum for
1:2 (Chitosan:GA) [20]

Note: ZEO: Zataria multiflora essential oil; CEO: cinnamon essential oil; GA: gum arabic; OLEO:
Citrus sinensis essential oil; OEO: oregano essential oil; PAEO: Plectranthus amboinicus essential oil; DPHH:
2,2-diphenyl-1-picrylhydrazyl.

2.2. Nanoencapsulation

Due to some disadvantages that EOs present when used as food additives (low
solubility, high volatility, strong flavor, sensible to heat and light or the possibility of
adversely affecting the organoleptic properties of food), many researchers began to focus
their studies on the use of nanotechnologies in order to overcome these limitations and
contribute to improving food preservation [21]. The nanoencapsulation technique consists
of introducing an active agent (EO) into a polymer membrane with a diameter of 0.05–1 μm,
known as a nanocapsule (Figure 1). This technique is used to protect the EOs against
the previous limiting factors since this membrane acts as a barrier against the external
environment, which preventions oxidation, masks unpleasant odors and taste and avoids
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the loss of the volatile substances of the EOs. In addition, nanoencapsulation allows the
controlled release of the EOs from the capsule, meaning that the release of the active agents
occurs at the ideal place and time. Likewise, the nanoencapsulation of EOs can improve
their biological activities, since their bioavailability depends on surface/volume ratio
and particle size [22,23]. Keeping this in mind, the lower the particle size, the higher the
surface/volume ratio or stability during the incorporation into the matrix. Many studies
that employed this technique using EOs have shown excellent results in the quality and
shelf life of food products [24,25].

Figure 1. Biosensor structure, nanoencapsulation of EOs and functions of active films or coatings.
Created with BioRender.com.

3. Biosensors

Besides AP, another technology has emerged in recent years, known as intelligent
packaging (IP). IP is a packaging system that contains a certain device that provides infor-
mation to the retailer or consumer about the state of the food product and its surrounding
environment. In this sense, IP allows a constant communication about the state of the
system with all steps of the supply chain, which is an important characteristic of this
technology [3,26]. Keeping this in mind, this technology allows for the quick detection of
unpleasant changes in the packaging system, an increase in food safety and the production
of less food waste. Sensors, indicators and identification systems are the main components
of IP, with sensors being the most common components and the ones that have received
the most attention in recent years. All sensors contain: (i) a detection system, known as
a receptor, which can detect specific analytes and transform its presence into an electric
signal; (ii) a signal processor, known as a transducer, which is responsible for processing
the generated signal; and (iii) an electronic system, which is responsible for displaying the
measured properties. Depending on the type of analyte that they can detect, sensors can
be chemical or biological, with the latter being the most promising technology to develop
and improve IP systems. Biosensors are responsible for transforming biological responses
into a processed signal, with enzymes, receptor proteins, antibodies and nucleic acids
being the recognition elements (Figure 1) [5]. In fact, the use of enzymes as recognition
elements is widely employed due to low production costs, lack of the need for additional
instrumentation, small size and ease of use. Regarding the transducer group, biosensors
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can be optical, mass-based, calorimetric or electrochemical, with the latter being the most
used and the one that has gained the most attention. Electrochemical biosensors consist
of devices that measure the electrochemical signal that is proportional to the analyte con-
centration [27]. However, their current applications in IP are limited to certain conditions
since the biosensor structure can present biological components that have harmful effects.
Furthermore, important improvements are needed in the biosensor structures in order to
avoid the pretreatment of food samples and include degradation markers in packaging
systems [28]. Therefore, more studies are required to improve and reduce these limitations.

4. Conclusions

In recent decades, both AP and IP have emerged as technologies that protect foods
and increase food shelf life. In addition, due to a large percentage of consumers being
conscious of environmental sustainability, many industries have employed natural food
additives or ingredients, such as Eos, to replace synthetic chemical additives and the use of
natural materials (i.e., proteins, polysaccharides or lipids) to reduce major waste. However,
there are some limitations concerning the use of EOs as active agents, such as their low
solubility, high volatility, strong taste and flavor, sensibility to heat and light, changes
in organoleptic properties and modifications of the physical properties of the films or
coatings. Nanotechnology, specifically the nanoencapsulation of EOs, has gained attention
during recent years and has been presented as a new alternative to improve the quality
of food products as many studies suggest that they have major benefits. On the other
hand, biosensors, specifically electrochemical biosensors, could be the most promising
technology for IP systems. In fact, the combination of AP with nanocapsules containing
EOs and biosensors could lead to important improvements in food safety, an extension of
products’ shelf life and higher protection against oxidation and food deterioration mediated
by the action of microorganisms.
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Abstract: Recently, low-dimensional (1D, 2D) nanostructured materials have been attracting more
and more interest as building blocks for innovative systems. Metal oxide nanowires are one of the
most widely used materials for solid-state gas sensors, as they are simple to make, inexpensive, and
sensitive to a wide range of gases and volatiles. Unfortunately, their broad sensitivity has a price to
pay, which is very low selectivity. Fortunately, this flaw is not a problem for all applications. Where
the boundary conditions are defined and “simple” (only the presence of a target gas is expected,
without any interfering gases), a single traditional chemiresistor may be the best choice, while in
cases where the variables are many, it is better to use an intelligent system. In this paper, we will
show a resistive sensor based on a single SnO2 nanowire which, working at three temperatures (200,
250, and 300 ◦C), is able to detect tens of ppb of ammonia (30 ppb at 300 ◦C). The limit of detection
(LoD) was calculated as 3 N/S, where N is the standard deviation of the sensor signal in air and
S is the sensor sensitivity. We will show that the performance of this nanosensor is excellent and
can be used in various applications, including agri-food quality monitoring. We will demonstrate
that the SnO2 nanowire in a thermal gradient can act as a nano-electronic nose thanks to machine
learning algorithms. The single nanowire-based sensor can estimate the total viable count with an
error of 2.32% on mackerel fish samples stored at room temperature (25 ◦C) and in a fridge (4 ◦C).
The integration of such a small (less than one square mm) and cheap device into the food supply
chain would greatly reduce waste and the frequency of food poisoning.
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Abstract: The integration of silver nanomaterials as electron mediators in electrochemical biosensors
can be crucial to improve the affinity with biomolecules and the electrochemical response. In
this work, two voltammetric bioelectronics tongues (bioET) formed by biosensors based on the
combination of enzymes with silver nanoparticles (AgNPs) (bioET-1) or silver nanowires (AgNWs)
(bioET-2) have been developed and used to analyze milks. Each array was formed by four biosensors
formed by enzymes (glucose oxidase, galactose oxidase, β-galactosidase and a blank), capable to
detect compounds usually found in milks. Principal component analysis (PCA) has revealed the
ability of both biosensor systems to discriminate between milk samples with different fat contents,
but with some differences, attributed to the structure employed in the detection.

Keywords: silver nanowires; silver nanoparticles; electronic tongue; electrochemical biosensor;
enzymes; milk

1. Introduction

Milk is an essential component of human diets, although its composition varies
depending on the brand, storage period, animal origin and the components that make milk
up. As a result, it is vital to assess the composition and quality of milk from the time it is
obtained to the time it is consumed [1].

The implementation of biosensors in food industry has taken an essential role due to
the fact that these devices are able to provide qualitative information with high specificity
and selectivity with the advantages of being portable, miniaturizable, cheap, stable, fast
and show effective on-line response [2,3].

The use of nanomaterials in electrochemical sensors and biosensors has attracted
researchers’ attention. However, using specialized sensors in the analysis of complicated
matrices to determine specific parameters, is insufficient to generate useful data. The
development of arrays of sensors may be the solution to avoid irrelevant information.
For this reason, the implementation of electronic tongues (ET) may be the solution to
determine important parameters and properties of complex samples and to be able of
discriminate between them [4]. Metallic nanostructures are excellent sensing materials
due to their high surface area, high aspect ratio, electrical conductivity and electrocatalytic
characteristics, which provide good sensing properties for the detection of a wide range
of analytes. Moreover, it has been demonstrated that their morphology is essential on the
electrochemical response and their ability to improve the electron mobility.
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Furthermore, due to their large specific surface area and high surface free energy,
metallic nanomaterials may strongly adsorb biomolecules maintaining their bioactivity
due to their biocompatibility [5].

This research aims to create a bioelectronic tongue (bioET) for milk analysis. Two
electrochemical biosensor arrays in which AgNPs (bioET-1) or AgNWs (bioET-2) have
been deposited as enzyme supports, were created and tested for their capacity to differ-
entiate between milk samples with variable fat and nutritional content. For this purpose,
unsupervised (PCA) multivariate classification methods were used to assess the bioETs’
performance. Finally, the discrimination abilities of both sensor arrays were evaluated to
determine which silver nanomaterial provided the best results.

2. Results and Discussion

2.1. Sensors Development

Metallic nanomaterials previously synthetized were deposited onto BDD substrates by
a cast of 25 μL suspension of AgNPs or AgNWs. After drying, 25 μL of the correspondent
enzyme (5 mg/mL) was drop-casted onto the modified electrode. Finally, 25 μL of Nafion®

was drop-casted and let dry overnight at room temperature.

2.2. Milk Samples

The samples collection consisted of 6 groups of milks purchased in the supermarket,
including milks with different fat content (skimmed, semi-skimmed and whole), and
different nutritional content (classic and lactose-free).

2.3. Electrochemical Characterization

The electrochemical responses of the bioETs were studied by cyclic voltammetry in a
50% diluted milk 0.1 M KCl solution.

Figure 1 illustrates the electrochemical response of the developed sensor arrays with
the bioETs for one type of milk (Classical Whole milk). As it can be observed, when the
biological material is immobilized on the modified electrode surfaces, the increase in the
intensity of the cathodic and anodic peaks is more pronounced in the presence of nanowires
in the AgNWs bioET.

The results demonstrate that silver nanowires outperform silver nanoparticles in
terms of electrocatalytic activity because the electrical conductivity and the electrocatalytic
properties of the developed sensors have been enhanced when AgNWs are used as electron
mediators. Furthermore, because AgNWs have a high surface-to-volume ratio, they have
more surface active sites, allowing for improved enzyme immobilization [5].

As is well known, the ultimate electrocatalytic activity of electrode materials was im-
pacted by surface shape, nanoparticle size and fabrication technique. For this reason, it can
increase electrode surface area depending on the chosen morphology, but mass transport
behavior of silver nanoparticles, for example, is difficult to define because nanoparticles
are randomly spread or aggregated, whereas nanowires, increased in high proportion the
electrical conductivity and mass transport in comparison with them [6].

Multivariate data analysis was used to evaluate the responses of the proposed bioETs
in order to discriminate between different types of milks.

Data were evaluated using principal component analysis for this purpose (PCA).
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Figure 1. Electrochemical response of the sensors of AgNPs bioET (black) and AgNWs bioET (red)
in a 50% diluted Classical Whole Milk in 0.1 M KCl solution, (a) sensors formed without enzyme,
(b) biosensors with glucose oxidase immobilized, (c) biosensors with galactose oxidase immobilized
and (d) biosensors with lactate dehydrogenase immobilized.

Figure 2 shows the scores plot of both bioETs. As Figure 2a shows the accumulated
explained variance for the two first components of AgNWs bioET was distributed in 49%
(PC-1) and 30% (PC2) and for the AgNPs biET (Figure 2b) was 49% (PC1) and 19% (PC2).
As it can be shown in the figure, the scores plot of the array that uses nanoparticles displays
certain overlapping between Classical Skimmed milks and Classical Whole, appearing in
the same quadrant, it is obvious that the AgNPs bioET presents difficulties to effectively
discriminate milks based on their fat content. However, in both cases a clear discrimination
of milks according the nutritional contents was achieved. This result indicates that the
AgNWs bioET provides a higher proportion of the explained variance for the same number
of PCs.

These findings can be explained by the fact that immobilizing the enzyme on nanoma-
terials improves the enzyme’s catalytic effectiveness greatly due to its operational stability.
However, it has been demonstrated that the size, morphology and charge distribution of
the nanomaterial can variate the effects on enzyme structure and corresponding activity [7].
When nanowires are used as support for enzyme immobilization, different reactivity and
good enzyme immobilization is obtained through easier interactions between enzyme
and material surface due to providing higher surface/volume ratio in comparison with
nanoparticles, thus could be the reason why the discrimination capability of the bioET is
higher when AgNWs are used as electrocatalytic material.
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Figure 2. PCA score-plot analyzed using a 4 sensors array (a) AgNWs bioET or (b) AgNPs bioET, of
the 6 milks of different fat content and nutritional characteristics: Classical Skimmed (black), Classical
Skimmed Lactose free (red), Classical Whole (blue), Classical Whole Lactose free (pink), Classical
Semi Skimmed (green) and Classical Semi Skimmed Lactose free (dark blue).

3. Conclusions

In this work, two bioelectronics tongues modified with AgNWs or AgNPs has been
developed to discriminate between milks with different nutritional composition. The
electrochemical responses based on cyclic voltammetry, of the two different bioETs have
been crucial to evaluate the influence of the morphology of the conductive material. Fur-
thermore, the statistical analysis based on PCA loading plots have demonstrated the high
capability of the sensors arrays to discriminate between milks.

Finally, it can be concluded that the use of AgNWs could be a better choice because
their excellent electrocatalytic properties.

Funding: This research was funded by Ministerio de Ciencia Innovación y Universidades-FEDERPlan
Nacional (RTI2018-097990-B-100), Junta de Castilla y Leon-FEDER VA275P 18, Infraestructuras Red
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Abstract: The objective of this work was to create an all-solid-state potentiometric bioelectronic
tongue with an array of polymeric membrane-based sensors, which could then be used in the dairy
sector. Membranes were modified with gold nanoparticles, and enzymes were covalently linked to
the sensor’s surface to create an array of sensors with greater sensitivity. The responses of the sensors
modified with gold nanoparticles and covalently associated enzymes, showed higher sensitivities.
Moreover, the developed bioelectronic tongue was able to perform the discrimination of milks with
different nutritional characteristics by applying principal component analysis. In addition, the results
obtained showed that by applying partial least squares analysis, the system could be used as a
prediction system for different chemical parameters (such as acidity, proteins, lactose, etc.).

Keywords: electronic tongue; biosensor; potentiometric; dairy industry; nanoparticles

1. Introduction

The concept of electronic tongues has expanded rapidly during recent years due
to their large potential. E-tongues are based on sensor arrays with low selectivity and
high cross-selectivity between multiple sensors [1]. Unlike other analytical methods, this
type of device allows the acquisition of chemical information from different matrixes
by applying suitable multivariate statistical, qualitative or quantitative data processing
techniques, thereby targeting issues to overcome drawbacks, such as the requirement to
pretreat samples, noise issues, and collinearity between variables [2].

E-tongues can implement a range of transduction principles, electrochemical sensors
(potentiometric, amperometric, voltammetric, or impedimetric sensors) being the most
common sensors applied in the development of e-tongues. Potentiometric sensors are
based on the measurement of the differences in the interface potential created across a
selective membrane. The interaction between the electrode and the solution determines
this potential, which is related to the physicochemical properties of the solutions under
inquiry [3].

The objective of this work was to design an all-solid-state potentiometric bioelectronic
tongue (bio-ET) dedicated to the dairy sector, using an array of biosensors based on
polymeric membranes operating in parallel. The membranes were modified with gold
nanoparticles (AuNPs) to create an array of sensors with greater sensitivity [4]. Moreover,
to further improve the sensor’s selectivity, enzymes, including galactose oxidase, urease,
and lactate dehydrogenase, were covalently attached to the PVC surface. The bio-ET has
been applied to the analysis of milk samples with different nutritional contents.
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2. Materials and Methods

The electronic tongue was constructed by combining sensors based on polymeric ma-
trices that differ in composition. The polymeric membranes were made of PVC [poly(vinyl
chloride)] mixed with an additive (oleyl alcohol), a plasticiser [(bis(1-butylpentyl) adipate,
tris(2ethylhexyl)phosphate or 2-nitrophenyl-octylether] and gold nanoparticles creating
an array of 27 sensors. Each of the polymeric mixtures were applied on solid conducting
silver-epoxy supports. The bio-ET was composed of the sensor array, an Ag/AgCl reference
electrode, and a data-collecting multiplexer.

The effect of gold nanoparticles and the bioelectronic tongue performance was tested
by analysing six standard solutions at concentrations ranging from 1 × 10−3 to 1 × 10−1 mol/L.
When applying the multivariate analysis technique, a set of sensors was selected for the
construction of a bio-ET that was applied to twelve commercial milk samples. Potentiomet-
ric signals obtained from the array of sensors were processed using principal component
analysis (PCA). Using partial least squares (PLS), correlations between the responses of the
sensors and the chemical parameters were established.

3. Results

The results obtained in this research indicate that sensors with a higher percentage of
gold nanoparticles in their composition showed higher sensitivities towards compounds
found in milk. An example of the sensor behaviour is shown in Figure 1. This behaviour
could be due to an increase in the sensitivity of the sensors towards specific ions on the
interface of the polymeric membrane when AuNPs are included in the matrix composition.

 
Figure 1. Each sensor’s response to glucose at increasing concentrations (blue = 10−4 M,
green = 10−3 M, and orange = 10−2 M) depending on the percentage of AuNPs applied to the
membrane matrix.

Moreover, the sensor that combined gold nanoparticles with enzymes showed a
greater ability to differentiate between increasing concentrations of products of interest
found in milk, such as urea, lactic acid, galactose, etc., with deviations of voltages up to
65 mV between different samples.

Furthermore, using statistical analysis (PCA), the constructed bioelectronic tongue
was able to classify milk with various nutritional features, resulting in four distinct groups
that were also sorted according to the fat content of the samples (Figure 2).
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Figure 2. Classification of the milk samples studied according to the score diagram of the principal
component analysis.

Additionally, the study’s findings revealed that using partial least squares analysis
(PLS), with regression coefficients above 0.85 for three variables in the physio-chemical
parameters studied, the developed bioelectronic tongue could be used as a prediction
system to determine the parameters, such as density, acidity, lactose, or fat content, of
future milk samples (Table 1).

Table 1. Correlation parameters resulting from the regression of partial least squares analysis (PLS).

Parameters R2C RMSEC R2P RMSEP
Latent

Variables

Acids 0.8683 0.2894 0.8483 0.2753 3
Density 0.8729 0.5172 0.8621 0.5736 3

%Proteins 0.8629 0.1027 0.8432 0.1251 3
%Fat 0.8512 0.4723 0.8404 0.4817 3

%Lactose 0.8895 0.0553 0.8813 0.0577 3

4. Conclusions

In this work, a bioelectronic tongue was developed and used to predict the chemical
characteristics of milk. Sensors with higher concentrations of gold nanoparticles in their
composition showed greater sensitivity towards the compounds of interest in milk (such
as lactic acid, galactose, and urea). The system, using nine potentiometric sensors, could be
successfully used to discriminate between milks, applying PCA based on their nutritional
content. The bio-ET was successfully used to predict the acidity and density, in addition
to the protein, lactose, and fat content of the milk, with low errors and high correlation
coefficients for three factors. This device could be adapted for its implementation in the
dairy industry.

Funding: MICINN-FEDER Plan Nacional (RTI2018-097990-B-100), Consejería de Educación Junta
de Castilla y Leon- FEDER VA275P18 and «Infraestructuras Red de Castilla y León (INFRARED)»
UVA01.
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Abstract: The inner core system of metal-free (‘free base’) porphyrins has continually served as a
ligand for various metal ions, but it was only recently studied in organocatalysis due its highly
tunable basicity. Highly conjugated porphyrin systems offer spectrophotometric sensitivity toward
geometrical and/or electronic changes and, thus, utilizing the porphyrin core for the selective detec-
tion of substrates in solution offers significant potential for a multitude of applications. However,
solvation and dilution drastically affect weak interactions by dispersing the binding agent to its
surroundings. Thus, the spectroscopic detection of N–H···X-type binding in porphyrin solutions is
almost impossible without especially designing the binding pocket. Here, we present the first report
on the spectroscopic detection of N–H···X-type interplay in porphyrins formed by weak interac-
tions. Protonated 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(2-aminophenyl) porphyrin contains
coordination sites for the selective binding of charge-bearing analytes, revealing characteristic spec-
troscopic responses. While electronic absorption spectroscopy proved to be a particularly useful
tool for the detection of porphyrin–analyte interactions in the supramolecular complexes, X-ray
crystallography helped to pinpoint the orientation, flexibility, and encapsulation of substrates in the
corresponding atropisomers. This charge-assisted complexation of analytes in the anion-selective
porphyrin inner core system is ideal for the study of atropisomers using high-resolution NMR,
since it reduces the proton exchange rate, generating static proton signals. Therefore, we were able
to characterize all four rotamers of the nonplanar 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(2-
aminophenyl) porphyrin by performing 1D and 2D NMR spectroscopic analyses of host-guest
systems consisting of benzenesulfonic acid (BSA) and each porphyrin atropisomer. Lastly, a detailed
assignment of the symmetry operations that are unique to porphyrin atropisomers allowed us to
accurately identify the rotamers using NMR techniques only. Overall, the N–H···X-type interplay in
porphyrins formed by weak interactions that form restricted H-bonding complexes is shown to be
the key to unravelling the atropisomeric enigma.

Keywords: porphyrins; sensing; atropisomers; NMR; UV–vis; nonplanar
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Abstract: In this work, new Screen Printed Carbon-paste Electrodes (SPCEs) were developed through
deposition of nanostructures of HO–BiONO3 synthesized with or without surfactant additions.
We performed a cyclic voltammetry study showing the improvement in performance of bismuth
tailored electrodes for paracetamol sensing compared with bare SPCE. A computation study was also
performed for investigating the interaction between paracetamol and bismuth species during the
electron transfer process enlighten the preferential sites of interaction on the surface of modified SPEs.

Keywords: paracetamol; bismuth; SPCE

1. Introduction

Paracetamol is among the most studied emerging pollutants [1] and one of the most
used antipyretic drugs in the world [2]. Accordingly, the development of a new trust-
worthy paracetamol detection system is a key pillar in the sensors field for personalized
therapy and for developing environmental monitoring. Among all available approaches,
electrochemical techniques are the most useful considering production-cost, sensibility and
reproducibility of sensing technologies [3]. The development of new electrode materials for
paracetamol detection has attracted more interest in recent years. To improve the sensing
performance, several studies used modified carbon electrodes tailored with several nanos-
tructured materials [2,3]. Recently, Madagalam et al. [4] reported a new SPCE decorated
with bismuth sub-nitrate as an effective electrochemical sensor for paracetamol detection.
The choice of bismuth was driven by the great tuneability of bismuth species [5], together
with its remarkable electrochemical performances [6,7].

Here, we move a step forward in the comprehension of the paracetamol detection by
using bismuth tailored SPCEs through a computational study. Accordingly, we report a
solid approach for the calculation of electron transfer rate with new structural information
of transitional state geometry of paracetamol–bismuth sub-nitrate system.

2. Materials and Methods

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), 1-butanol, and Polyethylene glycol
(PEG) were used for material synthesis at Politecnico di Torino, Italy. Phosphate buffer
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saline (PBS), DI water, and paracetamol tablets made into powder were used for the prepa-
ration of material suspensions and electrolytic solution at EPFL, Neuchatel, Switzerland.

2.2. Methods
2.2.1. Material Synthesis and Modification of SPCEs

HO–BiONO3 was synthesized According to Liu et al. [8] and by the modified synthesis
reported by Madagalam et al. [4]. SPCEs were prepared according to the procedure
described in [4]. A SPCEs consisting on a working electrode and a counter electrode in
carbon, and a reference electrode in silver/silver-chloride is presented in this study.

2.2.2. Electrochemical Measurements

Cyclic Voltammetry measurements (CV) were performed under atmospheric condi-
tions using AutoLab potentiostat and run accordingly with the procedure described in [4].
For an electrochemically reversible electron transfer process involving freely diffusing
redox species, the Randles–Sevcik equation [9] describes the linear increase of the peak
current ip (A) with the square root of the scan rate ν (V/s):

ip = 0.466nFAC
(

nFνD
RT

) 1
2
, (1)

where n is the number of electrons transferred in the redox reaction, A (cm2) is the electrode
geometric surface area, D (cm2/s) is the diffusion coefficient of the oxidized analyte,
and C (mol/cm3) is the bulk concentration of the analyte. The Randles–Sevcik equation
(Equation (1)) is used to deduce the analyte behavior identifying the two scenarios when it
is freely diffusing in solution or adsorbed on the surface of the electrode.

Kinetic parameters were calculated using the Laviron model [10], where the peak
potentials are described as follows, with the cathodic peak potential being:

Epc = E0 −
(

RT
αnF

)
ln
[

α

|m|
]

(2)

and the anodic peak potential being:

Epa = E0 +

(
RT

(1 − α)nF

)
ln
[
(1 − α)

|m|
]

(3)

with m = (RT/F) (k/nν). R is the universal gas constant, n is the number of electrons
involved in the redox reaction, T is the absolute temperature in Kelvin, F is the Faraday
constant, ν is the scan rate, and E0 is the surface standard potential. The kinetic rate
constant k was calculated by substituting α value into the following equation:

ln(k) = α ln(1 − α) + (1 − α)lnα − ln
(

RT
nFν

)
− α(1 − α)

nFΔEp

RT
(4)

2.2.3. Modelling

Computational simulations were run with HyperChem (HC) software using the
following procedure.

A 3D structure is obtained in HC by the function model build for both paracetamol
and Bi clusters. Then, the simulations started to evaluate the electronic properties and the
geometry information required in the generalized Marcus model. Therefore, the potential
energy must be minimized with respect to the system coordinated by means of geometry
optimization. This is done by evaluating the potential energy as function of molecules
coordinates according to a hybrid quantum/molecular mechanics approach (MM+) [11].
Then, a second simulation was run in line with the neglect of differential diatomic overlap
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approximation (PM3 basis set) [12]. Two different Bi clusters model the polymeric layer as
shown in Figure 1.

Figure 1. BiONO3 dimer on the left and BiONO3 trimer on the right.

The dimer was assumed to be the minimum unit allowing the electron transfer (ET).
Indeed, ET is depicted through two Bi–C “fake bonds” as shown in Figure 2 by sup-
posing that each couple exchanges just one electron and the two charged particles are
simultaneously acquired from paracetamol [1].

 
Figure 2. Transition state model: the double dashed lines on paracetamol defined the chemical bonds
involved in the reaction while the single ones defined the Bi–C “fake bonds” through which the
ET occurs.

The Figure 2 represents one of the hypothesized transition states (HTS) geometry.
Indeed, the transitional state (TS) is identified as a unique crossing point in the potential
energy surface (PES) defining the reaction coordinates of both reactants and products [13].
However, according to Tachiya et al. [14] the TS is not uniquely defined since it depends on
the probability to achieve a certain value of the electrostatic potential distribution. For that
reason, it is necessary to talk about “hypothetical” TS. Moreover, it is observed after each
simulation that the interaction distance between each Bi–C couple is not equal:, the system
is asymmetric, thus the average between the interaction distance is kept within the model
according to the procedure reported in [14]. Afterwards, the simulations were repeated
for the Bi trimer. The geometry optimization was performed two times in both cases by
cutting the “fake bonds” before starting the second simulation. The solvation effect arising
from the electrolyte wetting the electrode at the interface with the organic compound was
considered as well. It was modelled by adding water molecules surrounding paracetamol
and it was established that the ET would be ensured by a minimum amount of five
molecules. Finally, the HTS in which the nitric functional groups in both dimer and trimer
were replaced by hydroxyl group by supposing that the functionalized electrode undergone
a cleaning pre-treatment in H2SO4 was simulated. The electron transfer rate constant in a
CdS-Phenol system was analyzed to validate our model. According to Serpone et al. [15],
we simulated the electrochemical redox process between a CdS powder and a phenol
molecule in solution by defining a box containing water molecules, as shown in Figure 2.
All of them were mirrored outside the box by reproducing the system in solution. The
obtained ET rate constant was k = 6.42·10−5 s−1, in compliance with the literature constant
(k = 5.17·10−5 s−1).

3. Results and Discussion

3.1. Electrochemical Measurements

SPCEs modified sensors were tested by Madagalam et al. [4] through CV and main
data are summarized in Table 1.
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The peaks detected during CV without and with paracetamol were distinguishable
and confirmed that we observed higher peak currents when there was paracetamol in the
electrolytic solution. PEG-coated HO–BiONO3 sensor was found to have a potential shift of
−75 mV, whereas HO–BiONO3 sensor has a shift of −26 mV due to Nernst effect compared
to the bare SPCE sensor. PEG-coated HO–BiONO3 sensor was also found to have a higher
oxidation peak current of 52.1 ± 3.0 μA. To study the behavior of the electrochemical
system, CVs were run by varying the scan rate (50 mV/s–300 mV/s) while determining 1
mM paracetamol in 0.1 M PBS at pH 7. It was observed that the peak position changed
by increasing the scan rate while the redox current increased linearly with the square root
of the scan rate. From these observations and Equation (1), it was possible to give an
indication that the electrochemical system was a freely diffusing quasi-reversible system.
By plotting peak positions (Epa, Epc) versus ln(ν), a linear variation was observed and
peak-to-peak separation (ΔEp) increased linearly with ln(ν). According to Equations (2)
and (3), it was found that n is approximately equal to 2 meaning that two electrons were
participating in the redox reaction of paracetamol as reported in [1]. The α values are
listed in Table 1 for different sensors together with the k values obtained at a scan rate of
100 mV/s for three different sensors. PEG-coated HO–BiONO3 sensor had a higher rate
constant of 42.0 ± 9.8 ms−1 with lower ΔEp of 243 ± 10 mV compared to other sensors.
This is a big advantage compared to the SPCE sensor since a higher rate constant gives
rise to faster electrochemical reaction and lower ΔEp indicates a higher possibility of a
reversible reaction (low resistance). Quantitative studies run by CVs measurements showed
a higher sensitivity for PEG-coated HO–BiONO3 compared with bare SPCE due to the
nanostructure deposited on the surface [4].

Table 1. Main experimental outputs from electrochemical measurements of bare and tailored SPCEs.

Working Electrode
Peak Position

(mV)
Peak Current

(μA)
α

ΔEp
(mV)

k
(ms−1)

Sensitiviy
(μA/mM)

Detection
Limit (μM)

SPCE 459.9 ± 1.0 33.1 ± 1.5 0.44 ± 0.10 477 ± 45 0.60 ± 0.33 20.02 ± 0.23 2.34± 0.03

HO–BiONO3 433.6 ± 6.1 42.0 ± 1.5 0.45 ± 0.04 392 ± 19 2.20 ± 0.82 34.88 ± 0.15 2.79 ± 0.01

PEG HO–BiONO3 385 ± 30 52.1 ± 3.0 0.40 ± 0.04 243 ± 10 42.0 ± 9.8 43.50 ± 0.54 2.24 ± 0.03

3.2. Computational Evaluation

The electron transfer rate constant values coming from the computational simulations
are presented in the following sections by underlying the affecting parameters on the
transition state for both the HO–BiONO3 dimer and trimer cases. A geometrical scheme as
shown in Figure 3 acts as reference to describe the variations in the hypothetical transition
state conformation depending on the functional groups bonded to the Bi active atoms.
According to the assumption that paracetamol interacts with Bi cluster through its two
carbon atoms, we can define:

(1) The symmetric axis passing through the organic compound C atoms that is a C2 axis
since the symmetry is maintained by a rotation of 180◦

(2) The paracetamol plane A of symmetry on which the C ring lies that is a reflection
plane

(3) A second plane B on which the active Bi atoms lie
(4) The dihedral angle α between these two planes
(5) The angle β defining the rotation of the paracetamol plane with respect to its symmet-

ric axis.
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Figure 3. Paracetamol geometrical description on the left showing the symmetrical axis C2 (right);
dihedral angle is defined as the angle between the plane A (green) on which the paracetamol carbon
ring lies and the plane B (orange) passing through the Bi atoms (center); description of paracetamol
plane rotation of an angle β with respect to the symmetric axis (left).

3.2.1. HO–BiONO3 Dimers

All the results are shown in Table 2. The different cases are labelled with the functional
groups bonded to the two Bi atoms.

Table 2. Electron transfer rate constant and activation energy for Bi dimers.

Dimer k (s−1) Activation Energy (eV)

NO3-NO3 1.2·10−3 9.3
OH-OH 2.6·10−3 10.89
OH-NO3 6.9·10−3 7.74
NO3-OH 2.78·10−2 7.46

We firstly evaluated the characteristics of symmetric dimers with two nitric or hy-
droxylic groups as shown in Figure 4. In both cases, the electron transfer rate constant is
of the order of magnitude of 10−3 s−1 a factor of 2 higher in the hydroxylic groups case.
The activation energy difference is about 15%. This is reasonable, as the dihedral angle
was slightly greater in NO3-NO3 than OH-OH by fixing the angle β, as can be seen in
Figure 5. However, paracetamol approaching is hugely affected by the two functional
groups. Indeed, the NO3 group bonded with Bi (a) was above the Bi plane and moved
closer to the paracetamol nitro groups by leading to a distortion of the Bi-O bond on that
side. The surrounding water molecules improved that distortion and emphasized the steric
hindrance. On the other hand, having four identical hydroxylic groups ensured a less steric
effect since no strong repulsions between electron clouds can arise in that case.

A second comparison was made between the HTS associated to the two specular
Bi-dimers having an OH group and a NO3 alternatively bonded to each Bi atom. In this
case, a larger dihedral angle resulted when NO3 was bonded to the right Bi since the
interaction with the paracetamol OH-group lead the nitric group position above the Bi
plane. This also resulted in an ET rate constant equals to 6.9 · 10−3 s−1 which is smaller
than the NO3-OH by a factor of 4. Regarding the activation energy, a difference of only
4% was obtained since the structures involved are the same in terms of atoms. From these
simulations, we realized that having hydroxyl groups could enhance the sensing properties
of the functionalized layer despite the steric effect arising from neighboring nitric groups.
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Figure 4. Molecular conformation of the HTS associated to the dimer case NO3–NO3 on the left and
OH–OH on the right and two bismuth atoms (named a and b respectively).

 

Figure 5. Overlapped molecular structure of HTS associated to the dimer NO3–NO3 (blue planes)
and OH–OH (yellow planes): α angles comparison at fixed β.

3.2.2. HO–BiONO3 Trimer

All the results are shown in Table 3. The different cases are labelled with the functional
groups bonded to the three Bi atoms.

Table 3. k and activation energy for Bi trimers.

Trimer k (s−1) Activation Energy (eV)

NO3-NO3-NO3 7.08·10−5 7.34
NO3-OH-NO3 5.9·10−2 5.75
NO3-OH-OH 8.46·10−2 9.16
OH-OH-NO3 8.3·10−2 9.87

When we simulated the HTS associated to the trimer cases, we introduced a further
assumption by distinguishing among the reacting Bi atoms and the non-reacting ones
since just two Bi atoms are supposed to interact with the paracetamol C atoms. Based on
that, we observed that the steric effect was more evident in the NO3-OH-NO3 structure
due to the orientation of the nitric group bonded with the non-reacting Bi atom towards
the nitro group of the organic compound. On the contrary, no distortion occurs in the
NO3-NO3-NO3 because the functional groups bonded with reacting Bi lie in the same plane.
However, lower activation energy of the transition state made the NO3-OH-NO3 more
energetically favorable to the ET process and further confirmed that the presence of some
OH groups should improve the efficiency of the ET process. Indeed, the ET rate constant
was three orders of magnitude greater in NO3-OH-NO3 case than the NO3-NO3-NO3 case.

Finally, the specular case for the trimer was simulated by replacing the two nitric
groups with hydroxyl as shown in Figure 6. We observed that NO3-OH-OH was strongly
affected by the orientation of NO3 above the Bi plane towards the paracetamol nitro group
that is also above the Bi plane. Nevertheless, no distortion occurred, and it can be seen in
Figure 7 that the dihedral angle was qualitatively the same as for the OH–OH–NO3 case.
These also let to ET values in the two specular trimers with a difference less than 2% and
geometries with very similar the dihedral angles. Indeed, we obtained a value of 9.16 eV
for NO3–OH–OH and 9.87 eV for OH–OH–NO3.
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Figure 6. Molecular conformation of the HTS associated to the dimer case NO3–OH–OH on the left
and OH–OH–NO3 on the right and three bismuth atoms (named a, b and c respectively).

Figure 7. Overlapped molecular structure of HTS associated to the dimer OH–OH–NO3 (blue planes)
and NO3–OH–OH (yellow planes): α angles comparison at fixed β.

4. Conclusions

As clearly shown from the data, the electrochemical sensing boost observed for HO–
BiONO3 tailored SPCEs is likely due to defective sites on HO–BiONO3 particles sitting
on the surface of the electrode. The hydroxyl functionalities played a relevant role in
the paracetamol–bismuth interaction that defines the geometry of the transitional state as
showed by the computational study. Accordingly, a more polar surface induced a better
interaction with paracetamol.

This study has firstly described in a comprehensive way the effect of bismuth subni-
trate chemistry in an electrochemical system considering both empirical and experimental
data sets, leading to the foundation for a rational design of bismuth modified SPCEs.
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Abstract: Localized surface plasmon resonance (LSPR) and metal-enhanced-fluorescence (MEF)-
based optical biosensors exhibit unique properties compared to other sensing devices that can be
exploited for the design point-of-care (POC) diagnostic tools [1]. Plasmonic devices exploit the capa-
bility of noble-metal nanoparticles of absorbing light at a well-defined wavelength. The increasing
request for wearable, flexible and easy-to-use diagnostic tools has brought to the development of
plasmonic nanocomposites, whose peculiar performances arise from the combination of the optical
properties of plasmonic nanoparticles and mechanical properties of the polymeric matrix in which
they are embedded [2,3]. An optical platform based on spherical gold nanoparticles (AuNPs) em-
bedded in high molecular weight poly-(ethylene glycol) diacrylate (PEGDA) hydrogel is proposed.
PEGDA hydrogel represents a biocompatible, flexible, transparent polymeric network to design
wearable, 3D, plasmonic biosensors for the detection of targets with different molecular weights
for the early diagnosis of disease. The swelling capability of PEGDA is directly correlated to the
plasmonic decoupling of AuNPs embedded within the matrix. A study on the effect of swelling on
the optical response of the PEGDA/AuNPs composites was investigated by using a biorecognition
layer/target model system. Specifically, after the in situ chemical modification of the AuNPs within
the hydrogel, the interaction biotin-streptavidin is monitored within the 3D hydrogel network. Ad-
ditionally, metal-enhanced fluorescence is observed within the PEGDA/AuNPs nanocomposites,
which can be exploited to achieve an ultra-low limit of detection. LSPR signal was monitored via
transmission mode customized setup and MEF signal was detected via fluorescence and confocal
microscopes. Label-free (LSPR-based) and fluorescence (MEF-based) signals of a high molecular
weight target analyte were successfully monitored with relatively high resolutions and low limits
of detection compared to the standard polymeric optical platforms available in the literature. The
optimized platform could represent a highly reproducible and low-cost novel biosensor to be applied
as a POC diagnostic tool in healthcare and food monitoring applications.

Keywords: optical biosensors; flexible hybrid materials; disease early diagnosis; nanofabrication
techniques; nanocomposite materials; LSPR-based biosensors; metal-enhanced fluorescence
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Abstract: Disease diagnosis through breath analysis has attracted significant attention in recent years
due to its noninvasive nature, rapid testing ability, and applicability for patients of all ages. More
than 1000 volatile organic components (VOCs) exist in human breath, but only selected VOCs are
associated with specific diseases. Selective identification of those disease marker VOCs using an
array of multiple sensors are highly desirable in the current scenario. The use of efficient sensors and
the use of suitable classification algorithms is essential for the selective and reliable detection of those
disease markers in complex breath. In the current study, we fabricated a noble metal (Au, Pd and Pt)
nanoparticle-functionalized MoS2 (Chalcogenides, Sigma Aldrich, St. Louis, MO, USA)-based sensor
array for the selective identification of different VOCs. Four sensors, i.e., pure MoS2, Au/MoS2,
Pd/MoS2, and Pt/MoS2 were tested under exposure to different VOCs, such as acetone, benzene,
ethanol, xylene, 2-propenol, methanol and toluene, at 50 ◦C. Initially, principal component analysis
(PCA) and linear discriminant analysis (LDA) were used to discriminate those seven VOCs. As
compared to the PCA, LDA was able to discriminate well between the seven VOCs. Four different
machine learning algorithms such as k-nearest neighbors (kNN), decision tree, random forest, and
multinomial logistic regression were used to further identify those VOCs. The classification accuracy
of those seven VOCs using KNN, decision tree, random forest, and multinomial logistic regression
was 97.14%, 92.43%, 84.1%, and 98.97%, respectively. These results authenticated that multinomial
logistic regression performed best between the four machine learning algorithms to discriminate and
differentiate the multiple VOCs that generally exist in human breath.

Keywords: breath analysis; surface functionalized MoS2; classification; discrimination

1. Introduction

In the field of medical diagnostic and health care systems, breath analysis has gained
a lot of interest for the noninvasive detection of diseases and monitoring of health param-
eters [1,2]. More than 1000 volatile organic components (VOCs) are present in exhaled
breath, but only some of them are considered disease markers [3,4]. In this context, the
selective detection of the different VOCs using smart sensor systems has a high demand
for efficient breath analysis. Selective detection can also be achieved using suitable pattern
recognition algorithms on sensor signals. For the early detection of disease, the combina-
tion of a highly selective sensor and an effective machine learning algorithm is required.
Diagnostics through breath is less time consuming compared to the clinical process and,
at the same time, it is cost-efficient as does not require well-trained professionals and the
sensors are less costly [5,6].

Chemiresistive sensors typically recognize a target VOC by changing their resistance
depending upon the adsorption-desorption properties of the analyte to the detecting layer
surface. An extensive variety of materials are used for VOC sensing, including thin metal
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films [7], metal oxides [8–10], polymers [11], etc. Accessible surface functionalization
possibilities, high surface area to volume ratio, increased flexibility, high sensitivity, and
tunable bandgap make two-dimensional molybdenum disulfide (MoS2) an encouraging
channel material to sense the VOC [12,13].

A pattern recognition algorithm also plays an essential role in the detection of VOC.
A suitable classifier is required to achieve an effective classification rate in VOC sensing
based on the sensor data. Different algorithms such as partial least squares discriminant
analysis [14], canonical discriminant analysis [15], k-nearest neighbor [4,16], Discriminant
function analysis [17], support vector machine [18], random forest [19], logistic regres-
sion [20], etc. were reported in the literature. In some of the reported literature, different
types of neural network classifiers were used [21–24].

In the current study, we used principal component analysis (PCA) and linear discrimi-
nant analysis (LDA) to visualize the data in lesser dimensions compared to the original
extent. Furthermore, four different supervised algorithms, k-nearest neighbor (kNN),
decision tree, random forest, and multinomial logistic regression, were implemented to
identify the best-suited algorithm based on their performance.

2. Material and Methods

2.1. Preparation of MoS2 and Noble Metal Nanoparticles Solutions

All materials MoS2 (Chalcogenides, Sigma Aldrich, St. Louis, MO, USA), gold (III)
chloride (AuCl3, 99%, Sigma Aldrich), palladium chloride (PdCl2, 60%, Molychem, Mum-
bai, India), and chloroplatinic acid (H4PtCl6xH2O, 40%, Molychem) were analytical grade
and used without any further purification. The 0.2 wt% MoS2 solution was prepared
in deionized water and stirred for 1.5 h at room temperature to maintain homogeneity.
Similarly, 0.1 MM aqueous solutions of noble metal nanoparticles (Au, Pd, Pt) were pre-
pared by adding corresponding metal salts in deionized water with continuous stirring
and dropwise diluted HCl was also added to obtain stable and uniform nanoparticles at
room temperature.

Au, Pd and Pt nanoparticle-loaded MoS2 samples were prepared using the spray
coating technique. Firstly, MoS2 solution was spray coated on washed SiO2/Si substrate
and dried at room temperature. In the final step, nanoparticle solutions were spray-coated
on previously deposited MoS2 and dried at room temperature.

Thermal annealing was performed for 4 h at 250 ◦C to provide crystallization and
thermal stability in all 4 samples (MoS2, Au-MOS2, Pd-MoS2, and Pt-MoS2). The MoS2
flakes were coated by very tiny Au NPs (12 nm), whereas the larger Pd NPs (54 nm) were
deposited, maintaining a consistent spacing. Pt nanoparticles on the MoS2 surface had the
biggest size (77 nm) of the three.

2.2. Fabrication of Sensors

Au source and drain electrodes of 150 nm thickness were deposited on all four samples
by using an electron beam evaporation unit. Sensors were then placed into a sensor holder,
and further sensing performance was studied.

The sensor holder was placed in a glass sealed sensing chamber of 650 mL on a
heating plate. The sensing performance of prepared sensors was examined by a static
mode sensing setup where VOCs were injected using micro syringes (Hamilton mi-
cro syringe). The sensor was recovered by flowing 450 SCCM synthetic air by using
a mass flow controller. The amount of injected VOC was calculated by using the formula:
C (ppm) = 2.46 × (V1D/VM) × 103, where D (gm/mL), M (gm/mol), and V (L) represent
density of the VOC, molecular weight of the VOC and volume of vaporization chamber,
respectively [13,25,26]. Seven different VOCs, i.e., acetone, 2-propanol, benzene, ethanol,
methanol, toluene, and xylene were tested during the study. Using a Keithley 6487 source
meter, sensing performance was recorded applying 1 V constant bias. The sensitivity of the
sensor was calculated by formula; Ra − Rv/Ra × 100 where Ra and Rv were the resistances
of the sensor in the air and in target VOC.
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To read the generated output of sensors stored in CSV file a python script was used. All
the algorithms, analysis, and plotting were performed on Python 3.7 and Jupiter notebook
as a platform.

3. Results and Discussion

3.1. VOC Sensing

As a reference ambient, synthetic air was used to perform the gas sensing measure-
ments of the four different sensors: pure MoS2, Au-MoS2, Pd-MoS2, and Pt-MoS2. Figure 1
shows the change in resistance (MΩ) with respect to time at 50 ◦C. In the presence of VOCs,
as the exposer time increased, the resistance offered by the sensor decreased. This decrease
in resistance confirms that the sensor is an n-type property. In the presence of seven distinct
VOCs, i.e., acetone, 2-propanol, benzene, ethanol, methanol, toluene, and xylene, four
different sensors, i.e., pure MoS2, Au-MoS2, Pd-MoS2, and Pt-MoS2, were observed and
stored for further processing of data.

(a) (b) 

(c) (d) 

Figure 1. Change in resistance offered by sensors (a) MoS2 (b) Au-MoS2 (c) Pd-MoS2 (d) Pt-MoS2

with respect to time in presence of 7 VOCs.

3.2. Data Analysis

Figure 2 describes the influence of the volatile organic components (VOCs) on the
outcomes of two-dimensionality reduction techniques: principal component analysis and
linear discriminant analysis. The measurement parameters were kept constant during the
experiment. The operating temperature was 50 ◦C, the response was taken up to 600 s. and
the sample concentration was 100 ppm.

The response obtained by the four different sensors for seven different VOCs was
used for principal component analysis (PCA). The three-dimensional plot between the
first principal component (PC1), second principal component (PC2), and third principal
component (PC3) is represented in Figure 2. As we have four independent variables
(sensor responses), the maximum principal component obtained was four. Therefore, we
have considered only the first three principal components contributing the most to the
explained variance in this analysis. The total explained variance was 93.58%, in which PC1
contributed 52.52%, PC2 contributed 30.91%, and PC3 contributed 10.14%. All seven VOCs
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had their compact clusters, and they separated. Still, the separation between the cluster of
acetone/2-propanol and benzene/toluene was quite small, which increased the possibility
of misclassification.

(a) (b) 

Figure 2. Scatter plot from the exposure of four sensors to seven VOCs in (a) PCA (b) LDA.

Taking account of the problem of discrimination between the different VOCs, a linear
discrimination analysis was also performed. The same sensor response vector was used
in the linear discriminant analysis (LDA). Figure 2b shows that the employment of the
classifier allowed the discrimination of all seven VOCs. Thus, LDA is highly efficient for
investigating the VOCs based on the sensor response. A three-dimensional plot is shown
in Figure 2b, which clearly depicts the performance of the LDA on the raw data (sensor
response vector). The different VOCs were densely clustered within their groups, and they
were well separated from each other. So, there was a significantly lower probability of
misclassification among the VOCs. The 2-propanol was slightly more stretched along the
second linear discriminant function (LD2) axis, and xylene was along the third discriminant
function (LD3). The three discriminant functions, LD1, LD2, and LD3 contributed 71.22%,
27.42% and 1.21%, respectively, the total resultant explained the variance for the classifier
becoming 99.85%.

3.3. VOC Identification

The previously discussed LDA and PCA plot gives only the visual representation of
the separation of VOCs based on the sensor response. The goal of the sensor setup is to
design a generalized model based on the known data during the training phase and try to
predict the class when an unknown data sample is encountered.

The supervised algorithm was performed in the current work to determine the VOCs;
four different machine learning algorithms such as k-nearest neighbor (kNN), decision
tree, random forest, and multinomial logistic regression were used to identify those seven
VOCs. The normalized sensor response was fed to the algorithms, and the whole data
set was divided into training testing data with 70% and 30%, respectively. The data set
consisted of 4200 measurements of each sensor, with each class containing 600 data vectors
and seven classes. So, 2940 vectors were used to train the model, and the remaining
1260 vectors were used to test the model. For identification of VOCs, above 84% was the
classification accuracy for every classifier with an accuracy of 97.14%, 92.43%, 84.1%, 98.97%
for kNN, decision tree, random forest, and multinomial logistic regression, respectively. A
confusion matrix is used to calculate the classification accuracy, and the confusion matrix
furnishes the observation into what components were mistakenly classified. Figure 3a
shows the confusion matrix of kNN where 11 samples of toluene were classified as xylene
and 10 samples of benzene were wrongly predicted as ethanol. Figure 3b is a representation
of the confusion matrix obtained from the decision tree algorithm. The confusion matrix of
the random forest and multinomial logistic regression are shown in Figure 3c,d, respectively.
In multinomial logistic regression, only 12 benzene samples were identified as acetone, and
one sample of xylene was identified as toluene.
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Figure 3. Confusion matrix of (a) k-nearest neighbor, (b) decision tree, (c) random forest, and
(d) multinomial logistic regression.

4. Conclusions

The ability of a surface-functionalized MoS2 sensor to distinguish between the various
VOCs was appraised by PCA and LDA, in which LDA laid out the excellent separation
between the VOCs. Further, to evaluate the effectiveness of the sensor output to identify the
VOCs, four different machine learning-based (supervised) classification algorithms were
implemented, and among them, the k-nearest neighbor and multinomial logistic regression
were performed outstandingly with an accuracy of 97.14% and 98.97%, respectively. Thus,
high selectivity and accuracy authenticate that the system discriminates and differentiates
the multiple VOCs that generally exist in human breath.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10451/s1.
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Abstract: The present study investigated the effect of malaxation times (Mt) (0, 15, 30, 45 and 60 min),
during the industrial extraction of cv. Arbequina oils at 25 ◦C on total phenolic content of olive pastes.
Additionally, the possibility of applying a lab-made potentiometric electronic tongue (E-tongue),
comprising 40 lipid/polymer sensor membranes with cross sensitivity, to discriminate the olive
pastes according to the Mt, was evaluated. The results pointed out that the olive pastes’ total phenolic
contents significantly decreased (p-value < 0.001, one-way ANOVA) with the increase of the Mt (from
2.21 ± 0.02 to 1.99 ± 0.03 g gallic acid equivalents/kg olive paste), there being observed a linear
decreasing trend (R-Pearson = −0.910). These findings may be tentatively attributed to the migration
of the phenolic compounds from the olive pastes to the extracted oil and water phases, during the
malaxation process. Finally, the E-tongue signals, acquired during the analysis of the olive pastes’
methanolic extracts (methanol:water, 80:20 v/v), together with a linear discriminant analysis (LDA),
coupled with a simulated annealing (SA) algorithm, allowed us to establish a successful classification
model. The E-tongue-LDA-SA model, based on 11 selected non-redundant sensors, allowed us
to correctly discriminate all the studied olive pastes according to the Mt (sensitivities of 100% for
training and leave-one-out cross-validation). The satisfactory performance of the E-tongue could be
tentatively explained by the known capability of lipid/polymeric sensor membranes to interact with
phenolic compounds, through electrostatic interactions and/or hydrogen bonds, which total content
depended on the Mt.

Keywords: electronic tongue; lipid sensor membranes; chemometrics; olive pastes; total pheno-
lic content

1. Introduction

The worldwide consumption of virgin olive oil (VOO) is associated with its appreci-
ated sensory attributes as well as with the recognized health benefits, namely, the reduced
risk of chronic diseases and increased longevity, mainly related to the unsaturated fatty
acids and minor components like polyphenols [1]. One strategy to ensure the natural en-
richment of olive oils in phenolic compounds is based on the optimization of the extraction
conditions, namely, using different malaxation times and/or temperatures [2–4].

Several destructive and nondestructive analytical techniques (e.g., chromatography,
electrochemical sensor devices and spectroscopy) have been applied to evaluate the olive
oil physicochemical and quality characteristics, including the assessment of total and
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individual compositions in phenolics [5,6]. Nevertheless, most of the studies are focused
on the olive oil evaluation after being extracted or during the storage period. In those
studies, the proposed methodologies were not used as prognostic tools of olive oil quality,
i.e., to predict the quality of the olive oil to be processed from measurements on the olive
pastes collected during the olive oil extraction process. Actually, a small number of works
have been published on the potential prediction of olive oil composition and quality before
or during olive oil production [4,7,8]. In this context, this study aimed to evaluate the
effect of malaxation time (Mt), during the industrial extraction of oils, on the total phenolic
content (TPC) of cv. Arbequina pastes. Additionally, the use of a potentiometric lab-made
electronic tongue (E-tongue) to estimate the TPC in olive pastes collected at different Mt,
was also evaluated. This capability could allow establishing indirect correlations between
the composition of olive pastes and the TPC of the cv. Arbequina oils industrially extracted.
It is important to emphasize that E-tongues comprising lipid sensor membranes have been
extensively used to determine the phenolic profile and the sensory sensations of olive
oils [3,7], which versatility has been related to the low selectivity and cross-sensitivity of
the sensors that mimic the behavior of the human biological gustatory receptors [9].

2. Materials and Methods

2.1. Olives and Olive Pastes Samples

Olives from the cv. Arbequina were harvested in mid-November 2017 from an orchard
located in Trás-os-Montes region (northeast Portugal). Olive pastes were collected at
5 time-periods (0, 15, 30, 45 and 60 min) during the oil extraction at 25 ◦C, in an industrial
olive mill (OLIMONTES, Macedo de Cavaleiros, Portugal. Five samples of olive pastes
(~100 g) were collected from the malaxers during the extraction, totalizing 25 olive paste
sub-samples (5 replicas × 5 time-periods). The TPC and the potentiometric profiles of the
olive pastes were determined.

2.2. Olive Pastes
2.2.1. Analytical Extraction for TPC and Potentiometric Analysis

The methodology applied was previously described by Marx et al. [6]. The polar
extract containing the phenolic compounds was collected to assess the TPC and to establish
the potentiometric profiles.

2.2.2. TPC of Olive Paste Extracts

The TPC was determined following the methodology proposed by Singleton and
Rossi [10] and previous described by Marx et al. [7]. Gallic acid was used as the external
standard compound to establish the calibration curve (R2 > 0.999), being the results ex-
pressed as g of Gallic acid equivalents (GAE) per kg of olive paste (g GAE/kg olive paste).

2.2.3. E-Tongue Apparatus and Potentiometric Analysis of Olive Paste Extracts

A lab-made potentiometric E-tongue, comprising two cylindrical arrays, was used.
Each array contained 20 lipid polymeric cross-sensitive sensor membranes (1st array: S1:1
to S1:20; 2nd array: S2:1 to 2:20). The construction details, as well as the composition of
the membranes were previously reported by Marx et al. [3]. The device was connected
to an Agilent Data Acquisition unit (model 34970A), which was controlled by an Agilent
BenchLink Data Logger software. For the olive pastes analysis, the TPC polar extract was
used after a 1:5 (v/v) dilution in deionized water [7]. The diluted solution was analyzed
with the E-tongue during 5 min to allow reaching a pseudo-equilibrium between the
non-specific lipid polymeric membranes and the dissolved chemical compounds [7].

2.3. Statistical Analysis

The TPC of olive pastes were analyzed using the one-way ANOVA followed by the
Tukey’s post-hoc multi-comparison test. Linear discriminant analysis (LDA) was applied
to evaluate the correct discrimination of the studied pastes based on the best subsets of
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E-tongue sensors selected using the simulated annealing (SA) algorithm. The leave-one-
out cross-validation (LOO-CV) variant was used to evaluate the predictive performance
of the classification model and the repeated K-fold-CV. The quality of the results was
assessed considering the sensitivity (i.e., the percentage of corrected classified samples).
The statistical analysis was performed using the Sub-select and MASS packages of the
open-source statistical program R (RStudio version Version 1.2.5033), at a 5% significance
level, as previous detailed by Marx et al. [3,7].

3. Results and Discussion

3.1. TPC of Olive Pastes

The TPC of the olive pastes, collected at five time-periods (0, 15, 30, 45 and 60 min)
during the industrial extraction of cv. Arbequina oils, were determined following the
Folin-Ciocalteau spectrophotometric method and are shown in Table 1. According to
the results, the TPC of the pastes linearly decreases with the Mt (R-Pearson = −0.910).
However, until 30 min of malaxation, the observed decrease is not significant, there being
observed a reduction of 0.46% between 15 and 30 min. On the other hand, after 30 min of
malaxation, the reduction on the TPC of the studied pastes was more pronounced. Similar
trends (negative correlation between the TPC of the olive paste and the Mt) have already
been reported in the literature [4]. According to Trapani et al. [4], the decreasing trend was
attributed to the enzymatic oxidation of phenolic compounds, probably due to the fact that
during the malaxation process the olive paste was exposed to air. The knowledge of the
TPC of olive pastes during malaxation could pave the way towards a real-time control of
the impact of the Mt on the olive oils being extracted in order to promote the increase of
the total phenolics in olive oils.

Table 1. Statistical analysis of TPC of olive pastes collected at five different malaxation times, during the industrial extraction
of olive oil (average, standard deviation, p-value and R-Pearson).

Folin–Ciocalteau
Spectrophotometric Method

Malaxation Time
p-Value 1 R-Pearson

0 min 15 min 30 min 45 min 60 min

TPC
(g GAE/kg olive paste)

2.21 ± 0.02 A 2.18 ± 0.02 A 2.17 ± 0.04 A 2.04 ± 0.03 B 2.00 ± 0.03 B <0.0001 −0.910

1 p-values for the one-way ANOVA. Different letters in the same row show statistically differences from the given mean (p < 0.05). n = 5.

3.2. Estimating TPC of Olive Pastes Based on the Potentiometric E-Tongue Analysis of Olive
Paste Extracts

Among the 40 lipid polymeric sensors, it was possible to establish linear correla-
tions (positive or negative, i.e., signal-on or signal-off) between the potentiometric signals
recorded by the E-tongue sensor membranes and the decimal logarithm of TPC, for 75%
of the sensors (0.836 ≤ R2 ≤ 0.998). The sensors mean sensitivities varied from +3.7 to
+376 mV/decade, or between −185 to −42 mV/decade. The linear correlations were ob-
tained for 30 E-tongue sensors (1st array: S1:1, S1:2, S1:3, S4, S1:7, S1:8, S1:10, S1:12, S1:13,
S1:15, S1:16, S1:17, S1:18, S1:19 and S1:20; 2nd array: S2:2, S2:3, S2:4, S2:5, S2:7, S2:8, S2:9,
S2:10, S2:12, S2:13, S2:15, S2:17, S2:18, S2:19 and S2:20), and the mean TPC calculated by
applying the referred linear correlations are shown in Table 2.

Table 2. TPC (mean ± standard deviation) of olive pastes estimated using the correlations established
between the E-tongue signals and the decimal logarithm of TPC, for the five different malaxation
times studied (minimum and maximum contents in brackets).

E-Tongue Analysis
Malaxation Time

0 min 15 min 30 min 45 min 60 min

Estimated TPC
(g GAE/kg olive paste)

2.21 ± 0.03
(2.06–2.25)

2.13 ± 0.04
(2.03–2.22)

2.15 ± 0.03
(2.08–2.23)

2.05 ± 0.02
(1.99–2.09)

1.99 ± 0.01
(1.96–2.02)
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The agreement between the experimental TPC (Table 1) and those estimated by the
device (Table 2), pointed out that the E-tongue could be applied as a real-time analytical tool
to estimate the TPC in olive pastes collected during the oil extraction, allowing establishing
the best Mt of the olive pastes that would ensure the extraction of an olive oil rich in
phenolic compounds.

Finally, the E-tongue signals acquired during the analysis of the olive pastes’ methano-
lic extracts (methanol: water, 80:20 v/v), allowed the establishing of a successful classi-
fication LDA-SA model. The E-tongue-LDA-SA model (Figure 1), based on 11 selected
non-redundant sensors, correctly discriminated all the studied olive pastes according to the
Mt (sensitivities of 100% for training and LOO-CV) and 91 ± 12% for repeated K-fold-CV.
The satisfactory performance of E-tongue could be tentatively attributed by the known
capability of the lipid sensor membranes to interact with phenolic compounds, through
electrostatic interactions and/or hydrogen bonds, which total content depended on the
Mt [7].

Figure 1. E-tongue-LDA-SA model performance regarding the supervising classification of cv.
Arbequina olive pastes extracted at 0 min (�); 15 min (�); 30 min (•); 45 min (�) and 60 min (�)
based on the potentiometric signals gathered by eleven lipid sensor membranes (1st array: S1:1, S1:8,
S1:14, S1:17, S1:18, S1:20; 2nd array: S2:2, S2:3, S2:4, S2:5 and S2:18), selected using the SA algorithm
from a set of 40 sensors.

4. Conclusions

The spectrophotometric evaluation of the olive pastes showed that until 30 min
of malaxation, the TPC of the olive pastes were not significantly different. Oppositely,
after 30 min of malaxation, the TPC of the pastes decreased, being the lowest contents
determined for pastes after 60 min of malaxation. However, monitoring the TPC of
olive pastes by spectrophotometry is a time-consuming task that requires several sample
pre-treatments. Furthermore, this conventional spectrophotometric technique has some
practical limitations, like the difficult regarding its implementation as an in-situ and online
tool, besides being an invasive/destructive technique.

The present study showed that the potentiometric E-tongue analysis of extracts of
olive pastes, collected during the industrial extraction of cv. Arbequina oils, coupled with
chemometric tools, allowed estimating of the TPC. In addition, the E-tongue was capable
to correctly discriminate all olive pastes studied according to the malaxation time.
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Taking into account its portability, the lab-made E-tongue could be easily implemented
in an industrial olive mill allowing estimating of the TPC of the olive pastes and, indirectly,
establishing of the optimal malaxation time of the olive pastes to obtain a high-quality oil.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/CSAC2021-10556/s1.

Author Contributions: Conceptualization, Í.M.G.M., N.R., J.A.P. and A.M.P.; methodology, Í.M.G.M.
and N.R.; software, A.M.P., and A.C.A.V.; validation, J.A.P. and A.M.P.; investigation, Í.M.G.M.;
resources, Í.M.G.M. and N.R.; writing—original draft preparation, Í.M.G.M.; writing—review and
editing, A.M.P. and J.A.P.; supervision, A.M.P.; funding acquisition, Í.M.G.M. and N.R. All authors
have read and agreed to the published version of the manuscript.

Funding: Foundation for Science and Technology (FCT, Portugal) FCT/MCTES; CIMO (UIDB/00690/
2020); CEB (UIDB/04469/2020); REQUIMTE-LAQV (UIDB/50006/2020); BioTecNorte operation
(NORTE-01-0145-FEDER-000004) funded by the European Regional Development Fund under the
scope of Norte2020—Programa Operacional Regional do Norte. Ph.D. research grant (SFRH/BD/
137283/2018) provided by FCT.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to the Foundation for Science and Technology (FCT,
Portugal) for financial support by national funds FCT/MCTES to CIMO (UIDB/00690/2020), to
CEB (UIDB/04469/2020), to REQUIMTE-LAQV (UIDB/50006/2020) and to BioTecNorte operation
(NORTE-01-0145-FEDER-000004) funded by the European Regional Development Fund under the
scope of Norte2020—Programa Operacional Regional do Norte. Ítala Marx acknowledges the Ph.D.
research grant (SFRH/BD/137283/2018) provided by FCT. Nuno Rodrigues thanks the National
funding by FCT-Foundation for Science and Technology, P.I., through the institutional scientific
employment program contract.

Conflicts of Interest: The authors declare no conflict of interest.

References
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Abstract: The need to perform in situ sensing measurements lead to the development of innovative
and smart field-portable devices. The advantages of such systems are remarkable since they are
mainly battery-powered, lightweight and easy to carry and keep. Moreover, field-portable devices
are easy to use and are able to give fast sensing responses. In the last few years, many efforts have
been made in the development of new performing systems and the advantageous use of nanofibrous
materials was assessed. To this purpose, the electrospinning has been recognized as the most powerful
and facile technique for generating uniform nanofibers with controlled dimension and morphology.
When conductive polymers are electrospun, very interesting electrical properties can be obtained
along with the well-known ones that are typical of nanofibers. Among these polymers, polyaniline has
been extensively used. In this work, an innovative hybrid material based on polyaniline/polyvinyl
acetate/graphene oxide nanofibers was developed and tested as a sensor toward the detection of
contaminants in aqueous media. Nanofibers, in the form of a compact mat, were deposited onto a
support with suitable electrical contacts. Measurements were performed exploiting the excellent
electrical properties of the realized nanofibers in both direct and alternating currents. When a direct
current was used, the change in the nanofibers’ resistance value was registered upon exposure to
contaminated aqueous solutions and used to determine the presence or absence of contaminants,
whereas when tests were performed with an alternating current, the quantitative determination
of single species in contaminated solutions was also possible. In this way, by integrating the two
different measurement methodologies, an opportunely designed multifunctional portable device
will be developed for both qualitative and quantitative contaminants determinations.
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Abstract: The nanosized composites based on the natural polysaccharides and nanoparticles of
noble metals are promising candidates for efficient antiviral drugs. However, the complexity of
such objects, their diversity and novelty necessitate the development of new analytical methods for
investigation of such supramolecular architectures. In this work, which was recently developed for
SPR-based instrumentation, the concept of variative refraction (DViFA, density variations in fixed
architectures) was used to elucidate the mechanism of the antiviral action of a polysaccharide with
gold nanoparticles grown in it. The SPR data were confirmed by direct biological tests: the effect of the
native polysaccharide glucuronoxylomannan (GXM) obtained from the fungus Ganoderma adspersum
and gold nanocomposites thereon on the infection of Datura stramonium with tobacco mosaic virus
(TMV) was investigated. Both drugs suppress the development of viral infections. However, if for
high concentrations the characteristic activity of the composite is somewhat lower than for GXM,
then with an increase in dilution, the effectiveness of the composite increases significantly, up to a
twofold excess. It has been reasonably suggested that the mechanism of antiviral action is associated
with the formation of clusters of viruses that are no longer capable of infecting cells.

Keywords: nanocomposites; variative refraction; surface plasmon resonance; antiviral activity

1. Introduction

Nanosized composites combined organic compounds and inorganic nanoparticles
extend our capabilities to form supramolecular architectures of advanced functionality.
Complex macromolecules of biological origin, which can act as a matrix for the synthesis
of such objects, are of particular interest. In this work, the polysaccharide glucuronoxylo-
mannan with known immunomodulatory activity was chosen as such a matrix [1].

Earlier, we considered the potential of polysaccharide glucuronoxylomannan as an
antiphytoviral agent. It was demonstrated that GXM isolated from Tremella mesenterica
culture can suppress TMV infection in Nicotiana tabacum and Datura stramonium plants [2].
It was shown that GXM affects both the virus before infection and the processes that are
proceeding immediately in the cell. In particular, polysaccharide can suppress virus repro-
duction and induce plant resistance to pathogens. It was suggested that GXM sterically
block the virions, thereby suppressing its ability to infect [3]. In this regard, it is reasonable
to evaluate the antiviral effectiveness of GXM nanocomposites with gold and well-known
inhibitory agents, the effect of which is often associated with the activity of this metal ions
in an aqueous medium [4]. It should be emphasized that the “ionic model” of the antiviral
action of nanoparticles finds fewer and fewer supporters among researchers: the authors of
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many publications increasingly prefer various physical processes in the field of contact of
nanoparticles with biological objects when describing one or another effect of nanoobjects
on biological systems.

Indeed, the nanosized composites turned out to be a fundamentally new objects
with unusual properties—in particular, their toxicity, which does not correlate with the
properties of the material in the atomic-molecular state or in a solid. This is well illustrated
by the example of the effect of nano-objects on viruses and bacteria, for which a large
amount of experimental material has been collected. It is reasonable to conclude that the
antiviral effects of nanoparticles are due to some physical phenomenon, rather than a
chemical interaction of one type or another. Nanoscale analytes induce the change of the
toxicity paradigm: physical effects come to the forefront, not the features of the chemical
structure. This means that we need take into account not only the chemical composition of
the object, but also its geometric characteristics, such as its size and shape [5].

The aim of this work was to study GXM nanocomposites with gold nanoparticles in
order to elucidate their potential as antiviral drugs using the example of the TMV virions.

Since macromolecules of polysaccharides are complex branched structures, it is not
possible to uniformly introduce pre-synthesized metal nanoparticles into these structures.
However, taking into account the fact that polysaccharides contain a sufficiently large set
of functional groups with the characteristics necessary for carrying out the corresponding
redox reactions, in this work the synthesis of metal nanoparticles was carried out directly
inside the polysaccharide matrix.

This polysaccharide can act both as a reducing agent and as a stabilizer due to the
presence of the corresponding functional groups in the molecule. GXM consists of a linear
backbone of (1 → 3)-linked α-D-mannose with mainly xylose and glucuronic acid in the
side chains [6]. Molecules of glucuronic acid contains carboxylic acid group, which gives
acidic properties to GXM (acid polysaccharide). In order to clarify the peculiarities of the
interaction of composites with viral particles at the molecular level, an analysis of their
interactions with the tobacco mosaic virus was carried out using the SPR method. Antiviral
activity of the complex was also tested in vivo at the Datura stramonium L.

2. Methods

Preparation of GXM. The principle of the method of obtaining preparations of β-glucan
from the mycelium of the fungus G. adspersum was the same as in obtaining β(1 → 3)-
β(1 → 6)-bound glucan (“ganoderan”) from other species of Ganoderma sp. Namely:
polysaccharide preparations were obtained from lyophilized mycelium of the fungus
by sequential aqueous, alkaline and acid extraction [7]. First, to remove low molecular
weight compounds to the dry mycelium of the fungus G. adspersum, thoroughly ground
in a porcelain mortar, add 85% ethanol solution (1:5, v/v) and boil for 3 h. The alcohol
extraction procedure was repeated three times. Each time the precipitate was separated
by centrifugation (10,000× g, 15–20 min) and was used in further work. To obtain the
aqueous fraction of β-glucan, water (1:5) was added to the mycelium purified from low
molecular weight impurities and was boiled for 3 h. The procedure was repeated 5 times.
The extracts were collected by centrifugation (10,000× g, 15–20 min) and combined. The
resulting extract was dialyzed against running and distilled water and then evaporated to
a minimum volume (1:5) on a rotary evaporator 1/5 by volume of a mixture of isoamyl
alcohol and chloroform (1:10) was then added to the concentrate, the mixture was shaken
vigorously for 10 min and then centrifuged (10,000× g, 20 min) to separate the aqueous
and organic phases. Deproteinization of the extract was repeated once more, the organic
extracts were removed, the aqueous ones were combined and dried in freeze-drying [8].

Synthesis of AuNPs. First, GXM water solution was prepared by dissolution of 3 mg
GXM in 2.9 mL H2O, and then aqueous solution of HAuCl4 (0.1 mL, 30 mM) was added
to it at violent stirring. The mixture was stirred during 1 min at room temperature and
heated to 100 ◦C with boiling for 10 min. The AuNPs formation was confirmed by UV-Vis
Spectroscopy and TEM.
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Instrumentation and Measurements. The morphological, optical, and spectroscopic prop-
erties of AuNPs were examined using the following measurements. UV-vis spectra were
acquired with Umico UV-Vis spectrophotometer (data not shown). TEM was performed at
100 kV using a JEOL-1011 (JEM, Japan) instrument (data not shown). Scanning spectrome-
ter “BioHelper” (ISP NASU, Kiev, Ukraine) was used for SPR measurements with standard
chips (50 nm Au/1.5 nm Cr/glass (n = 1.61)) and the protein A immobilization protocol
described in detail in [9]. SPR measurements were carried out in a static mode without a
sample flow in an open cell configuration (400 μL).

3. Results and Discussion

3.1. Molecular Level Analysis: Advanced SPR Study

Conventional SPR studies typically use “2D” interfacial architectures whose thickness
is significantly smaller than the penetration depth of an exponentially decaying evanescent
wave in a dielectric medium [10,11]. The use of SPR techniques for the investigation of
“bigger” objects (e.g., intact virus particles so called virions, cells etc.) has some limitations,
since their characteristic size exceeds tens of nanometers, which is required to ensure an
adequacy of the quasi-linear approximation in SPR sensing.

In the conventional approach, the SPR response depends on the effective thickness of
the analyte layer that is bound to the receptors on the surface—the density of both layers
(receptor and analyte) is uniform—i.e., the variation of the SPR signal is due to the changes
of the thickness. However, an SPR shift depends also on the change of the refractive index
within the layer. Therefore, variations of the layer density can also affect the response
value due to the variations of the refractive index inside the layer (“variative” refraction).
One of the possible mechanisms is changing the packing of the objects of different sizes
and shapes within interfacial architectures on the surface (e.g., a virus, an antibody, a
small molecule etc.) If the thickness of the surface layer is fixed due to the constant
form of the biggest interacting components (e.g., virion), the SPR shift is a single-valued
function of the molecular assembly compactness. Exactly such an unconventional approach
DViFA (density variations in fixed architectures) has been proposed by us early [12–14] for
quantitative detection of native virus particles t (V) using SPR techniques.

Typical protocol includes the incubation of a virus-bearing material (V) with a definite
concentration of a specific antibody (Ab) followed by the injection of statistically formed
V-Ab complexes into SPR instrument with a sensitive surface covered by protein A. A shift
of the minimum of SPR signal depended on the compactness of the V-Ab monolayer on the
surface. To realize such an approach, we took advantage of (1) specificity of protein A from
Staphylococcus aureus to the Fc-fragment of immunoglobulins as well as development of
(2) statistically stable distribution of complexes with different numbers Abs per V specific
for different Ab/V ratios.

To refine the DViFA approach, the investigation of TMV interaction with serum
containing specific antibodies was performed, both with and without the presence of
GXM-Au composites in the sample during the incubation phase. We investigated how
the nanocomposite affects the interaction of the virus with specific antibodies. During the
measurements, the concentration of TMV particles was constant (at constant concentration
of 100 μg/mL), and the concentration of antibodies was changed by serial dilutions of
serum in the range from 1:25 to 1:1600. The results obtained were compared with the data
for a virus at the same concentration preincubated with GXM-Au complex (Figure 1):
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Figure 1. Comparison of the immobilization of TMV-aTMV complexes in the presence and in the
absence of Au-GXM nanocomposites. The figures around the graph show schematic representations
of the surface orientation of viral particles “on side” (at low dilutions) and “at end” (at large dilutions
of antibodies). Individual virus particles or aggregates are attached to the surface by “bridging”
antibodies, the Fc fragment of which is bound by protein A immobilized on the surface.

At dilution levels between 1:25 and 1:200, the antibodies fill the free surface of the V-
Ab cylinders. Such complexes experience a mutual orienting effect on the surface modified
by protein A and their configuration is typical for the classical “car parking” problem. The
general structure of such an ensemble of viral particles on the surface remains practically
unchanged up to a dilution of antibodies of about 1:200. The decrease in the SPR response
in this range is due to a decrease in the number of antibodies associated with the virus,
i.e., density of surface architecture. Some stabilization of the response in the range from
1:100 to 1:200 can be associated with two competing processes: on the one hand, a decrease
in the number of surface-bound antibodies decreases the density, and on the other hand,
it increases through some convergence of individual viral particles. In the presence of a
GXM-Au composite, all the considered effects are less pronounced and are observed at
low dilutions, since the GXM composite blocks some of the surface binding sites of Ab
on the virion surface. At a dilution level of 1:200 and 1:100 for a virus without and in the
presence of a nanocomposite, respectively, the amount of antibodies becomes insufficient
to keep the virus “on side” on the surface and some of the viral particles become “at end”,
fixing pointwise on the surface with a chain of virus–antibody–protein A. In the absence of
a GXM-Au composite, this process continues with further dilution (1:400–1:1600), leading
to a decrease in the mass (number of attached virus particles) on the surface.

A radically different situation is observed in the case of the presence of a GXM gold
nanocomposite: a decrease in the amount of antibodies at dilutions greater than 1:200
leads to an increase and subsequent stabilization of the response for dilutions up to 1:1600.
In this case, the stabilization of the response occurs approximately at the same level,
which corresponded to the densest structure of viral particles in the position “on the
side”. Since the diameter of the virus particle coated with antibodies is about 40 nm, and
the length of the virus particle is 300 nm, then in the orientation “on side” and “at end”
the surface ensemble of viral particles practically completely overlap the region of the
highest concentration of the evanescent wave (less then 100 nm due to its exponential decay
with distance from the surface). All this suggests that the presence of a polysaccharide
nanocomposite stimulates the aggregation of virus particles into large clusters that are
attached to the surface by only a few antibody molecules. Summarizing the obtained
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results, it can be argued that the nanocomposite stimulates the aggregation of viral particles
into clusters, preventing their “independent” functioning.

3.2. Biological Experiments In Vivo

To verify the antiviral activity of the nanosized composite, the classical biological
test has been performed. Aqueous solutions of Au-GXM (in the concentration range
1–500 μg/mL) were added to a suspension of TMV (10 μg/mL) and the mixture was
incubated for 30 min at room temperature. Then, the left halves Datura stramonium L. were
inoculated with mixture, whereas the right halves were infected with the virus at the same
concentration without a composite.

The degree of viral infection suppression (in percentage terms) was calculated from the
number of necrotic local lesions on the test and control leaves using the following expression [8]:

I = ((C − P)/C)·100% (1)

where I is the degree of viral inhibition in percent; C—local lesions number on the control
half; P—number of local lesions on the test half. The results of the calculation of necrosis
were subjected to statistical processing by parametric criteria, calculating their average
number (M) and the ratio of these data in the experiment and control, as well as the average
error of the ratio (m). On the graph, the data of statistical evaluation of the results were
expressed as M ± m (Figure 2).

Figure 2. Percentage of necrosis per leaf with native glucan (GXM) and Au-glucan composite (Au-
GXM). Insert: Datura stramonium L. leaves infected with TMV in a mixture with native glucan GXM
(labeled “Gl10”) and GXM-Au nanocomposite (labeled “Gl+Au”).

The in-vivo experiment showed that both native GXM and GXM-Au composites
inhibit the development of viral infection: this is manifested in a much smaller number
of necrosis on the experimental halves of the leaves of the studied plants (see Insert in
Figure 2).

In order to compare the effectiveness of potent antiviral drugs, a concentration de-
pendence of the percentage of necrosis on the experimental leaf halves to the necrosis
on the control leaf halves on the drug concentration was constructed (i.e., the lower the
value, the more effectively the virus is suppressed). For the preparation of native GXM, a
clear linear (exponential in linear coordinates) dependence of the degree of viral infection
suppression on the concentration was demonstrated. The difference in the concentration
range of 0.5 mg/mL–0.001 mg/mL is c.a. 50%. It was shown that at high concentrations
(0.5 mg/mL) the activity of the GXM is higher than the activity of the composite. However,
the effectiveness of the GXM-Au composite is significantly less dependent on the concen-
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tration of the drug. This leads to the fact that the antiviral activity of the composite is much
higher at low concentrations. In particular, for a concentration of 0.001 mg/mL, the degree
of viral infection suppression was more than twice better than that for Au composites in
respect to native glucan.

The results of molecular analysis and in vivo studies suggest that polysaccharide
matrices with embedded gold nanoparticles have a stronger antiviral effect at low concen-
trations in comparison with natural polysaccharides. The mechanism of this action is due
to the fact that the metal composite induces the aggregation of viral particles into clusters
incapable of subsequent infection of plant cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10475/s1.
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Abstract: Amyloid-β (Aβ) peptides are crucial in the pathology of Alzheimer’s disease. On the
other hand, their metal complexes possess distinctive coordination properties that could be of great
importance in the selective recognition of (bio)analytes, such as anions. Here, we report a novel
group of molecular receptors for phosphate anions recognition: metal–peptide complexes of Aβ

peptides, which combine features of synthetic inorganic ligands and naturally occurring binding
proteins. The influence of the change in the metal ion center on the coordination and redox properties
of binary Cu(II)/Ni(II)-Aβ complexes, as well as the affinity of these complexes towards phosphate
species, were analyzed. This approach offers the possibility of fine-tuning the receptor affinity for
desired applications.

Keywords: metal–peptide complexes; voltammetry; molecular receptors

1. Introduction

The determination of phosphate anions in body fluids provides information about
various disorders such as hyperparathyroidism or vitamin D deficiency [1]. Therefore, the
monitoring of phosphate levels is of interest for human health. Chemical sensors are an
ideal alternative to classic analytical methods, but their construction requires the synthesis
of appropriate receptors, selectively binding to the analyte.

Amyloid β peptides (Aβ) related to Alzheimer’s disease are well known for their
neurotoxic properties [2]. However, metal complexes, with their N-terminally truncated
analogs, have unique coordination properties that could be employed in the design of
potential receptors for biorelevant anionic species [3,4]. The Aβ5-9 (Arg-His-Asp-Ser-Gly-
NH2) peptide possesses a His-2 binding motif, and thus forms stable complexes with
transition metal ions such as Cu(II) or Ni(II). At pH 7.4, the Cu(II) or Ni(II) ion is bound
by three nitrogen atoms (3N) from the His residue, the N-terminal amine, and the peptide
backbone amide [5]. The resulting chelates also exhibit a labile coordination site, enabling
ternary interactions. Hence, metal–peptide complexes offer the possibility of fine-tuning
their affinity for desired applications by altering the amino acid sequence and the metal
ion center.

The present work explores and compares the coordination and redox properties of
Cu(II) and Ni(II) complexes of the Aβ5-9 peptide, followed by their ability to interact with
biologically relevant phosphate anions and nucleotides.
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2. Materials and Methods

2.1. Chemicals and Reagents

All chemicals were purchased from Merck and Sigma Aldrich. All solutions were
prepared daily with deionized water (18 MΩ·cm). In order to avoid Cu(II)/Ni(II) contami-
nation, the glassware was raised with 6 M HNO3 followed by deionized water. AMP and
ATP stock solutions were adjusted to pH 7.0–7.4 and kept on ice during measurements to
prevent nucleotides hydrolysis.

2.2. Peptide Synthesis

Synthesis of the Aβ5-9 peptide was performed according to the Fmoc/tBu strategy [6]
on a Prelude™ peptide synthesizer (Protein Technologies, Inc., Tucson, AZ, USA). The
crude was purified by HPLC with the UV detection (Waters, Milford, MA, USA) at 220 nm.
The purity of the peptide was verified by ESI-MS (Waters, Milford, MA, USA).

2.3. Voltammetry

Electrochemical measurements (CV, DPV) were performed using the CHI 1030 poten-
tiostat (CH Instrument, Austin, TX, USA) in a three-electrode arrangement with a GCE
(BASi, 3 mm diameter) as a working electrode, an Ag/AgCl electrode (Mineral, Warsaw,
Poland) as a reference, and a platinum wire as an auxiliary electrode. The GCE was se-
quentially polished with the alumina powder (1.0 μm and 0.3 μm) on a Buehler polishing
cloth. Then, the working electrode was sonicated for 1 min and rinsed thoroughly with
deionized water. All voltametric experiments were carried out in 100 mM KNO3 at pH 7.4
under argon. The pH was adjusted with small aliquots of concentrated KOH or HNO3
solutions. The peptide-to-metal(II) ratio was 1.0:0.9.

3. Results and Discussion

The electrochemical response for the Aβ5-9 metal complexes recorded at pH 7.4 is de-
picted in Figure 1. The binary Cu(II)-Aβ5-9 complex enabled both the reduction (Figure 1A,
blue line) and oxidation of Cu(II) ions (Figure 1B, blue line). The exchange of the metal cen-
ter complex to Ni(II) caused significant differences in the redox behavior, with a decrease
in metal center oxidation by 188 mV compared to Cu(II) complexes (Figure 1B, green line).
We did not observe any signals associated with Ni(II) reduction (Figure 1A, green line).

Distinct electrochemical properties are likely caused by the differences in geometry
and the stabilities of the Aβ5-9 complexes. Under studied conditions, Cu(II) complex is
square-planar, while Ni(II) complexes are mostly octahedral. Additionally, the conditional
stability constant of the Cu(II)-Aβ5-9 (5.8 × 1012 M−1) is about five orders magnitude higher
than for Ni(II)-Aβ5-9 (1.7 × 106 M−1) [3,5].

Considering the application of the metal complexes of Aβ5-9 as a recognition element,
we studied their response to selected anionic species. Observed changes in the oxida-
tion potentials of the metal center upon the addition of 10 mM phosphates were similar
(~150–160 mV) for Cu(II) and Ni(II) complexes of Aβ5-9. Comparable sensitivity of chelates
is probably related to a similar Lewis acidity of the metal centers. Furthermore, both
complexes exhibit a good selectivity towards phosphates in the presence of chlorides and
sulfates (Table 1). Aside from phosphates, only acetates, among other tested analytes, inter-
acted with the metal–peptide complexes, causing changes in redox activity. Nevertheless,
the voltametric signals for acetates occurred at different potentials than for phosphates.

Since the intercellular level of organic phosphates can be 20 times higher than inor-
ganic phosphates, we decided to investigate the affinities of the studied metal–peptide
complexes for selected nucleotides (AMP, ATP). Similar to phosphate anions, the presence
of nucleotides shifted the oxidation peak to less positive values. However, in contrast to
Cu(II)-Aβ5-9, the signal of the metal center oxidation for Ni(II)-Aβ5-9 occurs at different
potentials for mono- and triphosphates (see Table 1). We suggest that this is due to the
ability of the octahedral nickel complex to interact with more than one phosphate group of
ATP as a result of the chelate effect.
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Figure 1. CV curves registered for 0.5 mM Aβ5-9 in absence (grey line) and in the presence of
0.45 mM Cu(II) (blue line), or 0.45 mM Ni(II) (green line) scanned towards negative (A) and positive
(B) potentials and recorded in 100 mM KNO3 at pH 7.4, scan rate v = 0.1 V/s. Analyzed based on
data published in the literature [3–5].

Table 1. Comparison of the affinity towards selected anions and nucleotides of the Cu(II)-Aβ5-9

and Ni(II)-Aβ5-9 complexes. ΔEM(II)/M(III) is the difference of the potential values of Cu(II) or Ni(II)
oxidation of the respective ternary system and the binary complex. Calculated based on results
published previously [3,4].

Anion ΔECu(II)/Cu(III) (mV) ΔENi(II)/Ni(III) (mV)

Cl− −2 −8
SO4

2− −8 −21
CH3COO− −84 −68

H2PO4
−/HPO4

2− −150 −156
AMP −136 −126
ATP −152 −230

4. Conclusions

Metal–peptide complexes of peptides possessing the His-2 motif ensure there are
labile coordination sites, enabling ternary interactions with phosphate anions and nu-
cleotides. Such interactions lead to a strong electrochemical response, which could be
valuable for designing a promising class of peptide-based molecular receptors with poten-
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tial applications as recognition elements in electrochemical biosensors and in vitro clinical
diagnostics.Our research proved that the change in the metallic center of the Aβ5-9 complex
significantly influences its coordination properties and redox activity. Nevertheless, alter-
ing the metal center from Cu(II) to Ni(II) does not change the sensitivity of the complex
toward phosphate anions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: Olive oil quality is normally assessed by chemical analysis as well as sensory analysis
to detect the presence of organoleptic defects. Two of the most important parameters that define
the quality of olive oil are the free acidity and the peroxide index. These chemical parameters are
usually determinated by manual titration procedures that must be carried out in a laboratory by
trained personnel. In this paper, a portable sensor system to evaluate the quality grade of olive
oil is presented. The system is battery operated and characterized by small dimensions, a light
weight and quick measurement response. The working principle is based on the measurement of the
electrical conductance of an emulsion between a hydro-alcoholic solution and the olive oil sample.
Tests have been carried out on a set of 17 olive oil samples. The results have shown how for fresh
olive oil samples, the olive oil’s free acidity can be estimated from the electrical conductance of the
emulsion. In the case of oxidized olive oil, the measured electrical conductance is also the function of
the oxidation level, and a conductance threshold can be set to discriminate between extra virgin olive
oils and lower-quality grade oils. The proposed system can be a low-cost alternative to standard
laboratory analysis to evaluate the quality grade of olive oil.

Keywords: olive oil; free acidity; peroxide index; electrochemical sensors; portable systems; electrical
conductance; in situ measurements

1. Introduction

Olive oil is a vegetable lipid highly appreciated for its beneficial effects on human
health [1]. Olive oil quality is normally assessed by chemical analysis as well as sensory
analysis to detect the presence of organoleptic defects. Two of the most important parame-
ters that define the quality of olive oil are free acidity, defined as the amount of fatty acids
no longer linked to their parent triglyceride molecules, which is affected by the quality of
the olives used to produce the oil as well as the production process, and the peroxide index,
expressed as milliequivalents of active oxigen for a kg of oil, which is an indicator of the oil
primary oxidation and is affected by the storage conditions [2]. The official techniques for
measuring these chemical parameters are manual titration procedures that must be carried
out in a laboratory by trained personnel [3].

In the case of small industrial environments, such as olive oil mills and small packag-
ing centers, which cannot afford an internal laboratory for quality analysis, the olive oil
samples to be tested must be shipped to an external laboratory, and this results in high
costs for the analysis and long response times. Thus, the development of simple and quick
techniques for the analysis of quality grade of olive oil is important to allow in situ mea-
surements directly in the industrial environment. A substantial research has been carried
out in recent years towards the development of portable and low-cost sensor systems
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for the quality analysis of food products. Some examples include a portable biosensor
system for bacterial concentration detection in raw milk [4], a system for the detection of
chicken meat freshness [5], a low-cost handheld system for rapid non-destructive testing of
fruit firmness [6], a system for the characterization of ice-cream properties with electrical
impedance [7], a system for the determination of solid fat content in fats and oils [8] and an
optical system for the assessment of lycopene content in tomatoes [9]. Many portable sensor
systems presented in the literature are designed using a microcontroller as the core device
of the system as well as commercial electronic chips to realize the analog measurement
system and the communication system with an external PC. More recently, substantial
research has been carried out for the development of smartphone-based sensor systems,
since modern mobile phones integrate powerful processors for data analysis, a rich sensor
set (camera, accelerometer, gyroscope, light sensor, etc.) as well as peripherals for wireless
and wired communication [10].

In this paper, a battery-operated portable sensor system for the quality analysis of
olive oil is presented. The system working principle is based on the measurement of the
electrical characteristics of an emulsion between a hydro-alcoholic solution and the olive
oil sample [11]. Tests on a set of 17 olive oils have shown how the system can discriminate
between extra virgin olive oils (EVOOs) lower-quality grade olive oils and thus represents
a low-cost and accurate alternative to standard laboratory analysis for in situ olive oil
quality assessment in a real production environment.

2. Materials and Methods

A portable sensor system to evaluate the quality grade of olive oil samples has
been designed and built. The system, shown in Figure 1a, is characterized by small
size (11 × 15 × 5 cm), light weight (350 g), quick measurement response (30 s) and can be
powered by a USB port or batteries (3 AAA alkaline batteries).

Figure 1. Photograph of the portable sensor system for olive oil quality grade detection (a) and
designed electronic board (b).

The system working principle is based on electrical impedance spectroscopy (EIS)
measurements [12] on an emulsion between a hydro-alcoholic solution and the olive
oil tested. The emulsion electrical properties were measured using a 50 mL Falcon vial
modified with a couple of cap-shaped stainless-steel electrodes (hereafter the sensor). In
more detail, the following steps were carried out:

• The reagent (15 mL), a hydro-alcoholic solution of 60% ethanol and 40% distilled
water, was added to the sensor vial.

• The reagent electrical conductance was measured using the portable system to check
if it was suitable for the measurement (i.e., it was not degraded).

• The olive oil being tested (1 mL) was added to the sensor vial.
• The sensor vial was vigorously stirred for about 15 s to create the emulsion.
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• The emulsion electrical conductance and the environmental temperature were mea-
sured using the portable system, and these values were used to estimate the olive oil
quality grade.

The system’s primary function is the measurement of the olive oil free acidity. In
fact, in presence of the hydro-alcoholic solution, the free fatty acid molecules dissociate
and generate ions that contribute to the increase in the emulsion electrical conductance
which, once compensated for by variations of the environmental temperature, can be used
to estimate the olive oil’s free acidity. In the case of fresh olive oil samples, which are
characterized by low values of peroxide index, a very good correlation exists between
the emulsion electrical conductance and the oil free acidity measured with the standard
titration technique. However, when olive oil storage conditions are not adequate, that
is, if the oil is exposed to heath or light, oxidation takes place, and this results in the
generation of non-volatile compounds (such as aldehydes, ketones and hydrocarbons) that
also contribute to the increase in the emulsion electrical conductance. Thus, by setting a
threshold for the emulsion electrical conductance, olive oil top quality grade (EVOO) can
be distinguished from lower-quality grades, virgin olive oils (VOOs) and lampante olive
oils (LOOs).

All electrical measurements, data processing and data filing are carried were using
the electronic board that is shown in Figure 1b. The electronic board integrates a LCD
screen to display the measurement results, four buttons for user interaction and a USB port
that can be used to power the sensor system as well as to transfer the measured data to a
PC for further data analysis. The core device of the electronic board is a microcontroller
produced by ST Microelectronics (STM32L152RCT6A) that is responsible for the generation
of the test signal, the signals acquisitions, the signals processing and the control of all the
electronic components of the board. Different commercial electronic chips are integrated
on the electronic board to design the analog circuits for the measurement of the emulsion
electrical conductance Gm. A schematic diagram of the measurement circuit is shown in
Figure 2. A sinewave test signal VIN(t) is generated with the 12-bit DAC integrated in
the microcontroller and applied to the sensor vial electrodes. The current through the
electrodes is converted to a voltage signal VOUT(t) using a trans-impedance amplifier. The
sinewave voltage signals VIN(t) and VOUT(t) are acquired with the 12-bit ADC integrated
in the microcontroller, processed to calculate the sinewave parameters and the emulsion
electrical conductance Gm. A temperature sensor (MCP9700A) is integrated in the electronic
board to make measurements of environmental temperature to compensate variations of
Gm with temperature.

Figure 2. Schematic of the circuit for the measurement of the emulsion electrical conductance [13].

The estimation of the olive oil free acidity is carried out with the following steps:

• The emulsion electrical conductance at a generic temperature Gm,T and the value of
temperature T are measured.

• A compensation model, implemented in the microcontroller, calculates the emulsion
electrical conductance at 23.5 ◦C Gm,23.5◦C from the measured values of Gm,T and T.

• The olive oil free acidity is estimated from the calculated Gm,23.5◦C using a calibration
curve equation stored in the microcontroller memory.
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3. Results and Discussion

The portable sensor system was used to evaluate the quality grade of a set of 17 olive
oil samples (11 fresh olive oil samples characterized by a peroxide index < 20 and 6 oxidized
olive oil samples characterized by a peroxide index > 20). All samples were tested with
the portable sensor system, the quality parameters (free acidity and peroxide index) were
determined using the reference manual titration techniques, and the oil quality category
was defined as suggested by the EU Reg. 2019-1604.

3.1. Analysis of Fresh Olive Oil Samples

The subset of 11 olive oil samples characterized by a peroxide index < 20 was tested
with the portable sensor system. In Figure 3 the emulsion electrical conductance at 23.5 ◦C
(Gm,23.5 ◦C) is plotted vs. the free acidity determined by the reference titration technique. A
correlation exists between Gm,23.5 ◦C and the olive oil free acidity. The best-fit curve that
correlates the two parameters is defined by the following equation:

FA =

(
Gm,23.5◦C − 0.6856

2.6662

)2
(1)

 
Figure 3. Scatter plot of the emulsion electrical conductance measured at 23.5 ◦C vs. free acidity for
the subset of olive oil samples featuring a peroxide index <20 meq O2/kg oil.

Equation (1) was used to estimate the free acidity for all the tested olive oil samples.
The values of the estimated free acidity as well as the free acidity determined with the
reference titration technique are reported in Table 1. As can be seen the free acidity
estimated with the portable sensor system is very close to the value obtained with the
reference titration technique, and the error in the estimated free acidity is never higher
than 0.23%.

Table 1. Estimated values of the free acidity for the subset of olive oil samples featuring a peroxide
index <20 meq O2/kg oil.

Sample Number Free Acidity (%) Estimated Free Acidity (%)

1 0.25 0.21
2 0.31 0.18
3 0.41 0.42
4 0.38 0.33
5 0.76 0.91
6 1.20 1.28
7 2.20 2.42
8 0.24 0.46
9 1.74 1.56

10 1.43 1.28
11 2.22 1.99
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3.2. Analysis of the Full Set of Olive Oil Samples

The full set of 17 olive oil samples (6 EVOOs, 3 VOOs and 8 LOOs) was tested
with the portable sensor system. In the case of oxidized samples, characterized by a
peroxide index > 20, the presence of non-volatile compounds contributes to the increase
in the emulsion electrical conductance. This was verified by performing the following
experiment: a sample, with a free acidity of 0.42% and peroxide index of 11.07 meq O2/kg
of oil, was subjected to UV radiation for a total time of 3 weeks, and the emulsion electrical
conductance at 23.5 ◦C was measured at time intervals of 1 week. The results, presented
in Table 2, confirm that even after 1 week there was a substantial increase in the emulsion
electrical conductance due to the products of oil oxidation.

Table 2. Emulsion electrical conductance at 23.5 ◦C as function of UV stress time.

UV Stress Time Gm,23.5 ◦C (μS)

No UV stress 2.26
1 week UV stress 5.09
2 weeks UV stress 5.22
3 weeks UV stress 5.12

The results for the full set of samples is presented in Figure 4, where each sample is
represented by a circle of different color depending on the quality grade (EVOO, VOO and
LOO), while the circle diameter represents the emulsion electrical conductance at 23.5 ◦C.
In general, samples of lower-quality grades were characterized by higher values of the
circle diameter. The results show that by setting a suitable threshold value for the emulsion
electrical conductance at 23.5 ◦C (Gm,23.5◦C,TH = 2.7 μS), EVOOs can be distinguished from
lower-quality oils (VOOs and LOOs) with good accuracy. In this case, all 11 samples of
lower-quality grades (3 VOOs and 8 LOOs) were correctly classified. In the case of EVOOs,
five samples were correctly classified, and the only misclassified sample featured a free
acidity value (0.76%) that was close to the threshold between EVOO and VOO (0.8%).

 
Figure 4. Emulsion electrical conductance at 23.5 ◦C as function of free acidity and peroxide index
for the full set of olive oil samples.

4. Conclusions

A portable battery-operated sensor system for the evaluation of olive oil quality grade
has been presented. The system is characterized by its small size, light weight and quick
measurement response. It can be used for the in situ evaluation of olive oil quality grade in
small industrial environments that cannot afford an internal laboratory.

The system working principle is based on the measurement of the electrical conduc-
tance of an emulsion between a hydro-alcoholic solution and the olive oil sample. The
emulsion electrical conductance is mainly affected by the free acidity as well as the oxida-
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tion level of the sample. Tests on 17 olive oil samples demonstrated how EVOO samples
can be differentiated from lower quality oils with good accuracy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10614/s1.
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Organic solvents are widely used as reaction media and/or for the separation and
purification of synthetic products in chemical and pharmaceutical industries. Many of
those solvents, among them being acetone, are considered to be harmful to human health.
The detection of vapors of such volatile solvents present in the air can be achieved using
multiple devices and materials [1], but the method of optical detection has a few important
advantages, such as room temperature detection without the need for electrical power
supply and easy detection when it is based on color/reflectance change. To achieve
this, acetone-sensitive copolymers were designed by grafting poly(methyl acrylate) side
chains onto poly(vinyl alcohol) precursors. Copolymer aqueous dispersions were used for
thin-film deposition on silicon substrates by applying the spin-coating method. Optical
properties of the film-refractive index, n, and extinction coefficient, k, as well as thickness,
d, were determined from measured reflectance spectra, R, by using the two-stage nonlinear
curve fitting method [2]. To evaluate the sensing properties of the films, they were placed
in a quartz cell, and the atmosphere inside was constantly changed from air to argon to
acetone using a homemade bubbler system (Figure 1).

Figure 1. Scheme of the detection of acetone vapor process.

Reflectance spectra were measured before and during exposure to acetone vapors and
were used to calculate optical constants and the thickness of the films in the presence of
acetone vapors. When exposed to the vapors, the copolymer side chains swelled due to
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the absorption of acetone, and as a result, the film thickness increased while its refractive
index decreased. This led to a shift of reflectance spectrum toward longer wavelengths
and a subsequent change of the color of the film (Figure 1). The calculated sensitivity of
polymer thin films was about 1.2 × 10−4% per 1 ppm but could be further increased by
two approaches. Firstly, the thickness of the polymer films could be optimized in order for
the optical response to be maximized. Secondly, different multilayers structures could be
designed using polymer films as building blocks.

According to the selectivity experiments, which are in progress, the initial results are
very promising: the optical response of the films exposed to relative humidity of up to
80% RH is more than 10 times less as compared to acetone vapors response.

In conclusion, thin films of poly(vinyl alcohol)-g-poly(methyl acrylate) were success-
fully deposited using the spin-coating method on silicon substrates. A reaction toward
acetone vapors and a very weak humidity response were demonstrated by measuring
reflectance changes. Optimization approaches for sensitivity enhancement were discussed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10416/s1.
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Abstract: Relative humidity monitorization is of extreme importance on scientific and industrial
applications, and fiber optics-based sensors may provide solutions where other types of sensors have
limitations. In this work, fiber optics’ sensors were fabricated by combining Long-Period Fiber Grat-
ings with three different humidity-responding polymers, namely Poly(vinyl alcohol), Poly(ethylene
glycol) and Hydromed™ D4. The performance of the multiple sensors was experimentally tested
and crossed with numerical simulations, which provide a comparison with the expected response
given the optical properties of the materials.

Keywords: relative humidity sensors; long-period fiber gratings; hydromorphic polymers; opti-
cal sensors

1. Introduction

The real time monitoring of relative humidity on scientific and industrial applications
is of extreme importance and many types of sensors have been developed, mostly based on
capacitive or resistive structures which may display some flaws, such as not being immune
to electromagnetic radiation, and not fit to extreme and harsh environments (such as
underwater applications). The usage of hydromorphic polymers in optical fiber structures
is a thoroughly explored field of research with many publications associated [1–4], some of
which include the usage of Poly(vinyl alcohol) (PVA), Poly(ethylene glycol) (PEG) or the
combination of the two [1]. The polymers display a refractive index (RI) that decreases with
the absorption of water molecules, also displaying considerable swelling effects. These
changes can be tracked by analyzing the spectral characteristics of specific optical structures
such as long-period fiber gratings (LPFG) [5,6]. LPFGs consist of a periodic modulation to
the RI of the core of the fiber, resulting in coupling of light from the fundamental core mode
to the co-propagating cladding modes, which creates rejection bands in the transmission
spectrum at specific wavelengths with high sensitivity to the surrounding RI. By coating
LPFGs with the aforementioned materials, this refractometer can be used to measure
relative humidity.

Preliminary results regarding LPFGs fabricated in single mode optical fibers and
coated with three different humidity-responding polymers PVA, PEG and a Hydrogel
(Hydromed™ D4) are presented. In the case of Hydrogel, no such work seems to have been
published previously. When placed in an environment with varying humidity, the polymers
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used as coating of the LPFG will both swell and change their RI, resulting in changes in the
coupling conditions of the light to the cladding modes. Besides the experimental work, in
order to have a better understanding of the effect of the coatings in the LPFG, simulations
based on coupled-mode theory [7] were implemented, which allow understanding of the
range of action of the LPFGs and optimization of their performance.

2. Materials and Methods

In order to test the capabilities of the polymers, several solutions of different concen-
trations were made, and thin layers were deposited around LPFGs previously fabricated
in single mode fibers (Corning SMF28e) with the electric arc technique following the pro-
cedure described in [6]. This allowed the calibration of the wavelength shift and optical
power shift induced by the coating process, meaning that for a given LPFG it is possible to
choose the concentration of the coating solution that gives both visibility of the rejection
band and high sensitivity to the RH variation. At the same time, given that the RH response
of the sensor is a result of changes in RI and the thickness of the coating layer, testing LPFGs
coated with solutions of different concentrations will also allow exploration of different
responses caused by this variation of parameters.

2.1. Polymers Used for Humidity Sensing

Three different polymers were chosen and compared, a hydrogel (HydroMed™ D4),
PVA (polyvinyl alchohol) and PEG (polyethylene glycol).

PVA is a water-soluble polymer, which has been studied extensively in the past as
a coating for fiber optics-based humidity sensors [1–4]. It is a hydrophilic polymer that
absorbs and desorbs water, with variations in the RI between 1.49 to 1.45 (at 1310 nm)
according to [2] or between 1.49 to 1.34 (at 1550 nm) according to [4].

PEG is a polymer derived from petroleum containing ether linkages in its main chain,
thus being referred to as a polyether. While there are some studies using this polymer for
humidity sensing [8], only one application of this polymer to LPFG was found [1], which
relied on a combination of PVA and PEG. The RI of PEG is lower than that of PVA, varying
from 1.455 to 1.413 (nD) [8].

HydroMed™ D is a series of ether-based hydrophilic urethanes fabricated by Advan-
Source Biomaterials [9]. These materials were designed to respond by expanding when in
contact with water molecules, with each product having different responses to different
water contents. The polymer is distributed in granular form, which can be dissolved in
many different solvents, of which ethanol was chosen.

2.2. Fabrication of the Coating Solutions and Coating Process

The solutions required different procedures in order to be dissolved. Generally, a
solvent with low boiling point such as ethanol is preferred because it will lead to a faster
evaporation and consequently the coating process will be faster. Nevertheless, given the
low solubilities of PVA and PEG in ethanol, deionized water was used instead, which
requires a longer time to fully evaporate and thus deposit the coating. In the case of
hydrogel, the solvent was ethanol. Solutions with three different concentrations were
produced, namely 10, 7.5 and 5% wt/wt, prepared by dissolving the high purity granules
with the solvent, in the corresponding ratio. The PVA solution was obtained by adding
PVA to water in a concentration of 10% wt/wt, and stirring for 3 h at 60 ◦C. The same
procedure was applied to obtain the 5 and 7.5% concentration solutions and in the case of
the PEG Scheme 50, 75 and 100% wt/wt.

The fabricated LPFGs were coated with all the polymers by stretching and dipping
horizontally with a small angle between the longitudinal axes of the fiber and a V groove
filled with the polymer. The fiber was then left at room temperature to ensure solvent
evaporation.

This coating process was done for each sensor, thus justifying the need for different
concentrations of the solutions, which have different viscosities and thus will create thicker
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coatings the more concentrated the solution is. In addition, calibration of the appropriate
concentration of the solution to a given LPFG, in order to ensure that the wavelength and
optical power shifts do not render the LPFG outside certain desirable parameters (such as
minimum wavelength in the interval 1500 to 1600 nm), was performed.

2.3. Humidity Measurements

In order to calibrate the fabricated sensors, an experimental setup was devised in
which the environment’s humidity could be controlled and measured (Figure 1).

Figure 1. Experimental setup created to measure changes in LPFG spectra in varying values of relative
humidity. 1—Interrogation unit; 2—Humidity Chamber; 3—Exterior valve; 4—Humidity valve.

This chamber was made from a container with two valves that connected to the
exterior (where the RH was around 50%), and a side container with water connected by
a valve to the main one. A small fan was also placed inside the container in order to
promote faster diffusion of the water molecules in the air. This setup allowed the variation
of internal humidity in varying rates, depending on the fan speed.

The humidity chamber allowed for the insertion of two LPFGs at once, one with the
humidity sensor and another for thermal compensation. The two fibers were placed in a
stand with weights in their extremities, guaranteeing that the sensor was fully stretched
at all times. The fiber was connected to an interrogation unit (HBM Fibersensing FS22
Braggmeter) on the outside, which recorded the spectra at all times. Also inside the
container was a humidity and temperature sensor (DHT22), which has a typical accuracy
of ±2%RH and ±0.5 ◦C and a working range of 0%RH to 100%RH and −40 ◦C to 80 ◦C.
This sensor was connected to an Arduino Uno unit which displayed the humidity and
temperature values every 12 s, allowing to record every LPFG sensor spectra along with
the respective humidity and temperature value.

2.4. Experimental Procedure

In order to provide a preliminary characterization of the sensors, the LPFG spectra
were taken in descending RH values. Firstly, the valve to the side container with water
was opened and the fan was turned on for 15 min. This ensured that the chamber attained
the maximum possible values of humidity, which was recorded at 99%RH. After this
process, the fan was turned off and after a minute of stabilization, the valve to the external
environment was opened, and the measurements initiated. Due to the opened valve,
the relative humidity decreased by 1% every 2 to 3 min, which provided an ideal stable
decrease in humidity for measurements. The spectra were recorded for every decrease
in 1%RH. The data were plotted in real time to determine the spectral evolution and the
working range of the fabricated sensor.

3. Results

3.1. Humidity Measurements

As described in the experimental procedure, for each fabricated sensor its response
to RH variations was tested in its working range for both descending and ascending
variations. In this section, the results obtained by direct comparison from LPFGs coated
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with the same polymers at different concentrations are summarized, in order to choose one
that has an optimal performance.

3.1.1. PVA Coated LPFGs

Figure 2 shows the results obtained from LPFGs coated with thin films of PVA from
solutions with different concentrations.

  
(a) (b) 

Figure 2. Variation of the spectra of the three PVA coated LPFG sensors and their measured response: (a) Optical Power
Shift response; (b) Wavelength Shift Response.

The sensor coated with a 5% wt/wt solution displays very low response to RH varia-
tions, meaning that the obtained layer is too thin and making the sensor not suitable. On
the other hand, the 7.5 and 10% sensors display very different behaviors, with the 10%
wt/wt one displaying the typical LPFG wavelength shift curve due to the external RI being
near the cladding index (nclad = 1.44), but the 7.5% sensor displays a transition characteristic
from guided to leaky modes, meaning that in this case the external RI transitioned from
n < nclad to n > nclad, which disagrees with the RI values reported in [2] (in which the PVA’s
RI as a value of 1.45 at 100%RH). The discontinuity seen in Figure 2b shows that at 91%RH
the layer of PVA matches the cladding index, meaning that the fiber is suddenly thicker,
and the mode has a discontinuous transition. This process also renders the 7.5% sensor
not suitable. On the other hand, the 10% wt/wt sensor shows very good response with
high sensitivity especially in the region above 90%RH, but overall good performance in the
tested range.

Considering the response of the LPFG coated with 10% wt/wt PVA solution, a com-
parison with the 3-layer coupled-mode theory simulations of LPFGs [7] was established, in
order to check if the response of the sensor matches the values of [2] or [4]. Good agreement
is seen between the simulations considering the RI variations of 1.345 to 1.43 reported in [4]
and the experimental data (Figure 3), showing also that in this case the coating layer can be
approximated to an infinite medium, because the penetration depth of the evanescent field
of the cladding mode is inferior to the PVA coating thickness. The simulations show that
the 10% wt/wt is working on the high sensitivity zone of the LPFG, justifying the excellent
performance of the sensor seen in Figure 2. Given the excellent performance of this sensor,
the RH cycle was repeated for increasing RH values and a second LPFG was fabricated, in
order to test the reproducibility of this structure. The results shown in Figure 3 show that
excellent reproducibility was observed.
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Figure 3. Comparison between the experimental wavelength shift of two 10% wt/wt PVA LPFG and the simulations, as
function the external refractive index and relative humidity.

3.1.2. PEG-Coated LPFGs

Figure 4 shows the optical power and wavelength shifts in varying humidity for the
cases of the PEG-coated LPFGs. In this case, the transition associated with the external
medium having n > nclad is seen in all cases, and at lower RH values than PVA (80 to
87%RH), as can be seen in Figure 4b. This result was to be expected, given that the RI
of PEG is lower than that of PVA, ranging from around 1.44 to 1.413 in the range of 60
to 99%RH (in the Sodium line) [8], meaning that the transition will happen at lower RH
values. This renders the sensors not suitable in wavelength shift response, even though
their optical power shift response (Figure 3a) could be used, in the 80 to 95%RH in the case
of the 75% wt/wt coated LPFG.

  
(a) (b) 

Figure 4. Variation of the spectra of the three PEG-coated LPFG sensors and their measured response: (a) Optical Power
Shift response; (b) Wavelength Shift Response.
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3.1.3. Hydrogel Coated LPFGs

Figure 5 shows the optical power and wavelength shifts in varying humidity for the
cases of the Hydrogel coated LPFGs. The responses in both wavelength and optical power
shift seem similar to the case of the PEG coated LPFGs, with the transition of n > nclad to
n < nclad happening in the range of 83% to 92%RH, which makes the wavelength shifts an
unsuitable figure of merit for relative humidity monitoring. On the other hand, the optical
power shift presents a suitable curve that enables the use of the structures as sensors, even
though the sensitivity is considerably less than both the PVA and PEG cases.

  
(a) (b) 

Figure 5. Variation of the spectra of the three Hydrogel coated LPFG sensors and their measured response: (a) Optical
Power Shift response; (b) Wavelength Shift Response.

4. Conclusions

The response curves of LPFGs coated with three different humidity responding poly-
mers (PVA, PEG and a Hydrogel) were obtained, with humidities varying from 60%RH
(or 70%RH, depending on the polymer) to 100%RH. Of all the fabricated sensors, the 10%
wt/wt. PVA coated LPFG displays the best properties for relative humidity sensing, which
were verified when comparing to numerical LPFG simulations.

Due to the variation of the optical properties of the polymers with varying humidity,
namely the fact that the polymer’s RI becomes larger than the cladding RI at low RH values,
a transition from guided to leaky modes is seen, displaying a non-linear wavelength shift
response, which renders it as an unsuitable figure of merit for RH sensing for most sensors.
This conclusion shows that further work is needed to quantify the response of the three
polymers to humidity variations, in order to optimize the sensors’ performance and make
them commercially viable. By fabricating new materials, which could possibly result from
mixing the ones here studied, the desired optical properties (refractive index slightly below
the cladding RI for all RH values and linear response) may be attained, creating a highly
sensitive, viable solution for industrial and scientific application.
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Abstract: Nowadays, anthocyanins have gained scientific and industrial attention due to their
biological activities and coloring properties. In this regard, anthocyanins have been proposed for
use in the development of new nutraceutical foods to replace synthetic additives as well as to be
value-added ingredients. The aim of this study was to evaluate current data on identification and
quantification techniques and the validation process of such methods. Our results showed that
anthocyanins have been identified by different methods, including nuclear magnetic resonance and
chromatography-based techniques. Although problems have been described in this validation, most
of the reports showed positive results on the validation parameters, suggesting that the current
analytical technology offers a satisfactory identification and quantification of anthocyanins.

Keywords: anthocyanins; plant; extraction; validation

1. Introduction

Anthocyanins are soluble glycosides linked by an O-glucosidic bond between an
aglycone and a sugar molecule. It is a group belonging to the flavonoids that are found
naturally in various plant sources, including fruits such as berries or grapes and flowers
such as hibiscus, forming part of the secondary metabolites of plants [1]. Therefore, the
extraction of anthocyanins is usually carried out from plant matrices. In the last few years,
these compounds have attracted great interest due to their diverse beneficial properties.
Specifically, anthocyanins present a high antioxidant capacity, which is attributed to the
presence of phenolic hydroxyl groups in their chemical structure [2] (Figure 1). Furthermore,
several studies have reported that a daily intake of this compound has a preventive
and protective effect against cardiovascular diseases, diabetes, and heart disease [3–5].
These compounds also have coloring properties, covering ranges from salmon pink to
red and from violet to dark blue. Thus, they are considered as an interesting source of
natural colorants. To date, more than 20 structures are known, among which are orange
pelargonidin, orange red cyanidin and peonidin, bluish-red delphinidin, and bluish-red
malvidin and petunidin (Figure 1).

Chem. Proc. 2021, 5, 43. https://doi.org/10.3390/CSAC2021-10680 https://www.mdpi.com/journal/chemproc243



Chem. Proc. 2021, 5, 43 2 of 7

 

Figure 1. (Left) Base group of anthocyanins’ structure. (Right) Most common anthocyanins in
the nature.

Natural dyes have several advantages, such as non-toxicity and eco-friendliness, as
their acquisition has a low environmental impact. Therefore, different industries have
a great interest in identifying new and economically viable sources of anthocyanins to
use them as new functional ingredients and/or colorants in food [6]. As the range of
application of these compounds increases, it is necessary to design efficient extraction
methods with better yields and to develop suitable analytical methods for the identification
and quantification of anthocyanins. Therefore, the main objective of the study was to
evaluate the current data on the identification and quantification techniques used and the
validation process of these methods.

2. Identification and Quantification Techniques

The search for new ingredients of natural origin and the study of their bioactivities
has been going on for some decades due to the growing demand for natural products
with beneficial health properties, including the group of anthocyanins. Various techniques
have been used for the identification and characterization of anthocyanins in different
matrices, including mass spectrometry (MS), nuclear magnetic resonance (NMR), and
high-performance liquid chromatography (HPLC). In Table 1, several examples of studies
employing these techniques have been collected.

Table 1. Examples of studies employing different methods to identify and quantify anthocyanins.

Identification
Technique

Source Compounds Ref.

MS; EI-MS; FAB-MS Black rice, orchids, bilberries DEL, CYA, PET, and MAL derivatives [7–10]

NMR Maqui berries, grapes, sumac, black currant, blue
flowers, sweet potato, chokeberry DEL, CYA, PET, MAL, and PEO derivatives [11–15]

HPLC; HPLC-DAD;
HPLC-MS/MS;
HPLC-ESI/MS

Blueberries, hibiscus, red cabbage, cranberry,
strawberry, grapefruits, grape skin, Euterpe oleracea DEL, CYA, PET, PEO, and MAL derivatives [6,16–22]

Abbreviation: delphinidin: DEL; cyanidin: CYA; petunidin: PET; malvidin: MAL; peonidin: PEO.

Regarding the application of MS-based technologies, several studies have obtained
suitable results. For example, a work employed electron impact (EI)-MS to evaluate
the degradation products of cyanidin-3-O-glucoside when the compound was sub-
jected to oxidation radicals. Up to six derived products were detected, and two new
molecules, 2-(3,4-dihydroxyphenyl)-4,6-dihydroxybenzofuran-3-carboxylic acid) and
2-O-(3,4-dihydroxybenzoyl)-2,4 glucose esters, 6-trihydroxyphenylacetic acid glucose
ester, were identified. When analyzing samples of black rice stored for long periods,
these two new compounds were identified, being useful to distinguish fresh rice from
that stored for a long time [7]. Similarly, another EI-MS study investigated the degrada-
tion products of anthocyanin glycosides when they were exposed to the microflora of
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pig intestine. According to the results, anthocyanin glycosides underwent significant
changes, suggesting that the antioxidant or anticancer activities observed for antho-
cyanin glycosides are due to these degradation products [9]. Fast atom bombardment
(FAB)-MS has been also used in the field of anthocyanins to evaluate different struc-
tural modifications. For instance, the antioxidant effect of several anthocyanin fractions
isolated from bilberry extracts against pyridinium bisretinoid A2E (a prooxidant com-
pound) was determined by this technology. According to the results, the majority of
the anthocyanins were delphinidin 3-galactoside, cyanidin 3-galactoside, delphinidin
3-glucoside, and cyanidin 3-glucoside [10]. In orchid flowers, FAB-MS successfully
identified eight pigments, of which two were new structures: 3-O-[6-O-(malonyl)-β-
glucopyranoside]-7,3′-di-[6-O-(trans-synapoyl)-β-glucopyranoside] and its demalonyl
derivative [8].

Regarding NMR techniques, they have been used to identify anthocyanins and study
their exact structural characteristics, to establish their mechanisms of action, which can
lead to a better application of these compounds as functional ingredients [12]. For example,
the structure of two major acylated peonidin derivatives obtained from sweet potato
were studied using NMR [14]. Another study evaluated the anthocyanins composition of
chokeberry showing the presence of the structure of cyanidin galactoside and cyanidin
arabinoside along the second stage of the fruit ripening [15].

Finally, high-performance liquid chromatography (HPLC) is the most widely used
method for the identification and quantification of anthocyanins. In general, the analytical
parameters used in the literature show very uniform conditions for the identification of
anthocyanins. The most used column is C18, while mobile phase composition mainly
corresponds to water, acetonitrile, and methanol with acid modifiers, such as formic acid.
The acid presence in mobile phases ensures that anthocyanin compounds are going to be
mobilized in their cationic flavylium form, which has been described as possessing its
highest absorbance, around 520 nm [23]. During the HPLC analysis of anthocyanins, as
well as other compounds, the retention times and peak areas can be strongly influenced
by the column temperature, mobile phase composition, or the complexity of the matrix
in which they are embedded. The detection of anthocyanins is often performed by diode
array detectors (DAD), mass-spectrometry detectors (both MS or MS/MS) which are, most
of the time, coupled to an electrospray ionization source (ESI) [6,16]. These methodologies
have been shown to provide satisfactory results for the identification and quantification of
anthocyanins. Nevertheless, the use of ultra-high pressure liquid chromatography (UPLC)
provided better resolution, shorter elution times, and lower consumption of mobile phases
than conventional HPLC methodologies. UPLC also presents a high performance in the
efficiency of the peaks of identification [23]. The anthocyanin profile of diverse vegetal
samples has been evaluated by HPLC-DAD. For example, in grape, glucoside derivates of
delphinidin, cyanidin, pelargonidin, peonidin, petunidin, and malvidin were identified [20].
Similarly, in grape skin samples, petunidin-3-O-glucoside and malvidin-3-O-glucoside
were the major compounds [21]. HPLC-DAD can be also coupled to MS, which provides a
more accurate identification, since mass information is considered in the analysis and data
processing. HPLC-DAD-MS has been employed with different matrixes, such as strawber-
ries, where cyanidin-3-O-glucoside, pelargonidin 3-glucoside, pelargonidin-3-O-rutinoside
(tentative), pelargonidin-3-O-succinyl-glucoside, or pelargonidin-3-O-arabinoside were
identified [22]. Regarding HPLC coupled to MS, this approach has been employed to
analyze the anthocyanin composition of different samples. For example, cyanidin-3-O-
glucoside, cyanidin-3-O-rutinoside, and perlagonidin-3-O-glucoside have been identified
in Euterpe edulis extracts [24]. In strawberry, glucoside derivates of cyanidin, delphinidin,
pelargonidin, and malvidin were identified. In muscadine grapes, 3,5-di-O-glucoside of
cyanidin, delphinidin, and petunidin were identified as the major anthocyanins [25].
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3. Validation of Methods

There are different approaches to develop a validation plan, depending on the type of
technique used, the field of application of the method, and the type of samples analyzed.
The scientific literature shows many examples of the development and optimization of
methods for anthocyanins detection. However, when these techniques are validated, just
few of them indicated the guideline used to perform this complex process.

3.1. Selectivity

To achieve a selective method, analytes are first isolated from another family of an-
alytes or matrix interferences. Pre-treatment of anthocyanin samples includes the use of
different techniques such as ultrasound or microwave-assisted extraction (UAE or MAE)
or the use of solid phase extraction (SPE) cartridges. When methods for detecting antho-
cyanins were validated, no selectivity/specificity issues were found; the most selective
instrument was ultra-high-performance liquid chromatography (UPLC) coupled to a pho-
todiode array detector (PAD) or to mass spectrometry (UPLC-MS) against spectroscopic
ones, according to the literature [6,26].

When analyzing anthocyanins together with non-anthocyanin compounds under
similar conditions, resolution issues have been reported. In general, the most common
option when using HPLC techniques is the selection of C18 columns and the modification
of the mobile phase’s acidity, by increasing the percentage of acid or by changing the type
of acid [27]. However, other authors have also increased the resolution peak between
anthocyanins and non-anthocyanin compounds by performing two different injections
using C18 columns with different conditions [28]. The last option described is the use of a
fluorinated C18 column, which has been demonstrated to provide better results in terms of
peak separation, symmetry, and short analysis time [26].

3.2. Linearity, Limit of Detection (LOD), and Quantification (LOQ)

For anthocyanins, it has been scientifically demonstrated that they can be detected
with calibration curves with ranges from 0.01 to 800 μg/mL, using different techniques.
Validation studies in which calibration curves have been carried out with concentrations
within these ranges have shown high linearity with an R2 ≥ 0.99. For example, Grace et al.
(2019) validated an LC-MS method. All calibration curves showed good linearity in
the range of 0.04–40 μg/mL, with a regression coefficient (r2) ≥ 0.99 [6]. Fibigr et al.
(2017) developed an UHPL-UV method, also achieving similar results [26]. There are few
exceptions with low anthocyanin concentrations [6,26,29] or in some specific cases. For
example, the quantification of malvidin-3-O-glucoside by a spectrophotodensitometry
method required a polynomial adjustment instead of a linear one [30].

As mentioned before, anthocyanins have been extensively analyzed using different
techniques such as HPLC-DAD, UPLC-DAD, UPLC-UV, HPLC-MS, or capillary zone
electrophoresis (CZE), among others, but most of the validation studies have been per-
formed using chromatographic techniques. According to the literature, the ranges of
the limit of detection and limit of quantification that have been reported were 0.01–3.7
and 0.03–8.5 μg/mL (ppm), respectively, when using chromatographic-based methods,
coupled to diverse detectors [6,26,31]. In general, chromatographic methods achieved
good performance results as observed in the studies of Grace et al. (2019) or Fibigr et al.
(2017). In the first one, the limits of detection and quantification were 0.06–0.40 μg/mL
and 0.12–1.20 μg/mL, respectively [6]. On the second example, quite similar results
were reported, with limits of detection and quantification being 0.11–0.14 μg/mL and
0.36–0.47 μg/mL, respectively [26].

3.3. Accuracy and Precision

In most of the validated methods carried out for anthocyanins, both accuracy and
precision are determined by adding known amounts of standard solutions to the samples
or by using commercial standards. In general, the results of validation studies for accuracy
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were very good and the relative standard deviation for repeatability, and intermediate
precision ranged from <1% to <10%, meaning that the methods are acceptable for possible
routine use. Most of the validation studies employ chromatographic methods [6,26,29]. To
cite an example, an LC-MS method has been recently validated. The results showed a good
precision for all analytes tested; the relative standard deviation in intra and inter-day was
less than 10% in both cases, while the reproducibility of all analytes was under 5% [6]. Thus,
this method allowed characterizing simultaneously and selectively different anthocyanins
and non-anthocyanidins, being a promising method for the analysis of these compounds.

3.4. Stability and Robustness

Regarding stability, several factors affect the stability of anthocyanins, such as their
chemical structure, pH, light, or storage temperature and time, among others [23,32]. Mini-
mal variations have been shown in studies of anthocyanin stability when these compounds
are stored at low temperatures for long periods of time. However, rapid degradation
processes were observed when matrixes or purified anthocyanins were stored at room tem-
perature, as reported in the study of Gras et al., who employed UHPLC-PDA to evaluate
anthocyanins from black carrot. In the study, significant losses of 8 to 14% were observed
when standards (9 μg/L) were stored at room temperature for 24 h, showing that standard
solution should be evaluated as soon as possible to avoid inaccurate results [23].

Regarding robustness, to our knowledge, few validation studies have evaluated
these parameters. Nevertheless, studies in which it has been carried out displayed no
significant differences in the total amount of anthocyanins extracted when the method was
exposed to experimental variations such as changes in the pH, temperature, source, age and
concentration of samples, variable standards, or solvents. This consistency in the results
indicated that validated methods are robust and may be applied for the routine detection
of anthocyanins [32,33]. For example, in the study of Canuto et al. (2016), the robustness
of the developed reverse phase LC method was estimated introducing small variations
in the mobile phase pH, column temperature, and mobile phase flow rate. According to
their results, no significant results were detected in the determination of Cyn-3-glu and
Plg-3-glu, demonstrating the robustness of the method [32].

4. Conclusions

There is a wide variety of identification and detection methods that have been demon-
strated to be efficient for the analysis of anthocyanins. However, there is a lack of papers in
which different methodologies are compared by using the same kind of samples. Therefore,
it makes it difficult to conclude which method is more advantageous over others. On
the one hand, the literature reviewed suggest that LC-MS represents a quick and efficient
technique. However, it may present difficulties regarding the complexity of the sample
matrix, which can cause ion suppression. Another issue is the determination of the best
anthocyanin source. The variability of the experimental conditions, in terms of extraction
protocols, analyzing parameters, and quantification, hinders the selection of the most
appropriate matrix for obtaining the most efficient recovery of anthocyanins. Therefore,
the standardization of extraction and analytical protocols may be critical to permit the real
comparison of these experimental results.
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15. Zielińska, A.; Siudem, P.; Paradowska, K.; Gralec, M.; Kaźmierski, S.; Wawer, I. Aronia melanocarpa fruits as a rich dietary source
of chlorogenic acids and anthocyanins: 1H-NMR, HPLC-DAD, and chemometric studies. Molecules 2020, 25, 3234. [CrossRef]

16. Müller-Maatsch, J.; Gurtner, K.; Carle, R.; Björn Steingass, C. Investigation into the removal of glucosinolates and volatiles from
anthocyanin-rich extracts of red cabbage. Food Chem. 2019, 278, 406–414. [CrossRef]

17. Grajeda-Iglesias, C.; Salas, E.; Barouh, N.; Baréa, B.; Figueroa-Espinoza, M.C. Lipophilization and MS characterization of the main
anthocyanins purified from hibiscus flowers. Food Chem. 2017, 230, 189–194. [CrossRef]

248



Chem. Proc. 2021, 5, 43 7 of 7

18. Wang, Y.; Johnson-Cicalese, J.; Singh, A.P.; Vorsa, N. Characterization and quantification of flavonoids and organic acids over
fruit development in American cranberry (Vaccinium macrocarpon) cultivars using HPLC and APCI-MS/MS. Plant Sci. 2017.
[CrossRef]

19. Karaaslan, N.M.; Yaman, M. Anthocyanin profile of strawberry fruit as affected by extraction conditions. Int. J. Food Prop. 2018,
20, S2313–S2322. [CrossRef]

20. Hohnová, B.; Št’avíková, L.; Karásek, P. Determination of anthocyanins in red grape skin by pressurised fluid extraction and
HPLC. Czech J. Food Sci. 2008, 26, 39–41. [CrossRef]

21. Benmeziane, F.; Cadot, Y.; Djamai, R.; Djermoun, L. Determination of major anthocyanin pigments and flavonols in red grape
skin of some table grape varieties (vitis vinifera SP.) by high-performance liquid chromatography-photodiode array detection
(HPLC-DAD). OENO One 2016, 50, 125–135. [CrossRef]

22. Lopes-Da-Silva, F.; De Pascual-Teresa, S.; Rivas-Gonzalo, J.; Santos-Buelga, C. Identification of anthocyanin pigments in strawberry
(cv Camarosa) by LC using DAD and ESI-MS detection. Eur. Food Res. Technol. 2002, 214, 248–253. [CrossRef]

23. Gras, C.C.; Carle, R.; Schweiggert, R.M. Determination of anthocyanins from black carrots by UHPLC-PDA after ultrasound-
assisted extraction. J. Food Compos. Anal. 2015, 44, 170–177. [CrossRef]

24. Vieira, G.S.; Marques, A.S.F.; Machado, M.T.C.; Silva, V.M.; Hubinger, M.D. Determination of anthocyanins and non-anthocyanin
polyphenols by ultra performance liquid chromatography/electrospray ionization mass spectrometry (UPLC/ESI–MS) in jussara
(Euterpe edulis) extracts. J. Food Sci. Technol. 2017, 54, 2135–2144. [CrossRef]

25. Huang, Z.; Wang, B.; Williams, P.; Pace, R.D. Identification of anthocyanins in muscadine grapes with HPLC-ESI-MS. LWT Food
Sci. Technol. 2009, 42, 819–824. [CrossRef]

26. Fibigr, J.; Šatínský, D.; Solich, P. A UHPLC method for the rapid separation and quantification of anthocyanins in acai berry and
dry blueberry extracts. J. Pharm. Biomed. Anal. 2017, 143, 204–213. [CrossRef] [PubMed]

27. Chen, S.; Xiang, Y.; Deng, J.; Liu, Y.; Li, S. Simultaneous Analysis of Anthocyanin and Non-Anthocyanin Flavonoid in Various
Tissues of Different Lotus (Nelumbo) Cultivars by HPLC-DAD-ESI-MS n. PLoS ONE 2013, 8, e62291. [CrossRef]

28. Gonçalves, G.A.; Soares, A.A.; Correa, R.C.G.; Barros, L.; Haminiuk, C.W.I.; Peralta, R.M.; Ferreira, I.C.F.R.; Bracht, A. Merlot
grape pomace hydroalcoholic extract improves the oxidative and inflammatory states of rats with adjuvant-induced arthritis. J.
Funct. Foods 2017, 33, 408–418. [CrossRef]

29. Li, X.; Hilgers, M.; Cunningham, M.; Chen, Z.; Trzoss, M.; Zhang, J.; Kohnen, L.; Lam, T.; Creighton, C.; Gc, K.; et al. Structure-
based design of new DHFR-based antibacterial agents: 7-aryl-2,4-diaminoquinazolines. Bioorgan. Med. Chem. Lett. 2011, 21,
5171–5176. [CrossRef]

30. Made, I.; Wirasuta, I.M.A.G.; Kadek, N.; Suryani, A.; Made, P.; Armitasari, N.; Mirah, P.; Dewi, K. Validation Assay of Total
Flavonoids Content in Ipomoea batatas L., as Rutin Equivalent, by Using Thin Layer Spectrophotodensitometry. Int. J. Pharm. Sci.
Rev. Res. 2019, 53, 30–33.

31. Bordonaba, J.G.; Crespo, P.; Terry, L.A. A new acetonitrile-free mobile phase for HPLC-DAD determination of individual
anthocyanins in blackcurrant and strawberry fruits: A comparison and validation study. Food Chem. 2011, 129, 1265–1273.
[CrossRef]

32. Canuto, G.A.B.; Oliveira, D.R.; Da Conceição, L.S.M.; Farah, J.P.S.; Tavares, M.F.M. Development and validation of a liquid
chromatography method for anthocyanins in strawberry (Fragaria spp.) and complementary studies on stability, kinetics and
antioxidant power. Food Chem. 2016, 192, 566–574. [CrossRef]

33. Brown, P.N.; Shipley, P.R. Determination of anthocyanins in cranberry fruit and cranberry fruit products by high-performance
liquid chromatography with ultraviolet detection: Single-laboratory validation. J. AOAC Int. 2011, 94, 459–466. [CrossRef]

249





Proceeding Paper

Portable Electrochemical Detection of Illicit Drugs in Smuggled
Samples: Towards More Secure Borders †

Marc Parrilla 1,2 , Amorn Slosse 3, Robin Van Echelpoel 1,2 , Noelia Felipe Montiel 1,2 , Filip Van Durme 3

and Karolien De Wael 1,2,*

��������	
�������

Citation: Parrilla, M.; Slosse, A.; Van

Echelpoel, R.; Montiel, N.F.; Van

Durme, F.; De Wael, K. Portable

Electrochemical Detection of Illicit

Drugs in Smuggled Samples:

Towards More Secure Borders. Chem.

Proc. 2021, 5, 44. https://doi.org/

10.3390/CSAC2021-10612

Academic Editor:

Nicole Jaffrezic-Renault

Published: 6 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 A-Sense Lab, Department of Bioscience Engineering, University of Antwerp, Groenenborgerlaan 171,
2020 Antwerp, Belgium; marc.parrillapons@uantwerpen.be (M.P.);
robin.vanechelpoel@uantwerpen.be (R.V.E.); noelia.felipemontiel@uantwerpen.be (N.F.M.)

2 NANOlab Center of Excellence, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Belgium
3 Drugs and Toxicology Department, National Institute for Criminalistics and Criminology (NICC),

Vilvoordsesteenweg 100, 1120 Brussels, Belgium; amorn.slosse@just.fgov.be (A.S.);
filip.vandurme@just.fgov.be (F.V.D.)

* Correspondence: karolien.dewael@uantwerpen.be; Tel.: +32-32653335
† Presented at the 1st International Electronic Conference on Chemical Sensors and Analytical Chemistry,

1–15 July 2021; Available online: https://csac2021.sciforum.net/.

Abstract: Illicit drug consumption is posing critical concerns in our society causing health issues,
crime-related activities and the disruption of the border trade. The smuggling of illicit drugs urges
the development of new tools for rapid on-site identification in cargos. Current methods used by law
enforcement offices rely on presumptive color tests and portable spectroscopic techniques. However,
these methods sometimes exhibit inaccurate results due to commonly used cutting agents or because
the drugs are smuggled (hidden or mixed) in colored samples. Interestingly, electrochemical sensors
can deal with these specific problems. Herein, it is presented an electrochemical device that uses
low-cost screen-printed electrodes for the electrochemical detection of illicit drugs by square-wave
voltammetry (SWV) profiling. A library of electrochemical profiles is built upon pure and mixtures
of illicit drugs with common cutting agents. This library allows the design of a tailor-made script that
shows the identification of each drug through a user-friendly interface. Finally, the results obtained
from the analysis of different samples from confiscated cargos at an end-user laboratory present a
promising alternative to current methods offering low-cost and rapid testing in the field.

Keywords: electrochemical sensors; square-wave voltammetry; screen-printed electrodes; illicit
drugs; forensics; portable device

1. Introduction

The consumption of drugs of abuse is causing critical issues in our society due to health
issues, crime-related activities and the disruption of the border trade [1]. These illicit drugs
can enter the illegal market through external borders (e.g., natural drugs) or by internal
production (e.g., synthetic drugs). The smuggling of illicit drugs such as cocaine and heroin
in Europe urges the development of new tools for rapid on-site identification in cargos.
Besides, the production of synthetic drugs increases internal trafficking, thus demanding
simple and straightforward devices to detect illicit drugs in the field. Current methods used
by law enforcement offices rely on presumptive color tests [2] and portable spectroscopic
techniques (e.g., near-infrared [3] and Raman spectroscopy [4]). However, these methods
sometimes exhibit inaccurate results due to commonly used cutting agents or because the
drugs are colored. Besides, drug traffickers are generating innovative ways to overcome
traditional detection methods such as mixing with conventional goods (e.g., tcharcoal,
food) or adding colorants or other substances to avoid the on-site determination by current
methods. Therefore, new devices that can overcome the current problems are necessary to
cope with the determination of smuggled illicit drugs in common goods.
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The devices for on-site analysis must be portable, low-cost and user-friendly in order to
be implemented and used by law enforcement officers [5]. Electrochemical sensors can pro-
vide the aforementioned features, and importantly, they can deal with current challenges,
providing more reliable results in comparison to commercially available devices [6,7].
In this direction, portable and wearable electrochemical sensors have been designed for the
detection of illicit drugs in different configurations [8], including glove-based sensors [9].
The electrochemical approach is based on the characteristic electrochemical profile (EP) of
each compound that reveals the electroactive moieties of the target compound. Following
this strategy, cocaine [10], ketamine [11], heroin [12] and synthetic cathinones [13] have
been detected by using low-cost screen-printed electrodes (SPEs). Amphetamine is a special
case as it is not electroactive in the potential window of commercial carbon SPEs. Therefore,
an in situ derivatization by employing 1,2-Naphthoquinone-4-sulphonic acid sodium salt
allows for its electrochemical detection [14]. Overall, the most used illicit drugs can be
determined by electrochemical methods at certain conditions.

Herein, we present an electrochemical device that uses low-cost SPEs for the electro-
chemical detection of illicit drugs by square-wave voltammetry (SWV) profiling. A pH
strategy based on the profiling of each illicit drug using specific buffers allows detection of
the most-encountered illicit drugs (i.e., cocaine, MDMA, heroin and amphetamine). Hence,
the electrochemical interrogation of the illicit drugs exhibits the oxidation of the electroac-
tive moieties in each drug at a certain potential, with the exception of amphetamine that
uses an in situ derivatization to unravel its oxidation peak. A library of electrochemical
profiles is built upon pure and mixtures of illicit drugs with common cutting agents. This li-
brary allows the design of a tailor-made script that shows the identification of each drug
through a user-friendly interface. Finally, the results obtained from the analysis of different
samples from confiscated cargos at different end-users sites present a promising alternative
to current methods. Overall, the fast analysis of samples with a portable electrochemical
device exhibits a straightforward on-site detection aiming to facilitate the tasks of law
enforcement agents in the field, thus providing a more secure border management and a
safer society.

2. Methods

2.1. Materials

Standards of D,L-amphetamine · HCl, methamphetamine · HCl, 3,4-methylenedioxym
ethamphetamine · HCl (MDMA), cocaine · HCl and heroin · HCl, were purchased from
Chiron AS, Trondheim, Norway. Standards of paracetamol, caffeine and creatine were pro-
vided by National Institute for Criminalistics and Criminology (NICC, Brussels, Belgium).
Confiscated samples of amphetamine, MDMA, cocaine and heroin were also provided
by the NICC. Analytical grade salts of potassium chloride, potassium phosphate, sodium
borate, sodium bicarbonate, sodium acetate and potassium hydroxide were purchased
from Sigma-Aldrich (Overijse, Belgium). 1,2-Naphthoquinone-4-sulphonic acid sodium
salt (NQS) (>98 %) was purchased from Tokyo Chemical Industry Co., LTD., Tokyo, Japan.

2.2. Methods

Square wave voltammograms and cyclic voltammograms were recorded using a
MultiPalmSens4 or EmStat Pico potentiostats (PalmSens, Houten, The Netherlands) with
PSTrace/MultiTrace. Disposable ItalSens SPEs (PalmSens, Houten, The Netherlands),
containing a graphite working electrode (Ø = 3 mm), a carbon counter electrode and a
(pseudo) silver reference electrode were used for all measurements. The SWV parameters
that were used: potential range of 0.0–1.4 V, frequency 10 Hz, 25 mV amplitude and 5 mV
step potential. All the square wave voltammograms are background corrected using the
PSTrace software.

Electrochemical tests were performed in 20 mM buffer solutions with 100 mM KCl
by applying 60 μL of the solution onto the SPE. Phosphate buffer, acetate buffer and
hydrogen carbonate buffer were used for the detection of cocaine and heroin, MDMA and
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amphetamine, respectively. Preanodized SPEs for heroin detection were performed by
applying 1.5 V for 60 s in PBS solution at pH 7 by drop casting 60 μL on the SPE [12].

The composition of the confiscated samples was previously analyzed in the forensic
laboratory at NICC with gas chromatography-mass spectrometry (GC-MS) to subsequently
validate the electrochemical approach. Besides, the confiscated samples were also analyzed
by a handheld Raman spectrometer (Bruker Bravo, Ettingen, Germany).

3. Results and Discussion

3.1. Electrochemical Profiling of Illicit Drugs

The electrochemical profiling is based on the interrogation by SWV of the target
molecules which exhibit an oxidation process at a certain potential. Hence, cocaine oxi-
dation peak might differ from heroin oxidation peak, showing the possibility to identify
the target by the specific peak potential [15]. Fortunately, illicit drugs contain moieties
which are electroactive at the potential window of carbon SPEs. These moieties are usually
secondary or tertiary amines that allow its oxidation, thus showing a peak signal during
the electrochemical scan by SWV. However, some illicit drugs share some moieties which
can exhibit some overlap in the oxidation potential. In previous works, our research group
has optimized the detection of illicit drugs by exploring certain conditions during the
SWVs. For example, the anodic pretreatment to unravel the phenolic group oxidation of
the 6-monoacetylmorphine (6-MAM) (a byproduct of heroin degradation at pH 12) [12],
the cathodic pretreatment to avoid the suppressing effect of some adulterants [13] or the
use of different pH (as some moieties are not oxidizable in certain pH at SPE) [11]. Besides,
some illicit drugs such as amphetamine need a derivatization step to allow its electrochem-
ical profiling employing low-cost carbon SPEs. In this case, a simple mixing step with NQS
launches a chemical reaction to a product that is electroactive at the SPE [14]. An oxidation
peak was observed at 1.15 V due to NQS oxidation at the carbon SPE. Since this occurs
outside the potential window for illicit drugs (from 0.6 to 1.03 V) in pH 10 it will not affect
their identification.

3.2. Generating the Library of Electrochemical Profiles

Figure 1 shows the SWVs of pure illicit drugs (i.e., cocaine, heroin, MDMA and
amphetamine) at pH 5, pH 10, pH 12 and pH 12 using anodic pretreated SPEs to record
the specific electrochemical profiles of the molecules at certain conditions. Figure 1A,B
shows the differences between anodic pretreated SPEs. Although similar profiles were
obtained, a clear peak separation occurred in the MDMA signal. The pH dependence on
the oxidation of illicit drugs is dramatically shown in the analysis at pH 5, where only
heroin and MDMA exhibited electroactivity (Figure 1C). This fact assists in the proper
identification of the unknown sample by a simple dual pH test. Finally, the pH assessment
clearly exhibits that amphetamine is not electroactive, and only after the derivatization
step (Figure 1D), an oxidation peak appears.

A similar electrochemical approach was performed employing the most encountered
cutting agents (i.e., paracetamol, levamisole, lidocaine, caffeine, phenacetin, benzocaine,
procaine and lactose [12,14,16]) (Figure 2A–D). Particularly interesting is the effect of
the anodic pretreatment on the paracetamol signal exhibiting a sharper oxidation peak
(Figure 2B). This permits the proper identification of the 6-MAM peak, thus avoiding
peak overlap [12]. Besides, the effect of pH on the electrochemical signal showed a pH
dependence as the oxidation peak shifts towards higher potentials at acidic pHs (Figure 2C).
As pH 10 with NQS is targeted for the detection of amphetamine, only common cutting
agents encountered in amphetamine real samples are explored (Figure 2D). Considering
the profiling of the cutting agents, most of the peak potentials do not fall in the same
position as the illicit drugs, thus allowing for a suitable identification in real samples.
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Figure 1. Electrochemical profiles of illicit drugs (0.5 mM) obtained by square-wave voltammetry (SWV) using SPE at
different pH: (A) pH 12; (B) pH 12 using preanodized SPE; (C) pH 5; and (D) pH 10 including the derivatizing agent NQS.

 
Figure 2. Electrochemical profiles of common cutting agents (0.5 mM) obtained by square-wave voltammetry (SWV) using
SPE at different pH: (A) pH 12; (B) pH 12 using preanodized SPE; (C) pH 5; and (D) pH 10 including the derivatizing
agent NQS.

After building the library of electrochemical profiles with several conditions, a custom-
made script (Matlab R2018b, MathWorks, Natick, MA, USA) is integrated. This script
enhances the peak separation and facilitates the identification of the compounds in the
sample. In brief, the script removes the background signal and applies a top-hat filter
that provides an enhanced separation of overlapped peaks which permits a successful
identification of the substances based on the peak potential of each drug. Therefore,
the peak potential of each drug and cutting agent is introduced in the script to properly
identify the drug and display it through a user-friendly interface.

3.3. Testing the Portable Electrochemical Device with Confiscated Samples

The electrochemical device consists of a miniaturized potentiostat with Bluetooth
connectivity, a disposable SPE, a sampling container, a disposable spatula and a disposable
pipette (Figure 3A). The sampling procedure consists of collecting the powder (either
powder, liquid, crystal or impregnated material) with the disposable spatula into a tube
containing 15 mL of the suitable buffer (Figure 2B). After shaking thoroughly, a drop of
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the solution is deposited on the SPE with the disposable pipette (Figure 2C). Subsequently,
the operation is started on the user-friendly interface launching the electrochemical method,
subsequent data treatment and results display (Figure 2D). For the analysis of confiscated
samples, the strategies employing pH 12, preanodized SPE in pH 12, pH 5 and pH 10 with
NQS were employed for cocaine, heroin, MDMA and amphetamine, respectively.

 
Figure 3. On-site detection of illicit drugs with the portable electrochemical device. (A) Elements of the electrochemical
device (1—potentiostat, 2—buffer container, 3—SPE, 4—disposable spatula, 5—disposable pipette, 6—confiscated sample);
(B) Sampling procedure; (C) deposition of the solution on the setup ready for the electrochemical interrogation and
(D) user-friendly interface showing the results of the analysis.

The reliability of the electrochemical device was evaluated in 40 confiscated samples
provided by NICC (Table 1). After the analysis, the 40 samples were all positive for the
corresponding illicit drug using the described sampling method in comparison to the
standard methods (GC-MS). Besides, a portable Raman spectrometer was also used as a
commonly used method in border settings. The electrochemical reader and portable Raman
spectrometer exhibited an accuracy of 100% and 50%, respectively, calculated employing
(observed detection by the method/actual detection by the GC-MS) × 100. Therefore,
the electrochemical device outperformed the Raman device, particularly in heroin and
amphetamine detection. It is worth mentioning that the low performance of the Raman
device could be attributed to the colored nature of the samples, thus exhibiting one of the
flaws of current methods. Overall, the electrochemical device is positioned as a reliable
alternative for its use in the field due to its affordability, reliability and user-friendliness.

Table 1. Results of the analysis by the analytical methods and composition of the confiscated samples.

Sample GC-MS Electrochemical Reader Portable Raman

1 Cocaine Cocaine Cocaine mixture
2 Cocaine, caffeine, levamisole Cocaine Cocaine mixture
3 Cocaine, levamisole Cocaine Cocaine mixture
4 Cocaine, lidocaine, levamisole, phenacetin Cocaine, lidocaine Lidocaine
5 Cocaine, phenacetin, levamisole Cocaine, phenacetin Cocaine mixture
6 Cocaine, levamisole Cocaine Cocaine mixture
7 Cocaine base Cocaine Benzyl benzoate
8 Cocaine, levamisole Cocaine, levamisole Cocaine mixture
9 Cocaine, caffeine Cocaine Cocaine mixture

10 Cocaine, lidocaine, levamisole, caffeine, phenacetin Cocaine, lidocaine Lidocaine

255



Chem. Proc. 2021, 5, 44 6 of 7

Table 1. Cont.

Sample GC-MS Electrochemical Reader Portable Raman

11 Heroin, caffeine, 6-MAM, Noscapine, Papaverine Heroin Normorphine

12 Heroin, caffeine, 6-MAM, Morphine, Noscapine,
Papaverine Heroin Cetyltrimethylammonium

chloride

13 Heroin, caffeine, paracetamol, 6-MAM, Noscapine,
Papaverine Heroin, paracetamol Cetyltrimethylammonium

chloride
14 Heroin, caffeine, Dextromethorphan, 6-MAM, Noscapine Heroin Unknown

15 Heroin, 6-MAM, Noscapine, Papaverine Heroin Cetyltrimethylammonium
chloride

16 Heroin, paracetamol, 6-MAM, morphine, caffeine,
codeine, noscapine, papaverine Heroin, paracetamol Cetyltrimethylammonium

chloride

17 Heroin, paracetamol, 6-MAM, caffeine, noscapine,
papaverine Heroin, paracetamol Cetyltrimethylammonium

chloride

18 Heroin, paracetamol, 6-MAM, caffeine, noscapine,
papaverine Heroin Unknown

19 Heroin, paracetamol, 6-MAM, caffeine, noscapine,
papaverine Heroin, paracetamol Cetyltrimethylammonium

chloride

20 Heroin, paracetamol, 6-MAM, caffeine, noscapine,
papaverine Heroin, paracetamol Cetyltrimethylammonium

chloride
21 MDMA MDMA MDMA tablet
22 MDMA MDMA MDMA crystals
23 MDMA MDMA MDMA tablet
24 MDMA, levamisole MDMA MDMA crystals
25 MDMA MDMA MDMA tablet
26 MDMA MDMA MDMA tablet
27 MDMA MDMA MDMA crystals
28 MDMA MDMA MDMA crystals
29 MDMA MDMA MDMA crystals
30 MDMA MDMA MDMA crystals
31 Amphetamine Amphetamine Paraform
32 Amphetamine Amphetamine Norephedrine HCl

33 Amphetamine Amphetamine
1_(S)-2-

diphenylmethylpyrrolidine
HCl_(S)-desoxy-D2PM

34 Amphetamine Amphetamine
1_(S)-2-

diphenylmethylpyrrolidine
HCl_(S)-desoxy-D2PM

35 Amphetamine, caffeine Amphetamine Amphetamine
36 Amphetamine, caffeine Amphetamine Unknown
37 Amphetamine Amphetamine 1-phenyl-1-propanol
38 Amphetamine Amphetamine 1-phenyl-1-propanol
39 Amphetamine Amphetamine 1-phenyl-1-propanol
40 Amphetamine, caffeine Amphetamine Amphetamine

4. Conclusions

In this work, the analysis of confiscated samples from illicit drugs is presented by the
use of a portable electrochemical device. First, the construction of a library from several
electrochemical profiles of standards of illicit drugs and common cutting agents at different
conditions by SPE is performed. After the selection of the suitable conditions and the
integration of the peak potentials of each target into a tailor-made script, the electrochemical
device is ready for on-site analysis. The examination of 40 confiscated samples with
the electrochemical device and a portable Raman spectrometer showed an outstanding
performance of the electrochemical device in front of the Raman device according to the
GC-MS identification. Overall, the electrochemical device based on SPE is presented as a
promising alternative to current rapid and on-site methods for the detection of illicit drugs
at border and coast controls.
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Abstract: Membrane proteins that participate in multiple vital functions of every living organism such
as transport, signaling and respiration, provide 80 to 90% of the relevant targets for the pharmaceutical
industries. The family of cytochrome bd oxidase enzymes is of great interest for the development
of future antibiotics as they are found only in the respiratory chain of the prokaryotes and they
are believed to be involved in bacterial adaptability mechanisms. They catalyze the reduction of
molecular oxygen in water and oxidation of quinols and contribute to the proton motive force
required for ATP synthesis. Due to their hydrophobic nature, membrane proteins are more difficult
to handle than soluble proteins. Protein film voltammetry is a very convenient technique, because
it allows for working at a very low concentration and for optimizing the electrode surface to the
nature of the enzyme. Here, we have developed a biosensor for the study of terminal oxidases
based on their immobilization on gold nanoparticles modified with a self-assembled monolayer
of thiols. The stability of the protein films can be optimized by varying the nature of thiols and
amount of lipids. This enzyme-based electrochemical sensor was successfully used for the inhibition
screening of a target-focused library of 34 compounds which belong to the families of quinones,
naphthoquinones, phenols, quinolones, coumarins and flavonoids against cytochrome bd oxidase.
Moreover, the developed device was applied for the study of the catalytic reaction of the enzyme
with small gaseous signaling molecules.

Keywords: membrane proteins; bioelectrochemistry; inhibition

Supplementary Materials: The poster presentation is available online at https://www.mdpi.com/
article/10.3390/CSAC2021-10555.

Author Contributions: F.M., H.R.N. and P.H. designed research and analyzed data. I.M. and A.N.
performed the electrochemical experiments and analyzed data. I.M. wrote the abstract and prepared
the poster. T.F. and P.H. raised funding. A.T. and T.F. provided the protein samples. L.D., D.L., L.S.,
A.S. and H.R.N. provided the inhibitors. All authors reviewed and edited the abstract and poster.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Chem. Proc. 2021, 5, 45. https://doi.org/10.3390/CSAC2021-10555 https://www.mdpi.com/journal/chemproc259



Chem. Proc. 2021, 5, 45 2 of 2

Data Availability Statement: The data presented in this study are available in [I. Makarchuk, A.
Nikolaev, A. Thesseling, et al, Identification and optimization of quinolone-based inhibitors against
cytochrome bd oxidase using an electrochemical assay, Electrochimica Acta 381 (2021) 138293,
https://doi.org/10.1016/j.electacta.2021.138293] and in the Supplementary Materials here.

Conflicts of Interest: The authors declare no conflict of interest.

260



Proceeding Paper

Electrochemical Measurement System for Chlorides in
Drinking and Wastewater †

Diana A. Toriz-Gutiérrez 1, Humberto Ramírez-Gasca 2, Luis E. Cárdenas-Galindo 1

and Eloisa Gallegos-Arellano 2,*

��������	
�������

Citation: Toriz-Gutiérrez, D.A.;

Ramírez-Gasca, H.;

Cárdenas-Galindo, L.E.;

Gallegos-Arellano, E. Electrochemical

Measurement System for Chlorides in

Drinking and Wastewater. Chem. Proc.

2021, 5, 46. https://doi.org/

10.3390/chemproc2021005046

Academic Editor:

Nicole Jaffrezic-Renault

Published: 17 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Química Industrial, Universidad Tecnológica de Salamanca, Av. Universidad Tecnológica 200,
Salamanca Gto. C.P. 36766, Mexico; dtoriz@utsalamanca.edu.mx (D.A.T.-G.);
lcardenas@utsalamanca.edu.mx (L.E.C.-G.)

2 Mecatrónica, Universidad Tecnológica de Salamanca, Av. Universidad Tecnológica 200,
Salamanca Gto. C.P. 36766, Mexico; hramirez@utsalamanca.edu.mx

* Correspondence: egallegos@utsalamanca.edu.mx; Tel.: +52-464-64-73861 (ext. 120)
† Presented at the 1st International Electronic Conference on Chemical Sensors and Analytical Chemistry,

1–15 July 2021; Available online: https://csac2021.sciforum.net/.

Abstract: This paper presents a system for the measurement of chlorides in drinking and wastewater,
based on an electrochemical process using a selective electrode as a transducer, which was developed
by this group. The measurement for the concentration is carried out by introducing the implemented
electrode (considered as reference) in the sample that will be analyzed; then a current is passed
producing a potential difference in the system. Different aqueous solutions of sodium chloride
(NaCl) were used, ranging between 35 and 3546 μg of chloride ions (Cl−). As a data acquisition and
monitoring system for the analysis, an ATmega 328P microcontroller was used as the main capture
element for subsequent interpretation through graphics. The experimental results show that it was
possible to detect a potential difference in the electrochemical measurement system that corresponded
to 35 μg of chloride ions (Cl−), making clear the detection process and the selectivity of chloride ions.
It is important to mention that with this measurement system and the applied methodology, results
are obtained in real time using a small sample volume and without generate ng extra liquid waste,
compared to the application of the traditional analytical titrimetric method. Finally, this chloride
measurement system is inexpensive and can be used in drinking and wastewater measurements.

Keywords: measurement system; data acquisition; electrodes; electrochemical process; ion selectivity;
chloride ions

1. Introduction

Measurement by electrometric methods continues to be useful in the analytical identi-
fication processes of ion-selective electrodes (ISEs) of potentiometric sensors [1,2] because
only small dimensions are involved and measurements can be made requiring little sample
volume with respect to the activity of the ions in solution [3,4]. With the increasing demand
for environmentally friendly technologies and in situ measurements, these designs facili-
tate quick readings and detection of low concentrations [1,2], as observed when obtaining
measurements of concentrations of 35 μg/L in NaCl solutions [5].

Due to the diverse range of applications and reduced operating times, there is a
need for measurement electrodes that are selective and able to detect a specific ion of
a species that interacts with it using potential difference [4,6]. Several electrodes have
been developed for selective ion determination which involve use of an ionophore to
generate exchange in a solution enabling determination of the influence of the exchange
ion percentage [7–10].

In this study, a chloride measurement system for drinking and wastewater is proposed
based on an electrochemical process using a selective electrode as a transducer which was
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developed by this group. The ionophore that is proposed is an AgNO3 solution with an
extra modification that relates to the use of a metal that interacts with a natural organic
membrane, modifying the attraction of the ion, which enhances the selectivity to the desired
ion (Cl−) [3,11], in addition to the copper reference electrode [9].

2. Materials and Methods

The experimental arrangement of the electrochemical measurement system, shown
in Figure 1, is made up of two essential blocks: the electrochemical half-cell and the data
acquisition system.

Figure 1. Experimental arrangement of the electrochemical measurement system. (a) Electrochemical
half-cell; (b) Data acquisition system; (c) Temperature and potential difference data obtained directly
from the measuring device.

For the half-cell (Figure 1a), a 3D design was produced and printed to ensure the
electrode separation was constant and to reduce movements in the experimental arrange-
ment. The electrochemical half-cell was constructed with an active noble metal electrode
(X) and a copper reference electrode, which are submerged in different solutions, such as
AgNO3 and NaCl, respectively, according to Creus (2011) [12] and previous research by
Toriz, Loredo and Marcial [13].

The measurement of chloride ions (Cl−) was achieved through reaction in the half-cell
taking as analytes NaCl solutions at different concentrations, in which an ionic migration
was generated through an organic (natural) membrane. The organic membrane and
the inert metallic material (X) allow the potential difference to remain active during the
measurement.

The coefficients of total ionic activity are related to the individual coefficients of ionic
activity, detecting free energy in the system that connects the thermodynamics of the
reaction with the values of the electromotive force (emf ) [10] and that can only be applied
in reversible reactions. This can be represented by Equation (1).

ε◦ = −ΔF
◦

n  
(1)

where E◦ is the potential difference, ΔF◦ is the total free energy of the system, n is the
number of moles used in the reaction, and  = Farad (free energy value = 96,500 Joules:
approximate value = 23,052 cal).

The electromotive force (emf ) depends on the concentration of the cation according to
the Nernst equation [14]. According to the literature, the relationship between the signs
ΔF◦ and E◦ correspond directly to a spontaneous reaction (Maron and Prutton) [9].

Referring to a standard emf when the activity is a unit, the fundamental equation can
be related to the thermodynamic equation and the emf values. The values of E◦ can be
tabulated for each reaction of a half-cell and added algebraically to obtain the value of E◦.
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To calculate the total free energy of the system, the relationship with thermodynamics
is considered, calculating the emf from enthalpy and entropy tables for the reference
half-cell [9,10], where T = 298 K, applying the relationship described in Equation (2):

ΔF◦ = ΔH − TΔS (2)

The calculation of the total ΔF◦ corresponds to the sum of the cathodes of the system;
the reaction of each cell is stated as in Equation (3):

ΔF◦ = μAg◦ + μCu◦ + μCl− − μAgCl − μNi (3)

Substituting the values for the half-cell reaction of the system (total ΔF◦), Equation (4)
is obtained:

ΔF◦ = 1000(0 + 23.6 + (−40.02)− (−30.36) + 7.2)− 298(17.67 − 23.6 + 13.17 − 22.9 − 7.2) (4)

Solving Equation (4), the results presented in Equation (5) are obtained:

ΔF◦ = 21140 + 6812.28 = 27952.28 (5)

Considering n = 1 and substituting the values in the equation, the standard potential
of the system will be defined by Equation (6):

ε◦ = 27952.28
23052

= 1.2126 volt (6)

The value obtained from Equation (6) represents the emf of the ionic activity with
respect to the constant concentration of the ionic activity of the cell. It provides the voltage
difference with respect to the element. This theoretical value was obtained experimentally
using the measurements presented in Figure 1c. The relationship of this value and the
concentration was used to establish the scale.

The data acquisition system is mainly comprised of an ATMEGA328P microcontroller
that multiplexes two analog channels to store the temperature data and the potential dif-
ference of the half-cell in the microSD memory module for subsequent graphic analysis.
The data from the potential difference of the electrodes are acquired through an instru-
mentation amplifier with unity gain to reduce the effects of electrical noise that may exist
in the system (Figure 1b). The system also has an LCD module that prints the values of
the analog channels sampled in the microcontroller (temperature and potential difference
of the half-cell) every 5 s to verify changes in real time. When acquiring measurements
with this system, the data id was saved in an Excel file where the first column shows the
temperature and the second column the potential difference (Figure 1c).

3. Results and Discussion

The data stored in the microSD memory shown in Figure 1b were treated by a moving
average filter with an N length window, which allows smoothing of the signal obtained
from the potential difference measured in the half-cell.

The most significant data captured at different concentrations are shown in Figure 2,
in which it is observed that the signals reached a stable state in the potential difference
of each, which can be used for their subsequent characterization. The stabilization of
the voltage occurs approximately in the same period, after the ionic migration of the
oxidation-reduction reaction (transient response).
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Figure 2. Graph of emf measurement at different concentrations of NaCl.

The data show the behavior of the concentration and the emf obtained for each
concentration [5,15]. A scale was established to observe the change in electric potential as a
function of the ionic activity in the solution [16].

Figure 3 shows that the values of the half-cell (E◦) are proportional to the logarithm of
the ion concentration in the solution, in addition to presenting a Nernstian slope, as shown
in Equation 7, which presents an r2 coefficient of 0.9953 and a correlation of 0.99.

Figure 3. Graph of half-cell values (E◦) as a function of the logarithm of the concentration.

It is important to mention that the value of the half-cell (E◦ = 1.2126 V) corresponds to
the standard electrode data and confirms a reversible reaction and the ion selectivity; while
the value of the half-cell l (E◦ = −40.47) represents the value of the ion that will be detected
in the analyte.

ε◦ = −37.54 ln(C)− 40.47 (7)

It is of note that it was possible to optimize the resolution of the analog-digital
converter of the ATMEGA 328P microcontroller so that it can detect potential differences of
1.05 mV, in addition to increasing the number of samples per second that are processed
through this internal microcontroller module.

4. Conclusions

In this study, it was possible to implement a novel chloride ion measurement system
using a selective membrane (natural) and a support structure to assemble a half-cell based
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on a design made in a 3D printer. The half-cell obtained E◦ = 1.2126 V; this data corresponds
to the value reported for a standard electrode, ion-selective and for a reversible reaction.
The indicated value of the ion-selective in the half cell (E◦ = −40.47), represents chloride
ions (Cl−).

The behavior of ionic activity at different concentrations shows a logarithmic trend
and a typical Nernstian response and is verified with the coefficient (r2 of 0.9953) of the
fitted curve.

Based on the measurements made, the results obtained and the functionality of the
assembled device, it was determined that the electrode can be used as a potential chloride
ion meter for wastewater and drinking water.
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Abstract: Natural phenolic antioxidants are extensively studied compounds due to their positive
health effect and wide distribution in human diets. The simultaneous occurrence in samples requires
selective methods for their determination. Electrochemical sensor based on the polyaminobenzene
sulfonic acid functionalized single-walled carbon nanotubes (f-SWCNT) and electropolymerized
bromocresol purple has been developed for the simultaneous quantification of ferulic acid and
vanillin. The electrode has been characterized by scanning electron microscopy (SEM) and electro-
chemical methods, and the effectivity of the developed modifier has been confirmed. Thus, the novel
sensitive voltammetric sensor is simple to fabricate, reliable, cost-effective, and can be applied for
foodstuff screening.

Keywords: electrochemical sensors; carbon nanomaterials; electropolymerization; dyes; natural
phenolics; antioxidants

1. Introduction

Natural phenolic antioxidants are extensively studied compounds in modern elec-
troanalysis due to their positive health effect and wide distribution in the human diet [1].
Simultaneous occurrence in samples requires selective methods for their determination.
Among a wide range of natural phenolics, vanillin and its biological precursor ferulic
acid [2] are of practical interest. High-performance liquid [3,4] and thin-layer chromatog-
raphy [5] are usually applied for this purpose. Both phenolics under consideration are
electrochemically active, which makes it possible to use electrochemical methods for their
quantification. Although various types of electrochemical sensors have been developed for
the simultaneous quantification of natural phenolics of different classes [6–8], ferulic acid
and vanillin are not considered as analytes.

Thus, the current work is focused on the development of an electrochemical sensor
based on a poly(bromocresol purple)-modified electrode for the simultaneous quantifica-
tion of ferulic acid and vanillin.

2. Materials and Methods

Bromocresol purple (90% purity), 99% vanillin from Sigma-Aldrich (Steinheim, Ger-
many), and 99% ferulic acid from Aldrich (Steinheim, Germany) were used. Their standard
10 mM solutions were prepared in ethanol (rectificate). The exact dilution was used for the
preparation of less concentrated solutions.

Polyaminobenzene sulfonic acid functionalized single-walled carbon nanotubes
(f-SWCNT) (d × l is 1.1 nm × 0.5–1.0 μm) were purchased from Sigma-Aldrich (Stein-
heim, Germany). A homogeneous 1.0 mg mL−1 suspension of f-SWCNT was obtained by
ultrasonic dispersion for 30 min in dimethylformamide.
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All reagents had chemical-grade purity. Double distilled water was used for the
measurements. The experiments were carried out at laboratory temperature (25 ± 2 ◦C).

Electrochemical measurements were carried out on the potentiostat/galvanostat Au-
tolab PGSTAT 302N with FRA 32M module (Eco Chemie B.V., Utrecht, The Netherlands)
and NOVA 1.10.1.9 software. The 10 mL glassy electrochemical cell with a working glassy
carbon electrode (GCE) with a 7.07 mm2 geometric surface area (CH Instruments, Inc.,
Bee Cave, TX, USA) or modified electrode, a silver-silver chloride saturated KCl reference
electrode, and a platinum wire as the counter electrode was used.

An “Expert-001” pH meter (Econix-Expert Ltd., Moscow, Russian Federation) equipped
with the glassy electrode was applied for pH measurements.

Scanning electron microscopy (SEM) was carried out on the high-resolution field
emission scanning electron microscope MerlinTM (Carl Zeiss, Oberkochen, Germany) at
the accelerating voltage of 5 kV and emission current of 300 pA.

3. Results and Discussion

3.1. Characterization of the Electrodes

Bromocresol purple forms a nonconducting film which is confirmed by the disappear-
ance of the oxidation peak with an increase of the cycles number and which is typical for
the electropolymerization of phenolics [9].

The conditions of bromocresol purple potentiodynamic electropolymerization (monomer
concentration, number of scans, supporting electrolyte pH, electrolysis parameters) have
been optimized in order to find the best voltammetric response of the co-existed ferulic acid
and vanillin. The peak potential separation of 170 mV on the polymer-based electrode is not
affected by electropolymerization conditions, while oxidation currents change significantly.
The best response has been obtained for the poly(bromocresol purple) obtained by 10-fold
potential cycling from 0.1 to 1.2 V with a scan rate of 100 mV s−1 from the 25 μM monomer
solution in 0.1 M phosphate buffer pH 7.0.

The electrodes have been characterized by SEM (Figure 1). The data obtained confirm
the successful immobilization of the nanomaterial on the electrode surface.

   
(a) (b) (c) 

Figure 1. SEM images for (a) CGE; (b) CGE/f-SWCNT; and (c) CGE/f-SWCNT/Poly(bromocresol purple).

The effective surface area of the electrodes has been evaluated using 1.0 mM [Fe(CN)6]4−
as a redox probe under conditions of cyclic voltammetry and chronoamperometry (for
GCE). The Cottrell equation for GCE and Randles–Sevcik equation for the cyclic voltam-
metry data have been applied. A 5.1-fold increase of the effective surface area for the
polymer-modified electrode vs. bare GCE has been obtained, which leads to the ferulic acid
and vanillin oxidation current increasing. Electrochemical impedance spectroscopy (EIS)
has been performed in the presence of [Fe(CN)6]4−/3− as a redox probe at 0.23 V. EIS data
show a 7.2-fold lower charge transfer resistance for the poly(bromocresol purple)-based
sensor in comparison to GCE, which means an increase of the electron transfer rate.
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3.2. Simultaneous Quantification of Natural Phenolic Antioxidants

The well-resolved oxidation peaks of the ferulic acid and vanillin at 0.732 and 0.903 V,
respectively, with a potential separation of 170 mV have been obtained on the created
sensor (Figure 2).

Figure 2. Cyclic voltammogram of 10 μM mixture of ferulic acid and vanillin on the poly(bromocresol
purple)–based electrode in Britton−Robinson buffer pH 2.0.

The analytes’ electrooxidation parameters have been studied. Both phenolics are
oxidized under a diffusion control and irreversible with the participation of two electrons
and protons (Figure 3).

Figure 3. Electrooxidation scheme of (a) vanillin and (b) ferulic acid.

The developed sensor has been operated under conditions of differential pulse voltam-
metry. The pulse parameters have been optimized, and it has been found that a modulation
amplitude of 75 mV and modulation time of 25 ms provide the best response of the target
analytes. The sensor allows a direct simultaneous quantification of ferulic acid and vanillin
in the ranges of 0.1–5.0 and 5.0–25 μM for both analytes (Figure 4) with detection limits of
72 and 64 nM, respectively. The accuracy of determination has been tested on the model
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mixtures of ferulic acid and vanillin. The relative standard deviation and recovery values
obtained confirm the absence of a random error and the precision of the developed sensor.

 

(a) (b) 

Figure 4. Calibration plots for (a) ferulic acid and (b) vanillin based on the differential pulse voltammetry data on the
poly(bromocresol purple)-based electrode in Britton—Robinson buffer pH 2.0.

Thus, the novel sensitive voltammetric sensor is simple to fabricate, reliable, cost-
effective, and can be applied for the foodstuff screening.
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Abstract: This work introduces a method specially developed to produce a biorecognition element
based on modified Stöber silica nanoparticles by the covalent immobilization of the human IgG.
The sensing structure is based on long period fiber gratings (LPFG), specially developed to allow
the interaction of the electromagnetic wave with the target analytes through its evanescent field.
The surface was modified by the immobilization of the IgG-modified nanoparticles serving has
recognition elements for specific target molecules. The resulting configuration was tested in the
presence of anti-human IgG, recording the refractometric response of the modified LPFG in contact
with different amounts of analyte. The selectivity of the sensor was also assessed.

Keywords: optical fiber; long period gratings; evanescent field; chemical immobilization; biosensor

1. Introduction

Biosensors are powerful allies for food safety, drug discovery, environmental moni-
toring and clinical diagnosis [1–3]. The sensing methodology comprises a bioreceptor, a
recognition element and a transducer whose properties changes upon analyte binding [4].
Typically, the bioreceptor is immobilized on the surface of the transducer and the binding
event can be, e.g., mechanically, electrically or optically transduced [5,6] producing an
increase in mass, a change in electrical resistivity or changes in the refractive index at the
surface of the used material allowing to be measured. In recent years, optical biosensors are
an active field of research worldwide, presenting rapid progress [7–9]. In this perspective,
optical biosensors based on refractometric sensing schemes have been developed with great
successes in the last few decades [7]. Moreover, optical fibers (OF) based on evanescent
wave sensing are an excellent platform to develop high-stability and high-sensitive optical
biosensors [10]. The quantitative and/or qualitative measurements result from the interac-
tion of the biorecognition element with the evanescent field of light at the fiber surface. Its
good biocompatibility makes them appropriate for biochemical functionalization, creating
very sensitive structures targeting viruses, drugs and proteins [11]. In recent years, several
authors have reported transduction scheme’s using optical fibers for optical biosensing.
Lobry et al. demonstrated a plasmon-assisted tilted fiber Bragg gratings (TFBGs) based
biosensor for non-enzymatic D-glucose using polydopamine-immobilized concanavalin
A [12]. More recently, Liyanage et al. developed a label-free sensitive tapered optical fiber
plasmonic biosensor targeting microRNAs. The sensing platform comprises different types
of gold nanoparticles immobilized on the surface of the fiber to enhance the evanescent
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mode, followed by self-assembled ssDNA probes [13]. Using a long-period fiber grating
(LPFG) platform, Liu et al. demonstrated the use of a LPFG coated with graphene oxide
(GO) nanosheets using the changes in resonant intensity to measure different concentra-
tions of hemoglobin adsorbed by the GO layer [14]; Chiavaioli et al. reported a D-shaped
single mode optical fiber (SMF) nanocoated with different metals for IgG/anti-IgG assays,
reaching limit of detections (LOD) around to the femtomolar values [15]; and Dey et al.
presented a sensitivity-enhanced LPFG near the turning point by etching the fiber with
hydrofluoric acid to detect anti-mouse IgG [16]. In a similar approach to this work, Liu et al.
demonstrated an LPFG-coated with silica nanoparticles modified with gold nanoparticles
(AuNPs). The gold surface was modified with anti-IgM receptors and the sensing platform
was tested to understand its suitability for the detection of human IgM antibodies [17].

In this work, a method based on silica nanoparticles (prepared based on Stöber [18]
method), immobilized in the surface of commercial SMF28 OF, serving as recognition
elements for specific target molecules is presented. The nanoparticles surface was func-
tionalized by the introduction of an aminosilane (APTMS) followed by the covalent immo-
bilization of the immunoglobulin G from human serum (human-IgG). The antibody was
activated by the EDC/NHS protocol to allow the interaction of the amine exposed groups,
located on the surface of the silica nanoparticles, with the activated carboxyl acid groups of
the human-IgG molecules. The resulting template was immobilized onto the surface of an
OF by electrostatic interactions between the negative charges of the fiber surface and the
positively charged amine groups located in the IgG molecules. The sensing structure is
based on LPFGs, specially developed to allow the interaction of the electromagnetic wave
with the target analytes through its evanescent field. The refractometric system comprises
a Braggmetter unit (HBK, FiberSensing, Darmstadt, Germany) working in a wavelength
range from 1500 to 1600 nm and a reference LPFG to correct possible false interactions.
The resulting configuration was tested in the presence of anti-human IgG, recording the
refractometric response of the modified LPFG in contact with different amounts of analyte.

2. Materials and Methods

2.1. Chemical Reagents

Silica nanoparticles were prepared following the Stöber method [19], using tetraethyl
orthosilicate (TEOS; Sigma-Aldrich, St. Louis, MO, USA; ≥98%) and ammonium hydrox-
ide solution (NH4OH; Sigma-Aldrich, 28% m/m) as reagents. The functionalization of
the nanoparticles surface was attained using the following reagents: (3-aminopropyl)
trimethoxysilane solution (Sigma-Aldrich, St. Louis, MO, USA; 97%), anhydrous toluene
(Sigma-Aldrich, St. Louis, MO, USA; 99.8%), phosphate buffered saline (PBS; pH 7.4,
tablets, Sigma-Aldrich, St. Louis, MO, USA), 2-(N-morpholino)ethanesulfonic acid (MES;
Sigma-Aldrich, St. Louis, MO, USA), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC; Sigma-Aldrich, St. Louis, MO, USA; ≥99%), N-hydroxysuccinimide
(NHS; Sigma-Aldrich, St. Louis, MI, USA; ≥98%) and immunoglobulin G from human
serum (human-IgG; Sigma-Aldrich, St. Louis, MO, USA; ≥95%). For the LPFG surface
cleaning were used sodium hydroxide anhydrous (NaOH; Sigma-Aldrich, St. Louis, MO,
USA; ≥98%) and hydrochloric acid (HCl; Sigma-Aldrich, St. Louis, MO, USA; 37%). For
surface activation were used sulfuric acid (H2SO4; Sigma-Aldrich, St. Louis, MO, USA;
95%–98%) and hydrogen peroxide solution (H2O2; Sigma-Aldrich, St. Louis, MO, USA;
30%) to perform piranha solution. For the affinity and selectivity assays were used the
human IgG, the human serum albumin (HAS; Sigma-Aldrich, St. Louis, MO, USA; ≥98%)
and the anti-human IgG (Fab specific; antibody produced in goat, Sigma-Aldrich). Ultra-
pure water (type II-analytical grade, <1 μS·cm−1) and ethanol (Labchem, Zelienople, PA,
USA; 96%) were also used.

2.2. Synthesis of the SiO2 Nanoparticles

The SiO2 nanoparticles were synthesized according with the Stöber method. Briefly, in
a proper container the ethanol, the ultra-pure water and the TEOS, were mixed in that order.
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The mixture was sonicated for 20 min and was added, under stir, the ammonia hydroxide
and the final mixture was stirred for 24 h at room temperature. The resulted solution was
centrifuged at 6000 rpm for 10 min and the beads were redispersed/centrifuged (five times)
in deionized water and acetone. The resulted beads were dried at 40 ◦C for 12 h in the oven.
The average size of the nanoparticles was determined by W130i Dynamic Light Scattering
(DLS, AvidNano, Wycombe, UK), showing an average diameter ranging from 300–400 nm
and were evaluated by attenuated total reflectance (FTIR-ATR, Bruker, Billerica, MA, USA).

2.3. Immobilization of the Biorecognition Molecule onto the SiO2 Surface

The dry beads were incubated in freshly prepared APTMS solution 2% (v/v) in
anhydrous Toluene for 24 h at room temperature in a closed container, using 10 mg/mL
of beads concentration. After incubation, the nanoparticles were centrifuged at 6000 rpm
for 10 min and redispersed/centrifuged for five times in acetone and ethanol. From
this step resulted amino-functionalized silica nanoparticles that were verified by ATR-
IR. The beads were redispersed in the PBS solution in a concentration of 5 mg/mL. A
solution of the biorecognition element in MES buffer (pH 5.5) and the activation of the
template was prepared by adding EDC (10× molar excess) to NHS (10× molar excess)
and incubating for 30 min at room temperature. The previous prepared beads solution
was added to the template solution and the pH was adjusted to 7.4–8.0. The incubation
carried out for 4 h at room temperature without stirring (just swirled the mixture every
half-hour). The resulted modified nanoparticles were centrifuged at 6000 rpm for 10 min
and redispersed/centrifuged in deionized water. The nanoparticles were assessed by
FTIR-ATR.

2.4. Working Principle of the Evanescent Wave Based Sensors, Long-Period Fiber Grating
Fabrication and Surface Modification

In this work, a long-period fiber grating was microfabricated on the optical fiber
surface. This grating works as a wavelength selective filter, displaying a spectrum with
several resonances resulting from the combination of the mode of the core and the different
cladding modes [20]. Figure 1 shows a description of a LPFG on an optical fiber and the
resultant transduced optical signal from the interaction between the recognition molecule
and the target.

Figure 1. (a) Schematic figure of a long period fiber grating; and (b) the optical signal resultant from the biorecognition.

Moreover, the LPFGs were fabricated by the induced electric-arc technique following
the protocol published by Rego (2016) [20] by creating a modulation in the propagating
mode refractive index which, in this case, is achieved point-by-point through electric
arc discharges with a current of 9 mA and a duration of 1 s along 30 to 50 mm with a
period of 415 μm. Afterwards, the LPFG was chemically modified by the immobilization
of the biorecognition molecule on the fiber surface. The sensitive section of the optical
fiber was cleaned with a 2 M NaOH solution for 10 min followed by immersion in a
0.5 M HCl solution for 2 h. After washing with deionized water, the sensitive surface was
activated with piranha solution (3:1 v/v) for 1 h at 60 ◦C. Finally, the LPFG was washed
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with deionized water and kept in the oven for 10 min to completely dry and was cooled
with pure nitrogen. The process is schematically presented in Figure 2.

 
Figure 2. Schematic figure of the LPFG surface chemical modification: (a) Bare LPFG; (b) activated surface with negative
electrical charges; and (c) modified surface by the template immobilization.

2.5. Affinity and Selectivity Assays

The modified LPFGs were tested in the presence of the anti-human IgG in different
concentrations ranging from 1.5 × 10−2 to 9 μg/mL to attest the affinity of the sensing
platform. To verify the selectivity of the modified optical fiber, the sensing scheme was
exposed to a 9 μg/mL of human IgG, HSA and anti-human IgG solutions, in the same
experimental conditions. In order to obtain the most trustable values, was used a bare
LPFG as a reference signal. All data will be presented as the differential between sensing
LPFG and reference LPFG.

3. Results and Discussion

3.1. SiO2 Nanoparticles Bare, SiO2-NH2 and SiO2-NH2-IgG FTIR-ATR Spectra

To confirm the introduction of the new functional groups after each step of the SiO2
nanoparticles surface (nanoSiO2) modification, were made FTIR-ATR analysis. Figure 3
shows the spectra of the bare SiO2 (nanoSiO2), the aminated SiO2 (nanoSiO2-NH2) and
the obtained nanospheres after the incubation of the IgG (nanoSiO2-NH2-IgG). In the
main figure, the absorption peaks at 3000–3500 cm−1 are related to the stretching -OH
bands, the absorption peaks at 1000–1150 cm−1 are assigned to the Si-O-Si asymmetric
stretching bands and the peaks at 800–950 cm−1 are appointed to the asymmetric bending
of Si-OH. In the Figure 3a, the asymmetric deformation vibration of the -NH2 at around
1550 cm−1 is displayed, suggesting that the amino groups were successfully fixed in
the silica nanoparticle surface. Figure 3b show a peak at around 2900 cm−1 that are
attributed to the presence of methyl groups of the APTMS structure. Finally, Figure 3c
shows the carboxylate peak at 1650 cm−1, assigned to the presence of the IgG molecule.
This evaluation is similar to the evaluation made by Feifel and his co-worker when the
authors proved the possibility to create electro-active cytochrome C multilayers by using
carboxyl-modified SiO2 nanoparticles [21]. Moreover, Hernandez-Leon et al. also showed
parallel spectra when the authors modified a core-shell SiO2 nanobeads for capture low
molecular weight proteins and peptides [22].
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Figure 3. Obtained absorbance spectra from FTIR-ATR analysis of bare SiO2 nanoparticles (black line), after amino-
functionalized SiO2 surface (inset graphs a and b; red line), and after IgG immobilization (inset graph c; blue line).

3.2. Affinity and Slectivity Assays

The SiO2/IgG-modified LPFG probe was tested in the presence of different concentra-
tions of anti-human IgG to attest the affinity of the sensing platform. The sensing LPFG
(sensLPFG) was placed in an experimental chamber as well as the reference LPFG (re-
fLPFG). Both gratings were exposed to a freshly prepared standard target solutions ranging
from 1.5 × 10−2 to 9 μg/mL in PBS. After 10 min of exposure time, the LPFGs were washed
three times with fresh PBS and three times with deionized water. All data were obtained
measuring the LPFGs in deionized water at 22 ◦C. Figure 4a show the experimental data of
the wavelength shift (sensLPFG–refLPFG) versus the anti-human IgG. Data are reported
as a mean value with standard deviation (n = 3). Other similar works were described re-
cently, such as the interferometric optical fiber biosensor for IgG/anti-IgG immunosensing
presented by Wang et al., reporting a limit of detection around of 50 ng/mL [23]. Another
approach was demonstrated by Han et al. that combined a Bragg acoustic reflector with an
Au electrode and an aluminum nitride piezoelectric thin film, to develop a biosensor for
anti-human IgG detection by immobilization of the human IgG antibody onto the modified
Au electrode. The sensing platform was able to detect anti-human IgG concentrations
smaller than 0.4 mg/mL [24]. The sensing platform presented in this work is able to detect
the referenced target below to 0.1 μg/mL. Additionally, the data resulting from the linear
fitting of Figure 4a, displaying a sensibility (S) (i.e., the slope) about |S| = 59 pm/(μg/mL).

To validate the specificity of the sensing platform, the same protocol was followed
in the presence of human IgG antibody, the HSA protein and, finally, the anti-human IgG.
Figure 4b show the resulting data after 10 min of incubation time for each target in 9 μg/mL
(in PBS). The results are reported as a mean value with standard deviation (n = 3). These
results showed the specificity of the built sensing platform to the proposed target, revealing
a very relevant wavelength shift when exposed to it. By the other side, the shifts showed
by the LPFG in the presence of the other targets are not relevant.
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Figure 4. (a) Resonance shift vs. the anti-human IgG concentration (1.5 × 10−2 to 9 μg/mL). Data is reported as a mean
value (n = 3) with standard deviation; (b) Resonance shift obtained by 10 min incubation in 9 μg/mL in human IgG, HSA
protein and anti-human IgG. Data is reported as a mean value (n = 3) with standard deviation.

4. Conclusions

In this work, a sensing platform for the detection of the anti-human IgG antigen was
developed by chemical modification of long period fiber grating surface. The sensing
methodology is based on refractometric changes due to the interactions between the
biorecognition molecule and the target. The surface of the optical fiber was changed by
immobilization of IgG- modified silica nanoparticles. The FTIR-ATR spectra proved that
the biorecognition molecule was successfully attached onto the SiO2 nanoparticles surface
and specificity assays demonstrated the selectivity of the method. The use of IgG-modified
nanoparticles can bring some advantages, increasing the number of receptors available to
interact with the target.

The low-cost and easy-to-use optical sensor reported here can detect anti-human IgG
concentrations below 0.1 μg/mL by promoting specific antibody/antigen interactions. In
the next step, we aim to imprint molecularly the analogue synthetic molecule of this tem-
plate. The goal is to produce highly sensitive and selective molecularly imprinted polymers
using the template of this work, combining them with highly sensitive optical platforms.
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Abstract: In this work, we present a template-based preparation of iron oxide-containing hydrogels
(ferrogels) with ionic sensitive and superparamagnetic properties. The influence of the cross-linked
template polyacrylamide and the concentration of the iron salts and sodium hydroxide on the
precipitation of the iron oxide particles is investigated with respect to the stability of the ferrogels.
Scanning electron microscope images show cubic particles, which can be semiquantitatively classified
in three groups of particle size with respect to the dilution level. Magnetic hysteresis curves reveal a
sigmoidal shape without remanence and coercivity for all samples. The higher cross-linked ferrogels,
in comparison with the lower cross-linked ferrogels, possess a steady-state degree of swelling in
ultrapure water and a stimuli-sensitive deswelling over a wide range of varying ionic strengths.
Thus, they are suitable candidates for applications in sensing and microfluidics.

Keywords: stimuli-responsive hydrogel; superparamagnetic; iron oxide; coprecipitation; ferrogel

1. Introduction

Hydrogels are cross-linked, usually hydrophilic polymers, which are suitable candi-
dates for applications in sensor [1] and actuator technology [2] due to their stimuli-sensitive
swelling and viscoelastic properties. The incorporation of iron oxide particles into hydro-
gels results in novel composite materials with enhanced chemical and physical properties.
Various approaches have demonstrated the sensitive and adsorptive properties of iron
oxide particles with respect to heavy metal ions [3–5], pH [6], and biomolecules [7,8], as
well as photocatalytic activity [9,10].

The aim of this work is the investigation of how the mechanical stability of the template
structure and the concentration of the synthesis solutions influence the properties of in situ
precipitated iron oxide particles. Understanding the structure–property relations of such
novel composite materials relates to ongoing topics of scientific applications and research
in engineering [11] and biomedicine [12] as well as in the treatment of contaminated
water [13].

In this study, the wet chemical precipitation of iron oxides from iron salts with sodium
hydroxide in the stoichiometric ratio of magnetite (FeII(FeIII)2O4) is investigated in two
various cross-linked hydrogels: a higher cross-linked hydrogel, which has already been
used in piezoresistive sensors [14], named sensor hydrogel/ferrogel, and a lower cross-
linked hydrogel, which is used in actuator setups [15], named actuator hydrogel/ferrogel

Chem. Proc. 2021, 5, 49. https://doi.org/10.3390/chemproc2021005049 https://www.mdpi.com/journal/chemproc279



Chem. Proc. 2021, 5, 49 2 of 7

(Figure 1A). It is expected that in template-based precipitation the differently crosslinked
hydrogels will affect the particle shape and size and in turn the swelling properties as well
as the magnetic properties of the resulting ferrogels. On the other hand, different dilution
levels of iron salts and sodium hydroxide will be used to investigate a suitable synthesis
concentration with respect to the sensitivity and stability of the ferrogels (Figure 1B).

 

Figure 1. Scheme of the precipitation of iron oxide in hydrogel using iron chloride and sodium
hydroxide solutions (A). Overview of the transformation of a sensor hydrogel to a ferrogel by soaking
the samples in iron salt solution with orange-yellow coloring and forming black-brown-colored
ferrogels in sodium hydroxide at different dilution levels (B).

2. Materials and Methods

2.1. Synthesis of Iron Oxide in Hydrogels

The monomer acrylamide (AAm), crosslinker N,N′-methylene-bis-acrylamide (BIS),
ammonium peroxodisulfate (APS), ferric chloride hexahydrate (FeCl3·6H2O), ferrous chlo-
ride tetrahydrate (FeCl2·4H2O), and sodium chloride (NaCl) were purchased from Sigma-
Aldrich, Saint Louis, MO, USA. N,N,N′,N′-tetramethylethylenediamine (TEMED) was
purchased from Carl Roth, Karlsruher, Germany.

2.1.1. Sensor Hydrogels

For the synthesis of sensor hydrogel, 1.6 M (8 mmol, 0.5686 g) AAm and 1.5 mol%
(0.12 mmol, 0.0185 g) BIS were dissolved in 4.156 mL ultrapure water and placed in an
ice bath to cool. Polymerization was initiated by adding 300 μL of 0.072 M APS solution
(0.022 mmol APS) and 2.1 mol% (0.168 mmol, 25.4 μL) TEMED. The cooled solution was
placed in glass tubes with a diameter of about 6 mm, sealed, and left overnight at room
temperature for polymerization. The polymerized polyacrylamide (PAAm) hydrogels were
removed from the glass tubes and washed in ultrapure water for 5 days. Discs of about
2 mm thickness were cut from each of the cylindrical samples for in situ precipitation of
the iron oxides in hydrogel.

2.1.2. Actuator Hydrogels

The actuator hydrogel was synthesized and handled in the same procedure as the
sensor hydrogel, but with the following composition: 2.8 M (14 mmol, 1.0 g) AAm and
0.03 mol% (4.2 μmol, 0.7 mg) BIS were dissolved in 3.8 mL ultrapure water. Polymerization
was initiated by adding 300 μL of 0.15 M APS solution (0.045 mmol APS) and 0.48 mol%
(0.1 mmol, 10.2 μL) TEMED.
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2.1.3. Coprecipitation of Iron Oxide in Hydrogels

In order to prepare for precipitation, the sliced native hydrogel discs were rinsed with
nitrogen in ultrapure water free of oxygen.

The first step was to disperse the iron chloride solution into the hydrogel. Thus,
12 mL of a 3 M mixture of iron (III) chloride hexahydrate (24 mmol, 6.4870 g) and iron (II)
chloride tetrahydrate (12 mmol, 2.3860 g) was prepared in a 2:1 molar ratio. After that, a
1:10 dilution and a 1:100 dilution, each in 10 mL, were made from the 3 M iron salt solution.
Each sensor and actuator hydrogel was placed in 5 mL of the appropriate iron chloride
concentration for 24 h.

For the precipitation of iron oxide, 12 mL of an 8 M sodium hydroxide solution
(96 mmol, 3.8397 g) was prepared, and a 1:10 dilution and a 1:100 dilution, each in 10 mL,
were made from it. The iron salt-soaked hydrogels were transferred to 5 mL of the appro-
priate concentration of sodium hydroxide and left overnight. Finally, the ferrogels were
washed until the pH of the water was neutral.

In general, the precipitation was performed under nitrogen atmosphere, and all
solutions and the ultrapure water were used in a degassed condition. However, the
following experiments and investigations were carried out to characterize the hydrogels
under ambient conditions so that oxidation of magnetite (Fe3O4) to maghemite (γ-Fe2O3)
is suggested.

2.2. Characterization Methods
2.2.1. Scanning Electron Microscopy (SEM)

A piece of each sample was air-dried and sputtered with a 5 nm thick gold layer for
subsequent secondary electron imaging of the embedded iron oxide particles with a SEM
(Zeiss Supra 40VP; Schottky emitter) at a fixed stage width and 7 keV.

2.2.2. Vibrating Sample Magnetometer (VSM)

The magnetization of the air-dried samples was measured on a Lake Shore VSM 7407
in the magnetic field range of ±17.5 kOe at room temperature.

2.2.3. Swelling Experiments

In order to measure the impact of the changed environmental conditions on the
hydrogels, the respective masses of the samples were weighed before and after addition of
the stimulus. Without stimulus, the sample was in ultrapure water and had a mass m0. The
mass mi of the sample with stimulus was determined after 24 h or after the corresponding
long-term point. The degree of swelling was calculated as follows:

Q =
mi − m0

m0
× 100%. (1)

3. Results and Discussion

3.1. Morphological Properties

The scanning electron microscope images in Figure 2 of the sensor and actuator
ferrogels of each dilution level show cubic particles between 50 and 300 nm and, in some
cases, 1 μm in size. Sensor and actuator ferrogels of undiluted concentrations (Figure 2a,b)
and the actuator ferrogel of dilution level 1:10 (Figure 2e) additionally exhibit particles
smaller than 20 nm distributed in the sample in a lawnlike manner and cannot be resolved
with the currently used equipment. Due to the nonplanar arrangement of the particles,
quantitative evaluation was not performed.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. Representative SEM images of sensor ferrogels (a–c) and actuator ferrogels (d–f) of the different dilution levels.
Scale bar: 1 μm.

3.2. Magnetic Properties

Magnetization curves with an S-shaped profile without hysteresis gaining magnetic
saturation characterize superparamagnetic behavior [16,17]. For all prepared ferrogels,
the magnetization curves show a sigmoidal curve shape without coercivity and without
remanence (Figure 3).

 

(a) (b) 

Figure 3. Magnetic hysteresis loop of the sensor ferrogels (a) and the actuator ferrogels (b) of the different dilution levels.
Inset in the diagrams shows the curves at a low magnetic field.

The magnetization curve for the sensor ferrogel of dilution level 1:100 is not plotted in
Figure 3a because the mass of this sample could not be determined due to sample instability
in the dried state, making a quantitative comparison of the curves impossible. Except for
the actuator ferrogel of dilution level 1:1, the saturation magnetization in both ferrogel
types decreases with the dilution level, reflecting the lower content of magnetic particles in
the ferrogel.

3.3. Reversibility of Ferrogel Swelling

Figure 4 depicts the swelling degrees of the ferrogels and native hydrogels alternating
in ultrapure water and 1 M NaCl. Both ferrogels show a deswelling of around 80% in
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solution with increased ionic strength. It can be concluded that in aqueous solution,
the ferrogels are in the swollen state due to electrostatic repulsions of charged surface
groups of the iron oxides. An increased ionic strength in the solution leads to electrostatic
neutralization of the ionized groups of the iron oxide with the dissolved ions.

 

(a) (b) 

Figure 4. Swelling cycles showing the repeatability of the deswelling in 1 M NaCl solution and swelling in ultrapure water
(0 M NaCl) of the sensor ferrogels (a) and actuator ferrogels (b).

Deswelling of the ferrogel occurs due to a reduction in electrostatic repulsions within
the composite material comparable to the swelling behavior of pH or ion-sensitive hy-
drogels with fixed ionic groups in the polymer network [18]. In contrast, the native
hydrogels show minor swelling under increased ionic strength due to osmotically induced
swelling mechanisms.

The sensor ferrogels obtain their initial steady-state degree of swelling in water after
three water/NaCl cycles (Figure 4a).

Due to the increased volume in water after synthesis, it was not possible to remove
the actuator ferrogels from the sample containers so that detecting the mass could just start
in the deswollen state. Furthermore, the actuator ferrogels show an increase in swelling
degree during the second cycle in water and reach a swelling degree up to 50–100% in the
third water cycle (Figure 4b).

3.4. Sensitivity of the Sensor Ferrogel to Ionic Strength

Figure 5 depicts the swelling levels of the sensor ferrogels over a wide range of varying
ionic strengths from nM to 5 M.

Figure 5. Swelling sensitivity of sensor ferrogels in NaCl solutions versus ionic strength.

A decay of the swelling curves between 1 mM and 1 M NaCl shows the concentration
range of the deswelling that applies to all three dilution levels. Interesting for sensory
applications is the flattened curve starting at 1 nM to 1 mM of the 1:100 sample. For this
ferrogel, there seems to be an optimal balance between the charge density of ionized iron
oxide particles under changing ionic strength and the mechanical stability of the hydrogel,
so it can be used as a stimuli-responsive ferrogel in sensory applications.
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4. Conclusions

The use of different cross-linked hydrogels as templates for the wet chemical pre-
cipitation of iron oxide producing fairly homogeneous cubic-shaped particles with su-
perparamagnetic characteristic curves independent of the applied concentration of iron
salts and base was presented. The ion-sensitive swelling properties of the sensor ferrogels
and the reversibility of their swelling make them suitable candidates for applications in
piezoresistive sensors. Their magnetic properties allow applications under magnetic field
control in microfluidics and medicine. Due to their strong swelling in water, the lower
cross-linked actuator ferrogels could be used as adsorption materials for the remediation
of contaminated water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemproc2021005049/s1.
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Abstract: Ultrasound-assisted extraction (UAE) is a novel methodology, belonging to the so-called
“Green Chemistry”, which has gained interest in recent years due to the potential to recover bioactive
compounds, especially those from plant matrices. It is widely recognized that the extraction of
molecules by UAE gives rise to higher or similar yields than those obtained by traditional extraction
methods. UAE has certain advantages inherent to Green Chemistry extraction methods, such as
short extraction time and low solvent consumption. The aim of this review is to critically present
the different variables and parameters that can be modified in UAE, such as ultrasound power, time,
temperature, solvent, and solid to solvent ratio that influence yield and extraction performance.

Keywords: ultrasound-assisted extraction; critical variables; power; temperature; time; solvent

1. Introduction

Ultrasound-assisted extraction (UAE) is a technique that belongs to the group of novel
extraction methods, together with microwave assisted extraction (MAE), enzyme assisted
extraction (EAE) or high-pressure assisted extraction (HPAE) [1,2]. UAE promotes the
extraction of compounds of interest, lowering the consumption of resources, such as solvent
and energy, whereas achieving remarkably higher extraction yields [3,4]. In addition, UAE
is a multipurpose method that lends itself to be combined with other extraction methods,
both conventional and novel [5]. UAE has been applied to obtain extracts rich in bioactive
compounds, such as phenolic compounds, pigments, polysaccharides, and amino acids,
among others from plant matrices [1,3,6,7].

This methodology is based on the principle of cavitation, which leads to cell collapse
of the matrix and allows the release of their inner substances. Several variables are relevant
for the performance of UAE, including the solid–liquid ratio, the type of solvents used,
the extraction time and the ultrasound power applied. Besides, ultrasound power and
extraction time are closely linked to a fifth important factor, which is temperature. In
practical terms, a correct optimization of these variables is essential to obtain a correct
performance, resulting in a maximal extraction yield. In addition, temperature can affect
the integrity of the bioactive compounds, since most of them are thermolabile. Considering
that high ultrasound power linked to long extraction periods may lead to sample damage,
temperature control is essential for a correct design of the cooling reactor and the optimiza-
tion of UAE extraction protocols. Keeping all this in mind, this critical review is focused on
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the influence of all the variables that affect UAE, to analyze the critical factors involved
in the optimization of this technique. In addition, response surface methodology (RSM)
can be a representative tool to generate meta-models. RSM allows to analyze and optimize
several variables at the same time and minimize the loss of matrices [8,9].

2. Variables Influencing Ultrasound-Assisted Extraction

To obtain good extraction yields, an optimization of the variables that influence
the process is required. Among the variables that affect UAE, there are three types of
parameters, as follows: physical, medium-dependent, and matrix-dependent parameters.
Regarding the first, physical parameters are related to the ultrasonic waves applied during
UAE and the equipment used. In this sense, those attributed to ultrasonic waves are
ultrasound power, frequency, and ultrasound intensity (UI), whereas those related with
ultrasound equipment are extraction time, and shape and size of the ultrasonic reactor.
Medium-dependent parameters are related with the space in which ultrasound waves are
transmitted from the emitting source to the matrix. Solvent properties, temperature and
the presence of gases are examples of medium-dependent parameters. Finally, matrix-
dependent parameters are those that have a significant influence in the extraction of
target compounds and considerably affect the effectiveness of the extraction. Type of
matrix, structure, pre-treatment, particle size, or solid–liquid ratio are examples of those
parameters [3,10]. Therefore, a correct design of the process, optimization of the variables,
and appropriate equipment is needed to obtain extraction yields comparable to those
obtained by the so-called traditional methods [11].

Regarding the ultrasound power, the use of high values usually improves extraction
yields due to the generation of strong shear forces, so it is considered as one of the critical
parameters to be optimized. Furthermore, higher ultrasound power reduces the time of
extraction. For example, a study showed good results of the extraction of β-d glucans at a
high extraction power (590 W), in only 58 min [12]. However, the use of high ultrasound
power without control can overheat the reactor producing degradation of labile compounds
and solvent evaporation [13]. In addition, the higher ultrasound power, the higher UI, so
that when UI reaches the maximum value can produce liquid agitation and the consequent
loss of ultrasound wave and the reduction of cavitation efficiency [14].

Regarding the extraction time, UAE allows to obtain good extraction yields with rela-
tively short processing times (maximum 60 min) since longer times may cause undesirable
changes in the extracted compounds. In this sense, optimized time commonly ranges
between 20–60 min, minimizing the energy consumption and reducing the compounds’
exposure to the process [15]. For example, one study shows that 7.25 min are enough to
extract pigments from annatto seeds [16], while 37 min are needed to extract betacyanin
and betaxanthin in bougainvillea flowers [17]. In the case of amino acid extraction, shorter
extraction time was needed (6 min) [18,19], whereas other authors were able to extract
polysaccharides from purple glutinous rice bran (Oryza sativa) with an extraction time of
20 min at 70 ◦C [20] (Table 1).

The type or polarity of the solvent used is closely linked to the nature of the compounds
to be extracted. In addition, due to current concern for the environment, eco-friendly
solvents are preferred. Predominantly, an aqueous medium is generally chosen for the
extraction of polar compounds used in food matrices, while in the case of other organic
compounds, ethanol, and methanol are usually employed. However, despite the use of
methanol tends to obtain better extraction yields, ethanol is preferably chosen because of its
lower toxicity [10]. For example, distilled water and ethanol are usually used for pigments
extraction, while water is the most common solvent for the extraction of polysaccharides
and amino acids [12,20,21] (Table 1). Furthermore, European Directive 2010/59/EU lists
the solvents that can be used for the extraction of compounds from foodstuffs, as well as
their uses and limitations [22]. In addition to the suitable solubility of the compounds of
interest, it is also important to consider the vapor pressure, the surface tension, and the
viscosity of the solvent, since those may affect cavitation and the extraction yield [3]. The
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solid-to-solvent ratio used for each compound does not follow a certain pattern. It depends
especially on the type of solvent and the matrix used. Table 1 shows that for the extraction
of phenolic compounds, the most used solvent is ethanol and the solid-to-solvent ratio
varies between 0.025 g/mL [23] and 0.1 g/mL [24], whereas ratios vary between from 0.058
g/mL for the extraction of betacyanin and betaxanthin in bougainvillea flowers [17] to 0.14
g/mL for the extraction of a natural pigment from annatto seeds [16].

Finally, high extraction temperatures not only affect the extraction yield but could
also have negative effects due to the possible degradation of thermolabile compounds [14].
For this reason, the cooling system must allow the extraction of compounds avoiding the
overheating of the medium by controlling the temperature of the system. For example, it is
possible to extract phenolic compounds with temperatures up to 75 ◦C, β-d glucans at 81
◦C or amino acids at 70 ◦C with optimal yields [12,18,25]. The increase in the temperature
caused by the ultrasound probe itself is fundamentally produced when high ultrasound
power is applied. The temperature increase produces a decrease in both viscosity and
surface tension and induces an increase in the vapor pressure. Thus, too high temperatures
can be harmful for the propagation of ultrasounds through the medium [13]. For these
reasons, the optimization of the extraction temperature must be focused on both protecting
the structure and function of the target components and improving the extractive properties
of the solvent. Generally, the temperature does not exceed 80 ◦C, and it commonly works
around 50 ◦C (Table 1).

Table 1. Optimized extraction conditions for phenolic acids, pigments, polysaccharides, and amino acids from different
vegetal matrices by UAE.

Compounds Matrix Solvent Type and Ratio Optimized Parameters Ref.

TFC Blueberry pomace EtOH/water 50%/50%; 0.05
g/mL ET: 60 min; UPA: 64 W; T: 40 ◦C [24]

TFC Zea mays waste EtOH/water 70%/30% 0.09
g/mL ET: 40 min; UPA: 50 W; T: ND [23]

Stilbenes Grape canes EtOH/water 60%/40% 0.025
g/mL ET: 10 min; UPA: 200 W; T: 75 ◦C [25]

Anthocyanins Grape skins EtOH 60% acidified pH = 3;
0.033 g/mL ET: 28 min; UPA: 400 W; T: 50 ◦C [26]

Natural pigment Annatto seeds
Dw, previously treated with

chloroform/ratio solid solvent
0.14 g/mL

ET: 7.25 min; UPA: 200 W; T:
72.7 ◦C. (Duty cycle of 0.8 s) [16]

Betacyanin and
betaxanthin

Bougainvillea glabra
flowers Distilled water 100% 0.058 g/mL ET: 37 min; UPA: 88 W; T: 55 ◦C [17]

Natural yellow
pigment Physalis pubescens L. EtOH 75% 0.083 g/mL ET: 14 min; UPA: 180 W; T: ND;

ultrasonic interval time of 10.55 s [27]

B-d-glucan Ganoderma lucidum Distilled water 0.00004 g of
fiber/mL ET: 58 min; UPA: 590 W; T: 81 ◦C [12]

Polysaccharides Oryza sativa L. Distilled water 0.05 g/mL ET: 20 min; UPA: 150 W; T: 70 ◦C [20]

PSMP Perilla seed meal Distilled water 0.038 g/mL ET: 52 min; UPA: 229 W; T: 43 ◦C [21]

Amino acids Grapes Distilled water 0.1 g/mL to 0.05
g/mL not significant differences ET: 6 min; UPA: 140 W; T: 70 ◦C [19]

Amino acids Apocynum venetum Distilled water 0.00047 g/mL ET: 32 min; UPA: 187 W; T: NI [18]

Abbreviations: TFC: total flavonoid content. UPA: ultrasonic power amplitude. T: temperature; ET: extraction time; PSMP: perilla seed
meal polysaccharides; NI: not included; Dw: dry weight.

289



Chem. Proc. 2021, 5, 50 4 of 5

3. Conclusions

UAE is a useful method for obtaining different compounds of interest from plant
matrices, since remarkably higher extraction yields are obtained with short extraction
times. This extraction method belongs to “Green Chemistry” because it allows to decrease
the consumption of resources, such as solvent and energy. However, it is still necessary
to optimize the more relevant variables that influence the effectiveness of UAE, such as
ultrasound power, extraction time and temperature, type of solvent, and solid-to-solvent
ratio. Different studies have shown extraction yields of different bioactive compounds,
such as phenolic compounds, polysaccharides, pigments, and amino acids, using UAE
with short extraction times (maximum 60 min), medium ultrasound power (between
200–500 W), temperatures around 50 ◦C (maximum 80 ◦C), and environmentally friendly
solvents (distilled water and ethanol). Therefore, UAE can be appropriately applied to
obtain bioactive compounds through an efficient and eco-friendly process, considering and
optimizing the different critical variables that affect the process.
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Abstract: The present study focused on the biological analysis of five plants: Achillea millefolium,
Arnica montana, Calendula officinalis, Chamaemelum nobile and Taraxacum officinale. The results indicated
that A. montana extracts showed the highest content of phenolic compounds. Regarding the biological
properties, A. millefolium had outstanding antioxidant activity, while C. officinalis had the highest rate
of antimicrobial and antifungal activity. The anti-inflammatory and cytotoxic activities reflected that
C. nobile showed the highest effect. In enzyme assays, C. nobile and C. officinalis extracts showed the
highest inhibitory effects on acetylcholinesterase and butyrylcholinesterase enzymes. Overall, this
study provides scientific evidence for the evaluation of the potential of medicinal plant extracts for
the development of new products.

Keywords: medicinal plants; beneficial effects; biological properties; phenolic compounds

1. Introduction

Currently, medicinal plants have great relevance due to their reported beneficial health
properties. Many studies reflect that their biological properties, such as antioxidant, antitu-
mor and antimicrobial activities, are related to different bioactive compounds, including
phenolic compounds. Although some of their mechanisms of action are unknown, in
many cases it has been shown that various natural phenolic compounds are related to
bioactive properties, and this has aroused the interest of the scientific community [1].
Several medicinal plants are still used for therapeutic purposes, employed in different
formulas (decoctions, infusions, ointments, etc.) but, in general, their use has been reduced.
However, these plants can be re-valorized for the recovery of bioactive compounds with
applications in the food, cosmetic and pharmaceutical industries [2]. In particular, plants
from Asteraceae family are promising candidates, due to their beneficial properties and
bioactive compounds.

The present study focused on five medicinal plants from the Asteraceae family, namely,
Achillea millefolium L., Arnica montana L., Calendula officinalis L., Chamaemelum nobile L. and
Taraxacum officinale (L.) Weber ex F. H. Wigg., all belonging to the Asteraceae family. These
plants have been widely used in traditional medicine for the treatment of various disorders,
but their use has been reduced. A. millefolium, T. officinale and C. officinalis are the most
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studied of these plants, and some of their terpenoids, flavonoids, phenolic acids and
carotenoids have been described as bioactive compounds [3,4]. The bioactive compounds
of C. nobile have not been studied in depth, although this plant is well is known to be
especially beneficial for digestive health. Bioactive compounds identified so far include
terpenoids, flavonoids, coumarins and other compounds such as esters of angelic and
tyglic acids, among others [5]. However, the main bioactive compounds in A. montana
have been demonstrated to be the so-called sesquiterpene lactones, which are related to
its anti-inflammatory effects [6]. On this basis, the study focused on the determination
of phenolic compounds and the evaluation of the biological properties of these plants, to
deepen knowledge about the bioactive compounds and evaluate their possible use in future
bio-based applications.

2. Materials and Methods

2.1. Sample Extraction

The samples were acquired in 2020 from Soria Natural and Pinisan and were received
at room temperature, dried and crushed to facilitate and improve the efficiency of the
extraction processes. Then, the samples were sieved with a sieve (pore size < 2 mm).
The samples were extracted by solid–liquid extraction. A 5 g sample of each species was
extracted with 100 mL of methanol–water (60:40 v/v). Extraction was carried out at 45 ◦C
for 3 h. Then, the extracts were freeze-dried using Telstar LyoAlfa 15 equipment to obtain
dry extracts that were used in the subsequent analyses.

2.2. Determination of Phenolic Compounds

The identification of phenolic compounds was carried out using a Dionex UltiMate
3000 UPLC system (Thermo Scientific, San Jose, CA, USA) [7]. The determination was
performed using a diode array detector (DAD) and mass spectrometry (MS) (LTQ XL mass
spectrometer, Thermo Finnigan, San Jose, CA, USA) working in negative mode. Data
acquisition was carried out with an Xcalibur® data system (Thermo Finnigan, San Jose, CA,
USA). The phenolic compounds were identified according to their chromatographic charac-
teristics, by their retention, absorption spectra and mass characteristics in comparison to
the obtained standard compounds and the literature. For quantitative analysis, calibration
curves were prepared with appropriate standards. The results were expressed in mg per g
of dry extract. Analyses were performed in triplicate.

2.3. Determination of the Main Biological Properties
2.3.1. Assessment of Antioxidant Activity

To evaluate the antioxidant activity, the lipid peroxidation inhibition in porcine
(Sus scrofa) brain homogenates was analyzed, evaluating the decrease in thiobarbituric acid
reactive substances (TBARS), as previously described in Pineda et al. [8]. Brain tissue was
homogenized in Tris-HCl buffer (20 mM, pH 7.4) and then centrifuged at 3000 g for 10 min.
An aliquot of the supernatant was incubated with the extracts at different concentrations in
the presence of FeSO4 (10 mM) and ascorbic acid (0.1 mM) for 1h at 37 ◦C. Trichloroacetic
acid (28%) and thiobarbituric acid (2%) were added to stop the reaction at 80 ◦C, and stirred
for 20 min. After centrifugation, the color intensity of the malondialdehyde complex in the
supernatant was measured via its absorbance at 532 nm. Using the dose–response values of
the results obtained, a parameter that summarized the potential antioxidant effect of each
sample was obtained, i.e., the concentration necessary to produce 50% of the antioxidant
response (EC50) [7].

2.3.2. Assessment of Antimicrobial Activity

The dried extracts were dissolved in distilled water (10 mg/mL) and the procedure
described by Soković et al. [9] was followed. The activity was studied against threeGram-
negative bacteria: Escherichia coli, Salmonella typhimurium and Enterobacter cloacae and three
Gram-positive bacteria: Bacillus cereus, Listeria monocytogenes and methicillin-resistant
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Staphylococcus aureus (MRSA). For antifungal assays, six micromycetes were tested: As-
pergillus fumigatus (human isolate), Aspergillus niger (ATCC 6275), Aspergillus versicolor
(ATCC11730), Penicillium funiculosum (ATCC 36839), Trichoderma viride (IAM 5061) and
Penicillium verrucosum var. cyclopium (food isolate). The minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC) and minimum fungicidal concentration
were determined.

2.3.3. Assessment of Anti-Inflammatory Properties

The dried extracts were dissolved in distilled water (8 mg/mL) and serial dilutions
(1–8 mg/mL) were prepared and tested using a RAW 264.7 murine macrophage cell line.
Lipopolysaccharide was used to stimulate inflammation and the production of nitric oxide
was measured as described previously [10]. The results obtained were expressed as EC50
values (μg/mL) and dexamethasone was used as a positive control.

2.3.4. Cytotoxic Properties

Cytotoxicity was assessed using four tumor cell lines: AGS (human gastric adenocarci-
noma cell line), CaCo (Caucasian colon adenocarcinoma), MCF-7 (break adenocarcinoma
cell line), NCI- H460 (lung cancer). The Vero cell line was used as a control. Cytotoxic
activity was measured using the sulforhodamine B assay [11]. The results obtained were
expressed as GI50 values, i.e., the concentration of extract that inhibited 50% of net cell
growth, and ellipticin was used as a positive control.

2.3.5. Enzymatic Activity

A previously developed colorimetric method was used [12]. This consists of detecting
the inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) activity
via the increase in yellow coloring due to the production of thiocholine. These two enzymes
have been reported to be involved in neurological disorders. In addition, inhibition of AChe
has been recognized as a possible avenue for the symptomatic treatment of Alzheimer’s
disease [13]. The assay was carried out using three buffers: A with 50 mM Tris–HCl, pH 8;
B with 50 mM Tris–HCl, pH 8, 0.1% BSA and C with 50 mM Tris–HCl, pH 8, 0.1 M NaCl
and 0.02 M MgCl2. The inhibitory capacity of the extracts was tested at concentrations of 1
and 2 mg/mL.

3. Results and Discussion

The phenolic profile of the selected plants showed great variability, both in quantity
and in the identified phenolic compounds (Table 1; Figure 1). The plant with the highest
content of phenolic compounds was A. montana, with a concentration of 119 mg/mL, where
the most representative compound was 5-O-caffeolyquinic acid. The extracts of C. nobile
presented a total phenolic content of 100 mg/mL and, in this case, the major compound was
the flavonoid luteolin-O-pentosylhexoside. A. millefolium extracts achieved a total phenolic
content of 81 mg/mL, and the most representative compound was 3-O-caffeoylquinic acid.
T. officinale extracts had a phenolic content of 18 mg/mL and were rich in 3-O-caffeoylquinic
acid. Finally, C. officinalis extracts had the lowest phenolic content, at 14.1 mg/mL, with
3-O-caffeoylquinic acid as the major compound. These results coincide with those of other
studies, e.g., in the case of the plant A. montana, where 5-O-caffeoylquinic acid has also
previously been reported as the main phenolic acid in the ethanolic extract of this plant [14].
However, it should be noted that the content of phenolic acids can be influenced by external
factors such as the type of solvent used in the extraction process, and it is also related to
the growing conditions of the plants, as mentioned in previous studies on A. montana and
other species belonging to the Asteraceae family [15].
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Table 1. Total phenolic content and main phenolic compounds identified (mg/mL).

Plants Main Phenolic Compounds Quantification TPC

Achillea millefolium 3-O-Caffeoylquinic acid 18.85 ± 0.03 81
Arnica montana 5-O-Caffeolyquinic acid 23.9 ± 0.3 119

Calendula officinalis 3-O-Caffeoylquinic acid 9.8 ± 0.2 14.1
Chamaemelum nobile Luteolin-O-pentosylhexoside 49.6 ± 0.5 100
Taraxacum officinale 3-O-Caffeoylquinic acid 6.74 ± 0.4 18

TPC: total phenolic compounds.

Figure 1. Representative chromatogram of the phenolic compounds identified: (A) A. millefolium;
(B) A. montana; (C) C. officinalis; (D) C. nobile; (E) T. officinale.

Regarding antioxidant activity, the extracts of A. millefolium showed exceptional activ-
ity, with an EC50 value of 0.013 mg/mL. The extracts of A. montana, C. nobile and C. officinalis
showed similar EC50 values (0.2, 0.2 and 0.25 mg/mL, respectively). Finally, the extracts of
T. officinale showed the lowest antioxidant activity with an EC50 of 0.035 mg/mL. These
results are presented in Figure 2. In previous studies, this assay has been employed to
evaluate the antioxidant activity of A. millefolium, C. officinalis and C. nobile, reporting signif-
icant results. To the best of our knowledge, no study has used the TBARS assay to evaluate
A. montana and T. officinale, but their antioxidant properties have been corroborated by
various studies showing positive results [16–18].

Figure 2. Antioxidant activity in traditional plants of the family Asteraceae: A. millefolium, A. montana,
C. officinalis, C. nobile and T. officinale.

296



Chem. Proc. 2021, 5, 51 5 of 7

Regarding antimicrobial activity, all the plant extracts displayed significant antimicro-
bial effects, with C. officinalis being the most remarkable. This plant presented MIC values
ranging from 0.25 to 0.5 mg/mL for all the tested bacteria and fungi. MBC and MFC values
ranged between 0.5 and 1 mg/mL. The most susceptible bacteria were the Gram-positive
species, while T. viride was the most susceptible fungus. T. officinale also showed relevant
antibacterial potential, while C. nobile was also effective against fungi species. The antimi-
crobial potential of these species has been previously confirmed. Focusing on C. officinalis,
a study reported that petal extracts of this plant showed comparable antibacterial effects
against Gram-positive and Gram-negative bacteria using the disk diffusion method [19].
The results found in the literature are very similar to those obtained experimentally and
therefore corroborate the hypothesis that the C. officinalis plant could be used as a possible
source of antimicrobial compounds.

According to the results (Figure 3), C. nobile extracts showed the greatest effects in
both assays, with EC50 values of 15.21 μg/mL for anti-inflammatory activity and GI50
values between 54 and 10.3 μg/mL in the case of cytotoxic activity. A. millefolium also
showed significant results, with an EI50 of 30 μg/mL for anti-inflammatory activity and
GI50 values ranging between 42 and 125 μg/mL. Considering the C. nobile results, the
anti-inflammatory and the cytotoxic properties of this plant have been reported previously,
showing positive results [20,21], and therefore this plant could be a promising source of
anti-inflammatory and cytotoxic extracts.

 

Figure 3. (A) Anti-inflammatory and (B) cytotoxic activity of A. millefolium, A. montana, C. officinalis,
C. nobile and T. officinale.

Finally, C. nobile showed the highest inhibitory effects on AChE activity for the ex-
tract concentrations tested (1 and 2 mg/mL), causing an inhibition of >35% and >60%,
respectively. In the case of the BuChE enzyme, C. officinalis caused an inhibition of >50%
in both concentrations tested. C. nobile also showed a remarkable inhibitory effect against
this enzyme, with an inhibition of >40% at 2 mg/mL and >20% at 1 mg/mL. To the
best of our knowledge, no previous studies have evaluated the enzymatic activity of the
selected plants.

4. Conclusions

All the plants studied had diverse phenolic compositions and biological activities.
Regarding phenolic compounds, A. montana extracts showed the highest content. Regarding
bioactivities, A. millefolium showed high antioxidant activity and C. officinalis showed the
best antimicrobial and antifungal activities. In the case of anti-inflammatory and cytotoxic
activities, C. nobile extracts achieved the best results. Finally in the enzyme assays, both
C. nobile and C. officinalis extracts showed the highest inhibitory effects. Therefore, this
study provides scientific evidence of the potential of medicinal plants as a source of extracts
and bioactive compounds that may be considered for the development of new products.

Supplementary Materials: The poster presentation is available online at: https://www.mdpi.com/
article/10.3390/CSAC2021-10486/s1.
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Abstract: In this study, the ability of an electronic nose developed to analyze and monitor odor
emissions from three poultry farms located in Meknes (Morocco) and Berlin (Germany) was evaluated.
Indeed, the potentiality of the electronic nose (e-nose) to differentiate the concentration fractions
of hydrogen sulfide, ammonia, and ethanol was investigated. Furthermore, the impact change of
relative humidity values (from 15% to 67%) on the responses of the gas sensors was reported and
revealed that the effect remained less than 0.6%. Furthermore, the relevant results confirmed that the
developed e-nose system was able to perfectly classify and monitor the odorous air of poultry farms.

Keywords: poultry odorous air monitoring; electronic nose; gas sensors; pattern recognition methods

1. Introduction

Unpleasant odors are an inherent part of poultry production. They come from the
wastes and emissions of animals. In addition, poultry farms in close proximity to the
population generate volatile organic compounds (VOCs) in the air, resulting in a foul odor
similar to that of rotten eggs and waste [1]. Moreover, odor nuisance from poultry farms has
raised serious concerns about the quality of human life worldwide. Unpleasant smelling air
affects the mental and physical health of the population and causes anger [2]. Similarly, the
health of hens and farm workers can be threatened by the malodorous chemical compounds
(such as hydrogen sulfide and ammonia) emanating from poultry farms [3]. Therefore,
appropriate methods and techniques are needed to characterize and monitor odorous air
samples, thereby determining the impacts of smelly air on chickens, humans, and the
agricultural environment.

Although olfactometric techniques are the most widely used to analyze odorous air
based on the perception of a group of human sniffers, these techniques are very expensive
and do not provide information on chemical composition [4]. Analytical methods are
widely used for the quantitative analysis of odorous air samples to identify unknown
organic compounds and their concentration [5]. However, they require a qualified operator,
and are expensive, time-consuming, and non-portable. The problems associated with the
use of conventional odor air analysis methods could be replaced by the application of faster
and cheaper e-nose technology. Electronic noses are devices equipped with an array of
gas sensors combined with pattern recognition methods that provide a specific signature
of the analyte [6,7]. The last few decades have seen a significant increase in interest in
chemical sensors, which is reflected in the growing number of papers and conferences on
this topic. For this purpose, these instruments are used in various applications for routine,
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rapid, and inexpensive assessment related to the environmental sector [8,9]. Similarly,
in recent years, odor emissions from livestock farms have received increased attention
due to their large number resulting in the production of high concentrations of hydrogen
sulfide and ammonia [10,11]. Electronic noses are also applied in other fields, including
biomedical [12,13], pharmaceutical [14], food [15], and security [16].

In this work, the ability of an electronic nose to discriminate malodorous VOCs from
three poultry farm sites was investigated. In parallel, the monitoring of malodorous air
emissions from a poultry farm as a function of the time and date of collection was carried
out. In addition, the effect of relative humidity on the response of the gas sensors was
checked. The sensitivity to hydrogen sulfide, ammonia, and ethanol was tested. Pattern
recognition methods such as principal components analysis (PCA), discriminant function
analysis (DFA), and support vector machines (SVMs) were used for processing the data
from gas sensor responses.

2. Materials and Methods

2.1. Odorous Air Samples Collection

Odorous air samples were collected using 2L Tedlar bags in three poultry sheds located
in the Faculty of Sciences of Meknes (FSM), as well as in the agglomeration of Meknes
(Morocco) and in Berlin (Germany). In parallel, to verify the ability of the e-nose to monitor
odorous air samples from a poultry farm, odorous air samples were collected from the
poultry farm of Meknes at different times and on three different days, with an interval of
two days of one week. In total, 126 odorous air samples were collected (14 samples from
each time collection performed at 09:00 a.m., 12:00 p.m., and 18:00 p.m.).

2.2. Gas Sensor System

The developed electronic nose system consists of six MQ-type chemical sensors (MQ-3,
MQ-4, MQ-5, MQ-8, MQ-9, and MQ-135) from Winsen Electronics Technology Co., Ltd.
(Zhengzhou, China) (Figure 1). The sensor chamber also contains a relative humidity sensor
(HIH 4000) and a temperature sensor (LM35) to monitor the environmental conditions
during measurements. All the sensors were installed in a Teflon chamber with a volume of
270 cm3. The collected odorous air samples were transferred to the sensor chamber using
a Tedlar bag and a micro air pump. The sensor responses were acquired by NI-USB 6212
data acquisition from National Instruments (Austin, TX, USA). It allows signal conversion
and preparation for further analysis by changing the analog signal produced by the sensors
into its discrete digital representation.

 
Figure 1. Electronic nose system developed for odorous air analysis and monitoring.
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2.3. Sensing Measurements

During analysis, the samples were pumped for 5 min into the sensor chamber at a
flow rate of 250 mL/min. The data were acquired every second. After each measurement,
synthetic air was injected into the sensor chamber for 5 min to clean the surface of the
sensors to return to their baselines.

The concentration fractions of hydrogen sulfide (6 ppm), ammonia (7 ppm), and
ethanol (3 ppm) were adjusted with the Gas Mixing System (GMS) of BAM, Berlin, Germany.

The temperature measured inside the sensor chamber during the measurements was
approximately 27.5 ± 3.1 ◦C.

2.4. Data Analysis
2.4.1. Features Extraction

In this study, three features were extracted from the response of each gas sensor:

- ΔG = (GS − G0): The difference in conductance between GS and G0 is the average
value of the conductance in the last and first 60 s, respectively.

- A: The area under the curve of the sensor conductance between the first and the last
minute of sample measurement. This area was calculated using the trapeze method.

- dG/dt: The slope of the sensor response, determined dynamically in a range of 60
to 540 s.

Eighteen variables were defined the developed system (6 sensors × 3 extracted features).

2.4.2. Pattern Recognition Methods

The extracted features were treated by using pattern recognition methods (PCA, DFA,
and SVMs) to estimate the performance of the e-nose to classify and monitor odorous air
samples from a poultry farm.

The aim of PCA is the multidimensionality reduction of a dataset by finding new
orthogonal directions (principal components) which contain the maximum information.
The main advantage of PCA is the ability to present the results on two- or three-dimensional
graphs. Groups of points can be visualized on the plots, which makes it possible to assess
the contribution of the sample to a particular group. The PCA algorithm generates linear
combinations of principal components [17].

DFA is a linear method, but it differs from PCA in that it utilizes the cluster information
that was given during the training (supervised method), while the PCA does not care about
the relationship of the data points with the specified clusters. The DFA method helps
to have the best discrimination by reducing distances between samples (variance within
classes) and maximizing distances between clusters (variance between classes) [18].

SVMs objective is to increase the quantity called margin to distinguish clusters with
a specific hyperplane. The margin is a distance calculated between the nearest points
contained in different groups. SVMs have two techniques. The first is to consider one vs. one
or one vs. all and the other is to use all the data in a single formulation. This work applied
a 2nd degree polynomial kernel. Indeed, a leave-one-out cross-validation technique was
used to determine the prediction accuracy. The second-order of a radial basis function
(polynomial) kernel was employed to project the training data to a space that maximizes
the margin hyper plane [19].

3. Results and Discussion

3.1. Sensor Calibration through Relative Humidity Variation

Since humidity has a great impact on the electrical conductivity of resistive gas sensors,
it is necessary to calibrate them using different relative humidity values. Figure 2 represents
the normalized conductance of the sensor arrays at three different relative humidity values.
We can see from this figure that when the relative humidity values increase from 15% to
67%, the variation of the conductance does not exceed 0.6% for all the sensors. In conclusion,
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it can be noticed that the calibration of the gas sensors at the considered relative humidity
values led to a slight difference in the responses of the gas sensor arrays.

 

Figure 2. Conductance changes of sensor arrays and relative humidity in function of measurement
time by adjusting RH values from 15% to 67%.

3.2. Sensing Behavior of Gas Sensor Arrays to Hydrogen Sulfide, Ammonia, and Ethanol at
Room Temperature

Ammonia and hydrogen sulfide are harmful gases generated during the bacterial
decomposition of livestock manure [20]. Therefore, it is necessary to test the sensitivity
of gas sensors using ammonia and hydrogen sulfide gases. Figure 3 shows a plot of the
time dependence of the difference in conductance (G − G0) when the sensors are exposed
to hydrogen sulfide (Figure 3a), ammonia (Figure 3b), and ethanol (Figure 3c) at fixed
concentration fractions of 6, 7, and 3 ppm, respectively. It can be seen from this figure that
all the gas sensors were sensitive to the three tested synthetic gases, except for the MQ-8
sensor. Furthermore, each gas sensor had a different response to the three gases studied,
which means that the electronic nose was able to differentiate between these gases.

 
Figure 3. Conductance changes of gas sensor arrays in the presence of (a) hydrogen sulfide, (b) am-
monia, and (c) ethanol with concentration fractions of 6, 7, and 3 ppm, respectively.

3.3. Classification Results of the Odorous Air Samples Collected from Poultry Sheds and Clean Air
3.3.1. Radar Plots

Figure 4 shows the results of the radar plot corresponding to the odorous air samples
collected from three poultry sheds and synthetic air as the control. In this figure, it can be
seen that the odorous air pattern (fingerprints) differed from one site to another. Indeed,
the smallest one corresponds to the control.

 
Figure 4. Radar plots of poultry odorous air samples and synthetic air (control) expressed as the
difference in conductance (ΔG = (G − G0)) extracted from gas sensor responses.
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3.3.2. PCA Classification

The PCA method was applied to the database gathered from gas sensor responses
upon exposure to odorous air samples collected from the three poultry farms and synthetic
air as a control. Figure 5 represents the projections of the experimental results onto a
two-dimensional (2D) graph. In this figure, it can be seen that all the groups of odorous air
samples are clearly separated, with no overlap with synthetic air (control). In fact, the first
two principal components account for 94% of the data variance.

 
Figure 5. PCA plot performed on poultry odorous air samples and synthetic air by using the features
(ΔG, area, and slope) extracted from gas sensor responses.

3.4. Classification Results Depending on the Time and Date of Samples Collection
3.4.1. DFA Classification

DFA was applied to the database gathered from the sensors’ responses to verify the
ability of the developed e-nose to monitor odorous air samples collected at different dates
and times in a poultry farm in Meknes. Figure 6 shows the DFA plot with 89% of the data
variance explained by the first two discriminant functions (DFs). It can be seen from this
figure that all the clusters are separated from each other. Furthermore, DF1 discriminates
odorous air samples based on the date of collection from the poultry shed, while DF2
separates them based on the time of collection. The DFA results prove that the e-nose
system was capable of clearly discriminating odorous air samples from a poultry farm
according to the date and time of collection.

 
Figure 6. DFA plot performed on odorous air samples collected at different times and dates on a poul-
try farm (Meknes) using the features (ΔG, area, and slope) extracted from gas sensor array responses.
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3.4.2. SVM Classification

An SVM is a supervised learning method. It was applied to the same dataset as DFA
to verify the ability of the developed e-nose to monitor odorous air samples in a poultry
farm from Meknes city. Table 1 shows the SVM confusion matrix for odorous air samples
recognition. In this study, only two misclassified samples were observed in the data matrix.
Therefore, a 98.41% accuracy in the recognition of the odorous air samples was achieved.
This outcome was in good agreement with the obtained DFA results. This finding confirms
that the e-nose system was able to monitor odorous air samples from a poultry farm.

Table 1. SVM classification results of odorous air samples collected at different times and dates
on a poultry farm from Meknes using the features (ΔG, area, and slope) extracted from gas sensor
responses (total score: 98.41%).

1
st

D
a

y
–

0
9

:0
0

1
st

D
a

y
–

1
2

:0
0

1
st

D
a

y
–

1
8

:0
0

2
n

d
D

a
y

–
0

9
:0

0

2
n

d
D

a
y

–
1

2
:0

0

2
n

d
D

a
y

–
1

8
:0

0

3
rd

D
a

y
–

0
9

:0
0

3
rd

D
a

y
–

1
2

:0
0

3
rd

D
a

y
–

1
8

:0
0
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4. Conclusions

The present study demonstrated that the low-cost, portable, and easy-to-use e-nose
system was able to distinguish odorous air samples from poultry sheds based on the
sampling site, and also depending on the date and time of collection. The effect of relative
humidity on gas sensor responses was also investigated and showed that when relative
humidity increased from 15% to 67%, there was a slight difference in sensor responses
that did not exceed 0.6%. Similarly, the sensitivity of the sensor array to hydrogen sulfide,
ammonia, and ethanol was tested and showed that all gas sensors are sensitive to these three
synthetic gases, with the exception of the MQ-8 sensor. Radar plots revealed a significant
change in odorous air sample patterns based on the sampling sites. In addition, PCA
showed that the e-nose system was able to clearly distinguish odorous air samples from
three sites of poultry farms without any overlap with the unpolluted air samples (synthetic
air) with 94% of the data variance. In order to monitor odorous air samples from a poultry
farm according to their date and time of collection, the database was also processed by DFA
and SVM. These two pattern recognition methods show a clear discrimination between the
studied samples with a success rate of 89% and 98.41%, respectively. We can conclude that
the developed e-nose system can be effectively used as a fast, easy-to-use, and inexpensive
tool for the analysis and monitoring of odorous air samples from poultry farms.
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Abstract: Molecular nanoprobes with intrinsic enzyme-like activity represent a new wave of tech-
nology for rapid and sensitive detection of molecular targets. This work reports synthesis and
characterization of novel and well-dispersed europium-doped ceria nanocrystals (EuCe NCs) with
self-integrated catalytic and fluorescence sensing functions. The NCs have an average size of ∼5 nm
and exhibit bright and stable fluorescence for more than 6 months in aqueous media. Their dual
cooperative function as both a catalyst and fluorescent probe was explored to develop a universally
applicable fluorescence-based biosensing method to monitor enzyme reactions and quantitatively
measure clinically relevant molecules. Sensing capabilities are demonstrated for detection of H2O2,
glucose/glucose oxidase, lactate/lactate oxidase, phosphatase activity, and the catecholamine neu-
rotransmitter, dopamine. Results indicate that EuCe NCs not only provide high enzyme-mimetic
activity, but also impart direct fluorescence sensing ability enabling all-in-one recognition, catalytic
amplification, and the detection of biomolecular targets. The EuCe nanozyme offers a stable alterna-
tive to the more complex systems based on the combined use of natural enzymes and fluorescent dyes.
The high stability and fluorescence detection capabilities demonstrate that EuCe NCs have the potential
to be used as a generic platform in chemical and biological sensing and bioimaging applications.

Keywords: ceria nanocrystals; europium doping; nanozyme; fluorescent probe; bioanalytical applications
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Surfactants as Sensitive Sensor for Hesperidin †
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Abstract: Tin(IV) oxide nanoparticles in combination with surfactants were used as a sensitive layer
in a sensor for hesperidin. The effect of the surfactant’s nature and concentration on the hesperidin
response was evaluated. The best parameters were registered in the case of 500 μM cetylpyridinium
bromide (CPB) as a dispersive agent. The SEM and electrochemical data confirmed the increase in
sensor surface effective area and electron transfer rate. The sensor gave a linear response to hesperidin
in the ranges of 0.10–10 and 10–75 μM with a detection limit of 77 nM. The approach was successfully
tested on orange juices and validated using ultra-HPLC.

Keywords: electrochemical sensors; metal oxide nanoparticles; surfactants; flavonoids; food analysis

1. Introduction

Hesperidin (Figure 1) is the major flavonoid of Citrus L. fruits [1], with a wide spec-
trum of biological activity that results in its application in medicine [2]. However, it
can show a pro-oxidant effect in high concentrations that is typical for phenolic antioxi-
dants [3]. Therefore, simple, sensitive, and selective methods for hesperidin determination
are required.

Figure 1. Hesperidin structure.

Electrochemical sensors can be successfully used for this purpose due to the ability
of hesperidin to be oxidized at the electrode surface. The advantages of electrochemical
methods, such as their simplicity, portability, and cost-efficiency in combination with
reliability, sensitivity, and sufficient selectivity make them an attractive tool for practical
applications. Nevertheless, hesperidin is almost disregarded as an analyte in electroanalysis
compared to other natural flavonoids. Thus, the development of electrochemical sensors
for hesperidin quantification is of interest from scientific and practical points of view.

The hanging drop mercury electrode has been used for hesperidin quantification [4,5].
Significant interference effects from a wide range of inorganic and organic compounds
of different classes, as well as the toxicity of mercury, make these methods inapplicable
in laboratory practice. Boron-doped diamond [6] and pencil graphite [7] electrodes allow
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the limitations mentioned above to be partially overcome, although the selectivity of
the hesperidin response is still insufficient. At the present time, chemically modified
electrodes are applied in hesperidin analysis [8–15] since they provide higher sensitivity
and selectivity of response. The analytical characteristics of hesperidin reported for the
existing electrochemical sensors are presented in Table 1. Nevertheless, the selectivity of the
sensor’s response is often not considered or is insufficient, and there is limited applicability
to real samples. The narrow linear dynamic range of the sensor response in some cases also
complicates the analysis of real samples. Therefore, further development of electrochemical
sensors for hesperidin that are free of these limitations is required.

Table 1. Figures of merit of electrochemical sensors for hesperidin.

Transducer
Modifier (from Inner to Outer

Layer)
Detection Mode Linear Range/μM

Limit of
Detection/nM

Ref.

BDDE 1 – AdSSWV 2 4.19–115 1200 [6]

PGE 3 – DPV 4 0.1–12 85.8
[7]

AdADPV 5 0.05–1.0 19.0

BPPGE 6 Multi-walled carbon nanotubes AdSSWV 0.02–0.4 and 0.4–30 7.3 [8]

GCE 7
Single-walled carbon

nanotubes/Electrochemically
reduced graphene oxide

LSV 8 0.05–3.0 20 [9]

CPE 9 Mesoporous SiO2 nanoparticles AdADPV 0.5–25 250 [10]

GCE Reduced graphene oxide/Gold
nanoparticles A 10 0.050–8.0 8.2 [11]

GCE

Ultrafine activated carbon/Gold
nanoparticles/Poly-o-

aminothiophenol based molecularly
imprinted polymer

DPV 0.080–30 45 [12]

GCE
Polyaminobenzene sulfonic acid

functionalized single-walled carbon
nanotubes/Polyaluminon

DPV 0.10–2.5 and 2.5–25 29 [13]

CPE Nano-graphene-platelet/Brilliant
green composite DPV 0.1–7.0 and

7.0–100.0 50 [14]

PGE
Electrochemically reduced graphene
oxide/Poly(2,6-pyridinedicarboxylic

acid)/dsDNA
DPV 0.82–82 240 [15]

1 Boron-doped diamond electrode. 2 Adsorptive stripping square-wave voltammetry. 3 Pencil graphite elec-
trode. 4 Differential pulse voltammetry. 5 Adsorptive anodic differential pulse voltammetry. 6 Basal-plane
pyrolytic graphite electrode. 7 Glassy carbon electrode. 8 Linear sweep voltammetry. 9 Carbon paste electrode.
10 Amperometry.

Electrochemically inert metal oxide nanoparticles (CeO2, TiO2, ZnO, SnO2, Fe3O4, etc.)
are prospective nanomaterials widely used for voltammetric sensor creation [16–22]. The
combination of metal oxide nanoparticles with surfactants as dispersive agents has led to
significant improvement in the voltammetric response of phenolic antioxidants [16–19],
caused by stabilization of the nanoparticle dispersions on the one hand and, on the other
hand, preconcentration of the analyte at the sensitive layer of the sensor surface via electro-
static or hydrophobic interactions. Another important aspect to be taken into account is
the increase in the sensor conductivity due to the presence of surfactants since the metal
oxide nanoparticles mentioned above are semiconductors. This type of electrode surface
modifier has been successfully applied in the electroanalysis of natural phenolic antiox-
idants, particularly eugenol [16], thymol [17], quercetin and rutin [18], vanillin [19], and
gallic acid [20,21], and in the simultaneous detection of synapic and syringic acids and
rutin [22]. The sensors show high sensitivity and selectivity for the response and are easy to
prepare, which is an advantage over other modified electrodes. No electrochemical sensors
based on metal oxide nanoparticles for hesperidin determination have been reported to
date, although it is of practical interest.
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The current study was focused on the creation and application of a novel voltammetric
sensor for hesperidin based on a glassy carbon electrode (GCE) modified with tin(IV)
oxide nanoparticles and surfactants. Attention was paid to the evaluation of the effect of
the surfactant’s nature and concentration on the hesperidin voltammetric response. The
electrodes under investigation were characterized by scanning electron microscopy (SEM)
and electrochemical methods. The analytical aspects of hesperidin detection are discussed.

2. Materials and Methods

Hesperidin (94% purity) from Sigma (Steinheim, Germany) was used as a standard.
A 0.40 mM stock solution was prepared in methanol (cp grade). Naringin (95% purity),
99% ascorbic and 98% caffeic acids, 95% quercetin trihydrate, and 85% morin hydrate from
Sigma (Steinheim, Germany), 95% chlorogenic acid from Aldrich (Steinheim, Germany),
and 97% rutin trihydrate from Alfa Aesar (Heysham, UK) were used in the interference
test. For these, 10 mM stock solutions in methanol were prepared in 5.0 mL flasks. Less-
concentrated solutions were obtained by exact dilution.

Tin(IV) oxide nanoparticles (D < 100 nm) were purchased from Aldrich (Steinheim,
Germany). Their 1 mg mL−1 dispersions in water and the surfactants were prepared by son-
ication for 10 min in a WiseClean WUC-A03H ultrasonic bath (DAIHAN Scientific Co., Ltd.,
Wonju-si, Korea). Cetylpyridinium bromide (CPB) (98% purity), 97% N-lauroylsarcosine
sodium salt (LSS), and Triton X-100 from Aldrich (Steinheim, Germany), 99% cetyltrimethy-
lammonium bromide (CTAB) and Brij® 35 from Acros Organics (Geel, Belgium), sodium
dodecylsulfate (SDS) (Ph. Eur.) from Panreac (Barcelona, Spain), and cetyltriphenylphos-
phonium bromide (CTPPB) synthesized in the Department of Organoelement Compounds
Chemistry of Kazan Federal University were used as dispersive agents. Their 1.0 mM
solutions were prepared in distilled water.

Other reagents were chemical grade purity. Double-distilled water was used for the
measurements. The experiments were carried out at laboratory temperature (25 ± 2 ◦C).

Voltammetric measurements were carried out on an Autolab PGSTAT12 potentio-
stat/galvanostat (Eco Chemie B.V., Utrecht, The Netherlands) with GPES software, ver-
sion 4.9.005. Electrochemical impedance spectroscopy was performed on an Autolab
PGSTAT302N potentiostat/galvanostat with a FRA32M module (Eco Chemie B.V., Utrecht,
Netherlands) and NOVA 1.10.1.9 software. A 10 mL glassy electrochemical cell with work-
ing GCE with a 7.07 mm2 geometric surface area (BASi® Inc., West Lafayette, IN, USA)
or a modified electrode, a silver–silver-chloride-saturated KCl reference electrode, and a
platinum wire as the counter electrode was used.

An Expert-001 pH meter (Econix-Expert Ltd., Moscow, Russian Federation) equipped
with the glassy electrode was used for pH measurements.

SEM was carried out on a MerlinTM high-resolution field-emission scanning electron
microscope (Carl Zeiss, Oberkochen, Germany) at an accelerating voltage of 5 kV and an
emission current of 300 pA.

3. Results and Discussion

3.1. Voltammetric Characteristics of Hesperidin on Modified Electrodes

The voltammetric behavior of hesperidin on bare GCE and the modified electrodes
was studied in 0.1 M phosphate buffer at pH 7.0. Hesperidin is irreversibly oxidized in
two steps. The second step is less pronounced. Therefore, the first oxidation peak was
used (Table 2). Modification of the electrode surface with tin(IV) oxide nanoparticles
provided an insignificant increase in the hesperidin oxidation currents. Furthermore,
these values were still insufficient for sensitive hesperidin quantification. The use of
surfactants provided stabilization of the nanoparticle dispersions and preconcentration of
the hesperidin on the electrode surface via hydrophobic interaction, leading to an increase
in the oxidation currents for all the surfactants under investigation. The effect of surfactant
concentration in the range of 10–500 μM on the hesperidin response was evaluated. The
oxidation potentials were cathodically shifted. The oxidation currents were statistically
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significantly increased. Higher oxidation currents were obtained in the case of cationic
surfactants. The best hesperidin response was registered on the sensor based on tin(IV)
oxide nanoparticles dispersed in 500 μM cetylpyridinium bromide. This agrees well with
literature data for a cerium-dioxide-nanoparticles-based sensor for eugenol [16] and a
tin-dioxide-nanoparticles-based sensor for vanillin [19].

Table 2. Voltammetric characteristics of hesperidin on GCE and modified electrodes (n = 5; p = 0.95).

Electrode csurfactant/mM Eox1/V Iox1/μA

GCE 0 0.623 0.100 ± 0.004
SnO2-H2O/GCE 0 0.603 0.120 ± 0.003
SnO2-SDS/GCE 0.1 0.573 0.300 ± 0.006
SnO2-LSS/GCE 0.1 0.553 0.254 ± 0.005

SnO2-Triton X100/GCE 0.1 0.573 0.333 ± 0.008
SnO2-Brij® 35/GCE 0.1 0.573 0.171 ± 0.004

SnO2-CPB/GCE 0.1 0.583 0.440 ± 0.009
SnO2-CTAB/GCE 0.1 0.563 0.271 ± 0.006

SnO2-CTPPB/GCE 0.1 0.593 0.323 ± 0.008

3.2. Electrodes Characterization via SEM and Electrochemical Methods

SEM shows the presence of spherical and rhomboid structures and their aggregates of
size 30–200 nm for SnO2-H2O/GCE, in contrast to the relatively smooth surface of GCE
(Figure 2a,b). The application of CPB as dispersive agent provides more uniform coverage
consisting of spherical particles of size 20–40 nm forming a porous surface leading to an
increase in the electrode surface area (Figure 2c).

   
(a) (b) (c) 

Figure 2. SEM characterization of bare GCE (a), SnO2-H2O/GCE (b), and SnO2-CPB/GCE (c).

The electroactive surface area of the modified electrode is significantly increased
compared with bare GCE (34.7 ± 0.3 mm2 for SnO2-CPB/GCE and 8.9 ± 0.3 mm2 for
GCE), as confirmed by cyclic voltammetry (for SnO2-CPB/GCE) and chronoamperometry
(for GCE and SnO2-H2O/GCE) using [Fe(CN)6]4− ions as a standard. These data explain
the increase in hesperidin oxidation currents on the modified electrode. Electrochemical
impedance spectroscopy was performed in the presence of [Fe(CN)6]4−/3− as a redox probe
at 0.23 V. Fitting of the impedance spectra using the Randles equivalent circuit showed
554-fold less charge transfer resistance for the modified electrode in comparison to GCE,
indicating a dramatic increase in the electron transfer rate. The constant phase element
value for SnO2-CPB/GCE was 4.7-fold higher than for the GCE due to the porous structure
of the modified electrode and the increase in the surface total charge due to the presence of
positively charged CPB. Thus, the developed sensor can be considered as a candidate for
analytical applications.
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3.3. Analytical Characterization of the Sensor

Hesperidin quantification using the developed sensor was performed in adsorptive
differential pulse mode since surface-controlled electro-oxidation has been proved. The
highest oxidation currents for hesperidin were obtained in 0.1 M phosphate buffer at pH
7.0. The variation of preconcentration time at the open circuit potential showed the highest
oxidation currents for 120 s of accumulation. The evaluation of the effect of the pulse
parameters showed that the best response was registered at a pulse amplitude of 100 mV
and a pulse time of 50 ms.

The sensor gave a linear response to hesperidin in the ranges of 0.10–10 and 10–75 μM
(Figure 3) with a detection limit of 77 nM. The calibration-plot parameters are presented in
Table 3.

Figure 3. Baseline-corrected differential pulse voltammograms of hesperidin on SnO2-CPB/GCE in
0.1 M phosphate buffer at pH 7.0, with tacc = 120 s, ΔEpulse = 100 mV, tpulse = 50 ms, υ = 10 mV s−1.

Table 3. Hesperidin calibration-plot parameters (I = a + bc(M)).

Linear Dynamic Range/μM A ± SD/μA (b ± SD) × 10−3/μA M−1 R2

0.10–10 –0.009 ± 0.002 78.0 ± 0.4 0.9998
10–75 0.52 ± 0.01 25.3 ± 0.2 0.9997

The analytical characteristics obtained were significantly better [10,15] or comparable
to other sensors based on the modified electrodes [12–14]. However, the sensor developed
is simpler, relatively cheaper, and less tedious to prepare. The accuracy of the hesperidin
determination was tested for the model solutions using the added–found method (Table 4).
The recovery of 98.4–100% confirmed the high accuracy of the developed sensor. The
relative standard deviation was less than 3.5%, indicating the absence of random errors of
quantification and the high reproducibility of the sensor response since surface renewal
was performed after each measurement.

Table 4. Quantification of hesperidin in model solutions (n = 5; p = 0.95).

Added/μg Found/μg RSD/% R/%

0.244 0.24 ± 0.01 3.5 98.4
1.83 1.82 ± 0.05 2.1 99.5
12.2 12.2 ± 0.1 0.92 100.0
24.4 24.4 ± 0.4 1.3 100.0
183 183 ± 2 0.41 100.0
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The sensor selectivity in the presence of a 1000-fold excess of inorganic ions (K+, Mg2+,
Ca2+, NO3

−, Cl−, and SO4
2−), glucose, rhamnose, and sucrose, as well as a 1000-fold excess

of ascorbic acid was demonstrated. Another important advantage was the high selectivity
to hesperidin in the presence of other flavonoids and phenolic acids. A 10-fold excess of
naringin, quercetin, rutin, morin, and caffeic and chlorogenic acids, despite the fact that
they are electroactive, did not result in an interference effect in the hesperidin response.

3.4. Application to Real Samples

The sensor’s applicability to the analysis of real samples was successfully tested on
orange juices. The following sample preparation was applied before the measurements:
6 mL of juice was mixed with 6 mL of methanol, sonicated for 15 min, and filtered through
0.45 μm pore size nylon membrane filters [23].

There is a well-defined oxidation peak of hesperidin on the differential pulse voltam-
mograms of orange juices (commercial and fresh) that was confirmed by the standard
addition method (Figure 4). Recovery values of 99–100% indicated the absence of matrix
effects in the determination.

Figure 4. Typical baseline-corrected differential pulse voltammograms of orange juice at the SnO2-
CPB/GCE in 0.1 M phosphate buffer at pH 7.0, with tacc = 120 s, ΔEpulse = 100 mV, tpulse = 50 ms,
υ = 10 mV s−1.

The results of the hesperidin quantification in orange juices using the developed
sensor are presented in Figure 5. Validation with independent ultra-HPLC with mass-
spectrometric detection results was performed (Figure 5). The relative standard deviation
for both methods did not exceed 2%, proving the absence of random errors. The t-test
values (0.290–1.08) were less than the critical value of 2.45, confirming the absence of
systematic errors in the determination. Similarly, the F-test results (1.17–2.57) were less
than critical value of 6.59, indicating the uniform precision of the methods used.
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Figure 5. Quantification of hesperidin in orange juices using electrochemical sensor and ultra-HPLC.

4. Conclusions

A sensor based on tin(IV) oxide nanoparticles and CPB provide an improvement in
the voltammetric and analytical characteristics of hesperidin. The surfactant provides
stabilization of the nanomaterial dispersion and the accumulation of analyte on the sen-
sor surface. The novel voltammetric sensor is highly sensitive, selective, and reliable
and can be recommended for the preliminary screening of citrus juices as an alternative
to chromatography.
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Abstract: Over the years, the food industry’s concern to provide safe food that does not cause
harm or illness to consumers has increased. The growing demand for the detection of compounds
that can contaminate food is increasingly important. Hydrogen peroxide is frequently used as a
substance to control the growth of microorganisms in milk, thus increasing its shelf life. Here,
a strategy is presented for the detection of hydrogen peroxide as a milk adulterant, using a single
shot membrane sensor. The lowest concentration measured with this technique was 0.002% w/w of
H2O2 in semi-fat milk.

Keywords: chemiluminescence; hydrogen peroxide; optical sensor; food safety; food fraud; quality assessment

1. Introduction

Milk is one of the most complete foods for humans, containing nutrients including
carbohydrates, proteins, fats, minerals, and vitamins [1].

Owing to its rich composition, milk becomes a substrate for the growth of undesirable
microorganisms that can easily deteriorate the product. To prevent this from happening,
prohibited substances are fraudulently added [2]. Hydrogen peroxide (H2O2), hypochlorite,
formaldehyde, potassium dichromate, and salicylic acid are examples of substances used
as adulterants that need monitoring and quality control as they are toxic to humans [3].

In the case of H2O2, it is widely used in the dairy industry as an antimicrobial agent,
thus helping to preserve raw milk in the absence of refrigeration [4]. Despite its conven-
tional use, when added to milk, H2O2 can cause a decrease in the nutritional value of the
food due to the destruction of vitamins A and E, which generate reactive and cytotoxic
oxygen species, including hydroxyl radicals, that can initiate oxidation and damage nucleic
acids, lipids, and proteins. Consequently, when ingested, milk can lead to negative effects
on the health of the population, especially in immunocompromised people [2,4].

In the USA, hydrogen peroxide is used in cheese production in concentrations up to
0.05% w/w, however, in other countries, its addition is prohibited due to its toxic effects.
A peroxide concentration > 0.1% w/w has been proven to induce cancer in the duodenum
of mice and present short-term genotoxicity [3].

Here, a study is presented for the detection and quantification of H2O2 using a chemi-
luminescence technique. A small, low-cost hydroxyethyl cellulose sensitive membrane
combined with a high-sensitive photodetector is used to measure H2O2 concentrations in
semi-fat milk samples.
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2. Materials and Methods

The sensing methodology is based on the detection of a luminescence signal from the
chemical reaction within a solid membrane produced with hydroxyethyl cellulose (HEC,
Sigma Aldrich, Taufkirchen, Germany), luminol, sodium phosphate, cobalt (II) chloride
hexahydrate, sodium lauryl sulphate (SLS), and ethylenediaminetetraacetic acid (EDTA).

The procedure established by Omanovic-Miklicanin [5] was refined to establish exper-
imental protocols. For the determination of H2O2 in very low concentrations, the sensor
sensitivity should be as high as possible. Therefore, the systematic optimization of the
membrane was necessary. Only one constituent was varied at a time, keeping the remain-
ing constituents unchanged. After membrane optimization, the final concentrations of
these constituents were set to luminol (0.2 mg), sodium phosphate (8.6 mg), SLS (60 μL,
34.36 mmol/L), cobalt hydroxide (100 μL, 5.0 mmol/L), EDTA (2 μL, 20 μmol/L), and HEC
(150 mg) was added to 10 mL of Milli-Q® water.

The membrane solution was placed on a magnetic stirrer for 30 min. Individual 3D
printed cups were used, and 1000 μL of membrane solution was added and dried for 4 h
(T = 70 ◦C). After drying, the membranes were stored in a desiccator under a vacuum.
For the measurement procedure, the membrane was placed directly onto the membrane
holder on top of the detector. The light emission was measured by adding 500 μL of the
sample solution.

For straight and rapid spectrophotometric H2O2 detection, a detection module was
built containing a highly sensitive detection system with a photodiode (model S8746-01
Hamamatsu Japan), a dedicated amplification system with variable gain, and an embed
controlling unit. The sensitive optoelectronic system was isolated inside of a custom-made
3D printed case allowing the easy replacement of the sensing membrane and allowing
the sample pipetting, preventing the detection of the ambient light. This module was
powered with a low noise power source, and the data was acquired and analyzed with a
user-friendly graphical interface (GUI) and a raspberry pi (Figure 1).

Figure 1. Schematic diagram of the analyte detection.

3. Results and Discussion

Semi-fat milk samples were adulterated with H2O2 concentrations from 0.001% w/w
to 0.006% w/w by diluting a standard 30% w/w solution of H2O2. The variation of the
chemiluminescent intensity is presented in Figure 2 for all samples, together with the time
integral of the decaying chemiluminescent signal for each H2O2 concentration.
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(a) (b) 

Figure 2. (a) Variation of the intensity of the light emission for the concentrations of 0.002, 0.004,
and 0.006% w/w as a function of time; (b) Time integral of the decay time for each H2O2 concentration.

Taking into consideration that 0.05 % w/w of H2O2 is the defined limit for the FDA in
milk for cheese production [6], the developed sensor would be suitable for determinations
of H2O2 as a fraud controller in milk samples within the legal limits of different coun-
tries. Moreover, to achieve a more practical approach to the commonly time-consuming
sample preparation methods, the pre-treatment step was successfully eliminated. In fact,
the optimized sensor requires minimal solvent use and waste production. When compared
with other methods available for the determination of H2O2 presence in milk, this portable
biosensor is an easy and reliable method that ensures the required sensitivity while offering
a low time of analysis and no need for additional laboratory equipment.

The methodology developed and optimized demonstrates that it is possible to detect
very low concentrations of H2O2 (down to 0.001 % w/w in an aqueous system). As the
H2O2 concentration increased, the intensity of the emitted light and the reaction time
increased. Low limits of detection were achieved, thus indicating the applicability of this
assay to real samples exhibiting the required sensitivity for the analytical determination of
H2O2 in biological samples such as milk.

In this work, the reaction of H2O2 and luminol catalyzed by cobalt hydroxide was
used to detect H2O2 in milk; however, another spectrophotometric method was described
by Lima et al. [2] for the detection of H2O2 in milk, using the reaction between hydrogen
peroxide and guaiacol, catalyzed by peroxidase, producing a red product, where a low
detection limit was obtained.

4. Conclusions

The proposed sensor provided to be a rapid, cost-effective, and environmentally
friendly approach for the determination of hydrogen peroxide as a milk adulterant. This
optimized and validated method has a very good linearity range when the sample is in its
liquid state, where concentrations of H2O2 as low as 0.001% w/w can be detected with good
repeatability. As a practical application for this methodology under controlled conditions,
an adulterated milk sample was analyzed. Concentrations of H2O2 of 0.002% w/w to
0.006% were detected, and the method was calibrated for semi-fat milk, proving that the
limit of detection and linearity range of the proposed method are suitable for the analysis of
milk samples in loco, which can add value to the food fraud department. Moreover,
the reagents required are commonly used in analytical laboratories, are inexpensive,
and can be consumed in low amounts (500 μL), thus resulting in negligible and non-
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toxic waste generation. In addition to the mentioned advantageous features, the proposed
method validation is comparable to those found in the literature.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/CSAC2021-10466/s1.

Author Contributions: Writing—review and editing, H.V., A.M., J.M., J.A., B.D. and P.S.; supervision,
L.C.C.C., P.J., C.S. and J.M.M.M.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Funds through the Portuguese funding agency,
FCT—Fundação para a Ciência e a Tecnologia, within project UIDB/50014/2020. Helena Vasconcelos
acknowledges the support from FCT grant SFRH/BD/120064/2016 and Luís Coelho acknowledges
the support from FCT research contract grant CEECIND/00471/2017.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This work was financed by National Funds through the Portuguese funding
agency, FCT—Fundação para a Ciência e a Tecnologia, within project UIDB/50014/2020. Helena
Vasconcelos acknowledges the support from FCT grant SFRH/BD/120064/2016 and Luís Coelho
acknowledges the support from FCT research contract grant CEECIND/00471/2017.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Handford, C.E.; Campbell, K.; Elliott, C.T. Impacts of Milk Fraud on Food Safety and Nutrition with Special Emphasis on
Developing Countries. Compr. Rev. Food Sci. Food Saf. 2016, 15, 130–142. [CrossRef] [PubMed]

2. Lima, L.S.; Rossini, E.L.; Pezza, L.; Pezza, H.R. Bioactive Paper Platform for Detection of Hydrogen Peroxide in Milk.
Spectrochim. Acta—Part A Mol. Biomol. Spectrosc. 2020, 227, 117774. [CrossRef] [PubMed]

3. Lima, M.J.A.; Sasaki, M.K.; Marinho, O.R.; Freitas, T.A.; Faria, R.C.; Reis, B.F.; Rocha, F.R.P. Spot Test for Fast Determination
of Hydrogen Peroxide as a Milk Adulterant by Smartphone-Based Digital Image Colorimetry. Microchem. J. 2020, 157, 105042.
[CrossRef]

4. Robinson, B.R.; D’Amico, D.J. Hydrogen Peroxide Treatments for the Control of Listeria Monocytogenes on High-Moisture Soft
Cheese. Int. Dairy J. 2021, 114, 104931. [CrossRef]

5. Omanovic-Miklicanin, E.; Valzacchi, S. Development of New Chemiluminescence Biosensors for Determination of Biogenic
Amines in Meat. Food Chem. 2017, 235, 98–103. [CrossRef] [PubMed]

6. CFR—Code of Federal Regulations Title 21. Available online: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/
cfrsearch.cfm (accessed on 6 June 2021).

322



Proceeding Paper

Locally Linear Embedding as Nonlinear Feature Extraction to
Discriminate Liquids with a Cyclic Voltammetric
Electronic Tongue †

Jersson X. Leon-Medina 1,* , Maribel Anaya 2 and Diego A. Tibaduiza 3

��������	
�������

Citation: Leon-Medina, J.X.; Anaya,

M.; Tibaduiza, D.A. Locally Linear

Embedding as Nonlinear Feature

Extraction to Discriminate Liquids

with a Cyclic Voltammetric Electronic

Tongue. Chem. Proc. 2021, 5, 56.

https://doi.org/10.3390/

CSAC2021-10426

Academic Editors: Huangxian Ju and

Manel del Valle

Published: 30 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Ingeniería Mecánica y Mecatrónica, Universidad Nacional de Colombia, Cra 45 No. 26-85,
Bogota 111321, Colombia

2 MEM (Modelling-Electronics and Monitoring Research Group), Faculty of Electronics Engineering,
Universidad Santo Tomás, Bogota 110231, Colombia; maribelanaya@usantotomas.edu.co

3 Departamento de Ingeniería Eléctrica y Electrónica, Universidad Nacional de Colombia, Cra 45 No. 26-85,
Bogota 111321, Colombia; dtibaduizab@unal.edu.co

* Correspondence: jxleonm@unal.edu.co
† Presented at the 1st International Electronic Conference on Chemical Sensors and Analytical Chemistry,

1–15 July 2021; Available online: https://csac2021.sciforum.net/.

Abstract: Electronic tongues are devices used in the analysis of aqueous matrices for classification
or quantification tasks. These systems are composed of several sensors of different materials, a
data acquisition unit, and a pattern recognition system. Voltammetric sensors have been used in
electronic tongues using the cyclic voltammetry method. By using this method, each sensor yields a
voltammogram that relates the response in current to the change in voltage applied to the working
electrode. A great amount of data is obtained in the experimental procedure which allows handling
the analysis as a pattern recognition application; however, the development of efficient machine-
learning-based methodologies is still an open research interest topic. As a contribution, this work
presents a novel data processing methodology to classify signals acquired by a cyclic voltammetric
electronic tongue. This methodology is composed of several stages such as data normalization
through group scaling method and a nonlinear feature extraction step with locally linear embedding
(LLE) technique. The reduced-size feature vector input to a k-Nearest Neighbors (k-NN) supervised
classifier algorithm. A leave-one-out cross-validation (LOOCV) procedure is performed to obtain
the final classification accuracy. The methodology is validated with a data set of five different juices
as liquid substances.Two screen-printed electrodes voltametric sensors were used in the electronic
tongue. Specifically the materials of their working electrodes were platinum and graphite. The results
reached an 80% classification accuracy after applying the developed methodology.

Keywords: electronic tongue; locally linear embedding; cyclic voltammetry; k-Nearest Neighbors;
classification; machine learning

1. Introduction

Discriminating between different types of liquid substance is a daily task in the
food industry. This procedure can be used to preserve the flavor of a product, identify
adulterations, confirm the presence of a specific liquid, among others [1]. Generally, the
analysis of liquid food products is carried out using a panel of previously trained experts [2]
who allow tasting and identifying a specific flavor. This through the training of the human
sense of taste. However, over time this ability may be deteriorated and human reliability
may be a risk factor for the process. Another method used in the analysis of liquids is
high-performance liquid chromatography (HPLC) [3], but this type of analysis is expensive
and must be performed in laboratories with specialized equipment. As an alternative to
the two mentioned methods, the electronic tongue sensor array has emerged because its
advantages such as portability, reliability and low price [4]. Inspired by the human sense of

Chem. Proc. 2021, 5, 56. https://doi.org/10.3390/CSAC2021-10426 https://www.mdpi.com/journal/chemproc323



Chem. Proc. 2021, 5, 56 2 of 9

taste and the behavior of taste buds, electronic tongues use an array of non-selective sensors
to capture signals from a specific liquid. An electronic tongue uses sensors of different
materials and subsequently a sensor data fusion analysis based on pattern recognition
algorithms to perform classification tasks of different liquids.

One of the applications of electronic tongue is the discrimination of different fruit
juices. For example, in 2011 Dias et al. [5] developed a potentiometric electronic tongue
using linear discriminant analysis (LDA) to differentiate four beverage groups including
juices of orange, pineapple, mango and peach. In other work, eleven fruit juice varieties
were correctly classified by a potentiometric electronic tongue using a Fuzzy ARTMAP
neural network [6]. Several sensors composed the electronic tongue sensor arrays; thus,
the datasets acquired are very large in size. To deal with this inconvenience, in 2012,
Kiranmayee et al. [7] developed a method based on segmentation of the voltammetric
signal with the objective to reduce the size of the signal maintaining meaningful information
to discriminate the analyzed classes. The developed method was satisfactorily applied to
an eight-juices dataset, reducing the data size by 78.94%. A common problem observed
in the previous works is that the signals acquired with the electronic tongue have a high
dimensionality. This work presents a novel methodology to correctly classify the signals
acquired from a cyclic voltammetric electronic tongue.

In this work, the cyclic voltammetry technique was used to perform experiments on
five different juices; two screen-printed electrodes (SPE) voltametric sensors were used.
The working electrode materials were platinum and graphite. The amount of data captured
when performing cyclic voltammetry experiments is high; therefore, these data have high
dimensionality. This work uses the Locally Linear Embedding (LLE) [8] method to perform
a dimensionality reduction of the original data. This dimensionality reduction serves as
feature extraction method that is used as input of a k-Nearest Neighbor (k-NN) [9] classifier
used as supervised machine learning method. In order to classify the five different juices a
Leave-One-Out cross validation procedure is executed due to the small quantity of samples
in the dataset, along to prevent over-fitting [10]. The results show a correct classification
procedure of the juices evidenced with a high classification accuracy. The remainder of
this papers is as follows: Section 2 describes the materials and methods including the
experimental setup and the cyclic voltammetry tests performed. Following, Section 3
presents the data processing results including data unfolding, data scaling, dimensionality
reduction, classification, and cross validation. Finally, the Section 4 outlines the main
conclusions of this work.

2. Materials and Methods

2.1. Experimental Setup for the Acquisition of the Juice Dataset

The methodology developed in this work is used to classify 5 different classes of
juices. This dataset of juices was obtained by conducting experiments on 5 different
juices from a company located in the city of Tunja in the department of Boyacá-Colombia.
Cyclic voltammetry tests were performed on each one of the 5 juices. For each juice, five
experiments were performed, as shown in Table 1.

Table 1. Description of the type of juice in the dataset registered with the EVAL-AD5940ELCZ poten-
tiostat.

ID Juice Number of Samples

1 BICHES FRUITS 5
2 GREEN APPLE 5
3 RED FRUITS 5
4 PASSION FRUIT 5
5 ORANGE 5

Experiments were performed on the different juices using the EVAL-AD5940ELCZ [11]
electrochemical evaluation board from Analog Devices. This board is commanded by the
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evaluation board EVAL-ADICUP3029, which is an Arduino- and PMOD-compatible devel-
opment board that includes Bluetooth and WiFi connectivity [12]. The EVAL-ADICUP3029
board uses the ADuCM3029 ultra low power Arm Cortex-M3 processor as the main device.
The ADuCM3029 is an integrated mixed-signal microcontroller system for processing, con-
trol, and connectivity. The integration of the EVAL -AD5940ELCZ and EVAL-ADICUP3029
boards is used as potentiostat equipment. This system provide only 1 channel in such
a way that a cyclic voltammogram was obtained at a time, In the experimentation the
sensor had to be changed to perform each cyclic voltammetry experiment. This electronic
tongue used two screen-printed electrode voltammetric sensors from the BVT technologies
company [13]. Specifically, the types of these two sensors were: AC1.W2.R2 DW = 1 and
AC1.W4.R2 DW = 1. These type of sensors uses the same material for their working and
auxiliary electrodes. The first sensor used as working and auxiliary electrode platinum and
the second sensor used graphite. Silver covered by AgCl was used as reference electrode
in both sensors. The hardware used to obtain the data set of five juices is depicted in
Figure 1 left.

Figure 1. (Left) Integrated electronic tongue system: Computer with Sensor Pal software, USB
cable to the EVAL-AD5940ELCZ and EVAL-ADICUP3029 attached boards, colored crocodile cable,
sensor connection cable and SPE Sensor. (Right) Cyclic voltammetry test in Sensor Pal software
from Analog Devices, blue line represents the excitation ramp signal, while the green line shows the
response signal.

2.2. Cyclic Voltammetry Tests to Obtain the Juice Data Set

The Sensor Pal command software from Analog Devices was used to perform the
cyclic voltammetry tests. The parameters used in the development of these experiments
are shown in Table 2. The ramp-type drive signal shown in blue in Figure 1 right has a
total duration of 4 s. The data points of each voltammogram is equal to 500, since there is a
period of 8 ms for each sample. The scan rate used is equal to 500 mV/s. Results shown
by the green line in the unfolding voltammogram present data current in the ordinate
axis in the order of μA. According to Table 1, five measurements were taken per analyte.
In this sense the two sensors are referred to one measure in Table 1. Thus, in total, five
measures × 2 sensors = 10 voltammograms were acquired by each juice.

Figures 2 left and right show the cyclic voltammograms for two different juices
with both the platinum and graphite sensors in the electronic tongue system by using
the boards EVAL-AD5940ELCZ and EVAL-ADICUP3029 as potentiostat. In particular,
Figure 2 left depicts the cyclic voltammograms obtained for green apple juice showing that
the voltammogram obtained by the graphite sensor reaches higher positive current values
than the platinum sensor. In contrast, Figure 2 right shows the cyclic voltammograms for
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an experiment in red fruit juice, the magnitude of the current obtained by the graphite
sensor is clearly lower than with the platinum sensor.

Table 2. Parameters used in cyclic voltammetry tests to obtain the juice data set.

Parameters Value

Initial potential −1000 mV
Final potential 1000 mV
Potential step 4 μV

Scan rate 500 mV/s
Current range ±450 μA

Calibration resistance 12,000 Ω
Load resistance 100 Ω
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Figure 2. (Left) Cyclic voltammograms obtained by platinum and graphite sensors in experiment # 2
on juice # 2 (green apple). (Right) Cyclic voltammograms obtained by platinum and graphite sensors
in experiment # 5 on juice # 3 (red fruits).

2.3. Dimensionality Reduction

Due to the high dimensionality of the data obtained when performing cyclic voltam-
metry experiments and how the data are unfolded creating a two-dimensional matrix, it
is necessary to carry out a dimensionality reduction process. There are different methods
of dimensionality reduction, these can be classified as linear or non-linear. Within the
linear methods is the principal component analysis (PCA) [9]. In this method, the greatest
amount of variance of the data is represented in a low-dimensional linear space. The data
normalization affects the result of the embedding performed by different dimensionality
reduction methods.

However, the data obtained by the electronic tongue can form a highly nonlinear
manifold. To deal with this issue, different nonlinear dimensionality reduction methods
have been developed [14]. These methods are based on the construction of a neighborhood
graph and the idea that nearby points in the high-dimensional space can preserve this
property in a low-dimensional space. One of the parameters that must be tuned in the
dimensionality reduction process is the target dimension d. These target dimensions define
the sized of the reduced feature matrix. Specifically, d defines the number of columns that
the reduced feature matrix will have. The Locally Linear Embedding (LLE) method solely
preserves manifold local properties.
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3. Data Processing Results

3.1. Data Unfolding

The unfolding of the cyclic voltammogram data obtained by each sensor is carried out
according to the group scaling method [15]. For each experiment carried out, the unfolding
of the two sensors is performed, obtaining a signal of 1000 data points. Figure 3 left shows
an unfolded signal by juice number 3 (red fruits). In this case, the ordinates correspond to
current measurements in μA and the abscissa to data points. Since 25 juice samples were
considered in total, the matrix size X is equal to 25 × 1000.
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Figure 3. (Left) Example of unfolded signal of the cyclic voltammograms obtained by the platinum
and graphite sensors. (Right) Three-dimensional scatter plot for the first three dimensions obtained
using the LLE method on the juice data set.

3.2. Dimensionality Reduction Results

The next step in the juice recognition methodology using a cyclic voltammetry elec-
tronic tongue is to reduce the dimensionality of the data. In this case, the Locally Linear
Embedding (LLE) algorithm was used, which allows to carry out the feature extraction
process. The results of the first 3 dimensions after applying the LLE algorithm to the juice
dataset are illustrated in the scatter diagram of Figure 3 right. Classes 3 and 5 are the ones
better separated (according to the 3D-view shown in Figure 3 right). Thus, the use of a
machine learning classifier algorithm is necessary. In this case, the classifying algorithm
was k-Nearest Neighbors.

In order to compare the behavior of different methods [15] to perform the dimension-
ality reduction stage the PCA, Laplacian Eigenmaps, Isomap and t-distributed stochastic
neighbor embedding (t-SNE) were selected to determine their behavior in terms of classifi-
cation accuracy. In addition, a parameter tuning is performed for each manifold learning
dimensionality reduction algorithm used. In this case there are 3 algorithms that in com-
mon need to create a neighborhood graph, which has the parameter k, on the other hand
the algorithm t-SNE needs the calibration of its perplexity parameter p. Figure 4 shows
the behavior in the classification accuracy with respect to the variation of each of these
parameters. The used range for the parameters was from 4 to 24 since for the neighborhood
graphs the minimum value of k= 4 and the maximum of 24 because there are 25 total
samples in the data set. This same range was used for the perplexity p value. As can
be seen in Figure 4, the LLE method is the one that achieves the highest accuracy values.
Particularly when k = 22 the LLE method reaches 80% of classification accuracy.
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3.3. Classification and Cross Validation

The LLE algorithm needs the definition of the destination dimension, to find this
parameter, a study of the change of the destination dimension d vs. the classification
accuracy obtained by the algorithm k-NN with k = 1 was carried out and Euclidean distance
was considered. The cross-validation process executed was leaving one out (LOOCV) due
to the small number of samples in the juice data set.
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Figure 4. Behavior of the classification accuracy obtained by each manifold learning algorithm used
in the data set of commercial fruit-based products. The target dimension was set at d = 9 in all cases.
(a) Laplacian Eigenmaps, (b) LLE, (c) Isomap y (d) t-SNE.

Influence of Target Dimensions Variation

Since the number of dimensions at the input of the k-NN classifier algorithm can
vary, a study was carried out to determine the best classification accuracy for each of
the dimensionality reduction algorithms studied. In Table 3, it can be seen how the LLE
method is the one with the best performance in terms of classification accuracy, reaching
an accuracy value of 80% with 9 dimensions. As it can be seen in Table 3 the accuracy
behavior tends to increase as d is increased up to a maximum of d = 9 for a classification
accuracy of 80%. After the dimension d = 9 accuracy tends to decrease, in this sense the
optimum size selection was defined as d = 9. Therefore, the feature matrix size at the input
of the k-NN classifier is equal to 25 × 9.

Figure 5 shows the results of the confusion matrix for the mentioned accuracy of 80%.
In this case, class 2 was correctly classified, there was 1 error for classes 1,3 and 4; finally,
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the class that was classified worst was class 5 with two errors. Overall, of the 25 total
samples, 20 were classified well and five were classified badly.

Table 3. Classification accuracy behavior of each dimensionality reduction method when varying the
number of dimensions at the input of the k-NN classifier algorithm for the classification of 5 different
commercial fruit-based products.

Dimension PCA Laplacian LLE Isomap t-SNE

2 0.1200 0.2000 0.1200 0.1600 0.1600
3 0.0800 0.3600 0.1600 0.0800 0.0400
4 0.1200 0.3200 0.2400 0.1200 0.2000
5 0.1600 0.2000 0.2400 0.1200 0.3200
6 0.1600 0.2000 0.6000 0.2400 0.2000
7 0.1600 0.2000 0.4800 0.2400 0.0800
8 0.1600 0.2000 0.7600 0.2400 0.1600
9 0.1600 0.2400 0.8000 0.1600 0.0800

10 0.1600 0.2000 0.6800 0.2000 0.1600
11 0.1600 0.2000 0.6400 0.1600 0.2800
12 0.1600 0.2400 0.6400 0.1600 0.2800
13 0.1600 0.3600 0.6800 0.1600 0.1600
14 0.1600 0.3600 0.7200 0.1600 0.2400
15 0.1600 0.3600 0.6400 0.1600 0.2400
16 0.1600 0.3600 0.6400 0.1600 0.1600
17 0.1600 0.3600 0.6400 0.1600 0.2400
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Figure 5. Confusion matrix for the juice data set obtained using 9 target dimensions of the LLE
algorithm. The classification accuracy is equal to 80%.

4. Conclusions

This work presented a computational framework for processing the signals obtained
by a cyclic voltammetry electronic tongue sensor array. The classification accuracy obtained
by the developed methodology in a dataset of five different juices showed the advantages of

329



Chem. Proc. 2021, 5, 56 8 of 9

apply this methodology as classification method. It processes the raw complete voltammo-
grams obtained by each working electrode and unfolded them to create a two dimensional
matrix. This matrix was normalized applying the group scaling method. Then, the locally
linear embedding method is used as a nonlinear feature extraction approach to obtain the
feature matrix at the input of a k-NN classifier. As future work, the developed methodol-
ogy will be applied for classify other kind of substances and other approaches related to
semi-supervised classification will be tested.
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electronic tongue and HPLC coupled with chemometric analysis for the monitoring of yeast biotransformation. Chemom. Intell.
Lab. Syst. 2017, 167, 69–77. [CrossRef]

4. Qiu, S.; Wang, J.; Gao, L. Qualification and quantisation of processed strawberry juice based on electronic nose and tongue.
LWT-Food Sci. Technol. 2015, 60, 115–123. [CrossRef]

5. Dias, L.; Peres, A.M.; Barcelos, T.P.; Morais, J.S.; Machado, A. Semi-quantitative and quantitative analysis of soft drinks using an
electronic tongue. Sens. Actuator B Chem. 2011, 154, 111–118. [CrossRef]

6. Haddi, Z.; Mabrouk, S.; Bougrini, M.; Tahri, K.; Sghaier, K.; Barhoumi, H.; El Bari, N.; Maaref, A.; Jaffrezic-Renault, N.; Bouchikhi,
B. E-Nose and e-Tongue combination for improved recognition of fruit juice samples. Food Chem. 2014, 150, 246–253. [CrossRef]
[PubMed]

7. Kiranmayee, A.; Panchariya, P.; Sharma, A. New data reduction algorithm for voltammetric signals of electronic tongue for
discrimination of liquids. Sens. Actuators A Phys. 2012, 187, 154–161. [CrossRef]

8. Roweis, S.T.; Saul, L.K. Nonlinear dimensionality reduction by locally linear embedding. Science 2000, 290, 2323–2326. [CrossRef]
[PubMed]

9. Leon-Medina, J.X.; Cardenas-Flechas, L.J.; Tibaduiza, D.A. A data-driven methodology for the classification of different liquids
in artificial taste recognition applications with a pulse voltammetric electronic tongue. Int. J. Distrib. Sens. Netw. 2019, 15,
1550147719881601. [CrossRef]

10. Liu, T.; Chen, Y.; Li, D.; Wu, M. An active feature selection strategy for DWT in artificial taste. J. Sens. 2018, 2018, 9709505.
[CrossRef]

11. Analog Devices (2021) EVAL-AD5940ELCZ Electrochemical Evaluation Board. Available online: https://www.analog.com/
en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/eval-ad5940elcz.html#eb-overview (accessed on
20 May 2021).

12. Analog Devices (2021) EVAL-ADICUP3029. Available online: https://www.analog.com/en/design-center/evaluation-hardware-
and-software/evaluation-boards-kits/eval-adicup3029.html#eb-overview (accessed on 20 May 2021).

13. BVT Technologies (2021) ELECTROCHEMICAL SENSOR Type: AC1.W*.R* (*). Available online: https://bvt.cz/wp-content/
uploads/2020/08/01-AC1.pdf (accessed on 20 May 2021).

330



Chem. Proc. 2021, 5, 56 9 of 9

14. Van der Maaten, L. An Introduction to Dimensionality Reduction Using Matlab; Report MICC 07-07; Universiteit Maastricht:
Maastricht, The Netherlands, 2007; p. 62.

15. Leon-Medina, J.X.; Anaya, M.; Pozo, F.; Tibaduiza, D. Nonlinear Feature Extraction Through Manifold Learning in an Electronic
Tongue Classification Task. Sensors 2020, 20, 4834. [CrossRef] [PubMed]

331





��������	
�������

Citation: Zagalo, P.M.; Magro, C.;

Ribeiro, P.A.; Raposo, M. Applied

Voltage Effect in Lbl Sensors While

Detecting 17α-Ethinylestradiol in

Water Samples. Chem. Proc. 2021, 5,

57. https://doi.org/10.3390/

CSAC2021-10460

Academic Editor: Ye Zhou

Published: 30 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Applied Voltage Effect in Lbl Sensors While Detecting
17α-Ethinylestradiol in Water Samples †

Paulo M. Zagalo 1,*, Cátia Magro 2 , Paulo A. Ribeiro 1 and Maria Raposo 1,*

1 Laboratory of Instrumentation, Biomedical Engineering and Radiation Physics (LIBPhys-UNL),
Department of Physics, NOVA School of Science and Technology, NOVA University Lisbon,
2829-516 Caparica, Portugal; pfr@fct.unl.pt

2 Department of Physics, NOVA School of Science and Technology, NOVA University Lisbon,
2829-516 Caparica, Portugal; c.magro@fct.unl.pt

* Correspondence: p.zagalo@campus.fct.unl.pt (P.M.Z.); mfr@fct.unl.pt (M.R.)
† Presented at the 1st International Electronic Conference on Chemical Sensors and Analytical Chemistry,

1–15 July 2021; Available online: https://csac2021.sciforum.net/.

Abstract: The effect of the applied voltage on impedance spectra, measured on sensors based on
solid supports with interdigitated electrodes (IDE) that are either covered or not with a layer-by-layer
film prepared with polyethylenimine and poly (sodium 4-styrenesulfonate), was analyzed to detect
17α-ethinylestradiol(EE2) in mineral water and tap water. The results show that the sensor response
is strongly affected by the applied voltage, the presence of film, and the water matrix, meaning that
electrochemical reactions develop near the IDE. However, for low values of applied voltage, the
sensor response is reproducible with negligible electrochemical reactions, allowing us to conclude
that 25 mV is the appropriate voltage.

Keywords: voltage effect; impedance; sensor; layer-by-layer; interdigitate electrodes; electrochemi-
cal reactions

1. Introduction

With the advent of more modern and advanced technologies, it has become possible to
detect chemical compounds at very low concentrations. These compounds were previously
hidden and invisible to former methods of analysis in water bodies such as ponds, lakes,
rivers, underground waters, muds, or even wastewaters [1,2]. Considering that not only
human lives, but also a vast majority of Earth’s fauna and flora, rely deeply on the central
and invaluable role that fresh and clean water plays, it is undoubtedly and alarmingly
necessary to strive and succeed in finding novel ways to detect, monitor and conceivably
remove these substances from water bodies. Some of these emerging contaminants are
included in the category of pharmaceuticals and personal care products (PPCP), such
as triclosan (5-chloro-2-(2,4-dichlorophenoxy) phenol) (TCS) which is a well-known and
commonly used compound in toothpaste, shampoos and lotions due to its bacteriostatic
and antimicrobial properties [3]. Amongst these PPCPs, there is a group of substances
designated as endocrine disrupting compounds (EDC) and it is within this collection of
composites that 17α-ethinylestradiol (EE2) is inserted [4].

More specifically, EE2 is a synthetic hormone that is commonly used in the manufactur-
ing of women’s oral birth control pills, a widespread and rather mainstream contraceptive.
This compound finds its way into wastewater through regular bodily excretions and, even
though this water enters wastewater treatment plants where it is treated and cleaned, it
is not possible to achieve a 100% removal rate of EE2 from water [5,6]. The treated water
that still contains low concentrations of EE2 is discharged into large bodies of water such
as rivers and seas where it will subsequently impact the life cycles of both fauna and
flora [7–9].
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Given that some PPCP and EDC effects on the environment are already known or are
the object of several studies, a certain degree of precautions has been taken. In the case of
EE2, these include regulations such as the European Union Decision 840 of June 5th 2018
and the Regulation of synthetic estrogen 17α-ethinylestradiol in water bodies in Europe,
the United States, and Brazil, and also other measures and guidelines which aim to limit
and/or ban its usage [10–12].

This work is but a part of a major venture that aims to develop and put into practice
cheaper, easier to fabricate and more user-friendly sensor devices capable of detecting and
monitoring EE2 in different water bodies, while still retaining or improving the efficiency
and detection limits of already existing devices of this nature. The combination of a range
of sensors which would then work as a whole, such as an electronic tongue system (ET),
to better detect harmful molecules in water bodies is not only a viable option but also a
fascinating one due to its possibilities and versatility [13]. To that end, the use of sensorial
units as interdigitated electrodes (IDE) coupled with an impedimetric system has been
demonstrated as being a useful and rather simple method to study, analyze and infer
the properties and variations of a multitude of medium samples, from environmental to
biomedical ones [14,15].

IDE’s versatility of being deployable in a myriad of applications without the added
labor and expenses of modifying their core geometry and/or configuration has catapulted
these devices into wide use in a vast array of fields and areas, also allowing for the
possibility of lab-on-chip systems based on IDE. These types of sensors present further
features and advantages that make them coveted and chosen by researchers worldwide in
their works, such as the advent of more powerful and precise technological advances that
paved the way for the production of increasingly smaller electrodes, at highly competitive
costs due to processes as mass-fabrication [16–18].

In the present work, by combining interdigitated gold electrodes with thin-film tech-
niques, for instance, layer-by-layer (LbL), and impedance spectroscopy the aforementioned
goal of developing sensors to detect and monitor EE2 in different water bodies is made
possible. In particular, the effect of different voltage levels applied to the IDE sensor devices
and how it would impact the detection capabilities of EE2 in mineral water (MW) and tap
water (TW) was analyzed. Although a myriad of studies and works have been conducted
and performed on the subject of IDEs, none (to the best of the authors’ knowledge) have+
analyzed the influence of the variation of voltage levels on IDE sensors and its impact on
the sensors’ performance and sensitivity when detecting 17α-ethinylestradiol in different
water matrices.

2. Materials and Methods

In the course of the experimental work conducted for this study, gold IDE (200 μm/200 μm)
deposited onto ceramic substrates were used as sensor devices to detect 17α-ethinylestradiol
(EE2) in two different water matrices with distinct complexity levels. The water samples
used were a commercial Portuguese mineral water (MW) (pH = 5.7 ± 0.3) and tap water
(TW) (pH = 6.8 ± 0.1). These matrices were chosen to observe the way various water
complexities interact and impact these electrical measurements performed as well as the
detection of the hormone. Regarding the IDE, for each of the matrices two distinct types of
sensors were prepared: naked (uncoated) IDE and thin film IDE. The thin films deposited
onto the IDE were prepared through the technique of Layer-by-Layer (LbL), where the
alternate deposition of polyelectrolytes (positive and negative) builds up to the formation
of thin film bilayers [19]. The positive polyelectrolyte used was polyethylenimine (PEI) and
its negatively charged counterpart was poly(sodium 4-styrenesulfonate) (PSS), prepared
using aqueous solutions with a 10−2 M concentration of both polyelectrolytes. Through
this technique, thin films of PEI/PSS with 5 bilayers were produced ([PEI/PSS]5).

Solutions of both MW and TW were spiked with a concentration of 10−12 M of EE2.
Subsequently, both types of sensors were immersed in these solutions and electrical mea-
surements were conducted whilst applying varying AC voltages to the IDE sensors: 25 mV,
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50 mV, 100 mV, 200 mV, 300 mV, 400 mV, 500 mV, 600 mV, 700 mV, 800 mV, 900 mV, and
1000 mV. The aforementioned electrical measurements were performed using a Solartron
1260 Impedance Analyzer, with a frequency range of [1 − 1M] Hz.

Both polyelectrolytes (PEI and PSS) and EE2 standards were purchased from Sigma-
Aldrich (Darmstadt, Germany).

3. Results

Figures 1 and 2 show the loss tangent, real, and imaginary spectra for the uncoated
sensors and those coated with a (PEI/PSS)5 LbL film, respectively, while the sensors were
immersed in aqueous MW and TW solutions, spiked with a fixed concentration of 10−12 M
of EE2. The voltage applied on the IDE sensors was then sequentially altered from an initial
value of 25 mV up to a maximum value of 1000 mV.

(d) (e) (f) 

(a) (b) (c) 

MW 

TW 

Figure 1. Comparison of derived information from impedance experimental data as functions of
frequency for uncoated sensors after immersion in solutions spiked with EE2 in MW and TW:
(a,d) Loss tangent; (b,e) Real; (c,f) Imaginary.

Through an analysis of the plots shown in Figures 1 and 2, the roles that different
types of water play become apparent. In both figures, when the transition from mineral
water to tap water is performed, the degree of distinction and separation between the
various voltage values applied to the sensors greatly increases, while also displaying a
higher tendency to achieve an ordered sequence between voltages. Although this behavior
can be observed in all spectra above, it is particularly prominent in the loss tangent spectra.
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MW 

TW 

(d) (e) (f) 

(a) (b) (c) 

Figure 2. Comparison of derived information from impedance experimental data as functions of
frequency for (PEI/PSS)5 sensors after immersion in solutions spiked with EE2 in MW and TW:
(a,d) Loss tangent; (b,e) Real; (c,f) Imaginary.

4. Discussion

By delving deeper into the analysis of Figures 1 and 2, in the spectra of loss tangent
for TW (Figures 1d and 2d), it becomes possible to infer that the increase in conductivity of
the water medium translates itself in a right shift of the curves towards higher frequencies,
which in turn underlines an increase in signal intensity for that range of frequency. Building
upon what was stated in the previous section, there is an evident improvement regarding
the distinction and separation of the different voltage values, not only when transitioning
from MW to a medium richer and densely filled with electric charges as is the case for TW,
but also by adding the (PEI/PSS)5 thin film coating onto the surface of the IDE sensors.
There is one more interesting behavior to note, which is the inversion of the voltage ordered
sequence observable in Figure 1a,d from lowest (25 mV) to highest (1000 mV) to the one
displayed in Figure 2a,d which transitions from highest to lowest. This behavior change
is most likely due to the addition of the thin film coating, given that it introduces other
electrochemical reactions on the IDE surface.

To the best of the authors’ knowledge, this type of study has not yet been conducted,
with regard to an analysis of how LbL thin films behave when subjected to different applied
voltages, while detecting PPCP or EDC such as in this case with EE2. However, the need to
perform this experiment arose from the lack of information regarding this subject while
conducting experimental works within our research group that are directly related to both
this kind of sensor, (LbL films on IDE) and emerging compounds such as triclosan and
EE2 [20–23]. This type of film ([PEI/PSS]5) was chosen since it is viable, as demonstrated
in previous works conducted where several types of thin film combinations were studied
to ascertain which one (or ones) would be the most suitable to use in experiments that aim
to detect (and possibly monitor) noxious compounds in water bodies [14]. These films
have been found to be the most promising among all of the thin films that were analyzed,
particularly as the complexity and pH of the water matrices increased. The reason being
that these factors have a deep impact on this thin film’s stability, namely on the sulfonate
group present within the chemical composition and the structure of the outer layer (PSS),
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which achieves more stable behaviour when in the presence of pH of approximately 7 and
above [23,24].

Figure 3 presents curves that illustrate the behavior of the maximum loss tangent
and the applied voltage for each IDE upon the collection of data through impedance
spectroscopy.

Figure 3. Plots of loss tangent values at the peak vs voltage for both types of IDE used (naked and
[PEI/PSS]5) for: (a) mineral water; (b) tap water.

From these plots, one can surmise, for both MW and TW, that by increasing the voltage
that is applied to each IDE device, a decrease in the polarization of the thin film sensors
occurs, which results in these sensor devices exhibiting a poorer signal response to the
external electrical stimuli. It was also possible to observe that the higher the voltage, the
less reproducible the sensors tend to be. This effect could be due to a combination of
factors, namely the sensors becoming more prone to external noise at higher voltages and
possible structural damage on either the IDE Au layer or the (PEI/PSS)5 thin film itself,
or of both simultaneously. These results are in accordance with the results observed by
Magro et al. [14] which demonstrated the IDE are damaged by electrical measurements,
inducing irreproducibility in the electrical measurements, which emphasizes the necessity
of the presence of a thin film covering the IDE and the use of low voltage to measure the
impedance spectra.

5. Conclusions

This work set out to study and understand how the effect of varying applied voltage
to IDE sensors influences their overall responses while detecting EE2 in complex water
matrices. For this purpose, two types of sensor devices consisting of ceramic solid supports
coated with Au IDE were used, namely, naked sensors (no thin film) and (PEI/PSS)5 thin
film sensors. From the impedance spectra, it was possible to observe that by increasing
the complexity of the water matrix, in this case from MW to TW, the sensors exhibit, while
detecting EE2, a strong dependence with the applied voltage. Furthermore, by depositing
a thin film of (PEI/PSS) with 5 bilayers, the abovementioned sensors’ spectra was also
found to change with the increase of the applied voltage with an opposite behavior of that
achieved with the uncoated electrodes. This points to the increase in chemical reactions with
an increase in the electric field between the electrodes. These reactions differ depending
on whether the electrodes are covered by the thin film or not. Therefore, one can conclude
that the sensor impedance response is strongly affected by the voltage applied and by
the water matrix, meaning that electrochemical reactions are developed near the IDE
electrodes. However, for low values of applied voltage the sensor is reproducible, and the
electrochemical reactions are negligible. Moreover, the chemical reactions are dependent on
the presence and type of the LbL film deposited on the electrodes. Finally, one can conclude
that, to avoid chemical reactions, the applied voltage should be reduced to 25 mV when
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one can use this technique to characterize this kind of sensor. However, further studies
and analyses should be conducted to investigate this subject further, while also striving to
optimize the experimental system used.
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Abstract: Sensors are considered the future monitoring tools, since, compared to traditional sampling
and analysis techniques, they provide fast response on the output data in a timely, continuous, safe,
and cost-effective fashion. Antibiotics are important pharmaceuticals with a large variety of applica-
tions. However, the overconsumption of these drugs is under the spotlight, since traces of antibiotics
are being found in aquatic ecosystems and may lead to the development of antibiotic resistance. Thus,
in this work, sensors consisting of ceramic or glass BK7 solid supports with interdigitated gold elec-
trodes coated with five bilayers of polyethyleneimine (PEI) and poly(sodium 4-styrenesulfonate) (PSS)
thin films were developed and able to distinguish clarithromycin concentrations between 10−15 M
and 10−5 M in mineral and surface water matrices. In mineral water, the ceramic support sensors
have shown high reproducibility, whereas glass support sensors are not reproducible for this matrix.
For the surface water matrix, both types of sensors proved to be reproducible. The surface water’s
principal component analysis, obtained for an electronic tongue composed of the aforementioned
sensors, demonstrated the concept’s ability to discriminate between different concentrations of the
target compound, although no significant pattern of trend was achieved.

Keywords: environmental monitoring; antibiotics; clarithromycin; electronic tongue; impedance
spectroscopy

1. Introduction

The consumption of antibiotics has grown substantially since their discovery, and they
represent an important class of pharmaceuticals employed for treating bacterial infections
by killing bacteria or preventing them from spreading. Antimicrobial drugs are widely
utilized in human and veterinary medicine as well as in agriculture [1]. Although these
chemicals allow us to live longer and have healthier lives, their overconsumption poses a
great threat, mainly regarding the development of antibiotic resistance [2].

Clarithromycin is a macrolide, a class of antibiotic drugs produced by multiple strep-
tomyces strains, mostly effective against Gram-positive bacteria [3]. It is paramount to
understand the occurrence and fate of macrolides in the environment, since traces of these
drugs are frequently detected in surface and ground waters. Accordingly, the European
Commission included clarithromycin, together with other macrolides, in the 2nd Watch
List of Emerging Water Pollutants. This surface water watch list was developed with
the purpose of obtaining high-quality monitoring data regarding several potential water
pollutants in order to establish their environmental and health risks, thus emphasizing the
importance of developing efficient techniques to detect and quantify such pollutants.
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Analytical methods based on liquid chromatography (LC) and mass spectrometry
(MS) provide low detection limits but require intensive sample preparation, expensive
equipment, and experienced operators and are not designed for in situ analysis [4,5]. Sen-
sors are considered the future of monitoring tools and present many advantages compared
to traditional techniques [6]. Sensor devices are low cost, simple to operate, and can be
used for continuous, fast, and reliable in situ monitoring [7–9]. Even though sensors are not
as selective as LC/MS methods, they have proved to be able to identify multiple analytes
simultaneously [6]. Moreover, sensors have the ability to work as smart devices that may
be incorporated in monitoring systems with real-time data transmission.

The electronic tongue (e-tongue) refers to a device that consists of an array of non-
specific chemical and/or physical sensors that display cross-sensitivity to target compounds
in a liquid matrix [10]. E-tongue devices may rely on potentiometry, voltammetry, or
impedance spectroscopy as transducing methods [11].

The present work aims to explore the potential of the e-tongue concept to monitor
different clarithromycin concentrations in two environmental aqueous matrices with incre-
mental complexity. Relying on the discussion of reproducibility, an array of sensors coated
with PEI/PSS thin films, which previously showed more mechanical stability [12], was
studied as a potential smart device to monitor clarithromycin in mineral and surface water.

2. Materials and Methods

Clarithromycin (Sigma-Aldrich, Steinheim, Germany) solutions with concentrations
between 10−15 M and 10−5 M were prepared by sequential dilutions of a mother solution
with a concentration of 10−4 M. All dilutions, as well as the mother solution, were prepared
with experimental matrix/MeOH (9:1) solutions. The experimental matrices utilized to
prepare the solutions were a commercial Portuguese mineral water (MW) and a surface
water (SW) collected from Tagus River at Porto Brandão, Caparica, Portugal. Lastly,
solutions without clarithromycin, containing only experimental matrix/MeOH (9:1), were
prepared for the MW and SW matrices to be used as the blank standard (0 M).

The sensors used in this work consist of interdigitated gold electrodes (IDE) deposited
on ceramic and glass BK7 solid supports purchased from DropSens (Oviedo, Asturias,
Spain). The dimensions of the ceramic support are 22.8 mm × 7.6 mm × 1 mm; the width
of each “finger” and the spacing between “fingers” are both 200 μm. The glass support’s
dimensions are 22.8 mm × 7.6 mm × 0.7 mm, and the width of each “finger”, like the
spacing between “fingers”, is 10 μm. The sensor devices were coated with thin films of
polyethyleneimine (PEI) and poly(sodium 4-styrenesulfonate) (PSS) produced by the layer-
by-layer (LbL) technique [13]. The substrates were alternately immersed in positively and
negatively charged polyelectrolyte solutions with concentrations of 10−2 M for 30 s. After
the adsorption of each layer, the substrates were immersed in water in order to remove any
polyelectrolyte molecules that were not completely adsorbed. At the end of the deposition
of each bilayer, the substrates were dried with nitrogen gas stream (99% purity, Air Liquide,
Algés, Portugal). The thin films of PEI/PSS were prepared with 5 bilayers, (PEI/PSS)5.
Prior to the deposition of thin films, all sensors were cleaned with ethanol and ultra-pure
water. Thereafter, the substrates were dried with compressed nitrogen gas (99% purity, Air
Liquide, Algés, Portugal).

The electrical analysis was achieved by impedance spectroscopy measurements of the
sensor devices when immersed in aqueous matrices spiked with a sequence of increasing
concentrations of clarithromycin, from 0 to 10−5 M. The impedance spectra were obtained
with a Solartron 1260 Impedance Analyzer (Solartron Analytical, AMETEK Scientific In-
struments, Berwyn, PA, USA) in the frequency range of 1 Hz to 1 MHz by applying an
alternate voltage with an amplitude of 25 mV. Each measurement was performed at room
temperature (≈23 ◦C).

Principal component analysis (PCA) was performed, with respect to the normalized
(Z-score normalization: value − μ

ϑ , μ and ϑ being the mean value and the standard deviation
of the samples, respectively) impedance spectroscopy data, to reduce the size of the data
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and to obtain a new space of orthogonal components in order to detect and explain different
concentration patterns. The clarithromycin detection in the target matrices was further
evaluated by an array of sensors, composed of all of the produced thin films, using the
e-tongue concept.

3. Results and Discussion

3.1. Sensor Reproducibility

To draw conclusions on the reproducibility of the (PEI/PSS)5 sensors, each solution
of clarithromycin was analyzed with two identical sensors produced under the same
conditions. The average of the two sensors’ data was calculated as a function of the
frequency for each matrix and type of sensor (glass or ceramic support). The standard
deviation was used as a measure of the uncertainty. In Figure 1 is depicted the average of
the impedance magnitude measured by (a) two ceramic support and (b) two glass support
sensors when immersed in the MW matrix. Figure 1a reveals that the ceramic support
sensors coated with (PEI/PSS)5 are reproducible when monitoring clarithromycin in MW,
since the values of the standard deviation are small (two orders of magnitude smaller than
the average), meaning that the results of both sensors are similar. Furthermore, Figure 1b
shows that there is a significant discrepancy between the measurements of the two glass
support sensors, which results in larger standard deviation values. These results can be
explained, since the spacing between the IDE “fingers” is smaller in the glass support
sensors, and, thus, the electric field generated between them, when an AC voltage signal is
applied, has a larger magnitude. Additionally, the MW matrix has a lower conductivity,
containing ion species in lower concentrations and affecting, therefore, the interactions
between the matrix and the sensor. Consequently, at lower frequency values (<10 Hz),
measurements of the glass sensors immersed in MW are compromised (see Figure 1b,
region highlighted by a red dashed rectangle).

Figure 1. Reproducibility of the impedance magnitude measured by (a) two ceramic support and
(b) two glass support sensors in a MW matrix.

Regarding the analysis of clarithromycin solutions prepared with SW, Figure 2a,b
shows the average of the capacitance measured by two ceramic support sensors and two
glass support sensors, respectively.

Figure 2a reveals that there is not a considerable difference between the results of both
ceramic sensors. As stated before, this conclusion can be drawn from the low values of
the standard deviation (10−10–10−8 F). Figure 2b provides similar conclusions; thus, both
types of sensors show good reproducibility when monitoring SW matrices. However, for
the SW matrix, the glass support sensors coated with (PEI/PSS)5 thin films present a more
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noticeable sensitivity in discriminating clarithromycin concentrations in the frequency
range of 1–100 Hz.

Figure 2. Reproducibility of the capacitance measured by (a) two ceramic support and (b) two glass
support sensors in a SW matrix.

On the other hand, the sensors with a ceramic support showed superior reproducibility
for both experimental matrices. Furthermore, the ceramic sensors produced more reliable
results in the frequency region of 1–100 Hz for MW. For SW, both types of sensors achieved
better reproducibility in the measurements from 1 Hz to 100 Hz.

3.2. Principal Component Analysis: E-Tongue

The results of the principal component analysis applied to the e-tongue concept will
be presented and discussed only for SW. The e-tongue concept was not applied for MW,
since the glass support sensors were not reproducible, as evidenced by the analysis of
the impedance electrical characterization (Figure 1b). Thus, Figure 3 displays the PCA
plots obtained for an array of sensors composed of two ceramic support sensors, for MW
(Figure 3a), and two ceramic support sensors combined with two glass support sensors for
SW (Figure 3b). In both target matrices, the array of sensors was coated with (PEI/PSS)5
thin films.

 
(a) (b) 

Figure 3. PCA plots for clarithromycin concentrations (0–10−5 M) discriminated by an e-tongue for
(a) MW and (b) SW.

In Figure 3a, the first two principal components account for 91.68% of the total variance.
The PCA plot reveals that the ceramic support sensors provide the ability to discriminate
between different clarithromycin concentrations and the blank solution. There can also be
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observed a pattern in the concentration decay, with 10−13 M as an outlier. Figure 3b shows
the PCA plot for an array of sensors identical to the one discussed above but immersed
in SW solutions. In this case, the first two principal components accounted for 79.07%
of the total variance. The plot reveals that the e-tongue concept provides the ability to
discriminate between non-doped and doped SW solutions. Additionally, the sensors were
able to distinguish the different clarithromycin concentrations.

4. Conclusions

Sensors composed of ceramic or glass BK7 solid supports, with interdigitated gold
electrodes, were coated with five bilayers of PEI/PSS thin films produced by the LbL
technique. An electronic tongue consisting of an array of these sensors was shown to
provide the ability to distinguish between clarithromycin concentrations in the range of
10−15 M to 10−5 M in surface water.

The electrical analysis of the samples was performed with impedance spectroscopy by
immersing the sensors in the water samples with different clarithromycin concentrations.
An average of the measurements obtained with two identical sensors and the associated
standard deviation were used to study the reproducibility of the sensors. In the MW matrix,
the ceramic sensors showed reproducibility. The opposite can be said for the glass support
sensors, which for lower frequencies struggle to identify the target compound. In the
SW matrix, both types of sensors, ceramic or glass support, were proven to be highly
reproducible.

Results of the principal component analysis of the impedance data did not show a
clear pattern or trend but was able to distinguish between doped and non-doped solutions,
both for MW and SW matrices. To achieve better results, the e-tongue concept requires a
wider variety of thin films deposited on the sensors, such as, for example, metal oxides or
carbon-based thin films.
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Abstract: In this work, the characterization and the electro-analytical applications of antimony tin
oxide (ATO)–Prussian blue (PB) screen printed electrodes (SPE) are presented. The ATO conduct-
ing particles have been used recently in the development of screen-printed electrodes due to their
excellent spectroelectrochemical properties. PB is a transition metal hexacyanoferrate with high
electrocatalytic properties towards various biologically active compounds like hydrogen peroxide,
besides its outstanding electrochromic properties. A combination of ATO and PB ingredients into
a screen-printing paste provided a versatile and cost-effective way in the development of novel
electrode materials for electrochemical sensing. The ATO-PB electrode material displayed good elec-
trochemical properties demonstrated by means of cyclic voltammetry and electrochemical impedance
measurements. In addition, the PB provided a high selectivity towards potassium ions in solution
due to its zeolitic structures and excellent redox behavior. The cyclic voltammetric responses recorded
at the ATO-PB-SPE device in the presence of potassium ions revealed a linear dependence of the
cathodic peak current and cathodic peak potential of the Prussian blue/Everitt’s salt redox system
on the potassium concentrations ranging from 0.1 to 10 mM. This finding could be exploited in
the development of an electrochemical sensor for electro-inactive chemical species. The potential
application of the ATO-PB electrode in the electrochemical sensing of electro-active species like caffeic
acid was also studied. An increase of the anodic peak current of the PB/ES redox wave in the presence
of caffeic acid was observed. These results point out to the potential analytical applications of the
ATO-PB electrode in the sensing of both electro-active and electro-inactive species.

Keywords: antimony tin oxide; Prussian blue; screen-printed electrodes; cyclic voltammetry;
electrochemical impedance spectroscopy; electrochromic material; electrochemical sensing
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Abstract: The sensing of gas molecules is of fundamental importance for environmental monitoring,
the control of chemical processes, and non-invasive medical diagnostics based on breath analysis in
humans. Herein, the synthesis of hybrid materials (SnO2/graphene oxide-GO and SnO2/porphyrins
composites) with ad hoc properties led to chemoresistors able to reduce the acetone sensing temper-
ature, guaranteeing acceptable LOD values. As such, boosted potentialities, especially in terms of
tuned selectivity and low water interference, may be obtained.

Keywords: VOC chemoresistors; hybrid materials; low-T sensing

1. Introduction

Volatile Organic Compounds (VOCs) are a huge class of molecules emitted from a large
variety of both biogenic and anthropogenic sources [1]. They are considered as a critical
factor for air pollution, and they give rise to serious problems for both the environment
and human health [1,2] due to their easy diffusivity, volatility, and toxicity even at low
concentrations [3]. Moreover, some VOCs, present in the human’s breath can be considered
as biomarkers of specific illnesses, as they are strictly correlated to several metabolic
processes. Among them, acetone can be considered a biomarker for type I diabetes as its
concentration in breath varies from 300 to 900 ppb in healthy people to more than 1800 ppb
for diabetics [4].

For all these reasons, the monitoring of these compounds has become mandatory.
A promising solution for the detection and quantification of VOCs consists in the imple-
mentation of chemoresistive gas sensors, based on the electrical resistance variation of the
sensing material in the presence of target molecules. The key to facing this challenge is the
development of miniaturized chemical sensors, capable of selective sensing a few ppb of
VOCs, giving stable and reproducible responses in the presence of high concentrations of
interfering species, such as water vapor and other gases [5].

Notably, n-type semiconductor metal oxide (MOS such as SnO2, WO3, ZnO, and
TiO2) devices have already been used quite extensively for several applications. They are
compact, low-cost, easy to produce and use, and able to detect a wide variety of gaseous
species [6,7]. Although these features make such kind of sensors a convenient alternative to
the traditional and most sophisticated analytical techniques (e.g., mass spectrometry and
gas chromatography), there are also some drawbacks. Specifically, they can only operate
at high temperatures (200–400 ◦C), showing short lifetime and low selectivity, so that it is
difficult to selectively analyze multiple species in complex matrices [3].
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To overcome these problems, the coupling of metal oxides with other matrices (such as
carbonaceous- or porphyrin-based materials) [8,9] seems to be the key factor to create nano-
composites capable of sensing at low temperatures (<100 ◦C), simultaneously achieving
good selectivity and sensitivity (ppb level) towards a target compound.

Therefore, the present work is aimed at evaluating and comparing the sensing per-
formances of SnO2 coupled with different porphyrins and graphene oxide (GO) towards
acetone molecules, at mild temperatures (150 ◦C and 75 ◦C) under UV light, in a fixed
SnO2/matrix weight ratio.

2. Materials and Methods

2.1. Hybrid Synthesis, Electrodes Preparation and Sensing Tests

SnO2 nanoparticles were chosen to be grown onto graphene oxide (GO) material by
following a very easy hydrothermal method, already reported in our previous works [6–8].
According to earlier studies, we adopted 32:1 salt precursor-to-GO weight ratio since it
resulted as the optimal one in terms of sensing performances at low operating tempera-
tures [3].

Three different ZnII porphyrins were synthesized according to previous papers [10–12],
namely ZnTPP, ZnTPP(F20), and ZnTPP(F20CN); their relative chemical structures together
with the UV-Vis spectra in CH2Cl2 solution are reported in Figure 1. The UV-Vis patterns
are the ones typically observed for porphyrins metal complexes [13], with an intense
(ε≈ 105 M−1 cm−1) Soret or B band at 400–450 nm and two weaker (ε≈ 103–104 M−1 cm−1)
Q bands at 500–600 nm (see the inset in Figure 1).

Figure 1. Investigated ZnII porphyrins and their UV-Vis spectra.

Then, the SnO2-porphyrin sensors were obtained by depositing onto Pt-based inter-
digitated electrodes (IDEs), through a hot-spraying method [6–8], a first layer of porphyrin
(0.6 mg mL−1 in EtOH) followed by a thin film of SnO2 (2.5 mg mL−1 in EtOH). The mass
ratio between SnO2 and porphyrin (verified by a microbalance) is 32:1 as in the case of the
SnO2/GO composite.

Sensing measurements towards acetone at 150 ◦C and 75 ◦C under UV light (Jelosil
HG500 lamp; effective irradiation power: 30 mW cm−2) were performed, adopting the
chamber, already described elsewhere [14]. The tests have been carried up to 150 ◦C since
the porphyrin complexes degrade at higher temperatures [15]. The sensor response is
reported as: (Rair/Racetone) − 1, where Rair is the film resistance in air and Racetone is the
film resistance at a given concentration of the acetone gas. We also computed the sensor
response (tres) and the recovery times (trec).

2.2. Powders and Porphyrins Characterizations

SnO2 and SnO2/GO samples were characterized by specific surface area measurements
(Micromeritics Tristar II 3020, (Norcross, GA, USA), X-ray Powder Diffraction (XRPD,
Philips PW 3710, Texas City, TX, USA) analyses and Diffuse Reflectance Spectroscopy (DRS,
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Shimadzu UV-2600, Kyoto, Japan) to evaluate powders optical band gaps (Eg) by means of
Kubelka-Munk equation [3,8].

The goodness of the as-synthesized powders has been verified through 1H- and 19F-
NMR spectroscopy in CDCl3. The NMR spectra are fully in agreement with the recent
literature [10–12].

3. Results and Discussion

Hybrid sensing materials, such as SnO2-porphyrins and SnO2-graphene oxide com-
posites, arouse interest thanks to the possible complementary features between the two
components, showing cooperative and synergistic behavior [6,9].

In the case of SnO2/GO hybrid, the formation of nano-heterojunctions with a three-
dimensional SnO2 network has been verified by a combination of physical and chemical
characterizations. Specifically, Table 1 reports the specific surface area (SBET), together
with total pores volume (Vtot. pores), the average domain size by X-ray diffraction analysis
(<dXRPD>) and optical band gap (Eg) of pure SnO2 and GO, together with the composite
(SnO2/GO) sample. Moreover, HRTEM, XPS, Raman and responsivity analyses (already
reported in our previous works [3,8]) corroborate that a nano-heterojunction occurs when
tin oxide particles are grown onto GO sheets, allowing an intimate contact between the
semiconductor and the graphene oxide matrix. This fact leads to a signal intensity of three
times higher with respect to that of the pure SnO2 (Figure 2a) in the case of 20 ppm of
acetone at 150 ◦C under UV light. Notably, the SnO2/GO was able to reach a LOD of
100 ppb of acetone thanks to the synergistic effect between n-type MOS and p-type GO [3,6].
Furthermore, the response (tres around 60 s) and recovery (trec around 90 s) times seem to
be comparable with those of pure SnO2.

Table 1. Surface area (SBET), total pore volume (Vtot. pores), crystallite domain size by XRD analysis
(<dXRD>) and optical band gap (Eg, by Kubelka-Munk extrapolation).

Sample SBET (m2 g−1) Vtot. pores (cm3 g−1) <dXRD> (nm) Eg (eV)

GO 30 0.020 11 −
SnO2 67 0.210 15 3.6

SnO2/GO 55 0.133 8 3.4

Figure 2. Sensor response intensities for both pure SnO2 and hybrid materials towards 20 ppm of
acetone under UV light at (a) 150 ◦C and (b) 75 ◦C.
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Then, the sensors obtained overlapping a SnO2 and porphyrin layers were tested.
Specifically, to evaluate the effect of the porphyrin matrix on the sensing properties of SnO2,
the responses of SnO2/ZnTPP and SnO2/ZnTPP(F20) were compared to that of pristine
SnO2 as shown in Figure 2a. The combination of SnO2 with the ZnTPP porphyrin matrix
has undoubtedly a beneficial effect on the sensing performance, as reported in the recent
literature [9,15,16]. Li et al. observed that light has a beneficial influence in the gas sensing
by ZnO nanorods functionalized with porphyrins [16]. They asserted that light activates
a charge transfer from the porphyrin to the ZnO, simultaneously creating a depletion of
electrons, which favors the charge transfer from the donor-absorbed species.

Moreover, the main interfering species in the gas sensing process is humidity, especially
at low T: Chen et al. [17] observed that the moisture can adsorb on the semiconductor oxide
surface, interacting with the acetone molecules and leading to a dramatic change in the
final sensor behavior. Indeed, a fluorine modified porphyrin, named as SnO2/ZnTPP(F20),
was synthesized and tested, since fluorine atoms may confer hydrophobic character leading
to a possible reduction of the water interference. Unfortunately, no positive results were
obtained and the signal intensity halved compared to that of the pure SnO2 powders,
probably due to the strong electron density attractor capability of F-groups [10–12]. Notably,
the sensor response of SnO2/ZnTPP(F20CN) at 150 ◦C (Figure 2a) is the most intense one
among the tested hybrid materials, since this ZnII porphyrin carries a cyano-acrylic moiety
able to bind SnO2 and to impart a proper directionality to charge-injection [11,12]. Moreover,
the CN group acts as a buffer towards the strong electron acceptor behavior of F atoms,
guaranteeing concomitantly the desired hydrophobicity to prevent the water interference.
All the porphyrin-based sensors reached LOD values of 200 ppb at 150 ◦C, notwithstanding
an increase in the response times of around 25–30% and the recovery times significantly
longer (around 200 s).

Finally, further tests were carried out at 75 ◦C (Figure 2b): while no acetone response
(20 ppm) was appreciable in the case of pure SnO2, a reversed behavior in conductance
with SnO2/GO sample occurred. This phenomenon is reported to be typical of metal
oxide semiconductors, operating at low temperatures due to a greater amount of adsorbed
oxygen species and moisture [17]. Instead, under these conditions SnO2/ZnTPP(F20CN)
produces a positive response, even if the LOD is 600 ppb, corroborating the synergistic
effect between the fluorine species and the anchor group.

We believe that these findings can provide guidelines for the engineering of miniatur-
ized chemoresistive sensors for low-temperature detection of acetone molecule. The excellent
performances of the SnO2-GO nano-heterojunctions and especially of SnO2/ZnTPP(F20CN)
composite can pave the way for the development of tunable low-cost materials for the
fabrication of optoelectronic devices for various applications.
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Abstract: Low-cost gas sensors detect pollutants gas at the parts-per-billion level and may be installed
in small devices to densify air quality monitoring networks for the spread analysis of pollutants
around an emissive source. However, these sensors suffer from several issues such as the impact
of environmental factors and cross-interfering gases. For instance, the ozone (O3) electrochemical
sensor senses nitrogen dioxide (NO2) and O3 simultaneously without discrimination. Alphasense
proposes the use of a pair of sensors; the first one, NO2-B43F, is equipped with a filter dedicated to
measure NO2. The second one, OX-B431, is sensitive to both NO2 and O3. Thus, O3 concentration
can be obtained by subtracting the concentration of NO2 from the sum of the two concentrations.
This technique is not practical and requires calibrating each sensor individually, leading to biased
concentration estimation. In this paper, we propose Partial Least Square regression (PLS) to build a
calibration model including both sensors’ responses and also temperature and humidity variations.
The results obtained from data collected in the field for two months show that PLS regression provides
better gas concentration estimation in terms of accuracy than calibrating each sensor individually.

Keywords: partial least square regression; gas sensors; electrochemical sensors; air pollution monitoring

1. Introduction

Urban air pollution is a major preoccupation [1]. Government organizations encourage
research on low-cost gas sensors to improve their performances in order to complement
the actual air pollution monitoring networks by providing better spatiotemporal resolution
of the pollutants’ spread [2]. Today, low-cost sensors such as electrochemical sensors can
sense most pollutant gases at the magnitude of parts per billion (ppb) [3]. However, several
limitations inhibit systems based on these sensors to reach high performance similar to
the regular instruments [4]. Among these limitations is the influence of environmental
factors—essentially, the temperature and humidity and the interfering gases present in the
ambient air, particularly in the case of measuring O3 and NO2 [5]. The existing commercial
electrochemical sensors for measuring O3 respond simultaneously to O3 and NO2, without
discrimination, because NO2 and O3 are reducible at similar potentials on carbon or gold
electrodes [6]. Therefore, the responses of these sensors are proportional to the combined
concentration of O3 and NO2. This nonselectivity of sensors becomes an obstacle for air
monitoring applications where NO2 and O3 are present simultaneously with the same order
of concentration magnitude. In this paper, we evaluate electrochemical sensors for O3 and
NO2 for in field and in real application conditions. We propose to calibrate simultaneously
the two sensors using Partial Least Square regression (PLS) while considering also the
temperature and humidity variations. The remainder of this paper is organized as follows:
we present first the experimental set up and data collection, then, the calibration procedure
with results, and finally, a conclusion.
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2. Experiment Set Up and Data Collection

In this work, we focused on measuring the concentration of O3 and NO2 in ambient
air because they are the principal pollutant gases in French cities that are still exceeding
the limited values defined by the European directives [7]. Therefore, we designed a
device constituted of two electrochemical sensors provided by Alphasense LTD—NO2-
B41F and OX-B431—dedicated to measure NO2 and oxidizing gases, respectively. The
device also contains the sensors’ conditioning circuits, the gas exposure chamber, and the
data acquisition unit. The conditioning circuits consist of potentiostat circuits that allow
amplifying and converting the sensor electrode currents to voltages. The device is placed
inside the air monitoring station managed by ATMO Grand Est agency. This station is
located beside a highway, crossing Metz city, France. Our device works in dynamic mode
for air sampling; thus, a pump and a mass flow controller are placed on the exposure
chamber exit to generate a constant and continuous airflow by suction (Figure 1). We set the
airflow rate to 500 mL/min, in order to obtain the same airflow rate as the ATMO Grand
Est O3 and NO2 analyzers. The collected data represent the voltages of the sensor responses
with a data sampling frequency of 200 Hz. Sensor responses are then averaged over a
period of 10 s and recorded on a computer using Matlab software. Finally, recorded data
are averaged again every 15 min in order to comply with the reference data provided by
ATMO Grand Est. Data are collected continuously from 22 February 2019 to 14 April 2019.

Reference Electrode 

Working Electrode 
(WE) 

Electrolyte reservoir 
Auxiliary Electrode 

(AE) 

Counter Electrode  

NO2 and O3 analyzers 
(reference devices) 

EC Sensors Conditioning 
circuit 

PC + Data acquisition 
board 

Sensor time series dataReference time series

Outdoor air inlet 

Mass ow 
controller 

Pump 

Pump 

ATMO Grand 
EST server 

Outlet 

Sensors device 

Electrolyte  

Filter  

Seal 

 
NO2  

O3  NO2  O3 

O2  

 

Filtered sensor  (NO2) 
NO2-B43F  

Un ltered sensor  (O3 + NO2) 
OX-B431  

Figure 1. Experiment setup diagram and the schematic of filtered and unfiltered electrochemical sensors.

3. Sensors Calibration

To quantify O3 and NO2 concentrations, the manufacturer Alphasense recommends
the use of a pair of electrochemical sensors: a model OX-B431 that responds to both gases
(O3 + NO2) and a model NO2-B43F that responds only to NO2. The NO2-B43F sensor is
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equipped with a manganese dioxide filter, which catalyzes O3 into oxygen, thus preventing
the sensor from responding to O3 present in the environment (Figure 1). To determine the
O3 concentration, the contribution of NO2 to the response of the OX-B431 sensor must be
removed. Therefore, we first need to calculate the NO2 concentration with the NO2-B43F
sensor and then subtract it from the concentration provided by the OX-B431 sensor. The
calibration procedure of this pair of sensors is performed as follows:

• Calibrate the NO2-B43F sensor for measuring NO2 according to Equation (1):

[NO2] = (WENO2-B43F − AENO2-B43F) α1 + α2, (1)

where [NO2] is the concentration of the NO2; WENO2-B43F and AENO2-B43F are signals
of the working and auxiliary electrodes of NO2-B43F sensor, respectively; α1 and α2
are regression coefficients that can be determined by a simple linear regression.

• Calibrate the OX-B431 sensor to measure the mixture (NO2 + O3) according to Equation (2):

[NO2 + O3] = (WEOX-B431) − AEOX-B431) b1 + b2, (2)

where WEOX-B431 and AEOX-B431 are signals of the working and auxiliary electrodes of
OX-B431 sensor, respectively; b1 and b2 are regression coefficients determined by a
simple linear regression.

The concentration of O3 will be the difference between the concentration obtained by
the OX-B431 sensor and the concentration obtained by the NO2-B43F sensor:

[O3] = [NO2 + O3] − [NO2], (3)

The concentrations of both O3 and NO2 are typically 5 to 120 μg/m3 at the roadside,
so intelligent data analysis is required to differentiate each gas concentration. Our propo-
sition is to combine both sensors’ signals in the same equation plus the temperature and
humidity variations:

[NO2] = c0 + c1 WENO2-B43F + c2 AENO2-B43F + c3 WEOX-B431 + c4 AEOX-B431 + c5 T + c6 H, (4)

[O3] = d0 + d1 WENO2-B43F + d2 AENO2-B43F + d3 WEOX-B431 + d4 AEOX-B431 + d5 T + d6 H, (5)

where c0, c1 . . . .c6 and d0, d1 . . . .d6 are regression coefficients determined by using PLS [8];
T and H are the temperature and humidity, respectively.

The comparison between calibration of each sensor individually and the combination
of the two sensors’ signals with temperature and humidity variation using PLS regression
shows that the concentration estimation is better in the case of using PLS regression than
the case of calibrating each sensor individually. Figure 2 illustrates that in the case of using
PLS regression, the root-mean-square errors (RMSE) are 4.71 μg/m3 and 6.89 μg/m3 for
NO2 and O3, respectively, whereas in the case of using each sensor individually, the RMSE
values were 6.34 μg/m3 and 8.76 μg/m3, respectively. We note also that the estimation of
NO2 is better than the estimation of O3 in both calibration cases. The reason behind this
is that NO2 estimation depends essentially on one sensor, whereas the estimation of O3
depends on both sensors.

357



Chem. Proc. 2021, 5, 61 4 of 5

Figure 2. Correlation between reference concentration and estimated concentration of NO2 and O3.

4. Conclusions

In this work, electrochemical sensors calibration is proposed using PLS regression.
First, we deployed a device to collect data in real outdoor conditions; then, we proposed
multiple linear regression to estimate simultaneously nitrogen dioxide and ozone con-
centration. We found that the use of a pair with PLS regression is better than calibrating
each sensor individually, as the RMSE reduced from 8.76 μg/m3 to 6.89 μg/m3 for ozone
concentration estimation.
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Abstract: A screen-printed carbon electrode was used as the transducer for the development of an
electrochemical immunosensor for the determination of tropomyosin (a major shrimp allergen) in food
samples. Monoclonal and polyclonal antibodies were used in a sandwich-type immunoassay. The
analytical signal was electrochemically obtained using an alkaline phosphatase-labelled secondary
antibody and a 3-indoxyl phosphate/silver nitrate substrate. The total assay time was 2 h 50 min and
allowed the quantification of tropomyosin between 2.5 and 20 ng mL−1, with a limit of detection of
1.7 ng mL−1 The immunosensor was successfully applied to the analysis of commercial food products.

Keywords: seafood allergy; tropomyosin; shrimp; food allergy; screen-printed electrodes; electro-
chemical biosensor

1. Introduction

Over the past few years, food allergies have increasingly been regarded as a significant
worldwide public health problem. Among shellfish allergies, shrimp is the predominant
crustacean causing over 80% of allergic reactions that can result in severe hypersensitivity
such as urticaria and asthma, and it is a major cause of anaphylaxis [1,2].

Tropomyosin (TPM), a major common allergenic protein found in seafood, is relatively
resistant to peptic acidic digestion, which causes a continuous effect of the protein on
the immune system. To protect the consumer from harmful allergens and potentially
life-threatening reactions, food manufacturers are required to label and highlight shellfish-
allergenic ingredients on food packages [3].

Currently, multiple technical approaches have been developed to identify the presence of
shrimp tropomyosin in food, including enzyme-linked immunosorbent assays (ELISA), DNA
detection, polymerase chain reaction (PCR), microarray and qualitative/semi-quantitative
lateral flow assays. Although ELISA is the most commonly used method for TPM detection
and quantification, it presents some disadvantages such as the long and tedious steps in
the analysis procedure, long analysis times and high costs [4,5]. An alternative way to
determine TPM in foods is through the use of electrochemical immunosensors. These
sensors provide highly selective, sensitive, fast and cheap analysis and are suitable for
in situ applications. Therefore, in this work, a simple voltametric immunosensor for the
determination of TPM in commercial food products was developed. The immunoassay
was based on a sandwich-type assay using screen-printed carbon electrodes (SPCE) as
transducers. Monoclonal and polyclonal antibodies were used to capture and detect TPM.
To obtain the analytical signal, an alkaline phosphatase-labelled secondary antibody and
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3-indoxyl phosphate/silver nitrate (enzymatic substrate) were employed; the enzymatically
deposited silver was analyzed by linear sweep voltammetry [6–8].

The applicability of the immunosensor was assessed by analyzing different food sam-
ples.

2. Materials and Methods

2.1. Instrumentation

Linear sweep voltametric analyses were performed using an Autolab PGSTAT204
potentiostat/galvanostat from Methrohm Autolab. Disposable screen-printed carbon
electrodes (DRP-110) with a carbon working electrode (WE, d = 4 mm), a carbon counter
electrode and a silver pseudoreference electrode were purchased from Methrohm DropSens.

2.2. Reagents and Solutions

Tris(hydroxymethyl)aminomethane (Tris, ≥99.8%), magnesium nitrate hexahydrate
(Mg(NO3)2, 99%), nitric acid (HNO3, ≥65%), 3-indoxyl phosphate (3-IP, ≥98%), silver ni-
trate (AgNO3, ≥99.9995%), β-casein from bovine milk (≥98%), and bovine serum albumin
(BSA) were obtained from Sigma-Aldrich.

Mouse IgG1 monoclonal antibody (capture antibody, C-Ab), purified natural shrimp
tropomyosin standard (antigen) and rabbit polyclonal antiserum shrimp tropomyosin
(detection antibody, D-Ab) were purchased from Indoor Biotechnologies. An alkaline phos-
phatase goat anti-rabbit IgG antibody (AP-Ab) was supplied by Invitrogen. Throughout
the work, ultra-pure water (resistivity = 18.2 MΩ cm), obtained from a Millipore (Simplicity
185) water purification system, was used. Working solutions of BSA, the antibodies and the
antigen were prepared in 0.1 M Tris-HNO3 pH 7.4 buffer (Buffer 1, B1). A second buffer
(B2, 0.1 M Tris-HNO3 pH 9.8 containing Mg(NO3)2 (2 × 10−2 M)) was used to prepare the
solution containing 3-IP (1 × 10−3 M) and AgNO3 (4 × 10−4 M).

2.3. Sample Preparation

Shrimp, shrimp sauce and crab and chicken paste were used to evaluate the im-
munosensor’s applicability to food analysis. Samples were prepared as follows: (a) 1 g of
sample was mixed with 10 mL of Tris-HNO3 (pH 8.2, 1% NaCl) at 60 ◦C during 15 min in a
water bath; (b) the resulting suspension was then centrifuged at 2500 rpm for 20 min and
(c) the supernatant was divided in aliquots and stored at −20 ◦C until use.

2.4. Immunosensor Assay and Electrochemical Measurements

The representative scheme of the immunosensor assay and detection strategy is pre-
sented in Figure 1. The WE of the SPCE was coated with C-Ab (10 μL, 20 μg mL−1) and
left to incubate overnight at 4 ◦C. After rinsing the sensor with buffer B1, surface blocking
was carried out using 40 μL of a 2-% (m/V) BSA solution during 30 min. After this, the
sensor was washed with buffer B1 and incubated with 40 μL of a previously mixed (10 min
before use) solution containing the antigen, the detection antibody (1:2000) and BSA (1%
(m/V)) during 60 min. After rinsing with buffer B1, 40 μL of an AP-Ab solution (1:40,000)
was placed on the sensor for 60 min. The sensor was then rinsed with buffer B2, and the
enzymatic reaction was carried out by depositing 40 μL of a mixed solution containing 3-IP
and silver nitrate on the SPCE for 20 min. LSV was used to record the analytical signal
(potential range: −0.03 V to +0.4 V; scan rate: 50 mV/s). All analyses were performed in
triplicate and carried out at room temperature (20 ± 1 ◦C).
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Figure 1. Schematic representation of the developed immunoassay. (1) Screen-printed carbon
electrode; (2) C-Ab immobilization; (3) addition of a mixture containing standard/sample and D-
Ab; (4) addition of AP-Ab; (5) addition of the enzymatic substrate (3-IP) and silver ions; and (6)
voltametric detection of Ag0.

3. Results and Discussion

3.1. Optimization Studies

The immunosensing strategy was based on a sandwich-type assay performed on bare
SPCEs as transducers. In the first phase of the immunosensor development, two different
surface blockers were tested: β-casein (2% (m/V)) and BSA (2% (m/V)). As can be observed
in Figure 2, when BSA was used, the highest peak current intensity (ip) and signal-to-blank
ratio (S/B) was obtained.

Figure 2. Peak current intensities (ip) obtained for the study of the surface blocker (casein and BSA,
both at 2% (m/V)). Black bars: blank assay. White bars: TPM (10 ng mL−1). Results are presented as
average ± standard deviation (n = 3). Experimental conditions: C-Ab—10 μg mL−1; D-Ab—1:250
dilution; AP-Ab—1:20,000 dilution; 3-IP—1.0 × 10−3 M; and AgNO3—4.0 × 10−4 M.

In order to select the optimum concentrations of both the capture and detection
antibodies, a standard solution of tropomyosin (10 ng mL−1) was used. First, for fixed
dilutions of D-Ab (1:250) and AP-Ab (1:20,000), different C-Ab concentrations of between
2.5 and 20 μg mL−1 were tested. The obtained results reveal that a concentration of
20 μg mL−1 resulted in the highest peak current intensity and S/B ratio. After this and
maintaining the AP-Ab dilution at 1:20,000, different D-Ab dilutions (between 1:250 and
1:12,000) were tested. The selected dilution was 1:2000 because the highest ip and lowest
blank signal were obtained. After selecting the C-Ab concentration (20 μg mL−1) and D-Ab
dilution (1:2000), different assay formats were studied in order to reduce the number of
incubation steps and, subsequently, the assay time. Different steps were combined and
the most adequate combination, the previous mixing of the antigen with the D-Ab, led
to a 60-min reduction in the assay time. The next studies were performed to select the
optimum AP-Ab dilution by testing dilutions of between 1:10,000 and 1:40,000. A 1:40,000
dilution was selected because a low blank signal and the highest S/B ratio were observed.
After this, the AP-Ab incubation time was studied between 15 and 60 min, with the best
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results obtained for the 60 min incubation time. A summary of the optimization studies is
indicated in Table 1.

Table 1. Optimization of the different experimental variables involved in the construction of the
immunosensor for TPM analysis.

Variable Studied Range Selected Value

(C-Ab), μg mL−1 2.5–20 20
(D-Ab), dilution 1:250–1:12,000 1:2000

(AP-Ab), dilution 1:10,000–1:40,000 1:40,000
AP-Ab incubation time, min 15–60 60

3.2. Analytical Performance

To establish the performance characteristics of the immunosensor, standard solutions
with different TPM concentrations (2.5–50 ng mL−1) were analyzed. A linear relationship
was observed between 2.5 and 20 ng mL−1 (ip (μA) = 0.787 (tropomyosin) (ng mL−1) +
5.45, r = 0.990, n = 5). Examples of voltammograms in the linear range (Figure 3a) and
the calibration plot (Figure 3b) are shown in Figure 3. The limit of detection (LOD) was
calculated as three times the standard deviation of the blank divided by the slope and
the value obtained was 1.7 ng mL−1. The limit of quantification (LOQ) was calculated as
10 times the standard deviation of the blank divided by the slope, obtaining a concentration
of 5.7 ng mL−1. The coefficient of variation of the method was <9%.

3.3. Selectivity and Interference Studies

The selectivity of the sensor towards TPM was evaluated by analyzing other allergens
such as Ara h 1 (peanut allergen, 250 ng mL−1), Cyp C 1 (fish allergen, 20 ng mL−1)
and Ovalbumin (GAL d 2, chicken egg allergen, 1% (m/V)). Examples of the obtained
voltammograms are shown in Figure 3c. Besides these allergens, histamine (6.8 mg mL−1),
a biogenic amine and the most important fish freshness indicator, was also included in
this study. The signal for all these compounds was similar to the blank signal, confirming
the selectivity of the proposed sensor. Besides this, TPM was mixed with each of the
compounds to evaluate their interference in the analysis. The obtained signals were nearly
the same as the one obtained for a 10-ng mL−1 TPM solution, which indicates that the other
allergens and histamine did not significantly interfere in the analysis.

3.4. Applicability to Food Analysis

The feasibility of the sensor for the determination of TPM in commercial food samples
was tested. Shrimp, shrimp sauce and crab paste were analyzed, obtaining TPM concentra-
tions of 80.42 ± 2.7 μg g−1, 170.4 ± 1.80 ng g−1 and 21.6 ± 4.13 ng g−1, respectively. The
developed immunosensor was also used to detect the presence of TPM in chicken paste.
As expected, this sample gave a negative result (no significant difference when compared
with the blank signal), so the TPM concentration was below the sensor’s LOD. Examples of
the obtained voltammograms are shown in Figure 3d.
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Figure 3. (a) Examples of voltammograms in the linear range (a—blank; b—2.5 ng mL−1;
c—10 ng mL−1; d—12.5 ng mL−1; e—15 ng mL−1; and f—20 ng mL−1). (b) Calibration plot. (c) Ex-
amples of voltammograms obtained in the selectivity and interference studies: TPM (10 mg L−1,
blue line, control) combined with Cyp C 1 (20 ng mL−1, red line) and Ovalbumin (1% (m/V), black
line) and blank (0 ng mL−1, blue dashed line, control) with the addition of Cyp c 1 (200 ng mL−1,
red dashed line) and Ovalbumin (1% (m/V), black dashed line). (d) Examples of voltammograms
obtained in the analysis of food samples (shrimp sauce—black dashed line; shrimp—red line; crab
paste—blue line; and chicken paste—green line). Experimental conditions: C-Ab—20 μg mL−1;
BSA—2% (m/V); mixture of standard TPM solutions with D-Ab—1:2000; AP-Ab—1:40,000; 3-IP—
1 × 10−3 M; and AgNO3—4 × 10−4 M.

4. Conclusions

The current trends in analytical chemistry are focused on the development of simple
and in situ analysis devices to ensure food safety. In this work, a simple immunosensor
for tropomyosin analysis was developed. This immunoassay only takes 2 h 50 min, and it
requires 40 μL of sample to perform the analysis. The sensor can determine tropomyosin in
a concentration range between 2.5 and 20 ng mL−1 and a limit of detection of 1.7 ng mL−1

was achieved. The developed methodology fulfills the requirements of (bio)sensor con-
struction such as small size and the use of low amounts of reagents and samples. Moreover,
it allows the possibility of decentralized analysis, which could be useful for the control of
tropomyosin, avoiding cases of food allergy.
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Abstract: Codeine and diclofenac overdoses have been widely reported. Here, a biomimetic sensor
(bi-MIP) was devised, and an electronic tongue was used to analyze water samples simultaneously
containing both these drugs. The bi-MIP sensor limits of detection for diclofenac and codeine taken
individually were 0.01 μg/mL and 0.16 μg/mL, respectively. Due to a cross-reactivity effect when
using the bi-MIP sensor, the electronic tongue was shown to differentiate samples containing both
analytes. The results confirm the feasibility of simultaneous detection of two target analytes via
a bi-MIP sensor. Additionally, they demonstrate the ability of a multi-sensor to classify different
water samples.

Keywords: drug analysis; molecularly imprinted polymer sensor; nanoparticles; electrochemical
multi-sensor; chemometrics; water

1. Introduction

Diclofenac (DCF) and codeine (COD) are drugs administered to treat certain human
health problems. Here the focus is first on DCF, which is a non-steroidal anti-inflammatory
drug (NSAID), widely prescribed for the treatment of a wide variety of conditions. It
reduces the need for morphine after surgery and is effective against menstrual pain and
endometriosis. Although DCF has outstanding medical features, it is sometimes misused
and can, as a result, easily move into the synovial fluid. This unfortunately leads to
a reduction in the secretion of prostaglandins [1]. In consequence, the consumer can
experience many health problems [2].

The second study focus is on COD, which is an opiate used clinically for its analgesic,
antitussive and antidiarrheal properties. However, it is said to be addictive and can cause
psychological damage to the patient if abused. Extreme consumption of COD can even
cause death [3]. For these reasons, the World Health Organization (WHO), the US Food
and Drug Administration (FDA), and the European Medicines Agency (EMA), among
other international organizations, have issued strict warnings about the adverse effects of
COD [4].

Electrochemical methods are very good candidates for drug analysis [5]. This is
attributed to their low cost, lower detection limits, wide range of potential windows, and
ease of surface renewal.

Firstly, electrochemical devices based on molecularly imprinted polymers (MIPs) can
be considered as good alternatives to conventional techniques. However, according to
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our literature research, the MIP strategy has not yet been exploited for the simultaneous
detection of these two analytes. Currently, the immobilization of MIPs, as a sensing element
on portable electrochemical transducers, such as screen-printed electrodes (SPEs), offers an
interesting approach. A study has been reported for the detection of dopamine and uric
acid using MIP technology.

Secondly, as drugs are usually released in wastewater, and wastewater treatment
plants are not totally efficient, this work focuses on the analysis of mineral water samples
with different concentrations of the drugs in question. When multiple targets are to be
detected, it is appropriate to use various electrical interfaces, such as multi-sensor systems.

The following content of this study is devoted to the qualitative analysis of drugs
in mineral water samples using a voltammetric electron tongue (VE-Tongue) combined
with chemometric methods. When using the bi-MIP sensor, a cross-reactivity effect due to
the presence of several compounds was encountered. To avoid it, qualitative analysis via
VE-Tongue can help to classify/discriminate drug samples with different concentrations of
the drugs in question.

Taking all these points into consideration, the primary objective of this paper was to
report on the development of an electrochemical sensor based on molecularly imprinted
polymers for the simultaneous detection of DCF and COD. Electrochemical techniques,
such as electrochemical impedance spectroscopy (EIS), differential pulse voltammetry
(DPV), and cyclic voltammetry (CV), were used to investigate the electrochemical behavior
of the electrodes during the different steps of the bi-MIP sensor fabrication. Principal
components analysis (PCA) was used to process the database from the VE-Tongue sensor
array for the purpose of discriminating between water samples containing DCF and COD.

2. Materials and Methods

2.1. Samples

Five sets of mineral water samples were prepared for the electrochemical analysis:
Set 1: Mineral water sample used as reference sample which was not spiked;
Set 2: Mineral water samples spiked with different concentration of diclofenac (0.001,

0.01, 0.1, 1, 10, 100, 300, 500 μg/mL);
Set 3: Mineral water samples spiked with codeine at the same concentrations as

described above;
Set 4: Mineral water samples spiked with diclofenac at the same concentrations as

described above, but each containing 300 μg/mL codeine;
Set 5: Mineral water samples spiked with codeine at the same concentrations as

described above, but each containing 300 μg/mL diclofenac.

2.2. Instrumentation and Electrochemical Techniques

Figure 1 shows the experimental setup used in this study. The five sets described
above were studied using both detection systems (i.e., bi-MIP sensor and VE-Tongue).

The bi-MIP sensor was designed on a screen-printed gold electrode (Au-SPE).
The voltammetric electronic tongue (VE-Tongue) consisted of an array of 5 working

electrodes made of gold, copper, glassy carbon, platinum, and palladium. A silver/silver
chloride (Ag/AgCl) reference electrode and a platinum counter electrode completed the
three-electrode configuration.

A computer interfaced to a potentiostat device was used for data acquisition. Using
the potentiostat, electrochemical characterization techniques, including CV, DPV and EIS,
were run.

These three established techniques were used for the electrochemical measurements.
The CV was operated from −0.4 to 0.6 V at a scan rate of 30 mV/s. To investigate the
surface properties of the bi-MIP sensor, the EIS was performed in an open circuit at a low
AC potential of 10 mV amplitude and a frequency range of 0.1 to 50,000 Hz. The retention
properties of the bi-MIP sensor were investigated using DPV over a potential range of
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−0.2 to 0.3 V and a slew rate of 50 mV/s. All measurements were performed at room
temperature (25 ◦C).

 

Figure 1. Graphical overview of the experimental setup.

2.3. Bi-MIP Sensor Preparation

Figure 2 illustrates the procedures for the bi-MIP sensor elaboration. Briefly, a layer
of polyvinyl carboxylic chloride (PVC-COOH) was first assembled to modify the bare
Au-SPE. Then, after activation of -COOH groups by 1-ethyl-3-(3-dimethylaminipropyl)
carbodiimide (EDC) and N-hydrosuccinimide (NHS), a solution (1 mg/mL), containing
simultaneously DCF and COD, was deposited on the modified electrode. After DCF and
COD binding, a solution containing methacrylic acid, as the functional monomer, and
silver nanoparticles (AgNPs) was immobilized. An extraction stage of template molecules
followed to complete the fabrication of the bi-MIP sensor.

 

Figure 2. The development stages of the bi-MIP sensor.

369



Chem. Proc. 2021, 5, 63 4 of 7

2.4. Data Analysis

The multivariate responses of the VE-Tongue were processed by a known unsuper-
vised method called PCA. This statistical technique reduces the dimensionality of the
multivariate data while retaining maximum information on new variables called prin-
cipal components (PCs) [6,7]. This allows for better visualization of the data and better
interpretation of the analyzed samples.

3. Results and Discussion

3.1. Biomimetic Receptor Assembly

During the development of the biomimetic sensor, several immobilization procedures
to form the sensitive layer were performed. After each step, the electrochemical behavior
of the electrode was observed using a supporting electrolyte (PBS pH 7.4) containing elec-
troactive species ([Fe(CN)6]4−/3−). For this purpose, the CV and EIS techniques were run
in PsTRACE software. The results of these characterizations are presented in Figure 3. At
each step of the sensor development, the electrochemical behavior of the electrode changed
compared to the bare electrode. Moreover, the CV and EIS results were in good agreement.

 

Figure 3. Electrochemical signals corresponding to the development stages of the bi-MIP sensor:
(a) cyclic voltammograms, (b) Nyquist diagrams.

3.2. Bi-MIP Sensor Responses

In the first step, the analysis of DCF alone (set 2), at different concentrations on the
bi-MIP sensor, was performed using the differential pulse voltammetry (DPV) technique.
The calibration curves related to these responses are shown in Figure 4. A clear decrease
in the amplitude of the voltammograms was observed as the concentration of DCF in-
creased, expressed in the linear regression equation shown in Figure 4a. The equation
is y = −0.083Log (C)—0.355 with a determination coefficient R2 = 0.93. The calculated
detection limit was 0.01 μg/mL using the formula described by DIOUF et al. [8].

 

Figure 4. Calibration curves of the bi-MIP sensor with increasing concentrations of: (a) diclofenac
(b) codeine, from 0.001 to 500 μg/mL.
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Secondly, COD alone (set 3) was analyzed under the same conditions. The correspond-
ing equation of the bi-MIP sensor responses (voltammograms) is shown in Figure 4b. Here,
a similar trend to that of the DCF was obtained with a calibration equation of y = −0.089Log
(C) − 0.347 with R2 = 0.98. The limit of detection was 0.16 μg/mL.

When detecting the two analytes individually, it was found that the bi-MIP sensor
had almost equivalent sensitivity. However, because of cross-reactivity, the results for the
simultaneous detection of both analytes by the bi-MIP were not satisfactory. An electronic
tongue was used to explore a potential strategy to address this.

3.3. PCA Analysis of the VE-Tongue Dataset

Due to cross-reactivity and limitations encountered with the bi-MIP sensor, measure-
ment of samples containing both target analytes simultaneously was performed using the
VE-Tongue. After data pre-processing, principal components analysis (PCA) was used to
classify the samples from all sets. The results are presented in Figure 5, which shows the
projections of the experimental results onto a two-dimensional (2D) space formed by the
first two principal components; 78.90% of the total variance of the data was explained by
the first two PCs indicating significant pattern separation.

 

Figure 5. PCA plot showing the discrimination of the different sets using ΔI and Area as features. ΔI
is the difference between the maximum current of the oxidation wave and the reduction wave. Area
is the area of the VE-Tongue response (voltammogramme) using the trapezoidal method.

PCA was also applied to data after analysis of samples from set 4 and set 5, according
to their concentrations.

Set 4 contained water samples with varying concentrations of DCF and a fixed concen-
tration of COD (300 μg/mL) for each. As shown in Figure 6a, all samples in set 4 were well
separated with only 85.87% of the total variance expressed by PC1 and PC2. In addition,
the samples containing low and high concentrations of DCF clustered in the top right and
bottom of the graph, respectively.
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Figure 6. PCA plot showing the discrimination between set 1 and water samples of (a) set 4 and
(b) set 5 at different concentrations using ΔI and Area as features.

In Figure 6b, the same trend is also observed for the analysis of samples in set 5. In
this set, COD was varied but the concentration of DCF was maintained at 300 μg/mL. In
the graph, the clean water sample and the spiked samples are well separated, with a score
of 41.1% of the total variance, expressed as PC2 and PC3.

These results clearly show that the VE-Tongue was able to discriminate water samples
containing several compounds at different concentrations.

4. Conclusions

In this study, a new bi-MIP-sensor-based electrochemical detection system for the
detection of diclofenac and codeine was proposed. The principle of simultaneous detection
was highlighted by using an electronic tongue combined with pattern recognition methods.
The proposed analytical tools represent a breakthrough in water analysis.
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Abstract: Fenthion, an organophosphate insecticide, is a cholinesterase inhibitor and is highly toxic.
An electrochemical sensor based on molecularly imprinted polymer is developed here for its detection.
For this purpose, 2-aminothiophenol mixed with gold nanoparticles was immobilized on screen-
printed gold electrodes. The FEN pattern was then fixed before being covered with 2-aminothiophenol.
Cyclic voltammetry, differential pulse voltammetry and electrochemical impedance spectroscopy
methods were used for the electrochemical characterization. The low detection limit was 0.05 mg/Kg
over a range of 0.01–17.3 μg/mL. The sensor was successfully applied for the determination of FEN
in olive oil samples with high recovery values.

Keywords: fenthion; molecularly imprinted polymer (MIP); screen-printed gold electrode (Au-SPE);
electrochemical sensor; olive oils

1. Introduction

Olive oil production is located in the countries of the Mediterranean basin, specifically
in Spain, Portugal, Italy, Greece, Turkey, Tunisia and Morocco [1]. However, production in
other countries, such as Australia and the United States, is increasing.

Organophosphorus insecticides are the pesticides used in the largest quantities in
olive groves to control pests. The most commonly used are those belonging to the class
of organophosphate insecticides, because of their relatively low persistence under natural
conditions, their ease of synthesis, their low cost and their high effectiveness in eradicating
insects. Fat-soluble pesticides tend to concentrate in oils and toxic residues in lipids have
been reported [2,3]. In addition, however, residues of POs in the environment present
significant risks to the ecosystem and agricultural products; due to their lack of specificity,
they affect the nervous system of non-target species, such as mammals, birds and aquatic
fauna. Fenthion (FEN) is among the most commonly used pesticides [4]. The Codex Ali-
mentarius Commission of the Food and Agriculture Organization of the United Nations
(FAO) have set maximum residue limits (MRLs) for pesticides in olives and olive oil (e.g.,
1 and 2 mg/kg for FEN) [5]. Many different detection methods have been used for the
determination of residues of organophosphorus pesticides in olive oil. The most commonly
used techniques are gas chromatography (GC) methods, which require the extraction of
pesticides from samples. Reversed phase liquid chromatography–gas chromatography was
also applied to olive oil [6]. These techniques are generally expensive, and require large
quantities of samples and organic solvents as well as cleaning and preconcentration steps.
Complementary analytical methods, such as enzymatic biosensors, which are based on
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the inhibition of acetylcholinesterase, were also developed for the detection of FEN [6].
However, enzymes have drawbacks such as difficulty in purification due to their instability,
sensitivity and selectivity, which often depend on the nature of the materials. Immunosens-
ing applications are also used for the FEN detection of organophosphorus insecticides,
such as indirect enzyme-linked immunosorbent assay (ELISA) [7] and electrochemical
immunosensor [8] applications. Their main limitations lie in the availability of antibodies
and the fact that they cannot be used for the determination of low-molecular-weight hapten
analytes [9,10].

Alternative methods based on molecularly imprinted polymers (MIPs) have also been
adopted. They can mimic the functions of biological receptors but with fewer stability
constraints. There are few applications of MIPs for the detection of FEN [11].

Due to the growing concern about the presence of pesticide residues in olive oil, it
is necessary to implement procedures that can be applied in the field, with sensitive and
selective detection.

The objective of this work was to develop a new low-cost, selective and highly sensitive
electrochemical sensor, based on MIP, for the determination of FEN in olive oil samples.

This electrochemical sensor was fabricated by immobilizing a 2-aminothiophenol
(2-ATP) complex mixed with gold nanoparticles (AuNPs) onto a screen-printed gold elec-
trode (Au-SPE) via Au-S bonds. Then, the FEN template was bound onto Au-SPE/ATP-
AuNPs before being coated with 2-ATP. The synthesis process of the electrochemical MIP
sensor was straightforward. More generally, we believe that the results obtained open up
new opportunities to detect other organophosphate insecticides in various food products
and in the environment.

2. Materials and Methods

2.1. Reagents and Solutions

Fenthion (FEN), malathion (MAL), dimethoate (DMT), ethanol (99.8%), methanol, hydro-
chloric acid (HCL), acetonitrile, gold nanoparticles (AuNPs), potassium chloride, 2-aminothiophenol
(2-ATP), phosphate-buffered saline (PBS) and ferri-ferrocyanide (K4[Fe(CN)6], K3[Fe(CN)6]), were
all purchased from Sigma-Aldrich, Saint-Quenti-Fallavier, France. Ultra-pure water was used
throughout the experiments.

2.2. Synthesis of MIP and NIP Materials on the Gold Electrode

As shown in Figure 1, the overall process for the preparation of the MIP sensor can
be summarized by the following steps: First, the functionalization process was performed
by immobilizing 0.1 M of 2-aminothiophenol (2-ATP), mixed with 1 mL of AuNPs, on the
surface of the gold electrodes followed by incubation for 12 h at room temperature. In
the second step, the FEN pattern was deposited on the modified surface and incubated
for 2 h at room temperature. In the third step, the second layer containing 5 mM 2-ATP
was electropolymerized with 0.1 M KCl and 0.05 M PBS (pH = 6.8) over the potential
range (−0.2 V to 0.6 V) at a scan rate of 100 mV/s for 10 cycles. Finally, the printed
pattern was extracted in HCl solution (0.5 M) for 20 min. Electrochemical detection of
FEN by the MIP sensor was performed by placing 10 μL of each concentration of FEN
on the working electrode for 30 min. The electrochemical characteristics of the stepwise
MIP sensor fabrication were studied in a [Fe(CN)6]3−/4− 5 mM solution containing PBS
(pH = 7.2). The redox probe [Fe(CN)6]3−/4− was chosen as a marker to study the changes at
the electrode surface after each step of the sensor preparation. Similarly, a non-printed film
(Au-SPE/NIP) was prepared using the same procedure, but without adding the template
into the polymer solution. This was carried out in order to ensure that the observed effects
during the MIP detection steps were only related to the printing characteristics.
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Figure 1. Representation of the experimental procedure of stepwise MIP sensor fabrication.

2.3. .Electrochemical Measurements

A portable instrument (PalmSens3, Houten, The Netherlands) was used for performing
the electrochemical measurements. The screen-printed gold electrodes (Au-SPE) consisted
of a three-electrode system (purchased from Dropsens, Asturias, Spain), with a gold work-
ing electrode. (0.19 cm2), a silver reference electrode and a gold counter electrode (0.54 cm2).
The following three electrochemical techniques, cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and electrochemical impedance spectroscopy (EIS), were applied. They
were used during the development and detection phases to evaluate the sensor response
by measuring changes in current and resistance. The DPV measurements were carried out
by scanning the potential from −0.1 V to 0.2 V with a scan rate of 50 mV/s. The EIS was
measured at a bias potential of 10 mV over a frequency range of 0.1 Hz to 50 kHz. The
impedance data were appropriately adjusted using the Randles equivalent circuit.

2.4. Analysis of Olive Oil Samples

The prepared MIP sensor was applied to olive oil samples to detect the presence of
FEN. For this purpose, the extract of a Moroccan extra virgin olive oil collected from fields
in the province of Taounate, Morocco, supposed to be free of residues of the pesticide
FEN, a contaminated oil collected from an olive field in the province of Ouarzazate in
Morocco, and a commercial oil called Al Hora, were pretreated. The two olive oil samples
were pre-treated as follows: 1 mL of the oil samples was macerated and mixed with 5 mL
of methanol/water (4:1, v/v), for 1 h at room temperature. This allowed the remaining
pesticide residues in the samples to be extracted. This solution was centrifuged for 15 min
at 6000 rpm, which accelerated the transfer of the pesticide residues into the solution.
Next, the solvent methanol was evaporated from the supernatant at 65 ◦C (boiling point
of methanol), for 5 min and the extract was collected in an Eppendorf tube. Finally, we
deposited a volume of 10 μL of this mixture on the surface of the MIP sensor.

3. Results and Discussion

3.1. Electropolymerization of FEN Imprinted Film

After the functionalization step of the Au-SPE electrode, by 2-ATP with Au-NPs,
the prepared pre-electropolymerization complex, composed of a mixture of FEN with
acetonitrile, was electropolymerized via reactions between FEN and the second layer
containing 2-ATP.

In order to study the surface changes of Au-SPE (bare gold, after electropolymerization
and extraction), the CV was used for further characterization in a [Fe(CN)6]3−/4− 5 mM
solution, over the potential range of −0.4 V to 0.6 V at a scan rate of 20 mV/s. As shown in
Figure 2, the peak anode current (Ia) and potential (Ea) were recorded. As can be seen, the
CV signal of the bare gold electrode was lower than the MIP current, indicating that FEN
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had been successfully trapped on the Au-SPE electrodes, preventing [Fe(CN)6]3−/4− from
diffusing onto the Au-SPE surface. In addition, the NIP sensor had a lower peak current
due to the absence of FEN molecules in the polymer.

Figure 2. Cyclic voltammograms, Nyquist plots of 5 mM [Fe(CN)6]3−/4− solution at bare Au-SPE,
Au-SPE/MIP and Au-SPE/NIP.

Impedance spectroscopy was also used. As can be seen, the results obtained from the
EIS and the CV are consistent with each other.

3.2. Molecular Recognition by MIP and NIP Sensors

To verify the retention capacity of the sensor for different concentrations of FEN,
DPV and EIS techniques were used. Figure 3a shows the DPV and EIS responses of the
modified electrode for the detection of FEN in the range of 0.01 μg/mL to 17.3 μg/mL.
The [Fe(CN)6]3−/4− was used as a mediator between the printed electrodes and the
standard solutions.

In Figure 3a, it can be seen that the redox current peaks increased with increasing FEN
concentrations. This increase may have been due to the conductivity of the film covering
the surface of the Au-SPE. This confirms the binding of the FEN molecules that hindered
the electron transport of the redox probe [Fe(CN)6]3−/4−.

The same results were observed for the EIS technique. The semicircles of the Nyquist
diagrams decreased as the FEN concentrations increased. Thus, the increase in FEN
concentration produced a decrease in charge transfer resistance. The deposition of FEN
concentrations resulted in an increase in the overall conductivity of the electrode surface.
This demonstrates that the FEN molecules were well captured by the MIP sites.

When analyzing the NIP data obtained under the same conditions, it was found that
the current peaks varies slightly. This was probably due to the absence of FEN during
electropolymerization that did not involve the creation of specific cavities (Figure 3b). The
results of the NIP Nyquist plots show semi-circular patterns and negligible changes in
resistance values (Rtc). This means that the NIP sensor was not specific to FEN molecules,
confirming that the responses obtained by the MIP sensor were only due to the presence of
FEN-specific cavities.

3.3. Calibration Curve and Detection Limit

After optimizing the manufacturing process parameters, the MIP sensor was used for
synthetic FEN detection.

Figure 4 shows the calibration curve referring to the sensor responses to FEN exposure.
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Figure 3. Voltammograms, Nyquist plots of different FEN concentrations for (a) MIP and (b) NIP sensors.

 

Figure 4. Calibration curves obtained by DPV for MIP and NIP sensors towards FEN.

The DPV technique was performed in a potential window of −0.1 to 0.2 V. The working
range for synthetic detection was 0.01 to 17.3 μg/mL.

As a result, a satisfactory logarithmic relationship between the MIP sensor responses
and FEN concentrations was achieved (Y = 0.3Log C + 1.3; R2 = 0.98).

The limits of detection (LOD) and quantification (LOQ) were calculated using:

LOD/LOQ = kiLOD/LOQ × s/m, (1)
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where ki corresponds to the signal/noise ratio, k = 3.3 for the LOD and k = 10 for the
quantification limit (LOQ), s is the standard deviation of the intercept and m is the slope [12].
The LOD value was found to be 0.05 mg/Kg for the DPV measurements.

3.4. Selectivity of the MIP Sensor

To examine the selectivity of the MIP electrochemical sensor towards FEN, the inter-
ference of some similar molecular structures, including dimethoate (DMT) and malathion
(MAL), was examined [11,13,14]. The interference test was carried out with satisfactory
results. Figure 5 clearly shows that FEN’s MIP sensor has much higher current responses
compared to both analogues. It is, therefore, better suited for the selective detection of FEN.

 

Figure 5. Calibration curves obtained by DPV for MIP towards FEN and interferences.

3.5. Analysis of Olive Oil Samples

The developed MIP sensor was tested for the determination of FEN in contaminated
olive oil samples. Using the DPV technique, the responses of the MIP sensor were exploited.
In fact, the difference between the maximum current values of the blank and the sample
can be calculated using Equation (2) to obtain the FEN concentration in the real samples.

y = 0.3Log C + 1.3 (2)

The results obtained are summarized in Table 1. These results show a satisfactory
measurement accuracy of the MIP sensor with an acceptable RSD of 0.14% for olive oils.
The measured FEN content of the olive oil samples was 0.25 pg/mL for the Al Horra
commercial oil and 0.74 pg/mL for the Ouarzazate field oil.

Table 1. Detection of fen in olive oil samples.

Samples Concentrations (mg/kg) RSD (%) (n = 2)

Commercial oil Al Horra 0.3125 0.14
Ouarzazate field oil 0.925 0.20
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Abstract: The most common prostate cancer (PCa) diagnostics, which are based on detection of
prostate-specific antigens (PSA) in blood, have specificity limitations often resulting in both false-
positive and false-negative results; therefore, improvement in PCa diagnostics using more specific
PCa biomarkers is of high importance. Studies have shown that the long noncoding RNA Prostate
Cancer Antigen 3 (lncPCA3) that is over-expressed in the urine of prostate cancer patients is an ideal
biomarker for non-invasive early diagnostics of PCa. Geno-sensors based on aptamer bioreceptors
(aptasensors) offer cost- and time-effective, and precise diagnostic tools for detecting PCa biomarkers.
In this study, we report on further developments of RNA-based aptasensors exploiting optical (spec-
troscopic ellipsometry) measurements in comparison with electrochemical (CV and IS) measurements
published earlier. These sensors were made by immobilization of thiolated CG-3 RNA aptamers
on the surface of gold. Instead of a redox-labelled aptamer used previously in electrochemical
measurements, a non-labelled aptamer was used here in a combination with total internal reflection
ellipsometry (TIRE) measurements. The results obtained by these two methods were compared. The
method of TIRE is potentially highly sensitive and comparable in that respect with electrochemical
methods capable of detection of PCA3 in sub-pM levels of concentration. The required selectivity
is provided by the high affinity of PCA3-to-aptamer binding with KD in the 10−9 M range. The
spectroscopic ellipsometry measurements provided additional information on the processes of PCA3
to aptamer binding.

Keywords: aptamer; mRNA; PCA3; biosensor; TIRE

1. Introduction

Prostate cancer (PCa) is considered as one of the most common types of cancer world-
wide, and is the second leading cause of mortality among men after lung cancer [1,2].
There are clinical challenges for PCa early-stage diagnosis related to the asymptomatic
nature of the disease and the similarity of its symptoms to benign prostatitis [3]. Early
diagnosis of PCa can reduce mortality rates and increase the opportunity for effective
medical interventions, therefore, the development of reliable diagnostics of PCa is of high
importance [4,5]. Current diagnostics of PCa is based on the detection of total serum
prostate-specific antigens (PSA) in blood followed by (if PCa suspected) digital rectal exam-
ination and imaging studies [6,7]. However, the lack of specificity of PSA markers often
leads to both false-positive and false-negative results of the PSA test [8]. Hence, identifying
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alternative specific prostate cancer biomarkers and developing methods for their detec-
tion in the early stage of the disease is of high importance nowadays [9,10]. Several PCa
biomarkers have been identified as being over-expressed in prostate tumours [11]. The
differential display code 3 (DD3) gene, also known as prostate cancer antigen 3 (PCA3),
the long non-coding RNA (lncRNA) discovered in 1999 [12] has been widely accepted
as one of the specific biomarkers for malignant PCa [13–15]. PCA3 levels can predict the
prostatic biopsies’ outcome, especially in combination with other PCa biomarkers, such
as PSA, and can reduce the likelihood of false-positive results. The Prognesa® test based
on simultaneous detection of PCA3 and PSA using quantitative nucleic acid amplification
with high sensitivity and specificity is approved in USA [16]. However, such a test is
time-consuming and expensive. The development of PCA3 biosensors for express, accurate
and cost-effective diagnostics of PCa is a subject of high importance. Recent developments
in biosensing technologies related to the use of aptamers, synthetic bioreceptors having
specifically designed sequences of RNA or DNA oligonucleotides to provide the antibody-
like function towards a wide range of analytes, leads to substantial progress in cancer
diagnostics (including prostate cancer) [17,18]. The RNA-based aptamer (CG3 aptamer),
with a high affinity towards 277-bases section of PCA3 transcript, has been developed
recently [19]. The successful application of the CG3 aptamer functionalized with ferrocene
at C5′ terminal and immobilized on the surface of gold screen-printed electrodes via thiol
group at C3′ terminal for electrochemical in-vitro detection of PCA3 in low concentrations
down to sub-pM range was reported for the first time in [20].

One of the most attractive optical biosensing technology developed in the last decade
was the method of total internal reflection ellipsometry (TIRE) which is a combination of
spectroscopic ellipsometry (SE) and surface plasmon resonance (SPR) [21]. The method of
TIRE has a high sensitivity (10 times higher than conventional SRP) and thus is particularly
attractive for detection of small molecules, such as mycotoxins, in concentrations down to
ppt level [22,23]; it is also suitable for the study of adsorption kinetics and subsequent evalu-
ation of the affinity of bioreceptors (antibodies and aptamers). This work is mostly focused
on TIRE detection of PCA3 in direct assay with unlabelled CG3 aptamers immobilized on
the surface of gold. The results are compared to our data of electrochemical detection of
PCA3 using redox-labelled CG3 aptamer reported earlier in [20]. Our observations are a
step towards the long-term aim of developing a novel, accurate, simple, and cost-effective
diagnostic tool for the early detection of prostate cancer.

2. Materials and Methods

2.1. Chemicals

HEPES binding buffer (HBB) pH 7.2–7.6, sodium phosphate (Na2HPO4), potassium
phosphate (KH2PO4), potassium chloride (KCl), magnesium chloride (MgCl2), dithiothre-
itol (DTT), and sodium chloride (NaCl), were procured from Sigma-Aldrich (UK). All
reagents were of analytical grade. The biological target, the 277 nt target analyte fragment
of lncRNA PCA3, was purchased from Eurofins Genomics (Germany). The label-free CG-3
RNA-based aptamer (5′-AGUUUUUGCGUGUGCCCUUUUUGUCCCC-3′SH) for optical
measurements was acquired from Sangon-Biotech, China. The same aptamer, but labelled
with ferrocene at 5′, was used previously [20] for electrochemical detection of PCA3. Before
immobilization, the stock solution of aptamer (100 μM) was diluted at desired concentration
with PBB supplemented with 2 mM of DTT, then diluted aptamer solution was activated
by thermocycling in PCR unit (Prime TC3600) by heating to 90 ◦C for 5 min and cooling
down to 4 ◦C for 5 min. Immobilization of aptamers was carried out in 100 M HEPES
buffer (pH 7.4) with the addition of 2.5 mM DTT and 3 mM MgCl2. Optical measurements
were performed in the detection buffer, e.g., 100 mM PBS (pH 7.4), prepared by dissolving
10 mM Na2HPO4, 1.56 mM KH2PO4, 2.5 mM KCl, and 135 mM NaCl in water. Milli-Q
water was used for all preparations.
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2.2. TIRE-Optical Bio-Transducer

The TIRE experimental set-up schematically shown on inset in Figure 1 is based on
J.A. Woollam M2000 spectroscopic ellipsometer with the addition of a 68◦ glass prism
(providing the light coupling at total internal reflection conditions) which was optically
connected via index matching fluid with the gold coated glass slide. The PTFE cell of
0.2 mL in volume was sealed against the gold coated glass slide; the inlet and outlet tubes
allow the injection of the required liquid reagents in the cell. The principles of total internal
reflection ellipsometry (TIRE) measurements and data acquisition were described in detail
previously in [21–24].

 

 

Figure 1. Results of TIRE spectra measurements: (a) TIRE spectra for Au layer with aptamers
immobilized on the surface (solid line) and the same sample after binding 1 nM of PCA3 to aptamer
(dotted line); (b) A series of TIRE D-spectra demonstrating the “blue” spectral shift caused by binding
PCA3 of different concentrations: aptamer before exposure (1) and after exposure to PCA3 0.09 nM
(2), 0.5 nM (3), 1 nM (4), 10nM (5), and 100 nM (6).

Standard microscopic glass slides were cleaned in hot piranha solution (3:1 mixture
of H2SO4 and H2O2) for 10 min. followed by rinsing with deionized Milli-Q water and
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drying under a stream of nitrogen gas. Gold layers of about 20 to 25 nm in thickness were
evaporated on glass slides using Edwards E306A metal evaporator unit; an intermediate
layer of Cr (3 to 5 nm) was used to improve the adhesion of gold to glass. For TIRE
measurements, gold coated glass slides functionalized with label-free aptamer were used.

The PCA3 solutions were prepared by diluting the original stock solution (100 μM) in
PBS buffer to obtain the required concentrations of 0.09, 0.5, 1, 10, 100 nM. TIRE measure-
ments were performed in a sequential adsorption manner (starting with the injection of
lowest concentration of PCA3) and rinsing the cell after each adsorption step; the initial
TIRE measurements of pure buffer were used as a reference. The TIRE setup allows two
types of ellipsometric measurements: (i) single spectroscopic spectral scans performed in
PBS after completing each stage of molecular adsorption, and (ii) dynamic measurements,
e.g., recording of several spectroscopic scans during the binding of analytes (PCA3) to
receptors (CG3 aptamer) which provides the information on the reaction’s kinetics.

3. Results and Discussion

3.1. Results of TIRE Single Spectroscopic Measurements

Typical TIRE spectra of Ψ and Δ of Au/Cr layer on the glass slide functionalized with
aptamers are shown in Figure 1. The maximum and minimum in the spectrum of the
amplitude-related parameter Ψ correspond, respectively, to the conditions of total internal
reflection (TIR) and surface plasmon resonance (SPR), while a sharp drop in a spectrum of
phase related parameter Δ is a new quantity non-existent in traditional SPR. The position
of such a phase drop is highly sensitive to changes in the optical density of a molecular
layer adsorbed the surface of gold; the increase in the molecular layer thickness causes a
“red” spectral shift, while thickness decrease causes a “blue” spectral shift of Δ spectrum.

As one ca see in Figure 1a, binding PCA3 from its 0.5 nM solution in PBS to its specific
aptamer results in a blue shift of both Ψ and Δ spectra (dotted lines) as compared to the
spectra of unperturbed aptamer layer (solid lines).

As shown in Figure 1b, the increase in concentration of PCA3 causes a progressive
increase in the blue (negative) spectral shift until the saturation of binding sites, e.g.,
aptamers) occurs at concentrations larger than 1nM. The saturation of the TIRE sensor
response at the level of about −9.5 nm shown as inset in Figure 1b corresponds to a
decrease in the film thickness of around 2 nm. The negative control tests were carried out
by adsorbing molecules having scrambled the sequence of PCA3, resulting in the “red”
(positive) spectral shift of about 20 nm associated with the thickness increase of about 4 nm.

These results can be understood using the model shown in Figure 2 which schemati-
cally illustrates the process of PCA3 to aptamer binding during which the aptamer engulfs
the target resulting in the thickness decrease. Contrarily, non-specific binding of the scram-
bled PCA3 to the aptamer results in the thickness increase. Interestingly, that prolonged
exposure of aptamer to large concentrations of PCA3 (10 nM and 100 nM) also causes
the red spectral shift which is due to the non-specific adsorption (or piling up) of PCA3
molecules. Another explanation of the saturation of the sensor response at relatively low
concentrations of PCA3 is in high density of the immobilized aptamers which have no
room for coiling around large target molecules of PCA3; optimization of the aptamer
concentration is therefore required.

It is worth mentioning that the binding of 90 pM (the lowest concentration used) of
PCA3 causes a substantial spectral shift of about 5 nm. Considering the high accuracy of
ellipsometry measurements with the noise level of Ψ and Δ in the second decimal digits the
actual limit of detection (LOD) could be much lower. In this work, however, the evaluation
of LOD was not a priority.

Additional spectroscopic ellipsometry measurements were carried out on dried sam-
ples, in order to evaluate the thickness of the aptamer layer covalently bound on the surface
of gold. The thicknesses of Au (17 nm to 20 nm) and Cr (5 nm to 7 nm) layers were eval-
uated first from the measurements on bare metal layers. The aptamer layer thickness of
2.5 nm was found. The thermocycling of gold coated slides with immobilized aptamer in
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PCR unit (e.g., heating up to 95 ◦C and cooling down to 5 ◦C during 10 min.) has resulted
in the aptamer layer thickness increase up to 4.5 nm. This shows that aptamer molecules
tend to coil in a dry state, while thermocycling in a buffer solution containing Mg2+ ions
stabilizes the aptamer structure in the original stretched form suitable for sensing. Such a
procedure is recommended for “refreshing” the samples of aptamers immobilized on gold
prior to conducting sensing tests.

Figure 2. Schematic diagram of specific and non-specific binding of molecules to unlabeled aptamers
immobilized on the surface of gold.

3.2. TIRE Study of the Binding Kinetics

TIRE spectral measurements were carried out (at certain time intervals) during binding
PCA3 to aptamers immobilized on the surface of gold. The resulted massive data files
can be processed by plotting the time dependencies of either Ψ or Δ at fixed wavelength
typically selected on the left side of the resonance (see red dotted line in Figure 1a). A
typical example of TIRE binding kinetics of PCA3 (0.5 nM) to aptamers is given in Figure 3a
as the time dependence of Ψ at 700 nm. These data were fitted to the rising exponential
function with the parameters of the equation given as an inset. The parameter of interest
was the time constant (τ). Such measurements were carried out at different concentrations
of PCA3 (C) and the characteristic time constants (τ) were evaluated at each concentration.
According to the theory of molecular adsorption [20], the rates of adsorption and desorption
(ka and kd) can be found, respectively, as the gradient and intercept of the following linear
equation: 1

τ = kaC + kd, then the association and affinity constants (KA and KD) can be
found as KA = ka/kd , KD = 1/KD.

Linear dependence of 1/(τ) vs. C given in Figure 3b in both logarithmic and linear
coordinates yields the values of KA = 3.87 × 1010 M−1 and KD = 2.58 × 10−9 M which
are very similar to those obtained earlier by the electrochemical method of CV [20]. Also,
the TIRE experiments revealed anomalous kinetics at high concentrations of PCA3 when
soon after reaching the saturation the response started to rise again. This is most likely
associated with the non-specific adsorption of PCA3.
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Figure 3. Evaluation of the PCA3 to aptamer binding affinity from dynamic TIRE measurements:
(a) example of Ψ time dependence upon binding PCA3 (0.5 nM) to aptamer immobilized on the
surface of Au; The values of Ψ at 700 nm were presented; (b) evaluation of KA and KD from the
1/τ(C) dependence given in logarithmic and linear scales.

4. Conclusions: Comparison of the Electrochemical and Optical Detection Strategies

The use of the TIRE method for detection of the lncRNA transcript PCA3 in direct assay
with non-labelled aptamer immobilized on the surface proved to be promising. In contrast
to electrochemical detection based on labelled aptamers, the optical detection using TIRE
showed the increase in the molecular layer thickness caused by the non-specific binding of
PCA3 which cannot be detected with the electrochemical method. In terms of sensitivity,
the method of TIRE is potentially capable of detection of PCA3 in low concentrations (much
lower than 0.09 nM used in this work) which could be comparable with the values of LOD
reported earlier for electrochemical CV (0.35 pM–0.78 pM) and EIS (0.26 pM) methods [20].
More detailed optical study in a wider concentration range of PCA3 and optimization
of aptamer concentration is currently underway. The high affinity of unlabeled aptamer
towards PCA3 was confirmed by TIRE kinetics study which gave similar values KA and
KD to those obtained previously from CV measurements for an aptamer labelled with
ferrocene [20].
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From the point of view of sensing, electrochemical methods are more attractive be-
cause of the low cost and simplicity of use, however the optical method of TIRE provides
important complementary information on the thickness of molecular layers which allows
for better understanding of the processes of aptamer-target interaction.
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Abstract: Gas selective sensors that are capable of sensing at hot-gas environment are increasingly
gaining importance for the monitoring of combustion and thermal processes releasing NO, NO2

and H2 containing hot gases at temperatures exceeding 600 ◦C. Despite some drawbacks, TiO2 is
capable of operating as a gas sensor above 500 ◦C. In this context, Ni-doped TiO2, Co-doped TiO2

and Rh-doped BaTiO3 have been prepared by oxalate coprecipitation route and fully characterized.
Co-doping of TiO2 promotes p-type behavior exhibiting good sensing properties to NO2 while
Ni-doping displays the maintenance of n-type behavior and better H2-sensing properties at 600 ◦C.
Rh-doped BaTiO3 shows excellent NO sensing properties at 900 ◦C.

Keywords: Ni-doped TiO2; Co-doped TiO2; Rh-doped TiO2; coprecipitation; high-temperature
gas sensor

1. Introduction

High temperature gas sensors are mainly designed to solve gas detection and monitor-
ing problems with a high operating temperature environment, such as gas turbine, nuclear
power plants and automobile internal combustion engine emission [1]. As far as target
gases are concerned NOx (NO2, NO) and H2 are among the most important. NOx is a
severely toxic gas with a pungent odor arising mostly from the related human activities
involving high temperature such as combustion of coal and oil at electric power plants,
combustion of chemical plant and also in emissions from automotive and aircraft engines.
NOx-emission leads to harmful effects on the environment and health. There is an urgent
need to develop sensor control systems for exhaust emission gases to directly monitor
NOx at temperatures in the range of 400–900 ◦C [2]. As far as hydrogen is concerned, it
is the best candidate to replace the hydrocarbon-based fuels used in many combustion
engines such as those in automobiles and aircraft, which are responsible for much of today’s
air pollution [3]. Hydrogen seems to be a green, renewable energy carrier that can help
solve the problems of non-sustainable energy use (fossil fuels). However, the efficient
application of hydrogen requires careful consideration of the relevant safety concern. In
fact, its physico-chemical properties make hydrogen a highly explosive gas [3,4]. Moreover,
as hydrogen is colorless, odorless and tasteless, the ability to detect a hydrogen leak by
means of selective sensors is highly desired.

Chemiresistive gas sensors based on semiconductor metal oxides have been drawing
more and more attention because of their advantages such as low cost, lightweight, fast
response/recovery times and high compatibility with microelectronic processing. Graphene
and its derivatives, as well as some organic semiconductor-based materials constitute also
an interesting family of chemo-resistive gas sensor due to their large surface area, good
electrical, thermal and mechanical properties [5,6].

Chem. Proc. 2021, 5, 66. https://doi.org/10.3390/CSAC2021-10480 https://www.mdpi.com/journal/chemproc391



Chem. Proc. 2021, 5, 66 2 of 8

Cost effective metal oxide-based gas sensors such as SnO2, WO3, ZnO, NiO or CuO
operate mostly at temperatures below 400 ◦C [7–10]. There are only few reports in literature
focusing on their gas sensing above 400 ◦C. TiO2 is one of them to be capable of operating
above 500 ◦C. The additional benefits of TiO2 are non-toxicity, easy fabrication, and the
good chemical stability [11]. However, TiO2 is a high resistive n-type semiconductor with
relatively poor conductivity for sensing oxidative gases such as NO2. This disadvantage
was previously reported to be overcome through addition of low valence dopant atoms
which alter the electronic structure [12–15]. Another strategy is to use catalytically doped
perovskite-based titanium compounds such as BaTiO3. In this work, we report the synthesis
of Co-doped TiO2, Ni doped TiO2 and Rh-doped BaTiO3 by co-precipitation method and
demonstrate gas sensing ability toward NO2, NO and H2 above 500 ◦C. Our results yield
that Co-doping of TiO2 promotes p-type behavior exhibiting good sensing properties to
NO2 while Ni-doping displays the maintenance of n-type behavior and better H2-sensing
properties at 600 ◦C. More interestingly, Rh-doped BaTiO3 shows excellent NO sensing
properties even at 900 ◦C.

2. Materials and Methods

2.1. Preparation of the Different Sensing Materials

Ni-doped TiO2 nanoparticles were prepared using the co-precipitation synthesis route
followed by calcination. The starting precursor solutions were first prepared by dissolving
nickel acetate in acetic acid while pure ethanol was used separately to dissolve titanium
iso-propoxide (TTIP). The adjustment between the previously prepared nickel and titanium
solution has been performed so that the final obtained mix would contain 0.0, 0.5, 1.0
and 2.0 mol.% of nickel dopant in TiO2 and were labeled as TN0, TN05, TN1 and TN2,
respectively. The solutions were then mixed and stirred for 5 min. Oxalic acid was used
as the precipitating agent. It was dissolved in absolute ethanol solution and poured
progressively into the previously mixed solutions. In order to achieve a total precipitation,
the resulting mixtures were stirred for 1 h at room temperature, followed by the filtration
and drying of the obtained precipitate at 80 ◦C. A white powder was obtained for the
undoped precursor and a yellowish colored powder for the Ni-doped precursor samples.
The prepared precursor powders were then calcined in a muffle furnace under static air for
3 h at 700 ◦C to obtain the nano-particulate powders.

Co-doped TiO2 nanoparticles were synthesized by employing the same processing
route. The cobalt acetate and titanium iso-propoxide solutions were adjusted to obtain 0.5
and 1 mol.% of cobalt in TiO2 and were labeled as 0.5Co-doped TiO2 and 1Co-doped TiO2,
respectively. The so-obtained precipitate was filtered and dried in oven at 80 ◦C yielding a
pink colored powder for the Co-doped samples.

The synthesis of Rh-doped BaTiO3 (designated as BTR1-OX-900) was also prepared by
coprecipitation by following the same procedure. The amount of the aqueous Rh-nitrate
solution, barium acetate and titanium iso-propoxide were adjusted to yield perovskites
with the following composition: BaTi0.98Rh0.02O3. The as-prepared precursor powder was
calcined in a ceramic combustion boat holder at 900 ◦C in a muffle furnace (5 ◦C min−1)
for one hour under static air. In order to activate this material, it was treated under 2% of
hydrogen at 900 ◦C for two hours.

2.2. Materials Characterization

The XRD diffractograms of all the samples were obtained at room temperature with
a D5000 Siemens Kristalloflex θ–2θ powder diffractometer which has a Bragg-Brentano
geometry and equipped with Cu-Kα radiation (λ = 1.54178 Å) and a standard scintillation
counter detector.

Bruker Senterra Raman spectrometer (from Bruker Optik GmbH, Ettlingen, Germany)
was used to record all the Raman spectra at room temperature under 532 nm and 0.2 mW
power laser excitation, which was focused on samples through a 50X objective (Olympus
MPlan N 50X/0.75).
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The particles’ morphology was determined by Scanning Electron Microscopic (SEM)
analysis and was carried out in a Zeiss Ultra 55 microscope.

2.3. Sensor Preparation

The as prepared materials (Co-doped TiO2, Ni-doped TiO2 and Rh-doped BaTiO2)
powders were deposited as thick films (~20 μm) using a simple drop-coating method on
alumina substrates that were previously fitted with interdigitated electrodes. The sensor
response for n-type semiconductors is defined by (Rgas/Rair − 1) × 100 and (Rair/Rgas
− 1) × 100 for oxidizing and reducing gases, respectively, while for p-type semiconduc-
tor, (Rgas/Rair − 1) × 100 and (Rair/Rgas − 1) × 100 for reducing and oxidizing gases
respectively. R is the electrical resistance of the sensor material in air (Rair) or in gas (Rgas)

3. Results and Discussion

The phase identification derived from powder XRD analysis is presented on Figure 1.
As can be observed in Figure 1a for Ni-doped TiO2, the results indicate that anatase is
present in those from undoped to 1% Ni-doped TiO2, while rutile is the only phase present
in the 2% Ni-doped TiO2 powders. The amount of anatase (JCPDS 21-1272) decreases as
the amount of nickel increases while the amount of rutile (JCPDS 21-1276) follows the
opposite trend. A trace amount of ilmenite, NiTiO3 is observed at 32.5◦ in the TN1 and TN2
samples (JCPDS 33-0960). These results indicate that Ni promotes the transition of anatase
to rutile. As far as Co-doped TiO2 is concerned, the results depicted on Figure 1b reveal that,
the undoped and the 0.5Co-doped TiO2 samples showed pure TiO2 consisted of its two
polymorphs; anatase (majority) and rutile phases (minority). No other phase containing Co
was observed. The 1Co-doped TiO2 sample showed only single phase TiO2 but this time
the rutile polymorph was the major phase as anatase phase was in trace amount. The X-ray
results indicate that the cobalt dopant promotes also the anatase-to-rutile phase conversion
of TiO2 but not progressively as nickel. The results of XRD analysis performed on the
Rh-doped BaTiO3 (before and after the activation) are presented in Figure 1c. As shown,
the major phase is BaTiO3 (according to JCPDS 075-0462) and a trace amount of BaCO3
phase is observed. No evidence of an Rh phase was encountered indicating the substitution
of Ti by Rh.

Figure 1. (a) Powder XRD patterns of Ni-doped TiO2, (b) Co-doped TiO2 and (c) Rh-doped BaTiO3.

Figure 2 shows the morphology of the synthesized powders investigated by SEM.
Concerning Ni-doped TiO2 (Figure 2a), as far as the undoped powder sample is concerned,
the microstructural investigation reveals spherical nanoparticles with sizes around 70 nm,
which tend to agglomerate. While the TN05 sample shows more agglomerated spherical
particles, the TN1 and TN2 samples show less agglomeration with the appearance of small
pores and particle size reduction for the TN2 samples. Figure 2b shows the morphology of
the Co-doped TiO2 synthetized powders. The SEM investigation revealed the formation of
spherical nanoparticles with sizes around 70 nm. As the sample 0.5Co-doped TiO2 shows
more agglomerated spherical particles, the sample 1Co-doped TiO2 presented larger and
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well-faceted rhombohedral crystallites with less agglomeration. As SEM pictures display
in Figure 2b the Rh-doped BaTiO3 has the well-defined and homogeneously distributed
spherical nanoparticles (~50 nm).

Figure 2. SEM images of (a) undoped and Ni-doped TiO2 powders and (b) Co-doped TiO2 and
Rh-doped BaTiO3.

The Raman spectra of the samples were obtained between the wavenumbers of
175–800 cm−1 and the results are presented in Figure 3. The results of Ni-doped TiO2
Raman analysis (Figure 3a) show that the main signals came from TiO2. The samples TN0
and TN05 show very strong Raman signals, with peaks at 196(Eg), 396(B1g), 517(A1g) and
638(B1g) cm−1 from the typical anatase TiO2 phase [16]. A weak peak at 447 cm−1 (Eg)
attributed to rutile is observed in TN05. Samples TN1 and TN2, which contain larger
amounts of Ni, present the Raman signals corresponding to both the anatase and rutile
(447(Eg), 612(A1g) cm−1) phase [17]. In addition to the anatase and rutile phases, another
set of Raman vibrations emerges in the TN1 and TN2 samples. The peaks at 244, 345 and
706 cm−1 are assigned to a trace amount of ilmenite, NiTiO3. In the Figure 3b showing
the results of Co-doped TiO2, the Raman lines observed at 197, 390, 511, 637 cm−1 can be
assigned to Eg, B1g, A1g, or B1g and Eg modes of anatase phase respectively. The spectra
show that the peak intensities decrease drastically after doping, due certainly to the de-
crease of the amount of anatase and the formation of rutile as indicated by XRD. Moreover,
the Raman spectra of 1Co-doped TiO2 yielded a smaller shift towards lower wavelengths
while new peaks (436 cm−1) appeared indicating the presence of rutile polymorph, as
mentioned in literature [17]. Raman spectra of Rh-doped BaTiO3 are displayed in Figure 3c.
It shows the peaks at 270, 308, 525 and 725 cm−1 which are assigned respectively to the
A1(TO2), E(TO2), A1(TO3), and A1(LO3) of barium titanate modes of the room temperature
P4mm phase.

Based on our previous results on undoped, Al and Cr-doped TiO2, 600 ◦C was chosen
as the optimum sensing temperature for Ni and Co doped TiO2 in this work [12,13].
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Figure 3. (a) Raman spectra of undoped and Ni-doped TiO2, (b) Co-doped TiO2 and (c) Rh-doped
BaTiO3.

The responses of the undoped TiO2 and all Ni-doped TiO2 towards 10,000 ppm H2
in dry synthetic air at 600 ◦C are shown in Figure 4a. The sensor responses are 42, 72, 70
and 62% for TN0, TN05, TN1 and TN2, respectively. It can be observed that the sensor
response increases greatly as Ni-content increases up to 0.5 mol.% and then decreases
slowly with further increase in the Ni-content to 2.0 mol.%. This implies that the sensor
reaches its maximum response of 72% with 0.5 mol.% of Ni dopant. It can be assumed that
this enhancement of gas sensor response may be due to the formation of a n-n junction
between the anatase (Eg = 3.2 eV) and rutile (Eg = 3.0 eV) phases. As revealed by XRD
results, the TN05 sample contains almost the same amount of anatase and rutile phases
(which is not the case with the other samples in this work), and thus, the highest amount of
n-n junctions are expected to be present in this sample. This kind of junction effect has also
been reported for other n-n junction systems such as ZnO-SnO2 [18] and SnO2-WO3 [19].
The achievement of a great selectivity towards the target gas is a key parameter and a
very important characteristic. Therefore, the responses of the TN05 gas sensor towards a
variety of interference gases including NO2, CO, and NO at 600 ◦C in dry synthetic air were
explored to evaluate its selectivity. As observed in Figure 4b, the response of this sensor
towards 600 ppm of H2 (35%) is at least a factor of two higher than that towards 300 ppm
of CO (12%), 300 ppm of NO2 (11%) and 300 ppm of NO (7%). The sensor’s H2-response
was a factor of two greater compared to that for 300 ppm of all the tested interfering gases,
yielding the highest value and indicating a relatively high selectivity potential of the sensor
towards H2.

Figure 4. (a) Response of gas sensors based on undoped TiO2 and Ni-doped TiO2 to 10,000 ppm of
hydrogen gas at the optimum operating temperature of 600 ◦C. (b) Response of gas sensor based on
0.5% Ni-doped TiO2 to various gases including 600 ppm of H2, 300 ppm of NO2, NO and CO all in
dry air at 600 ◦C.
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As Figure 5a shows, the sensors yield higher response towards H2 than NO2. The
H2 sensor responses are 42, 23 and 33% for undoped, 0.5Co-doped TiO2 and 1Co-doped
TiO2, respectively. The undoped sample shows the highest response toward H2. The
presence of Co-dopant seems to decrease the H2-sensing performance of TiO2 even though
doping creates more oxygen vacancies in TiO2. This behavior can be attributed to the
increase of rutile polymorph content on doping with cobalt, as previously reported, rutile
is the less active (in term of functional properties) polymorph of TiO2 [20]. On the other
hand, the 1Co-doped TiO2 which contains predominantly rutile polymorph showed a
higher response toward H2 than 0.5Co-doped TiO2. This discrepancy can be explained by
alteration of the conductivity from n-type to p-type. In fact, the dynamic response of the
sensors toward H2 given in Figure 5b reveals that undoped and 0.5Co-doped TiO2 exhibit
n-type semi-conductivity (i.e., their electrical resistance decreases upon interaction with
hydrogen) while the 1Co-doped TiO2 yields p-type conductivity (its electrical resistance
increases when reducing gas is introduced). The sensor responses measured toward the
oxidizing gas NO2 were 5, 3 and 8% for undoped, 0.5Co-doped TiO2 and 1Co-doped
TiO2 respectively. In the case of NO2 sensing, the 1Co-doped TiO2 showed the highest
response. This may be mainly due to the electronic alteration of TiO2 from n to p-type
semiconductor. Previous literature points out that this alteration can be utilized for the
detection of oxidizing gas. Our current results confirm that the dominant factor for the
gas sensing property of the Co-doped TiO2 depend on the existing polymorphs as well as
the nature of target gas (oxidizing or reducing). In the case of reducing gases, the type of
polymorphs has more influence on the gas sensitivity than the type of electronic structure,
while an opposite trend can be observed for oxidizing gases.

Figure 5. (a) Sensor response of undoped and Co-doped TiO2 towards NO2 and H2 at 600 ◦C and
(b) their dynamic responses towards H2.

Figure 6a shows the sensor responses of the hydrogen treated Rh-doped BaTiO3
towards 200 ppm of nitrogen oxide (NO) at a different operating temperature under
dry and humid (10% of RH) synthetic air and the dynamic response at 700 and 900 ◦C,
respectively. The sensor responses are 14, 2, 6, 7% in dry air, 6, 12, 16 and 18% in humid
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air at 600, 700, 800, and 900 ◦C, respectively. In dry air, the sensor response decreases
from 14 to 7% in general with the increasing temperature, while in humid air, the sensor
response increases from 6 to 18% as the temperature increases. The maximum sensor
response is therefore obtained at 900 ◦C under humidity. This enhancement of sensing
properties in the presence of humidity can be explained by the affinity between adsorbed
hydroxyl group (generated after thermal decomposition of water) and the NO. In fact, at
high temperatures, H2O in water vapor decomposes, and hydroxyl is adsorbed on the
sensing layer. As the temperature increases, more decomposition will occur, and more
hydroxyl groups will be adsorbed on the surface, enhancing the NO sensor response. To
the best of our knowledge, this is the first time that NO detection is reported at such a high
temperature in the humid. Therefore, we have investigated intensely further gas sensing
characteristics of this material under these extreme conditions (e.g., at 900 ◦C under humid
air). Two other main products for fuel combustion are NO2 and CO. Their presence in the
exhaust gas stream at a high temperature can cause important hinderance for the NO gas
sensing application. Our sensor’s selectivity toward NO against CO and NO2 at 900 ◦C
under humid air was investigated. Figure 6b shows the different responses of the sensor to
200 ppm of NO, NO2 and CO. The results indicate that at 900 ◦C, the response to 200 ppm
of NO (18%) is higher than that of 200 ppm of NO2 (8.7%) and 200 ppm of CO (8.4%). This
implies that this sensor is at least twice as much sensitive to NO than NO2 and CO. This
good selectivity is ascribed to the catalytic effect of Rhodium-NPs on the oxidation of NO,
which will promote and enhance the adsorption and the oxidation of NO preferentially. It
is reported in the literature that Rhodium which is currently and often used in TWC, is a
suitable catalyst for NO oxidation [21].

Figure 6. (a) Response of gas sensor based on activated Rh-doped BaTiO3 to 200 ppm of NO in dry
and humid air at different operating temperatures and (b) its selectivity investigation.

4. Conclusions

This paper reports the successful synthesis of Ni-doped TiO2, Co-doped TiO2 and
Rh-doped BaTiO3 nanoparticles by a facile co-precipitation route through the use of oxalic
acid. Their NO2, NO and hydrogen sensing properties at high temperatures (≤600 ◦C) were
investigated. According to structural characterization the substitution of Ti4+ by dopant
(Ni2+, Co3+ and Rh3+) was effective and creates more oxygen vacancies which promotes the
anatase-to-rutile transformation in the case of Ni and Co doped TiO2. Enhanced sensing
properties with respect to H2 were observed for 0.5% Ni-doped TiO2 in comparison to
undoped and 1 and 2% Ni-doped TiO2. The sample 1Co-doped TiO2 which reveals p-type
conductive behavior yields an enhanced NO2 response at 600 ◦C under air as carrier gas.
With Rh-doped BaTiO3, it was possible to detect NO at 900 ◦C under humid air with a
good response (18% for 200 NO ppm) and good selectivity (twice as much sensitive to NO
than CO and NO2). Titanium based materials appear as a promising high temperature gas
sensor in harsh environment.
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Abstract: Macroalgae are regarded as a healthy food due to their composition and nutritional
properties. In this work, nutritional composition of two green (Ulva rigida, Codium tomentosum)
and two red (Palmaria palmata, Porphyra purpurea) edible seaweed was studied. Total lipids were
measured gravimetrically as evaporated mass after petroleum-ether Soxhlet extraction of samples. In
addition, fatty acid profile was determined by gas chromatography coupled to a flame ionization
detector (GC-FID). Results showed that all studied species were accounted for very low levels of
lipids (<1% dw), but levels of unsaturated fatty acids oleic, linoleic, and linolenic acids were present
at high concentrations, with P. palmata displaying the highest quantities (>200 mg C18:1/g extract).
In parallel, proteins were quantified following the macro-Kjeldahl method. In this analysis, red algae,
especially P. purpurea, showed significant protein content up to 30% DW. Total organic acids were
found by ultra-filtration liquid-chromatography coupled to an amperometry detector (UFLC-PAD)
after an acid extraction, P. purpurea being the algae with the higher organic acid content (10.61% dw).
Minerals were identified and quantified by inductively coupled plasma atomic emission spectroscopy
(ICP-OES), suggesting that both algae groups are rich in K and Mg (>15 g/kg), but U. rigida also
displayed a remarkable iron content (>1 g Fe/kg). Other detected minerals in minor concentrations
were Ca, P or F. Altogether, results corroborate that these edible algae are a good source of nutrients
in accordance with literature.

Keywords: macroalgae; nutrition; composition; chromatography; minerals

1. Introduction

Seaweeds (macroalgae) are common ingredients in East Asian cuisine, of which many
species such as wakame (Undaria pinnatifida), sweet kelp (Saccharina latissima) or nori
(Porphyra purpurea) are used in different dishes. Seaweeds have long been recognized as
healthy foods owing to their low caloric index and high content in dietary fiber, minerals
and antioxidant molecules such as their cell wall polysaccharides [1,2] Besides, in recent
years, there has been an increasing consumer interest in vegetarian food sources. In
this context, algae could be a valuable alternative source of essential macronutrients.
Indeed, seaweeds have been proposed as an alternative ingredient for the formulation
of nutritional supplements that could cover various dietary needs [3]. One of the key
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nutritional components is protein and the amino acid composition of a food protein. It
is known that red seaweeds account for a protein content between 20 and 47% of its dry
weight (dw), while green algae generally contains about 9–26% and brown seaweeds
3 to 15% [4]. From a nutritional perspective, seaweed proteins are also valuable since
their content in essential amino acids is generally higher (~50%) than legumes (~40%) [5].
Seaweeds have also been generally described to contain very low levels of lipids usually
between 1 and 4% dw, but nonetheless rich in polyunsaturated fatty acids (PUFA) [6].
Considering their mineral composition, seaweeds tend to hold much higher content of
potassium, magnesium or calcium than several terrestrial plants. However, they are also
described to generally accumulate iodine in great amounts of which an excessive intake
could be hazardous to thyroid function [7]. In some cases, hazardous levels of arsenic
have also been reported, which requires monitoring and assessment upon consumption
of certain species [8]. Nonetheless, the nutritional composition of several seaweed species
considering their growing region remains to be described, especially considering traditional
methods for determining proximate compositions. In this work, nutritional composition
of edible seaweed Ulva rigida (UR), Codium tomentosum (CT), Palmaria palmata (PA) and
Porphyra purpurea (PU) widely distributed in Atlantic shores was studied using standardized
analytical methods.

2. Material and Methods

2.1. Sample Preparation

Algae samples were provided by Algas Atlánticas Algamar S.L company (www.
algamar.es, accessed on 1 July 2021) located in Pontevedra, Spain. The algae samples were
collected from the coasts of the Galician region, Pontevedra province (NW Spain), washed
with distilled water, frozen at −80 ◦C and freeze-dried afterwards. The seaweed samples
were then crushed and grinded to obtain a homogeneous matrix, which was stored at
−20 ◦C for further analysis.

2.2. Proximate Composition

Proximate composition was studied following AOAC guidelines (1995) [9]. All ther-
mogravimetric analyses were carried out with a SETSYS Evolution thermobalance (Setaram,
Caluire-et-Cuire, France). Results are expressed as g per 100 g dw.

Humidity was determined by a gravimetric method. 1 g of sample was deposited in
a previously dried (104 ◦C/24 h) ceramic crucible. Next, the crucibles with fresh sample
were placed in an oven at 104 ◦C for 24 h. After that time, they were weighed again, and
humidity was calculated as the weight difference.

2.2.1. Inorganic Material

To find the content of inorganic material (Ash), 250 mg were placed in a porcelain
crucible (previously weighed) and the samples were incinerated at 600 ± 15 ◦C for 5 h. The
crucible was then weighed with the resulting sample content. The obtained difference in
weight was calculated as the ash value for each sample.

2.2.2. Protein Content

Protein content was determined according to the macro-Kjeldahl method [10]. Briefly,
500 mg of sample were placed in a Kjeldahl tube, then adding a catalytic tablet (Sigma
Aldrich, St. Louis, MO, USA) and 20 mL of sulfuric acid. The tubes were placed in
a digestive block and the temperature was gradually increased to 400 ◦C for 70 min.
The tubes were then removed, allowed to briefly cool, and 25 mL of distilled H2O was
added. The nitrogen (N) converted to ammonia was measured with a macro-Kjeldahl
distiller. The resulting N value was multiplied by a correction factor of 6.25 to obtain the
estimate of the protein content, an extensively used correction factor for algae N-to-protein
determinations [11].
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2.2.3. Lipids

For total lipids determination, 3 g of sample were placed inside a paper cartridge. An
extraction with petroleum ether was then conducted through a ST 243 SOXTEC Soxhlet
extraction system (Foss, Hillerød, Denmark) at a constant temperature of 120 ◦C for 7 h.
The resulting product was transferred to a ground test tube, previously weighed, and
placed in the oven for evaporation of the solvent. After solvent evaporation, the tube was
weighed again to obtain, by difference, the total lipids content.

2.2.4. Fiber and Hydrocarbons

Fiber was determined following the gravimetric AOAC method [9]. Briefly, 1 g of dried
sample was sequentially treated with α-amylase from Bacillus licheniformis (pH 6, 30 min,
37 ◦C), protease from Bacillus licheniformis (pH 7.5, 30 min, 37 ◦C) and amyloglucosidase
from Aspergillus niger (pH 4.5, 30 min, 40 ◦C). The obtained residue was precipitated with
4 times its volume in ethanol and filtered through a 0.45 μm paper syringe filter. The
obtained difference in weight was calculated as total fiber.

Total hydrocarbons were calculated as the difference of the rest of the components,
following Equation (1) and the results expressed as % (g/100 g dw) [12]:

Hydrocarbons = 100 − (Lipids + Proteins + Ash + Fiber) (1)

2.3. Organic Acids

To determine the organic acid content, 1 g of each sample was weighed, and an
extraction was carried out with 25 mL of 4.5% metaphosphoric acid, while stirring for
20 min. It was then filtered through paper and nylon (0.22 μm) to be able to work in
ultra-fast liquid chromatography coupled to a photodiode array detector (UFLC-PAD).

The analysis was performed using a Shimadzu 20A series UFLC (Shimadzu, Kyoto,
Japan) Separation was achieved on a SphereClone (Phenomenex, Torrance, CA, USA)
reverse phase C18 column (5 μm, 250× 4.6 mm) at 35 ◦C. Sulfuric acid 3.6 mM was used as
mobile phase with a flow rate of 0.8 mL/min. Detection was carried out using wavelengths
between 215 and 245 nm. Detected organic acids were quantified by comparison of the area
of their peaks with calibration curves obtained by comparison to an ascorbic acid standard
(Sigma Aldrich, St. Luois, MO, USA).

2.4. Mineral Content

For mineral detection and quantification, 2 g samples were subjected to a metaphos-
phoric acid digestion for 10 min and analyzed afterwards with optic emission spectrometry
with inductively coupled plasma (ICP-OES) using an Optima 4300 DV instrument (Perkin
Elmer, Whaltman, MA, USA) [9]. Briefly, quantification of minerals was determined fol-
lowing detection in specific wavelengths for Ca (317.9 nm), Mg, (285.2 nm), Cl, (134.7 nm),
Fe (248.6 nm), Mn (279.4 nm), Zn (206.2 nm), K, (769.9 nm), I (178.2 nm), F, (685.6 nm), As
(188.9 nm), P (213.6 nm) with RF power of 1450 W and at an argon plasma flow of 15 L/min.
Results are expressed as g/kg dw.

2.5. Fatty Acid Profile

To carry out this determination, the product resulting from the lipids Soxhlet extraction
was used and a derivatization process was carried out to obtain fatty acid methyl esters
(FAME). 5 mL of reagent A (MeOH, H2SO4 and C7H8) was added in a 2:1:1 ratio and they
were kept in a bath at 50 ◦C while stirring at 160 rpm for 12 h. Afterwards, 3 mL of distilled
H2O was added, then adding 3 mL of diethyl ether under vigorous and continuing stirring
until a homogeneous sample was obtained. Later, the two phases separation was allowed
to occur, and the supernatant was transferred to a vial with sodium sulfate. The contents
of the vial were filtered through 0.22 μm nylon prior to their chromatographic analysis
by gas chromatography coupled to an infrared detector (GC-FID). The GC system was an
Agilent 7820A and an Agilent HP-88 (60 m, 250 μm × 0.25 μm) column was used (Agilent
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Technologies, Santa Clara, CA, USA). Helium was used as carrier; 1μL of sample was
injected. Oven temperature program started at 120 ◦C, increasing to 175 ◦C at 10 ◦C pre
min. rate and hold for 10 min. Then, temperature was further increased to 220 ◦C at 3 ◦C
increase per min. and kept at 220 ◦C for 5 min.

Different fatty acid levels were determined by comparing the relative retention times
of the FAME peaks of the algae samples with respect to a commercial standard of FAME
mix (Supelco 37 Component FAME MIX, Sigma Aldrich, St. Luois, MO, USA).

3. Results and Discussion

3.1. Proximate Composition

All studied species were accounted for very low levels of lipids (<1% dw), which
could be due to the harvesting season or an incomplete extraction, as other studies report
generally higher lipid content in some closely related species [7].

Green seaweeds displayed protein levels around 15% dw (Figure 1). Red algae,
especially P. purpurea, showed a significant protein content, up to 30% dw. This is in
contrast with other analyses reported on both P. purpurea and P. palmata, which displayed
higher protein content [7,13]. Organic acids content was significantly heterogeneous, with
only P. purpurea showing a high content (10.61% dw), half of which was determined as
citrate. No organic acids were detected in U. rigida. Almost all the analyzed species showed
more than 40% dw of insoluble fiber, with similar results to those generally reported in
literature [5,13]. On the other hand, inorganic matter was somehow homogeneous for all
seaweeds except for C. tomentosum, which showed a 37% dw ash content.

Figure 1. Proximate composition of the studied seaweed species (% dw). UR, Ulva rigida; CT, Codium
tomentosum; PA, Palmaria palmata; PU, Porphyra purpurea; Prot, proteins; Hdrc., hydrocarbons; Org.
Ac., organic acids.

3.2. Mineral Composition

The main minerals detected were Cl, K and Mg, of which P. palmata significantly
outstand with as much as 100 g/kg dw of Cl and K, followed by U. rigida (Figure 2A).
Indeed, the latter was accounted for the highest levels of Mg (22.9 g/kg dw), whereas
C. tomentosum displayed the lowest mineral concentrations for Cl, Mg or K. P. purpurea
displayed 33.5 g/kg dw of K and 12.1 g/kg dw of Cl, but the rest of its minerals were found
at levels below 10 g/kg dw.
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(A) (B) 

Figure 2. Mineral composition of the studied seaweed species in: (A), in major concentrations
(g/kg dw); and (B), in minor concentrations (g/kg dw). UR, Ulva rigida; CT, Codium tomentosum; PA,
Palmaria palmata; PU, Porphyra purpurea.

Minerals detected at minor concentrations are displayed in Figure 2B. Ca levels for C.
tomentosum and P. palmata were higher than those found in terrestrial plants. Conversely,
out of the four studied species, P. purpurea displayed the highest P content, a feature that
may be related to its higher protein content (Figure 1). It is worth noting the remarkably
high Fe content of U. rigida, as it is several times higher than those reported in terrestrial
plants. Considering this result, U. rigida may contain higher iron quantities than legumes,
which are considered one of the main sources of this mineral [3]. On the other hand, iodine
levels from the studied sampled species appear lower [14]. Although this could be due
to experimental errors, it is plausible that it is related to the their growing region, since it
seems that seaweeds from Galician waters accumulate less iodine [15]. It is also noteworthy
that C. tomentosum, despite showing the highest ash content, did not display significantly
high levels of any of the test minerals, except for Ca (5.1 g/kg dw). This could be due to
the presence of other minerals or metals not tested in this work. On the other hand, other
minerals and metals searched for like Mn, As and Zn were detected at trace amounts, below
0.01 g/kg dw (data not shown). F was also detected in all species, reaching up to 1.1 g/kg
dw in P. palmata, although C. tomentosum had the lowest levels of it (0.1 g/kg dw).

3.3. Fatty Acid Profile

Regarding fatty acid profile (Figure 3), the proportion of PUFA was notably high,
with P. palmata displaying the highest relative quantities. P. palmata levels of oleic acid
were higher than 200 mg/g extract and more than 150 mg/g extract for palmitoleic acid.
Moreover, P. palmata denoted more than 100 mg/g extract of eicosatetraenoic acid. U. rigida
however, accounted for the most linoleic acid content (>150 mg/g extract).

Figure 3. Fatty acid profile of the studied species. UR, Ulva rigida; CT, Codium tomentosum; PA,
Palmaria palmata; PU, Porphyra purpurea.
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In contrast, P. purpurea showed higher proportions of saturated fatty acids, foremost
palmitic (>320 mg/g extract) and stearic acids (>70 mg/g extract). Nonetheless, C. to-
mentosum accounted for the highest proportion of saturated fatty acids, like palmitic acid
(>400 mg/g extract) and behenic acid (>170 mg/g extract). Altogether, results corroborate
that these edible algae are a good source of nutrients and analytical methods are suitable,
in accordance with literature [7,16].

4. Conclusions

Seaweeds have been traditionally consumed for their nutritional value and availability.
Moreover, in recent years they have been proposed as an alternative source of proteins
and minerals, in contrast to terrestrial plants. It is of interest to accurately determine
their nutritional composition to critically assess their value. In this work, standardized
and recognized AOAC analytical methods for nutritional composition were employed to
determine the major elements of four edible Atlantic seaweed species. Additionally, their
mineral and fatty acid profile was investigated. Results unveiled that their protein and
mineral content makes them notable sources of these nutrients, especially in red algae
species. In these red seaweeds, protein content reached more than 20% for P. palmata
and even more than 30% for P. purpurea. Whereas lipid content was particularly low
(possibly due to specific environmental growing conditions), fatty acid analysis denoted
high proportions of unsaturated fatty acids, i.e., oleic and linoleic acids in both U. rigida
and P. palmata. Considering the reported results, these seaweed species growing in NW
Spain could be a potential food and/or feed ingredient, especially owing to their high
contents in minerals. Among the studied species, P. palmata stands out due to its PUFA
and mineral composition, as well as its mineral content. P. porphyra on the other hand, was
shown to be especially rich in proteins and P. Taking present results, seaweeds could be
proposed as alternative supplementation ingredients for food and feed instead of animal or
terrestrial plant sources; since not only they are rich in valuable nutrients, but also currently
underexploited for this purpose. Further research should analyze other nutritional aspects
from these widespread seaweed species in more depth. This would allow to assess with
more accuracy the nutritional value of these Atlantic seaweeds.
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Abstract: A technique was developed to evaluate and compensate for the drift of eight mass-sensitive
sensors in an open detection cell in order to estimate the influence of external factors (temperature,
changes in the chemical composition of the background) on the out-of-laboratory analysis of biosam-
ples. The daily internal standardization of the system is an effective way to compensate for the
sensor signal drift when the sorption properties of sensitive coatings change during their long-term,
intensive operation. In this study, distilled water was proposed as a standard for water matrix-
based biosamples (blood, exhaled breath condensate, urine, etc.). Further, internal standardization
was based on daily calculation of the specific sensor signals by dividing the sensor signals for the
biosample according to the corresponding averaged values obtained from three to five standard
measurements. The stability of the sensor array operation was estimated using the theory of statistical
process control (exponentially weighted moving average control charts) based on the specific signal of
the sensor array. The control limits for the statistical quantity of the central tendency for each sensor
and the whole array, as well as the variations of the sensor signals, were determined. The average
times required for signal and run lengths, for the purpose of statistically substantiated monitoring of
the electronic nose’s stability, were calculated. Based on an analysis of the tendency and variations in
sensor signals during 3 months of operation, a technique was formulated to control the stability of
the sensor array for the out-of-laboratory analysis of the biosamples. This approach was successfully
verified by classifying the results of the analysis of the blood and water samples obtained for this
period. The proposed technique can be introduced into the software algorithm of the electronic
nose, which will improve decision-making during the long-term monitoring of health conditions in
humans and animals.

Keywords: piezoelectric sensor array; drift; electronic nose; stability; statistical process control
chart; blood

1. Introduction

When designing a new methodology for the routine analysis of biological samples,
significant attention is paid to reducing systematic errors linked to the changing properties
of measuring devices. Control over external conditions (temperature and humidity) is
determined by the nature of the working elements in the device. Thus, in gas analyzers
of the sorption type, the signal is defined by the interaction of phases of modifiers with
vapours and gases in the pre-sensory space; in reusable sensors, the stability of sorption
surfaces, which defines the sorption–desorption processes, constitutes the main require-
ment. Since temperature changes the volatility of substances and the sorption properties
of substances and sorbents, operating sorption-type sensors at a normal temperature and
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relative humidity is a critical factor. The development of approaches to ensure the stability
of measurements during long-term operation is paramount in portable and mobile analyti-
cal systems [1] as this provides time minimization from the moment of sample selection to
that of measurement, which is vital for biosample analysis.

It is well known that the drift of sensor signals influences classification solutions
and the quantitative determination of components in a mixture [2–4]. The short-term
drift of basic lines in sorption-type piezoelectric sensors is caused by malfunctions of
electric schemes and an abrupt change in the external conditions of the experiment. As
a rule, such mistakes are fixed immediately during the measurement and discarded as
outliers. Essentially, a long-term drift relates to a change in the sensitive coatings of sensors
during operation. Currently, two ways of decreasing the drift impact of a sensor array
on analysis results exist: applying extremely stable sensitive sensor coatings [5–8] and
mathematical algorithms of drift compensation [9–13]. These approaches increase accuracy
while classifying samples. The mathematical algorithms based on multivariate analysis
of the drift correction of sensor signals are difficult to implement in practice for out-of-
laboratory analysis, since they require additional computational costs, software changes,
or the application of additional programs along with the operator’s modelling skills. The
most critical component in mathematical processing implementation is valid information
selection, obtained over a long period of time, for a single measurement but not for a data
set. The goal of the investigation, the nature of the biosample, and the operating conditions
are the factors that determine the choice of drift compensation approach.

In this study, we present a technique for drift compensation for the signal of mass-
sensitive piezoelectric quartz sensors during operation in the open detection cell and
frontal input of the gaseous phase over biosamples with significant water content. The
technique consists of piezoelectric sensor signal correction in a portable e-nose as part of a
lengthy routine analysis of water and blood samples, combined with a simple algorithm for
assessing system instability, in order to increase the quality of measurement and decrease
first- and second-order classification errors. This technique can be used for real sample
analysis, including biological samples (blood, secretions, mucus, exhaled breath condensate,
perspiration, urine, and saliva), with minor a modification of the device software for out-of-
laboratory analysis.

2. Methods and Analysis

A gaseous phase analysis of distilled water and blood samples was conducted on
the gas analyzer Diagnost-Bio-8 (LLC SenSino, Kursk, Russia) using frontal analyte input
mode [14]. The sensor array consisted of eight piezoelectrical quartz BAW-type resonators
with a 10.0 MHz basic oscillation frequency, with coatings from solid nanostructured
sorbents (‘living system’ set): Sensor 1 and 8 are carboxylated carbon nanotubes of different
masses, marked in the tables and text as MCNT1, MCNT2; Sensor 2 and 7 are phases of
nitrate of zirconium oxide of different masses (Zr1, Zr2); Sensor 3 is dicyclohexano-18-
crown-6 (DCH18C6); Sensor 4 and 5 are biohydroxyapatite phases of different masses
(HA1, HA2); and Sensor 6 is polyethylene glycol succinate (PEGsc). This study describes
sensor manufacturing [15]. Moreover, the work [16] presents the sorption characteristics of
the sensor array from the ‘living system’ set. The basic lines of the sensors were observed
to remain stable (±1 Hz) during an 80 s blank measurement before the sample analysis.

The blood or water sample (volume: 0.5 cm3) was placed on a glass petri plate and
then covered by a detection cell of Diagnost-Bio-8. The measurement mode involved
combined 80 s sorption and 120 s spontaneous desorption [14].

For the analysis of work stability and drift correction of the sensor array signal, a
3 month period (October–December 2019) of device operations (656 measurements) was
chosen, during which 75 water samples and 31 blood samples of somatically healthy peo-
ple, with indicators of general and biochemical analysis of blood within normal limits,
were tested. As part of the training set of the samples, sensor array data for 64 samples
(19 blood samples and 45 water samples) were selected for the first 1.5 months of opera-
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tion (October–November). The sensor array data for 42 samples (12 blood samples and
30 water samples) were selected as the test set of samples for the next period of operation
(November–December). During the experiment, external factors showed variation: the
room temperature changed from 20 to 25 ◦C, the humidity was 45–55%, and the slight
changes in room smell (background) per day corresponded to disinfection and ventilation
schedule of the laboratory. Measurements were not performed during disinfection and
ventilation and 90 min after these processes. Regarding the original sensor data for each
sample, a special software determined maximum sensor responses (ΔFmax,i, Hz), which
corresponded to 80 s of measurement (sorption time).

We suggested the correction of the sensor signals in an array based on daily internal
standardization. The distilled water was chosen as the standard. We calculated the specific
signals Fi via the following formula:

Fi =
ΔFmax,i( f or sample)
ΔFmax,i( f or water)

, (1)

where ΔFmax,i, Hz are values of the original signal of i-th sensor during the biosample
analysis and ΔFmax,iFmax,i is the average signal of the i-th sensor for three or five analyses
of water samples on the same day.

For specific signals calculated for the water samples, we applied a statistical process
control method, namely the exponentially weighted moving average (EWMA) control
chart, for uni- and multivariate data [17], in order to assess the stability of the sensor arrays.
We investigated the statistical quantity T2

i in the sensor arrays, for each sensor–parameter
zi, and exponentially weighted the mean square (EWMS) error si during 3 months of
operation. Before the computation of the statistical criteria, the specific signals obtained
were standardized by the average value equal to 1.00 for all the sensor signals. The standard
deviation for each sensor was determined according to the data obtained for the first 25 days
of operation.

As an alternative method of drift compensation for sensor signals, component correc-
tion by principal component analysis (CC-PCA) was employed in order to remove a part of
the information. This described the sensor signal drift corresponding to the first principal
component from the data matrix [18].

As variables for designing the classification models, we used original maximum
sensor responses and specific signals. The results of the water and blood gaseous phase
analysis by sensor array were classified into two classes—‘water’ and ‘blood’—using linear
discriminant analysis with preliminary processing by principal component analysis (PCA-
LDA) with a significance level of 0.05. A CAMOSoftware Unscrambler (v.10.0.0, Oslo,
Norway) was employed to assess the effectiveness of the drift compensation techniques.

3. Results and Discussion

The following are the significant factors determining the drift of sensor signals in
the device with an open detection cell: the changes in the sorption properties of sensitive
coatings during operation and the external factors of the experiment (temperature, humidity,
air composition in the laboratory [(background)). Frequently, these factors act together,
which makes it difficult to estimate and predict the contribution of an individual factor to
the total signal change. The other internal factors, such as the malfunctions in the oscillating
scheme of the device and the change in the features of utilized quartz and electrodes, and
the problems linked to signal transmission into software for our devices, lead to no more
than 5% variation in sensor signals [19]. The algorithm of multivariate data processing for
the drift compensation of the sensor signals was limited by the pilot experiment conditions
for the model design. It cannot always contain all the factor combinations influencing the
system’s signals.

A daily internal standardization may perform a simple accounting of the external
factors that influence sensor signals during long-term operation. As the standard, we
proposed to use the substance whose content was dominant in the analyzed samples. For
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biosamples, such as blood, urine, exhaled breath condensate and saliva, distilled water is
an appropriate standard. During the 3 months of the experiment, the value of the original
signals of the sensors in water vapour varied from 20 to 27%; moreover, the dispersions
of the original sensor signals were non-homogeneous, according to Cochran’s C-test. The
application of the daily standardization reduced the variation to 12%, and the dispersions
of all the signals became homogeneous. The average specific signals of all the sensors
throughout the total operation period equalled 1.00. The implementation of the specific
signals considers the changes in biosamples as well as the sorption properties of sensor
coatings, depending on external factors, and thereby reduces the errors of sample classifica-
tion. However, more accurate classification results could be obtained using information
about the stability of sensors.

3.1. Stability Assessment of Piezoelectric Sensor Array Using Specific Signals

The application of multivariate EWMA control charts by specific signals helps to
discover only abrupt changes in external conditions (caused by the measurement of a
contaminated standard, which can be classified as operator error). Therefore, detailed
information about stability sensor arrays describes EWMA control charts for individual
signals of the sensor array (Figure 1).

Figure 1. EWMA control chart for specific signals of four sensors from the array. The solid red lines
indicate the upper and lower control limits for the third sensors in the array.

According to multiple excesses of control limits, the high instability of Sensor 6 with
the PEGsc film was established because of the excellent water impact on the properties of
polymer films. The control limits of the sensor with the DCH18C6 film (Sensor 3) featured
the most significant values (Table 1). This is explained by the nature of the modifier, which
consisted of solvated crown-ether macromolecules. This type of structure is less stable and
varies more depending on external conditions.

Table 1. Maximum values of upper (+) and lower (–) control limits for parameter zi for each sensor.

MCNT1 Zr1 DCH18C6 HA1 HA2 PEGsb Zr2 MCNT2

±1.01 ±1.24 ±1.27 ±1.25 ±1.22 ±1.06 ±1.18 ±1.22

The parameters zi for the sensors with hypersensitive nanostructured films of carboxy-
lated nanotubes (Sensor 8) and hydroxyapatite (Sensor 4) were almost always within the
control limits. The exceptions were the day of synchronous change of the zi parameters of
all the sensors and the following three days (41–51 measurements); these exceptions were
related to the changes in the coating properties during the sorption of the contaminated
standard vapours and their subsequent reactivation by purging with laboratory air and
repeated measurements of pure standard samples. The data from the biosample analysis
obtained on these days may have been unreliable and may have contributed to error in the
classification model.

To decide on the exclusion of the sensor signals from the classification data and to
assess the sensor regeneration level after poisoning, an analysis of the changes to the
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signal variability was required. Here, the evaluation of the sample generalized variance for
sensor array was not informative, since its values throughout the total studied period were
either negative or extremely low (less than 10−60). Therefore, we considered the EWMS
errors si of specific sensor signals (Figure 2). On the day of the abrupt change in external
conditions (measurements of the contaminated sample of the standard; measurement
No. 41–43), variation for all the sensors and zi exceeded the upper limit control (UCL) of
1.45. Therefore, in the case of the synchronous increase in control limits by parameters zi and
si for all the sensors, it was necessary to terminate measurements, verify compliance with
the conditions for the measurement procedure and reactivate the sensor array’s coatings.
When calculating the EWMS for each subsequent day after conducting the reactivation of
coatings, EWMS s0 = 1 was accepted as the initial point for all the sensors. In the following
eight days (measurement No. 44–65), the EWMS of all the sensors, except for Sensors
1 and 8, which featured carbon nanotube coatings, exceeded the UCL. This probably
indicated the sorption quality changes in the hydrophilic modifiers following the sorption
of contaminated standard vapor and their gradual recovery when measuring the pure
standard or slight inertia of the surface reactivation process of nanostructured mineral
coatings, such as hydroxyapatite.

 
Figure 2. Control chart for EWMS errors of four sensors.

The average run length (ARL) and time to signal (ATS) were calculated according
to EWMA theory. The ARL was equal to three measurements to detect three σ shifts in
signals and the ATS was 2.5 h. After a long break or recovering of the sorption properties
of coatings, the ARL was five measurements, whereas ATS was 1.5 h.

General recommendations for sensor data analysis of biosamples, accounting for their
stability, were formulated as a scheme that could be implemented in the device’s software.
The purpose was to monitor the stability sensor array with minimal control by the operator,
which is essential for out-of-laboratory analysis. The proposed approach was implemented
for different forms biosample analysis, such as blood analysis.

3.2. Blood and Water Sample Classification

To ensure the orthogonality of the data for the discriminant analysis, we performed the
principal component analysis of original and specific sensor signals. For further analysis,
we used the first four principal components with 98% explained variance, which allowed
us to consider all the information from the sensor array during the sample classification. In
the first stage, we estimated the possibility of water and blood sample classification using
original signals of sensors. The accuracy of this classification model for the training set of
samples was 90.4% (Table 2).

The misclassification of blood samples as ‘water’ class was observed. This signifies that
during the analysis of the gaseous phase over the blood samples, the sample matrix influ-
ences sensors and that over a period of time, differences within the gaseous composition in
the samples become less noticeable for the sensors. The highest value for the accuracy and
correctness of the blood sample classification belonged to the model constructed by specific
sensor signals, which accounted for sensor stability information (Table 2). Consequently,
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the drift compensation of the sensor signals using specific signals with combination sensor
stability monitoring by EWMA control charts could be applied, along with the routine
sensor array operation in the laboratory and out-of-laboratory analyses. Furthermore, the
correct classification of the samples considering the impact of the dominant component
allows us to suggest that this approach can provide a more accurate classification of slight
differences in the composition of gaseous phases of blood with pathologies.

Table 2. Accuracy and correctness of sample division into two classes by PCA-LDA models for
original and specific sensor signals.

Variables

Accuracy of PCA-LDA Model for
Training Set (%)

Correctness of Classification of
Blood Samples from Test Set (%)

1 2 1 2

Original signals
(ΔFmax,i, Hz) 90.4 96.2 0 0

Specific signals
(

Fi ) 94.2 95.2 33.3 80.0
CC-PCA 90.4 96.2 8 10

1—for the model design, we used the whole data array; 2—the samples and sensor data were excluded according
to the stability evaluation of sensor array operation.

4. Conclusions

We proposed a fast and efficient compensation method for sensor signal drift based on
daily standardization (dividing sensor signals for biosamples into corresponding average
signals for standard samples (measured thrice during the day)). Distilled water was
suggested as a standard for blood samples and other biofluids (urine, perspiration, exhaled
breath condensate, and saliva). EWMA control charts were applied for sensor array stability
monitoring as an additional module in the device software for routine analysis. The coating
of carboxylated carbon nanotubes of small mass (Sensor 8) was the most stable within the
studied sensor array when measuring the water and blood samples based on the statistical
quantities of the EWMA charts. The effectiveness of applying for drift compensation by
daily standardization, with a combination of sensor stability monitoring, was proven by
significantly improving the blood samples’ classification accuracy. Similarly, it is possible
to compensate for the drift of sensor signals when analysing other biosamples using
appropriate standards. The additional parameters of sorption or features of sensor output
curves after standardization could be used to improve the correctness of the classification
during the long-term operation of the sensor array.
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Abstract: The need to control pesticide residues in foodstuffs in a fast and straightforward analysis
for the field scale is required. Therefore, this research develops a transducer-based biosensor with
a small device potentiometer (SDP) to produce a fast and accurate pesticide detection tool. The
biosensor based on Au electrodes by immobilizing the acetylcholinesterase (AChE) enzyme coated
membrane cellulose acetate (CA) 15% (w/v) cross-linked glutaraldehyde (GA) 25% (v/v) and SDP as
a transducer that produces a potential value. The biosensor testing results on the organophosphate
pesticide class, namely diazinon and profenofos, showed the sensitivity of 21.204 and 20.035 mV
decade−1, Limit of Detection (LoD) 10−7 mg L−1, selectivity coefficient −1 < Ki,j < 1 and accuracy
of 99.497 and 94.765%, respectively. The results showed that the biosensor connected to an SDP
transducer had an excellent performance in determining the presence of organophosphate pesticides.

Keywords: small device potentiometer; biosensor; acetylcholinesterase; organophosphate; pesticide;
diazinon and profenofos

1. Introduction

Organophosphate pesticides are a group of pesticides that contain a phosphate group.
The organophosphate pesticides in agricultural and plantation processing systems are
widely used to tackle pests and diseases that attack plants, the leading cause of declining
crop yields. However, the use of pesticides harms the health of living things and the balance
of the environment [1,2]. Analysis of pesticide residues from crop yields is necessary to
ensure food safety. One alternative method of pesticide analysis is a biosensor [3,4].

In recent decades, biosensors have become a popular research area capable of identi-
fying pesticide residues and other chemicals. Biosensors are “self-standing devices” that
record physical, chemical or biological changes, convert them into measurable signals from
the sample and monitor the analyte of interest [5,6]. The sensor contains a recognition ele-
ment that allows a selective response to a specific analyte or group of analytes, minimizing
interference from other sample components. Another significant sensor component is a
transducer or detection device that produces a signal [7].

Electrochemical biosensors are a subclass of chemical sensors that combine sensitivity—
such as low detection limit—electrochemical transducers with the high specificity of biolog-
ical recognition processes. These devices contain biological recognition elements (enzymes,
proteins, antibodies, nucleic acids, cells, tissues or receptors) that selectively react with the
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target analyte and generate an electrical signal related to the measured analyte concentra-
tion [5,8]. Enzyme-based electrochemical biosensors have advantages over conventional
methods due to their excellent sensitivity, selectivity, mini size and fast response [5,9,10].

Maintaining the catalytic activity on the efficient immobilization of the acetylcholinesterase
(AChE) enzyme is an essential consideration when developing electrochemical biosensors
that can be used for practical applications. The highlight of the electrochemical biosensor
is its unique ability to generate digital signals that can measure by converting the catalytic
signal with the help of microfabricated electronics [3,11,12]. The electrochemical method using
measurement tools is based on potentiometric [12], amperometric [13] or conductometric [14]
biosensor. Potentiometric biosensors are suitable for measuring the response value of pesticide
detection measurements [15].

Potentiometric biosensors are efficient for in-field analysis because they are more
straightforward and ideal for real-time analysis [16]. The potentiometric detection system
developed by Timur, S. and Telefoncu, A., 2004 [17], has the underlying principle of inhi-
bition of AChE activity due to its properties in identifying organophosphate compounds.
The enzyme was immobilized on the surface of the electrode with the help of a chitosan
membrane [18]. Without a pre-concentration step, in both aqueous and organic media,
detection of organophosphates without the requirement of trained personnel proved ad-
vantageous for the proposed portable biosensor. Pesticides were effectively detected in
the range of 0.1–100 mM for parathion-methyl and methamidophos and 0.6–600 mM for
Malathion [17]. However, in the presence of higher pesticide concentrations, only partial
regeneration of the enzymatic activity was regenerated [15].

The combination of potentiometric-based AChE enzyme biosensors as transducers
with analytical techniques has been widely reported in the literature as a suitable method.
In this work, we report the development of a small device potentiometric (SDP) based
biosensor as a transducer for the determination of pesticide organophosphates, based
on the AChE enzyme immobilized on cellulose acetate (CA) and glutaraldehyde (GA)
membrane-coated Au electrodes.

2. Materials and Methods

2.1. Meterials

Acetylcholinesterase (AChE, from electrophorus, Sigma-Aldrich, St. Louis, MO,
USA, 1.17 mg with activity 425.94 units per mg (EC. 3.1.1.7)) in 9 mL PBS pH 8 and
1 mL KCl 10−1 M, cellulose acetate (CA, from Sigma-Aldrich, St. Louis, MO, USA, 15%
v/v in acetone), glutaraldehyde (GA, from Sigma-Aldrich, St. Louis, MO, USA, 25% in
H2O), potassium chloride (KCl, from Merck, Darmstadt, Germany, 10−1 M in H2O) and
acetone (C3H6O, from Sigma-Aldrich, St. Louis, MO, USA, ≥99.5%). Phosphate buffer
solutions (PBS) with values of pH 8.0 were prepared by mixing standard stock solutions
of 0.2 M Na2HPO4 (99% purity) and 0.2 M NaH2PO4 (99% purity). Standard solution of
acetylthiocholine chloride (ATCl, A5626 from Sigma-Aldrich, St. Louis, MO, USA) substrate
with concentrations of 10−1, 10−2 and 10−3 M in PBS solution. The pesticides used in the
OP group are diazinon and profenofos was purchased from Merck, Darmstadt, Germany,
as inhibitors, each made in concentrations of 10−9, 10−8, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2

and 10−1 mg L−1 in 5 mL ethanol (C5H6O, from Sigma-Aldrich, St. Louis, MO, USA, 99.8%)
and H2O.

2.2. Apparatus

The potentiometer is used as an experimental tool for measuring the potential value
of analyte detection [19]. The working electrodes used are Au and a platinum (Pt) as a
cathode of the electrolysis process and an Ag/AgCl as a reference electrode.

2.3. Electrolysis of Ag/AgCl

Reference electrodes of Ag/AgCl were carried out by electrolyzing Ag wire (anode)
and Pt wire (cathode) in 0.1 M KCl solution for ±20 min. The length of time electrolysis
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will affect the thickness of AgCl on Ag wire, where the more extended the electrolysis
process, the thicker it will be to a certain extent, and vice versa. Next, the Ag/AgCl wire
that has been formed is then dried in the open air. Finally, Ag/AgCl wire that has been
dried at room temperature is inserted into the electrode body as a comparison electrode for
Ag/AgCl [20].

2.4. Preparation of Au Electrode Biosensor

The Au electrode tip was immersed in a 15% CA membrane solution. The CA mem-
brane formed was rinsed with distilled water and then dipped in 25% GA solution for 6 h.
Furthermore, the electrode was rinsed with distilled water and PB solutions pH 8, then
an electrode membrane (Em) was formed. Then, Em was immersed in the AChE enzyme
for 2 × 24 h at 4 ◦C. Before measuring the response to the biosensor, the components in
the measurement, such as standard electrodes, coated wire type working electrodes, ATCl
substrate and inhibitor solution, need to be left at room temperature for about 2 h until
components are stable and produce a good response [20].

2.5. Measurement of the Potential Value Biosensor

Measurement of the potential value of the enzymatic biosensor electrodes with the
pesticide inhibitors diazinon and profenofos in concentrations of 10−8, 10−7, 10−6, 10−5,
10−4, 10−3, 10−2 and 10−1 mg L−1 using a potentiometer. Em was immersed in PBS pH 8.0
for 10 min and then used ME to measure the potential value of 10−3 M ATCl substrate to
obtain a constant value. The Em was removed and rinsed with distilled water, and then
Em was immersed in a pesticide solution for 30 min, then removed and rinsed with PB
solution pH 8.0 before being dipped again into the ATCl substrate solution. Furthermore, it
made observations to obtain a constant potential value.

2.6. The performance Test of Biosensor
2.6.1. Sensitivity

The sensitivity value (Nernst factor) is determined using a graph of the relationship
between the potential value and –log of inhibitor concentration. Then, we can see the
linear equation from the chart to obtain the sensitivity range of the diazinon and profenofos
pesticide electrode.

2.6.2. Limit of Detection (LoD)

LoD is the lowest limit of analyte concentration that can be measured by the instrument,
which is statistically different from the blank. Determination of LoD was carried out by
analyzing the potential response of a series of standard solutions of various pesticide
concentrations of 10−8, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2 and 10−1 mg L−1. The analysis
results obtained a linear equation of the calibration curve, y = ax + b, then the measurement
of the potential value of the blank. The equation for the value of y at the detection
limit is based on equation of Christian et al. (2014) [21]. They suggest calculation for
the LoD = 3 × (SD/S) based on the response’s standard deviation, SD, and the slope or
sensitivity, S, of the calibration curve at levels approaching the limit.

2.6.3. Selectivity

Selectivity is expressed as the degree of bias of the primary analyte analysis data
with interference compared to the analyte analysis data without interference [21]. The
sample analysis used a concentration of 10−5, 10−4 and 10−3 mg L−1. Measuring the
potential value using a potentiometer and calculating the selectivity coefficient (Ki,j). The
value of the electrode selectivity calculated based on the Nicolsky–Eisenman equation [22].
The potential of an ion-selective electrode in the presence of an interfering ion follows
an equation:

EISE = k +
S
z

log

(
ai + ∑

j �= i
Ki,j a

zizj
j

)
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where S is the slope (theoretically 2.303RT/F) and k is the ion charge including all contri-
butions independent of activities a and z is the ion charge. The subscript i stands for the
primary pesticides and subscript j stands for the interfering pesticides.

2.6.4. Accuracy

Determination of the accuracy value is obtained by calculating the % recovery, where
the sample used is mustard greens with the addition of inhibitor concentrations of 10−4,
10−3 and 10−2 mg L−1. Measurement of potential value using a potentiometer and calcu-
lated % recovery based on the equation of Christian et al. (2014) [21].

3. Results and Discussions

As shown in Figure 1, an analysis of the performance of the biosensor on the pesticide
diazinon and profenofos using a small device potentiometric (SDP)-based biosensor as a
transducer was carried out. SDP-based biosensor performance tests, including sensitivity,
LoD, selectivity and accuracy, are essential parameters in biosensors.

Figure 1. Graph of the relationship of −log [inhibitors] with the potential value of biosensor-based SDP.

The sensitivity, or Nernst factor, is one of the general parameters of biosensor per-
formance testing, using SDP as a transducer indicated by the slope resulting from the
calibration of the electrode potential response to the analyte’s activity. Analysis using
potentiometric is based on the potential change in each variation of ion concentration [16].
The feasibility of a tool used in detecting an analyte is seen from how much sensitivity is in
the measurement process. So, in this study, the Nernst factor value was determined to see
how well the sensitivity of the tool and the measurement range of an electrode was suitable
for use as a pesticide detection tool. The results of the measurement of the potential value
of the biosensor performance are presented in Table 1.

Figure 1 shows the sensitivity of the performance of SDP-based biosensors to the detec-
tion of pesticide diazinon and profenofos of 21.204 and 20.035 mV decade−1, respectively.
The sensitivity is the slope value of the linear regression equation from the graph of the
relationship −log [inhibitor], with the potential value measured using a potentiometer. The
value of the Nernst factor is more ideal if it is close to the value of 29.6 mV decade−1 [23].

The characteristics of a biosensor are also determined by its ability to detect the
concentration of an analyte. The smaller the concentration that can be seen, the better
the biosensor features. Limit of Detection (LoD) is the minor analyte concentration that
gives a sufficiently large signal and can be distinguished from the signal obtained from the
blank with a 99% confidence level [15]. The optimum performance of a biosensor can be
determined by its ability to detect the concentration of an analyte. The LoD was determined
using the standard deviation of the intercept and the slope of the calibration line. Table 1
shows the LoD value of the SDP-based biosensor as a transducer, which is 10−7 mg L−1

instead of 10−8 mg L−1, because the potential at that concentration is close to the potential
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blank value. So, the smaller the concentration that can be detected, the better the biosensor
characteristics [24].

Table 1. Measurement of potential value, sensitivity value and LoD of biosensor.

Substrate
Concentration (M)

Inhibitor Concentration
(mg L−1)

Potential Value

Diazinon Profenofos

10−3

10−1 50 50.7
10−2 64.8 69.3
10−3 89.5 86.1
10−4 121.1 104.2
10−5 135.7 126.5
10−6 159.9 148.7
10−7 175.8 169.4
10−8 192.9 189.6

Potential value of substrate (mV) 199.8 195.7
Potential value of blank (mV) 199.1 196,3
Potential value of 10−8 mg L−1 (mV) 195.5 194.6
Sensitivity (mV decade−1) 21.204 21.035
Linear regression equation (R2) 0.992 0.998
LoD (mg L−1) 10−7 10−7

The selectivity is carried out to determine the method’s ability to measure the presence
of pesticides carefully and thoroughly in interfering components. The ideal biosensor is
expected to only respond to the primary analyte to be detected with selectivity coefficient
−1 < Ki,j < 1. If the electrode is highly selective towards i rather than ion j, Ki,j < 1. Con-
versely, if the electrode is highly selective towards j, ion i, Ki,j > 1. Variations in the value of
Ki,j depend on the electrode’s response and the component environment in solution. The
selectivity coefficient value obtained is smaller than 1 (Table 2). Based on the overall value
received, the range of low concentrations of interfering components is still within tolerance.
The average selectivity coefficient value received still meets the specified selectivity value
standard, greater than −1 and more minor than +1, except for the primary analyte analysis
data, diazinon 10−5 mg L−1 and profenofos interfering 10−5 mg L−1, then the average
selective electrode for pesticide detection compared to interfering compounds [25,26].

Accuracy is a measure that shows the degree of closeness of the analysis results to
the actual analyte content. Accuracy is expressed as the % recovery of the added analyte.
In general, the acceptance criteria for accuracy (% recovery) are 80–110% [27]. Accuracy
analysis is carried out using the recovery method by sample spiking or standard addition
to the sample to be analyzed. The method is carried out by adding a certain amount of
analyte with a certain concentration to the analyzed sample. The data in Table 3 show
that the average % recovery of the SDP-based biosensor as a transducer has an accuracy
rate of 99.497 and 94.765% for diazinon and profenofos pesticide detection, respectively.
The percent recovery value obtained is in accordance with the required standard. See
Supplementary Materials for details.
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Table 2. Selectivity of biosensor-based SDP.

[Diazinon]
(mg L−1)

[Profenofos]
(mg L −1)

Potential Value (mV)
Selectivity

Diazinon Profenofos

ai (1) aj (1) ai (2) aj (2) Ki,j (1) Ki,j (2)

10−5

0

160

0

126.5

0 0 0
10−9 159.5 127.9 −0.24 0.64
10−8 158.9 126.1 −0.53 −0.19
10−7 158.6 125.9 −0.67 −0.29
10−6 158.1 124.7 −0.91 −0.87
10−5 157.4 124.5 −1.26 −0.96

10−4

0

131.1

0

104.2

0 0 0
10−9 130.5 106.3 −0.29 0.96
10−8 130.1 105.7 −0.48 0.68
10−7 129.8 104.8 −0.63 0.27
10−6 129.5 103.3 −0.77 −0.43
10−5 129.1 102.2 −0.97 −0.97

10−3

0

90

0

80.1

0 0 0
10−9 89.8 82.2 −0.1 0.95
10−8 89 81.9 −0.49 0.81
10−7 88.7 80.5 −0.63 0.17
10−6 88.2 79.6 −0.88 −0.25
10−5 88 78.1 −0.98 −0.98

ai is the concentration of primary pesticides, aj is the concentration of interfering pesticides, Ki ,j is the selectivity
coefficient, (1) for diazinon pesticide and (2) for profenofos pesticide.

Table 3. Accuracy of biosensor-based SDP.

[C’A] [CA] [CF]

Potential Value (mV) Accuracy, % Recovery

Diazinon Profenofos
Diazinon Profenofos

[C’A] [CA] [CF] [C’A] [CA] [CF]

10−2

10−3
10−2 64.8

131.1
79.1 80.4

118.6
76.9 79.123 76.899

10−3 10−3 90.0 84.8 118.6 99.2 84.790 99.232
10−4 10−4 131.1 107.7 130.8 108.2 107.690 108.165

Mean of % Recovery 99.497 94.765

C’A is the concentration of pesticides added, CA is the concentration of the sample, CF is the total concentration
of the sample obtained from the measurement.

4. Conclusions

Based on the results and data obtained from the study of SDP-based biosensors as
transducers in the detection of organophosphate pesticides, the sensitivity was 21.204 and
20.035 mV decade−1, LoD 10−7 mg L−1, selectivity coefficient −1 < Ki,j < 1 and accuracy
of 99.497 and 94.765%. Thus, potentiometric biosensors with CA and GA membranes
immobilized by AChE enzymes have good sensitivity, selectivity and accuracy in detecting
the presence of organophosphate pesticides in a sample and LoD from tiny biosensors are
effective for detecting at low scale and concentration.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10604/s1, presentation materials at the 1st International Electronic Conference on
Chemical Sensors and Analytical Chemistry, 1–15 July 2021.
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Abstract: Himanthalia elongata is a brown alga used in applications in the food, pharmaceutical
and nutraceutical industries due to its biological properties, such as antioxidant, anti-inflammatory,
and antimicrobial, among others. These effects are attributed to the high content of nutrients and
secondary metabolites, especially phenolic compounds. The objective of this study is to optimize the
microwave-assisted extraction method to recover phenolic compounds and flavonoids, considering
three extraction parameters: the concentration of ethanol in water, the extraction time and pressure.
The total phenolic content and the total flavonoid content were evaluated, and two biological tests
were performed to assess the antioxidant properties.

Keywords: macroalgae; microwave-assisted extraction; Himanthalia elongata; bioactive compounds;
antioxidant

1. Introduction

Traditionally, algae have been used as food and for medicinal purposes, mainly in
eastern countries. However, its popularity is increasing in western countries, due to the
search for healthier and more natural products by consumers, including food, cosmetics,
pharmaceutical products, etc. [1,2]. Numerous studies indicate the good nutritional value of
algae: they provide proteins and essential amino acids, and they are rich in non-digestible
carbohydrates and polyunsaturated fatty acids, vitamins, and minerals. Furthermore, they
are a source of compounds with various biological activities (e.g., antioxidants, antivirals,
antimicrobials, antifungals, etc.) [3–5], which has attracted the attention of researchers
hoping to study them and develop new industrial applications [6–8]. The antioxidant
activity of some species of algae has been attributed to the presence of phenolic compounds
such as polyphenols, hydroquinones and flavonoids. Himanthalia elongata is a brown
alga of the order Fucales, found mainly in the N-W Atlantic Ocean and the North Sea.
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Its antioxidant properties have been described previously [4], and it is reported that the
amount of polyphenolic content is higher than in other algae [9].

Bioactive compounds from algae were commonly extracted using organic solvents
(methanol, ethanol, acetone) with application temperatures between 45 and 60 ◦C, for
hours or days, which implies high energy and environmental costs [10]. In contrast,
non-conventional or green extraction techniques, such as ultrasound-assisted extraction
(EAU), high-pressure-assisted extraction (HPAE), microwave-assisted extraction (MAE),
enzyme-assisted extraction (EAE), supercritical fluid extraction (SFE), pulsed electrified
field extraction (PEF), pressurized-liquid-assisted extraction (PLE) and surfactant-assisted
extraction (SAE), have proven to be a valid alternative in the recovery of bioactive com-
pounds from algae [11–13]. Among them, microwave-assisted extraction (MAE) is an
efficient and environmentally friendly technique, which reduces the extraction time and
the amount of organic solvents and, in the best of cases, uses less polluting solvents such as
water [10,13]. Different variables, such as the type of solvent, time and pressure, influence
the recovery efficiency of bioactive compounds. Optimal extraction parameters can be
estimated with statistical optimization methods. In this sense, the response surface method-
ology (RSM) uses quantitative data from an experimental design to solve the multivariate
equation and maximize the results of the selected response variables. The objective of this
study is to establish the most favorable conditions for MAE, in terms of the type of solvent,
time and pressure required to produce extracts of H. elongata rich in bioactive compounds
that present antioxidant activity.

2. Material and Methods

2.1. Sample Preparation

H. elongata samples were provided by the company Algas Atlánticas Algamar S.L
located in Pontevedra, Spain. The algae were collected from the coasts of the province
of Pontevedra, and they were washed with distilled water, frozen at −80 ◦C and later
lyophilized. Next, the samples were crushed and ground to obtain a homogeneous matrix,
which was stored at −20 ◦C until use.

2.2. Microwave-Assisted Extraction (MAE)

The process for obtaining bioactive compounds was carried out by MAE, using the
multiwave-3000 equipment (Anton-Par). The extraction was carried out using 0.6 g of
the lyophilized alga and 20 mL of solvent (solute/solvent ratio of 30 g/L). The variables
studied were the ethanol concentration (%Et), pressure (P) and time (t), as critical extraction
parameters. Specifically, the %Et varied between 0 and 100% v/v, the P from 2 to 20 bar
and t from 3 to 25 min. The power and frequency of the microwave were fixed for this
batch of experiments and set at the maximum value of 1400 W for power and 2.45 GHz for
frequency. Once the extraction was completed, the samples were placed in an ice bath for
5 min in order to rapidly lower the temperature and avoid degradation of the thermolabile
compounds. Finally, the samples were centrifuged at 9000 rpm for 15 min and filtered
to separate the supernatant from algae debris. These extracts were stored in a freezer at
−80 ◦C.

In order to study the influence of MAE conditions (%Et, P and t), the RMS was applied
using circumscribed central composite design (CCCD), which allows one to identify the
operating conditions for maximizing five response variables: extraction yield (EY), total
phenolic content (TPC), total flavonoid content (TFC) and antioxidant activity of H. elongata.
The interaction between the different variables generates a total of 28 experiments. The
least squares regression method was used to fit the data obtained in the 28 experiments to a
quadratic model shown in the following equation:

Y = b0 +
n

∑
i=1

biXi +
n−1

∑
i = 1
j > i

n

∑
j=2

bijXiXj +
n

∑
i=1

biiX2
i (1)
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where Y is the predicted responses (Y1: EY, Y2: TPC, Y3: TFC, Y4: DPPH assay, Y5: ABTS
assay), b0 is the constant of the model, bi is the linear coefficient, bii is the coefficient
quadratic, bij is the coefficient of the interaction and Xi is the dimensionless coded value of
the independent variables (X1: %Et, X2: P and X3: t).

2.3. Determination of Bioactive Compounds and Antioxidant Capacity

The EY was evaluated based on the dry weight (dw) obtained according to Equation (2).

EY (%) = (P2 − P1)/P0 × 100 (2)

where P0 is the mass of lyophilized algae prior to extraction (mg), P1 is the mass of the
empty crucible (mg), P2 is the mass of the dry extract in the crucible (mg).

The TPC was determined using the Folin-Ciocalteu reagent, while the TFC was eval-
uated according to the methodology proposed by Cassani et al. [14]. The results were
expressed as mg of phloroglucinol equivalents (PGE)/g of dw and mg of quercetin equiva-
lents (QE)/g of dw, respectively. Regarding the antioxidant capacity, it was determined
using two assays: the diphenyl-2-picryl-hydrazyl radical (DPPH) and 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) scavenging assays. The results of both assays
are expressed in mg of scavenged compound/mL of extract.

3. Results and Discussions

The experimental results of the RSM of CCCD for the optimization of H. elongata’ MAE
for the five considered response variables are presented in Table 1.

Table 1. Experimental parameters of the optimization process.

Independent Variables Response Variables

Run t (min) P (bar) Et (%) EY TPC TFC DPPH ABTS

1 7.5 5.6 20.3 452 24.58 2.60 5.64 12.24
2 7.5 5.6 79.7 355 28.26 6.14 6.59 80.08
3 7.5 16.4 20.3 529 41.30 4.28 19.97 21.38
4 7.5 16.4 79.7 376 25.52 5.31 5.33 20.41
5 20.5 5.6 20.3 543 19.24 2.36 4.47 9.43
6 20.5 5.6 79.7 384 23.90 5.11 6.29 22.01
7 20.5 16.4 20.3 489 38.86 5.59 19.68 19.70
8 20.5 16.4 79.7 361 19.75 4.40 3.84 15.87
9 3 11 50 459 25.56 2.92 4.70 22.12

10 25 11 50 370 37.70 4.02 7.86 35.70
11 14 2 50 358 28.40 4.62 8.56 59.45
12 14 20 50 479 35.49 5.51 14.32 30.33
13 14 11 0 491 25.50 11.31 11.28 15.12
14 14 11 100 109 11.89 4.19 5.66 22.58
15 3 2 0 373 7.53 1.35 1.01 16.08
16 3 2 100 60 12.87 0.73 4.11 16.08
17 3 20 0 409 27.64 7.44 10.34 23.34
18 3 20 100 99 10.14 4.61 3.57 7.22
19 25 2 0 459 8.10 1.92 1.05 74.57
20 25 2 100 67 5.36 2.73 2.77 7.44
21 25 20 0 443 29.75 9.20 13.43 37.66
22 25 20 100 133 3.89 7.78 3.95 8.18
23 14 11 50 377 35.62 2.62 9.58 61.86
24 14 11 50 377 32.35 4.26 9.11 60.83
25 14 11 50 474 47.73 9.64 25.29 95.13
26 14 11 50 425 21.61 3.29 5.60 24.28
27 14 11 50 439 21.89 3.70 4.50 22.10
28 14 11 50 435 21.97 3.44 4.97 23.59

Abbreviations: extraction yield (EY), total phenolic content (TPC), total flavonoid content (TFC), antioxidant
assays (DDPH and ABTS).
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As can be observed, the five response variables were favored by different extraction
conditions. Regarding EY, the most favorable conditions were 7.5 min, 16.4 bar and 20% Et.
The TPC was favored by an extraction time of 14 min, 11 bars and a 50% Et. In contrast,
TFC was favored under the same conditions of time and pressure, but differed with respect
to TPC in the solvent, with 0% Et achieving the best results. Similar results have been
reported previously [15]. On the other hand, higher TPC and TFC usually corresponded
with higher antioxidant activity in ABTS and DPPH assays. In general terms, the time and
pressure parameters with intermediate values favored the EY and the obtaining of TPC and
TFC. On the other hand, the parameter with the greatest influence was the %Et, showing
differences in obtaining bioactive compounds. This can be explained by considering the
polarity of the solvent and the compounds [16].

In order to obtain a H. elongata extract rich in phenolic compounds and flavonoids,
with the maximum antioxidant capacity, all the response variables were simultaneously
optimized by means of RSM. The operational conditions that simultaneously optimize
all the considered response variables are presented in Table 2. These optimal extraction
conditions give rise to an EY of 502.28 ± 25.11 mg/g of dw, a TPC of 37.43 ± 3.74 mg
PGE/g dw and a TFC of 9.93 ± 0.99 mg QE/g dw. Regarding the antioxidant assays, the
radical elimination activity of DPPH and ABTS was 16.37 ± 0.82 and 65.77 ± 1.97 mg/mL,
respectively (Table 2).

Table 2. Effect of H. elongata extract by MAE under optimal conditions on antioxidant activity.

Best Operating
Conditions

%Et P (bar) T (min)

0.00 ± 0.00 20.00 ± 0.50 16.01 ± 4.80

EY TPC TFC
Antioxidant Activity

DPPH ABTS

502.28 ± 25.11 37.43 ± 3.74 9.93 ± 0.99 16.37 ± 0.82 65.77 ± 1.97

The optimized operating conditions are consistent with the study presented by
Magnusson et al. [16], who obtained the best TPC using water as solvent and an extraction
time between 3 and 15 min, but very high temperatures were required (160 ◦C). In this
sense, Zhang et al. [17] stated, using terrestrial plants, that water is a solvent with good
solubility and has an excellent ability to absorb microwave energy and lead to efficient
heating of the sample. Regarding TPC, the results of previous studies are variable. For
example, Jiménez-Escrig et al. [9] reported a similar TPC around 30 mg PGE/g dw; how-
ever, when using aqueous methanol (50%) and extraction times longer than 2 h, TPC was
around 10 mg PGE/g dw when using water but also with longer extraction times (1 h).
Fernández et al. [18] reported values of 18 mg gallic acid equivalents/g dw, but again
they required the use of organic solvents and extraction times longer than one hour and
with different steps. Therefore, our data present a rapid, simple and green method to
effectively extract a different kind of biomolecule from H. elongata. Nevertheless, further
microwave parameters, such as temperature, power and frequency need to be further
analyzed to obtain the most efficient extraction method. Furthermore, it is noticeable
that the differences observed between studies could be due to the great variability of the
content and phytochemical profile of algae, which can be larger and affected by different
climatic and intrinsic factors, such as season, age, geographical location and environmental
conditions [19].

4. Conclusions

H. elongata is an alga species with reported antioxidant activity, which has been
attributed to the presence of phenolic compounds and flavonoids. In this study, MAE
resulted in a suitable technique to extract those compounds and obtain extracts with
antioxidant activity. Furthermore, the RSM was a suitable statistical method to determine
the optimal conditions that maximize the content of polyphenols and total flavonoids, the
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antioxidant capacity and the extraction performance using microwaves. According to the
optimization results, the best operational conditions that allowed us to produce extracts
rich in bioactive compounds and displayed significant antioxidant effects on DPPH and
ABTS assays were 0% Et, 20.00 bar and an extraction time of 16 min. Considering the
growing interest in algae compounds, this extract could be used in the development of
functional food, cosmetic and pharmaceutical applications.
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Extraction, identification, and quantification. Biomolecules 2019, 9, 244. [CrossRef]

428



��������	
�������

Citation: Fioravanti, A.; Morandi, S.;

Carotta, M.C. Semiconductor Oxide

Gas Sensors: Correlation between

Conduction Mechanisms and Their

Sensing Performances. Chem. Proc.

2021, 5, 71. https://doi.org/

10.3390/CSAC2021-10472

Academic Editor: Ye Zhou

Published: 30 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Semiconductor Oxide Gas Sensors: Correlation between
Conduction Mechanisms and Their Sensing Performances †

Ambra Fioravanti 1,* , Sara Morandi 2 and Maria Cristina Carotta 1

1 Institute of Sciences and Technologies for Sustainable Energy and Mobility (CNR–STEMS),
Via Canal Bianco 28, 44124 Ferrara, Italy; mariacristina.carotta@stems.cnr.it

2 Department of Chemistry, University of Turin, Via P. Giuria 7, 10125 Torino, Italy; sara.morandi@unito.it
* Correspondence: ambra.fioravanti@stems.cnr.it; Tel.: +39-0532-735668
† Presented at the 1st International Electronic Conference on Chemical Sensors and Analytical Chemistry,

1–15 July 2021; Available online: https://csac2021.sciforum.net/.

Abstract: In this work, a variety of semiconducting oxides were prepared and principally charac-
terized by means of spectroscopic techniques (absorbance FT-IR, diffuse reflectance UV-Vis-NIR) to
shed light on the electronic properties and defects involved at the roots of gas sensing capabilities.
The thick films were obtained by screen printing technology on which electrical characterization and
gas sensing measurements were performed. From the cross analysis of the results, a description of
the specific sensing mechanism for each material is proposed.

Keywords: thick film gas sensors; nanostructured semiconductor oxides; UV-Vis-NIR and FT-IR
spectroscopies; electrical characterization; sensing mechanisms

1. Introduction

The adsorption of a gas on the surface of a semiconducting oxide can induce a sig-
nificant change in the electrical resistance of the material. This effect is at the basis of the
development of chemiresistors for gas detection [1]. Due to their high sensitivity, tunable
selectivity, easy production, small dimensions, and low cost, they are successfully used
in a broad range of applications (pollutant monitoring, food quality control, industrial
system control, and medical diagnosis) to detect a large number of gaseous compounds.
Despite this, an increasing demand of gas sensors with high performances has been docu-
mented [2]. Many actions can be made to improve the sensing performances, such as the
synthesis of nanostructures with a high specific surface area and the loading with noble
metals, but the first issue is to understand the sensing mechanism of the materials and their
sensing properties [3,4].

The IR and the UV-Vis spectroscopies are excellent experimental tools for investigating
the electronic properties and surface chemistry of a large class of metal oxides used in the
fabrication of solid state devices for gas sensing [5].

This work is aimed to determine the electronic properties for a variety of semicon-
ducting oxides (single or combined, such as SnO2 MoO3, WO3, ZnO, TiO2, Ti-Sn, W-Sn,
Mn-W mixed oxides, etc.) and to correlate them with the sensing mechanism and the
sensor performances.

2. Materials and Methods

A selection of semiconducting oxides (single or combined, such as SnO2 MoO3, WO3,
ZnO, TiO2, Ti-Sn, W-Sn, Mn-W mixed oxides, etc.) were prepared using wet chemistry
methods [6,7]. The synthesis procedures were optimized to obtain nanopowders with a
single phase, and a homogenous distribution in grain size (analyzed by X-ray diffraction
and scanning electron microscopy, respectively) was presented.
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The powders were characterized by means of spectroscopic techniques with the aim to
evaluate the electronic properties and defects involved in the sensing processes. Absorbance
IR spectra were run on a Perkin–Elmer System 2000 FT-IR spectrophotometer, equipped
with a Hg–Cd–Te cryodetector, working in the range of wavenumbers 7800–580 cm−1.
Diffuse reflectance spectra in the UV-Vis-NIR region were run on a Varian Cary 5 spec-
trophotometer, working in the range of wavenumbers 53,000–4000 cm−1. The spectroscopic
responses were studied in the range from room temperature to 500 ◦C, both for the interac-
tion with pure gases and for mixture gas/O2 at different concentrations depending on the
oxide [8,9].

For obtaining thick films for electrical characterization and gas sensing measurements,
the functional materials were added to an organic vehicle together with a small percentage
of glass frit. Then, they were deposited on alumina substrates with interdigitated Au
contacts and a heating element, finally fired at 650 ◦C. The flow-through technique was
used maintaining a flow rate of 0.5 L/min, using synthetic air as carrier gas in dry conditions
for the: (i) conductance measurements vs. temperature (room temperature of 650 ◦C); (ii)
surface potential barrier height measurements to determine the intergranular energy barrier
(Schottky barrier) versus temperature, following the method of stimulated temperature
conductance measurements, as described by Clifford and Tuma [8,10]; and (iii) dynamical
responses obtained in the presence of a mixture of different gases and operating temperature
from 350 to 550 ◦C. The sensor response was calculated as the ratio between the conductance
in the presence of the gas test and the conductance in air.

Finally, a sensing mechanism was proposed for each material by combining the results
of spectroscopic and electrical characterization.

3. Results and Discussion

In this section, the main findings of some single (SnO2, WO3, and TiO2) and mixed
(Ti-Sn and W-Sn) oxides, considering the carbon monoxide gas test, are summarized.
More detailed characterizations are reported in [8,9].

The spectroscopic measurements on single oxides show that, on the one hand, SnO2 is
characterized by the presence of mono-ionized oxygen vacancies (evidence in the medium
IR region); on the other hand, WO3 is characterized by the presence of polarons, i.e., elec-
trons trapped in deep levels in the band gap (evidenced in the Vis-NIR region). TiO2 shows
both mono-ionized oxygen vacancies and polarons. The amount of defects increases upon
CO interaction at increasing temperatures.

As for mixed oxide Sn1-xTixO2, the spectroscopic measurements in CO reveal two
different behaviors: (i) samples with x = 0.1 shows absorption related to the photo-ionization
of mono-ionized oxygen vacancies, as SnO2 shows; and (ii) samples with 0.3 ≤ x ≤ 0.9 show
the increase in an absorption near to the VB–CB edge, as TiO2 shows. Samples with x = 0.2
is a borderline sample, showing behavior in between those of SnO2 and TiO2. This behavior
was confirmed by electrical measurements.

Combining the results of spectroscopic and electrical characterization, two detection
mechanisms emerge depending on the kind of chemical reaction involved. The first
occurs between ionosorbed oxygen atoms and CO, with a consequent electron transfer
from surface to bulk, resulting in a conductance increase and a consequent barrier height
decrease. The second occurs between surface lattice oxygen atoms and CO; the bond
electrons of the surface lattice oxygen atoms do not contribute to the formation of the
spatial charge region and the Schottky barrier. To conclude, the prevalent gas detection
mechanism in the materials with x < 0.3 is that usually occurs through Schottky barrier
modification, whilst x ≥ 0.3 is based on bond electrons which, after the reaction, enter the
conduction band without affecting the barrier height, but only bulk conductance.

Concerning the CO responses, the Ti-Sn solid solutions offer higher responses than
those of pristine oxides, and the solution with x = 0.25 results in the best material to detect
carbon monoxide.
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The spectroscopic characterization of W-Sn mixed oxides highlighted the presence of
polaron levels, with a position not affected by the Sn content, for mixed oxides with Sn
molar content up to 33% (as for WO3) and mono-ionized oxygen vacancies for the mixed
oxide with Sn molar content of 89% (as for SnO2).

The different positions of the defect levels in the band gap cause the formation of
surface potential barriers significantly lower for WO3 and for mixed oxides with Sn molar
content up to 33% (WO3-like samples) than for SnO2 and for the mixed oxide with Sn molar
content of 89% (SnO2-like sample). This result allows to define the correlation between
the electronic levels associated with the defects and the surface potential barriers in the air
and in reducing atmospheres. In particular, the electrical measurements indicate that the
changes in the already-low barriers of WO3 and WO3-like samples are almost negligible
in the presence of a reducing gas, such as CO; otherwise, CO significantly decreases the
barriers of SnO2 and SnO2-like sample. These results are completely in agreement with the
low CO sensitivity of WO3 and WO3-like samples, and with the better CO sensitivity of
SnO2 and SnO2-like sample.

4. Conclusions

In the electrical characterization, the main parameter typically measured is the conduc-
tance. All the operating characteristics of the sensors are derived from this measurement,
considering the strength and the weakness of semiconductor sensors. On the one hand, it is
simple and easily measured, but it is a second-order parameter that, although very sensitive
to some reactions at the solid surface, is not a direct indicator of the exact processes taking
place. For this reason, we investigated the behavior of different oxide materials by means of
IR and UV-Vis spectroscopies to enlighten surface reactions and electronic properties and
coupling the results to those of electrical characterization. We demonstrate the possibility
to describe the processes involved in the detection mechanism with a method which can be
applied to every functional material characterized towards every gas of interest.
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Abstract: In this work, we explore the possibility of using anti-crown ether (C6HgF4)3 as a membrane-
active component for potentiometric cross-sensitive sensors. Anti-crown ligands have already been
employed as ionophores in plasticized polymeric membranes; however, the results of these studies are
contradictory. In order to clarify the electrochemical sensitivity patterns of anti-crown-based sensors,
we have studied plasticized polymeric membranes containing cation and anion-exchanging additives
and various solvent-plasticizers. We explored the electrochemical sensitivity of these membranes in a
wide variety of aqueous solutions of inorganic salts. Alkaline, alkaline-earth, and d-element salts
with different anions were studied. It was found that the sensors based on anti-crown (C6HgF4)3

exhibit cationic sensitivity, and no considerable anionic responses were observed.

Keywords: anti-crown; potentiometric sensors; plasticized polymeric membranes

1. Introduction

In this work, we explore the possibility of using the so-called anti-crown compound
(C6HgF4)3 as a membrane-active component for potentiometric cross-sensitive sensors.
Anti-crown ethers are macrocyclic organometallic compounds consisting of mercury atoms
or tin atoms separated by carbon atoms, including fluorinated macrocycles and mercury-
carborands.

The chemistry of anti-crowns is quite extensive and it is a rapidly grown field of re-
search. Recently, it was reported that (o-C6F6Hg)3 is readily coordinated with bromide and
iodide anions to yield the following complexes: {o-[(C6F6Hg)3Br]−} and {o-[(C6F6Hg)3I]−}.
When anti-crowns interact with halogens, they form polydecker wedge-shaped sandwiches:
[(···(C6F6Hg)3···X···)n]n−, where X = chloride and bromide anions [1]. The ability of anti-
crown ethers to coordinate with single-charge anions has attracted the attention of analytical
chemists. Several attempts have been made to create sensors based on anti-crown ethers to
detect anions. For example, mercury-carborand was used as an ionophore for the determi-
nation of chloride ions [2]. The authors made a PVC-plasticized membrane consisting of
NPOE as a plasticizer, TDDMA-Cl as an anion exchange additive, and mercury-carborand-3
as an ionophore. It was experimentally shown that the sensors exhibit a near-Nernstian
response when interacting with Cl− in a wide range of concentrations, and detection
limits were in the micromole range. It was also found that the presence of TDDMA-Cl
in the membrane causes an increase in sensor sensitivity. Another study explored three
mercury anti-crown ethers to develop sensors for the Me4N+ cation [3]. The authors of the
article synthesized three different PVC-plasticized membranes with various plasticizers:
bis(2-ethylhexyl) sebacate (DOS), dioctyl phthalate (DOP), and dibutyl phthalate (DBP).
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Potassium tetrakis(4-chlorophenyl)-borate (KTpClPB) was used as a cation exchanger. A
near-Nernstian response of 54.2 mV/dec towards the Me4N+ cation was observed when
DOS was employed as a plasticizer. With other plasticizers, the responses were smaller.
The electrode with the ionophore was more sensitive, with a response of 54.9 mV/dec.
Figure 1 shows several typical anti-crown ether structures.

Figure 1. Structural formulas of typical anti-crown ethers based on fluorinated macrocycles and
mercury-carborand: (1) Containing 3 mercury atoms; (2) containing 4 and 5 mercury atoms.

2. Experimental Part

2.1. Reagents

Three-mercury anti-crown ether was used as an ionophore in all membranes. The anti-
crown was synthesized at A.N. Nesmeyanov Institute of Organoelement Compounds. The
polymer matrix of the membranes was made of PVC (poly(vinylchloride)). O-nitrophenyloctyl
ether (NPOE) and dioctyl sebacate (DOS) were used as a solvent-plasticizers. NaTpClPB was
used as an anionic additive, and TDDMA-NO3 was used as a cationic additive. All these
substances were from SigmaAldrich, at Selectophore grade. We made three membranes of
each type to assess repeatability of the results.

2.2. ISE Preparation and Potentiometric Measurements

The composition of the sensor membranes is shown in Table 1. The membranes were
made by mixing the following components: 200 mg plasticizer, 109 mg PVC, 17 mg anti-
crown ether, 30 mg NaTpClPB (membranes 2 and 5), and 20 mg TDDMA-NO3 (membranes
3 and 6). The components where mixed with 5 mL THF using a magnetic stirrer until
completely dissolved. After that, the mixture was transferred to a flat-bottom teflon beaker
and left overnight for solvent evaporation. The disks (7 mm in diameter) were cut from the
parent membrane and glued into electrode bodies. After the glue dried, the housing was
connected to the electrodes and filled with 0.01 M NaCl solution. Finally, the electrodes
were soaked for a day in a solution of sodium chloride of the same concentration. Between
subsequent measurements, the sensors were stored in air. In total, we made 6 membranes
and 18 sensors.
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Table 1. Membrane compositions.

Sensor Component Weight (g)

1
PVC 0.1089
DOS 0.2020

Anti-crown 0.0170

2

PVC 0.1090
DOS 0.2024

Anti-crown 0.0171
NaTpClPB 0.0030

3

PVC 0.1089
DOS 0.2019

Anti-crown 0.0171
TDDMA-NO3 0.0020

4
PVC 0.1089

NPOE 0.2054
Anti-crown 0.0172

5

PVC 0.1088
NPOE 0.2026

Anti-crown 0.0171
NaTpClPB 0.0030

6

PVC 0.1089
NPOE 0.2010

Anti-crown 0.0046
TDDMA-NO3 0.0009

Solutions with a concentration of 1 M were prepared by weight, and less concentrated
solutions were prepared by sequential volume dilution of the parent solution. All solutions
were prepared with doubly distilled water.

The galvanic cell for the potentiometric measurements was the following:

Ag|AgCl, KCl(sat.)|analyzed solution|PVC membrane|NaCl, 0.01 M, AgCl|Ag

The reference electrode was a silver chloride electrode filled with a saturated solution
of potassium chloride. A glass electrode was used to control the pH during the experiment.
All measurements were carried out at room temperature.

3. Results and Discussion

3.1. Anion Sensitivity

To study the anion sensitivity of the sensors, a series of measurements was carried out
in aqueous solutions of Li2SO4, NaCl, NaOAc, NaF, and Ca(NO3)2 in the concentration
range of 10−6–10−2 M. Based on the results of three parallel measurements, the slopes
of the linear parts (10−5–10−2 M) of the calibration curves were calculated. The sensor
compositions 2 and 5 (Table 2) contain cation-exchange NaTpClPB, compositions 3 and
6-TDDMA-NO3 contain an anion-exchange additive.

Table 2. Response characteristics of the electrodes to anions (±2 mV/dec).

Sensor Cl− F− OAc− NO3
− SO4

2−

1 5 9 8 4 6
2 16 18 14 19 11
3 −27 −1 −6 −3 −2
4 34 31 32 5 35
5 29 39 32 15 41
6 −41 −8 −10 −11 −3

As can be observed, the developed sensors in most cases do not demonstrate pro-
nounced sensitivity to anions. The sensitivity values obtained for chloride for the sensors
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of composition 6 (−40.85 mV/dec with NPOE plasticizer) are the closest to the theoretical
values. The sensors without any ion-exchanging additive showed cation sensitivity, thus
suggesting that three mercury anti-crown ether promotes cation sensitivity.

3.2. Cation Sensitivity

We also studied the sensitivity of the electrodes to cations. A broad variety of inorganic
cations was studied: Li+, Na+, Mg2+, K+, Ca2+, Co2+, Ni2+, Cu2+, Zn2+, Sr2+, Cd2+, Cs+,
Pb2+, La3+, Eu3+, and Lu3+. The measurements were performed in the concentration range
of 10−7–10−3 M for lanthanides solutions; other salts were in the concentration range
of 10−6–10−2 M. The slopes were calculated for the concentration range of 10−5–10−2 M
(10−5–10−3 M for La3+, Eu3+, and Lu3+). The results are provided in Table 3.

Table 3. Cation sensitivities of the electrodes (±2 mV/dec).

Sensor Li+ Na+ Mg2+ K+ Ca2+ Co2+ Ni2+ Cu2+

1 6 5 −1 23 4 −2 −3 8
2 11 16 9 44 19 12 11 10
3 −2 −27 −3 1 −3 −4 −3 2
4 35 34 4 39 5 15 10 13
5 41 29 10 44 15 15 12 14
6 −3 −41 −7 −6 −11 −2 −17 −10

Zn2+ Sr2+ Cd2+ Cs+ Pb2+ La3+ Eu3+ Lu3+

1 −3 −3 1 36 2 −1 0 −1
2 9 13 8 51 19 1 2 2
3 −3 −5 0 12 −1 −1 −2 −4
4 13 13 11 42 23 3 3 2
5 12 14 13 47 17 0 0 1
6 −6 −4 −2 −12 −2 0 −1 −2

It can be seen that the sensors have pronounced cross-sensitivity to cations. The
sensors of compositions 3 and 6 in most cases showed anion sensitivity, apparently due to
the presence of the anion exchanger. The sensor with a cation-exchange additive based on
the plasticizer DOS (composition 2) was more sensitive to all the cations than the sensor
without an additive with the same plasticizer (composition 1). For example, for Cs+ and
Pb2+, the slopes for sensor 1 were 35.8 mV/dec and 2.1 mV/dec, and the slopes for sensor
2 were 51.2 mV/dec and 18.7 mV/dec, respectively. Comparing sensors based on different
plasticizers (sensors 2 and 5; plasticizers DOS and NPOE), we can say that for most of the
cations (Li+, Mg2+, Ni2+, Cu2+, Sr2+, and Cd2+), the values of the slope of the electrode
function are higher for the sensor based on o-nitrophenyloctyl ether (composition 5). For
example, for Cd2+, the slope for sensor 2 was 8.4 mV/dec, and the slope for sensor 5 was
12.9 mV/dec. At the same time, it is worth noting that the observed sensitivity values in
most cases significantly differ from the theoretical values. The developed sensors did not
show sensitivity to the La3+, Eu3+, and Lu3+ cations.

4. Conclusions

We studied the possibility of using a three-mercury anti-crown as an ionophore. Also,
the electrochemical sensitivity of developed sensor membranes in solutions of inorganic
anions and cations was studied. It was found that the presence of three-mercury anti-crown
ether in the polymer plasticized membrane promoted the cation sensitivity of the sensors.

In general, the developed sensors may have potential in the development of potentio-
metric multi-sensor systems; however, further studies are needed to confirm that there is
some benefit to using anti-crown compounds as ionophores, since the observed sensitivities
followed the lipophilicity of the cations (the highest values were observed for cesium and
lead).
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Abstract: In this work, an optical fiber sensor based on the localized surface plasmon resonance
(LSPR) phenomenon is presented as a powerful tool for the detection of heavy metals (Hg2+). The
resultant sensing film was fabricated using a nanofabrication process, known as layer-by-layer
embedding (LbL-E) deposition technique. In this sense, both silver nanoparticles (AgNPs) and gold
nanoparticles (AuNPs) were synthesized using a synthetic chemical protocol as a function of a strict
control of three main parameters: polyelectrolyte concentration, loading agent, and reducing agent.
The use of metallic nanostructures as sensing materials is of great interest because well-located
absorption peaks associated with their LSPR are obtained at 420 nm (AgNPs) and 530 nm (AuNPs).
Both plasmonic peaks provide a stable real-time reference that can be extracted from the spectral
response of the optical fiber sensor, giving a reliable monitoring of the Hg2+ concentration.

Keywords: fiber optic sensor; gold nanoparticles; silver nanoparticles; localized surface plasmon
resonance; layer-by-layer embedding; mercury; ppm

1. Introduction

The presence of heavy metals in a human’s daily life has become a concern due to their
adverse health effects. Among all of them, mercury is receiving major attention because
its presence is associated with serious problems, such as lung or nervous system damage,
heart diseases, and even neurological and psychological symptoms [1]. Due to this, a wide
variety of detection methods can be found in the bibliography, ranging from electrochemical
sensors [2–4] to colorimetric sensors [5–7] and optical sensors [8–10]. This work focuses on
optical fiber sensors based on the localized surface plasmon resonance (LSPR) phenomenon.
It is well known that LSPR is an optical phenomenon that is generated, thanks to the
interaction between the incident light and the electrons in the conduction band of the metal
surface [11]. It has been demonstrated that the resultant amplitude and the plasmonic
resonance energy can vary as a function of the geometry and the distance between the
nanoparticles. Until now, LSPR optical fiber sensors for mercury ion detection mostly
contain gold nanoparticles (AuNPs) as the main plasmonic sensing material, showing the
interaction between gold and mercury as a change in the physical and chemical properties of
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the metallic nanoparticles [12,13]. The novelty of this work is the possibility of introducing
two different metallic nanoparticles, AgNPs and AuNPs, into LbL films with the aim
of obtaining two different LSPR sensing signals for the detection of mercury ions. This
deposition technique makes it possible to obtain thin films with a good control in the
resultant thickness in the nanometric range as a function of operational parameters, such as
pH, ionic strength, and number of bilayers deposited [14–16]. An initial study is performed
on glass slides in order to optimize the nanofabrication technique, and then sensing coating
is implemented on an optical fiber. Finally, a change in the wavelength position of the LSPR
band can be observed as a function of the concentration of the analyte. To sum up, this is
the first time that an optical fiber sensor with a dual reference state is presented for mercury
ion detection.

2. Methods

2.1. Materials

The polymeric matrix is composed of poly(allylamine hydrochloride) (PAH)
(Mw ~15.000), which acts as a polycation, and poly(acrylic acid) (PAA) 35 wt% solution in
water, which acts as a polyanion. In order to obtain AuNPs and AgNPs, gold(III) chloride
trihydrate (HAuCl4·3H2O) and silver nitrate (AgNO3) were used as loading agents for the
synthesis of metallic nanoparticles. Finally, dimethylamine borane complex (DMAB) was
used as a reducing agent.

2.2. Chemical Process for the Synthesis of Metallic Nanoparticles
2.2.1. Gold Nanoparticle (AuNP) Synthesis

First, aqueous solutions of HAuCl4·3H2O (20 mL, 5 mM) and PAA (120 mL, 10 mM),
which acts as a stabilizing agent, were mixed and stirred for a period of 2 h. After that, an
aqueous solution of the reducing agent, DMAB (5 mL, 100 mM), was added to the previous
solution, and the mixture was stirred for 24 h at room temperature. Finally, a color change
from yellow to violet was obtained, indicating the synthesis of AuNPs. The combination
of PAA and AuNPs is denoted as PAA-AuNPs. This colloidal dispersion solution (PAA-
AuNPs) showed a spherical shape and nanometric range (10–20 nm) corroborated by
transmission electron microscopy (TEM) [17].

2.2.2. Silver Nanoparticle (AgNPs) Synthesis

For the synthesis of AgNPs, first, aqueous solutions of AgNO3 (20 mL, 10 mM) and
PAH (120 mL, 10 mM), which acts as a stabilizing agent, were mixed and stirred for a
period of 2 h. After that, an aqueous solution of the reducing agent, DMAB (5 mL, 100 mM),
was added to the initial solution, and the mixture was stirred for 24 h at room temperature.
Finally, a color change from transparent to orange was obtained, indicating the synthesis of
AgNPs. The combination of PAH and AgNPs is denoted as PAH-AgNPs. The location of
the LSPR absorption band clearly indicates the synthesis of AgNPs with a spherical shape
and nanometric size [18].

2.3. Optical Characterization

The optical properties of the synthesized metallic nanoparticles were determined by
using a Jasco V-630 spectrophotometer (Agilent, Santa Clara, CA, USA). Two different and
well-separated absorption bands were obtained.

2.4. Layer-by-Layer Nanoassembly

The layer-by-layer nanoassembly technique was used for the fabrication of the thin
films. In this work, the presence of PAH and PAA was used as the positively and negatively
charged polyelectrolytes for the buildup of the polyelectrolyte structure film. In addition,
as demonstrated in the previous section, these charged structures also play a key role in
stabilizing the synthesized nanoparticles. More specifically, the polycationic solution PAH-
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capped AgNPs (PAH-AgNPs) and the polyanionic PAA-capped AuNPs (PAA-AuNPs)
were used for the fabrication of the thin films.

2.5. Optical Fiber Detection Setup

A multimode optical fiber with a 200 μm core diameter with polymeric cladding,
0.39 NA (Thorlabs FT-200-EMT), was used for the fabrication of the optical fiber sensor.
First, it was necessary to remove the acrylate cladding of a segment of approximately
2 cm of the optical fiber, and for this, a few drops of dry acetone and a blade were used,
exposing the bare optical fiber core in its entire cylindrical section. This optical fiber
segment was immersed for 5 min in piranha solution to eliminate the acetone that could
remain. Temporary SMA connectors were used at the end of the optical fiber, exciting the
sensor from one of the connectors with a halogen white source, and the other end collected
the optical response with a CCD spectrometer (HR4000-UV Ocean Optics, Ocean Insight,
FL, USA). A scheme of the deposition process and the optical setup is presented in Figure 1.

Figure 1. Schematic representation for the fabrication of the LbL films by using PAH-AgNPs as a
polycation and PAA-AuNPs as a polyanion.

2.6. Mercury Sample Preparation

The mercury samples were prepared using mercury(II) chloride (HgCl2). Every
concentration of mercury was prepared with phosphate buffer (PB) solution for achieving
a constant pH = 7.6. The Hg concentrations were varied from 50 to 1 and 0.1 ppm. An
important aspect is that for each measurement, the fiber optical sensor was immersed in
PB + DMAB buffer solution with the aim of obtaining a stable baseline for further mercury
detection.

3. Results and Discussion

As an initial step, the nanofabrication process was performed on glass substrates,
and then, the same procedure was extrapolated to the optical fiber for further chemical
sensing. The selected pH for the fabrication of the whole process was 7.0 in the dipping
polyelectrolytes. As can be observed in Figure 2, the sample for thickness coating with
10 bilayers showed a clear predominance of the LSPR in relation to AgNPs (plasmonic peak
centered at 450 nm), without being able to identify the peak in relation to AuNPs. However,
when the thickness coating was gradually increased up to a total thickness of 30 bilayers,
both LSPR peaks can be clearly observed, which were centered at 420 nm (AgNPs) and
540 nm (AuNPs), although transparent films were still obtained, which were observed by
the naked eye.
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Figure 2. UV–VIS spectra of the LbL coatings based on PAH/AgNPs and PAA/AuNPs deposited on
glass slides as a function of the thickness coating (10, 20, and 30 bilayers) for pH 7.0.

Once the presence of both LSPR peaks was demonstrated on glass slides, the next step
was based on the deposition of this same thin film onto an optical fiber at the same pH
value (87.0) in order to appreciate both absorption bands in the UV–VIS spectra. In Figure 3,
it is demonstrated that by only a final thickness of 7 bilayers, it is possible to appreciate the
LSPR of the AgNPs (centered at 420 nm) and AuNPs (centered at 540 nm), this sensing thin
film being for the mercury ion detection.

 
Figure 3. UV–VIS spectrum of the LbL coatings based on PAH/AgNPs and PAA/AuNPs deposited
on an optical fiber for a thickness coating of 7 bilayers.

Detection of Mercury Ions with Fiber Optic Sensor

Once the thin film was fabricated, the optical fiber was immersed in the Buffer PB +
DMAB solution for 1 h in order to have a stable baseline for the mercury detection stage.
After that, the sensing film was immersed at a fixed mercury concentration of 50 ppm,
and a very interesting result was that a clear wavelength shift of 23 nm was observed for
LSPR (AuNPs), which remained stable in wavelength, compared with the wavelength
shift observed in the AuNP LSPR band. According to this, LSPR-AuNPs are much more
sensitive to the presence of Hg than LSPR-AgNPs (Figure 4). The UV–VIS spectra for the
minimum (0.1 ppm) and maximum (50 ppm) H2O2 concentrations are presented in Figure 5
in order to have a better appreciation of the wavelength shift related to the LSPR-AuNPs,
with the detection range being in the order of 100 ppb.
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Figure 4. Wavelength shift of the LSPR absorption bands at 50 ppm of mercury concentration.

(a) 

 
(b) 

Figure 5. UV–VIS spectra for (a) the minimum concentration (0.1 ppm) and (b) the maximum Hg
concentration (50 ppm).

The wavelength shift observed in the AuNP LSPR absorption band can be explained by
the chemical reaction of the mercury present in the sample with the AuNPs. As previously
reported [8], mercury ions, in the presence of DMAB of the stock buffered solution, are
reduced to metallic mercury, which is known to show a high affinity for gold to form
an amalgam [13]. Mercury reacts with AuNPs, changing their surface chemistry, so it
is possible that their effective diameter in terms of LSPR resonances is reduced, which
explains the blue shift in the LSPR band maximum. The higher reaction affinity of mercury
towards gold compared with silver makes the stability of the AgNP absorption band
possible, which can be used as a quite stable wavelength reference.

Different sensors were fabricated with the same sensing materials in order to detect a
particular mercury concentration. Although both LSPR bands experimented changes in the
presence of mercury ions, it is clearly visible that the LSPR band corresponding to AuNPs
showed a greater blue shift in comparison with the LSPR of AgNPs. Finally, the dynamic
response of the LSPR band inherent in AuNPs is presented in Figure 6 for different mercury
concentrations (0.1, 1, and 50 ppm).
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Figure 6. Dynamic response of the optical fiber sensors for the LSPR (AuNPs) to different Hg
concentrations, ranging from 50 to 0.1 ppm.

4. Conclusions

In this work, a fiber optic sensor based on two different LSPR sensing signals for
the detection of Hg2+ was presented. The metallic nanoparticles were incorporated into
the sensing films by using the layer-by-layer nanoassembly technique. The sensors were
exposed to different Hg2+ concentrations, with the wavelength response of the AuNP
LSPR greater than that of the AgNP LSPR. Finally, this resultant sensing material can be
extrapolated for the detection of different heavy metals in environmental applications.
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Abstract: This work concerns the development of a good quality graphene doped TiO2 nanotube
array sensor for efficient detection of methanol. A pure and graphene doped TiO2 nanotube array was
synthesized by electrochemical anodization. Morphological, structural and optical characterizations
were performed to study the samples. Both the nanotube samples were produced in Au/TiO2

nanotube/Ti type MIM-structured devices. Pure and graphene-doped TiO2 nanotubes offered a
response magnitude of 20% and 28% to 100 ppm of methanol at room temperature, respectively.
Response/Recovery time was fast for the graphene doped TiO2 nanotube array (34 s/40 s) compared
to a pure TiO2 nanotube array (116 s/576 s) at room temperature. This study confirmed the notable
enhancement in methanol sensing due to the formation of local heterojunctions between graphene
and TiO2 in the hybrid sample.

Keywords: methanol sensing; graphene doping; electrochemical anodization

1. Introduction

Methanol is one of the essential organic solvents having numerous applications in
the production of dyes, drugs, perfumes and colors. Moreover, it is extensively utilized
in automobile fuel, wastewater denitrification and electricity generation [1]. Methanol
is an extremely toxic VOC which is disastrous to human health. Repeated exposure to
methanol vapors causes many problems to human beings, such as blindness, acidosis,
headaches, blurred vision, shortness of breath and dizziness. Skin contact with methanol
results in dermatitis or scaling and eye contact results in vision destruction [2]. With all
these concerns, there is a high demand for the development of methanol sensors which are
reliable, stable, and sensitive as well as able to perform at low temperatures.

Different materials like metal oxide semiconductors, polymers, carbon nanostructures,
metal nanoparticles, and nanocomposites have been extensively utilized by different re-
searchers for chemical sensing. Solid state sensors based on semiconducting metal oxides
have achieved a lot in the field of chemical sensing due to their exceptional properties [3].
TiO2 is an efficient semiconducting metal oxide which can be synthesized in different
nanoforms (nanotubes, nanorods, nanoparticles and nanospheres, etc.) for different appli-
cations like photocatalysis [4], chemical sensing [5], and wastewater purification [6]. In the
field of vapor sensing, the 1D-TiO2 nanotube performs very well due to its ideal properties
such as uniformity, stability and one dimensional electron flow [7]. Different researchers
have applied different techniques such as the formation of TiO2-based hybrid to improvise
the performance of TiO2-based sensors.

Two-dimensional graphene offers advanced opportunities to develop hybrids with
amazing electronic catalytic behavior. The flat monolayer of graphene offers unique prop-
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erties such as high surface-to-volume ratio, excessive mobility and good electrical conduc-
tivity [8]. These properties make graphene an ideal candidate to support or form hybrid
with metal oxide semiconductors having high catalytic properties [9]. Some reports have
been published demonstrating the sensing performance of a graphene-TiO2-based hybrid.
Fan and group described the hydrothermal production of a TiO2-graphene nanocomposite
and its implementation in electrochemical sensing. They showed electrochemical sensing
of dopamine with excellent sensitivity and selectivity [10]. Ye and co-workers reported
room temperature ammonia sensing by an rGO-TiO2 hybrid. They produced the hybrid
by a simple hydrothermal method [11]. Galstyan and group reported the production of
an rGO-TiO2 nanotube hybrid for hydrogen sensing. They showed the impact of GO
concentration on the response of TiO2 nanotubes [12].

In this current work, a highly aligned and uniform graphene-doped TiO2 nanotube
array was synthesized by way of electrochemical anodization for efficient detection of
methanol vapors. A pure TiO2 nanotube array and graphene-doped TiO2 nanotube array
were produced by way of electrochemical anodization. Both samples were examined
and analyzed through various characterization techniques which confirmed the presence
of graphene in the graphene-doped TiO2 nanotube array. Metal-insulator-metal (MIM)-
structured sensors were produced by using both pure and graphene-doped TiO2 nanotubes.
Graphene-doped TiO2 nanotubes showed a sensitivity of 28% with quite a fast response
and recovery time of 34 s and 40 s towards 100 ppm of methanol. A pure TiO2 nanotube
array, however, showed a sensitivity of 20% with relatively slow response/recovery time
(116 s/576 s) in the same conditions.

2. Experimental Details

A highly ordered and oriented pure TiO2 nanotube array and graphene-doped TiO2
nanotube array were synthesized by electrochemical anodization route. Two-electrode
anodic oxidation was performed for 120 min under 40 V potential where Ti foil was used
as the anode and graphite was used as the cathode. The electrolyte was made up of 0.5
wt% of NH4F, 10% vol of DI water and ethylene glycol. The method to synthesize the TiO2
nanotube array was described in detail in our previous reports [13].

High purity graphene oxide suspension was used to prepare 0.2 wt% graphene oxide
(GO) aqueous solution. Then an electrolyte was prepared with 0.5 wt% NH4F, 10 vol% of
GO aqueous solution and ethylene glycol for the preparation of a graphene-doped TiO2
nanotube array. Again, the anodization was performed for 120 min by applying a constant
voltage of 40 V. Due to the constant availability of GO in the electrolyte, graphene was
doped uniformly in the TiO2 nanotubes. Both the pure TiO2 nanotube array and graphene-
doped TiO2 nanotube array were annealed for 3 h at 450 ◦C in ambient air. Annealing
made the nanotubes more robust and stable and hence more reliable to use. The flow chart
describing the steps for the synthesis of pure TiO2 nanotube array and graphene doped
TiO2 nanotube array is represented in Figure 1.

The morphology of the produced samples was analysed by FESEM. The crystallo-
graphic structure of both the samples was examined via X-ray diffraction spectroscopy.
Raman spectroscopy was performed for both samples which confirmed the doping of
graphene in graphene-doped TiO2 nanotube array (GO-TiO2).

To produce the MIM structure for the sensors, Au was deposited on top of TiO2
nanotube/Ti and GO-TiO2 nanotube/Ti samples by electron beam evaporation.. 100 nm
thick deposited Au was considered as the top electrode and Ti was considered as the bottom
electrode. Both samples were enveloped in Cu mask to ensure 1*1mm2 Au top electrode. A
part from the corner of the TiO2 nanotubes was etched with hydro fluoric acid to induce Ti
as the bottom electrode.
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Figure 1. Flow chart describing the synthesis procedure of pure TiO2 nanotube array and graphene-
doped TiO2 nanotube array were synthesized.

The produced sensors were tested against the methanol vapours. The sensors were
examined at room temperature. The sensor setup with their properties has been dis-
cussed previously [14]. Resistance in the ambient air (Ra) and in the exposure of the
reducing vapours (Rg), methanol was observed. The response magnitude is calculated as
[(Ra − Rg)/Ra] * 100. The response time and recovery time for both sensors is defined as
90% of maximum change of the resistance when exposed to methanol vapours and exposed
to synthetic air for the removal of vapors, respectively.

3. Results and Discussion

3.1. Material Characterization

FESEM confirmed the formation of highly ordered and uniform nanotubes in both the
samples (Figure 2). Highly aligned nanotubes were formed with an approximate average
outer diameter of 110 nm and length of 1 μm in both the pure TiO2 nanotube array and
graphene doped TiO2 nanotube array. Graphene does not hamper the original morphology
of TiO2 nanotubes (Figure 2c,d). As graphene was uniformly doped inside the nanotubes,
it was hard to observe the graphene with scanning electron microscopy. The chemical
composition was studied through the EDS spectra, where the evidence of carbon is clearly
visible in a GO-doped TiO2 nanotube array (Figure 2f).

 

100 nm 

(a) 

0.5 μm 

(b) 

100 nm 

(c) 
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(d) 

(e) 

(f) 

Figure 2. FESEM Image of Pure TiO2 nanotube array (a) Top view, (b) Side view (e) EDS spectra and
Graphene-doped TiO2 nanotube array (c) Top view, (d) Side view (f) EDS spectra.
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The sharp intensity peak at 25.3◦ in both the samples is attributed to the anatase
crystallinity of TiO2 nanotubes (Figure 3a). A low intensity peak at 52◦ corresponds to the
anatase crystallinity A (105) in both the samples. A small peak at 54.1◦, present only in the
pure TiO2 nanotube array, corresponds to A (201) and clearly shows the presence of more
anatase in the pure TiO2 nanotube array. The peaks labelled as T arise due to the use of a
Titanium substrate in both the samples. T peak intensity is high in the pure TiO2 nanotube
array and less in the graphene-doped TiO2 nanotube array in comparison to the A (101)
peak.

 

(a) (b) 

Figure 3. Pure TiO2 nanotube array and Graphene doped TiO2 nanotube array (a) XRD Spectra, (b)
Raman spectra.

The Raman spectra of pure TiO2 nanotube array and graphene-doped TiO2 nanotube
array is represented in Figure 3b. The presence of pure anatase is determined by six active
modes Eg (144 cm−1), Eg(197 cm−1), Bg (399 cm−1) Ag + Bg (516 cm−1) and Eg (639 cm−1)
present in both the samples [13]. The sharp intensity peak at 144 cm-1 determines the
formation of Ti-O in the anatase phase of TiO2. The presence of graphene is authenticated
by the sharp peaks at 1348 cm−1 (D band) and 1596 cm−1 (G band) in the graphene-doped
TiO2 nanotube array [15]. The active modes of the anatase TiO2 nanotube and graphene
were present at their corresponding positions even after the uniform doping of graphene.

3.2. Methanol Sensing

The two MIM-structure based sensors were examined against the reducing vapours,
methanol, at room temperature. The resistance of the pure TiO2 nanotube array and
graphene-doped TiO2 nanotube array was 90 MΩ and 30 MΩ, respectively. The reduced
resistance (increased conductance) of graphene-doped TiO2 nanotube array sensor clearly
defines the incorporation of graphene inside a TiO2 nanotube. Both the sensors were
subjected to 100 ppm of methanol at room temperature. The response magnitude of pure
the TiO2 nanotube array and graphene-doped TiO2 nanotube array was 20% and 28%,
respectively. The pure TiO2 nanotube array had a response time and recovery time of 116 s
and 576 s, respectively. Moreover, there was the improvement in response time (34 s) and
recovery time (40 s) in the case of the graphene-doped TiO2 nanotube array (Figure 4a).
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(a) 
(c) (b) 

Figure 4. (a)Transient behavior of pure TiO2 nanotube array sensor and graphene-doped TiO2

nanotube array sensor in 100 ppm methanol at RT with measured response time and recovery time;
Graphene-doped TiO2 nanotube array sensor; (b) Transient behavior from methanol concentration
range of: −1000 ppm to 10 ppm; (c) Repeated cycles in 100 ppm methanol at RT.

A transient was measured within a concentration range of 1000 ppm to 10 ppm for a
graphene-doped TiO2 nanotube array sensor (Figure 4b). A good response magnitude was
obtained in 1000 ppm methanol (77.7%) and an average response magnitude was obtained
in 10 ppm methanol (19%) at room temperature. The graphene-doped TiO2 nanotube array
sensor exhibited a stable baseline resistance with highly repeatable transient behavior at
room temperature (Figure 4c). The graphene-doped TiO2 nanotube array sensor response
was improvised with short response time and recovery time due to the incorporation of
graphene inside TiO2 nanotubes.

3.3. Methanol Sensing Mechanism

The large surface area and two dimensional structure of graphene enhanced the
sensing performance of graphene-doped TiO2 nanotube array sensor. This increased
conductance of graphene doped TiO2 nanotube array sensor can be attributed to the large
carrier mobility and high electrical conductance of graphene. The uniform doping of
graphene inside the TiO2 nanotubes improved the sensing parameters of graphene-doped
TiO2 nanotube array and enabled room temperature sensing.

An energy band diagram of both junctions was sketched by considering the work
function of GO qϕGO ∼ 4.5 eV [16] and anatase n-TiO2 qϕTiO2 ∼ 5.1 eV [17]. An energy
band gap of 3.59 eV for pure GO and 3.2 eV for pure TiO2 (S0) were estimated from a
literature survey. On the formation of a heterojunction between TiO2 and GO, electrons are
transferred to TiO2 and get accumulated on the TiO2 surface.

O2(gas) → O2(adsorbed) (1)

O2(adsrorbed) + e− → O−
2 (adsorbed) (2)

O−
2 + e− → 2O−(adsorbed) (3)

Surface adsorption of oxygen groups (O2
−, O−, O2−) reduces the electron concentra-

tion (Equations (1)–(3)) and increases the width of the depletion region, resulting in the
formation of built-in potential on the surface of the graphene-doped TiO2 nanotube array
sensor as represented in Figure 5. Upon exposure to the methanol vapors, the trapped elec-
tron oxygen groups are released back to the surface of the graphene-doped TiO2 nanotube
array sensor, lowering the built-in potential.

CH3OH + O− → HCOH + H2O + e− (4)
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CH3OH + O−
2 → HCOOH + H2O + e− (5)

When methanol vapor react with the oxygen species it gets oxidised into formaldehyde,
then to formic acid and then it releases electrons to the conduction band which, in turn, re-
duces the resistance of the sensor in exposure to methanol vapors (Equations (4) and (5)) [18].

Formation of depletion region across the TiO2 and GO junction plays an important
role for improving the sensor response. Uniform doping of graphene on the TiO2 surface is
the main reason for enhancing the change of current in-between air and VOC ambient that
eventually shows high sensitivity towards methanol by the graphene doped TiO2 nanotube
sensor at room temperature with quick response time and recovery time.

Figure 5. Heterojunction formed between p-type GO and n-TiO2 nanotubes with electron depletion
in GO and electron accumulation in TiO2.

4. Conclusions

In this work, electrochemical anodization was applied to develop pure TiO2 nan-
otube array and graphene-doped TiO2 nanotube array. Graphene was doped in the TiO2
nanotubes without hampering the original morphology of the nanotubes. Morphological
characterization confirmed the formation of highly aligned and uniform nanotubes and
structural characterization confirmed the anatase crystallinity of TiO2 nanotubes in both
the samples. The evidence of graphene in the hybrid nanotubes was authenticated by the
D and G peaks in the Raman spectra. The pure and graphene-doped TiO2 nanotube array
sensor was produced in MIM structure where Au was considered as the top electrode and
Ti was considered as the bottom electrode. Pure TiO2 nanotube array showed a response
magnitude of 20% with slow response time (116 s) and recovery time (576 s) to 100 ppm
methanol at room temperature. Graphene-doped TiO2 nanotube array showed a better
response magnitude of 28% with a quick response time (34 s) and recovery time (40 s) to
100 ppm of methanol at room temperature. Also, lower detection limit till 10 ppm with
good response magnitude (19%) towards methanol was achieved with the graphene-doped
TiO2 nanotube array sensor at room temperature. A significant improvement in methanol
sensing was achieved by the formation of localized heterojunctions between graphene and
TiO2 in the hybrid sample.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10620/s1.
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Abstract: SnO2 is one of the most studied materials in gas sensing. Among the many strategies
adopted to optimize its sensing properties, the fine tuning of the morphology in nanoparticles,
nanowires, and nanosheets, as well as their eventual hierarchical organization, has become an
active field of research. In this work, results published in the literature over the last five years are
systematically analyzed focusing on response intensities recorded with chemiresistors based on pure
SnO2 for ethanol detection in dry air. Results indicate that no morphology clearly outperforms others,
while a few individual sensors emerge as remarkable outliers with respect to the whole dataset.

Keywords: chemiresistors; SnO2; ethanol; nanoparticles; nanorods; nanosheets

1. Introduction

Chemiresistors based on semiconducting metal oxides are among the most popular
gas sensing devices. Their success comes from their high sensitivity to a broad range
of chemicals, their reduced size and power consumption, and their suitability for mass
production at relatively reduced costs. To optimize the sensing layer, the fine control of
the morphology, both at the level of individual nanostructures and at the level of their
hierarchical assembly, has been reported as very effective [1,2].

In this work, with the aim to have a more general and reliable picture of the state of
the art, results published in the literature in the last five years are systematically analyzed,
focusing on response intensities recorded with chemiresistors based on pure SnO2 for
ethanol detection in dry air, as the case example. In particular, we chose to focus on SnO2
because it is the most studied material among semiconducting metal oxides. Similarly, we
chose ethanol as target gas because it is widely used as a test gas for the development of
innovative materials (morphologies) and it is a key component in many applications [3].

2. Materials and Methods

This work considers the responses to ethanol reported for chemiresistors based on
pure SnO2 in the period from January 2015 to July 2020. In order to have a common
background between all the considered responses, only dry air tests have been taken into
account.

The morphology of the SnO2 layer is described at two different levels: at the level of
individual nanostructures and the level of their eventual hierarchical assembly.

Concerning the shape of individual crystallites composing the sensing layer, it has
been categorized as follows:

• Nanorods: elongated nanostructures with a high aspect-ratio, and surfaces identified
by well-defined crystalline planes;

• Nanoparticles: spherical nanostructures, such as those used in thick films;
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• Nanosheets: thin nanostructures extending in two dimensions.

3. Results

As an example of the shape of elementary nanostructures widely investigated in the
literature, Figure 1 reports the SEM images for two SnO2 layers composed by a disor-
dered network of nanowires (Figure 1a), and by a disordered network of nanoparticles
(Figure 1b) [1]. Therefore, some nanoparticles are distributed over the substrate individu-
ally, while others are distributed in μm-sized grains as a consequence of aggregation often
observed in nanoparticle-based layers [1].

  

(a) (b) 

Figure 1. Examples of two different morphologies investigated in the literature for SnO2-based
chemiresistors. (a) Film composed by a disordered network of SnO2 nanowires; (b) film composed by
a disordered network of SnO2 nanoparticles, which are distributed either individually or in μm-sized
aggregates. Reprinted from [1].

Boxplots resuming the responses to 10 ppm and to 300 ppm of ethanol reported in
literature are shown in Figure 2a,b, respectively, grouping the results by nanostructure
morphologies, namely nanorods, nanoparticles, and nanosheets.

 

(a) (b) 

Figure 2. Boxplots resuming the statistics of the response intensities of SnO2 chemiresistors grouped
by crystallite shape. (a) Statistics recorded vs. 10 ppm of ethanol; (b) statistics recorded vs. 300 ppm
of ethanol.

The statistical parameters describing these distributions are reported in Tables 1 and 2
for data shown in Figure 2a,b, respectively.
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Table 1. Statistics of data shown in Figure 1a (responses to 10 ppm of ethanol).

Nanoparticles Nanorods Nanosheets

Number of samples [Refs.] 30 [4–24] 5 [25–29] 7 [22,30–34]
Number of outliers 4 0 1

Ggas/Gair, Q1 3 2.075 4.175
Ggas/Gair, Q2 (median) 4.55 2.3 10

Ggas/Gair, Q3 14 5.825 16.75
Ggas/Gair, whisker low 1.8 2 2.4
Ggas/Gair, whisker up 30 8 18

p-value median test, nanorods NaN 0.68 0.18
p-value median test,

nanoparticles 0.68 NaN 0.08

p-value median test, nanosheets 0.18 0.08 NaN

Table 2. Statistics of data shown in Figure 1b (responses to 300 ppm of ethanol).

Nanosheets Nanorods Nanoparticles

Number of samples [Refs.] 5 [30,35–38] 12 [35–41] 7 [35,37,40,42–45]
Number of outliers 1 2 1

Ggas/Gair, Q1 58.25 23.5 14.375
Ggas/Gair, Q2 (median) 71 52 38

Ggas/Gair, Q3 193 115 85
Ggas/Gair, whisker low 29 3.4 2.9
Ggas/Gair, whisker up 93 135 100

p-value median test, nanorods NaN 0.5 0.08
p-value median test,

nanoparticles 0.5 NaN 0.21

p-value median test, nanosheets 0.08 0.21 NaN

Statistical parameters reported in these tables are: the number of samples considered in
each category (morphology of elementary nanostructures); the number of outliers identified
for each category; the values of the 1st, 2nd, and 3rd quartiles (Q1, Q2, and Q3) of the
response amplitude Ggas/Gair; and the values of the upper and lower whiskers. The p-
value of the median test comparing the median response of morphologies two by two
are also reported in order to have a statistical check about the similarity and dissimilarity
between median responses of the different morphologies.

4. Discussion

The distributions of the response intensities shown in Figure 2 depend on the gas
concentration. This is partially due to the fact that different authors often tested their
sensors against different ethanol concentration so there is no a complete overlap between
concentration used in different articles. In other words, the sensors whose response is
shown in Figure 2a are not exactly the same sensors whose response is shown in Figure 2b.
Nonetheless, despite these differences, a common feature is that no morphology clearly
performs better than other morphologies. Median tests reported in Tables 1 and 2 feature a
p-value that is larger than 0.05 in all situations. This means that there is no clear evidence
to reject the null hypothesis, i.e., there is no clear evidence to reject the hypothesis that
the couple of morphologies under the test are not distinguishable. The same is observed
for other concentrations and also considers the eventual hierarchical organization of the
individual nanostructures into assemblies, such as hollow spheres, fibers, hollow fibers,
etc. [46]. On the other hand, some materials emerge as outliers with respect to all morpholo-
gies. In Figure 2a, there are five outliers: four are the responses from layers composed by
nanoparticles, namely [4–7] with response intensities of about 236, 50, 49, and 50 (to 10 ppm
of ethanol), and one composed by nanosheets [33] featuring a response Ggas/Gair ≈ 50. As
a reference, the median responses to this ethanol concentration are around 4.55, 2.3, and 10
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for nanoparticles, nanorods, and nanosheets, respectively. Concerning the concentration
of 300 ppm, four outliers emerges: the nanoparticles synthesized by [45], and two types
of nanorods and the nanosheets developed by [38]. These materials feature responses of
about 2000, 4070, 1609, and 495, compared with the median responses of 71, 52, and 38 for
nanosheets, nanorods, and nanoparticles, respectively.

These results are arguably due to the longer tradition of the synthesis of nanoparti-
cles with respect to those of nanowires and nanosheets. Such a longer experience may
reasonably imply a more developed capability to effectively combine the many parameters
underlying the sensing mechanism, which may counterbalance the advantages arising
from the fine morphological tuning inherent in the more recent nanostructures.
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Abstract: The growing human population and the discovery of new diseases and emerging pandemics
have increased the need for healthcare treatments and medications with innovative designs. The
emergence of nanotechnology provides a platform for novel diagnostic and therapeutic in vivo
non-invasive detection and treatment of ailments. It is now the era of the Internet of things (IoT), and
data acquisition and interpretation from various parts of the human body in real time is possible with
interconnected sensors and information transfer devices. Miniaturization, low power consumption
and price with compatibility to existing network circuits are essential requirements in the IoT.
Biosensors made of nanostructured materials are the ideal choice due to the unique structural,
chemical and electronic properties of these materials with the advantage of a large surface-to-volume
ratio, which makes them very successful for use as sensors for the detection of diseases, drug carriers,
filters, fillers and reaction catalysts in healthcare applications. In this paper, we reviewed the recent
progress made in the research and applications of biosensors in health and preventive medicine. The
focus of the paper is biosensors made of nanostructured layered materials such as graphene and
its structural analogs molybdenum disulphide (MoS2) and boron nitride (BN). We discussed and
highlighted the present capabilities of the different nano-forms of these materials in the detection
and analysis of diseases. Their efficiencies in terms of the detection limit, the sensitivity and the
adaptability to different environments were be discussed. In addition, the challenges and future
perspectives of using nano-biosensors to develop efficient diagnostic, therapeutic and cost-effective
monitoring devices with smart technologies were explored.

Keywords: electronic tongues and noses; 2D materials; nanopores; preventive medicine; non-invasive

1. Introduction

The detection of biological molecules, ions or species of interest (analyte) through
the measurement and analysis of signals proportional to the concentration of the analyte
is the basic function of a biosensor. The biological/chemical information needs to be
transformed into readable outputs through the transducer. Biosensors used in the detec-
tion and prevention of diseases need to be non-invasive, highly selective, flexible and
sensitive [1–3]. In addition in order to acquire and interpret signals from different parts
of the body with interconnected or multifunctional sensors, the sensor design needs to
be innovative and compatible with smart technologies that can transfer data with a high
speed and accuracy [4,5]. Moreover, several constraints such as biocompatibility, reliability,
stability, comfort, convenience, miniaturization and costs need to be considered [6]. The
last decade has seen tremendous research on Two dimensional materials such as grapheme
(Gr), graphene oxide (GrO) and molybdenum disulphide (MoS2) in different nano-forms
for sensing applications in the healthcare, environment and other sectors [7–14].

Gr as the first 2D material discovered with its one-atomic-layer honeycomb structure
has remarkable electronic, mechanical and optical properties and has seen a multitude of
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applications [15–17]. Gr analogs MoS2 and boron nitride (BN) also have a honeycomb lattice
and a layered structure that allow for the easy fabrication of 2D and other nanostructures
due to the weak inter-layer van der Waal interactions.

A lot of research has been going on in the area of Gr and beyond Gr nanomaterials
(NMs) during the past decade, and it is necessary to put into perspective and highlight the
progress of Gr, MoS2 and BN nanostructures in biosensing for the healthcare sector. This is
a rapidly changing and highly researched field with new discoveries and innovation and
requires the frequent updates of progresses and challenges. This motivated us to present a
focused review with the literature survey of the recent developments (last five years) on
Gr and its structural analogs MoS2 and BN nanostructures in the detection and analysis
of diseases in terms of efficiency, detection limits, sensitivity and adaptability to different
environments. We discussed and highlighted the present capabilities of the different nano-
forms of these materials. In addition, the challenges and future perspectives of using
nano-biosensors to develop efficient diagnostic, therapeutic and cost-effective monitoring
devices with smart technologies for healthcare and preventive medicine were explored.
The article was arranged under the main headings: Introduction, Nano-Biosensors, Smart
Technologies and Challenges or Opportunities.

2. Nano-Biosensors

2.1. Biosensor Types

Biosensors are two component devices consisting of a receptor and a transducer. The
receptor is a biological recognition element which could be an enzyme, micro-organism,
tissue, antibody or nucleic acid. The transducer converts the physiochemical change due to
the interaction of the analyte with the receptor into an analytical output signal, which is
coupled to an appropriate data-processing system. A schematic diagram of the process is
shown in Figure 1.

Figure 1. Schematics of a biosensor unit.

Electrical, optical, electrochemical, micromechanical, calorimetric, magnetic, ther-
moelectric and piezoelectric transducers can be employed in biosensors, and the choice
depends on the sensing environment and needs. Materials have been researched widely by
the materials science community for use to fabricate the best-suited biosensor.

2.2. Nanostructured Materials for Biosensing

Gr and its analogs such as MoS2 and BN NMs have been the best materials for
biosensing so far. The unique layered and honeycomb structure of these materials allows
for the easy synthesis of monolayers (MLs), bilayers (BLs), nano-flakes, nanotubes and
hetrostructures with a wide range of bandgaps and a diverse variety of optoelectronic
properties. In addition, due to the weak inter-layer van der Waals forces, one can intercalate
with atoms of different species and functionalize them easily to obtain the desired properties
at will; moreover, NMs have the advantage of a large surface-to-volume ratio, which
is important in the efficient immobilization of receptors on the surface of the NMs for
good sensor performance [18]. All these factors make them prime candidates for use as
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biosensors in healthcare applications. In Figure 2, we give a graphical representation of
NMs for biosensing that best describes the scope of this review.

Figure 2. Graphical representation of nanostructured materials for biosensing.

2.2.1. Gr Nano-Biosensors

A Gr layer has a hexagonal symmetry with a honeycomb structure, and in-plane C atoms
are bonded by strong covalent sp2 bonds with the nearest neighbours and an out-of-plane
delocalised π bond, as shown in Figure 3a. It is the delocalised π electrons that are responsible
for the extremely high room temperature mobility of 15,000–200,000 cm V−1 s−1 [19]. More-
over, Gr has an excellent mechanical strength on account of the strong covalent bonding
and is optically transparent and highly flexible [20,21].

Figure 3. (a) Graphene geometry (i), bonding (ii) and the related band diagram (iii) [19]. (b) Schematic
diagram showing the Dirac Fermi cone (i), the modification of the band by chemical or geometry
restrictive doping (ii), the modification of the band by bilayer graphene (iii) and, finally, the modifi-
cation of the bands in doped bilayer graphene (iv) [22].

The high electrical and thermal conductivity, mechanical strength, flexibility, optical
transparency and ultrathin feature (one-atom thickness) of Gr are ideal characteristics
for sensing applications. The sensor selectivity plays a very important role in its design,
and this is very closely related to NM sensors characteristics, so selectivity can only be
improved by fine-tuning the NM properties. The NM interacts with target bio-molecules
by either a physisorption or chemisorption process. Physisorption, although fast, is a non-
covalent bonding reaction and is not preferred as the bio-molecules do not bind completely,
thereby affecting the sensitivity. Chemisorption can be brought about by the presence
of defects, vacancies, doping and chemical functionalization, all of which increase the
reactivity and enhance the selectivity to the target species. Figure 3b depicts the band
structure changes of Gr by changing the geometry, thickness and doping mechanisms. The
GrO 2D material produced by the oxidation of Gr is semiconducting and has a finite gap
as compared to Gr. It has the advantage of being stable in water and other solvents and
can be easily functionalized. Reduced graphene oxide (rGrO) is obtained by the removal
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of the oxygen functional groups and has the advantages of Gr and GrO, which include
being conducting and having chemically active defect sites. The bandgap engineering
and chemical functionalizing of Gr through the use of Gr derivatives such as GrO and
rGrO and composites have proved to work well as sensors (including wearable sensors
and implantable devices) for human health monitoring, as reported in Table 1. The body
temperature is an important indicator of abnormal body functions, and its measurement
is one of the first lines of action in suspicious cases. We have seen ample evidence of this
aspect during the current COVID-19 pandemic. It is also linked to our biological clock and
can be used to monitor an individual’s sleep patterns, which is important in determining
the overall health and mental fitness. Table 1 gives a summary of various Gr-based sensors
along with body functions tested, the mechanisms of sensing, the sensitivities and the
ranges when available and the references.

Table 1. Summary of the details of graphene (Gr)-based sensors in health monitoring.

NM Body Function Sensing Mechanism Sensitivity Range Reference

Freestanding single reduced
graphene oxide (rGrO);
3D Gr–PDS composite

Body temperature Resistance-based - -
-

[23]
[24]

Gr/PDMS;
Gr

Body movements Piezo-capacitive
strain; textile strain

0.24 kPa−1

0.0078 kPa−1
0–10 kPa

10–100 kPa
[25]
[26]

Inkjet-printed Gr Heart rate Electronic - - [27]

Wrist pulse Strain; pressure - - [28]
[29]

Gr–rubber composite;
rGrO

Body movements +
respiration rate Strain -

-
-
-

[30]
[31]

Gr porous network Blood pressure Pressure + strain - - [32]

3D nano-implant;
Nano-hybrid fiber

Blood glucose
Sweat glucose

Electrode
Electrocatalytic

-
-

-
-

[33]
[34]

3D Gr scaffold ECG Implant - - [35]

Gr;
Porous Gr

EMG Electronic skin -
-

-
-

[36]
[37]

3D Gr scaffold;
Gr

EEG Implant
Electronic skin

-
-

-
-

[35]
[36]

2.2.2. MoS2 and BN Nano-Biosensors

Similar to Gr, 2D MoS2 and hBN materials with a honeycomb structure have all the
advantages of Gr for sensing mentioned in the previous section. These van der Waal
structures exhibit unique optical and electronic properties that make them very appealing
for biosensing [38]. Moreover, they have the added advantage of bandgaps unlike Gr which
has a zero bandgap; this improves the sensitivity of sensor devices made of these materials,
especially in sensors.

MoS2 is a prototype of a class of materials termed transition metal dichalcogenides
(TMDs) and has markedly anisotropic properties, as seen from its electrical resistivity
among other properties. The resistivity in a direction perpendicular to the planes is about
1000 times greater than in the parallel direction. Unlike Gr which is one-atom thick, an ML
of MoS2 has three atomic layers sulfur–molybdenum–sulfur. The physical properties of
MoS2 change markedly at the nanoscale. The bulk material has an indirect bandgap of
~1.2 eV, while the ML material has a direct and broader bandgap of ~1.8 eV [39]. Hence, it
shows thickness-dependent bandgap properties, allowing for the production of tuneable
optoelectronic devices with diversified spectral operation.

The electronic and optical properties of Gr and MoS2 are complemented by those
of hBN, which is an insulator with a large indirect bandgap value of ~5.95 eV [40] in
the bulk form and in the ML limit crossover to a direct-bandgap material with a gap of
6.1 eV [41]. The sensing mechanisms of these materials could be electrical-based sensing,
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through charge transfer which alters the resistance or optical sensing where due to the
charge transfer the surface plasmon resonance (SPR) gets modified and can be detected; or
biomolecules are detected by their spectral fingerprints.

The hybrid structures of Gr, MoS2 and BN have also been highly researched to increase
the scope of the biosensing capabilities of these NMs. This is the topic of the next section.

2.2.3. Hetrostructures

2D Gr, GrO, rGrO, MoS2 and hBN can all be used like Lego blocks to build interesting
hetrostructures by mixing and matching for the increased selectivity and sensitivity of the
nano-biosensensors. This process of electrostatic doping by the stacking of these van der
Waal structures can be used to obtain unique and tuneable electronic properties. Figure 4
shows a graphical representation of a hetrostructure that can be made with the basic single
layers of Gr, hBN and MoS2.

Figure 4. Graphical representation of possible hetrostructures that can be made by stacking multiple
van der Waal layered structures in different orderings. Adapted from [42].

Hetrostructures, although highly desirable, require careful considerations of the lattice
mismatch, the misalignment of layers and the introduction of unforeseen defects during the
deposition and the epitaxial growth. Hexagonal BN is an insulating analogue of graphite
with a small lattice mismatch (~1.8%), so it is an ideal substrate for graphene and a key
building block in many van der Waals hetrostructures. Gr–hBN-integrated devices have
been recently used for DNA sequencing by current modulation [43] and distinguishing
nucleotides in DNA [44]. An SPR-based biosensor consisting of Gr/hBN hybrid structures
for the detection of biomolecules was reported in 2019 [45]. The SPR technique is also used
in a biosensor consisting of a MoS2/Gr hybrid structure with Au, as a substrate, used to
detect biomolecules using SPR [46]. Again in 2017, an angle-based SPR biosensor made of
a MoS2/Al film/MoS2/Gr heterostructure was used to detect biomolecules [47]. In Table 2,
we summarized various nano-biosensors made of MoS2, hBN, Gr, Gr derivatives and
hetrostructures of these NMs in the recent years. Table 2 gives the NMs used, the species
detected, the sensing mechanisms, the sensitivities, the detection ranges, publications and
the years of publications.
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Table 2. Summary of nano-biosensors with references and the years of research.

Nanomaterial (NM) Analyte Sensing Mechanism Detection Limit Range Reference + Year

MoS2 DNA Fluorescence quenching 500 pM 0–50 nM [48]; 2014

MoS2/Gr Acetaminophen Electrochemical 20 nM 0.1–100 μM [49]; 2013

Gr/MoS2 DNA hybridization Photoluminescence 1 attomolar [50]; 2014

MoS2/Gr on Au Biomolecule Surface plasmon resonance
(SPR) 10−6 RIU [46]; 2015

MoS2/Gr–Al hybrid Biomolecule Angle-based SPR 190.83◦ RIU−1 [47]; 2017

Gr PMMA, PVP IR transmission
spectroscopy - - [51]; 2014

Gr ssDNA Phase-based SPR 1 attomolar - [52]; 2015

Gr Glucose FET 0.5 μM - [53]; 2015

Gr
Carcinoembryonic

antigen (CEA) FET 100 pg mL−1 [54]; 2016

Gr Protein Acoustic Gr plasmons - - [55]; 2017

Multichannel Gr DNA FET 10 pM - [56]; 2017

rGrO + trityl organic
radical

Xanthine Electrode-based 0.52 nM - [57]; 2017

GrO hCG Angle-based SPR 0.06 mM - [58]; 2017

hBN Dopamine Neurotransmittor 10 μM - [59]; 2016

hBN CBP IR vibrational spectroscopy - - [60]; 2018

Gr/hBN DNA sequencing Current Modulation - - [44]; 2017

Gr/hBN DNA sequencing Current Modulation - - [43]; 2019

Gr/hBN Biomolecule SPR 4.207 μm RIU−1 [45]; 2019

3. Smart Technologies

The early-stage detection and prevention of chronic and fatal diseases requires contin-
uous monitoring. Data acquisition and interpretation from various parts of the human body
in real time is possible with interconnected sensors and information transfer devices in
today’s era of the Internet of things (IoT). The unprecedented advancements in electronics
and sensor technologies coupled with Big Data and AI offer exciting opportunities in the
field of smart and sustainable healthcare. The stage is now set to shift from old medical
procedures and protocols and adapt smart integrated medical testing with nano-devices for
diagnosis and therapeutics [61,62]. We need to discard costly and bulky equipment and old
fashioned laboratories and embrace wearable and miniaturised sensors that use interstitial
fluid (ISF), instead of blood, to detect minute changes in biomarkers with sweat, tears
and breath analysis that contain a wealth of information about body malfunctions [1–3].
Wireless, powerless nano-devices made of biocompatible materials that can be worn on
the skin (patches, tattoos, watches, etc.), in textiles, the eye, mouth, teeth (miniaturised
implants) and other innovative means using non-invasive probes are the need of the day.
Electronic nose, tongues and skin are the new innovative smart technologies that are the
future of healthcare monitoring and preventive medicine [63–67].

4. Challenges or Opportunities

A challenge, limitation or drawback is an opportunity for improvement, change in
strategy or chance for innovation. Although the nano-biosensors research shows that
considerable improvements in healthcare monitoring can be made, commercial products
are few and from small companies [68]. Before large-scale and widespread manufacturing
of 2D and other nanostructured devices for health-related applications can be realized,
uniformity and controlled synthesis is necessary to rule out the device-to-device variability.
This is crucial for large-scale commercialization, and the challenge has been met as indicated
by the recent research and publications addressing this issue [69,70].
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In addition, in vivo and point-of-care diagnostics require biocompatibility and toxicity
issues to be addressed. The precise control of NMs properties and biocompatibility is
required, especially in the local biological environment, where the devices are to be used
with a thorough understanding of complex physiochemical interactions. The recent years
have seen tremendous work in this direction with good progresses [71–73].
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Abstract: Total white blood cells (WBC) count is an important indication for infection diagnosis, in
both human and veterinary medicine. State-of-the-art WBC counts are performed by flow cytometry
combined with light scattering or impedance measurements, in the clinical analysis laboratory. These
technologies are complex and difficult to be miniaturized into a portable point-of-care (POC) system.
Spectroscopy is one of the most powerful technologies for POC miniaturization due to its capacity
to analyze low sample quantities, little to no sample preparation, and ‘real-time’ results. WBC is
in the proportion of 1:1000 to red blood cells (RBC), and the latter dominate visible-near infrared
(Vis-NIR) information due to their large quantities and hemoglobin absorbance. WBC are difficult
to be detected by traditional spectral analysis because their information is contained within the
interference of hemoglobin bands. Herein, we perform a feasibility study for the direct detection
of WBC counts in canine blood by Vis-NIR spectroscopy for veterinary applications, benchmarking
current chemometrics techniques with self-learning artificial intelligence—a new advanced method
for high-accuracy quantification from spectral information. Results show that total WBC counts can
be detected by Vis-NIR spectroscopy to an average detection limit of 7.8 × 109 cells/L, with an R2 of
0.9880 between impedance flow cytometry analysis and spectral quantification. This result opens
new possibilities for reagent-less POC technology in infection diagnosis. As WBC counts in dogs
range from 5 to 45 × 109 cells/L, the detection limit obtained in this research allows concluding that
the combined use of spectroscopy with this SL-AI new algorithm is a step towards the existence of
portable and miniaturized Spectral POC hemogram analysis.

Keywords: point-of-care; spectroscopy; white blood cells; artificial intelligence

1. Introduction

Total white blood cell (WBC) count is one of the most requested hematology parame-
ters because of its broad diagnostic value, including for infection and leukemia. Leukocyto-
sis and leukopenia, which are abnormal values (high/low, respectively) in WBC counts,
are more frequently associated with neutrophil changes, although other leukocytes and
neoplastic cells can also cause fluctuations. Neutrophilia is usually related to inflammation,
and neutropenia to greater peripheral use or reduced bone marrow production [1].

Most common methods for WBC differential are based on electrical impedance, laser
light scattering, radio frequency conductivity, and/or flow cytometry [2] (Figure 1). The
basic principles of operation for automated hematology analyzers are based on cell size
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affecting directly impedance and scattering angle. This approach has disadvantages for
WBC differential, because cell sizes for each type of leukocyte are highly dependent on the
development stage and differentiation, leading to inaccurate counts in current automated
equipment [3]. Despite laser scattering technology provides better accuracy than impedance
technology, the latter is widely adopted in Veterinary Medicine. Impedance counting is
a cheaper technology and the best hematology practices recommend that blood smear
microscope counts are performed on abnormal cases [4].

Spectroscopy is one of the leading technologies for the development of reagent-
less point-of-care (POC) devices [5,6], capable of providing comprehensive clinical in-
formation from a single drop of blood (<10 μL), with little or no sample preparation and
real-time results.

Visible short-wave near-infrared (Vis-SWNIR) spectroscopy is an information-rich
technology that carries both physical and chemical information, where the information
about blood cells and constituents is distributed across the different wavelengths. Dominant
spectral information in blood comes from highly absorbent constituents in the Vis-SWNIR
region, such as hemoglobin present in red blood cells (RBC) and bilirubin in serum.

WBC is present in significantly lower quantities than RBC (∼1:1000), being consider-
ably more difficult to be detected because the information about WBC is a small interference
effect on the hemoglobin bands. State-of-the-art chemometrics and artificial intelligence
technologies are unable to deal with small-scale interference and non-dominant spectral
information sample constituents with good accuracy [6]. Such may lead to non-causal
correlation in spectroscopy quantification, where the quantification is not obtained by direct
relationship to the spectral absorbance bands, but rather by intrinsic correlations of the
dataset [7], which may lead to erroneous diagnosis [6].

Figure 1. Total white blood cell counts: (a) current laboratory methods—automated cell counting
using electric impedance or laser scattering, and manual smear count at the microscope by trained
hematologist; and (b) Point-of-care approach—single blood drop spectroscopy counts using artificial
intelligence.

In this research, we study the capacity of WBC quantification by Vis-SWNIR spec-
troscopy and a new algorithm based on Self-Learning Artificial Intelligence [6]. This new
approach isolates spectral interference by searching consistent covariance between WBC
and spectral features—the covariance mode (CovM). CovM is a set of samples that allow
the direct relationship between spectral features and WBC, by sharing the same latent
structure information [6]. Ideally, the relationship between WBC and spectral features
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is given by a single eigenvector or latent variable (LV), allowing to unscramble spectral
interference in complex samples such as blood.

Herein, we provide a feasibility study on using Vis-SWNIR spectroscopy for the
quantification and diagnosis of WBC, by providing a benchmark between a common
chemometrics technique—partial least squares (PLS), and our new methodology (SL-AI).

2. Materials and Methods

2.1. Hemogram Analysis

Blood samples from daily clinical practice were collected from the jugular vein by
qualified personnel using standardized venipuncture procedures at the Centro Hospitalar
Veterinário do Porto into EDTA tubes. The sample was measured to WBC by a Beckman–
Coulter capillary impedance [8] Mindray BC-2800-vet auto-hematology analyzer (Mindray,
Shenzen, China), and a drop of blood (10 μL) was used for spectroscopy measurement.

2.2. Spectroscopy

Blood spectra were recorded using a POC prototype (INESC TEC, Porto, Portugal)
using a 4500 K power LED as light source, and an USB-based miniaturized spectrometer
(Ocean Insight STS-vis, Orlando, FL, USA) with an optical configuration and plug-in
capsule system according to [5]. LED temperature and spectrometer integration times were
automatically managed to maintain result consistency. Three replicates measurements were
made for each blood sample.

2.3. Chemometrics

Spectral records were subjected to scattering correction (Mie and Rayleigh) before
modeling. A feasibility benchmark is performed between PLS and SL-AI methods. PLS
maximizes the global covariance between spectral features and WBC, by determining the
orthogonal eigenvectors of the covariance matrix. The relationship between WBC and
signal features is derived by the latent variables (LV), at each deflation. The number of LV
is determined by cross-validation at the minimum value of the predicted residuals sum of
squares (PRESS) [9].

SL-AI searches for stable covariance in spectral datasets, finding covariance modes
(CovM). CovM is a group of samples that hold the same interference information charac-
teristics, carrying proportionality between WBC and spectral features. Ideally, the CovM
relationship between WBC and spectral features is given by a single eigenvector or latent
variable (LV). The CovM is validated by leave one-out cross-validation [6].

3. Results and Discussion

PLS attains a correlation of 0.5687 and a SE of 11.60 × 109 cell/L (Table 1). PLS analysis
demonstrates that there is a significant correlation between spectral features and WBC,
and the small-scale interference of WBC is present in the spectra records. PLS model is
obtained with 5 LV. Such means that the interference information about WBC in the blood
Vis-SWNIR spectra is present in a significant number of differentiated covariance modes,
where the non-dominant spectral interference can be related to WBC. PLS collapses the
5 LV into a single linear coefficient, which relates the WBC to the recorded spectra, leading
to an averaged representation of all covariance modes present in the dataset. Such results
in a high SE and MAPE of 44.62%. The PLS model is unable to estimate WBC values above
45.00 × 109 cell/L, misdiagnosing severe infection cases (Figure 2).
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Figure 2. Total white blood cell counts spectral quantification: (a) PLS and (b) SL-AI.

The minimal total error criteria established by the American Society for Veterinary
Clinical Pathology (ASVCP) for WBC is 20%. PLS shows to be unable to provide the
necessary accuracy for WBC spectral POC technology.

SL-AI has a significantly higher correlation (R = 0.9733), a SE of 2.16 × 109 cell/L, and
a MAPE of 20.00%. SL-AI covariance modes are obtained with 3 LV (Table 1). Results show
that the different covariance modes (CovM) hold spectral interference proportional to WBC.
Such demonstrates that it is possible to search non-dominant spectral interference from
WBC and correlate it to total WBC count (Figure 3).

SL-AI CovM relationships are obtained with 3 LV. This is an indication that interference
with other constituents and WBC differential population are incorporated in total WBC
count, and that this higher complexity is not completely unscrambled in the dataset. In
ideal conditions, CovM is obtained with a single LV (one eigenvector), directly relating
the constituent concentration to spectral interference. The results show that non-dominant
WBC spectral interference information has high complexity, which can be attributed to
complex immune response, where differentiated cell types act at different stages and levels
of infection or inflammation. The LV number re-assures the need for further studies, in
order to investigate the source of non-dominant spectral interference attributed to WBC.
Results may be improved by:

i. Larger datase—more data can help to complement the information of consistent
CovM, allowing detection of single LV CovM;

ii. Feature space optimization—optimize the search for a feature space that better dis-
criminates the small variation of WBC interference (e.g., Fourier or Wavelets decom-
position).

Despite the limitations shown in this feasibility study, WBC quantification using Vis-
SWNIR spectroscopy in conjunction with the new SL-AI algorithm can attain a total error
estimate of 20%. Such result is following the ASVCP total allowable error for WBC in dog
blood [4], but is above the 15% total allowable error in humans defined by CLIA [10].

Table 1. WBC quantification benchmarks for PLS and SL-AI.

Method SE LV R2 MAPE (%) RPearson

PLS 11.06 5 0.3234 44.62 0.5687
SL-AI 2.16 3 0.9473 20.00 0.9733
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Figure 3. Percentage total error for PLS and SL-AI predictions: (1) ASVCP acceptable error limit
(20%) and (2) CLIA acceptable error limit (15%).

4. Conclusions

This feasibility study has shown that low intensity, non-dominant, and multi-scale
interferent spectral information is possible to be accessed by unscrambling information
with the CovM principle included in our SL-AI method. The smaller quantities of WBC and
corresponding interference with dominant constituents, such as erythrocytes, hemoglobin,
and bilirubin, are detectable in each CovM. The results allow us to conclude that a spectral
POC in the Vis-SWNIR for measuring WBC is achievable, for the application in both
veterinary and human medicine.
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Abstract: Thrombocytosis is a disorder with an excessive number of platelets in the blood, where
total platelet counts (TPC) are crucial for diagnosis. This condition predisposes to blood vessels
clotting and diseases such as stroke or heart attack. TPC is generally performed at the laboratory
by flow cytometry with laser scattering or impedance detection. Due to the limited capacity of
automated hematology in performing TPC quantification, a manual microscopy count is a very
common quality assurance measure undertaken by clinical pathologists. Monitoring coagulation
risk is key in many health conditions, and point-of-care platforms would simplify this procedure by
taking platelet counts to the bedside. Spectroscopy has high potential for reagent-less point-of-care
miniaturized technologies. However, platelets are difficult to detect in blood by standard spectroscopy
analysis, due to their small size, low number when compared to red blood cells, and low spectral
contrast to hemoglobin. In this exploratory research, we show that it is possible to perform TPC by
advanced spectroscopy analysis, using a new processing methodology based on self-learning artificial
intelligence. The results show that TPC can be measured by visible–near-infrared spectroscopy above
the standard error limit of 61.19 × 109 cells/L (R2 = 0.7016), tested within the data range of 53 × 109

to 860 × 109 cells/L of dog blood. These results open the possibility for using spectroscopy as a
diagnostic technology for the detection of high levels of platelets directly in whole blood, towards the
rapid diagnosis of thrombocytosis and stroke prevention.

Keywords: point-of-care; spectroscopy; platelets; artificial intelligence

1. Introduction

Platelets (PLT) are the smallest cells in the blood, being responsible for coagulation
and blood vessel repair. The PLT counts reference interval in dogs is 300 to 500 × 109 cell/L.
High PLT counts is a condition known as thrombocytosis, being attributed to abnormal
bone marrow production or an ongoing condition such as anemia or inflammation [1].
Thrombocytosis can result in blood clots, leading to life-threatening or impairing condi-
tions such as heart attack or stroke [2]. Automated PLT counts are mostly performed by
flow cytometry, electric impedance (Coulter principle), or laser-scattering technologies [3].
However, these methods are prone to erroneous PLT counts, because of changes in cell
size and morphology, due to blood clotting, activation, aggregation, or even post-sampling
artifacts. This limits scattering angle and impedance detection, leading to misidentification
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as larger cells, such as erythrocytes or leucocytes. Laser scattering is significantly more
accurate than electric impedance, but the latter is cheaper and has a higher implementation
in veterinary medicine. Veterinary doctors make use of blood-smear PLT manual counts
for ensuring results quality in abnormal (low or high) values [4].

Visible-shortwave–near-infrared (Vis–NIR) spectroscopy has a high potential for the
development of point-of-care (POC) without the need for reagents or complex sample
preparation. The developed Vis–SWNIR POC system (Figure 1b) records the blood spectra
of a single drop of blood (<10 μL) to provide a significant number of clinical analysis
parameters with real-time results [5].

Visible-short-wave–near-infrared (Vis–SWNIR) spectroscopy is an information-rich
technology that carries both physical and chemical information, where the information
about blood cells and constituents is distributed across the different wavelengths. Dominant
spectral information in blood comes from highly absorbent constituents in the Vis–SWNIR
region, such as hemoglobin present in red blood cells (RBC) and bilirubin in blood serum.

Platelets are present in significantly lower values than red blood cells (RBC) (Figure 1a). The
PLT reference interval in dogs is 300 to 500 × 109 cells/L and RBC is 5500 to 8500 × 109 cells/L,
being at approximately 1:18 ratio to RBC, which makes the detection difficult:

i. Smaller size of PLT with the significantly lower area and volume for light absorbance,
resulting in low sensitivity in the spectral signal;

ii. High interference between PLT and RBC and hemoglobin and bilirubin, which leads
to the existence of significantly different characteristic interferences;

iii. High variance of PLT morphology—which can vary from small platelets to activated
platelets with branches and clotted cells.

Figure 1. Platelets cell counts: (a) manual smear count at the microscope by trained hematologist
demonstrating the proportionality between (1) platelets, (2) white blood cells, and (3) red blood cells
and (b) point-of-care approach—single-blood-drop spectroscopy counts using artificial intelligence.

PLT counts are difficult to obtain, even by microscopy methods, exhibiting high
variability. Herein, we explore the capacity of Vis–SWNIR and self-learning artificial intelli-
gence (SL-AI) for PLT quantification [5]. This new approach isolates spectral interference
by searching consistent covariance between PLT and spectral features, which belong to
a covariance mode (CovM). CovM is a set of samples that can hold a direct relationship
between spectral features and PLT counts, by sharing a common latent structure [5]. Ideally,
PLT counts are related to spectral-interference features by a single latent variable (LV) or
eigenvector. This allows unscrambling the interference of PLT concerning the other blood
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constituents. This research provides a feasibility benchmark between the widely used
chemometrics partial least squares (PLS) method and the SL-AI method.

2. Materials and Methods

2.1. Hemogram Analysis

Dog blood samples from routine clinical practice were collected by qualified person-
nel by standard venipuncture, at the Centro Hopitalar Veterinário do Porto. No animal
experimentation was involved or any additional procedure. Samples used in this study
are remnants from already necessary routine clinical analysis medical practice. Dataset
is anonymized. PLT was determined by Beckman–Coulter capillary impedance using a
Mindray B-2800 vet auto-hematology analyzer (Mindray, Shenzen, China).

2.2. Spectroscopy

Blood spectra were recorded using a POC prototype (INESC TEC, Porto, Portugal)
using a 4500 K power LED as a light source and a USB-based miniaturized spectrometer
(Ocean Insight STS-vis, Orlando, FL, USA), with an optical configuration and plug-in
capsule system according to [6]. LED temperature and spectrometer integration times were
automatically managed to maintain result consistency. Three replicate measurements were
made for each blood sample.

2.3. Chemometrics

Spectral records were subjected to scattering correction (Mie and Rayleigh) before
modeling. A feasibility benchmark was performed between PLS and SL-AI methods. PLS
maximizes the global covariance between spectral features and PLT, by determining the
orthogonal eigenvectors of the covariance matrix. The relationship between PLT and signal
features is derived by the latent variables (LV), at each deflation. The number of LV is
determined by cross-validation at the minimum value of the predicted residuals sum of
squares (PRESS) [7].

SL-AI searches for stable covariance in spectral datasets, finding covariance modes
(CovM). CovM is a group of samples that contains the same interference information
characteristics, holding proportionality between PLT and spectral features. Ideally, the
relationship between PLT and spectral features is given by a single eigenvector or latent
variable (LV). The CovM is validated by leave-one-out cross-validation [5].

3. Results and Discussion

The PLS model attained a correlation of 0.2613 with a very poor R2 (0.068) and a
corresponding high SE of 175.99 × 109 cells/L. The PLS analysis shows that the correlation
between spectral features and PLT counts is highly unstable and non-linear. Such is because
PLT is present in much fewer quantities than other blood constituents (Figure 1), as well
as, due to the small size and high interference with the other major blood constituents
(e.g., RBC, hemoglobin, and bilirubin). Another indication of non-linearity is that the PLS
algorithm attains the optimum prediction error with two LV, resulting in a non-significant
model (Figure 2a). The PLS is unable to increase the number of LV because the information
about PLT is scattered in significantly different interference modes that cannot be collapsed
into a linear oblique projection model [5,7]. PLS cannot be used in a POC as it does not
attain a MAPE similar to 25%—the total allowable error established by the American
Society for Veterinary Clinical Pathology (ASVCP) for PLT counts [8].

SL-AI presented a significant correlation of 0.8376, an SE of 61.19 × 109 cell/L, and
a MAPE of 24.67%, with R2 of 0.7016 (Table 1). SL-AI covariance modes (CovM) were
obtained with 1 to 3 LV. This means that, although statistically valid relationships were
obtained for each CovM, some of these were integrating more than one type of interference.
Under ideal conditions, all CovM should have only one LV, directly relating PLT counts
and spectral interference.
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Table 1. PLS and SL-AI benchmark results.

Method SE LV R2 MAPE (%) RPearson

PLS 175.99 2 0.068 88.89 0.2613
SL-AI 61.19 1-3 0.7016 24.67 0.8376
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Figure 2. Total platelet counts spectral quantification: (a) PLS and (b) SL-AI.

Figure 3. Percentage total error for PLS and SL-AI predictions: (1) ASVCP acceptable error limit (25%).

The results also show that non-dominant spectral information and low-scale spectral
variation is unscrambled by the CovM principle. The number of LV can be attributed to
the high diversity of PLT morphology present in dog blood (non-activated, activated, and
clotted PLT) and the particular conditions of the tested blood, with correspondence in the
major constituents.

Despite the limitations shown in this feasibility study, PLT quantification using Vis–
SWNIR spectroscopy in conjunction with the new SL-AI algorithm can attain a total error
estimate of 25%. Such a result is following the ASVCP total allowable error for PLT in dog
blood [8] (Figure 3).

Vis–SWNIR POC technology based on SL-AI has shown high potential for PLT quan-
tification and thrombocytosis diagnosis. The results presented for dog blood are within the
acceptable error defined by the ASVCP of 25% [8]. The presented results also allow extend-
ing the potential application to both human and other animal species in further studies.

4. Conclusions

This feasibility study showed that low intensity, non-dominant, and multi-scale inter-
ferent spectral information is possible to be accessed, by unscrambling information with the
CovM principle included in the SL-AI method. The small variations in the spectral signal
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that contain information about PLT cannot be modeled by PLS. SL-AI can unscramble PLT
interference information based on the CovM principle, allowing the quantification of PLT.
Future studies, with more samples, may provide better insights on the full potential of the
developed POC technology in both veterinary and human medicine.
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Abstract: Alcohol abuse is the dominant cause of fatal car accidents (about 25% of all road deaths
in Europe). The large-scale implementation of systems aimed at the realization of in-vehicle driver
breath ethanol detection is therefore in high demand. For this reason, we devoted our attention
to the design of an inexpensive and reliable breath alcohol sensor for use in an Advanced Driver
Assistance System (ADAS). The main challenge in the development of this sensor is related to the
complexity of breath composition and its high humidity content, coupled with the high dilution of
breath reaching the sensor. In this work, a simple α-Fe2O3 film-based sensor was developed and
validated in laboratory tests. Tests were also performed by placing the ethanol sensor within the
casing of the upper steering column of a car to simulate real driving conditions. Using an array
provided with the developed ethanol sensor and humidity, temperature and CO2 sensors, it was
possible to differentiate the signal of a driver’s breath before and after alcohol consumption.

Keywords: gas-sensing; ethanol; iron oxide; sensing materials; ADAS

1. Introduction

Advanced Driver Assistance Systems (ADASs) are intelligent systems that assist the
driver in a variety of ways [1]. They may be used to provide useful traffic information
but may also be used to evaluate whether or not the driver is in physical condition to
drive. Among other driver-related risk factors (e.g., drug intake or altered emotional state),
alcohol abuse remains the dominant cause of fatal car accidents (about 25% of all road
deaths in Europe). It is well known that too much alcohol in the blood leads to various
serious effects on human health and the condition of drivers [2,3]. Alcohol interferes with
the brain, affecting the way that it looks and works and reducing movement coordination.
Further, alcohol can slow reflexes, slow eye muscle function, and alter visual perception.
These conditions are very critical for car drivers, so maintaining an acceptable blood alcohol
level is necessary in order to limit car accident risks.

Based on these concerns, we initiated research activity with the main objective of
developing an in-vehicle driver breath ethanol detection system [4]. To facilitate the
large-scale implementation of these systems, the design of inexpensive, reliable and easily
fabricated sensors is required. Conductometric sensors apply very well to this scope, as
they possess all of the required characteristics [5]. Many examples of ethanol sensors have
been developed and show a remarkable sensing capacity [6–8]. In particular, we have
shown that α-Fe2O3 is an ideal candidate as a sensing material to be used in breath ethanol
conductometric sensors [9,10].

Based on previous work, in this research, the α-Fe2O3 material was employed for
fabricating conductometric gas sensors to be used for breath ethanol detection in ADASs.
Preliminary laboratory tests were performed to validate the fabricated sensors and optimize
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the operating conditions. Then, tests were performed by placing the ethanol sensor within
the casing of the upper steering column of a car to simulate the driving position. The
main challenge in the development of this system is related to the complexity of breath
composition and its high humidity content, coupled with the high dilution of breath
reaching the sensor. For this reason, it was necessary to install the ethanol sensor in an array
that also contains humidity, temperature and CO2 sensors (the latter breath component is
employed as an internal standard). Through the simultaneous use of these three sensors, it
was possible to differentiate the signal of a driver’s breath before and after alcohol beverage
consumption.

2. Materials and Methods

2.1. Material Preparation

For the synthesis of α-Fe2O3 material, a simple Pechini sol–gel process was em-
ployed [6,7]. This method is based on the polymerization of metallic citrate by ethylene
glycol. Iron nitrate (Fe(NO3)3·9H2O), citric acid (C6H8O7 H2O), poly(vinylpyrrolidone)
and ethylene glycol (C2H6O2) were purchased from Merck. All of the chemicals were used
as received and without further purification. Double-distilled water was used to prepare
precursor solutions.

First, the appropriate amount of Fe(NO3)3·9H2O was dissolved in distilled water
at 70 ◦C for 1 h under magnetic stirring to produce a 0.5 M Fe+3 solution. Then, this
solution was mixed with PVP solution with a molar ratio of [PVP]/[Fe+3] = 1. On the
other hand, citric acid was dissolved in distilled water at 70 ◦C for 30 min. Afterwards,
the citric acid solution was added slowly to the Fe+3/PVP solution with stirring. The
citric acid to Fe+3 molar ratio was 2. Then the esterification agent, i.e., ethylene glycol
(EG), was added with a molar ratio of [citric acid]/[EG] = 2 while stirring and heating
the solution. The final solution was refluxed at 100 ◦C for 2h. The clear yellow-colored
precursor solution obtained was dried at 120 ◦C for 12 h to obtain the precursor powders.
Finally, the amorphous powders were calcined at 550 ◦C in air for 3 h using a muffle furnace
to obtain iron oxide nanoparticles.

2.2. Sensor Preparation and Sensing Tests

Sensor devices were fabricated by the spray-coating method as follows. An appro-
priate volume of the α-Fe2O3 suspension was sprayed on alumina substrates (3 × 6 mm)
supplied with interdigitated Pt electrodes and a heating element on the backside. The
prepared sensors were dried at room temperature and then heat-treated at 400 ◦C to obtain
a mechanically stable sensing layer. The structure of the fabricated ethanol sensor is shown
in Figure 1.

Figure 1. Photo of the fabricated ethanol sensor.
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Measurements were performed under both a dry and wet (50% relative humidity)
air stream of 100 mL/min in total, and the sensor resistance data were collected in four-
point mode using an Agilent 34970A multimeter. Electrical measurements were carried
out at a working temperature of 300 ◦C. Laboratory sensing tests were performed in a
lab apparatus that allows operation at controlled temperature and the performance of
resistance measurements while varying the ethanol concentration from 12.5 to 400 ppm.

The gas response was defined as the ratio Rair/Rgas, where Rair represents the electrical
resistance of the sensor in dry air, and Rgas is the electrical resistance of the sensor at different
ethanol concentrations. Response time, tres, was defined as the time required for the sensor
resistance to reach 90% of the equilibrium value after ethanol is injected, and recovery time,
trec, was taken as the time necessary for the sensor resistance to reach 90% of the baseline
value in air.

3. Results

3.1. Laboratory Sensing Tests

The characteristics of the developed α-Fe2O3 sensor were first evaluated in laboratory
tests. Based on the preliminary results, a temperature of 300 ◦C was selected as the
operating temperature. Figure 2a shows the sensor behavior versus ethanol concentration,
which ranged from 400 to 12.5 ppm at this temperature. A reversible variation in the
resistance was observed with the concentration of ethanol. As usually verified for metal
oxide-based conductometric sensors, response and recovery times are dependent on the
alcohol concentration. This is also the case for our sensor. Response (8–15 s) and recovery
(120–45 s) times were observed for ethanol concentrations ranging from 400 to 12.5 ppm.
At the intermediate concentration of 100 ppm, the sensor showed a noticeable reversible
response (see Figure 2b) with a fast response and recovery (about 10 s and 60 s, respectively).

(a) (b)

Figure 2. (a) Response of the sensor to a variable concentration of ethanol in dry air at 300 ◦C; (b)
response of the sensor to an ethanol pulse of 100 ppm. The measured response and recovery times
are reported.

From the above test, the calibration curve shown in Figure 3 was obtained. Plotting
the data in a log–log graph, a high linear correlation between the sensor resistance and the
ethanol concentration is observed. The same graph also shows the calibration curve for the
same sensor obtained in conditions of higher relative humidity (50% RH). Breath is highly
saturated with water vapor; therefore, the sensor performance must not be influenced by
changes in the humidity level [11–13]. Interestingly, the sensor signal that we collected in
different humidity conditions appears to be independent of this variable.
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Figure 3. Calibration curve at 300 ◦C for the α-Fe2O3 sensor in dry and wet conditions.

3.2. Ethanol Sensor Implementation in ADASs

Then, the research work continued with the installation of the ethanol sensor in
the casing of the upper steering column of a car to simulate real driving conditions (see
Figure 4). A diagram of the designed and constructed module consisting of the ethanol
sensor used in this research was reported in a previous paper [14]. Humidity, temperature
and CO2 sensors were also installed. The detected CO2 concentration was used to account
for the dilution of the breath sample. A suitable chamber was therefore designed and built
to contain the sensor array.

Figure 4. Pictures showing the location of the ethanol sensor inside the casing of an upper steering
column (left) and the position of the driver during the test, simulating real driving conditions (right).

After installing the sensors, some preliminary tests to validate their correct functioning
were carried out, especially to verify if the breath of the driver can be well detected by
the sensor array when it is located at a distance of 30–50 cm from the driver’s mouth.
Indeed, in the conditions adopted, breath is diluted with ambient air by a factor as high as
5–10 [15,16].

One subject (male, 70 kg) was used for the test. He was allowed to drink two glasses
(50 mL in total) of a commercial alcoholic beverage (44% of ethanol in v/v) in less than
15 min, for a total weight of 17.5 g of ingested alcohol (0.25 g of alcohol per kilogram of
body mass). Measurements were performed before drinking and repeated every 30 min
until the breath alcohol level returned to the background level (approximatively 3 h).

The graphs reported in Figure 5 show the signals coming from the ethanol, humidity,
temperature and CO2 sensors, recorded when the driver was in different conditions, i.e.,
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before drinking alcoholic beverages and therefore in the absence of alcohol in the breath
(white zone, left column) and subsequently after drinking an alcoholic beverage and thus
in the presence of alcohol in the breath (red zone, right column).
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Figure 5. Signals from the ethanol, humidity, temperature and CO2 sensors, recorded before drinking
alcoholic beverages (white zone, left column) and subsequently after drinking an alcoholic beverage
(red zone, right column).

By analyzing data coming from the ethanol sensor, we can see that after the alcoholic
beverage is consumed, the signal of the sensor undergoes a quick increase, reaching a
maximum after about 30 min (see Figure 6). Subsequently, the signal of the ethanol sensor
tends to decrease, as expected by considering the well-known dynamic process of ethanol
absorption, metabolism and elimination from the body after its ingestion [17].
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Figure 6. Response from the ethanol sensor during the entire duration of breath test.

The measurements carried out demonstrate that the designed and built sensor module
correctly fulfills its functions and is thus able to monitor the level of ethanol in the driver’s
breath in real time.

4. Conclusions

An in-vehicle driver breath ethanol detection system was realized by using a simple
α-Fe2O3 film-based conductometric sensor for detecting breath ethanol. Using an array
provided with the developed ethanol sensor and humidity, temperature and CO2 sensors,
it was possible to differentiate the signal of a driver’s breath before and after alcohol
consumption, thus demonstrating that the developed sensor module can monitor the level
of ethanol in the driver’s breath in real time.
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Abstract: Influenza A virus belongs to the Orthomyxoviridae family and, to date, is one of the
most important pathogens causing acute respiratory infections, such as the recent pandemic of 2009.
Hemagglutinin (HA) is one of the surface proteins of the virus that allow it to interact with cellular
molecules. Due to the fact that it is the most abundant protein in the virus capsule, it is the best
target in the detection of the Influenza A H1N1 virus through biosensing devices. Our aim is to
develop an electrochemical biosensor to detect H1 by modifying carbon screen-printed electrodes
(CSPE) with gold nanoparticles and to add further functionalization with monoclonal antibodies that
are specific to this protein. The electrodes were characterized by the means of cyclic voltammetry,
differential pulse voltammetry and electrochemical impedance spectroscopy. Our preliminary results
suggest that the selected monoclonal antibodies have acceptable affinity and bind effectively to the
H1 protein and that the electrodes have a wide potential window in the presence of [Fe(CN)6]3−/4−.
In the future, we will continue to develop this biosensor in hope that it will be commercialized and
be common in medical procedures during flu seasons and future influenza pandemics.

Keywords: influenza virus; voltammetry; screen-printed electrodes; hemagglutinin/HA protein;
thiol chemistry

1. Introduction

In 2009, a novel H1N1 influenza A virus caused a pandemic leading to the death of
151,700–575,400 people worldwide according to the estimates of the Centers for Disease
Control and Prevention (CDC) of the United States [1,2]. H1N1 influenza is a subtype of
influenza A virus that was previously detected in swine, which causes upper and, in some
cases, lower respiratory tract infections in its host [1]. Influenza A virus causes one of the
most common respiratory diseases globally, seasonal flu, and together with Influenza B, C,
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and D, is a part of the Orthomyxoviridae virus family. Moreover, influenza A virus belongs
to the single-stranded RNA viruses. It has a segmented genome that encodes several viral
proteins that are important for the pathogenesis of the virus [3,4]. Two of these proteins
are important for detecting the virus in human specimens; these are hemagglutinin (HA)
and neuraminidase (NA), which are the surface proteins of the virus involved in host
invasion [5]. HA is the major protein of H1N1 and it is the protein with which the virus
binds to the host’s cells and invades them, while NA helps in the viral spreading from cell
to cell [5].

So far, most of the detection methods for the influenza A virus are characterized
by a long detection time, expensive instruments and reagents, and the need for trained
technicians, thus creating an inconvenience for both the patients and the healthcare
workers [1,6]. The development of sensitive and rapid detection methods, such as
biosensors, is now the focus of many research groups and could be a great solution to
the aforementioned problem. A lot of different biorecognition elements can be used for
the detection of an analyte. However, antibodies seem to be the most widely used type
among these elements.

Antibodies are specialized, Y-shaped proteins that identify pathogens by selectively
binding to their membranes [7]. Due to their high specificity and sensitivity, antibodies are
ideal biorecognition elements for biosensors [8]. Other biorecognition elements commonly
used in biosensors include enzymes, nucleic acids, aptamers and molecular-imprinted
polymers [9]. The focus of this paper is the development of an electrochemical antibody-
based biosensor for the detection of the influenza A surface protein H1.

2. Materials and Methods

2.1. Reagents and Materials

HA H1N1 protein, mouse monoclonal antibodies (mAbs) and rabbit polyclonal anti-
bodies (pAb) were purchased from Sinobiological (Frankfurt, Germany). Secondary goat
anti-Rabbit IgG antibodies (Alexa Fluor 568) were purchased from Thermo Fisher (Waltham,
MA, USA). Chloroauric acid (HAuCl4), Sulphuric acid (H2SO4), 4 aminothiophenol (4-
ATP), ethanol, potassium hexacyanoferrate (II) trihydrate and Potassium hexacyanoferrate
(III) were purchased from Sigma Aldrich (Darmstadt, Germany). Carbon screen-printed
electrodes (CSPE) were provided by Zimmer & Peacock (Horten, Norway).

2.2. Electrochemical Measurements

The EmStat Pico Module potentiostat controlled using the PSTrace 5.8 computer
software was employed for all cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), chronoamperometric electrodeposition and differential pulse voltam-
metry (DPV) experiments. The CSPE was used as a three-electrode cell system compris-
ing a carbon working electrode (WE), a carbon counter electrode (CE) and an Ag/AgCl
reference electrode (RE). EIS measurements were made at 6 mV ac amplitude in the
frequency range of 5.0 mHz to 50 kHz and the equivalent circuit models were fitted
using PSTrace software.

2.3. Electrodeposition of Gold Nanoparticles on CSPE

A modified method from the literature was employed [10], an aqueous solution con-
taining 2 mM HAuCl4 and 0.5 M H2SO4 was used to cover the CSPE, a chronoamperometric
method using a constant potential of −0.25 V for 60 s was used to deposit gold nanoparti-
cles on top of the CSPE, and the electrode was washed with abundant deionized water, left
to dry at room temperature and identified as AuNP-CSPE.

2.4. Modification of AuNP-CSPE Electrodes with 4-ATP

A previously reported method was adapted [11], in a typical experiment, and the
working electrode was covered with 10 μL of 10 mM 4-ATP solution in ethanol at room
temperature (22 ◦C) for 15 min. Nonspecifically adsorbed molecules were flushed off by
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careful rinsing with ethanol and deionized water. The electrode was dried under a stream
of nitrogen and identified as NH2-AuNP-CSPE. The amine functionality in the electrode
could be used later to form an amide bond [12] and immobilize the mouse monoclonal
antibodies against the HA H1N1 protein.

2.5. Testing of mAb Specificity and Sensitivity

The enzyme-linked immunosorbent assay (ELISA) was used for this purpose. The
protocol used for this indirect sandwich ELISA assay was in accordance with the mAb
provider [13].

3. Results and Discussion

3.1. Electrodeposition of Gold Nanoparticles

The CSPEs offered a reasonable potential window to study the redox reaction of the
[Fe(CN)6]3−/4− system and showed a symmetric shape, and the distance between the
oxidation and the reduction peaks was of 727 mV (Figure 1); this value was much higher
than the prediction of the Nerst equation for single electron transfer reactions and was
attributed to a drop in potential due to the resistance of the carbon material [14]. When
the CSPEs were modified with gold nanoparticles, the reversibility of the [Fe(CN)6]3−/4−
redox system increased as the distance between the oxidation and reduction peaks was
280 mV on the voltammogram; this was attributed to the increase in the surface area of the
electrode and to the high conductivity of metallic gold nanoparticles.

Figure 1. Cyclic voltammogram of CSPE, AuNP-CSPE and NH2-NP-CSPE in the presence of
[Fe(CN)6]3-/4- obtained at a scan rate of 100 mV/s.

3.2. Electrodeposition Length

Further study into the gold electrodeposition process as a function of time (Figure 2)
showed that longer reaction times than one minute do not increase either the current
response of the electrode or the reversibility of the system.
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Figure 2. Cyclic voltammogram of modified AuNP-CSPEs using different electrodeposition times;
the experiment was conducted in the presence of [Fe(CN)6]3-/4- at a scan rate of 100 mV/s.

3.3. Characterization of NH2-AuNP-CSPE

The cyclic voltammogram of NH2-AuNP-CSPE showed promising results due to the
functionalization of the nanoparticles with the 4-ATP linker molecule (Figure 1), as the
reversibility of the system increased and the electron transfer process for the reduction
and oxidation reactions of [Fe(CN)6]3−/4− was facilitated on these modified electrodes
due to the π delocalized system of the linker molecule. The electrochemical impedance
spectroscopy tests indicated a decrease in impedance after the modification of the electrodes
with gold nanoparticles and 4-ATP linker (Figure 3). The Nyquist plot of the bare CSPE
can be fitted to an equivalent circuit for a simple electron-transfer reaction and NH2-
AuNP-CSPE can be fitted to the classical Randles equivalent circuit comprising the ohmic
resistance of the electrolyte solution (RΩ) and the charge transfer resistance (RCT), in series
with the Warburg impedance element (diffusion controlled impedance) and in parallel with
a double layer capacitance (CDL) (Figure 4). The modified NH2-AuNP-CSPE showed a
significantly smaller RCT and is, therefore, highly conductive compared to the bare CSPE.

(A) (B)

Figure 3. Nyquist plot of CSPE (A) and NH2-AuNP-CSPE (B) using the frequency range of 5.0 mHz
to 50 kHz.
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(A) (B)

Figure 4. Fitting of CSPE to equivalent circuit for a simple electron transfer (A) and fitting of the
NH2-AuNP-CSPE Randles equivalent circuit (B).

3.4. Effect of the [Fe(CN)6]3−/4− Concentration

The effect of the [Fe(CN)6]3−/4− concentration over the current response was evalu-
ated by the means of CV and DPV (Figure 5), with a higher concentration of the electroactive
species in the solution implying that more [Fe(CN)6]3−/4 molecules could reach the surface
of the NH2-AuNP-CSPE to undergo oxidation and reduction, respectively. In the exper-
iment, higher current responses were observed at high concentrations of [Fe(CN)6]3−/4.
This experiment provided a visual basis for the expected effect on the final design of the
biosensor, where the NH2-AuNP-CSPE is going to be coupled to monoclonal antibod-
ies against the H1 protein and a blocking effect over [Fe(CN)6]3−/4 (lowering the current
response) could take place once the H1 protein is bound to the antibody-modified electrode.

(A) (B)

Figure 5. Cyclic voltammogram (A) and differential pulse voltammogram (B) for NH2-AuNP-CSPE
as a function of the [Fe(CN)6]3-/4- concentration.

3.5. mAb Characterization

To characterize the specificity of the monoclonal antibody targeting the H1 protein, an
indirect sandwich ELISA was conducted. It was shown that the antibody can detect the H1
protein specifically (Figure 6). The approach was tested for different H1 concentrations and
the lowest detectable concentration was 10 ng/mL.
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Figure 6. Indirect sandwich ELISA results using 1:500 dilution of mAb, 1:1000 dilution of pAb and
different H1 concentrations as shown in the x axis; the y axis shows the emission measured after the
addition of the secondary antibody. Experiments were conducted twice with replicates of 2–6.

4. Conclusions

Cost-effective CSPE were modified with gold nanoparticles and 4-ATP, and the
electrodes were characterized by means of electrochemical methods in the presence of
[Fe(CN)6]3−/4− complexes. The redox system [Fe(CN)6]3−/4− was found to be more re-
versible in the modified electrodes AuNP-CSPE and NH2-AuNP-CSPE than in the bare
CSPE. The modified NH2-AuNP-CSPE showed a decrease in impedance compared to CSPE,
indicating that the electron transfer process is more favorable in the modified electrode.
With the indirect sandwich ELISA, it was shown that the monoclonal antibody specifically
targets the HA H1N1 protein and can be further used in the biosensor setup. The amine
functionality on the modified electrodes can be exploited to couple mouse monoclonal
antibodies against the HA H1N1 protein in future work within this project. In addition to
this, aims for future work include the detection of the HA H1N1 protein in artificial saliva
using DPV, the establishment of a protocol using bovine serum albumin (BSA) to avoid
non-specific binding, and the determination of the sensibility and detection limits of the
biosensor.
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Abstract: Chemical Oxygen Demand (COD) is a widely used parameter in analyzing and controlling
the degree of pollution in water. COD is defined as the amount of molecular oxygen (in milligrams of
O2) required to decompose all the organic compounds in 1 L of aqueous solution to carbon dioxide and
water. There are many methods reported for COD determination, such as the conventional dichromate
titration method. Electro-oxidizing the organic contaminants to completely transform them into CO2

and H2O using sensors is considered the best method for COD estimation. Increasing attention has
been paid to electrochemical methods because they are highly sensitive, time-saving, low-cost, and
easy to operate. In this sense, copper electrodes have been reported based on the fact that copper in
alkaline media acts as a powerful electrocatalyst for the oxidation of aminoacids and carbohydrates,
which are believed to be the major culprits for organic pollution. Cyclic voltammetry was the
technique used to obtain the voltammetric responses. It is common for different organic compounds
to show different cyclic voltammogram shapes and current intensities in different concentrations. In
this work, four kinds of electrodes modified with copper (Cu)/copper oxide (CuO)/nickel copper
alloy (Ni Cu alloy) nanoparticles were studied for COD analysis; this was done by employing the
cyclic voltammetry technique, which involved a Nafion film-covered electrodeposited CuO/Cu
nanoparticle electrode (E1), a Cu nanoparticle–graphite composite electrode (E2), a CuO nanoparticle–
graphite composite electrode (E3), and a Ni Cu alloy nanoparticle–graphite composite electrode (E4).
The COD values were determined via the plotted calibration of COD values vs. the current intensity.
Glucose, glycine, potassium hydrogen phthalate (KHP), and ethylene glycol—which show different
reducibilities—were chosen as the standard substances to play the role of organic contaminants with
different degradation difficulties. From the obtained cyclic voltammograms, we can see that glucose
is very easily oxidized by those four electrodes, with electrode E1 displaying the best performance,
with a linear range of 19.2~1120.8 mg/L and limit of detection of 27.5 mg/L (calculated based on
the formula 3σ/k). In contrast, it is very difficult for the compound KHP to be oxidized by these
four electrodes. Nevertheless, the obtained voltammetric profiles presented different shapes with the
tested organic compounds, suggesting these four electrodes can compose an electronic tongue array
for multivariate analysis. As a result, the main component of river samples—whose degradation
could be easy or difficult—can be evaluated via the PCA technique. This evaluation is very helpful for
the accuracy of COD detection. The resulting sensor-based method demonstrates great potential not
only for estimating the precise value of COD, but for predicting the difficulty of its degradation; this
represents a simple, fast, and clean methodology, which is perfectly suited to the present demands of
green techniques.

Keywords: Chemical Oxygen Demand; copper (oxide) nanoparticle electrodes; nickel copper alloy
nanoparticle electrode; cyclic voltammetry; electronic tongue
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Abstract: Half-metallic ferromagnetic (HMF) materials demonstrate 100% spin polarization at the
Fermi level, making them promising candidates for spintronic sensing applications. In this work, the
full potential linearized augmented plane wave (FP-LAPW) density functional theory (DFT) method
is used to calculate the electro-magnetic properties of the transition metal perovskite NbScO3 using
the generalized gradient approximation (GGA) and the modified Becke-Johnson (mBJ) approximation
for the exchange correlations. The electronic band structures for the two spin orientations using GGA,
predict NbScO3 to be an HMF with an integer magnetic moment of 2.0 μB and hence a promising
candidate for spintronics. The new half metal perovskite shows metallic behavior in the majority spin
and semiconducting in the minority spin channel with a direct Γ−Γ band gap of 1.870 eV. The integer
magnetic moment of 2.0 μB is also preserved with mBJ exchange potential. The band structure,
however, shows indirect gaps R−Γ and X−Γ of 2.023 eV and 0.780 eV in the minority and majority
channels, respectively indicating NbScO3 to be a magnetic semiconductor. The results indicate the
suitability of NbScO3 for spintronics as the necessary conditions are satisfied.

Keywords: half metal; band structure; spintronics; sensors; information technology; perovskite

1. Introduction

The rapid technological advancements in the last decade call for smart and sustainable
lifestyle management, with sensors playing a vital role [1–4]. Electron spin is fast becoming
a very useful tool in sensing devices that are based on spintronics. Spintronics is a science in
which the electron spin instead of the charge is used as the information carrier, providing the
advantages of low energy consumption, high speed data processing and circuit integration
density [5–7]. Among today’s various proposed information transfer methodologies like
molecular/nano electronics and quantum technologies, spintronics stands out due to the
fact that it is compatible with conventional electronics making it easy to extend the existing
well known electronic techniques to spintronic circuits. HMFs, due to their exceptional
electronic structure, satisfy the needs for spintronic applications. The electrons of one spin
direction behave as metals and those of the other spin direction act as semiconductors.
Recently, quite a few new perovskites have been predicted to be half-metals [8–10].

Transition metals (TM) are of special interest, and a variety of interesting magnetic
properties have been identified, as seen from recent research results. Depending upon
the local environment non-magnetic materials have become magnetic due to their pres-
ence [11–13]. TM perovskites have piqued the interest of the scientific community due the
intriguing nature of the TM ion interplay with the oxide or halide ion [14,15] with the great
possibilities of different electronic and magnetic properties.

Unlike the majority of previous research, wherein the TM occupies the B site, in this
work we switched the sites, and the TM Niobium occupies the A site with some very
interesting magneto-electronic results. The purpose of the paper is to give the essential and
accurate theoretical characterization using DFT_FP-LAPW of the perovskite NbScO3 which
is being investigated for the first time for potential use in spintronics and sensing.
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2. Method and Materials

The full-potential linearized-augmented plane wave (FP-LAPW) method, as imple-
mented in the WIEN2k [16] package, is used to calculate the spin polarized ground states
of the cubic perovskite NbScO3 within the DFT [17,18] formalism. The Perdew, Burke and
Ernzerhof (PBE) [19] generalized gradient approximation (GGA) is used to calculate the
optimized structures for a 10 × 10 × 10 k-point grid. The optimized lattice constant value
is then used to evaluate the electronic and magnetic properties with the more accurate mBJ
exchange correlation of Trans Blaha [20] at a denser k-point grid of 15 × 15 × 15. Kmax,
which provides the magnitude of the largest K vector in the plane-wave expansion is set
to 8. The muffin-tin radii were set to 1.60 a.u for Sc and O atoms and 2.7 a.u for Nb. The
tetrahedron method [21] with 120 k points in the irreducible Brillouin zone is employed for
integrations within the self-consistency cycle (SCF). The convergence tolerance thresholds
for SCF is less than 10−4 Ry for energy and 10−4 for electron charges.

3. Results and Discussion

3.1. Structural and Electronic

The cubic NbScO3 perovskite has the space group Pm-3m (#221) symmetry, and the
atoms occupy the positions 1a (0, 0,0), 1b ( 1

2 , 1
2 , 1

2 ) and 3c (0, 1
2 , 1

2 ) sites of Wyckoff coordinates
for Nb, Sc and O atoms, respectively, as depicted in Figure 1 in an inset image.

Figure 1. The energy-volume optimization and Murnaghan fit for the perovskite NbScO3.

The lattice constants are optimized using the Murnaghan equation of state [22] with
only volume optimization as the structure is cubic is required. The energy vs. volume
optimization gives the minimum equilibrium energy state lattice parameter and is presented
in Figure 1. The optimized values of the lattice constant and bulk modulus obtained are
3.985 Å and 160.679 GPa, respectively. This lattice constant value of NbScO3 is used
alongside the GGA-PBE and mBJ exchange correlations at denser grids to calculate the
electronic band structures along the high symmetry points. The GGA band structure is
shown in Figure 2 for both the spin Dn (minority) and spin Up (majority) orientations.
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(a) (b) 

Figure 2. The NbScO3 electronic band structures for (a) the minority (Spin Dn) and (b) the majority
(Spin Up) channels with PBE-GGA.

We see from the figure that NbScO3 shows typical semi-conducting behavior in the
minority spin with a direct Γ−Γ gap of 1.87 eV, and that it is metallic in the majority spin
resulting in a half metal ferromagnetic behavior (HMF). HMFs have 100% spin polariza-
tion and can intrinsically provide single-spin channel electrons, which are very useful
in spintronics.

The band structure of NbScO3 with the mBJ exchange potential on the other hand
shows it to be a magnetic semiconductor as seen from the Figure 3 plots for the spin Dn
and spin Up states.

 

(a) (b) 

Figure 3. The NbScO3 electronic band structures for (a) the minority (Spin Dn) and (b) the majority
(Spin Up) channels with mBJ.

The minority spin and majority spin have indirect R−Γ and X−Γ gaps of 2.02 and
0.78 eV, respectively. Magnetic semiconductors combine the advantages of both magnets
and semiconductors, and form the basis for spintronics. Magnetic semiconductors can
be used for spin generation, injection, and spin manipulation and detection. Since the
mBJ exchange potential provides very reliable and accurate band structures in compar-
ison to that of GGA or hybrid functionals, the correct behavior of NbScO3 would be a
magnetic semiconductor.

The half metal gap or spin flip energy EHM is defined here as the minimum energy
required to flip a minority-spin electron from the valance band maximum to the majority
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spin Fermi level. The predicted band gaps and EHM for the GGA and mBJ exchange
potential are listed in Table 1.

Table 1. The electronic band gaps in the minority and majority spin channels for the NbScO3

perovskite.

NbScO3

Perovskite

Band Gap (eV) EHM (eV)

Minority (Spin Dn) Majority (Spin Up)

GGA-PBE Γ−Γ 1.871 metallic No gap 1.547

mBJ R−Γ 2.023 X−Γ 0.780 0.979

3.2. Magnetic

The band-structure plots in the previous section have clearly shown the magnetic
nature of NbScO3, and to fully understand the origin and hybridization of the atomic
orbitals, the total and partial density of states (TDOS/PDOS) are calculated using the mBJ
exchange potential. These are depicted in Figure 4.

 
(a) (b) 

 
(c) (d) 

Figure 4. The NbScO3 electronic DOS in both minority (bottom part) and majority (top part) spin
channels (a) the TDOS for the compound and the atom constituents (b–d) show the PDOS in the
different orbitals for the Nb atom, the Sc atom and the oxygen atom, respectively.

We can clearly observe the semiconducting and magnetic nature of NbScO3from the
plots. The minority channel shows the wide band gap, with no states at EF (Fermi-energy),
whereas the majority channel has the valence band edge at the Fermi energy and one can
say that NbScO3 is an intrinsic magnetic semiconductor. The role of Sc in the magnetism
is negligible as indicated by the spin polarized PDOS plot for Sc. The main contribution
to the magnetism comes from the ‘d’ orbital of Nb and the ‘Px’ and ‘Py’ orbitals of O2.
Additionally, the significant difference in the majority and minority TDOS can be clearly
seen; resulting in the total integer magnetic moment of 2 μB typical of HMF as given in
Table 2. The table also lists the atom-wise and interstitial magnetic moments of NbScO3
with the GGA and mBJ exchange correlations.
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Table 2. The total and atom projected magnetic moments of the NbScO3 perovskite in units of μB.

Exchange Nb Sc O Intertitial Total Moment

GGA_PBE 1.8484 0.0126 −0.0761 0.3673 2.0000

mBJ 1.7095 −0.0007 0.0460 0.1533 2.0000

4. Conclusions

In conclusion, the FP-LAWP investigation of the perovskite NbScO3 has predicted
the system to be a HMF and an intrinsic magnetic semiconductor using the GGA and mBJ
exchange potentials, respectively. Moreover, the considerable size of the bandgap and
magnetic moment obtained confirms the feasibility of NbScO3 for spintronic applications.
In addition, the large value of EHM supports the robustness of this system for spintronics
and sensing applications, whereby a significant role is played by the spin of the electrons in
the sensor design.
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Abstract: Fluorescent compounds have been shown to be useful in probing lipid dynamics, and
there is ongoing interest in nontoxic, photostable, and sensitive dyes. Recently, we evaluated
a number of 2,7-disubstituted-alkynyl(aryl)-3,6-dimethoxy-9,9-diphenyl sila- and germafluorenes
for their potential as cellular fluorescent probes. These compounds exhibit remarkable quantum
yields in hydrophobic environments and dramatic increases in emission intensity in the presence of
surfactants. Here, we show that they exhibit significant emission enhancements in the presence of
small unilamellar vesicles and are nontoxic to E. coli, S. aureus, and S. cerevisiae. Furthermore, they
luminesce in S. cerevisiae cells with strong photostability and colocalize with the lipid droplet stain
Nile Red, demonstrating their promise as lipid probes.

Keywords: fluorescence; lipid; metallafluorene

1. Introduction

The introductory understanding of the role of biological membranes is that they are
barriers and are used to regulate transport and for energy processes. Only fairly recently
has there been a developing understanding that membranes are dynamic in their lipid
composition and properties, and that these local differences participate in cellular processes
in a profound way and have been linked to disease states [1,2], including cellular stress [3].

Fluorescence spectroscopy is an accessible and powerful tool for the sensing of
molecules and their behaviors, including binding interactions, conformational changes, and
catalytic activities, in both in vitro and in vivo via cellular imaging [4]. Due to their ability
to respond to changes in molecular environment, molecules that exhibit intramolecular
charge transfer (ICT) or excited-state intramolecular proton transfer (ESIPT) are particularly
attractive as probes of lipids, their interactions, and dynamics [5,6].

Probes commonly used for such purposes include Nile Red, dansyl, NBD [7], and
F2N12S [6]. These vary with respect to relevant properties such as the excitation and
extinction wavelength, extinction coefficient, working concentration (sensitivity), photosta-
bility, and quantum yield, all of which can impact their utility. When this is coupled with
the rapidly expanding research area, it is no surprise that a call for more probes to meet
expanding needs is prominently articulated [5].

Recently, we evaluated a small library of sila- and germafluorenes (metallafluorenes or
MFs) containing alkynyl(aryl) substituents at the 2,7-position ([8,9]; Figure 1) for their po-
tential as fluorescent probes of surfactants. These compounds are soluble and luminescent
in aqueous solution and exhibit high quantum yields and dramatic emission enhance-
ments in the presence of various surfactants (5–25-fold) [10]. These results suggest that
MFs could have biological applications. Here, we examine the sensitivity, toxicity, and
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photostability of MFs toward lipids both in vitro and in vivo and demonstrate the potential
of these compounds as lipid probes. Indeed, they are sensitive to DOPC small unilamellar
vesicles (SUVs) with significant fluorescence enhancements. These dyes show no toxicity
to Gram-positive bacteria, Gram-negative bacteria, and yeast cells and demonstrate high
photostability. When compared to the commercially available lipid droplet dye Nile Red,
these MFs show strong colocalization with more punctate staining, demonstrating their
potential as lipid probes.

Figure 1. Structures of 2,7-disubstituted sila- and germafluorenes used in this study. 1 silicon based
4-ethynyl-1,1′-biphenyl substitutent; 2 germanium based 2-ethynyl-6-methoxynaphthalene substitutent;
3 silicon based 4-ethynyltoluene substitutent; 4 silicon based 1-ethynyl-3-fluorobenzene substitutent.

2. Materials and Methods

2.1. Materials

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Two-
hundred-proof ethanol was purchased from Decon Labs (King of Prussia, PA, USA). DMSO
and Nile Red were obtained from Millipore Sigma (Milkwaukee, WI, USA). p-Xylene was
obtained from ThermoFisher (Waltham, MA, USA). All chemicals were of reagent grade and
were used as received without further purification. Compounds 1–4 were synthesized as
previously described using an appropriate alkynyl(aryl) precursor in a palladium-catalyzed
Sonagashira cross-coupling reaction [8,9] and dispensed from stocks in DMSO as previously
described [10].

2.2. Preparation of Small Unilamellar Vesicles (SUVs)

At 25 ◦C, a stock concentration of 4.2 mM DOPC was prepared by drying under
inert gas and then resuspended in 10 mM Tris buffer. After 30 min, DOPC was sonicated
for 27 min at 25 ◦C until cloudy. The DOPC-SUV solution was then passed through
an Avanti Mini Extruder eleven times to make uniformly sized 0.1 μm DOPC-SUVs at
25 ◦C. DOPC-SUVs were then diluted to 0.1 mM in a quartz cuvette for fluorescence
measurements [11,12].

2.3. Spectroscopy

Absorbance spectra were recorded on a Shimadzu 1800 (Kyoto, Japan) with slits (band-
pass) set to 1 nm. Emission spectra were collected in an acid-washed quartz cuvette on a
Fluorolog-3 (SPEX) spectrofluorimeter (Horiba Scientific, Piscataway, NJ, USA). The temper-
ature was maintained at 25 ◦C with a thermostatted cell holder equipped with a magnetic
stirrer. Emission spectra were collected with the indicated excitation wavelength and slits
(bandpass). MF photostability in xylene was observed at the indicated emission maximum.
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2.4. Microbial Toxicity

Culture tubes containing LB media or YPD media were inoculated with Escherichia coli
(Gram-negative), Staphylococcus aureus (Gram-positive), or Saccharomyces cerevisiae, respec-
tively. Compounds 1–4 were added such that the final DMSO concentration was 2–10%
and the MF at its solubility limit in the media. The tubes were incubated at either 37 ◦C
(bacteria) or 30 ◦C (yeast) overnight and visually inspected for growth.

2.5. Confocal Laser Scanning Microscopy

Samples were prepared by smearing a small amount of cells onto a glass microscope
slide and heat-fixed by passing the slide through a flame no more than 5 times. Then, 1–4

or NR was applied to heat-fixed cells at 15 μM and incubated at room temperature for
15 min for MFs and 10 min for Nile Red. Slides were then rinsed with 2–3 mL of deionized
water, topped with coverslips, and sealed with clear nail polish. Cells were imaged with
a Zeiss LSM 900 (Zeiss, Oberkochen, Germany) confocal microscope with an excitation
wavelength of 405 nm. For photostability, the sample was illuminated with 1% laser power
and images collected periodically.

3. Results and Discussion

3.1. Spectroscopic Studies

To assess their sensitivity to a biologically relevant membrane, the emission spec-
tra of 1–4 were compared in the absence and presence of DOPC-SUVs. As shown in
Figure 2, fold-enhancements range from two- to sevenfold, with 1 and 2 showing the most
dramatic changes.

Figure 2. Emission spectra of MFs 1–4 (as numbered in Figure 1) in the absence (dashed) and presence
(solid) of 0.1 mM DOPC-SUVs. Conditions: 1 μM MF, 0.1 mM DOPC, 10 mM Tris pH 8, 25 ◦C. The
excitation wavelength was 387 nm and the slits (bandpass) set to 1.0 nm. Three minute incubation.

The photostability of these MFs was initially probed by observing the emission signal
as a function of time in xylene, which is used to mimic the interior of membranes [13]. As
summarized in Figure 3, these signals are remarkably stable over two hours of continuous
excitation. Together, the responsiveness to SUVs and photostability in xylene indicate
promise for MFs as probes of lipids in vivo.
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Figure 3. Photostability in vitro. Compounds 1–4 (as defined in Figure 1) were diluted into p-xylene
and excited continuously. Conditions: 1 μM MF, 0.1–0.4% DMSO. 1: excitation at 387 nm, slits 1 nm;
2: excitation at 390 nm, slits 0.8 nm; 3: excitation at 376 nm, slits 0.9 nm; 4: excitation at 376 nm,
slits 0.9 nm.

3.2. Microbial Toxicity Studies

To assess their potential for use in cellular imaging, MFs were screened for toxicity
against microorganisms. For yeast, E. coli and S. aureus, no inhibition of growth was
observed at the MF solubility limit in media (at least 50 μM).

3.3. Imaging of S. cerevisiae with Metallafluorenes

To determine if these MFs can be used to stain cells, 1–4 were introduced to yeast cells
and subsequently imaged using confocal microscopy. Figure 4 illustrates that in all cases,
the MF emission intensity is visible inside fixed yeast cells.

 

Figure 4. Confocal imaging of MFs 1–4 in yeast cells. Conditions: 15 μM MF as indicated, 63×. The
excitation wavelength was 405 nm and scan range 400–600 nm. Numbers refer to MFs as defined in
Figure 1.

To assess the MF photostability in yeast cells, excitation was applied and fluorescence
was observed as a function of time. As summarized in Figure 5 for 1 and 2, fluorescence
persisted for over 2 min, with 2 showing greater photostability. See Supplemental Figure S1
for photostability studies of 3 and 4.
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Figure 5. Photostability of 1 and 2 in yeast cells. See Methods for details. S. cerevisiae were stained for
15 min with 15 μM 1 or 2 and then imaged periodically during continuous excitation. Magnification
is 63×. Numbers at left refer to compounds as defined in Figure 1.

Finally, to determine where these MF localize in yeast, we costained with Nile Red, a
well-known lipid droplet stain [14]. As shown in Figure 6, 1 yields more punctate images
and colocalizes with this probe, demonstrating clear specificity for S. cereviseiae organelles,
including the vacuole and possibly lipid granules. See Supplemental Figure S2 for a
colocalization study of 2 and 4.

 

Figure 6. MF 1 colocalizes in yeast with Nile Red. Red, Nile Red; green, 1; top right, transmitted light;
bottom right, yellow indicates colocalization. 15 μM probe at 63× magnification.

4. Conclusions

We show here that these metallafluorenes have good photostability and are sensitive
to lipid structures in vitro, demonstrating impressive fold enhancements in the presence of
SUVs. Furthermore, they are non-toxic to cells and can enter cells and colocalize with Nile
Red, a lipid probe. In addition, the higher extinction coefficients of MFs and competitive
quantum yields [10] make them more sensitive. All of these observations bode well for the
application of MFs as lipid probes both in vitro and in vivo. The synthetic scaffolding of
these MFs provides convenient tuning of desired properties by changing the 2,7 substituent.
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This feature facilitates designs that incorporate optimal solubility, emission spectra, dipole
moment, and solvatochromism for specific applications.

5. Patents

WO/2020/210416; PCT International Patent Application No.: PCT/US2020/027355.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/CSAC2021-10455/s1, Figure S1: Photostability of 3 and 4 in Yeast Cells, Figure S2: 2 and
4 Colocalize with Nile Red in Yeast.
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Abstract: Since the development process of new sensors is long and tedious, it would be very helpful
to develop a model that could predict sensor properties based on active compound structure without
the actual synthesis and characterization of the corresponding sensors. In this work, the model for
the prediction of logK (HCO3

−/Cl−) was constructed based on 40 ligand structures suggested in the
literature for carbonate sensing. Substructural molecular fragments (SMF) were used to describe the
structure of compounds, where fragments were considered as sequences of bonds and atoms. The
projection on latent structures (PLS) method was used to calculate the regression model.

Keywords: membrane sensor; carbonate ionophore; QSPR; PLS

1. Introduction

Polymeric membrane electrodes offer numerous advantages, and their properties can
be tuned in a wide range by the modification of membrane composition. However, the
process of the selection of an appropriate ligand to construct the sensor for a particular task
is time-consuming and requires ligand synthesis, sensor preparation, and characterization.
It would be very helpful for researchers to make a model that allows the prediction of
sensor properties of an electrode based on the structure of the employed ionophore.

Using the computational chemistry, different characteristics of chemical compounds
can be predicted. Quantitative relations between physical or chemical properties of organic
compounds and their chemical structures can be set with the QSPR (quantitative structure
property relationship). This methodology is widely applied nowadays, e.g., in pharma-
ceutical investigations; specifically, a search for new drugs [1]. There are QSPR models for
various materials, such as nanomaterials [2], catalysts [3], and ionic liquids [4]. Recently,
an application of QSPR for predicting the sensor properties of membrane electrodes was
suggested [5]. It was possible to relate the structure of the organic ligand with the selectivity
constant of the corresponding membrane sensor for Ca2+/Mg2+.

This study aims to expand this approach to anion-selective sensors, where ligand
selection is much more challenging than in the case of metal cations, due to the wide
variability of the geometries of inorganic ligands, and their hydrolysis in the case of
weak acids.

Among anions, there are ones with important biological and industrial roles. An
example of such anions is carbonate. Therefore, it is a prospective object for predicting
selectivity to carbonate against chloride anions by means of QSPR.

2. Materials and Methods

2.1. Dataset

The dataset of 40 samples was composed with literature sources and experimental
data. A summary table with compositions of all samples and literature sources can be found
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in the supplementary materials. Whereas the number of anionic (especially carbonate)
ionophores is small due to the reasons that we have already discussed earlier, there are
a few articles about carbonate ionophores. A great part of the data was extracted from
IUPAC review “POTENTIOMETRIC SELECTIVITY COEFFICIENTS OF ION-SELECTIVE
ELECTRODES”, with a summary table of anions existing in 2002 [6]. Considering the
significant shortage of carbonate ionophores, we had to add in the table ionophores with
Cl−/HCO3

− selectivity that were converted to HCO3
−/Cl− selectivity according to the

Nikolsky–Eisenman equation:

E = E0
I +

RT
zI F

ln(aI + ∑ KI J a
zI
zJ
J ). (1)

All of the structures of ionophores are available in Table S1 in Supplementary Materials.
We also made sure that all these data were obtained in the narrow range of pH (7.0–8.6)

for understanding which particular ionic form prevailed in an examined solution.
All the membranes described in the literature are based on polyvinylchloride (PVC)

as a polymer, and one of three plasticizers: nitrophenyl octyl ether (NPOE), dioctyl adipate
(DOA) and dioctyl sebacate (DOS), which is also known as bis(2-ethylhexyl) sebacate (BEHS).
Ion-exchanger is tridodecylmethylammonium (TDMA) with Cl− or NO3-counter-ion.

Due to the small number of carbonate ionophores examined, we had to compile the
resulting database with membranes that differ not just in ionophores, but plasticizers as
well. We took different plasticizers into account and added their dielectric constant (also
known as relative permittivity) as a descriptor for adjusting our model and making it more
comprehensive.

The selectivity coefficients of these ionophores varied from −5.8 to 6.2 on the logarith-
mic scale. The average selectivity logK (HCO3

−/Cl−) was −1.425, and the median value
was −2.6.

2.2. Descriptors

We used substructural molecular fragments (SMF) for encoding molecular structures
in a matrix. A molecular structure can be described with this method by dividing a
molecule into all possible fragments and writing the number of these fragments into the
matrix. These SMFs were obtained by using “ISIDA QSPR” software [7]. There are two
approaches for obtaining a molecule’s SMF in ISIDA: sequences of atoms and/or bonds
(topological path) and selected (“augmented”) atom (atom-centered fragments) with its
environment that can be atoms, bonds, or both (Figure 1). In this work, atom and bond
sequences were applied. A molecule was represented as a graph and its descriptors were,
consequently, subgraphs.

Hence, ISIDA SMF descriptors are numbers of fragments (or subgraphs) in a molecule
with each element of the descriptor associated with one of the detected possible fragments.
Only the shortest paths from one atom to the other were used. It should be noted that
the length of sequences is limited. The minimal and the maximal lengths are 2 and 15,
respectively.

2.3. Projection on Latent Structures (PLS) Modelling

In order to relate molecular descriptors of ligands with selectivity coefficients of
the corresponding sensors, we employed the PLS regression algorithm. PLS regression
searches for a set of components are known as latent vectors that perform a synchronous
decomposition of X and Y, with the clause that these components explain, as much as
possible, the covariance between X and Y. Data matrix size was 40 × 1855, where 40 is the
number of samples (ligands) and 1855 is the number of descriptors.
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Figure 1. Two approaches to obtaining ISIDA SMF: topological path and atom-centered fragments.

3. Results and Discussion

The molecular descriptors obtained for the chosen ligands were calculated with ISIDA
QSPR software [7]. The 40 ionophore structures and their properties, specifically sub-
structural molecular fragments (SMF) and the permittivity of membranes, were used as
descriptors. The PLS model relating the descriptors with selectivity was evaluated accord-
ing to the following parameters: root mean square error (RMSE) and squared determination
coefficient (R2). The results of QSPR modelling are shown in Figure 2. Each point in the
graph corresponds to an item in the database, whereas straight lines represent the resulting
models. Blue and red colours correspond to training and test samples, respectively.

Figure 2. “Measured vs. predicted” plot for the QSPR model for predicting the selectivity of
membrane sensors.
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It can be seen that the derived model allows for a semi-quantitative estimation of the
selectivity coefficients, based on the ligand structure. As far as each compound is an indi-
vidual molecule, which consists of a variety of molecular fragments, regression coefficients
allow evaluating the contribution of each fragment (represented as an independent variable
in the matrix) in the selectivity of the sensors. The largest coefficients signify the variables
(in this case, SMF, which are the encoded fragments of molecules) with the most important
impact. The fragments with the largest contribution in the absolute value of the selectivity
logK (HCO3

−/Cl−) of potentiometric membrane sensors are shown in Figure 3.

Figure 3. Fragments with the largest contribution in logK (HCO3
−/Cl−) values, where ‘-’ is a single

bond and ‘=’ is a double bond.

As follows from the graph, the fragment C=C-C=C-C-C-F makes the largest negative
contribution, and it is part of a longer fragment C-C=C-C=C-C-C-F with a smaller con-
tribution. The shortest fragment with negative contribution C-C=C-C=C is included in
the remaining fragments with the largest negative contribution. The fragment with posi-
tive contribution C=C-C=C-Hg contains mercury in its composition. These observations
provide valuable information for the further design of the ligands with required selectivity.

4. Conclusions

Despite some problems with anions’ ionophores that are described more fully in the
introduction, we were able to collect the database that allowed making a QSPR model while
satisfying RMSE and R2 for a relatively small amount of data. We found the fragments
with the highest impact in selectivity logK (HCO3

−/Cl−) of potentiometric membrane
sensors, and we believe that this will help in the future search for the new ionophores.
It appears that semi-quantitative prediction of sensor selectivity is possible based on the
ligand structure.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/CSAC2021-10621/s1, Table S1: QSPR modelling of potentiometric HCO3
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Abstract: This work demonstrates a hydrogen (H2) sensor at room temperature made of tapered
optical fibers coated with a polyaniline (PANI) nanofiber. A transducing platform was constructed
using a multimode optical fiber (MMF) with a 125 μm cladding and a 62.5 μm core diameter. In order
to enhance the light evanescent field surrounding the fiber, the fibers were tapered from 125 μm in
diameter to 20 μm in diameter with 10 mm waist and coated PANI using the drop casting technique.
Various characterization techniques, such as field emission scanning electron microscopy (FESEM),
energy dispersive X-ray (EDX), differential X-ray (XRD), and atomic force microscopy, have been
used to establish the PANI’s properties. When H2 is subtracted, the optical properties of the PANI
layer change, resulting in a change in light absorption. The fabricated sensor was tested by exposing
it to H2 at different concentration from 0.125% to 1%. In this case, the sensitivity, response, and
recovery times were 15.928/vol%, 110 s, and 160 s, respectively. The improved hydrogen sensor
holds great promise for environmental and industrial applications due to its ability to operate at
room temperature.

Keywords: hydrogen (H2); tapered optical fiber; polyaniline (PANI); drop casting technique

1. Introduction

Hydrogen (H2), due to its high fuel efficiency, abundance, uncontaminated character,
and sustainability, is one of the possible solutions to the impending energy crisis [1]. It is
also a reliable gas for misdiagnosis in power transformers [2,3]. H2 has also been used in
other sectors, such as aerospace engineering, mineral refineries, oil exploration, chemical
processing, cryogenic refrigeration, and many more [4]. However, the high diffusion
coefficient (0.16 cm2/s in air), low ignition energy (0.018 mJ), wide explosion concentration
range (4–75%), and high heat of combustion (285.8 kJ/mol) convert them to gases, which
are explosive and potentially dangerous for use, transport, and storage [5].

On the other hand, optical sensors rely on optical fibers, which have unique charac-
teristics such as lightness, small size, electromagnetic interference resistance, instability,
and stiffness in harsh environments [6]. Due to their peculiar properties, optical fibers are
perfect candidates for detection in harsh environments [7].

Chem. Proc. 2021, 5, 85. https://doi.org/10.3390/CSAC2021-10415 https://www.mdpi.com/journal/chemproc519



Chem. Proc. 2021, 5, 85 2 of 8

Recently, the scientific community has made significant progress on the synthesis
and application of conducting polymers [8–10]. One of the promising materials for gas
sensing is polyaniline (PANI), which among polymers has peak environmental stability. It
is currently known as the only conducting polymer that is stable in air [11]. As a sensor,
PANI is particularly helpful because it is sensitive at room temperature [12,13], and it can
be applied to detect a range of gases in combination with additional nanomaterials [14].

Several optical hydrogen sensors using PANI as an energy transformer have been
reported in recent years. Most of them rely on fiber gratings (FBGs) [15] and plastic optical
fiber [16]. To make fiber optic sensors sensitive to their surroundings, most of them must
be functionalized [17]. In this research, PANI coated with dissolved, tapered optical fibers
is used to detect hydrogen gas.

2. Experiments

2.1. Tapered Optical Fiber Fabrication

The H2 gas sensor was developed using a multimodal tapered fiber optic (MMF)
with cladding and core dimensions of 125 m and 62.5 m, respectively, as a transducing
platform. For reduction, the Vytran glass processing system (Vytran GPX-3400, Thorlabs,
Inc., Trenton, NJ, USA) was employed. The machine operates on a heating and pulling
principle, with a graphite filament acting as a heating source to create the desired tapered
profile geometry. The MMF had a 125 mm cladding diameter that tapered to a 20 mm waist
diameter, a 10 mm waist length, and a 5 mm tapering top. The picture of the tapered optical
fiber created with the tapered area is shown in Figure 1.

 

Figure 1. Scanning electron microscopy (SEM) micrograph of a tapered multimode optical fiber’s
transition area (MMF).

2.2. PANI Functionalization on Tapered Optical Fiber

Aniline was purified by distillation before polymerization. The purified aniline
(0.16 M) was instantly dissolved in pre-prepared 0.05 M perchloric acid (HClO4) [18,19]
(Merck, 70–72%) to avoid atmospheric oxidation. In another volumetric flask, 0.16 M of
ammonium peroxodisulfate was also dissolved in HClO4, and both mixtures were rested
overnight. Ammonium peroxodisulfate solution was carefully added to the aniline solution
with continuous stirring at room condition. The oxidative polymerization reaction of the
mixture was left stirring for 24 h. The obtained PANI (dark green precipitate) was filtered
and washed with ethanol (EtOH) until a colorless supernatant liquid can be observed in
order to minimize the amount of unreacted monomers and oligomers [20]. It is then dried
at 60 ◦C until a constant weight is obtained. A drop casting technique was used to coat
the tapered optical fibers. To guarantee full evaporation of the aqueous medium, a drop
of mixture (about 20 μL) was placed into the base of the tapered optical fiber by using a
micropipette, and the sample was heated in the oven at 80 ◦C for 40 min.

A light source (tungsten halogen, HL-2000, Ocean Optics, Dunedin, FL, USA) with a
coverage wavelength of 360 nm to 2500 nm and a spectrophotometer (USB 4000, Ocean
Optics) comprised the experimental phase of the gas optical sensing system. It can detect
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anything between 200 and 1100 times per second. The optical gas detection system’s
experimental setup includes a customized gas chamber for measuring the optical absorption
spectrum. The PANI-coated sensor was placed in a close gas unit and purged with a
centrifuge at a gas flow rate of 200 sccm from a computer managed mass flow controller.
Figure 2 depicts the H2 sensor’s experimental setup.

 
Figure 2. H2 sensor experimental setup.

2.3. Materials Characterization

FESEM (JSM-7600F, Musashino, Akishima, Tokyo, 8558, Japan) was used to examine
the films’ morphology, while EDX analysis was used to assess their original composition.
XRD examination indicated material identification, crystallization, and the PANI phase
transition (APD 2000). FESEM images of PANI nanoparticles are shown in Figure 3. The
PANI is mostly made up of uneven grains and chips with sharp edges, as can be observed.
Furthermore, the structure seems to be completely porous, creating very small polyaniline
particles that can expand the liquid–solid interface [21,22].

Figure 4a shows the XRD pattern of the PANI, which shows an amorphous nature in a
partly crystalline condition with a diffraction peak at 22.34◦. (200). Due to the repeating
of benzenoid and quinoid rings in the PANI chains, this pattern displays poor conductive
polymer crystallinity.

Figure 4b shows the UV–vis spectra of PANI structures. Spectroscopic scanning was
performed at a wavelength range from 300 to 1000 nm. The UV–vis spectrum is useful
for measuring the amount of conjugation, and for this reason, conductive polyaniline
samples exhibit a broad absorbance, referred to as a free carrier tail, at wave lengths greater
than about 800 nm. As the conjugation length becomes longer, the peak shifts to broader
wavelengths and becomes extremely large [23].

Figure 4c shows the EDX pattern of PANI, which revealed that the key elements in
PANI film are C, N, O, and Si, as observed by their peaks. A silica fiber was employed as
the substrate shared the silicon (Si) peak.

The atomic force microscope (AFM) can verify the average surface roughness and
thicknesses of PANI. A 10 × 10 μm section of the boundary area was scanned for AFM
analysis. The average surface roughness values of the PANI were ≈23.4 nm, as shown in
Figure 5a,b. As part of this study, the thicknesses of the PANI coatings were measured. As
shown in Figure 5c, measurements were taken by surrounding parts of fiber with aluminum
tape and then assessing the thickness differences between coated and uncoated fiber. The
average thickness of the PANI coatings was 690 nm.
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Figure 3. FESEM micrograph of Polyaniline (PANI).

 

Figure 4. (a) XRD pattern of PANI; (b) shows the UV–vis spectra of PANI structures; and (c) shows
the EDX measurement of PANI.
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Figure 5. Two-dimensional topography AFM images (a) PANI; (b) 3D topography AFM images of
PANI; and (c) 3D topography AFM images of the boundary area between the uncoated and coated
fiber for PANI sensing layer.

3. Results and Discussion

The absorption spectra of the developed sensor coated with PANI relative to synthetic
air and 1.00% H2 at room temperature were observed. As shown in Figure 6a, the PANI-
coated sensor shows notable changes in absorption, particularly in the wavelength range of
550 to 850 nm. The sensor performance of the PANI-coated sensor was monitored in terms
of cumulative absorbance, which is the product of a combination of response curves over a
particular wavelength range. Figure 6b shows the dynamic response of PANI-coated based
sensors to H2 concentrations in air ranging from 0.125% to 1.00% at room temperature. The
response and recovery times of the developed PANI-coated based sensor were 110 s and
160 s, respectively. The absorbance change was approximately 4% at 0.125% H2 and 19%
higher with 1.00% H2. Compared with the results of previous studies [24,25], the PANI-
coated based sensor showed greater H2 absorbance and recovery, as well as advanced
compromise differences.

The repeatability of the PANI-coated based sensor was tested by exposing it to three
cycles of 1.00% H2. Overall, the PANI-coated based sensor showed a strong and stable
absorbance response as well as high repeatability towards H2.
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Figure 6. (a) Absorbance versus optical wavelength, (b) dynamic absorbance curves, and (c) repeata-
bility of PANI-coated based sensor towards H2.

Figure 7a shows the absorption versus H2 concentration for PANI-coated based sensors.
The PANI-coated based sensors had a sensitivity of 15.928/vol% and a linearity slope of
98%. When measuring gas-sensing properties, selectivity is an important key to consider.
As shown in Figure 7b, the sensor’s absorption properties toward ammonia (NH3) and
methane gas (CH4) at a concentration of 1.00% were investigated. The PANI-coated based
sensor had a very high NH3 absorption response but a substantially lower response for the
other gases. Furthermore, the adsorption of PANI based materials was highly selective for
polar molecules such as NH3, whereas sensitivity was low for non-polar molecules such as
H2 and CH4 [26].

 

Figure 7. (a) Absorbance changes at different H2 concentration for PANI-coated based sensor and (b)
the selectivity of PANI-coated based sensor.
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4. H2 Mechanism of PANI Coated on Tarped Optical Fiber

The H2 sensor with PANI mechanism consists of two parts, as illustrated in Figure 8.
The first is the physical absorption of gas molecules in the PANI, which causes changes
in the refractive index of the optical fiber’s surface, which in turn will result in changes in
the amount of light transmitted in the fiber. A higher RI would allow more light to escape,
lowering the intensity of light detected by the spectrophotometer. The charge transfer
between the adsorbent and the PANI molecules is the second step. The charge transfer from
the electron donating H2 gas to PANI changes the surface chemistry of the sensor layer as
it is absorbed into the walls and sides of PANI. This involves changes in the sensor layer’s
optical properties, as the light that traveled through the fiber is absorbed by environmental
changes, causing spectrum shifts.

Figure 8. Hydrogen PANI-sensing mechanism.

5. Conclusions

By using a drop casting technique, this study proved that optical fiber sensors could
be fabricated from Polyaniline (PANI). The response of the established sensor to vari-
ous concentrations of H2 gas at room temperature was used to measure its efficiency.
When exposed to 1.00 % H2 in synthetic air, the PANI-coated based sensor enhanced its
ab-sorption response by 19%, according to these findings. The selectivity investigation indi-
cated that the PANI-based optical sensor responded strongly towards ammonia, methane,
and hydtogen chemicals. The findings suggest that an affordable and easy methodology
may be utilized to enhance an effective, accurate, and repeatable H2 sensor in real-world
atmospheric conditions.

Supplementary Materials: The poster presentation is available online at https://www.mdpi.com/
article/10.3390/CSAC2021-10415/s1.
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Abstract: A well-known fluorophore molecule, pyrene was encapsulated into a stable metal organic
framework by in situ encapsulation method. The existing metal-organic framework (MOF) called
UiO-66 (UiO = University of Oslo) served as host material for pyrene fluorophore. The fluorescence of
pyrene was quenched after encapsulation inside the porous host. Recovery of quenched fluorescence
was accomplished by anion induced host dissolution, followed by the release of the fluorophore
molecule. Using this anion induced dissolution, a selective sensing of fluoride anion in pure aqueous
was achieved.

Keywords: metal-organic framework; pyrene; fluoride anion sensing

1. Introduction

For the past few decades, a tremendous effort has been dedicated by the scientific com-
munity towards the development of a modest strategy for the selective and precise sensing
of anions [1], as they perform a key role in biological systems, health, and environment [2].
Among the anions present in biological systems, the smallest fluoride anion has drawn
significant attention, due to its biological and environmental impact [3]. Currently, the
presence of fluoride in drinking water and commercial household products is the emerging
concern for public health [4]. Although fluoride is considered as a micronutrient [5], the
excess uptake of fluoride can cause fluorosis [6], and even chronic renal failure [7]. As such,
there is an urgent necessity for selective and precise determination of fluoride anions in
fluoride-contaminated water.

Metal-organic framework (MOF), a new class of porous materials, have received
tremendous attention for their potential applications in gas storage [8], chemical sepa-
ration [9], catalysis [10], and drug delivery [11]. The UiO-66 framework (UiO = Uni-
versity of Oslo) is one typical Zr-MOF, constructed with Zr6O4(OH)4 clusters and 1,4-
benzenedicarboxylate, BDC linkers [12]. With a higher surface area, thermal resistivity,
and an exceptional structural stability in water, this becomes an ideal molecular host mate-
rial [13]. The triggered release of a guest molecule by host dissolution is one of the efficient
strategies for molecular recognition [14]. Recently Bein et al. reported fluoride sensing
by using the hybrid composite of the metal-organic framework NH2-MIL-101(Al) and
fluorescein [15].

Herein, we report a selective and precise sensing of fluoride ions in a pure aqueous
medium by a fluoride triggered release of pyrene fluorophore from Zirconium based MOF,
UiO-66 [16]. First, in one step we have synthesized pyrene encapsulated UiO-66. Where the
Zr-O or μ3-oxo bond of UiO-66 framework acts as a reactive probe and the pyrene molecule
acts as a signal transductor. Upon encapsulating, the inside of the pore of the framework
fluorescence of pyrene was found to be completely quenched. The addition of the fluoride
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ion provoked the decomposition of the host UiO-66 and the released pyrene provides a
turn-on fluorescence.

2. Methods

All the starting materials were of reagent grade and used as they were received from
the commercial suppliers.

2.1. Synthesis

Syntheses of the pyrene containing UiO-66 framework were performed as reported
by Biswas et al. with modification [17]. In brief, a mixture of ZrCl4 (72.24 mg, 0.31 mmol),
Benzene-1,4-dicarboxylic acid (H2BDC) (0.31 mmol), pyrene (10 mg, 0.05 mmol), and formic
acid (1.2 mL, 3.18 mmol) in Dimethylacetamide (DMA) (3 mL) was placed in a Pyrex tube.
The tube was sealed and heated in a preheated heating block to 150 ◦C for 24 h. The reaction
mixture was then cooled to room temperature. Finally, the precipitate was collected by
filtration, washed with acetone, and dried in an air oven (60 ◦C).

2.2. Fluorescence Titration Measurement

For fluorescence titration measurements, a stock solution of pyrene@UiO-66 (1 mg/mL)
was diluted in water (final concentration of 99 μg/mL) in a quartz glass cuvette at room
temperature. A 4 mm solution of different anions was used. All the titration fluorescence
emission was monitored using an excitation wavelength of 337 nm.

3. Results and Discussion

3.1. Material Characterization

Pyrene encapsulated UiO-66 (pyrene@UiO-66) was synthesized by a single step in situ
encapsulation method. Initially, a certain amount of pyrene was added with ZrCl4 and
H2BDC during the synthesis process. The pyrene@UiO-66 material was well characterized
by various instrumental techniques, such as X-ray powder diffraction (XRPD), Fourier-
transform infrared spectroscopy (FT-IR), and N2 sorption analysis.

XRPD experiments showed that UiO-66 and pyrene@UiO-66 possessed very similar
XRPD patterns (Figure 1a). The similarities between the patterns simulated and found
during the experiments of XRPD confirmed the formation of pure UiO-66.

 

Figure 1. (a) XRPD pattern of (i) pyrene@UiO-66; (ii) only UiO-66; (iii) simulated pattern of UiO-66
MOF. (b) Nitrogen adsorption (filled symbols) and desorption (empty symbols) isotherms of UiO-66
(circle) and pyrene@UiO-66 (square) collected at −196 ◦C.

The N2 sorption isotherms of pyrene@UiO-66 (Figure 1b) exhibited an insufficient
decrease in the surface area, compared to UiO-66, which indicated the successful encap-
sulation of the pyrene into the pore framework of UiO-66. Pyrene encapsulated UiO-66
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showed a surface area of 898 cm3/g, which was lower than the guest-free UiO-66 material
(955 cm3/g).

3.2. Anion Sensing Experiment

The fluorescence emission spectra of pyrene@UiO-66 in water was recorded upon the
gradual addition of sodium (Na+) salts of various anions (F−, Cl−, Br−, I−, NO2

−, NO3
−,

AcO−, S2O3
2−, HSO3

−, SO4
2−, HSO4

−, SO3
2−, ClO4

−, SCN−, and HCO3
−). Figure 2

shows the “turn-on” response of F− anion towards pyrene@UiO-66 in water. There were
almost no changes observed in the fluorescence emission spectra for all other anions. The
bar plot in Figure 3a summarized the selectivity of pyrene@UiO-66 towards F− anion over
all other anions.

 

Figure 2. Change in fluorescence intensity with the gradual addition of the F- solution to a suspension
of pyrene@UiO-66 in aqueous medium.

 

Figure 3. (a) Change in the fluorescence intensity of pyrene@UiO-66 upon the incremental addition
of different anions. (b) Change in the fluorescence intensity of pyrene@UiO-66 upon the addition of
F- solution in the absence and presence of different anions. (F− (1), Cl− (2), Br− (3), I− (4), NO2

− (5),
NO3

− (6), AcO− (7), S2O3
2− (8), HSO3

− (9), SO4
2− (10), HSO4

− (11), SO3
2− (12), ClO4

− (13), SCN−

(14), and HCO3
− (15)).

To examine the sensitivity of the pyrene@UiO-66 sensor material towards fluoride
ions, even in the presence of other known interfering ions generally present in water,
competitive experiments were performed by monitoring the fluorescence emission intensity
of pyrene@UiO-66 in the absence and presence of other anions. During these experiments,
solutions of interfering anions were added first to a water of pyrene@UiO-66, followed by
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the addition of the F− anion. The change of the fluorescence intensity of pyrene@UiO-66
upon the addition of the F− anion, in absence and presence of other interfering anions, are
displayed in Figure 3b. In all cases, the interfering anions did not show any interference in
their sensing of the F− anion.

3.3. Mechanism for Anion Sensing

Until now, few mechanisms have been proposed for anion sensing via metal-organic
framework. Some include: (1) anion induced coordination to metal-oxygen cluster [18],
(2) hydrogen bonding formation with solvated framework [19], and (3) anion induced
structural decomposition [15]. To understand the mechanism of fluoride sensing, XRPD
and FT-IR measurement was carried out. To check the fluoride induced UiO-66 framework
decomposition, MOF material was soaked in the fluoride anion solution. From Figure 4a
it was shown that after the fluoride treatment, the characteristic diffraction peak for UiO-
66 framework vanished, which confirmed the collapse of the framework in presence of
fluoride. However, no change was observed in XRPD pattern after treatment with other
anions in aqueous solution (data not shown).

 

Figure 4. (a) The XRPD pattern and (b) FT-IR spectra of pyrene@UiO-66 before and after fluo-
ride treatment.

The UiO-66 structure consisted of an octahedron of zirconium atom. These octahe-
drons were capped by μ3-oxo and μ3-hydroxy groups in an alternating fashion. Carboxylate
group from benzenedicarboxylate linker (H2BDC) connected these octahedral edges. The
peak in FT-IR (between 1100–1000 cm−1) ~1020 cm−1 could be assigned as Zr-OH bending
vibration [20], which vanished after fluoride treatment (Figure 4b). Thus, the initial replace-
ment of the hydroxyl group may be responsible for the fluoride sensitivity of the MOF.
A peak in FT-IR near 747 cm−1 and 663 cm−1 was responsible for a Zr-μ3-oxo bond that
almost disappeared, which also suggested fragmentation of the μ3-oxo bond. Observation
suggested that fluorescence enhancement occurred via zirconium and fluoride coordination,
which led to the release of pyrene from the framework host.

4. Conclusions

We have demonstrated that fluoride induced UiO-66 framework decomposition can
be successfully used as a selective sensing probe for the same. Although this system is not
reversible in nature, the simple one-step synthesis protocol, high stability, and low toxicity
makes this material a promising candidate for fluoride sensing in an aqueous medium.
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Abstract: Electrochemical analysis based on screen-printed electrodes (SPEs) represents a great
alternative to conventional analytical methods such as ICP-MS or LC-MS due to their portability,
sensitivity, selectivity, and cost-effectiveness. In addition, the functionalization of SPEs with nano-
materials has been reported to provide an enhanced analytical performance. In this regard, silver
nanoparticles (AgNPs) were synthesized and appropriately characterized, showing spherical silver
nanoseeds (Ag-NS) with a diameter of 12.20 ± 0.04 nm. Using the drop-casting methodology, the
synthesized AgNPs were used to modify screen-printed carbon nanofiber electrodes (SPCNFEs).
Ag-NS deposition onto the electrode surface was confirmed by scanning electron microscopy (SEM).
Furthermore, the analytical response of the modified electrodes (Ag-NS-SPCNFE) was evaluated
for the determination of trace Pb(II), Cd(II), and As(V) using differential pulse anodic stripping
voltammetry (DPASV), obtaining detection limits of 3.3, 3.7, and 2.6 μg L−1, for Pb(II), Cd(II) and
As(V), respectively. Finally, Ag-NS-SPCNFE was tested towards the determination of As(V) in a
spiked tap water sample, showing a good agreement with concentrations determined by ICP-MS.

Keywords: screen-printed electrodes; Ag nanoparticles; anodic stripping voltammetry; lead determi-
nation; cadmium determination; arsenic determination

1. Introduction

Water contamination caused by heavy metal ions (HMIs) is a concerning issue due
to their high toxicity, non-biodegradability, bioaccumulation, and adverse health effects
in humans [1]. In particular, for As, Cd, and Pb, the World Health Organization (WHO)
has established the maximum allowed concentration in drinking water as 10 μg L−1,
3 μg L−1, and 10 μg L−1, respectively [2]. The determination of these low concentration
levels requires very sensitive analytical techniques, such as flameless atomic adsorption
spectroscopy (FAAS) [3], inductively coupled plasma mass spectrometry (ICP-MS) [4,5],
and hydride generation atomic fluorescence spectrometry (HG-AFS) [6]. However, these
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analytical techniques require expensive equipment and highly trained personnel, extended
analysis time, and high operating costs.

In contrast, electrochemical techniques and anodic stripping voltammetry (ASV) allow
relatively fast determination of trace HMIs with easy-handling and low-cost
equipment [7,8]. In particular, electrochemical sensors represent a versatile tool for moni-
toring different samples in the environmental field. In addition, the literature has reported
how modifying their surface with nanomaterials enhanced the electrochemical reactivity
and sensitivity to specific analytes [9], allowing lower detection limits and higher sensitivity
for stripping techniques [10–12].

The use of metallic nanoparticles (MNPs) to modify screen-printed electrodes (SPEs)
can reduce the electron transfer resistance at the electrode surface, decreasing the electron
transfer limited process and consequently catalyzing the electrode’s response at low analyte
concentrations [13–15]. Nanoparticles exhibit higher reactive surface influenced by the
exposed atoms disposition resulting in more electrocatalytically active sites [16].

MNPs-modified sensors have been reported to allow the detection of arsenic [17,18],
lead [19,20], and cadmium [21,22] at the level of a few μg L−1, fulfilling the WHO guidelines
for drinking-water quality [2]. These sensors were based on screen-printing technology,
offering significant advantages over conventional voltammetric sensors such as low-cost,
disposable character, portability, and commercial availability [1,9]. Thus, in this work, the
voltammetric determination of HMIs, based on the use of carbon-nanofiber-based screen-
printed electrodes (SPCNFEs) modified with silver nanoparticles (Ag-NPs), is proposed. Ag-
NPs were synthesized in the shape of silver nanoseeds (Ag-NS), and the resulting modified
electrodes were microscopically and analytically characterized for the determination of As(V),
Pb(II), and Cd(II) by means of differential pulse anodic stripping voltammetry (DPASV).
In addition, the applicability to real sample analysis was demonstrated through the direct
determination of As(V) in spiked tap water samples.

2. Materials and Methods

2.1. Apparatus

DPASV measurements were carried out with either a Multi Autolab/M204 Modular
Multi Potentiostat/Galvanostat or an Autolab PGSTAT204, attached to a Metrohm 663 VA
Stand, as well as a personal computer with NOVA 2.1 software package to control the poten-
tiostat and perform the required data treatment. All the electrochemical instrumentations
and software were acquired from Metrohm (Herisau, Switzerland).

A Crison Basic 20 pH meter (Hach Lange Spain, L’Hospitalet de Llobregat, Spain) was
used for pH measurements.

Ag-NS and SPCNFE modified with Ag-NS electrodes were characterized using a
JEM-2010 transmission electron microscope (TEM) from JEOL (Tokyo, Japan) and a Gemini
scanning electron microscope (SEM) from ZEISS® (Jena, Germany), respectively. Size
distribution histograms were calculated using the ImageJ version 1.51 m software by the
National Institute of Health (NIH, Bethesda, MD, USA).

ICP-MS measurements were carried out by means of inductively coupled plasma mass
spectrometer model 7800 by Agilent Technologies (Santa Clara, CA, USA).

Commercial SPCNFEs, including working (4 mm disk), counter, and reference elec-
trodes, were purchased from Dropsens (Llanera, Spain).

2.2. Preparation of Working Electrodes

The working electrode (WE) was a SPCNFE modified with silver nanoseeds (Ag-NS-
SPCNFE). Ag-NS were first synthesized following a seed-mediated methodology, com-
bining aqueous trisodium citrate (5 mL, 2.5 mmol L−1), aqueous poly sodium styrene-
sulfonate (PSSS) (0.25 mL, 500 mg L−1), aqueous sodium borohydride (NaBH4) (0.3 mL,
10 mmol L−1) freshly prepared, followed by the addition of aqueous silver nitrate (AgNO3)
(5 mL, 0.5 mmol L−1) using a syringe pump at a rate of 2 mL min−1 under continuous
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stirring [12,23]. Then, SPCNFEs were modified by drop-casting, dropping 40 μL of Ag-NS
onto the working electrode, and evaporating the solvent at 50 ◦C for 30 min.

2.3. Electrochemical Measurements

DPASV measurements of Pb(II) and Cd(II) were carried out at a deposition potential
(Ed) of −1.4 V, applied under stirring conditions during a deposition time (td) of 180 s
in 0.1 mol L−1 acetate buffer (pH 4.5) and scanning the potential from −1.4 to 0.0 V. For
As(V) determination, the experimental conditions used were Ed of −1.3 V and td of 120 s in
0.01 mol L−1 HCl pH 2 with a potential scan from −1.3 to −0.65 V.

A step potential of 5 mV, a pulse time of 50 ms, and a pulse amplitude of 50 mV were
employed in all cases. All experiments were performed at room temperature (22 ± 1 ◦C)
and without oxygen removal.

For real sample analysis, tap water samples were collected from the local water
distribution network in Barcelona (Spain) and spiked with 20 μg L−1 of As(V). Prior to
electrochemical analysis, water samples were diluted and acidified with 0.01 mol L−1 of
HCl (pH 2.0), resulting in a final concentration of 10 μg L−1 of As(V). Sample analysis was
carried out by means of the standard addition method, performing four successive As(V)
additions from a standard solution of 1 mg L−1. DPASV measurements were recorded
under the above-mentioned electrochemical conditions.

3. Results

3.1. Microscopic Characterization

Ag-NS synthesis was microscopically confirmed by both SEM (Figure 1a) and TEM
(Figure 1b). As it can be deduced from the TEM image, most Ag-NS presented a spherical
shape. On the other hand, SEM images were used to calculate the corresponding size
distribution histogram (Figure 1c), which was computed from 400 Ag-NSs. The obtained
results show that the synthesized Ag-NS presented an average diameter of 12.2 ± 0.4 nm.
These structures are in good agreement with the reported shapes of Ag-NPs [24,25].

Figure 1. Microscopic characterization of Ag-Nanoseeds (a) SEM micrograph. (b) TEM micrograph
and (c) corresponding size distribution histogram [15].

SEM micrographs were also obtained for a bare SPCNFE (Figure 2a) and an Ag-NS-
SPCNFE (Figure 2b) to assess the modification of SPCNFEs by drop-casting. Compared
to the non-modified carbon nanofiber surface of the bare electrode, Ag-NS can be spotted
as white dots deposited onto the carbon nanofibers in the modified electrode (Ag-NS-
SPCNFE), thus confirming the successful modification of the working electrode.
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Figure 2. SEM micrographs for (a) Bare SPCNFE, and (b) Ag-NS-SPCNFE modified using the
drop-casting methodology [12,15].

3.2. Electrochemical Characterization

DPASV measurements were carried out in solutions containing either Pb(II), Cd(II), or
As(V). Well-defined voltammetric peaks were obtained in all cases, with peak potentials of
ca. −0.65 V, −0.75 V, and −1.0 V for Pb(II), Cd(II), and As(V), respectively (see Figure 3a).

Figure 3. (a) DPASV voltammograms of Pb(II), Cd(II), and As(V) at 25 μg L−1 and (b) their calibration
plots at the previously mentioned conditions using Ag-NS-SPCNFE.

Individual calibration curves of Pb(II), Cd(II), and As(V) were obtained by DPASV by
increasing metal ion concentration in the ranges 1.9 to 150.0 μg L−1, 0.6 to 120.6 μg L−1, and
1.0 to 50.1 μg L−1, respectively. The obtained data were used to calculate the corresponding
analytical parameters (i.e., sensitivity, limit of detection (LOD), limit of quantification
(LOQ), and linear range), which are displayed in Table 1.

Table 1. Calibration data for the individual determination of Pb(II), Cd(II), and As(V) using Ag-NS-
SPCNFE and the corresponding buffer and DPASV parameters (see the experimental section for more
details).

Analyte LOD (μg L−1) Linear Range (μg L−1) a R2 Sensitivity (nA μg−1 L) b

Pb(II) 3.3 11.00–99.6 0.999 103 (1)
Cd(II) 3.7 12.2–73.4 0.992 22 (1)
As(V) 2.6 8.9–40.0 0.991 260 (10)

a The lowest value of the linear range corresponds to the LOQ. b The standard deviations are expressed in
parentheses.

From this data, LODs and LOQs were calculated by using the Miller and Miller
procedure [26,27].

As shown in Table 1, good linear response between the peak heights and the con-
centration of the different analytes was achieved using the Ag-NS-SPCNFE. LODs were
at μg L−1 levels in all cases, and similar or even lower to other LODs reported in the
literature. For example, LODs of 3.30 and 4.43 μg L−1 for Pb(II) and Cd(II), respectively,
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were reported using a graphene/polyaniline/polystyrene (G/PANI/PS) nanoporous fiber-
modified screen-printed carbon electrode [28]. Additionally, the obtained LOD for As(V) is
considerably lower than that reported using boron-doped diamond electrodes and ASV
(12 μg L−1) [29]. However, it is important to mention that Ag-NS-SPCNFE for the deter-
mination of As(V) presented a more restricted linear range in which the highest value is
limited to a lower concentration value (until 40.0 μg L−1), compared to the one reached by
Nagaoka et al. (until 100 μg L−1) [29].

In terms of sensitivities (nA μg−1 L), which were calculated as the slope of the calibra-
tion curves, Ag-NS-SPCNFE exhibited higher sensitivity toward As(V) (260 nA μg−1 L). In
the case of Pb(II) and Cd(II), the sensitivities were significantly lower (103 and 22 nA μg−1 L,
respectively).

3.3. Application to the Analysis of Spiked Tap Water

The applicability of Ag-NS-SPCNFE for real sample determination was evaluated
through the determination of As(V) in a spiked tap water sample. The determination of
As(V) was performed in triplicate by the standard addition calibration method. Represen-
tative voltammograms are shown in Figure 4. As it can be observed, a well-shaped As(V)
peak and a good correlation between peak area and concentration were acquired. Sample
concentration calculated by extrapolation was 10.04 μg L−1 (SD:0.37 μg L−1), which is
in good agreement with values obtained by ICP-MS (10.7 μg L−1, SD:0.20 μg L−1), as an
analytical reference technique. These results confirm the suitability of Ag-NS-SPCNFE for
the analysis of real samples.

Figure 4. DPASV measurements of As(V) in a spiked tap water sample on Ag-NS-SPCNFE at pH 2.0
applying an Ed of −1.30 V and a td of 120 s. Inset: As(V) standard addition plot [12].

4. Conclusions

In this work, a DPASV method for the determination of trace Pb(II), Cd(II), and As(V)
based on the modification of SPCNFE with Ag-NS has been proposed. The Ag-NSs were
synthesized, microscopically characterized, and used for the modification of SPCNFEs.

The analytical performance of the modified electrode was evaluated for the three
studied analytes. It was demonstrated that Ag-NS-SPCNFE is suitable for determining
Pb(II), Cd(II), and As(V) at low μg L−1 levels, showing wider linear ranges for Pb(II) and
Cd(II) but lower sensitivities as compared to As(V). Regarding previous studies of Pb(II),
Cd(II), and As(V) determination, the LODs achieved in this investigation are equal or lower
than other LODs previously reported.

The suitability of Ag-NS-SPCNFE for real sample analysis was demonstrated for the
determination of As(V) in spiked water samples, achieving comparable results to those
obtained by ICP-MS measurements with good reproducibility.
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Abstract: In hydroponic cultivation, monitoring and quantification of nutrients is of paramount
importance. Precision agriculture has an urgent need for measuring fertilization and plant nutrient
uptake. Reliable, robust and accurate sensors for measuring nitrogen (N), phosphorus (P) and potas-
sium (K) are regarded as critical in this process. It is vital to understand nutrients’ interference; thusly,
a Hoagland fertilizer solution-based orthogonal experimental design was deployed. Concentration
ranges were varied in a target analyte-independent style, as follows: [N] = [103.17–554.85] ppm;
[P] = [15.06–515.35] ppm; [K] = [113.78–516.45] ppm, by dilution from individual stock solutions.
Quantitative results for N and K, and qualitative results for P were obtained.

Keywords: nitrogen; phosphorus; potassium; Hoagland; nutrient; spectrophotometry; interferences

1. Introduction

Fertilizer usage represents an important part of traditional agriculture and crop yield.
In a world of growing food (and other agricultural products) demand—estimates indicate
up to 50% increase in the 2012–2050 time frame [1]—fertilizer (ab)use is seldomly a go-to
solution for crop yield increase. Additionally, although growth rates for arable land are
expected to increase within a sustainable manner, if an arable land loss scenario due to
climate changing conditions is taken into account [2], further conflicts and competition
might arise between protected lands, agricultural exploitation and human expansion.

Considering these concerns—well reflected by the United Nation’s 2030 Agenda for
Sustainable Development [3]—and also motivated to provide a solution for sustainable
agriculture, our group has undertaken the task to develop a technology that is able to help
farmers ensure that their crops’ needs are being met, through their fertilization procedures.
Knowing what is being fed to the crops and what is being taken up, it is possible to reduce
water/fertilizer consumption to an optimal level, reducing the operational costs, whilst
allowing crops to develop at their optimal speed, towards a bigger crop turnover.

Spectroscopy is, among others, one of the most well-established techniques for chemi-
cal identification and quantification. Several chemical determination methodologies that
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rely on spectroscopy exist (e.g., ICP-AES, LIBS, FTIR, GC-VUV); nevertheless, the following
limitations also exist: the sample must be responsive to electromagnetic radiation (absorp-
tion/emission); linearity outside the Beer–Bouguer–Lambert Law [4–6] can sometimes
be problematic, or the simple fact that spectroscopy is a molecular-level information tool,
which can add entropy to the analysis by providing a wider range of information than
the one desired. If pure compounds are analysed, little or no interference exists; when
more complex mixtures are targeted, interferences might play a key role on the successful
outcome. In such cases, in order to obtain an accurate and reliable measurement, interfer-
ences have to be taken into account. Chemometrics presents itself as a putative solution
to, by employing varying complexity mathematical calculations, together with statistics
and algorithms, allow the extraction of relevant information from the superimposed and—
sometimes—latent data. Linearity-based models are unable to solve the interference pattern
between any constituents present; this is the case for either interferents and non-interferents
(target analytes), due to the fact that light has a wave-like nature and, hence, the sample
information might suffer from constructive or destructive interferences [7]. Neverthe-
less, new chemometrics methodologies that encompass interferences already allow critical
developments to be achieved, e.g., on health-related point-of-care analysis [8].

In hydroponics, most of these interferences can be attributed to the fertilizers. Fertil-
izers are mixtures of several different nutrients, mostly in their inorganic salt form (e.g.,
MgSO4, CaCO3, FeCl3) whilst some might be in aqueous solutions (e.g., Mo, Ba, B). In
complex mixtures, some signals might superimpose over others, causing a concentration
misevaluation, or resulting in a continuous spectrum of overlapping signals.

This study aims to provide insight on the interferences within a complex matrix
orthogonal design consisting of 83 independent concentration Hoagland solution samples.
The performed assay further complements on our previous findings [9] on the feasibility of
information extraction of highly constrained samples, by using an advanced algorithm—
self-learning artificial intelligence (SLAI)—in order to find the adequate co-variance modes
for accurate model prediction.

2. Materials and Methods

Hoagland solutions were chosen as a matrix due to their widely accepted status
among the agronomical community as being a good model for complex nutrient solutions
in hydroponics. Stock Hoagland solutions are composed as described by Table 1.

Table 1. Half-strength Hoagland solution individual component concentration.

Element Ionic Form C (ppm) C (mM)

Macronutrients

Potassium (K) K+ 117.29 3.00
Calcium (Ca) Ca2+ 80.16 2.00

Magnesium (Mg) Mg2+ 24.31 1.00
Nitrogen (N) Total N 105.06 7.50

N(NH4
+) 7.01 0.50

N(NO3
−) 98.05 7.00

Phosphorus (P) Total P (HPO4
2−;

H2PO4) *
15.49 0.50

Sulphur (S) SO4
2− 32.08 1.00
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Table 1. Cont.

Element Ionic Form C (ppm) C (mM)

Micronutrients

Chlorine (Cl) Cl− 0.324 9.15
Boron (B) BO3

3- 0.250 23.12
Manganese (Mn) Mn2+ 0.251 4.57

Zinc (Zn) Zn2+ 0.025 0.38
Copper (Cu) Cu2+ 0.0102 0.16

Molybdenum (Mo) MoO4− 0.0053 0.06
Iron (Fe) Fe2+; Fe3+ ** 2.500 44.77

Sodium (Na) Na+ 1.029 44.77
The ratio of ionic forms depends on * the pH and ** also on the O2 level within the nutrient solution.

Three stock solutions for N, P and K were freshly and individually prepared in order
for it to be possible to vary each target element (N, P or K) independently. Each stock
solution comprised of ionic elements already present in the base matrix, as follows: N—
NaNO3/NH3; P—H3PO4; K—KCl. The ratio of NaNO3/NH3 of the stock spiking solutions
was the same as the ratio on the Hoagland solution (≈93:7).

Final concentrations of all samples (matrix + individual spikes) were corrected taking
into account any variations derived from the preparation of fresh stock solutions each day
during the execution of the assay.

The tested final concentration ranges, for the target analytes, were as described in
Table 2.

Table 2. Tested concentration ranges for N, P and K within the design matrix.

Concentration (ppm) Concentration (mM)

N P K N P K

Minimum 103.17 15.06 113.78 7.37 0.49 2.91
Maximum 554.85 515.35 516.45 39.61 16.64 13.21

The designed orthogonal matrix was composed by 83 samples, each one with an
independent N, P and K concentration level. At each corresponding level, the N, P and
K corresponding spike was added to the matrix and stirred for 10 s in order to attain full
homogeneity. Afterwards, the pH value was registered (Crison GLP 21, Crison Instruments,
SA, Barcelona, Spain) and the sample pumped into a custom-built flow cell for spectral
data acquisition. Each sample had a final total volume of 30 mL (Hoagland + [N + P +
K] spikes). After data acquisition, the sample was discarded and the system flushed with
deionised water.

Data acquisition was performed with an in-house LabView-based developed software
(National InstrumentsTM Corp., Austin, TX, USA) for pumping control and data acquisition.

Sample irradiation was performed with a D2 light source (FiberLight® D2 HighPower
DTM 10/50S, Heraeus Noblelight GmbH, Hanau, Germany) whereas the detection was per-
formed by a miniaturized spectrometer with a 190–650 nm range (STS-UV-L-50-400, Ocean
Insight, Inc., Orlando, FL, USA). Individual components were assembled with custom-
length 600 nm UV-Vis optical fibres (in-house customization), as depicted in Figure 1.
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Figure 1. Scheme for individual components arrangement, within the developed prototype.

3. Results

The obtained results from the execution of this matrix were compiled and are depicted
on Figure 2.

The collection of spectral data and cross correlation with the concentration informa-
tion for each solution was performed. Spectroscopy signals were processed accordingly
to [7]. Nevertheless, using advanced signal processing it is possible to train the system to
recognize and extract the information from the relevant features, incorporating multi-scale
interference into the NPK quantification models.

 
(a) (b) 

Figure 2. Compiled spectra (83 samples) without (a) and with scatter correction (b).

The correlation of the different levels among the NPK nutrients of the matrix design,
can be represented as displayed by Figure 3a whereas Figure 3b shows the corresponding
recorded spectra in the UV-Vis region (circa 200–650 nm) of the factorial design samples. As
expected, most of the systematic spectral variation occurs at ≈250 to 450 nm, and, to a lesser
extent, to 500 nm. This figure provides evidence that information about P and K is present,
because, even to the naked eye, one can observe that there are more spectral patterns in the
region of ≈250 to 450 nm than the expected nitrogen levels of the experimental design; that
is a good indication that the interferences between all the constituents are being registered
on the spectra.
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(a) (b) 

Figure 3. Sample distribution of the NPK full factorial design (a), whole matrix data (with scatter
correction) of the relevant wavelengths of the obtained spectra, where most of the relevant NPK-
bearing information is contained (b).

The principal component analysis (PCA) (please refer to Figure 4a) scores plot of the
corresponding experimental design spectra is shown, where the different colours represent
the different levels of total nitrogen. The main variance present in the spectra corresponds
to the nitrogen absorbance, where the first principal component is highly correlated to
the nitrogen content. It is also possible to see that the K-level information is embedded
inside each N-concentration level. Analysis of the second component allows to unveil that
information of K-level also carries the information of the different P-levels of the sample
matrix (please refer to Figure 4b).

 

(a) (b) 

Figure 4. Principal components analysis (a) and the information of K-levels within the N-levels (b,
left-hand side) whereas (b, right-hand side) demonstrates the information of P embedded within
K-level groups.

Using the data obtained from the executed matrix, it was possible to train the self-
learning AI of the system in order to quantify N and K with 6.7% (0.997) and 3.8% (0.987),
respectively, and to obtain qualitative results for P, as shown in Figure 5.
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(a) (b) 

 
(c) (d) 

Figure 5. Matrix results for total N (a), total P (b), total K (c) and also pH (d). Quantitative results for
N and K, whereas qualitative results for P are possible to be inferred.

4. Conclusions

A NPK spectroscopy-based, AI-supported by a robust self-learning artificial intelli-
gence was developed in order to be able to cope with increasing interference complexity of
fertilizer solutions in greenhouses. The obtained results allow to be inferred that the current
system’s performance is adequate for Hoagland solutions, which are used in research and
high-end hydroponic systems.

The assembled system aimed to keep a good balance between cost–benefit, without
relinquishing reliability, robustness and accuracy; this objective has been successfully
attained.

Further analysis of the results—not within the scope of this manuscript—as well
as of unpublished data, allows further developments to be implemented to the sys-
tem/prototype, in order to enhance its robustness and accuracy.
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Abstract: Indoor air quality is a topic of major importance for public health. Among the numerous
chemical compounds that can be found in indoor air, BTEX (i.e., benzene, toluene, ethylbenzene,
and xylene) is considered one of the most toxic volatile organic compounds (VOCs). The present
contribution is focused on the use of an original approach to produce nanostructured materials based
on tin oxide with unexplored features, especially for gas sensors. In this work, we combine two
physical vapor deposition techniques based, first, on a pulsing injection of the reactive gas during the
deposition and second focused on the glancing angle deposition (GLAD) technique, which enables
the structuring of various architectures. These active layers are deposited on a micro-hotplate to
produce micro-chemical gas sensors for the detection of BTEX. Here, we have demonstrated the utility
of using the GLAD deposition technique and the role of sputtering pressure in obtaining porous
sensitive thin films. In particular, we established relationships between deposition parameters and
gas sensing performances.

Keywords: BTEX gas sensor; GLAD method; sensitivity; porous surface
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Chair of Medical Biotechnology, Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3,
00-664 Warsaw, Poland; aleksandra.kalinowska3.dokt@pw.edu.pl (A.K.); patrycja.matusiak08@gmail.com (P.M.);
sskorupska@ch.pw.edu.pl (S.S.); ilona@ch.pw.edu.pl (I.G.-J.)
* Correspondence: pciosek@ch.pw.edu.pl
† Presented at the 1st International Electronic Conference on Chemical Sensors and Analytical Chemistry,

1–15 July 2021; Available online: https://csac2021.sciforum.net/.

Abstract: Working parameters of chemical sensors, such as selectivity and sensitivity, can be ad-
justed by optimizing components of chemosensitive layers, including type and amount of plasticizer
in the case of PVC membranes in optodes. Plasticizers are also used in the process of creating
micro/nanospheres that are incorporated with chemical indicators to form micro/nano-scale op-
todes. This study investigated the influence of the type of plasticizer (polar o-NPOE and non-polar
DOS) on the optical response of microspheres that are sensitive to lipophilic ions. Moreover, the
amount of plasticizer was also adjusted in order to obtain satisfactory sensitivity in the widest linear
range. The chemosensory response of the developed microspheres was studied with the use of
spectrophotometry and spectrofluorimetry, while size of the optodes was estimated by confocal
microscopy.

Keywords: plasticizer; microspheres; optode; chemosensors

1. Introduction

For many years, ion-selective electrodes (ISE) have been considered important analyti-
cal chemistry tools. They are widely used both in environmental analysis and in medical
diagnostics [1]. Chemosensitive membranes of the ISEs whose signal is potentiometric can
be easily modified by the incorporation of chromoionophores, which gives the possibility
for optical transduction. On the other hand, polymer scaffolds of such optode membrane
can be replaced by surfactants, which leads to the fabrication of suspension of micro- or
nano-sized optodes.

Various achievements in the field of micellization of dyes can be applied for the fabrica-
tion of micro- and nano-optodes. Micelles are micro- or nanometer-sized particles that exist
solution in equilibrium with the particles or ions. They can be incorporated with additional
lipophilic components forming nano/microspheres, aggregates of surfactant molecules
with a hydrophilic part being in contact with outer water solution, and a hydrophobic
part creating inner lipophilic microenvironment [2]. Micelles are widely used in medicine
for drug delivery and increase water solubility and pharmaceuticals’ bioavailability. In
recent years, the huge potential of micellar systems for various applications in analytical
chemistry has been noticed [3].

Working parameters of chemical sensors, such as selectivity and sensitivity, can be
adjusted by optimizing components of chemosensitive membranes, including type and
amount of plasticizer [4]. A plasticizer is a substance allowing for increasing polymer
flexibility, as well as susceptibility to its further processing. In membranes of ISEs and
optodes, it forms a lipophilic environment in which receptors and additional components
responsible for sensing are suspended. A plasticizer in the simplest sense is considered an

Chem. Proc. 2021, 5, 90. https://doi.org/10.3390/CSAC2021-10487 https://www.mdpi.com/journal/chemproc551



Chem. Proc. 2021, 5, 90 2 of 8

organic solvent. There are many types of such compounds, such as animal fats, petroleum
fractions, and all kinds of plant extracts. Plasticizers can be used in the process of creating
micro/nanospheres incorporated with chemical indicators and stabilized by surfactants.
As environmental conditions change, such systems may change their optical properties,
becoming optodes in the micro/nanoscale [3,5].

This study aimed to develop two microsphere types sensitive towards lipophilic
ions: anion-sensitive (AS) and cation-sensitive (CS). Each of these systems includes a
chromoionophore, an ion exchanger, a surfactant, and a plasticizer. In this work we were
focused on selecting an appropriate plasticizer, as well as adjusting its quantity. Changes
in chemosensory properties were observed in absorbance and fluorescence mode, while
confocal microscopy observations were applied to verify the microspheres’ size.

2. Experimental

2.1. Chemicals

Sodium phosphate monohydrate, disodium phosphate dodecahydrate, Tris-HCl,
Pluronic F127 were supplied by Sigma-Merck (Poznań, Poland). Milli-Q water was used
for preparation of all aqueous solutions, including phosphate buffer pH 7.4 and Tris-HCl
buffer pH 9.0. Plasticizers (2-Nitrophenyl octyl ether, o-NPOE, Bis(2-ethylhexyl) sebacate,
DOS), lipophilic salts (Tridodecylmethylammonium chloride, TDMAC, Potassium tetrakis
[3,5-bis(trifluoromethyl)phenyl]borate, KTFPB), chromoionophores I and XI were obtained
from Fluka (Selectophore). Freshly distilled tetrahydrofuran, THF (Fluka) was used as a
solvent for the microspheres’ components. All chemicals were used as received.

2.2. Preparation of Microspheres Suspensions

Two types of optode microspheres: with generic anion-sensitivity (AS) and with
generic cation-sensitivity (CS), were prepared (Figure 1). The composition of the mem-
branes and proposed mechanism of optical signal generation are based on the literature data
on optodes [6–10]. AS microspheres contained Chromoionophore XI, TDMAC, o-NPOE
or DOS, and Pluronic (F-127), whereas CS microspheres contained Chromoionophore I,
KTFPB, o-NPOE or DOS, and Pluronic (F-127). Each of the components included in the
given microsphere was weighed and dissolved in 1.5 mL of THF. To ensure that all ingre-
dients dissolve well, the vial was placed in an ultrasonic bath for 5 min. 0.5 mL portions
of THF solutions were pipetted to 4.5 mL of deionized water on a vortex. The last step
was to remove the solvent by passing compressed air through the solution (the process
was carried out for 1 h). Clear particle suspensions were obtained that were applied for
further measurements using microtiter plates. For this purpose, 100 μL of the prepared
microsphere suspension were pipetted to each well and 100 μL of appropriate analyte
solution was added. We examined the chemosensory response in the presence of 0.1 M
NaOH, 0.1 M HCl, and calibration solutions appropriate for each type of microspheres
(1 μM-0.1 M NaClO4 and 1 μM-0.1 M NH4NO3 for AS and CS optodes, respectively).
When protonation degree in AS was determined, microspheres suspensions were two times
diluted (50 μL of optode cocktail + 50 μL of deionized water) to avoid recording signals
out of range by microtiter plate reader.
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Figure 1. Schematic representation of the prepared microspheres, their composition, and the mecha-
nisms of target analyte recognition with optical signal generation. The mechanisms by which the
spheres operate are based on the extraction of the analyte from the aqueous medium (aq subscript)
into the lipophilic interior of the microsphere (m subscript). Each type of microsphere solution is
based on a plasticizer emulsion stabilized with a Pluronic non-ionic surfactant having hydropho-
bic and hydrophilic domains (PPO and PEO, respectively). The plasticizer droplets contain all
components needed to extract target analytes (lipophilic salt) and generate a signal (IND) [6–10].

2.3. Examination of the Optical Properties of Microspheres

Both spectrophotometric and spectrofluorimetric measurements were applied to study
the chemosensory properties of the obtained microspheres. They were tested using Synergy
2 Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT, USA). In order to examine
the sizes of the obtained microspheres, a confocal microscope Fluoview FV10i (Olym-
pus, Japanese) was used. The following parameters were used to observe the samples:
λex = 473 nm, λem = 490–590 nm for AS microspheres and λex = 635 nm, λem = 660–760 nm
for CS microspheres. Measurements of microspheres were made using the FV10i-SW
software. Samples were observed using CellviewTM Cell Culture Dish (Greiner Bio One,
Germany) with a glass bottom and four-compartments. Three. Hundred microliters of
suspension of microspheres were placed in each compartment.

3. Results and Discussion

3.1. Spectrophotometric Measurements of Chemosensory Properties

The microspheres prepared for this work, both AS and CS, contain an ion exchanger
in their composition, whose task is to exchange ions between the aqueous and organic
phases according to equations given in Figure 1 (exchange of lipophilic cations to protons
in the case of CS microspheres, coextraction of protons with lipophilic anions in the case
of AS microspheres). This processes ensure the change in the protonation degree of the
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chromoionophores and thus cause a change in the optical properties of the produced sys-
tem. The sensory response of four independent replicates of microspheres suspensions was
tested by recording UV-Vis spectra in the presence of model lipophilic ions—perchlorate
ions in the case of AS system, and ammonium ions in the case of CS system (Figures 2
and 3, respectively). The tested solutions were buffered to make the change of the chro-
moionophore spectrum independent of pH, in order to ensure, that the spectral change
was influenced only by the change of the target ion concentration. The spectra were
gradually changing following change in ion concentration and thus protonation degree of
chromoionophore (represented by arrows in Figures 2a and 3a). Calibration curves were
determined for the obtained UV-Vis spectra Figures 2b and 3b). First, signal based on
baseline correction was calculated (ratio of absorbances obtained for 454 nm and 380 nm,
K = A454/A380, and then only change related to this signal in smallest concentration was
presented (K − KC=1μM) for more precise comparison of the two systems using various
plasticizers (Figure 2b). The obtained results clearly show that in the AS optode system,
the non-polar plasticizer DOS allowed for obtaining responses with a greater degree of
sensitivity and enables the determination of anions in almost the entire concentration range.

(b) 

(a) 

(c) 

Figure 2. Sensory properties of AS microspheres: (a) Absorbance spectrum of microspheres with
various plasticizers obtained in the presence of 0.1 M NaOH (deprotonated form of chromoionophore),
in 0.1 M HCl (protonated form of chromoionophore), in 0.01 M PBS pH = 7.4 (control sample) and
when NaClO4 was added (calibration solutions in concentration range 1 μM–0.1 M); (b) calibration
curves with signal based on change of baseline correction for K = A454/A380; (c) signals stated as
change in the protonation degree of chromoionophore for microspheres with various amount of DOS.
All calibration solutions were buffered with 0.01 M phosphate buffer pH 7.4. Points of calibration
curves were determined as mean ± SD; n = 4.
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(a) 

(b) (c) 

Figure 3. Spectrophotometric sensory properties of CS microspheres: (a) Absorbance spectrum
of microspheres with various plasticizers obtained in the presence of 0.1 M NaOH (deprotonated
form of chromoionophore), in 0.1 M HCl (protonated form of chromoionophore), in 0.01M Tris-HCl
pH = 9 (control sample) and when NH4NO3 was added (calibration solutions in concentration
range 1 μM–0.1 M); (b) Calibration curves with signal based on change of baseline correction for
K = A610/A570; (c) signals stated as change in the protonation degree of chromoionophore for
microspheres with various amount of DOS. All calibration solutions were buffered with 0.01 M
Tris-HCl buffer pH 9.0. Points of calibration curves were determined as mean ± SD; n = 4.

In the case of CS microspheres, baseline correction was calculated using absorbances
at 610 nm and 570 nm, and resulting signal was the change of K = A454/A380 value
(Figure 3b). For CS microspheres based on DOS and o-NPOE, there was no significant
difference in calibration curves—they were comparable. However, in the case of DOS-based
optodes, a slightly more comprehensive linear range was observed.

Thus, a non-polar plasticizer DOS was chosen for further experiments, as the better
for both microsphere types. The next phase of the research involved the study of the
influence of plasticizer amount on chemosensory properties. Three formulations for AS
optodes were prepared that was based on various plasticizer content. Again, UV-Vis
spectra were recorded as previously, and calibration curves were determined (Figure 2c).
Signals were presented as change in protonation degree, 1-α, of chromoionophore (change
of 1-α related to this value obtained for the smallest concentration of the analyte, for clarity
of presentation). The observation of these calibration curves revealed that the different
amount of plasticizer did not significantly affect the sensory response of the system. The
microspheres without plasticizers and with its five-fold amount exhibited slightly better
sensitivity compared to the system with the standard amount of plasticizer. Additionally,
without the addition of DOS, slightly better quantification range was noticed (10 μM–0.1 M).
The narrowest linear range was observed for optode system with the highest amount of
DOS. The same procedure was repeated for CS microsphere optodes. Respective calibration
curves for three studied systems with various amounts of plasticizer are presented in
Figure 3c. The best results in terms of sensitivity and quantification range were obtained
for the standard amount of the plasticizer.

3.2. Spectrofluorimetric Measurements of Chemosensory Properties

In addition to measuring the absorbance, chemosensory properties were also tested
in the fluorescence mode. Similarly, as in the case of absorbance, a gradual change in
the spectrum of AS and CS microspheres, influenced by the growing concentration of
target ions was observed (respective emission spectra and calibration curves presented in
Figure 4). In the case of both AS and CS microspheres, DOS was recognized as the better
plasticizer, which enables the determination of analytes in a wider concentration range
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with high sensitivity. Observation of protonation degree (data not shown) revealed that the
widest linear range was obtained when the standard amount of DOS was applied, while its
five-fold amount caused increase in the sensitivity.

Figure 4. Spectrofluorimetric sensory properties of AS (a, b) and CS (c,d) microspheres with various
plasticizers. Calibration curves (b,d) obtained on the basis of fluorescence emission spectra (a,c). All
calibration solutions were buffered (0.01 M phosphate buffer pH 7.4 for AS microspheres, 0.01 M
Tris-HCl buffer pH 9.0 for CS microspheres). Points of calibration curves were determined as means;
n = 4.

3.3. Confocal Microscope

Figures 5 and 6 show pictures of microspheres taken with the use of a confocal micro-
scope. The analyzes confirmed the formation of spherical microspheres in all experimental
samples regardless of the amount of plasticizer added. A slight spread of the size of the
microspheres was observed. Their diameters oscillated between 2–10 μm in the case of
both types of microspheres.

(a) (b) (c) 

Figure 5. Confocal microscope pictures of AS microspheres: (a) without plasticizer; (b) with a
standard amount of plasticizer; (c) with its five-fold amount.

Based on the observation of the fluorescence intensity of the population of micro-
spheres, it was found that they are homogeneous in terms of fluorescence intensity, which
proves the incorporation of the chromoionophore. Moreover, the chromoionophores are
evenly distributed in both AS and CS microspheres.
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(a) (b) (c) 

Figure 6. Confocal microscope pictures of CS microspheres: (a) without plasticizer; (b) with a
standard amount of plasticizer; (c) with its five-fold amount.

4. Conclusions

The presented results show that in the case of both AS and CS microspheres used
in this work, the type and amount of plasticizer change chemosensory properties of the
micro-optodes. For both types of microspheres, non-polar plasticizer DOS allowed for
obtaining better results compared to the polar plasticizer in the composition. Thanks to
DOS, it was possible to determine perchlorate and ammonium ions in a wide concentration
range and the obtained sensitivity was higher compared to microspheres with o-NPOE
content. The plasticizer amount should also be carefully adjusted to obtain satisfactory
chemosensory characteristics. Generally, in the case of microspheres studied in this work,
the standard amount led to the best results. All these observations were confirmed both
in spectrophotometric and spectrofluorimetric measurements. The obtained results from
the confocal microscope confirm the formation of spherical microspheres in size range of
2–10 μm. No influence of the amount of added plasticizer on the shape and size of the
microspheres was observed. In summary, the use of an appropriate amount of a non-polar
plasticizer allows for obtaining chemosensory microspheres sensitive to lipophilic ions in
a broad quantification range from 10 μM to 0.1 M in both absorbance and fluorescence
intensity mode.
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Abstract
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Abstract: Aromatic polyamides or aramids are materials with exceptional thermal and mechanical
properties. For this reason, they are considered high-performance materials with many applications
in fields such as civil security (bullet-proof body armour or fire, chemical, and saw protection suits),
transport (automotive and aerospace), and civil engineering, among many others. The remarkable
properties arise from the high cohesive energy due to their chemical structure, including the rigidity
of the main chain due to the wholly aromatic structure conjugated with the amide groups, the
high average bond energy, and a strong and highly directional interchain hydrogen bonds between
the amide moieties. Although the natural yellowish colour of the fibres is used, generally, most
of the applications require coloured fibres. However, aramid fibres have poor dyeing properties
for the same reasons that make them thermally and mechanically resistant, and traditional dyeing
methods, such as dope dyeing, are inefficient and aggressive, which impairs the fibres’ properties.
The ideal colour fastness of fibres is achieved by intrinsically, inherently, or self-coloured polymers
by introducing a dye motif or chromophore monomer in the chemical structure of the polymer. In
addition, the colour hue can be controlled by tuning the chromophore monomer molar content in the
final composition. In previous research, we successfully obtained inherently blue-coloured aramids,
with blue chromophore motifs unable to migrate and evenly distribute along the polymer chain and
maintain their high-performance properties, and our aim now is to obtain red-coloured aramids
prepared in the same fashion.

Keywords: red aromatic polyamides; chromophore monomer; self-coloured polymers; high-performance
polymers
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