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Summary

Over the last decade nanotechnology have been substantially developed allowing the
discovery of new downsized scale-based materials with different properties compared
to their bulk counterparts. The evolution in the synthesis, preparation and application
of new nano and microscale nanomaterials has opened new opportunities for the

creation of new analytical devices with improved properties.

Carbon nanomaterials are widely used in electrochemistry due to their chemical
inertness, relatively wide potential window, low background current, and suitability for
different types of electroanalysis. Among carbon nanomaterials, carbon black has
been recognized as an electrode material with comparable heterogeneous electron-
transfer rate (HET) to other more noble carbon nanomaterials such as graphene or
carbon nanotubes (CNTs), with the advantage of a much simpler manufacturing and

lower costs.

Transition metal dichalcogenides (TMDs) are a family of compounds with MXz formula,
where M is a transition metal element, typically from groups IV (Ti, Zr, Hf), V (V, Nb or
Ta) and VI (Mo and W), and X is a chalcogen (S, Se or Te). These materials possess
a layered structure. The atoms in of the MX2 formula are strongly held together by
covalent bonds, whereas each triatomic layer is only linked to its neighbors by weak
Van der Waals interactions, forming layered materials. These properties allow a top-
down approach for producing nanosheets of these compounds by using intercalation
chemistry or by liquid phase exfoliation allowing individual sheets to be separated from
each other forming 2D materials very easily. These features had led to an exponential
growth in the research interest in the last five years. However, even though there is
growing interest in these materials just few applications for sensing purposes has been
developed. TMDs-based nanocomposites and hybrid nanoarchitectures are the most
widespread. These strategies avoid restacking and expand the narrow potential
window and low conductivity of TMDs, improving the general electrochemical
performance. While TMDs have been widely explored as supercapacitors and catalyst
for the hydrogen evolution reaction (HER), very little research has been carried out
regarding their capabilities as sensing element, especially in the food analysis.
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Detection of hydrogen peroxide is still of the paramount significance and it is
conventionally carried out using platinum-based electrochemical sensors. Poor
selectivity of the latter towards hydrogen peroxide reduction (due to reduction of
oxygen at same potentials) requires detection by its oxidation at high anodic potential
causing oxidation of easily oxidizable compounds worsen the selectivity. Another
problem of platinum-based electrocatalysts is poisoning of their surface limiting, for
example, analysis of sweat. Prussian blue-based electrodes solve these drawbacks.
Prussian blue is selective to H202 reduction allowing its detection at low potential in
the presence of oxygen. This almost completely avoids the problem of reductants.
Prussian blue is insensitive to compounds poisoning platinum thus, for example,
allowing analysis in cell culture media. For all these reasons, PB stands out as the best

choice for measuring H20:2 in cell culture as marker of oxidative stress.

On the other hand, microfluidic systems and lab-on-a-chip (LOC) technologies offer
excellent features to improve the analytical performance by reducing analysis time,
decreasing extremely the consumption of sample and reagents, integrating multiplexed
analysis, and provide the possibility of development of analysis integrated in cell
culture. Electrochemical detection provides high sensitivity, allows miniaturization, and
it is highly compatible with micro and nanotechnologies due to the simplicity of the
instrumentation required. Nevertheless, the surface characteristics of nanomaterials
can further improve the sensitivity as well as other important characteristics such as
antifouling properties. Up to now the fabrication of these devices relied on clean-room-
based fabrication method, which are not available for most laboratories. While clean
room manufacturing may still provide powerful research-scale solutions, many clinical
and biological applications have obviated some of the need for the ultrafine resolution
of photolithographic techniques and hence are very suitable for being fabricated
employing alternative manufacturing methods. Low-cost fabrication techniques (3D
printing, laser cutting or xurography) and electrochemical detection create a powerful
combination for the fabrication of ultra-low-cost disposable devices to perform (bio)-

chemical assays.
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Therefore, this exciting hybrid area of research is expected to make important
contributions to diverse fields, leading to new capabilities that are currently beyond our
reach and bringing major benefits to our quality of life.

In this doctoral thesis, different nano- and micromaterials such as carbon black (CB),
transition metal dichalcogenides (TMDs) and Prussian Blue (PB), have been employed
in the development of new (LOC-based) miniaturized strategies by exploiting their

unique and improved electrochemical properties in two well-defined sensing topics:

1. Improved detection and determination of antioxidants in food samples.
2. Reliable detection of hydrogen peroxide as marker of oxidative stress (OS) in

living cells.
To this end, this Doctoral Thesis has three defined objectives:
1. To synthetize and characterize novel TMDs-based nanomaterials.

2. To develop hybrid novel CB/TMDs-based electrochemical sensors for

antioxidant determination in food samples.

3. To study oxidative stress in living cells and functional food protection on cell
culture employing a PB-based electrochemical chip.

To achieve these objectives, the main milestones have been set as follow:

1. Study the exfoliation of group VI TMDs (MoS2, WS2, MoSe2 and WSe:2) using

different organic solvents and mix of water-surfactants.

2. Characterization of the exfoliated nanomaterials by scanning electron

microscopy (SEM), UV-Vis spectroscopy and Raman spectroscopy.

3. Design, characterization, and evaluation of TMDs-based electrochemical

transducers.

4. Evaluation of CB/TMDs hybrid transducers for PPs electrochemical

determination in complex food environments.
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5. Design, characterization, and development of PB-based electrochemical
sensors able to detect H202 released from living cells as oxidative stress (OS)

marker.

6. Design, characterization, and development of a PB-based electrochemical
chip for real-time detection of H202 released from living cells as oxidative stress
(OS) marker.

After a discussed background about the topics covered along this doctoral thesis in
Chapter Il, the results of this Doctoral Thesis have been divided in chapters Il to IX.
Finally, general conclusions and concluding remarks regarding this doctoral thesis are

collected in chapter IX.

Chapter Ill deals with the synthesis, characterization, and applications of MoS2, as
representative TMDs, that in combination with CB have been investigated. While MoS:2
exhibited remarkable antifouling properties towards olive oil PPs but low sensitivity, CB
present a high sensitivity with a poor fouling resistance. Interestingly, CB-MoS:2
nanohybrids combines the best properties of each individual nanomaterial with a
higher sensitivity than CB and retained antifouling properties of MoS2. The developed
electroanalytical platform has been employed in the analysis of o-diphenolic content in
olive oil and related products showing an impressive correlation without significant

statically differences with a well-establish HPLC-UV method.

In Chapter IV, the developed CB-MoS: electrochemical sensor is applied to catechins
determination in cocoa-samples. Again, the ability to merge CB ability to enhance the
electrochemical response and the MoS: antifouling property was found. In fact,
catechins can attach to carbon and CB modified electrodes by forming an electroactive
product, which is totally hindered in the case of MoS2 and CB-MoS: electrodes.
Moreover, a fast extraction procedure to achieve fast and eco-friendly PPs evaluation
is studied. The developed method results highly correlated with well-established
methods for PPs content and antioxidant activity.
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Chapter V is related to the development of a new electroanalytical platform based on
other Group VI TMD, WS: and its combination with catechin-capped gold nanopatrticles
(WS2/AuNP-CT) into a CB network. The nanomaterial-based synergistic effect of the
sensor results in enhanced selectivity, sensitivity, and reproducibility in the
simultaneous determination of three-hydroxycinnamic acid (hCN), caffeic, sinapic, and
p-coumaric acids and their structural analogs in food samples. The assembly of
WS2/AuNP-CT into CB network exhibited a further conductivity enhancement without
loss of antifouling performance. The nanomaterial-based synergistic effect of the

sensor results in enhanced selectivity and sensitivity.

Chapter VI presents a comprehensive study comparing the electrochemical
performance of Group VI TMDs (MoS2, WS2, MoSe2 and WSez2). Their electrochemical
properties have been studied revealing a superior performance of the selenides versus
the sulfides. This trend is also observed for catechol-containing flavonoids but also an
enhanced antifouling propertied is observed for TMDs compared to carbon electrodes.
More importantly, in this chapter an explanation to the mechanism involved in their
antifouling properties is highlighted, giving a deeper response to findings found and

discussed in the previous chapters.

In Chapter VII the combination of Carbon Black (CB) and electrodeposited Prussian
Blue (PB) covered with a Nafion layer on Screen-Printed electrodes (CB/PB-SPE) was
used for non-enzymatic H202 sensing in Neuroblastoma cell line (SH-SY5Y)
challenged with 6-hidroxidopamine (6-OHDA) for modelling Parkinson’s disease. CB
was demonstrated to play a key role in the electrodeposition and further
electrochemical performance of the developed device. The sensor showed detection
limit in the nanomolar range and excellent selectivity in a complex environment such
as the culture medium used, allowing the selective determination of very low amounts
of H202 without interferences. In addition, in this work H202 was quantified not just
detected upon the instantaneous release from cells challenged to a stressor as usually

reported in literature.



Summary

In Chapter VIII an innovative electrochemical multiwell chip is designed to monitor the
real-time release of H202 by HelLa cells. The chips are composed by a set 8 of
electrochemical sensors and produced employing a benchtop microfabrication
technology allowing their ultra-low-cost production. Electrodes were characterized, in
terms of inherent electroactivity and stability. Electrochemical sensing of H202 was
carried out at -100 mV vs Ag|AgCl, with a LOD of 0.1 yM and linear range between 1
and 1000 yM. These features allow the interference-free real-time detection of H202 in
HelLa cell culture, which are directly cultured in the electrochemical chips enabling
high-throughput analysis. As proof of the developed chips, cocoa extracts were
employed to test their ability to decrease the H202 production from HelLa cells

demonstrating a dose-dependent decrease.

The main and transversal conclusion of this Doctoral Thesis is the demonstration of
the potential of miniaturized nanomaterial-based electrochemistry in two sensing
relevant applications: the potential of TMD in the analysis of relevant PPs in food
samples together with the ability of PB-based sensors to detect and quantify oxidative
stress in different cell lines. Hence, the main conclusions derived from this Doctoral

Thesis are:

1. The incorporation of TMD to other nanomaterials in electrochemical sensor
technology has been demonstrated to be highly relevant, resulting in a
synergistic approach that combines the unique physical and chemical properties
of TMD with the intrinsic benefits of carbon nanomaterials. Even though the
relatively low intrinsic conductivity and narrow electrochemical window of TMD,
their hybridization with other nanomaterials has allowed improving their inherent

properties. Two enhanced properties have been identified:
e Apparent electrocatalysis towards catechol containing PPs.

e Impressive antifouling properties during the oxidation of the
catechol containing PPs compounds. These findings have also
been demonstrated for the other compounds of the group VI
TMDs; MoSez and WSe2. The mechanism underlying their

antifouling properties has also been proposed for the first time.
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2. PB-based sensors have demonstrated its potential in the evaluation of oxidative
stress in cell lines. The incorporation of PB-based sensors in LoC devices have
permitted the culturing of cells and direct in-situ evaluation of their oxidative stress

status and the effect of food functional PPs on it.

e PB-based electrochemical sensors have enabled a reliable detection of
oxidative stress (OS) in living cells towards hydrogen peroxide

monitorization in two different cell cultures SH-SY5Y and Hela.

e The sensors have been PB-based electrochemical sensors integrated in a
LoC device have enabled the detection of the produced H20:2 in the
culturing of HeLa cells. The device was able to effectively detect a
decrease in the H202 production response of HelLa cells treated with cocoa

extracts in a dose-dependent-way
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I. Hypothesis, objectives, and milestones

Over the last decade nanotechnology have been substantially developed allowing the
discovery of new downsized scale-based materials with different properties compared
to their bulk counterparts. The evolution in the synthesis, preparation and application
of new nano and microscale nanomaterials has opened new opportunities for the

creation of new analytical devices with improved properties.

Carbon nanomaterials are widely used in electrochemistry due to their chemical
inertness, relatively wide potential window, low background current, and suitability for
different types of electroanalysis. Among carbon nanomaterials, carbon black has
been recognized as an electrode material with comparable heterogeneous electron-
transfer rate (HET) to other more noble carbon nanomaterials such as graphene or
carbon nanotubes (CNTs), with the advantage of a much simpler manufacturing and

lower costs.

Transition metal dichalcogenides (TMDs) are a family of compounds with MXz formula,
where M is a transition metal element, typically from groups IV (Ti, Zr, Hf), V (V, Nb or
Ta) and VI (Mo and W), and X is a chalcogen (S, Se or Te). The atoms in of the MX2
formula are strongly held together by covalent bonds, whereas each triatomic layer is
only linked to its neighbors by weak Van der Waals interactions, forming layered
materials. These properties allow a top-down approach for producing nanosheets of
these compounds by using intercalation chemistry or by liquid phase exfoliation
allowing individual sheets to be separated from each other forming 2D materials very
easily. These features had led to an exponential growth in the research interest in the
last five years. However, even though there is growing interest in these materials just
few applications for sensing purposes has been developed. TMDs-based
nanocomposites and hybrid nanoarchitectures are the most widespread. These
strategies avoid restacking and expand the narrow potential window and low
conductivity of TMDs, improving the general electrochemical performance. While
TMDs have been widely explored as supercapacitors and catalyst for the hydrogen
evolution reaction (HER), very little research has been carried out regarding their

capabilities as sensing element, especially in the food analysis.
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Detection of hydrogen peroxide still of paramount significance and it is conventionally
carried out using platinum-based electrochemical sensors. Poor selectivity of the latter
towards hydrogen peroxide reduction (due to reduction of oxygen at same potentials)
requires detection by its oxidation at high anodic potential causing oxidation of easily
oxidizable compounds worsen the selectivity. Another problem of platinum-based
electrocatalysts is poisoning of their surface limiting the use on complex matrices.
Prussian blue-based electrodes solve most of these drawbacks. Prussian blue (PB) is
selective to H202 reduction allowing its detection at low potential in the presence of
oxygen. PB is also insensitive to compounds found in biological matrices like
ascorbate, lactate, or glucose. These features allow its application for the analysis of
living cells. For all these reasons, PB stands out as the best choice for measuring H202

in cell culture as marker of oxidative stress.

On the other hand, microfluidic systems and lab-on-a-chip (LOC) technologies offer
excellent features to improve the analytical performance by reducing analysis time,
decreasing extremely the consumption of sample and reagents, integrating multiplexed
analysis, and provide the possibility of development of analysis integrated in cell
culture. Electrochemical detection provides high sensitivity, allows miniaturization, and
it is highly compatible with micro and nanotechnologies due to the simplicity of the
instrumentation required. Nevertheless, the surface characteristics of nanomaterials
can further improve the sensitivity as well as other important characteristics such as
antifouling properties. Up to now the fabrication of these devices relied on clean-room-
based fabrication method, which are not available for most laboratories. While clean
room manufacturing may still provide powerful research-scale solutions, many clinical
and biological applications have obviated some of the need for the ultrafine resolution
of photolithographic techniques and hence are very suitable for being fabricated
employing alternative manufacturing methods. Low-cost fabrication techniques (3D
printing, laser cutting or xurography) and electrochemical detection create a powerful
combination for the fabrication of ultra-low-cost disposable devices to perform (bio)-

chemical assays.
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Therefore, this exciting multidisciplinary area of research is expected to make
important contributions to diverse fields, leading to new capabilities that are currently
beyond our reach and bringing major benefits to our quality of life.

In this Doctoral Thesis, different nano- and micromaterials such as carbon black (CB),
transition metal dichalcogenides (TMDs) and Prussian Blue (PB), have been employed
in the development of new (LOC-based) miniaturized strategies by exploiting their

unique and improved electrochemical properties in two well-defined sensing topics:

1. Improved detection and determination of antioxidants in food samples.
2. Reliable detection of hydrogen peroxide as marker of oxidative stress (OS) in

living cells.
To this end, this Doctoral Thesis has three defined objectives:
1. To synthetize and characterize novel TMDs-based nanomaterials.

2. To develop hybrid novel CB/TMDs-based electrochemical sensors for

antioxidant determination in food samples.

3. To study oxidative stress in living cells and functional food protection on cell
culture employing a PB-based electrochemical chip.

In order to achieve these objectives, the main milestones have been set as follow:

1. Study the exfoliation of group VI TMDs (MoS2, WSz, MoSe2 and WSez) using

different organic solvents and mix of water-surfactants.

2. Characterization of the exfoliated nanomaterials by scanning electron

microscopy (SEM), UV-Vis spectroscopy and Raman spectroscopy.

3. Design, characterization, and evaluation of TMDs-based electrochemical

transducers.

4. Evaluation of CB/TMDs hybrid transducers for PPs electrochemical

determination in complex food environments.
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5. Design, characterization, and development of PB-based electrochemical
sensors able to detect H202 released from living cells as oxidative stress
(OS) marker.

6. Design, characterization, and development of a PB-based electrochemical
chip for real-time detection of H202 released from living cells as oxidative

stress (OS) marker.
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[1.1. Nanomaterials-based electrochemical sensors

A chemical sensor is a device able to transform chemical properties of certain
molecules into an analytical useful signal. This signal can be the presence or not of a
certain chemical (qualitative analysis) or the quantity (quantitative analysis). Chemical
sensors are classified into two main criteria: the nature of the recognition element or
the transduction mechanism. Electrochemical sensors can be divided in
chemosensors and biosensors depending on the nature of the recognition element (i.e.
ionophores for chemical enzymes and antibodies for biosensors). For the case of the
transduction mechanism, the classification regards the nature of the physical
magnitude, being optical (absorbance, fluorescence, luminescence...), magnetic,
thermometric, radiometric, and electrochemical (amperometric, potentiometric, or

impedimetric).

Electrochemical sensors are able to sense analytes directly, when electroactive
species are analyzed, or indirectly via a recognition element or an enzymatic reaction.
An electrical signal is produced, dependent on the analyte concentration. Different
electrochemical techniques can be employed to measure the analyte concentration [2].
Potentiometry measures the change in the open-circuit potential (OCP), with no current
flow between two electrodes, working (WE) and reference (RE). They measure the
potential change according to the analyte concentration; one example of these kind of
sensors is the pH meter. Amperometry and voltammetry requires a third electrode, the
counter electrode (CE), which ensures no drift in the potential applied between WE
and RE due to the ohmic drop across the solution. In amperometry, a constant potential
is applied, and the current is recorded in the WE, which can be considered as the
sensing electrode. The recorded current arising from the oxidation or reduction of
electroactive analytes is proportional to their concentration. Voltammetry involves
recording the current while the potential is changed. This change can be carried out
linearly, cyclically or by pulses giving the linear sweep voltammetry (LSV), cyclic
voltammetry (CV) and differential or square wave voltammetry (DPV and SWYV)
respectively. Finally, impedance spectroscopy (EIS) measurements involve the use of

a sinusoidal potential waveform along a range of frequencies. This powerful technique
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allows to study the interfacial properties of the electrode by the extraction of

parameters such as capacitance, resistance to charge transfer and so on.

The choice of the electrode material is crucial when designing the electrochemical
sensor since it will determine sensitivity, selectivity, and stability. Commonly used
materials are noble metals (Au, Pt, Au), semiconducting materials (ZnO, In203, Sn) or
carbon-based, including glassy-carbon electrodes (GCE), boron-doped diamond
(BDE) or ink-based. These base materials could be modified with a wide range of
compounds to enhance their sensing properties. Nanomaterials are playing a key role
in this sense since their enhanced physico-chemical properties [1]. Modification with
metal nanoparticles, carbon-based materials such as carbon nanotubes (CNTs) and
graphene, metallorganic frameworks (MOF), conducting polymers (polypyrrole,
polyaniline) and their hybrid nanocomposites have demonstrated improved
electrocatalytic properties and enhanced sensitivity and selectivity as will be explained

in section 1.2.
I1.1.1. Nanomaterials

Nanomaterial (NM) can be defined as a material with at least one dimension in the
nanoscale (1 nm = 10° m). In 2011, the European Commission released a specific

recommendation on the definition of a nanomaterial:

“A natural, incidental or manufactured material containing particles, in an unbound
state or as an aggregate or as an agglomerate and where, for 50 % or more of the
particles in the number size distribution, one or more external dimensions is in the size

range 1 nm-700 nm”.

Some researchers have suggested to consider “nano” as a different state together with
solid, liquid, gas and plasma. In fact, given nanomaterial exhibits very different physical
and chemical properties than the bulk counterpart due to surface and quantum effects
that appears with decrease in size. On one hand, surface effects are related to an
increased fraction of atoms at the nanomaterial surface compared to the bulk. On the
other hand, quantum effects rely on the confinement of electrons in the very small
materials, which results in quantized behavior. These features result in an enhanced

thermal, mechanical, optical, electrical, magnetic and biological properties, which are
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size dependent and can be tuned by simply adjusting the size, shape and extent of

agglomeration [3].

NMs are usually classified according to their dimensionality. NM with all dimensions in
the nanoscale is classified as zero-dimensional material (OD), as nanoparticles and
guantum dots. One-dimensional nanomaterials (1D) present two dimensions in the
nanoscale while the third one is usually at the microscale. Some examples of 1D
nanomaterials are nanowires, nanotubes, nanorods and nanofibers. Two-dimensional
nanomaterials (2D) have only one dimension at the nanoscale. Thin films,
nanocoatings, nanoplates and nanosheets are common examples of 2D
nanomaterials. Lastly, 3D nanomaterials present internal nanoscale features while no
external dimension at the nanoscale is present. This category includes
nanocomposites, porous and nanostructured materials. The implementation of
nanomaterials in the analytical sciences is a fast-growing research field. A plethora of
nanostructures has been investigated to exploit their potentialities for being applied in
the sensors and biosensors field. In this thesis three nanomaterials have been
employed: Carbon Black, Prussian Blue, and Transition Metal Dichalcogenides. These

NM will be introduced in the following sections.
[1.1.2. Carbon Black

The huge impact of carbon nanomaterials in electroanalysis has been well
documented in the literature [4—6]. However, in the last years a cost-effective, already
known material, carbon black (CB), has been re-discovered. CB exhibits excellent
electrical conductivity, dispersibility in a wide range of solvents; facile functionalization
and fast electron transfer kinetics [7]. Moreover, CB is a very low-cost nanomaterial
(c.a. 1 € Kgt), which represent a key advantage in the development of new low-cost

electrochemical devices.

CB consists of aggregated spheroid primary particles, carbon combined into an
extended network which can form agglomerates [8] (See Figure Il-1). Features of CB
can vary its physicochemical properties, including the degree of crystallinity, the size
of the primary particles (15-100 nm), the number of aggregated particles, and the

amount and nature of functional groups on the surface of the particles [9]. CB is a
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material produced by the incomplete combustion of heavy petroleum products; it is
commonly employed as reinforcing filler used in rubber compounds and also used as
black pigment. In the IUPAC compendium of chemical terminology is defined as: An
industrial manufactured colloidal carbon material in the form of spheres and of their

fused aggregates with size below 1000nm [10].

%
R

Primary particles Aggregate Agglomerate

@

Figure II-1: lllustration of CB structure.

Until few years ago, the main applications in electrochemistry for CB were related to
energy applications in fuel cells and batteries [7]. Several works have also focused on
the comparison of the CB properties with other more widely employed carbon and
carbon-NM based electrodes such as multiwall carbon nanotubes (MWCNTS),
thermally reduced graphene oxide (tRGO), GC and edge plane pyrolytic graphite. In
these works, the electrochemical properties of CB have been highlighted because of
the faster or comparable electrochemical performance and heterogeneous electron
transfer rate (HET) with the advantage of low cost and ease of use [11-13]. All these
features open new gates for the employment of this outstanding nanomaterial an its

combination in the development of new electrochemical sensors.
[1.1.3. Prussian Blue

Prussian Blue (PB) is considered the first coordination compound discovered in XVIII
century; it took a long time to discover the properties as electroactive film in the late
70s [14]. PB is a mixed valence compound, where iron atoms in different oxidation
states (Fe'/Fe"") are present in face-centered cubic (FCC) lattice with a unit cell
dimensions of 10.2 A [15]. The high-spin iron atoms are linked by the nitrogen atoms

in an octahedral environment, low-spin iron atoms are surrounded by carbon atoms.
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The stoichiometry of 3 to 4 from Fe' to Fe" causes a 25% vacancy of [Fe(CN)e]*"
anions [16]. The result is a structure with a three-dimensional lattice with channels and
cavities of 3.2 A. These dimensions and chemical environment enable a certain

selectivity since the size exclusion of several biomolecules is possible.

The cyclic voltammogram of PB is presented in Figure II-2. At around 0.10 V (vs
Ag|AgCl) two sets of peaks corresponding to the oxidation of PB and its reduction to
another polycrystal known as Prussian White (PW) occur; the reduction is
accompanied with the loss of its characteristic blue color. The transfer of electrons is
compensated by the entrapment of cations in the crystalline lattice. This reaction is
presented in the equation Eq.l.1.

Fel'[Fe"(CNg);] + 4e~ & K,Fel[Fe'(CNg)s] Eq.l.1
PB PW

PB can be fully oxidized at higher anodic potentials as can be seen from the set of
peaks at around 0.75 V. The fully oxidized state is known as Berlin Green (BG), and

the reaction follows the equation Eq.1.2.

Fej'[Fe"'(CNg)3]A3 +3e” « Fel/[Fe"(CNg)s] +3A~ Eq.l.2
PB BG
PB/PW
20;
<
2 01
-204

03 00 03 06 09
E vs Ag|AgCI

Figure 1I-2: Typical cyclic voltammogram of Prussian Blue.
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Prussian blue-based electrodes have found utility as energy storage devices, due to
their ability of entrap cations in their structure [17]. However, PB is particularly famous
for the catalytic properties towards the reduction of H202. Prussian Blue is an
outstanding catalyst in the reduction of H202, beating metallic-based electrodes, but
even the natural peroxidase enzyme [18], yet the other key point is the selectivity. PB
is able to selectively detect H202 at around 0 V (vs Ag/AgCI) in the presence of Og,
catalytic currents are 400-600 times bigger in the case of H202than Oz; for this reason,
is known as the “artificial peroxidase” [18-20].

These properties have made it very appealing for application in electrochemical
sensors for H202 and peroxidase-based biosensors for a plethora of analytes [21].
H20: itself is used for disinfection of water pools, food, and beverage packages, thus
determination of the residual concentration is important. Additionally, is a product of
oxidases, the enzymes, which are employed as recognition element in most of the
existing enzyme-based biosensors and analytical kits. Another more recent application
is the sensing of H202 in cell cultures as a marker of oxidative stress, this aspect will

be reviewed in more detail in section |.3.
[1.1.4. Transition Metal Dichalcogenides

2D nanomaterials are crystalline solids with a high ratio between their lateral size (1-
10* um) and thickness (<1 nm) [22]. The layered structure of the bulk crystals is due
to the strong intralayer covalent interaction and the weaker Van der Waals (VdW)
interlayer interaction, which facilitates the exfoliation of nanosheets from the bulk
materials. The discovery of graphene boosted a scientific revolution allowing the
discovery of a plethora of 2D materials. These include materials like phosphorene,
germanene, hexagonal boron nitride (hBN) and Transition Metal Dichalcogenides
(TMDs) to name a few [23]. The latter were of special interest since were studied for

analytical purposes in this Doctoral Thesis.

TMDs are a large family of layered crystals with MX2 formula, where M is a transition
metal element; typically, from group IV to VI and X is a chalcogen (S, Se or Te).
Monolayer of TMDs are comprised of an X-M-X sandwich configuration while these

monolayers are held by weak VdW forces (See Figure 11-3).
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¢ X
M
Figure 1I-3: General crystalline structure of Group VI MX2 TMDs

TMDs from group IV and VI are semiconductors while those from group V are metallic.
Molybdenum disulfide (M0S>) is the most widely studied in the electrochemical field,
especially for energy storage and conversion purposes [24-27]. However, the
interesting features showed together with intrinsically behavior of a 2D material such
as the high surface-to-volume ratio are directly exploitable in electrochemistry and
provide an extreme sensitivity to environment [28]. One of the most common methods
to produce nanosheets of these NM is ultrasonication-assisted liquid phase exfoliation
(LPE). This method is a top-down technique, which produces a high amount of thin
nanosheets dispersed in a solvent by breaking the VdW interaction between individual
layers [29,30]. LPE methods offer several advantages in comparison with other
exfoliation methods since their scalability and simple instrumentation required. In fact,
these features perfectly match for their applications in catalysis, sensors, or energy
applications where a comprised material quality it is not an issue [31,32]. This have
encouraged analytical chemist to explore their capabilities for analytical purposes
[33,34]. MoS:2 is the most studied TMDs and has been used as material for
electrochemical devices fabrication for hydrogen evolution reaction (HER) [35,36] and
energy storage [37,38]. Layered transition-metal dichalcogenides, in particular WS>
and MoSz, have attracted increasing attention even in the field of sensors [39-42], for
their unique chemical, physical and electrochemical properties, low cost, stability and
excellent electrocatalytic properties [43—-46]. The use of MoS:2 in electrochemical
sensing is a growing field and holds great promise in sensors and biosensors
development. MoS:2 is composed of three atom layers: a Mo layer sandwiched between
two S layers; it has low conductivity and the (three atom layers) sheets tend to restack
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during the deposition/modification [47]. Consequently, in the last years MoS2-based
nanocomposites have attracted researchers’ attention [48]; some MoS2 hybrid
materials have shown great versatility as advanced electrode modifier, showing unique
and sometimes unexpected sensing properties and catalytic activity [49-57]. Indeed,
it is widely known that functionalization or hybridization of transition-metal
dichalcogenides with conductive NMs is a consolidated and effective way to improve
the catalytic properties of individual materials. The integration of carbon-based NMs
[52-55] and metal or metal oxide nanoparticles [51] in MoS:2 structures have shown
synergistic effects, exploitable in electrochemical sensing. These nanocomposites
allow tuning of two or more materials in a plethora of combinations and conformations.
Functionalizing MoS:2 with carbonaceous nanomaterials is a recognized way to
overcome shortcomings of individual components, overcoming restacking problems,
broadening the working potential window, increasing at the same time the fouling

resistance.

[1.2. Oxidative Stress

Redox homeostasis plays a key role in cell physiology; in normal conditions cells can
maintain this status through the interaction and interconversion of redox active
molecules. The most representative groups of molecules involved in the process are
the Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS). ROS are
produced intracellularly during aerobic metabolism and includes species like
superoxide (O,), hydrogen peroxide (H,O,) and hydroxyl radical (OH). RNS
comprises nitric oxide (NO') and related compounds like peroxynitrite (ONOQO") and
nitrite (NO5). Low concentrations have been proved to stimulate the maintenance of
the redox balance in cellular processes whereas high concentrations are able to cause
the so-called oxidative stress [58,59]. Oxidative stress is a very general concept that
has been defined by Sies [60]:

“An imbalance between oxidants and antioxidants in favor of the oxidants, leading to a

disruption of redox signaling and control and/or molecular damage”

Aerobic cells are known to continuously produce superoxide ions during aerobic

metabolism as a side product during their normal metabolism. This molecule is highly
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reactive, and it is readily eliminated by fast disproportionation into H202 and Oz, with
an estimated half-life of 5 s at physiological pH [61]. However, the high intracellular
activity of the superoxide dismutase (SOD) keeps the physiological concentrations of
superoxide in the range of few pM [62]. SOD can convert superoxide into H202, a much
more stable product. In fact, it is considered as more powerful cytotoxic agent since its
extended half-life allow them to diffuse along the whole cell and extracellular space,
acting as source of hydroxyl radical’'s trough the Fenton Reaction (FR). Hydroxyl
radicals are among the most powerful hydrogen acceptors, being able to damage
cellular components. Living cells also possess the ability to scavenge H20:2 by catalase
(CAT), which catalyzes its disproportionation into O2 and H20. This mechanism allows
to maintain a steady state concentration of H202 in the range of few nM [59]. However,
CAT suffers from substrate inhibition, which make it quite efficient in the physiological
levels but leave cells unprotected when H202 concentrations raises [62]. Cells can
change its normal metabolism under xenobiotics exposure to produce high quantities
of O, by NADPH oxidase activation. This physiological response is also accompanied
by the activation NO-synthases which are able to produce NO, which can react with
O2 to form NOz2’, but also with the other primary molecule O, to form another highly
oxidant specie, peroxynitrite (ONOO’). The latter can also decompose to the
conjugated acid and into NOsz and NO2 through a first and second order
decomposition reactions, respectively [63,64]. These few lines serve to give a general
overview of the complexity of interconnected pathways from the primary production of
O, and NO by the cells justifying why the nature, levels and roles of ROS remains a
real challenge for the scientific community. For the sake of clarity, Figure 11-4 has been

added for a general overview of the reactions involved in oxidative stress.

L-Arginine —

Figure ll-4: Relationship between ROS/RNS and their cross-reactivity in biological media.
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The levels of these molecules are very important due to two-faced character of
oxidative stress (see Figure 11-5). On one hand, low levels of oxidant species are
essential for life due to their key role in redox signaling; this has been termed as
oxidative eustress. On the other hand, excessive oxidant challenge causes damage to
biomolecules and in the long term can trigger several diseases; in this case this
situation is named oxidative distress [60]. The interest in the cellular responses linked
to oxidative stress (oxidative distress) mechanism is fundamental for understanding
physiological and pathological process since it has been related to several pathological
conditions such as cancer, ischemia, atherosclerosis, Parkinson’s and Alzheimer’s
disease [65—68].

Oxidative ‘ Oxidative
Low exposure High exposure .

eustress distress

Uefe,.,s);

Figure 1I-5: Schematic representation of oxidative stress and its relationship with health and disease
evolution.

However, understanding the limits between eustress and distress remains a current
challenge in redox biology as the development of new analytical methods to define
them. Great efforts have been made in the development of analytical methods able to
fulfill the challenging requirements exposed above. Most of the classical methods are
based on fluorescence, chemiluminescence, colorimetric assays, electron
paramagnetic resonance (EPR) or electrochemical methods [69]. Some methods are
also based on the detection of oxidation products formed in the presence or ROS and
RNS, however this is not a direct measurement and make challenging the real time
detection [70].

EPR techniques are recognized to be the most specific; however, the equipment is
hard to use and expensive which hinders their use [71]. Fluorescence-based probes

are the most used in biology labs and usually employed coupled to fluorescence
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microscopy or flow cytometry. The most popular probe is the cell-permeant
diclorodihydrofluorescein diacetate (DCFH-DA), which can cross the cell membrane
where it is decarboxylated to DCFH and trapped inside the cells. DCF is oxidized to
form the fluorescent product DCF. However, several compounds can oxidize DCFH as
well as several intracellular peroxidases [72]. Fluorescent probes are easy to use, able
to cross cell membranes and the equipment is usually available in biochemical labs,
thus their use is widespread [73]. However, the specificity of these methods is
discussed, and some molecules, able to form secondary species by redox cycling, can

give artifacts or even being toxic to the cells [74].

Electrochemical methods offer several advantages, the advances in microelectronics
allowed the extreme miniaturization of electrochemical systems and instrumentation

required, which allows the in-situ and real time detection in biological systems [75].

NM-based sensors can improve selectivity and sensitivity due to their exceptional
chemical and physical properties while the miniaturized systems are able to confine
sensors as close as possible to the production site of ROS/RNS [76]. Additionally, the
hybridization of these transduction techniques with microdevices is highlighted as a

promising tool for coupling on-line measurements in living cells [77,78].

[1.3. Food polyphenols

Polyphenols (PPs) are the most widely known group of food antioxidants, being
present in diet in form of fruits, vegetables and their derived food and drinks. PPs are
compounds that possess one or more aromatic ring with one or more hydroxyl groups.
PPs can be classified in several subgroups according to their structure: phenolic acids,
flavonoids, and non-flavonoids. Phenolics acids are hydroxyl derivatives of aromatic
carboxylic acids that can be divided in benzoic and cinnamic acid depending on their
structure. According to the substitution in the aromatic ring of the benzoic or cinnamic
acid skeleton, several compounds can be obtained. Flavonoids is a vast group of PPs
which consists of two phenyl rings (A and C) and a heterocyclic ring (B). Depending
on how B and C ring are linked can be classified in isoflavones when is linked in
position 3 (see Figure II-6). When linked in position 2 it can be divided in several

classes depending on the functionalization of rings C and B. These subgroups are:
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flavonols, flavones, flavanols, isoflavones and flavanones. The non-flavonoid class is
divided in two classes stilbenes and lignans. For an exhaustive classification of PPs
reader is referred to very useful database website phenolexplorer.eu but a general

classification with some representative structures is presented in Figure II-6.

The highly conjugated aromatic system together with multiple hydroxyl groups make
these compounds highly antioxidants owing to their ability to donate electrons or
hydrogen atoms. Hence, they can react with free radicals breaking the chain reaction
of free-radicals generation. Their ability of chelating transition metals, especially iron,

is also involved in the inhibition of generation of hydroxyl radicals via the FR [79].

There is a strong correlation between the PP chemical structure and their radical
scavenging, reducing power and metal chelating activity. In a nutshell, the antioxidant
potential of a particular PP depends on the number and position of hydroxyl groups.
Hydroxyl groups in para- or ortho- have demonstrated higher antioxidant power
compared with other positions or monosubstituted [80,81]. An increase in the number
of hydroxyl aromatic rings has shown higher antioxidant activity (AA). For example,
flavonoids display higher AA compared to phenolic acids [82]. But this strong
antioxidant power can be a double-edge sword, when a phenolic compound is oxidized
(i.e. act as a reducing agent), loses one electron becoming a radical itself. So, the
intermediates (semiquinones) and oxidation products (quinones) can become harmful

at high concentrations [83].
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Figure 1I-6: General classification of food polyphenols in their main classes and some

representative compounds

Studies regarding AA have been assessed using the chemical standards of selected
PP and phenolic extracts from selected plants and foodstuffs. These classical
analytical methods can test the antioxidant power by ferric reducing antioxidant power
(FRAP) and cupric reducing antioxidant capacity (CUPRAC) tests. But also, the radical
scavenging activity by the scavenging of colored radical species such as 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and oxygen radical absorbance capacity (ORAC) has been employed as
screening tools for antioxidant capacity [84]. Due to their low bioavailability, the
physiological concentrations of PP or their metabolites is too low to be detected with
these kinds of assays. In addition, the hydrophobic benzenoid rings and hydrogen
bonding ability of the hydroxyl groups made them able to inhibit some enzymes

involved in radical generation such as lipoxygenases, cyclooxygenase, and xanthine
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oxidase [85]. PP also enhances the activity of antioxidant enzymes and suppresses

OS by reducing inflammatory responses [86, 87].

PPs consumption through diet has been linked to lowered risk of most common
degenerative and chronic diseases that are known to be caused by oxidative stress
[88]. In fact, in the last years some PPs rich foodstuffs like olive oil, tea or cocoa has
emerged as functional food science [89]. The highest PPs antioxidant activity is
generally attributed to structures containing o-diphenolic structures [80,81]. Indeed,
these compounds have also been reported to play an important role against oxidative
stress damage in biological systems [88]. In the case of olive oil PPs, hydroxytyrosol
and oleuropein derivatives have been tested in in vitro studies showing positive
potential effects preventing degenerative diseases [90]. Green and black tea PPs
demonstrated its ability to modulate the antioxidant capacity of individuals, reducing
the oxidative stress damage [91]. Even cocoa extracts have demonstrated beneficial
effects on oxidative stress-related diseases [92—-94].
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[1I.1. Introduction and objectives

CB has been recognized as a full-fledged carbonaceous nanomaterial becoming
widely employed in the sensors field. Its features stimulated intense research interest;
indeed, CB nanospheres possess high surface area, high electrical conductivity, low
cost and high dispersibility in a wide range of solvents. For these reasons, CB
nanospheres have been used to build sensors and biosensors employed in several
applications [1-6]. On the other hand, two-dimensional TMDs have become new
attractive 2D nanomaterials for electrochemical applications [7]. MoS:2 is the most
representative TMD and has been intensively explored as material in the fabrication of
electrochemical devices for energy storage and in HER [8]. On the contrary, the use
of MoS:2 in electrochemical sensing is just a growing field and holds great promise in
sensors and biosensors development [9]. In fact, some MoS: hybrid materials have
shown great versatility as advanced electrode transducers, showing unique and
sometimes unexpected sensing properties and catalytic activity. The integration of
carbon-based nanomaterials [10,11], metallic [12,13] or metal oxide nanopatrticles [14]
in MoS:z structures has been reported to have synergistic effects, exploitable in

electrochemical sensing.

Extra virgin olive oil (EVOO) has emerged as functional food due to the demonstrated
health benefits which are attributed to the fatty acid profile and PPs content [15].
Interestingly, the highest PPs antioxidant activity is generally attributed to o-diphenolic
structures [16]. The most abundant EVOO ortho-diphenols are hydroxytyrosol (HYT)
and oleuropein (OLEU) which are the major contributors to the antioxidant capacity of
EVOO. Indeed, these compounds have also been reported to play an important role
against oxidative stress damage in biological systems showing positive potential
effects in the prevention of degenerative diseases [17].

The development of analytical methods for the selective detection of the antioxidants
fraction bearing o-diphenol functionalities is, thus, relevant for the evaluation of food
quality, including nutritional value. Several assays have been proposed in recent years,
using many different analytical approaches, to evaluate antioxidant capacity/PPs
content in food samples [18-21]. The most commonly used assays are based on

spectrophotometry, such as the classical determination of total phenolic content with
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the Folin Ciocalteu (FC) method [22]. Several electrochemical methods have been
developed for PPs analysis exploiting the electrochemical behavior of the samples for
determining total reducing capacity or even individual PPs. However, electrode fouling
represents a classical limitation of direct electrochemical detection of PPs. This is due
to polymerization of oxidation products, resulting in an insulating film layer deposition
onto the electrode surface [23]. Even in this case, nanomaterials can help to overcome
or reduce this drawback.

In this Chapter, we report for the first-time hybrid MoS2-CB transducers and
demonstrate their sensing ability towards o-diphenols. These transducers have been
used to build an SPE electrochemical sensor for the determination of EVOO o-

diphenols in complex EVOO and related samples.
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[11.2. Material and methods

[11.2.1. Reagents and apparatus

Catechol, OLEU, HTYR, disodium hydrogen phosphate anhydrous, sodium
dihydrogen phosphate hydrate, potassium ferrocyanide, potassium ferricyanide,
potassium chloride, N, N-dimethylformamide and MoS2 were purchased from Sigma
Aldrich (St. Louis, Mo, USA). CB N220 was obtained from Cabot Corporation
(Ravenna, Italy). Electrochemical measurements were carried out in Autolab PGSTAT
12 potentiostat from Metrohm (Utrecht, The Netherlands), SPEs were purchased from
Dropsens S.L. (Oviedo, Spain). Stock solutions of PPs standards were prepared in

methanol at a concentration of 10 mM and stored at -20 °C in the dark.
[11.2.2. Building of CB-M0S2 based SPE

CB and MoS: dispersions were prepared in DMF-H20 1:1 (v/v) at 1.0 mg mL in a bath
sonicator (3000683 Ultrasons Selecta, Barcelona, Spain) for 6 h keeping the
temperature below 25 °C. CB-MoS: solutions at different ratios (25-75, 50-50, 75-25
v/v) were prepared by mixing different volumes of CB and MoS2, previously dispersed
for 1 h, followed by a further 5h of sonication after mixing. SPEs modification was
performed via drop casting onto the working electrode surface in ten steps for a total
of 10 pyL (1 pL each) of CB, MoS2 and 25-75, 50-50, 75-25 v/iv CB-MoS2 mixed

solutions, respectively.
[11.2.3. Electrochemical Characterization

SPEs CB-MoS:2 nanohybrids were investigated using cyclic voltammetry CV and EIS
using a solution containing 5 mM [Fe(CN)e]*’* and 0.1 M KCI. CV experiment were
carried out at a scan rate of 50 mV s. EIS experiment used a sinusoidal wave of 5

mV amplitude in the 10°to 10! Hz frequency range at open circuit potential.
I11.2.4. Microstructure and elemental characterization

CB-Mo0S2 SPEs microstructure and homogeneity were investigated by field-emission
scanning microscopy (FE-SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS). Images were obtained using a XIGMA scanning electron microscope (Carl

Zeiss) based on the GEMINI® column featuring a high brightness Schottky field
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emission source, beam booster, and in-lens secondary electron detector.
Measurements were conducted in low acceleration potential mode (i.e. 2 kV) with a
working distance of about 4 mm thus allowing the use of uncoated samples. EDS was
performed using a silicon-drift detector (Oxford Instruments), directly coupled with FE-
SEM working at an optimal distance of 8.5 mm with an accelerating voltage up to 20

kV and sampling areas of about 6 mm?.
[11.2.5. CV and DPV o-diphenols measurements

The SPEs CB-MoS: electrodes response was investigated toward catechol, OLEU and
HYT using CV and DPV in phosphate buffer (50 mM, pH 7.0) containing 0.1M KCI. CV
was carried out with a scan rate of 50 mV s1. The DPV parameters were pulse

amplitude of 25 mV and scan rate of 50 mV s
[11.2.6. Sample preparation

EVOO samples were obtained from different batches of mixed varieties including
Dritta, Coratina, Leccino, and Tortiglione. The samples were cultivated and milled in
the Abruzzo region (ltaly). Sampling was carried out in the year 2017 and three
representative samples were selected and stored at room temperature in darkened
glass bottles. Extraction of Phenolic fraction was carried out following the procedure
previously used by our group [23]. Commercially available octadecyl C18 cartridges (1
g, 6 mL) (International Sorbent Technology, UK) were used for the extraction of the
phenolic fraction according to the following protocol: 1 g of EVOO was dissolved in 5
mL of hexane, and the solution was loaded onto a column previously conditioned with
2x5 mL of methanol and 2x5 mL of hexane. The column was eluted with 2x5 mL of
hexane to eliminate all the lipophilic fraction; the retained polar compounds were
recovered by eluting with 2x10 mL of methanol. The elute was then placed in a conical
flask and evaporated to dryness at room temperature (30 °C, 150 RPM) in a rotary
evaporator. The extract was recovered with 0.5 mL of methanol and stored at -20 °C,
in the dark. Commercial olive leaf extracts were donated by Oleafit srl, (Teramo, Italy).
OLEU dietary supplement (PienaVita) was treated as follows; 100 mg were extracted

using 4 mL of 60:40 (v/v) methanol-water solution under stirring for ten minutes in the
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dark at room temperature, sample was then centrifuged for 10 minutes (5000 rpm) and

supernatant was collected and stored in the dark at -20 °C.
[11.2.7. Sample analysis

The electrochemical determination was carried out using DPV (section 2.5). Before
analysis, samples were diluted in phosphate buffer as appropriate to fit the calibration
linear range. The results obtained using the CB-Mo0S:2 sensor, have been expressed
as mg Kg* of OLEU equivalents. OLEU was chosen as reference compounds because
in all the samples resulted to be the most abundant phenol found (by HPLC analysis,
data not shown). The chromatographic analysis of phenolic compounds was carried
out using a Perkin Elmer Series 200 HPLC-UV/Vis according to Pirisi et al [24] with
some modifications. The chromatographic separation was carried out using a Kinetex
C18 column (4.6 mm diameter, 250 mm length, size of particles 5 microns), a guard
column was also included. The mobile phases were ultrapure water with 0.1% HCOOH
(phase A) and acetonitrile (phase B). The solvent gradient was obtained changing the
amount of phase A as follows: min 0-95% A, min 20-84% A, min 30-70% A, min 40-
70% A, min 50-65% A, min 60-60% A; min 70-30% A; min 80-5% A. The flow of the
mobile phase was set at a 1 mL/minute. The wavelength was set at 280 nm and
guantification of the single PPs was performed by external calibration of the individual

PPs. All samples were prepared and analyzed in triplicate.
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[11.3. Results and Discussion

111.3.1. Characterization of CB-MoS2 transducers

Group VI TMDs, particularly MoS2, have not been yet intensively explored in the
development of electrochemical sensors. As 2D material, they offer a potential
improved performance in their exfoliated form due to the high-surface and catalytic
properties. Despite their low conductivity, their use in conjunction with other highly
conductive nanomaterials for the realization of nanohybrid surfaces constitutes an

interesting novel avenue for the development of electrochemical sensors.

In this chapter, nanohybrid CB-MoS2-based electrochemical sensors are built by drop
casting at different ratios of each nanomaterial. The charge transfer process at the
electrode surface was studied by CV and EIS using [Fe(CN)e]*’*as redox probe. EIS
data were plotted in the Nyquist plot where the diameter of the semi-circle corresponds
to the charge transfer resistance value and the linear part correspond to the diffusion-
controlled region. Impedance data were fitted considering the Randless equivalent
circuit, shown in the inset of Figure IlI-1A and B, where Rs, Rct, CoL, and Zw represents
solution resistance, charge-transfer resistance, double layer capacitance and Warburg
impedance, respectively. Firstly, different ratios of CB-MoS2-based electrodes were
investigated in Figure llI-1 obtaining decreasing AEp by increasing the CB ratio in the
mixture. Values of 130 mV, 100 mV and 94 mV for 25-75, 50-50 and 75-25 (v/v). The
same trend is also observed for the increased peak current intensity. As expected, as
the amount of CB in the hybrid material increase, a progressive decrease in the Rcr is
observed (172 Q and 111 Q for 25-75, 50-50). Interestingly, CB-Mo0S:2 (75-25)
electrodes showed an Rct comparable to pure CB (79 Q and 82 Q respectively) (See
Figure 11I-1B).
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Figure IlI-1: Electrochemical characterization using A) cyclic voltammetry and B) EIS spectroscopy
using [Fe(CN)s]3# redox probe for SPE (black), CB (red), MoS: (blue) MoS2-CB 25:75 (magenta), MoS:-
CB 50:50 (wine) and M0S2-CB 75:25 (green).

Then, individual materials were investigated. Figure IlI-2A reports the CV of the
different nanomaterials. Highest peak-to-peak separation, and the lowest peak current
were found for bare SPE and MoS: electrode, while the peak current intensity slightly
decreased in the case of MoS2. This behavior had previously been observed by other
researchers [11,25]. It was attributed to the repulsion between the negatively charged
surface of MoS:2 and the negatively charged redox probe and, probably, for the low
conductivity of the material. The electrode modification with the pure CB results in
lower AEp, (90 mV) and an increase in the peak current intensity. Interestingly, all
nanohybrids proportions showed improved behavior compared to pure MoS:2, being
comparable to the highly conductive CB. Figure IlI-1B shows the impedance data
obtained for each electrode, where mixed kinetic and diffusion control reaction is
observed in the range of frequencies studied. The highest values in Rct were found in
the case of MoS2 (824 Q) and bare electrode (514 Q), the increase in the Rct can be
attributed to the repulsion between the MoS:2 surface and the redox probe [26]. The
charge-transfer properties of MoS: results to be highly improved by the addition of the
CB, showing a comparable behavior CB itself with very high conductivity. These results
are in accordance with data reported in the literature for TMDs hybrid electrodes;
conductive materials as metal nanoparticles or carbonaceous nanomaterials enhance

the charge-transfer properties of M0S2[12,14,26].
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Therefore, CB-MoS:2 hybrid structures provide a high-performance electrochemical

platform for sensors development.
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Figure lll-2: Electrochemical characterization employing A) CV and B) EIS of 5 mM [Fe(CN)e]3/4 in 0.1
M KCI using SPE (black), CB (red), MoS:2 (blue) and MoS2-CB 75-25 (green). CV sweep rate 50 mV s-
1, EIS performed using a sinusoidal wave of 5 mV amplitude in the 105 to 10! Hz frequency range at
open circuit potential

The morphological characterization of the CB-MoS2-based electrochemical sensors
was carried out by FE-SEM and the elemental composition by EDS analysis. Figure
[11-3 reports some representative micrographs of SPEs prepared with exfoliated MoSz,
CB and the 75:25 CB-MoS2 mixture, respectively. In the case of Figure IlI-3A the
surface morphology evidences a quite compact and homogeneous layer of MoS:2 only.
The MoS: flakes are quite polydisperse in shape and size, their dimensions spanning
from few tenths of nm up to few tenths of microns. Considering Figure 111-3B, a
nanostructured surface is evident where the characteristic globular unit of the carbon
black can be easily appreciated. The average dimension of these units is about 20-30
nm, in agreement with data reported in the literature for similar carbonaceous materials
[27]. Figure 111-3C correspond to the case were the SPE surface is modified using 75%
of carbon black and 25% of MoS2. The morphology, in this case, agrees with a solid
mixture of the two starting powders where the MoS: is embedded in the CB. Even in

this case, the surface homogeneity of the final hybrid is quite good.
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Figure 111-3: SEM micrographs of A) exfoliated MoS2, B) CB, C) and D) CB-MoS2 hybrid at 75:25 ratio
with magnification of 50 kX and 200 kX, respectively.

The presence of the MoS:2 in the SPE has been also confirmed by EDS. The EDS
spectra reported in Figure IlI-4 clearly show the K line for S and the L line for Mo both
in the MoS:z and in the CB-MoS:2 cases.

Figure IlI-4: EDS spectra of SPEs modified with A) Exfoliated MoS2 B) CB-MoS2 composite at 75:25.
The small peak of Cl is associated with external contamination.

The homogeneity of each SPE can be appreciated in the low magnification
micrographs reported in Figure IlI-5A-C. Interestingly. We can observe that the
layered structure of MoS: flakes is retained in all samples even after deposition as
shown in Figure I11-5D.
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T
SR

Figure 1lI-5: SEM micrographs of A) Exfoliated MoS:z B) CB C) CB-Mo0S: composite at 75:25 ratio with
magnification of 5 kX. Panel D) Detail of case a) Exfoliated MoS:2 with magnification 200 kX.

[11.3.2. Electrochemical behavior of o-diphenols at CB-MoS:2

The electrochemical performance was tested using catechol as a representative
molecule of o-diphenols. Interestingly, as shown in Figure l1lI-6, the improved
performance, exhibited by CB-Mo0S2, was evident in terms of reversibility and
sensitivity, not only with respect to the bare SPE but also with respect to the electrodes
modified with the individual nanomaterials (CB and MoS:2). A progressive decrease in
the peak-to-peak separation is also observed from the bare electrode (AEp=280 mV)
to CB (AEp=185 mV), MoS2 (AEp=177 mV) and CB-MoS:2 (AEp=130 mV). Furthermore,
the peak intensity increases 1.38 times for MoS2, 1.69 for CB and 2.14 for CB-MoS:2
with respect to bare SPE. These results suggest the electrocatalytic effect of each
nanomaterial, CB or MoSz, towards catechol oxidation since both are able to increase
the current due to catechol oxidation and decrease the peak-to-peak separation. In
addition, a synergistic effect was markedly exhibited by CB-MoS2 in comparison with
each nanomaterial individually, revealing for the first time the electroanalytical
capabilities of these nanohybrid transducers. These results are in accordance with
literature, where CB has been already described as an effective nanomaterial for PPs
sensing [28]. In addition, MoS:2 together with noble metal nanoparticles was used for
improving catechol sensing [29]. Furthermore, the ability of Mo(VI) salts to form
complexes with o-diphenols has been previously exploited by our group for selective
voltammetric o-diphenols sensing [30]. This interaction between Mo and o-diphenols

may explain the improvement in the signal towards o-diphenols oxidation.
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Figure IlI-6: CV of 1 mM Catechol in Phosphate Buffer (50 mM, 0.1 M KCI, pH=7) at SPE (black), CB

(red), MoS: (blue) and CB-MoS: (green). Scan rate 50 mV s.

[11.3.3. Analytical performance and sample analysis at CB-MoSz: determination
of o-diphenols in EVOO and related samples

The CB-MoS: transducers were then used for the determination of the target analytes
with o-diphenols function, as commonly found in natural products and foods. To this
aim, Differential Pulse Voltammetry (DPV) was used for the determination of o-
diphenols in EVOO and related samples. The highest signal was again observed for
the CB-MoS: electrodes (see Figure IlI-7A and Figure 1lI-7C for OLEU and HYT
respectively). According to these results, CB-MoSz-based electrochemical sensors
appears to be optimal for sensing PPs with o-diphenols functions. Furthermore, as
fouling is one of the drawbacks in the electrochemical sensing of PPs, the fouling
resistance ability of the different electrodes was tested towards OLEU, the EVOO o-
diphenol with the highest fouling effect. Measurements using DPV were performed in
order to evaluate the effect of repetitive measurements on peak intensity. As shown in
Figure 1lI-7B, the retained signal was 86% for CB-MoS:2 after 10 measurements,
demonstrating a very good fouling resistance (RSD<8%, n=10). This retained signal
was higher than in the case of CB (53%) and bare electrodes (38%). Interestingly, the
values obtained in the hybrid nanomaterial are close to those of MoS: itself (84%),
demonstrating the key role of this material in the antifouling properties.
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Figure llI-7: A) DPV peak current intensities for OLEU B) fouling resistance of each SPE (n=10
consecutive measurements of OLEU) and C) DPV peak current intensities for HYT. Experiments carried
out in Phosphate Buffer (50 mM, 0.1M KCI, pH=7) containing 10 and 5 uM of OLEU and HYT
respectively with pulse amplitude of 25 mV and a scan rate of 50 mV s

CB-MoS:2 were then used for the determination of the target analytes in EVOO and
related samples. Figure 111-8 shows the DPV calibration voltammograms (and the
corresponding calibration linear plot in the inset) of OLEU and HYT at CB-MoS:2
electrodes obtained for each concentration assayed. Peak current intensities for
building the calibration plot are obtained at 55 mV and 59 mV for HYT and OLEU,
respectively. The linear range is obtained in the 0.30-30 and 2-100 yM range for OLEU
and HYT, respectively. The linear regression equations are ip(HA)=-
0.05(+0.02)+1.33(+0.02) [OLEU] (uM) and ip(uA)=0.041(+0.007)+0.151(+0.002)[HYT]
(uM). The LODs (S/N=3) are 0.1 and 1.0 uM for OLEU and HYT respectively. Inter-
electrode reproducibility for OLEU and HYT was also evaluated and values of 9% and

8% (n=5) were respectively obtained.
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Figure 111-8: DP voltammograms for calibration concentrations of a) OLEU and b) HYT in Phosphate
Buffer (50 mM, 0.1M KCI, pH=7). Inset shows the corresponding calibration plot. The DPV parameters
were pulse amplitude of 25 mV and a scan rate of 50 mV s,

For comparison, Table IlI-1 shows recently reported electrochemical sensors for OLEU
and HYT determination. In most of the cases, a stripping step is required which is time-
consuming. The proposed method shows the advantage of faster analysis time by
avoiding stripping step maintaining comparable analytical performance. In addition, the
lower oxidation potential for the o-diphenols oxidation is a further confirmation of the
electrocatalytic behavior of the hybrid nanomaterial.
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Table IlI-1: Nanomaterial-based electrochemical sensors for determination of OLEU and HYT

Nanomaterial

Technique Detection potential

Linear range (LM)

OLEU HYT

LOD (uM)
Analytical remarks
OLEU HYT

Ref

CB

GCE/MWCNTs

LGH-GOPGE

DNA-coated
CHIT/CPE

CB-MoS2

DPV

AdSWV

AdDPV

AdDPV

DPV

133 mV vs Ag/AgCl

540 mV vs Ag/AgCl
(sat. KCI)

Not reported

210 mV vs Ag/AgCl

55 and 59 mV vs Ag
for HYT and OLEU
respectively

- 10-75

0.01-0.70 -

0.10-37 -

0.3-12 -

0.3-30 2-100

High fouling resistance
(RSDHTvR<12%), N=28)

Analysis of EVOO
samples

15 min accumulation time

Analysis of Olive Leaf
0.003 - extracts

Comparison with LC-
MS/MS method

Analysis of Olive Leaf

0.030 extract

10 min accumulation time

0.090 -
Analysis of Olive Leaf
and serum

High fouling resistance
(RSDoLeu<8%, n=10)

Analysis of EVOO and
related samples

High correlation with
HPLC (r=0.995)

High agreement in
quantitative levels
obtained by HPLC

(31]

(32]

(33]

(34]

Present
work
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Finally, the results obtained for the quantitative determination of o-diphenols in EVOO
and related samples using CB-MoS2-based electrochemical sensors and an HPLC-UV
method are listed in Table IlI-2. The methods were highly correlated (r=0.995), with a
slope of 1.03+0.04 and intercept of 21+83, expressed as axtsa and bztsp, (p<0.05),
respectively. Since intercept confidence interval contained 0 and slope confidence
interval contained 1, both methods did not show significant statistically differences
(p<0.05). These results indicate that although the CB-Mo0S:2 sensors are not able to
selectively differentiate among HYT and OLEU, the results for total o-diphenols content

were highly in agreement with those reported by HPLC-UV method.

Table 1ll-2: Quantitative determination of o-diphenols in EVOO and related samples using CB-MoS:z-
based electrochemical sensor and HPLC?2

CB-MoS2-electrochemical sensor® HPLC-UV®
OLEU eq. RSD o-diphenols RSD
Sample 1 4

(mg Kg™) (%) (mgKg™) (%)
Dietary Supplement 57081562 10 55344277 5
Olive Leaf 1 1286455 4 1302491 7
Olive Leaf 2 1193497 8 100750 5
EVOO 1 129+16 13 1152 2
EVOO 2 15615 12 164+18 11
EVOO 3 45+3 7 3616 15

aResults expressed as mean value * standard deviation (n=3), RSD=Relative Standard deviation.
bExpressed as OLEU equivalents.
¢Expressed as sum of each individual OLEU and HYT.
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l11.4. Conclusions

Hybrid CB-MoS: transducers have shown an enhanced electrochemical (improved
charge-transfer ability, low charge-transfer resistance, high electrical conductivity,
enhanced electrocatalysis) and analytical (stripping-free fast and sensitive
voltammetric detection, and remarkably reduced fouling) performances compared to
individual nanomaterials. Furthermore, the comparison between the CB-MoS2-based
electrochemical sensor and HPLC-UV method have demonstrated that both methods
were not only highly correlated (r=0.995), but they did not show significant statistically
differences (p<0.05). This demonstrates the reliability of CB-MoS2 sensors for the
determination of target o-diphenols in the analysis of complex EVOO and related
samples. These results open new perspectives for hybrid carbon/transition metal
dichalcogenides based nanomaterials for on-site and decentralized sensing in fields of

miscellanea significance.
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IV. High-performance carbon black/molybdenum disulfide nanohybrid sensor for
cocoa catechins determination using an extraction-free approach

IV.1. Introduction and objectives

Recent trends in food science suggest that cocoa and cocoa-products present
multiple-benefits which are becoming subject of increased scientific research, mainly
because of their phytochemical composition [1,2]. In fact, the high PPs content of
cocoa has generated a renewed interest for nutritional and health viewpoints [3], and
thanks to these properties, the global demand for cocoa is increasing [4]. In the cocoa-
based products market, the cocoa content results to be an added value, influencing
price and the organoleptic properties [5]. Cocoa is rich in flavanols and
proanthocyanidins, strong antioxidants, which have been associated with several
potential health benefits [1,3]. Moreover, they also affect the cocoa fat resistance
towards oxidation, during the production process and conservation [3,6—8]. In fact, the
final content of antioxidant compounds in cocoa-based products is a function of several
variables related to the raw material and others related to processing and formulation
[3,6-8].

Cocoa catechins contents and their antioxidant capacity evaluation still challenging, for
the complexity of the matrix. Indeed, the extraction step is necessary to remove the
possible interfering compounds, separate the PPs from the lipids, but can lead to low
recovery, resulting in consumption of solvents and time [9]. The cocoa polyphenolic
extracts classically are analyzed with spectrophotometric assays or chromatographic
methods [2,3,10-14]; the latter can provide identification of the constituents and
amount, but do not returns direct information on the antioxidant capacity of PPs [15].
Classical spectrophotometric methods are simple but can present some disadvantages
as the use of expensive reagents, not environmentally friendly undefined reaction time,
long sample pretreatment, and low precision, selectivity, and sensitivity [16]. Several
other methods have been proposed for PPs cocoa analysis, as e.g. capillary
electrophoresis [17], NIR [18] and FT-IR spectroscopy [19], and only few methods do

not require sample preparation and extraction [9].

Electrochemical sensors represent a valuable alternative approach to the detection of
PPs and antioxidant capacity [15,16] and different electrochemical approaches for the
direct sensing using several electrodes/transducers types and configurations have

been proposed [15,16,20-22]. However, direct electrochemical oxidation of PPs onto
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classical unmodified carbon-based materials is affected by the typical drawback of
fouling [15,23]. This phenomenon is particularly relevant for flavanols structures [24].
In fact, the redox behavior of catechins onto carbon electrodes, despite being initially
apparently reversible, results in an electrode surface irreversible passivation [25]. The
passivation is caused by adsorption and polymerization of oxidation products onto the
working electrode surface [15,23]. Nanomaterials (NMs) have attracted attention since
they can reduce the passivation of the electrode area, potentially also improving
sensitivity and selectivity [15,26-30]. Different NMs have been used for catechins
direct sensing purposes, as nanotubes [31], graphene [32,33], and nanoparticles
based. [24,34-38]. However, the catechins by-products of oxidation tendency to
interact with the electrode surface is strong and this does not allow reproducible and
accurate analysis. In fact, very often the electrochemical behavior of the catechins is
studied as proof of concept, without a deep study of both passivation and exploitability
using complex samples [15]. This drawback and the need of an extraction step have
limited the use of electrochemical sensors in this field, for example, as very few
applications of sensors on cocoa samples are reported in literature [35,38].

In the last years, carbon black (CB) has been widely employed for building
electrochemical platforms. Its particular features stimulated intense research efforts; in
fact, CB nanospheres possess high surface area, high electrical conductivity, low cost,
and high dispersibility and can be easily prepared for the realization of electrochemical
sensors [15,39-42]. On the other hand, transition Metal Dichalcogenides (TMDs)
materials have become an attractive alternative for electrochemical applications [43].
Layered transition-metal dichalcogenides WS2 and MoS:, have attracted increasing
interest as modifiers of working surfaces for HER [44,45] and energy storage [46—48].
The use of MoS: in electrochemical sensing is a growing field and holds great promise
in sensors and biosensors development [49-51]. However, despite the carbon black
have been used for the construction of some electrodes for the direct PPs detection
[15,52], even in foods matrices as olive 0il[53], the potential of the use of MoS:zin the
direct detection of PPs has not been yet exploited; just a paper reported on the MoS2
as electrode modifier for laccase biosensor used for red wine PPs indirect estimation
[54].
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In the last years MoS2-based nanocomposites have attracted researchers’ attention
[49]; since some MoS: hybrid materials have shown great versatility as advanced
electrode modifier, showing unique and sometimes unexpected sensing properties and
catalytic activity [51,55,56]. The integration of carbon-based NMs [54,57], metal [58] or
metal oxide nanoparticles [56] in MoS:z structures has been reported to have

synergistic effects, exploitable in the electrochemical sensing.

In the present chapter we aim to explore catechins determination ability on a new
CB/MoS:2 nanohybrid electrode (SPE CB-Mo0S2) and to test the regenerability and
antifouling properties of the sensor. The developed sensor was then applied to the
assessment of the catechins content of 59 cocoa powder samples. The results
obtained for the 59 cocoa powder samples are compared with classical methods as

FC, ABTS and gold nanopatrticles based (AuNPs) assay.
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IV.2. Materials and methods

IV.2.1. Reagents and stock solutions

MoS2, Epicatechin, catechin, epigallocatechin, cetyltrimethylammonium chloride
(CTAC; 25% in water), hydrogen tetracholoroaurate (HAuCls-3H20, 99.9%), 2,2-azino-
bis(3- ethylbenzothiazoline-6-sulphonic acid) (ABTS), sodium carbonate (Na2CO3),
Folin & Ciocalteu’s phenol reagent, sodium phosphate monobasic monohydrate ACS
reagent (NaH2PO4-H20) sodium phosphate dibasic anhydrous (Na2HPOa4), potassium
ferrocyanide, potassium ferricyanide, potassium chloride, methanol, N, N-
dimethylformamide, dimethyl sulfoxide (DMSO), acetonitrile, acetic acid, sodium
acetate, formic acid were purchased from Sigma Aldrich (St Louis, MO, USA). CB
N220 was obtained from Cabot Corporation (Ravenna, Italy). PPs stock solutions were
prepared in methanol at a concentration of 1.0x1072 mol L™* and stored in the dark at

- 20 °C. Milli-Q water (18.2 MQ) was employed for all the experiments.
IV.2.2. Apparatus

Electrochemical measurements were carried out using an Autolab PGSTAT 12
potentiostat from Metrohm (Utrecht, Netherlands), screen-printed electrodes (SPE)
were purchased from Dropsens S.L. (ref. DS110). Samples were shaken and
centrifuged with an SSL1 orbital shaker from Stuart equipment (Belfast, UK) and an
ALC4237R refrigerated centrifuge (ALC Intl., Cologno Monzese, ltaly), respectively.
For the gold nanopatrticles assay, the reaction was performed in a water bath using a
720 D thermostat digital group (Asal, Italy). Absorbance was recorded using a
JENWAY 6400 spectrophotometer from Barlworld Scientific (Staffordshire, UK,).

IV.2.3. Samples

A large number (59) of commercially available cocoa powder samples were analyzed.
The investigated samples, coming from different varieties of cocoa and subjected to
different production processes, were codified with numbers from 1 to 59 for reasons of
corporate confidentiality. The samples were stored in plastic bags with pressure

closure and kept in a cool, dry and dark place to avoid degradation phenomena.
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In order to speed up the analysis, cocoa catechins were directly solubilized in DMSO,
according to Della Pelle et al. 2015 [9], with some modifications. Briefly, 0.1 g of cocoa
powder were weighted and solubilized in 1.5 mL of DMSO. The dispersion was
vortexed for 1 min and sonicated in an ultrasonic bath for 5 min at a temperature of
20°C. Subsequently, the dispersion was centrifuged at 12000 rpm for 5 minutes at a
temperature of + 4 °C for 10 min. The resulting supernatant was recovered and stored
at — 20°C in the dark until analysis. In order to prove the effectiveness, of the proposed
sample pretreatment, the samples have been extracted even according to Gu et al.
[59], in this case, the defatting step [8] is followed by a solid-liquid extraction [59]. Both
extracts, prior to each further analysis, were diluted to the appropriate dilution in 0.01
mol L* (pH 7.0) phosphate buffer (PB).

IV.2.4. Preparation of the SPE-CB/Mo0S:2

CB and MoS: dispersion volume, ratio/concentration and solvent were optimized in
order to obtain the most effective electrodes in terms of sensitivity and reproducibility.
The CB and MoS: dispersions (1 mg mLt) were separately prepared in DMF-H20 1:1
(v/v) using a bath sonicator (3000683 Ultrasons Selecta, Barcelona, Spain) for 5 h at
a temperature below 20 °C. The CB-MoS:2 75:25 (v/v) dispersion was prepared by
mixing CB and MoS: dispersions, the mix was further sonicated for 1h. If dispersion is
not directly used, requires 1h of sonication prior to use. This solution was employed for
the SPEs modification, performed via drop casting onto the working electrode surface
in five steps, for a total of 10 uL allowing drying and solvent evaporation after each
deposition, the latter process was sped up thanks to a warm light lamp. Before use,
the electrodes were pretreated using CV (10 scans) in 0.1 mmol Lt PB (pH 7) in 0.1
mol L't KCI, in the -0.30 V / +0.7 V potential range (vs. pseudo-Ag), using a scan rate
of 0.5 V s. This procedure was also employed for the electrode surface regeneration,

after the measurement of catechins standards or samples.
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IV.2.5. Morphological characterization

Field Emission Scanning Electron Microscopy (FE-SEM) was used to investigate the
morphology of the SPE-CB/MoS: sensors. All experiments were performed with a
2IGMA high-resolution scanning electron microscope (Carl Zeiss Microscopy GmbH,
Germany). Measurements were conducted on uncoated samples with an acceleration
potential of 2 kV and at a working distance of about 4 mm. All the micrographs were
analysed with an image processing software (ImageJ, v.1.49.p) [60] in order to
evaluate the mean dimension of the MoS: crystals and the CB particles, together with
the homogeneity of surface coverage and the relative percentage of MoS2 and CB in
the SPE-CB/Mo0S: electrode.

IV.2.6. Electrochemical measurements (CV, EIS, and DPV)

SPEs electrochemical behavior was investigated using CV and DPV. CVs of analytes
were carried out using a scan rate of 50 mV st in the potential range —0.20 V / +0.70
V (vs. pseudo Ag/AgCl) at different pHs: 4.0 and 5.0 in acetate buffer (0.01 mol L)
and pH 6.0, 7.0, 8.0 ,9.0 and 10.0 in phosphate buffer (0.01 mol L™). The electrode
passivation, after catechins analysis, was further assessed by EIS using 5 mmol L™t
[Fe(CN)e]*”* in 0.1M KCI. A sinusoidal wave with an amplitude of + 10 mV was
employed, in a frequency scan range 1072-10° Hz at open circuit potential, the results
were analyzed by Nyquist plot (-Zre vs. Zim). DPV was used to quantify the analytes,
the best DPV conditions were found using the simplex method, with the final aim to
maximize the signal/noise ratio. DPVs were performed in phosphate 0.01 mol L1 PB
(pH 7.0), in a potential range of -0.15 to +0.35 V with a pulse width of 50 ms, and the
final DPV pulse amplitude and scan rate were 20 mV and 50 mV s, respectively.
Before the use, the electrodes were pretreated with CVs (5 scans) in 0.1 mmol L* PB
(pH 7) in 0.1 mol Lt KCI, in the potential range of -0.30 V and +0.7 V (vs. pseudo-Ag),
using a scan rate of 0.5 V s'%. The latter procedure was also employed for the electrode

surface regeneration, after the measurement of catechins standards or samples.
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IV.2.7. Methods comparison

Data obtained with the proposed sensor have been compared with 3 conventional
methods PPs evaluation: ABTS, F.C., and AuNPs. Epicatechin standard solutions
were used as reference standard to calibrate the methods. For each method, the
possible DMSO reactivity/perturbation has been evaluated, however, there were no
significant changes with respect to the aqueous solvent (at the dilution employed for

the sample analysis).
Folin-Ciocalteu procedure

20 L of a properly diluted cocoa sample, extracted in the conventional way and with
the DMSO strategy (section 2.3), was added to 20 uL of Folin-Ciocalteu reagent and
stirred for 3 min. Then, 400 pL of sodium carbonate (Na2COs, 7.5%) and deionized
water were added up to the final volume of 1000 uL. The solution was stirred at room
temperature for 60 min, in the dark, and the total PPs content was determined at 760

nm.
ABTS assay procedure

ABTS reagent stock solution was prepared according to Re et al. 1999 [61], the
resulting radical ABTS™* solution was diluted to reach an absorbance, reading at 734
nm, of 0.70 (£0.02). An appropriate diluted cocoa extract volume, extracted in the
conventional way and with the DMSO strategy (section 2.3), was added to the ABTS
reagent (final volume 2000 pL). Then the reaction mix was stored at room temperature
for 5 min, in the dark, to evaluate the radical scavenging activity. The absorbance value
at 734 nm was recorded and the sample mediated ABTS* shutdown was evaluated
with respect to the blank/control, prepared without the sample addition (using the same
amount and type of solvent used for extraction) with the following equation:
absorbance decrease (%) = [(control absorbance value - sample absorbance value)/

control absorbance value]x100.
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Gold nanoparticles assay procedure

AuUNPs based colorimetric assay was used for the total PPs determination according
to Della Pelle et al. 2015 [9]. For the AuNPs formation 30 uL of DMSO-cocoa powder
extract, in the appropriate dilution, was mixed with 210 yL of DMSO and stirred for 1
min with an orbital shaker. Then, 25 uL of HAUCls solution (2.0 x 102 mol L™1) and 235
uL of phosphate buffer solution (pH 8.0; 1.0 x 1072 mol L™ were added (final volume
500 uL). The solution was mixed with an orbital shaker for 1 min and the reaction was
started heating the reaction mix for 5 min at 45 °C in a water bath. Finally, the reaction
was blocked at =20 °C for 5 min to allow measurements in series. The absorbance due
to the AuNPs formation was recorded at 540 nm and evaluated after the blank

subtraction (the blank was composed by reaction mix without sample).
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IV.3. Results and discussion

IV.3.1. Electrochemical behavior of flavanols on hybrid CB/MoS2 transducers

In order to study the catechin (CT) electrochemical behavior 4 consecutive CVs have
been carried out using a bare SPE and after each scan an EIS spectra has been
recorded, as shown in Figure IV-1. The first cyclic voltammogram of CT performed
using a bare SPE (Figure IV-1A, blue line), shows two anodic peaks, the potentials of
the first (peak 1) and the second peak (peak 2) are 0.188 V and 0.481 V, respectively.
A cathodic peak (peak 3) is observed at - 0.015 V; this reduction peak is related to the
first oxidation peak which is a reversible reaction [25]. According to the literature, the
oxidation mechanism proceeds in sequential steps, related with the catechol moiety
(oxidation peak 1 and peak 3 reduction) and resorcinol group (peak 2) [25]. The first
peak (catechol moiety) is higher compared with the current of resorcinol (peak 2) and
remains in following scans; both behaviors are in agreement with the higher radical
scavenging activity corresponding to ortho-diphenolic structures [25,53,62—64].
Noteworthy, in the following scans, the passivation process results evident, the
oxidation product is not electroactive and passives more and more the electrode
surface. This behavior is already reported by Brett group [25] onto a glassy carbon
electrode. In fact, in this study is proved that the CT resorcinol group is irreversibly
oxidized and the catechin moiety results strongly adsorbed on the electrode surface.
The CT passivation [15,23,25] was also confirmed by EIS using [Fe(CN)e]*/3. Nyquist
plots (Figure IV-1B) obtained by EIS exhibited a progressive increase of resistance to
charge transfer (Rct) scan by scan, in accordance with the CVs of CT. Rt increased
from 1.1 kQ (before the first scan) to 41 kQ (after 4 scans), clearly indicating a
passivation process. Definitely, the CT strongly adsorbed on the SPE electrode surface
and the final product is not electroactive and blocks the electrode surface.
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Figure IV-1: A) CVs of catechin (blue line) at 50 umol L™ performed with a bare SPE: 15t scan (blue
line), 2 scan (green line), 41 scan (red line), in black the scan performed before the catechin CV. CV
performed in phosphate buffer 10 mmol L1 + 0.1 mol L-* KCI at pH 7.0 with a scan rate of 50 mV s™. B)
Nyquist plots of 5 mmol L™ [Fe(CN)s]*** in 0.1 KCI mol L™ performed obtained with a bare SPE after
the catechin CVs analysis reported in Figure 1A. After thelst scan (blue circles), 2" scan (green circles),
4th scan (red circles), in black the Nyquist plot obtained before the catechin CV. In the inset a
magnification of the Nyquist obtained before the CT CV (blank line) and after the 1t scan (blue line).

Once the electrochemistry in bare SPE was stated same study was carried on CB,
MoS2 and CB/MoSz.. Initially, cyclic voltammetry (CV) has been employed to study the
electrochemical behavior of the SPE, SPE-CB, SPE-Mo0S: and SPE-CB/MoS:
electrodes. The attention was focused on the first CT electron transfer reaction that
occurs at very low positive potentials because is the relevant process for the radical
scavenging activity [25,53,62—65]. In Figure 1V-2, the CV curves obtained with 50 ymol
L1 of catechin in 0.01 mol L1 PB (pH 7.0), at 50 mV s™! scan rate, have been reported
together with the relative blank (Phosphate Buffer), performed before and after the
catechin scan. To confirm the irreversibility of the electrode passivation, the CT scan
was followed by a mild surface regeneration (see section 1V.2.4). Improved
electrochemical performances, in term of peak intensity and reversibility, were

obtained in all cases compared to bare SPE.
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Figure IV-2: Cyclic voltammograms of the bare SPE A), SPE-CB B), SPE-M0S2 C), and SPE-CB/M0S2
D). Black line CV in 0.1 mmol L-1 PB (pH 7) + 0.1 mol L-1 KCI, before catechin CV. Red line CV of 50
pmol L-1 catechins (prepared in 0.1 mmol L-1 PB + 0.1 mol L-1 KCI, pH 7). Blue line CV in 0.1 mmol L-
1PB, pH 7 + 0.1 mol L KCI, after catechins CV. CVs performed at a scan rate of 50 mV s

The bare SPE (Figure IV-2A) shows the worst response in term of oxidation currents
(ip.a=0.84 pA) and peak separation (AEp = 147 mV) and an residual signal due to CT
polymerization (blue line) after the scan and the regeneration step (5 CV scan in PB).
These results are in accordance with literature [26], and the CV and EIS of Figure IV-1
where catechin strongly adsorbs on the electrode surface hindering the electronic
transfer. In Figure IV-2B is clearly showed that SPE-CB display a significant oxidation
current increase (ip,a = 4.40 pA) lowering the oxidation potential of CT (SPE-CB
Ep.a=142 mV vs .SPE Epa=198mV) and showing a lower peak-to-peak separation (AEp
= 76 mV). However, in this case, the CT seems to remain attached to the electrode
preserving the electroactivity and showing a residual current of the 97% (blue line).
Similar behavior has been already reported for NMs, particularly with NMs with
oxidized moieties [24] as in the case of CB [36,66]. Indeed, is reported that carboxyl
and/or other oxygen-containing groups can behave as nucleophiles against the o-
guinone ring (as Michael acceptor), leading to bond formation between flavanol and
surface-active functional groups [24]. On the other hand, the SPE-MoS: (Figure 1V-2C)
displays just a slight increase of both oxidation peak (ipa = 0.97 pA) and reversibility
(AEp= 88 mV) compared with the bare SPE, this because the MoS2 has a low intrinsic
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conductivity [44,46,57]. However, is noteworthy the total absence of residual signal
(blue line) after the CT scan, this MoS: feature, at the best of our knowledge, has not
been explored yet and could open new gates to MoS: application as an antifouling
functional material. Figure IV-2D reports the SPE-CB/MoS: ability to merge the
behavior of both materials. In fact, a significant enhancement of the analytical
performance, compared to both the bare (SPE) and the single-NMs modified
electrodes (SPE-CB and SPE-Mo0S>) is showed. The ratio CB-M0S2 75:25 (v/v) (from
now this electrode will be named SPE-CB/M0S2) was chosen, because higher
amounts of MoS2 (50 and 75 %, v/v) exhibited lower electrochemical improvements,
as demonstrated in Chapter Ill, probably due to MoS: intrinsic low conductivity
[44,46,57]. The SPE-CB/Mo0S:2 displays a significant increase in the oxidation current
(ipa = 9.7 YA) that occurs at lower potentials (Ep,a = 98 mV). Moreover, a significant
decrease in the AEp (22 mV) was observed. Considering the obtained AEp (near to 30
mV) the reaction involves two electrons that can be attributed to the ‘catecholic ring’
[25].

The pH effect was studied in Figure IV-3 performing CV in a solution containing 25
umol L of CT. The peak intensities obtained at different pH catechin gave a straight
line in the 4-8 pH range with a slope of 57 mV pH-t unit. Considering these data, we
can confirm a fast electron transfer with the same number of protons involved in the

electrode reaction.
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Figure IV-3: Influence of pH on anodic peak position and intensity for 25 pmol L epicatechin. The cyclic
voltammetry experiments were carried out in phosphate buffer at a scan rate of 25 mV/s.
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The SPE-CB/MoS:2 modification performed with the 75% of CB and the 25 % of MoS:2
was able to totally prevent both the CT irreversible polymerization and the attachment
onto the electrode surface. This behavior was confirmed in Figure 1V-4, where the EIS
of the SPE-CB/Mo0S:2 does not show any significant differences in the Nyquist plot after
4 consecutive scans of CT, confirming that the charge-transfer ability of the hybrid
nanomaterial is not affected. In addition to the excellent electrochemical performance,
a remarkable inter-electrode reproducibility was obtained in terms of ip,aand Ep,afor the
CT oxidation peak (RSD 1.2% and 3.5%, respectively, n=10).
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Figure IV-4: Nyquist plots of 5 mmol L=* Fe(CN)s 473 in 0.1 KCI mol L! obtained after (black circles)
and before (blue circles) 4 consecutive 50 umol L-1 catechin cyclic voltammetry scans, using the SPE-
CB/MoSz.

Figure IV-5 and Figure IV-6 shows the SEM micrographs of the investigated
electrodes. The SPE-MoS: is characterized by MoS: ‘crystals’ with a broad size
distribution centered around 870 + 550 nm (see patrticle size distribution in Figure
IV-7), composed by layers of stacked MoS: flakes, with the nanometric uniform side
(SPE-Mo0S2 magnification). In the micrograph of the SPE-CB (Figure IV-6) it is clearly

visible the presence of CB primary units with a mean diameter of 20 = 8 nm [67,68].

Figure IV-5: SEM micrographs of the SPE-M0S2 and SPE-CB.
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Figure IV-7: Particle size distributions obtained from the image analysis for the samples SPE-MoS:2 and
SPE-CB. The distributions are calculated by measuring a consistent number of particles (more than 200
particles in the case of the sample SPE-MoS2 and more than 400 for the SPE-CB sample).

The SPE-CB/MoS: shows the co-localization of MoS:2 crystals and carbon black
primary particles; the two components interact but maintain their original morphology.
The CB intercalation seems to reduce the MoS:2 natural tendency to restacking, with
respect to the SPE-MoS2, resulting in CB decorated MoS: flakes. In particular, the ~
48% of the electrode surface is composed of MoS: 'crystals' despite CB is added in a
higher amount during the preparation of the electrode. This behaviour can be ascribed

to the flakes-like conformation of MoS: that favours their floating to the surface.

The homogeneity of the obtained surfaces at the nanoscale was further evaluated by
measuring the lacunarity of SEM micrographs. Lacunarity descriptor [69], which we
calculated using the FracLac tool package [70] contained in ImageJ. The image
lacunarity, A\, is defined as the heterogeneity associated to an image: low values of

lacunarity correspond to homogeneous systems.
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Lacunarity can be calculated as follows:

where Ng is the number of orientations of the grid and 4, is defined as:

o 2
=)
&4 l«l e
where ¢ is the box dimension, g is the number of all possible orientations of the grid
constituted by the different boxes, o is the standard deviation of pixels per box and p

is the mean density of black pixels per box. Thus, there is a A value for each € in each

series of grid size and for each g, in a set of grid orientations.

In our case, the lacunarity of the image was calculated by using the “Box Counting”
algorithm with an ¢ value within 4 of the pixel size and a number of orientations, Ng,
equal to 9. These parameters were adjusted in order to measure nanometric
inhomogeneities. The calculation was performed on the micrographs with a
magnification of 10 KX. The lacunarity values obtained for the different samples are
0.57, 0.23 and 0.37 for SPE-M0S2, SPE-CB and SPE-CB/Mo0S2, respectively.

As shown Figure IV-8, the SPE-CB electrode results in a more homogeneous surface
at the nanometric level, while the lacunarity associated to the SPE-Mo0S2 system is
higher, in accordance with the broad size distribution of the MoS:2 crystals. Hence, as
expected, the SPE-CB/MoS:2 presents an intermediate value of lacunarity with respect
to the other two electrodes (SPE-CB and SPE-Mo0S:z2), according to the co-presence of

both CB and MoS2 morphologies.

73



IV. High-performance carbon black/molybdenum disulfide nanohybrid sensor for
cocoa catechins determination using an extraction-free approach

SPE-MosS, SPE-CB SPE-CB/MoS,

--

Figure IV-8: Top: Lacunarity grids obtained from the analysis of the SEM micrographs acquired on the
different electrodes. Red corresponds to low values of lacunarity, blue indicates high lacunarity. Bottom:
Overlay of lacunarity grids and SEM micrographs of all the investigated samples.

In order to assess the exploitability of the SPE-CB/MoS:2 for cocoa PPs analysis the
proposed electrode has been tested against epicatechin (EP) and epigallocatechin
(EG). These flavan-3-ols compounds, together with catechin, are the most abundant
polyphenolic compounds of cocoa and chocolate and represent the monomers of the

procyanidins [3,71].

The SPE-CB/MoS:2 again showed good electrochemical performance despite the EP
and EG different chemical structure, resulting in different electrochemical behavior. In
Figure IV-9A it is clearly noticed the EP increased oxidation current (ipa= 10 pA) and
the negative shift (Ep,a=88mV) in the oxidation potential with respect to the bare SPE
(ipa= 1.1 pA, Epa = 198 mV). Moreover, in the case of EP, increased reversibility in
terms of both peak intensity ratio and peak-to-peak separation was even recorded (AEp
=19 mV). The CVs of EG (Figure 1V-9B), despite the expected irreversible behaviour
[72], allowed, also in this case, an Ep,a negative shift (SPE-CB/M0Sz Ep,a = 69 mV vs
SPE Epa =120 mV) and a significantly improved anodic peak intensity (ip,a = 9.1 HA)
compared to the bare SPE (ipa= 1.6 pA). Even with EP and EG, the SPE-CB/Mo0S:2
totally prevent both the flavanols irreversible polymerization and the attachment to the
electrode surface. In addition, despite the different structures of CT, EP and EG a very
close oxidation current and oxidation potential have been obtained for all the

compounds.
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Figure IV-9: Cyclic voltammograms of the bare SPE (black line) and SPE-CB/MoS: (blue line)
performed with 50 umol L1 epicatechin A) and epigallocatechin B) prepared in 0.1 mmol L-* PB + 0.1
mol L1 KCI (pH 7) at a scan rate of 50 mV s,

IV.3.2. Analytical performance of hybrid CB/MoS: transducers for catechins

determination

The analytical performance of the SPE-CB/MoS:2 sensor for quantitative analysis was
carefully evaluated by studying the response toward CT, EP and EG using DPV under
optimized parameters. Figure 1V-10 shows the voltammograms and the calibration
curves obtained for the assayed concentrations of EP (A and D), CT (B and E) and EG
(C and F) using the SPE-CB/Mo0S:. Analytical figures of merit for the SPE-CB/Mo0S:2
towards CT, EP and EG detection are listed in Table 1V-1.

Satisfactory linear range, sensitivity, and limit of detection were achieved in all the
cases. Interestingly, all these analytical parameters are similar among them confirming
the same anodic reactivity for the three analytes allowing the quantification of the
flavanols index content with reliability. In addition, intra-electrode repeatability has
been further confirmed by the RSD obtained with twenty different measurements
performed with a solution containing 10 umol L epicatechin: Ipa < 1.1% and Epa <
3.2%.

The poor linearity obtained for the bare SPE (R? = 0.9406 — 0.7316) is in accordance
with the Ep,a positive shift (Ep,a, average shift of 200 mV), that occurs for all the analytes,

indicating an increase of the electrode surface passivation. Moreover, the lower
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sensitivity (about 2 orders of magnitude vs SPE-CB/MoS2>) of the bare SPE towards all

the analytes is evident.
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Figure IV-10: (A-C) DPV curves obtained using bare SPE (red line) and CB-SPE/MoS: (blue line) in
presence of increasing concentrations of epicatechin (A), catechin (B) and epigallocatechin (C). (D-F)
DPV calibration curves (mean value of three repetitions) obtained using bare SPE (red line) and CB-
SPE/MoS: (blue line) in presence of increasing concentrations of epicatechin (D), catechin (E) and
epigallocatechin (F). For each analyte, the calibration was performed in triplicate, the resulting linear
equation (obtained with the mean values, n=3) and determination coefficient obtained for the SPE-
CB/MoS: are reported in Table 1; while for the bare SPE: (CT) y = 0.0168x + 0.0798, R2 = 0.7382; (EP)
y =0.0129x + 0.1256, R2 = 0.7316; (EG) y = 0.0107x + 0.048, R2 = 0.9406. (A-F) DPV conditions: pulse
width 50 ms, pulse amplitude 20 mV. The standards were prepared in phosphate-buffered 0.01 mmol
L1 PB + 0.1 mol L1 KCI (pH 7).

Table IV-1: Analytical characteristics of the SPE-CB/MoS: sensor employed for CT, EP, and EG
detection.

Equation Linear Range R? Sensitivity LOD
Analyte
(x=pmol LY y=pA) (umol L) (WA L umol?) (umol L)
CT y =1.122x + 0.413 0.1-25 0.998 8.93 0.18
EP y =1.185x + 0.762 0.1-25 0.998 9.43 0.17
EG y =1.092x + 0.090 0.1-25 0.998 8.69 0.18

!LODs were calculated as 3o/slope ratio, where o is the standard deviation of the mean value for 10 voltammograms of the blank.
Analytical characteristics calculated using the mean value of three calibration curves.
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The obtained LODs and linear ranges are comparable or better than those reported in

the literature (see Table 1V-2), even when applied to other food matrices. It should be

emphasized that among the reported works for the analysis of catechin, this is the only

case using screen-printed technology. Importantly, no one of the reported works pays

attention to the fouling process, that is the principal drawback for the catechin

detection. In this study, the attention has been paid not only to the proposed sensor

performances but even to the success and the exploitability of the application in

complex samples, using a significant number of samples and comparing the results

with other well-established methods.

Table IV-2: Analytical characteristics and application of electrochemical sensors employed for catechins

detection.
Food
Electrode / Matrix Samole Pre-
Detection (number t P Comparison methods Linear Range LOD Ref.
h reatment
Mechanism of
samples)
(umol LY (umol L)
Cocoa
powder, Defatting/Liquid F.C., total flavonoid, DPPH, .
GCE/CV chocolate  solid extraction ABTS, FRAP (38]
(n=19)
cocoa- .
Stirring
Pt- based N * *
PEDOT/DPV biscuit ffiltration on 0.7-8.6 0.31 [35]
- Buchner
(n=3)
GR-thermally ~ Beer (n= _ i o )
reduced/DPY 3) Dilution 1.2-12.0 [33]
Chinese
GCE-N-doped green tea Dilution 1.0-30** 0.10** [32]
graphene/DPV _
(n=4)
SPE- Cocoa DMSO this
- * *
CB/MoS,/DPV ;zrc:ivsdge)r solubilization F.C., ABTS, AuNPs 0.1-25.0 0.17 work

*Epicatechin equivalents; ** Catechin equivalents.
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Recovery (Figure IV-11A) and renewability (Figure I1V-11B) studies were also
evaluated using a representative mix of cocoa powder samples with different PPs

content.
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Figure IV-11: (A) DPV obtained analyzing a mix of cocoa samples (blue line), fortified with 0.25 pumol L-
L(green line) and 0.5 pmol L-(red line) of epicatechin. (B) DPV of three different samples with low
(sample 12, green line), medium (sample 5, black line) and high (sample 1, blue line) polyphenols
content. The dashed red line represents the sample 5 measurement repetition, performed after the
measurement of the whole set of samples (n° 59). (C) DPV Oxidation currents and oxidation potentials
obtained with 10 uM epicatechin, used to monitor the SPE-CB/Mo0S: response, during the samples
analyzed. Each 5 samples analyzed the measurement has been performed.

The voltammograms obtained for the mix of samples (blue line), and the fortified
samples (green and red lines), exhibited identical Ep,a, (90 £ 5 mV) and excellent RSD
for ipa< 1.2%, (n=3) as well as quantitative recoveries-with values ranging from 94%
to 103% demonstrating the sensor exploitability for the catechins determination in

complex samples.
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Figure IV-11B shows the voltammograms obtained with cocoa samples with low
(sample 12, green line), medium (sample 5, black line) and high (sample 1, blue line)
PPs content (each diluted at the adequate dilution to fit the signal in the calibration
plot). Noteworthy is the very high regenerability showed by the SPE-CB/MoSz2. This
behavior was proven by monitoring the electrode state during the 59 sample
measurements. The SPE-CB/MoS: regenerability is further underlined in Figure
IV-11B, where the dashed red line represents the Sample 5 measured after measuring
the whole set of samples, obtaining a signal recovery of 99%. These results are in
accordance with previously discussed results (see section 3.1) and confirm the ability
of the SPE-CB/Mo0S: to avoid the permanent catechins polymerization or attachment

onto the electrode surface.

To prove the sensor surface regenerability, the whole set of samples (59 cocoa
powders) has been measured on the same SPE-CB/Mo0Sz, and the electrode 'state’
has been monitored measuring epicatechin standard (10 pmol L) every 5 samples
measured. Impressively, Figure IV-11C, shows a very stable response obtained that
result in RSD of the signal obtained of 0.9 % and 5,2 % for the Ip,a and Ep,a,

respectively.

IV.3.3. Quantitative sample analysis of total catechins on hybrid CB/MoS:

transducers

Then the applicability of the CB-SPE/MoS: for the determination of flavanols was
rigorously carried out through the analysis of a wide set of cocoa samples (n=59).
Table IV-3 lists the quantitative analysis of cocoa samples by the proposed SPE-
CB/Mo0S:2 sensor. In order to demonstrate analytical reliability of the proposed
electrochemical sensor, cocoa powder samples were also analyzed by the classical
F.C. (total PPs) and ABTS (antioxidant capacity) assays as well as by AuNPs-based
free-extraction approach [59]. Particular attention was paid on the AuNPs method,
which relies on the direct formation of AuNPs in organic solvent DMSO-aqueous
medium, driven by endogenous PPs. This ‘extraction-free’ approach involves the use
of DMSO acting as an organic solvent, able to ‘interact’, at the same time, with the fatty

matrix and with the aqueous medium of measurement, making the cocoa PPs analysis
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faster and easier. The effectiveness of this DMSO-based approach was tested with the
set of 59 cocoa samples and compared both with a conventional liquid-liquid extraction
(LL) methods which need a defatting step [59] (section 2.3) and with the well-
established methods of Folin-Ciocalteu and ABTS. The effectiveness of the proposed
DMSO-based approach was confirmed by the good correlations (Figure [V-12:
Correlation curves between the data obtained (mean values, n=3), analyzing the 59
cocoa powder samples, extract with the proposed method based on DMSO and the
conventional extraction (Conc.Ext.) method. Extracts analyzed using the Folin-
Ciocalteu method (A) and ABTS assay (B). All the data are expressed in epicatechin
equivalents.) obtained between DMSO-based and the LL conventional method (F-C:
r=0.954 and ABTS: r=0.971, n=59) confirming the suitability of the DMSO-based

extraction-free approach.
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Figure IV-12: Correlation curves between the data obtained (mean values, n=3), analyzing the 59 cocoa
powder samples, extract with the proposed method based on DMSO and the conventional extraction
(Conc.Ext.) method. Extracts analyzed using the Folin-Ciocalteu method (A) and ABTS assay (B). All
the data are expressed in epicatechin equivalents.
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Furthermore, the DMSO-based approach requires a lower amount of sample (0.1 g vs.
8.0 g), a significant lower solvent consumption occurs (1.5 mL of DMSO vs. 150 mL of
hexane and 5 mL of 5 mL of 70:29.5:0.5 acetone/water/acetic acid) as well as a
reduction in waste generation; moreover, the procedure is not time-consuming (15’
min vs. 8 h). Therefore, the DMSO-based free-extraction approach was selected for
the quantitative determination of PPs in cocoa samples using the proposed SPE-
CB/MoS: electrochemical sensor (Table IV-3). Despite heterogeneity of the samples,
in terms of cocoa types, fat content (5.6-26.1%), color and PPs content, the data
obtained with the SPE-CB/MoS: resulted highly correlated with all the well-established
methods assays FC (r=0.972) and ABTS (r=0.966) as well as with the AUNPS-based
(r=0.949).
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Table IV-3: Analysis of cocoa samples by the SPE-CB/MoS: and the F.C, ABTS and AuNPs assays™.

Sample SPE-CB/Mo0S; Folin-Ciocalteu ABTS AuNPs
(mg g?) (mg g?) (mg g?) (mg g?)
1 86.1 + 0.3 86.0 + 0.5 72.5 + 0.3 86.0 + 4.8
2 50.4 + 0.6 45.3 + 0.5 40.2 + 0.3 49.2 + 0.3
3 34.1 + 0.3 31.2 + 1.6 28.2 + 1.2 37.2 + 0.2
4 59.9 + 0.5 48.7 + 0.2 37.6 + 2.4 47.5 + 0.1
5 39.2 + 0.5 32.2 + 2.2 22.6 + 0.6 29.7 + 0.6
6 55.1 + 1.3 49.2 + 2.3 42.1 + 1.1 50.1 + 4.4
7 37.9 + 0.4 27.7 + 2.1 21.7 + 0.2 30.9 + 3.7
8 58.4 + 1.4 52.3 + 2.3 39.3 + 1.8 52.2 + 4.3
9 36.7 + 1.1 30.1 + 1.1 25.0 + 1.1 32.0 + 1.8
10 26.6 + 1.1 17.4 + 0.7 186 + 1.0 26.3 + 1.8
11 31.9 + 0.5 19.2 + 0.7 21.2 + 0.3 23.9 + 1.3
12 26.0 + 1.0 16.0 + 0.6 18.7 + 0.4 20.2 + 0.6
13 14.5 + 0.4 3.7 + 0.1 4.1 + 0.1 11.5 + 0.1
14 14.4 + 0.5 3.4 + 0.4 3.6 + 0.5 11.5 + 0.3
15 23.2 + 0.6 16.2 + 1.1 17.9 + 0.3 20.3 + 0.9
16 28.0 + 0.4 20.0 + 1.9 20.3 + 0.3 25.1 + 1.0
17 21.9 + 1.0 8.8 + 0.2 9.3 + 0.1 16.7 + 1.2
18 25.0 + 0.6 12.5 + 0.5 9.4 + 0.9 19.9 + 0.9
19 15.7 + 0.3 3.4 + 0.1 3.1 + 0.5 11.0 + 0.6
20 22.2 + 0.6 11.1 + 0.1 10.8 + 0.9 18.3 + 0.4
21 15.0 + 0.6 4.4 + 0.1 3.2 + 0.1 115 + 0.4
22 14.6 + 0.5 2.5 + 0.1 2.7 + 0.5 10.0 + 0.2
23 14.5 + 0.3 2.7 + 0.1 3.0 + 0.1 10.6 + 1.2
24 14.9 + 0.5 3.4 + 0.1 3.0 + 0.0 10.5 + 0.6
25 29.0 + 0.9 20.7 + 0.7 21.4 + 2.0 22.3 + 3.1
26 42.0 + 1.1 29.9 + 0.9 34.4 + 0.6 42.4 + 1.3
27 27.3 + 0.7 24.2 + 0.1 21.4 + 2.0 24.7 + 0.8
28 43.0 + 1.5 27.6 + 1.0 23.6 + 0.4 30.3 + 1.8
29 31.6 + 0.8 20.1 + 0.1 18.5 + 0.8 24.0 + 0.3
30 15.0 + 0.5 5.2 + 0.2 4.3 + 0.0 11.6 + 0.2
31 16.1 + 0.4 5.6 + 0.3 4.9 + 0.6 13.1 + 0.7
32 36.3 + 0.5 27.4 + 1.2 20.9 + 0.0 27.4 + 0.1
33 41.6 + 0.1 25.8 + 0.3 22.8 + 0.1 28.5 + 0.9
34 21.5 + 0.1 4.6 + 0.5 3.7 + 0.5 10.5 + 0.5
35 31.2 + 0.3 13.2 + 1.0 15.3 + 0.8 23.1 + 1.7
36 44.4 + 1.1 27.3 + 1.9 23.2 + 1.0 30.7 + 1.1
37 31.3 + 0.8 22.7 + 0.9 16.3 + 0.1 25.7 + 0.4
38 355 + 1.1 27.2 + 0.2 15.0 + 0.5 30.8 + 0.3
39 31.9 + 0.4 17.3 + 0.7 23.3 + 0.1 32.4 + 4.2
40 22.4 + 0.4 3.8 + 0.1 3.4 + 0.5 12.6 + 0.6
41 21.8 + 0.1 7.8 + 0.2 5.0 + 0.1 12.4 + 0.3
42 15.1 + 0.2 3.6 + 0.5 3.3 + 0.0 10.8 + 0.8
43 22.7 + 0.5 5.7 + 0.2 4.3 + 0.1 13.4 + 1.5
44 13.1 + 0.4 3.5 + 0.0 3.4 + 0.5 10.6 + 0.3
45 31.0 + 0.1 29.1 + 0.1 29.7 + 0.9 34.0 + 2.0
46 21.7 + 0.3 10.7 + 0.7 10.5 + 0.2 15.6 + 0.8
47 21.7 + 0.7 10.1 + 0.4 13.8 + 0.1 18.5 + 1.9
48 22.3 + 0.2 11.6 + 0.6 12.8 + 0.9 18.5 + 0.4
49 55.2 + 1.4 47.2 + 3.9 38.6 + 1.9 45.8 + 0.3
50 225 + 0.8 10.6 + 0.6 10.0 + 0.5 16.6 + 0.5
51 32.6 + 1.0 18.3 + 2.0 27.3 + 0.7 25.8 + 0.2
52 14.7 + 0.2 2.6 + 0.2 2.6 + 0.5 9.9 + 0.4
53 19.7 + 0.5 5.9 + 0.2 3.2 + 0.5 12.7 + 1.0
54 31.6 + 1.0 29.9 + 0.1 28.1 + 0.8 28.9 + 0.2
55 59.0 + 0.4 42.5 + 0.1 38.2 + 0.6 44.6 + 0.3
56 34.2 + 0.5 28.5 + 0.3 24.6 + 2.1 32.9 + 1.9
57 49.2 + 1.4 37.8 + 0.1 30.9 + 0.5 42.2 + 1.2
58 54.5 + 1.4 49.2 + 7.1 41.4 + 0.4 54.5 + 0.8
59 43.4 + 0.5 35.6 + 2.6 30.0 + 0.5 35.6 + 1.6

1The data are expressed as epicatechin equivalents as mean values + SD, n=3. Calibration curves (performed with epicatechin;
x = umol L-1 and y = Abs.) showed both good linearity and coefficients of determination: F.C. y = 0.1587x - 0.0032, Rz = 0.9971,
ABTS y = 69.682x + 0.7792, R2 = 0.9925; AuNPs y = 0.0291x - 0.0753, R2 = 0.9940.
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IV.4. Conclusions

An electrochemical sensor based on the synergic employment of MoS2 and CB is
successfully applied to catechins determination in complex cocoa samples. The SPE-
CB/MoS: electrodes merge the CB ability to enhance the electrochemical response
and the MoS: 'antifouling’ properties against catechins, drawbacks that occur to both
conventional carbons and NMs-modified electrodes. The realized sensor showed an
impressive stable and reproducible response, with low working potentials, excellent
resistance to fouling with detection limits in the nanomolar range. Noteworthily, the
whole set of 59 samples have been measured using a single SPE-CB/MoS2, without
loss of signal, proving it excellent ‘antifouling’ properties. Moreover, in order to speed
up and simplify, the cocoa powder PPs analysis (that required 8 h), a fast (15 min)
direct cocoa PPs DMSO-based solubilization extraction-free strategy is proposed.
Definitely, the proposed approach is clearly intended for fast (total time 15' min, from
sampling to analysis) evaluation of PPs in cocoa powder, the fast DMSO 'extraction’
(15 min, without volatile solvents) together to the SPE-CB/MoS: (regenerable and
portable) allows a real delocalization of the analysis and could be extended for the
catechins analysis in other food matrices. The 'DMSO-based PPs approach results
rapid, effective and eco-friendly (total working volume 1.5 mL), does not require
evaporation steps (and volatile compounds) and can be coupled with cocoa PPs (and
antioxidant capacity) content evaluation methods. The SPE-CB/Mo0S: showed an
important synergistic effect and the combination of these nanomaterials can offer new
opportunities to develop new devices and applications. In our case the proposed SPE-
CB/MoS:2 overcome the proof of applicability, becoming an analytical tool able to

overtake the classics catechins analytical drawbacks.
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V. Class-selective voltammetric determination of hydroxycinnamic acids structural
analogs by using a WS2/catechin-capped-AuNPs/carbon black-based
nanocomposite sensor

V.1. Introduction and objectives

PPs are secondary metabolites present in vegetables and fruits and derived foodstuff
[1,2]. PPs belongs to a heterogeneous class of compounds, with important in vitro and
in vivo activity [3,4], play a role in food manufacturing and conservation (markers of
quality, process, and shelf-life, sensory perception, etc.), and represent an added value
for marketing (e.g. functional foods, superfoods, etc.) [1,2]. Their hydrogen and
electron-donating ability, as well as capacity to delocalize/stabilize phenoxyl radicals
within their structure, are closely dependent on the chemical structure and, in
particular, the hydroxyl function(s) arrangement [5]. The scientific community is still
working to develop easy and rapid methodologies for the quali/quantitative
determination and evaluation of the reactivity of PPs. However, because of the

complexity of this matter, the PPs analysis still lacks official methods to rely on [2].

After the boost of graphene in the analytical and materials sciences, more recently
other two-dimensional NMs started to be studied. In particular, TMDs have received
great attention because of their chemistry, physical properties, and versatility [6—10].
However, their employment in the development of sensors for the analysis of real
matrices needs to be further explored [7,11]. The main limitation of TMDs [9] is linked
both to the intrinsic low conductivity and tendency to the restack, regardless of the type
of synthesis and the resulting conformation of the sheets [13]. Nevertheless, TMDs
have demonstrated to be elective building blocks for the development of hybrids
nanomaterials, giving rise to improved and sometimes unexpected properties [8—11].
However, despite metal nanostructure-decorated MoS2 nanocomposites, have been
extensively studied [8], the use of WSz has been little explored [13,14] particularly in
the sensors field [15].
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The simultaneous determination of different PPs in food has been attempted using
different nanocomposite-based sensors [16—18], commonly using a pre-concentration
step (accumulation). In this regard, Puangjan et al. [16] reported a
ZrO2/Cos04/reduced graphene oxide composite electrode to detect gallic, caffeic and
protocatechuic acids in food samples, while multi-walled carbon nanotubes
functionalized with AUNP-CT and p-aminothiophenol were used by Yola et al. [17] to
assess quercetin and rutin content in fruit juices. Elgin et al. have exploited a ruthenium
nanoparticle anchored calix[4]Jamidocrown-5 functionalized reduced graphene oxide
electrode to simultaneously analyze quercetin, morin, and rutin in grape wine [18].

TMDs have been little explored in food PPs sensing [9,10].

The main objective in this chapter has been to develop a hybrid WS2-based
electrochemical sensor for the simultaneous analysis of hCNs as non-flavonoid
phenols. For this kind of compunds, the redox potentials and the relative contents can
be considered a good measure of antioxidant activity [5]. Indeed, the electrochemistry
of hCNs-based antioxidants is governed by structure-property-activity relationships.
Three hCNs structural analogs with different hydroxylic moieties have been selected
as target compounds: caffeic acid (CF), sinapic acid (SP), and p-coumaric acid (CM).
To the best of our knowledge, there are no reports about the simultaneous
determination of these compounds in the literature, despite they are commonly found
in food. This can be probably attributed to:

1. Strong passivating tendency of hCNs towards carbon-based sensors [2].
2. Poor electroactivity of SP and CM [20,21].

3. hCNs very similar structure that makes voltammetric discrimination challenging.

Therefore it is very interesting to study WS2-based nanostructures due to being less
explored and more conductive material in comparision with MoS2. The SPE-CB-
WS2/AuNP-CT sensor developed here takes advantage of the combination of green-
synthesized catechin-based gold nanoparticles coupled with WS2 nanoflakes onto a
highly electroactive CB network
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V.2. Materials and methods

V.2.1. Reagents, stock solutions, and samples

Caffeic, sinapic, and p-coumaric acids were purchased from Sigma Aldrich (St Louis
MO, USA). Potassium ferrocyanide, potassium ferricyanide, potassium chloride,
sodium phosphate monobasic monohydrate (NaH2PO4-H20), sodium phosphate
dibasic anhydrous (Na2HPO4), sodium citrate, sodium borohydride, N-N-
dimethylformamide (DMF), methanol, cetyltrimethylammonium chloride (CTAC 25.0%
in water), hydrogen tetrachloroaurate (HAuCls-3H20, 99.9%), fructose, glucose,
sucrose, citric acid, acetic acid, malic acid, succinic acid, tartaric acid, oxalic acid,
quinic acid, and shikimic acid were purchased from Sigma Aldrich (St Louis MO, USA).
Carbon black N220 was obtained from Cabot Corporation (Ravenna, Italy). WS:2
(99.8%, metals basis) was purchased from Alfa Aesar (Ward Hill, MA). PPs standards
stock solutions were prepared in methanol at a concentration of 1.0 x 1072 mol L™ and
stored at —18 °C in the dark. Milli-Q water (18.2 MQ) was used for all the experiments.
Rapeseed oil, apple puree, apple homogenized, and apple juice were purchased from
a local market. Kalanchoe Crenata lyophilized leaves were purchased from a local

market in Burundi.
V.2.2. Apparatus

CV, DPV, and EIS measures were performed by using a portable Palmsens 4
Potentiostat/Galvanostat/Impedance Analyzer (Palm Instruments BV, Houten,
Netherlands) equipped with PS trace software. Screen-printed electrodes (SPE) with
a three-electrode configuration (working and counter electrode of graphite, and Ag as
pseudo-reference electrode) from EcoBioServices (Florence, Italy) were used.
Absorbance measurements were obtained using a JENWAY 6400 Spectrophotometer
from Barloworld Scientific (Staffordshire, UK). Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) was performed with a 2IGMA high-
resolution scanning electron microscope (Carl Zeiss Microscopy GmbH, Germany).
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V.2.3. Preparation of catechin-capped gold nanoparticles (AuNP-CT)

The AuNP-CT synthesis was carried out according to Della Pelle et al. [20,21] with
some modifications (Figure V-1). The reaction mix containing 20 pL of CTAC (25.0%
in water), 50 yL of HAuCls 20 mmol L, and 100 pL of catechin 1 mmol L* was
prepared in 100 mmol L phosphate buffer, (PB), at pH 8 in a final volume of 1 mL.
The mixture was orbital stirred (at 300 rpm) for 2 minutes, treated with a hot bath at 45
°C for 10 minutes, and then placed in ice overnight to achieve the AuNP-CT
precipitation (precipitated nanoparticles can be stored for 15 days at +4 °C). Afterward,
the supernatant was removed, and the nanoparticles were recovered in 1 mL of H20.
The absorbance of the obtained AUNP-CT was centered at 540 nm (LSPR maximum),

and absorbance values between 2.0 £ 0.1 accepted.

AuNP-CT synthesis and purification
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Figure V-1:. Schematic representation of the AuNP-CT synthesis, WSz nanoflakes liquid-phase
exfoliation, and of the WSz nanoflakes decoration with AUNP-CT

V.2.4. WS2 decoration with AUNP-CT (WS2/AuNP-CT)

For decoration of WS: flakes, a 2 mg mL* WS: dispersion was prepared in DMF,
vortexed for 2 min, and treated with ultrasonic bath (3000683 Ultrasons Selecta,
Barcelona, Spain) for 5 hours at low temperature (~15 °C). Afterward, the coarser part
of the material was removed by centrifugation (300 g, 0.5 h). Then, 200 yL of WS2
were mixed with 800 pL of AuNP-CT in an ultrasonic bath for 1 hour at room

temperature (mixing each 20 min) and left to interact at 4 °C overnight. The obtained
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WS: flakes decorated with AUNP-CT were centrifuged (700 g, 5 min), and the pellet
resuspended in 200 pL of DMF.

V.2.5. Preparation of the CB-WS2/AuNP-CT sensor

The WS2/AuNP-CT was mixed with 200 pL of 1 mg mL* CB dispersion (previously
prepared by 1 h of sonication in DMF:H20 1:1 according to Della Pelle et al.[9,22]).
The SPE electrodes were modified via drop-casting of 6 pL of the nanohybrid
suspension (by three different depositions of 2 pL, each deposition preceded by 1 min

of sonication).
V.2.6. Microscopic and elemental analysis

Field Emission Scanning Electron Microscopy (FE-SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) was performed with a 2IGMA high-resolution
scanning electron microscope (Carl Zeiss Microscopy GmbH, Germany). The
electrodes’ morphological characterization was assessed using an acceleration
potential of 2 kV at a working distance of about 4 mm. Energy-dispersive X-ray analysis
(EDX) was performed using a silicon drift detector (Oxford Instruments) coupled with
SEM using a working distance of about 8.5 mm and an accelerating potential of 15 kV,

analyzing a sampling area ranging from 0.06 to 0.09 mm?2.
V.2.7. Electrochemical measurements

All the materials and the obtained nanocomposites were investigated by cyclic
voltammetry CV and EIS using a solution of 1 mmol L [Fe(CN)e]3** and 0.1 mol L
KCI. CV was performed at a scan rate of 50 mV s. EIS experiment was achieved
using a sinusoidal wave of 5 mV amplitude in the 10° to 10! Hz frequency range,
setting the potential at open circuit. Nyquist plots were fitted using the Randles modified
equivalent circuit. CV and DPV were also employed to assess the electrochemical
response of the sensors to the analytes (CF, SP, and CM). The measurements were
carried out by depositing 100 yL of the analyte solution onto the working electrode
surface. CVs of PPs was performed with a scan rate of 50 mV s, in a potential window
from -0.2 V to 0.8 V (vs. pseudo Ag/AgCl). DPVs of the analytes was performed

individually and in mixture and the parameters were optimized to improve the
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sensitivity and the resolution (potential range between -0.1 V and 0.65 V, pulse width

50 ms, modulation amplitude 50 mV, scan rate of 25 mV s).
V.2.8. Samples preparation and analysis

The rapeseed oil extraction was performed according to Pirisi et al.[23], with some
modifications. 6 g of rapeseed oil were dissolved in 3 mL of hexane and 6 mL of a
MeOH: H20 solution (60:40 v/v); then the sample was stirred for 1 min (with vortex)
and centrifuged for 5 min at 3000 rpm. Thus, the polar fraction was collected, and the
extraction procedure was repeated two times. Finally, the extract was washed with 6
mL of hexane and after centrifugation (3000 rpm, 5 min) the polar fraction was
separated and dried by using rotavapor. The ‘dried’ polar fraction was recovered with
1.5 mL of MeOH:H20 solution (60:40 v/v) and stored at -20 °C in the dark. 1.0 g of the
apple puree, 1.0 g of apple homogenized, 0.15 g of lyophilized kalanchoe, and 2.0 g
of apple juice were dissolved in a MeOH:H20 solution (80:20 v/v) with a ratio of 1:5,
1:5, 1:33, and 1:2, respectively. The samples were treated with an ultrasonic bath for
5 minutes and stirred with an orbital shaker at 300 rpm, 30 min in the dark at room
temperature. Afterward, the samples were centrifuged (700 g rpm, 5 min) and the
supernatant was recovered and adjusted to the respective starting volume with
MeOH:H20 solution (80:20 v/v) and stored at -20 °C in the dark. The electrochemical
measurements on the extracts were carried out using DPV (section 2.5). Before
analysis, the samples were diluted in 0.01 mol L™ (pH 7.0) phosphate buffer (to fit the
calibration linear range) at the following ratios: 1:250 Rapeseed oil, Apple puree, Apple
homogenized; 1:25 Apple juice; 1:400 Kalanchoe Crenata. As the PPs in samples are
present in different ratios [24], the analysis of the samples has been conducted using

the standard addition method. All samples were analyzed in triplicate.
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V.3. Results and discussion
V.3.1. Sensor design

In order to develop an electrochemical sensor able to selectively measure hCNs and
similar structural analogs, a pertinent nanomaterials-based configuration was
employed. Figure V-2 illustrates the SPE-CB-WS2/AuNP-CT sensor architecture.
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Figure V-2: Scheme of the SPE-CB-WS2/AuNP-CT architecture for hydroxycinnamic acid structural
analogs electrochemical sensing. A: WSz decoration with AUNP-CT B: assembly of WS2/AuNP-CT into
CB. C: SPE modification with the CB-WS2/AuNP-CT nanocomposite. D: DPV simultaneous
determination of CF, SP, and CM.

WS: flakes decoration with AUNP-CT was carried out using a sonochemical strategy
to obtain a WS2/AuNP-CT anti-fouling/conductive nanohybrid (Figure V-1). During
WS2/AuNP-CT decoration, the AuNP-CT solution (Figure V-3, red line), resulted
completely decoloured, indicating that AuNP-CT were adsorbed on WS: flakes, and a
well-deposited grey/rubin-red pellet formed by WS2/AuNP-CT was obtained. The latter,
after resuspension, gives a colloidal dispersion with an LSPR maximum at 540+7 nm
(Figure V-3, blue line), definitely indicating the presence of the two nanomaterials.
Finally, the decorated WS2/AuNP-CT were assembled into a highly electroactive CB
network to form the final nanocomposite, that was employed to modify the SPEs giving
rise to the SPE-CB-WS2/AuNP-CT electrochemical sensor.
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Figure V-3: UV-Vis absorption spectra: WS: dispersion diluted 1:5 (v/v) in 100 mmol L phosphate
buffer (pH 8.0) (grey line); AUNP-CT (red line); WSz decorated with AUNP (blue line); reaction mix
without WS2 and AuNP-CT (black line).

Despite the decoration of non-graphene 'layered' nanomaterials (e.g. MoSz2, HXTiS2,
etc.) with AuNPs has been attempted using different strategies [8,12,25], the
decoration of WSz with AuNPs has been explored in lesser extension [13,14]
particularly for the development of sensors [15]. In this work, the WSz decoration was
attempted using AUNPs synthesized using catechin (AuNPs-CT), sodium citrate and
sodium borohydride as mild reducing agent following the strategy shown on Figure
V-1. Only AuNP-CT with their peculiar colloidal chemistry allowed an effective WS>
nanoflakes decoration. On the other hand, both sodium citrate and sodium borohydride
synthesized AuNPs failed to decorate the WS: flakes; this was evident by the
persistence of the ruby-red colour, during the whole decoration process, indicating the
failed interaction and the persistence of AuNPs in solution. This evidence points out
the key role of the AUNP-CT colloidal chemistry, which allows a strong interaction with
the WSz nanoflakes in the experimental conditions used. This behaviour is probably
related to the catechin and catechin-related compounds shell around the gold metal
core [20,21,26].
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V.3.2. Morphological and electrochemical characterization

Figure V-4 reports SEM micrographs (A-C) acquired at different magnifications on the
SPE-CB WS2/AuNP-CT electrode, and EDX analysis (D).

Figure V-4: SEM at different magnifications of the SPE-CB-WS2/AuNP-CT: 1kX (A), 100 kX (B), 300
kX (C). EDX spectrum from SPE-CB-WS2/AuNP-CT (D).

Figure V-4A depicts the uniform distribution of all the nanocomposite components and
the total coverage of the electrode surface. Micrographs with higher magnification
(Figure V-4B), it is possible to evidence the presence of WS: flakes with a broad size
distribution centered at around 800 nm (calculated from more than 100 WS: flakes).
CB primary patrticles are also visible in Figure V-4B, revealing the co-presence of the
components and their interaction while their pristine morphology is fully retained. This
behaviour can be attributed to the flakes-like conformation of WSz that favours their
floating on the surface [9,10]. The presence of AUNP-CT with a size distribution centred
at around 51 nm (see Figure V-5B ) is further assessed by the micrograph at higher
magnification (300 kX) in Figure V-4C and confirmed by EDX analysis (Figure V-4D);
where the amount of Au with respect to W was found around 0.4/1.0. Additional SEM
micrographs are reported in Figure V-6 to better visualize the morphology of the
obtained electrodes. The catechin ability to give rise to AuNPs stabilized by the same
reacted-catechin (localized in the AuNPs shells) has also been proved [20,21,26], and

the formation of a catechins layer on the surface of gold nanoparticles has been

105



V. Class-selective voltammetric determination of hydroxycinnamic acids structural
analogs by using a WS2/catechin-capped-AuNPs/carbon black-based
nanocomposite sensor

demonstrated by Raman spectroscopy [27] and microscopic analysis [28]. In addition,
the ability of catechins to interact with the WSz in solution, during the exfoliation phase,
has been reported as well [29]. In this study, catechins acting as surfactants,
demonstrated to assist the sonication-assisted aqueous exfoliation of TMDs enhancing

the TMDs sheets water-dispersibility.
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Figure V-5: Size distribution calculated on the SEM micrographs: A) WS2 flakes and B) gold
nanoparticles.

Figure V-6: SEM at different magnifications of the SPE-CB-WS2/AuNP-CT: 1kX (A), 5 kX (B), 50 kX
(C), 100 kX (D), 300 kX (E), 500 kX (F).

On the other hand, the electrochemical behaviour of the modified electrodes was
investigated by cyclic voltammetry (CV). To better understand the contribution of each
individual component on the final nanocomposite, the heterogeneous rate constant (k°)
was calculated in each electrode using the Nicholson method [30,31]. For a quasi-
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reversible process, the relationship between k° and the dimensionless parameter (¥)

is given by the Eq.V.1:

1

40 n“DoFV> 2 Eq.V.1
M k( RT

Where: k° is the heterogeneous rate constant (cm s™1), Do is the diffusion coefficient
(cm? s1), v is the scan rate (V s™1), R is the ideal gas constant (J mol* K1), n is the
number of electrons, F is the Faraday’s constant in (C mol?), T is the temperature (K),
and Y is the Nicolson dimensionless number. The kinetic parameter W is tabulated as
a function of AEp at a set temperature (298 K) for a one-step, one electron process
with a transfer coefficient, a, equal to 0.5. The function of w (AEp), which fits

Nicholson's data, for practical usage is given by the Eq.V.2 where X = AEp (V).

e (-0.6288+0.0021X)

Eq.V.2
1-0.017X

1

) ? allows the k° to be readily determined by the slope.

TtDonvF

Therefore, a plot of W vs (

As an example, Figure V-7A shows the CVs experiments performed with the SPE-CB-
WS2/AUNP-CT at different scan rates (10, 25, 50, 75, 100, 150, 200 and 400 mV s%)

used to obtain the AEp values (employed to calculating ko). Figure V-7B shows the

Nicholson plot of the whole set of electrodes (kovalues obtained are listed in Table
V-1).
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Figure V-7: (A) CVs of 1 mmol L [Fe(CN)e]3/* solution in 0.1 M KCI of SPE-CB-WS2/AuNP-CT. (B)
SPE (black line), SPE-WS: (red line), SPE-CB (blue line), SPE-WS2/AuNP-CT (violet line), SPE-CB-
WS: (green line), SPE-CB-WS2/AuNP-CT (grey line) Nicholson plots obtained with CVs performed at
different scan rates in 1 mmol L1 [Fe(CN)s]3/* solution in 0.1 M KCI.

Table V-1: Electrochemical characterization of the set of electrodes?

. e = Eys AE o lins Rot Ko
Electrode®
(LA) (LA) (mV) (mV) (mV) ) (kQ) (cms™)
SPE 65103  -10.4:03 2715 20:1 300 0.624 1621 7.020.6x107
SPE-WS, 7.3:0.2  -11.1:01 26443 8+1 256 0.660 9.240.4  9.0+0.7x10%
SPE-CB 18.240.7 -19.6:0.5 18347 88+2 95 0928  0.98+0.05  6.0+0.3x107
SPE- 142404  -17.0405 18145 83+1 98 0.835 23+02  5.4+0.4x10%
WS,/AUNP-CT -210. 00 * + : -340. 410,
SPE-CB-WS, 154#0.6 -17.4+05 2056 64+1 141 0889  210$0.1  3.2+0.2x103
SPE-CB- 26.9+0.8  -27.140.5  165:2 9541 70 0994  2.80:0.01  3.1#0.2x102

WS,/AuNP-CT

2Data are expressed as mean values + SD (n=3 electrodes)

Figure V-8 shows CVs of 1 mmol L2 [Fe (CN)e] 3/+ at bare SPE, SPE-WS2, SPE-CB,
SPE-WS2/AuNP-CT, SPE-CB-WS>, and SPE-CB-WS2/AuNP-CT. The results clearly
indicate higher electrocatalytic activity with faster electron-transfer (highest k°) kinetics
for the SPE-CB-WS2/AuNP-CT. In particular, k° values follow this trend: SPE < SPE-
WS:2 < SPE-CB-WS: < SPE-WS2/AuNP-CT < SPE-CB < SPE-CB-WS2/AuNP-CT,
clearly indicating the contribution of both CB and AuNP-CT in the improvement of the

final nanocomposite performance. In order to prove the enhanced properties of WS>
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decoration with AUNP-CT following the proposed sonochemical strategy, the WS:2
decoration has also been attempted via direct drop-casting of AUNP-CT. Nevertheless,

worse electrochemical performances were obtained (see Table V-2).
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Figure V-8: Electrochemical characterization of the set of electrodes: (A) cyclic voltammograms at 50
mV st and (B) EIS (inset reports the Nyquist plot magnification at low frequencies region). Conditions:
1 mmol L [Fe(CN)s]3/* redox probe in 0.1 mol L-* KCI (pH 7.0). The code colour-based legend is as
follows bare SPE (black), SPE-WS: (red), SPE-CB (blue), SPE-WS2/AuNP-CT (violet), SPE-CB-WS:
(green), and SPE-CB-WS2/AuNP-CT (grey).

Table V-2: Comparison between the electrochemical response of the SPE-CB-WS2/AuNP-CT sensor
(AuNP-CT decoration via assembly approach), and SPE-CB-WS2-AuNP-CT (AuNP-CT decoration via
AUNP-CT drop-casting approach).

ip.a ip.c Epa Epc AE ipafipc
Electrode?
(HA) (HA) (mV) (mV) (mV)
AuNP-casted
SPE-CB-WS,-AuNP-CT 20.5+2.4 -20.6£1.9 23249 1087 124 0.953
AuNP-assembled with WS,
SPE-CB-WS,/AUNP-CT 26.9+0.8 -27.1+£0.5 165+2 95+1 70 0.994

aData are expressed as mean values + SD (n=3 n=3 electrodes), 1 mM [Fe(CN)¢]*’* used as a redox probe.

Then, EIS was employed to further characterize the interfacial properties of the whole
set of electrodes. The data have been fitted considering the Randless equivalent circuit
(Figure V-8). As expected, the higher charge-transfer resistance (Rct) was obtained
with the bare SPE (Rct=16 kQ), followed by the SPE-WS: (Rct= 9.2 kQ). The latter little
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Rct decrease has been already reported for TMDs modified SPEs [7,8], while Rct values
of 2.3, 2.1, 0.98, and 0.28 kQ were obtained with the SPE-CB-WS2, SPE-WS2/AuNP-
CT, SPE-CB, and SPE-CB-WS2/AuNP-CT, respectively. Interestingly, the final
nanocomposite (CB-WS2/AuNP-CT) significantly decreases Rct even in comparison
with CB-based electrodes, which are highly conductive transducers [32-35].
Therefore, the AuNP-CT decoration significantly improves the electrochemical
performances of WSz, and the combination of AUNP-CT and CB results in a synergistic

effect that further promotes [Fe(CN)e]3/# electron transfer.
V.3.3. Electrochemical behavior of cinnamic acid hydroxy derivatives

Figure V-9A-C reports the cyclic voltammograms obtained for the target hCNs, CF,
SP, and CM.

1 T T T T T ———T ——T———T— —
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Figure V-9: Cyclic voltammograms at 50 mV s of 0.1 mmol L' CF A), 0.2 mmol L'* SP B) and 0.2
mmol L't CM C) in 0.1 mmol L'*PB + 0.1 KCI (pH 7.0) at the set of modified electrodes. D) Differential
pulse voltammograms (pulse width 50 ms, modulation amplitude 50 mV, scan rate of 25 mV s1) of a
mixture containing CF, SP and CM 20 pumol L* each in 0.1 mmol L'* PB + 0.1 KCI (pH 7.0) at the set of
modified electrodes. The code colour-based legend is as follow: bare SPE (black line), SPE-WS: (red
line), SPE-CB (blue line), SPE-WS2/AuNP-CT (violet line), SPE-CB-WS; (green line), and SPE-CB-
WS2/AuNP-CT (grey line).
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CF reversibility improves using the SPE-CB-WS2/AuNP-CT (AEp=68mV vs. 220mV of
the bare SPE) in comparison with the individual nanomaterials-modified electrodes.
Noteworthy, the WS: itself (SPE-WS2) gives rise to significantly higher oxidation peaks,
compared to the bare electrode (SPE), in particular for the poorly reversible analytes
SP and CM. This behaviour indicates a capacity of the WSz to interact with the target
hCNs. However, WS2 by itself returns broadened and little defined peaks, while more
defined and higher oxidation peaks, occurring at lower potentials, can be detected for
the hybrid CB-WS:2 sensor. This improvement is more pronounced in the presence of
AuUNP-CT (SPE-CB-WS2/AuNP-CT), because of the higher conductivity of the hybrid

nanocomposite.

The electrochemical behaviour of the whole set of electrodes was also evaluated after
consecutive CVs (n=5) in the presence of 0.1 mmol Lt CF and 0.2 mmol L SP and
CM. The voltammetric current retention (calculated comparing the first and the last
scan) resulted to be = 9% for SPE, = 95% for SPE-WS2, =2 49% in the case of SPE-
CB, = 93% for SPE-WS2/AuNP-CT, = 91% for SPE-CB-WS2, and = 94% for SPE-CB-
WS2/AuNP-CT. These data indicate the WS: ability to decrease permanent fouling of
the sensor. Interestingly, this feature was also observed with mono-phenolic
compounds (SP and CM), classically characterized by a very strong passivating
tendency on carbon electrodes [2].

Once the electrochemical behaviour of individual hCys has been studied, mixtures of
CF, CP and CM were analysed using DPV. Figure V-9D reports the DPVs of a mixture
of CF, SP, and CM obtained using bare SPE, SPE-WS:, SPE-CB, SPE-WS2/AuNP-
CT, SPE-CB-WS2, and SPE-CB-WS2/AuNP-CT. The SPE-CB-WS2/AuNP-CT exhibits
three sharp peaks at 110 mV, 330 mV, and 490 mV for CF, SP, and CM, respectively.
Using the SPE-CB-WS2/AuNP-CT, an impressive current intensity was obtained for
CF, 24.0-fold higher than the bare electrode, 3.5-fold higher than SPE-CB, and 2.0-
fold higher than SPE-CB/WS.2. Moreover, clear improvements were obtained even for
SP (3.4-fold SPE, 2.3-fold SPE-CB, 1.8-fold SPE-CB/WS2) and CM (3.0-fold SPE, 2.2-
fold SPE-CB, 1.5-fold SPE-CB/WS>).
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These data demonstrate the synergistic effect of the CB-WS2/AuNP-CT
nanocomposite (in terms of selectivity, sensitivity, and fouling resistance) proving its
capability for the simultaneous detection of CF, SP, and CM. As it was stated in the
introduction section, the voltammetric simultaneous determination of CF, SP, and CM
has been not reported in the literature and their determination is classically obtained
with separative methods. Probably, this lack of electrochemical methods is related to

the hCNs high passivating tendency.

V.3.4. Analytical performance of the SPE-CB-WS2/AuNP-CT electrochemical

sensor

Figure V-10 shows differential pulse voltammograms for the simultaneous calibration
of CF (0.3-112 pmol L), SP (1.2-125 pmol L1), and CM (1.3-125 pmol L) at SPE-
CB-WS2/AuNP-CT sensor while the insets contains calibration plots for CF (blue line),
SP (red line), and CM (green line). Table V-3 lists the obtained analytical features.
Very good linear concentration ranges and suitable LODs were obtained for the three
hCNs. Noteworthy, the concomitant presence of the three targets hCNs had not severe
influence on the whole calibration performance (the individual calibrations of the hCNs
target are reported in Figure V-11).
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Figure V-10: Differential pulse voltammograms for the simultaneous calibration of CF (0.3-112.0 umol
L), SP (1.2-125.0 pmol L), and CM (1.3-125.0 pmol L) at SPE-CB-WS2/AuNP-CT sensor. Insets:
calibration plots for CF (blue line), SP (red line), and CM (green line) (h=15 assayed concentrations,
n=3 replicates each). Conditions: 0.1 mmol L-* PB + 0.1 KCI, pH 7.0; pulse width 50 ms, modulation
amplitude 50 mV, scan rate of 25 mV s1.

Table V-3: Calibration equations and analytical features for individual (top) and simultaneous (bottom)
determination of the target hCNs at SPE-CB-WS2/AuNP-CT.

Analyte Linear range Linear equation R? LOD LOQ
(umol LY) (Y= ipalpA; xigalnalyte]/umol (umol LY) (umol L)

Caffeic acid® 0.3-200.0 y=0.0869x-0.0473 0999 0.10 0.30
Sinapic acid® 0.6-300.0 y=0.0309x-0.0458 0'%99 0.20 0.60
p-Coumaric acid® 0.9-175.0 y=0.0186x-0.0019 0999 0.30 0.90
Caffeic acid® 0.3-112.0 y=0.0945x+0.1564 0999 0.10 0.30
Sinapic acid® 1.2125.0 y=0.0250x+0.0198 0'%99 0.40 1.20
p-Coumaric acid® 1.3-125.0 y=0.0141+0.0211 0'%99 0.40 1.30

aData obtained increasing the concentration of one analyte, keeping constant the concentrations of the other two hCNs. PData
obtained increasing the three analytes concentrations simultaneously (n=3)
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Figure V-11: Differential pulse voltammograms for the individual calibrations of CF, SP, and CM at SPE-
CB-WS2/AuNP-CT sensor. (A) CF at the concentration linear range of 0.3 to 200.0 umol L1 (n=12), in
presence of fixed concentrations of SP and CP (at 3.0 umol Lt and 6.0 umol L1, respectively); (B) SP
at the concentration linear range of 0.6 to 300.0 umol L1 (n=13), in presence of fixed concentrations of
CA and CM (at 0.8 umol L* and 6.0 pmol L1, respectively); (C) CM at the concentration linear range of
0.9to 175.0 umol Lt (n=11), in presence of fixed concentrations of CA and SP (at 0.8 pmol L1 and 3.0
pumol L1, respectively); Insets: analytical curves for each compound (CF: blue line; SP red line; CM
green line) obtained with the mean values of three repetitions. DPV Conditions: 0.1 mmol L* PB + 0.1
KCI mmol L (pH 7.0), pulse width 50 ms, modulation amplitude 50 mV, scan rate of 25 mV s,

Individual and simultaneous determination of SF, SP, and CM return repeatable results
(RSD ip,a < 3%, n=3) and a very good inter-electrodes precision (RSD ip,a £4%, n =10),
indicating a reproducible and robust fabrication strategy. Long-term stability was also
tested for 6 months (control every week), checking the DPVs responses of the sensor
towards CF, SP, and CM assayed simultaneously. The responses of the SPE-CB/WS:-
AuUNP-CT sensor slightly decrease in the first two months to 95% and remain stable

for the following 4 months (up to 94%).

To further prove the SPE-CB-WS2/AuNP-CT antifouling ability even in the case of
simultaneous analysis of the studied hCNs, DPVs of the ternary mixture at fixed
concentrations (CF, SP, and CM 20.0 umol L* each) have been run before and after
the whole set of measurements (n=15), as shown in Figure V-12. The signal retention
obtained has been 98%, 97%, and 97% for CF, SP, and CM, respectively, confirming
the electrode ability to avoid permanent passivation, commonly caused by these

compounds.
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Figure V-12: Differential pulse voltammograms (pulse width 50 ms, modulation amplitude 50 mV, scan
rate of 25 mV s1) of a mixture containing CF, SP, and CM 20 pmol L* each in 0.1 mmol L' PB + 0.1
KCI (pH 7.0) obtained using the same electrode before (black line) and after (red dashed line) the
performing of calibration runs (n=15) as reported in Fig.4

V.3.5. Simultaneous determination of CF, SP, and CM in food samples

In order to prove the applicability of the SPE-CB-WS2/AuNP-CT sensor, five
commercial products: rapeseed oil, Kalanchoe Crenata, apple puree, apple
homogenized, and apple juice were analyzed. Figure V-13 shows the obtained

voltammograms.
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Figure V-13: Differential pulse voltammograms for sample analysis at SPE-CB-WS2/AuNP-CT sensor.
Class-selective hCNs-based determination in food samples: rapeseed oil extract (A), kalanchoe Crenata
(B) and apple juices (C); Peak | (CF equivalents), Peak Il (SP equivalents), Peak Il (CM equivalents).
Samples spiked with three increasing concentrations of the mixture of CF, SP, and CM (unspiked
samples: black line). Spiked samples, CF, SP, and CM concentration, respectively: 5, 10, and 15 pumol
L1 (red line); 10, 20, and 30 umol L (blue line); 15, 30 and 45 umol L (green line). Conditions: 0.1
mmol L1 PB + 0.1 KCI, pH 7.0; pulse width 50 ms, modulation amplitude 50 mV, scan rate of 25 mV s-
1

For the sake of clarity, we need to take into account that in nature PPs are never found

as single compounds, but they are always present in complex mixtures in different
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ratios. Therefore, the DPVs signals obtained have been assigned not only to the
individual hCNs standard but also to the combined effect of other analogous structures
(i.e. same hydroxyl moieties arrangement in the phenol structure) potentially present
in the samples. Thus, this method should be considered as a class selective index,
able to return information on the PPs structure and amount. In particular, with the
proposed sensor an hCN-based triple index can be obtained, able to discriminate hCN
with different hydroxylic functions arrangement and therefore different antioxidant
capacity. Thus, the proposed indexes result able to simultaneously discriminate i) CF
equivalents (Peak I), orto-diphenols structures that are oxidized at lowest oxidation
potential (Ep,a ~ 110 mV), possessing higher antioxidant capacity; ii) SP equivalents
(Peak 1), monophenols with a 4-hydroxy-3,5-dimethoxy structure, detected at an
intermediate oxidation potential (Epa ~ 330 mV), with intermediate antioxidant
capacity; iii) SP equivalents (Peak Ill), monophenols, with higher oxidation potential
(Ep.a~ 490 mV) and lower antioxidant capacity. This index results fully consistent with
the literature, where the antioxidant capacity series of PPs follows the trend o-
diphenols>methoxy-substituted monophenols>monophenols [20,21]. Thus, in this
case, the oxidation potential and the peak intensity can return qualitative and
guantitative information on the antioxidant capacity. For this reason, this approach may
result particularly appealing for samples rich in cinnamic acids and PPs with similar
structures but different antioxidant capacities. Therefore, as shown in Figure V-13,
samples can be classified with the proposed indexes. Table V-4 lists the hCNs-

equivalents quantitative levels obtained for sample analysis.
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Table V-4: Determination of hCNs equivalents in food samples?.

Added Found Recovery RSD
Sample
(umol L) (umol L) (%) (%)
CF SP CM CF SP CM CF SP CM CF SP CM
Rapeseed oil - - - 3.3 6.3 <LOD - - - 4 2 -
5 10 15 8.7 16.6 15.2 108 103 101 3 4 1
10 20 30 141 245 325 108 91 109 1 3 3
15 30 45 18.9 32.2 43.7 104 87 97 1 2 5
Kalanchoe Crenata - - - 53 <LOD 135 - - - 3 - 3
5 10 15 10.0 10.4 29.4 94 104 106 4 4 3
10 20 30 146 177 46.0 95 89 109 4 4 3
15 30 45 18.6 29.6 59.0 86 99 101 1 3 2
Apple juice - - - 35 <LOD 2.4 - - - 4 - 4
5 10 15 8.6 9.3 16.0 102 93 91 2 3 4
10 20 30 12.6 211 32.8 91 105 101 1 2 3
15 30 45 16.9 278 42.3 89 93 87 1 4 4
Apple puree - - - 8.2 <LOD 1.2 - - - 1 - 3
5 10 15 131 8.7 15.4 98 87 94 1 3 4
10 20 30 18.7 20.1 35.9 105 100 88 1 4 4
15 30 45 24.2 26.0 42.4 109 87 94 1 4 3
Apple homogenized - - - 53 <LOD <LOD - - - 2 - -
5 10 15 10.5 9.0 134 104 90 89 4 3 3
10 20 30 14.2 17.3 27.3 90 87 88 2 4 4
15 30 45 216 265 39.2 109 88 87 1 4 4

2 Data expressed as mean value, n=3.
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The results obtained in the present study compared to other nanomaterials-based
electrodes demonstrate better or comparable performances in terms of LOD, linear
range, and reusability (in terms of fouling resistance). However, no works regarding
the simultaneous detection and determination of CF, SP, and CM have been found,
and most of them concern the simultaneous determination only of two phenolic acid
classes. Furthermore, even when individually analysed, little evidence is provided
regarding the fouling resistance, which is the main analytical limitation for these
compounds. In our opinion, the latter drawback is the main reason for the absence of

electroanalytical approaches devoted to the simultaneous measurement of hCNSs.

Definitely the electrochemical approach still remains attractive to study PPs
‘antioxidant capacity'. Indeed, conceptually speaking, the electrochemical approach
can return qualitative and quantitative information regarding antioxidant capacity, since
phenols oxidation obtained at lowest potentials are inherently correlated with high
antioxidant capacities [41,42]. This valuable information is not obtainable with classic
spectrophotometric methods. On the other hand, despite the chromatographic
methods enable to assess PPs composition and content, they are not able to evaluate

the antioxidant capacity (neither total as well as of classes of compounds) [43].
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Table V-5: Nanomaterial-based electrodes for simultaneous phenolics acid classes determination

Linear

Fouling

Electrode Technique Sample Analyte LOD - Ref.
range resistance
(umol L'Y)  (umol LY) (ip,a decrease)
o-hydroxybenzoic
acid, 10-90 0.38
CPE-NITiO3 DPV Peeling skin lotion 5%, n =15 [38]
p-hydroxybenzoic 10-90 0.10
acids
Ortho-diphenols, 10-75 6.0
PTE-CB DPV Olive oil 12%, n=26 [35]
mono-phenols 10-75 20.0
GCE- Cognac Gallic acid, 0.75-10 0.11
polyPCV/i- DPV - [39]
SWCNTs and brandy ellagic acids 0.75-10 0.12
Mango Gallic acid, 20-144 30.8
GCE-rGO SWv ) 5%, n =10 [40]
Juice protocatechuic 54 144 102
acids
Rapeseed oil,
Caffeic acid, 0.4-112 0.09,
Kalanchoe 3%, n =15 (three
SPE-CB- N . analytes This
WS2/AUNP-CT DPV Crenata, sinapic acid, 0.7-125 0.36, simultaneous work
determination)
Apple juice, puree, p-coumaric acid 1.4-93 0.39

and homogenized

CPE-NIiTiOs: carbon paste electrode modified with nickel titanate nanoceramic; PTE-CB: Press-transferred carbon black
electrode; GCE-polyPCV/f-SWCNTSs: glassy carbon electrode modified with polyaminobenzene sulfonic acid functionalized single-
walled carbon nanotubes; GCE-rGO: glassy carbon electrode modified with reduced graphene oxide.
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V.4. Conclusions

A high-performance electrochemical sensor based on WSz decorated with AUNP-CT
and supported in a CB network was successfully developed and applied to the
simultaneous determination of a three hCNs-based polyphenolic-class index
(accordingly to the hydroxyl moieties arrangement in the phenol structure) in food
samples. The proposed sensor takes advantage of the AUNP-CT metallic properties,
demonstrating electroactivity towards hydroxyl moieties through assembly in the WS
flakes that result in an enhanced conductivity with an exceptional antifouling activity
due to WSaz. The final assembly of WS2/AuNP-CT into CB network exhibited a further
conductivity enhancement without loss of antifouling performance. The nanomaterial-
based synergistic effect of the sensor results in enhanced selectivity, sensitivity, and
reproducibility in the simultaneous determination of class-selective hCNs structural
analogs in food samples. Given its excellent electrochemical performance, together
with its low cost, disposability, and ease of use, this SPE-CB-WS2/AuNP-CT
nanocomposite-based sensor represents a powerful candidate for the development of
electrochemical devices for the determination of (bio)compounds with high passivation

tendency.
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electrochemical oxidation of catechol-containing structures

VI.1. Introduction and objectives

TMDs are a family of layered compounds with MXz formula, where M is a transition
metal element, typically from group IV to VI and X is a chalcogen (S, Se or Te). These
layers form an X—M—X structure where the atoms are strongly held together by covalent
bonds, whereas among sheets weak Van der Waals (VdW) interactions occur.
Disruption of VdW interactions and exfoliation of the layers can be achieved by
employing different techniques as electrochemistry, intercalation chemistry and LPE
[1-5]. Among these techniques, LPE stands as the most versatile technique able to
produce large quantities of 2D nanosheets with sizes ranging from tenths to hundreds
of nanometers, with few layers of thickness [6]. Due to their unique physical and
chemical properties, TMDs nanosheets have recently attracted attention [7,8]. These
materials have been employed for PPs detection taking advantage of their physical
and electronic properties [9-14]. The latter phytochemicals compounds are interesting
for their antioxidant properties, particularly those containing catechol moieties, which
present the highest antioxidant activity [15,16]. However, the electrochemical detection
of these compounds is especially challenging because the oxidation leads to electrode

surface passivation [17].

While previous chapters are mainly focused on MoS2 and WS2 nanohybrids, in this
Chapter the main objective is to carry out a systematic study of the electrochemical
properties of four different Group VI TMDs (MoS2, WSs, MoSe2 and WSe2). The aim is
to understand whether the properties already found in Chapters Il to V for MoS2 and
WS: could be expanded to other TMDs. But also, deepen in their advantageous
features for electrochemical oxidation of catechol containing flavonoids (CCF)

compounds and in the mechanism behind their antifouling properties.
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VI1.2. Materials and methods

VI.2.1. Reagents and apparatus

MoS2, WS2, MoSe2, and WSe2 were purchased from Alfa Aesar (Germany). Catechin,
disodium hydrogen phosphate anhydrous, sodium dihydrogen phosphate hydrate,
potassium ferrocyanide, potassium ferricyanide, potassium chloride, and sodium
cholate were purchased from Sigma Aldrich (St Louis, MO, USA). Electrochemical
measurements were carried out in Autolab PGSTAT 12 potentiostat from Metrohm
(Utrecht, Netherlands), Screen-Printed electrodes (SPE) were purchased from
Dropsens S.L. (ref. DS110). Stock solutions of polyphenol standards were prepared in

methanol at a concentration of 102 mol L1 and stored at -20 °C in the dark.
VI.2.2. TMDs-SPEs Preparation

TMDs exfoliation was carried out from solutions containing 10 mg mL? of the
unexfoliated TMDs and 3 mg mL™! of sodium cholate as surfactant. Solutions are first
‘homogenized’ in a bath sonicator (3000683 Ultrasons Selecta, Barcelona, Spain) for
15 min. Then, the solution was further sonicated in a tip sonicator for 3 h, keeping the
temperature below 25 °C using an ice bath. The sonication was carried out using a
pulses program (2 s ON/ 1 s OFF and 60% amplitude) to minimize sample heating.
Then, the TMD dispersion was centrifuged for 30 min at 500 RCF to eliminate
unexfoliated material. The supernatant was collected and washed-centrifuged with
water, ethanol, and isopropanol to eliminate the excess of surfactant; each washing
step was repeated in triplicate. The washed TMDs were kept dry for further use.
Electrode modification was carried out by drop-casting 5 pL of a 1 mg/mL dispersion
of the washed TMDs

VI1.2.3. Electrochemical Characterization

SPEs-TMDs were investigated using CV and EIS carried out in 5 mmol L [Fe(CN)e]*
/4 EIS experiments were performed using a sinusoidal wave of 10 mV of amplitude in

the 10°to 102 Hz frequency range at open circuit potential.

132



VI. Group VI transition metal dichalcogenides as antifouling transducers for
electrochemical oxidation of catechol-containing structures

VI.2.4. Microstructure and elemental characterization

Raman spectra were recorded using an Alpha 300 AR (WITec, Ulm, Germany)
confocal Raman microscope with laser wavelength set at 532 nm. Scanning electron
microscopy (SEM) micrographs and were obtained with a JEOL 6335 F microscope
(JEOL USA, Massachusetts, United States)) using an acceleration voltage of 5 kV.
The TMDs flakes size distribution (performed on an average value of 50-100 'particles’)
were evaluated with ImageJ, v.1.49.p, the micrographs were converted into binary

images by setting a threshold and then analyzed [18]
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VI.3. Results and discussion

There is a lack of systematic studies about the electrocatalytic properties of TMDs, in
particular towards PPs compounds. Therefore, electrocatalytic properties of group VI
MX2 (MoS2, WS2, MoSe2, and WSez2) towards CCF have been systematically evaluated

in this work.
VI.3.1. MX2 nanosheets exfoliation and characterization

LPE in water/sodium cholate solutions have been chosen in order to obtain MX>
nanosheets. This approach has been previously reported to be able to produce a
comparable degree of exfoliation among the different TMDs [19], which is hard to

achieve employing organic solvents or other water/surfactant mixtures. [20].

To confirm the exfoliation process, scanning electron microscopy (SEM) and Raman
Spectroscopy were performed. SEM images of bulk and exfoliated MXz2 are presented
in Figure VI-1. In all cases, lateral size was extremely reduced compared to the bulk

material confirming the formation of MX2 nanosheets.

MoS, MoSe,

Figure VI-1: Scanning electron micrographs of bulk and exfoliated MX2. Scale bar: 1 um.
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Size distribution of exfoliated materials is shown in Figure VI-2. The mean size was
193+94,170+33, 173+26 and 164+54 nm for MoS2, WSz, MoSe: and WSe:2
respectively. Furthermore, nanosheets show rough surface and wrinkled edges
compared to the smooth surface of bulk and defined edges of the bulk material that

presumably has been incorporated during the exfoliation process [21].
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Figure VI-2: Size distributions of the exfoliated MX2 from the SEM images of Figure VI-1.

Raman spectroscopy is strongly related to layer thickness and crystalline structure of
MXz; therefore, it was employed to further characterize them. Figure VI-3 reports
Raman spectra of bulk and exfoliated MX2. M0S2 spectra consisted of two different
bands, the in-plane (E;g) and out-of-plane (Aig) vibrations modes at around 380 and
405 cm'?, respectively. Considering the data from the exfoliated material, softening and
broadening (FWHM increase ~2 cm™) of both vibration modes are observed with
respect to bulk material. MoSe2 spectra show a well-defined peak at 250 cm* attributed
to the Aig vibration mode. In the case of the exfoliated material, similarly to MoS2, the
peak is slightly softened and notably broadened (FWHM from 9 to 17 cm-) compared
to bulk material. These results indicate a decrease in the number of layers and lateral

size suggesting the success of the exfoliation process [21,22]. In the case of WS>, two
peaks are recorded at 350 cmt and 420 cm ascribed to E;g and Aig, respectively. In

this case, no significant softening or broadening is observed. However, the ratio
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between the intensity of the peak E;g and Aig is higher in the case of the exfoliated
material (1.7 vs. 1); this is also considered an index of a successful exfoliation [23,24].

WSe:2 present both E;g and Aigmodes overlapped and centered around 250 cm™. The

Raman shift difference between E;g and Aiq peak is related to the thickness and varies
from 3 cm to 11 cm* from bulk to monolayer respectively [25]. In the recorded spectra,
a shoulder peak becomes more distinguishable in the case of the exfoliated material,
indicating a higher separation of the vibration modes and hence a successful

exfoliation.
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Figure VI-3: Raman spectra of exfoliated (red) and bulk (black) MXz.
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In order to further confirm the chemical composition of the sheets, the presence of
MoO3 (820 cm™) and WOs3 (697 cm™) vibrational modes have also been studied. In
Figure VI-4, no peaks related to the oxides can be seen, except from WSz, where a
slight signal can be seen at 698 cm™. A signal of lower intensity is achieved in the case

of the exfoliated material which can be attributed to the elimination of the oxides during

the washing steps [26].
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Figure VI-4: Raman spectra of bulk (black line) and exfoliated MX2 (red line), inset shows a zoom of the
Raman shift related to MoOs (820 cm*) and WO3 (697 cm?).
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VI.3.2. Electrochemical characterization

Electrode kinetics is a critical aspect in the development of new nanomaterials for
sensing purposes, fast kinetics are desirable for their use as an electrochemical
transducer for molecules of interest. Firstly; the possible influence of the surfactant
was evaluated by CV in phosphate buffer recording the inherent electrochemistry of
these materials (Figure VI-5). It can be seen that the anodic peak due to the oxidation
of the metallic center of the MX2 become more evident and sharper and a new cathodic
peak appeared due to the oxygen reduction reaction (ORR) on the washed samples in
comparison with those obtained in the just exfoliated ones. These results evidence that
despite the great influence of the surfactant, the introduced washing steps enabled to
obtain well-defined voltammograms due to the inherent electrochemistry of TMDs
comparable to those reported in literature which employs exfoliation methods without
the use of surfactant [27,28].
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Figure VI-5: Cyclic voltammograms of SPE-modified with MXz as exfoliated and after the washing steps.
CV recorded at 100 mV st in phosphate buffer (pH=7).
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Then, the electrochemical characterization of the selected Group VI MX:2 was
performed employing CV and EIS using [Fe(CN)s]*>/#, as inner-sphere redox probe. In
each technique, the heterogeneous electron transfer rate (k°) is inversely proportional
to the peak separation (AEp) and the resistance to charge-transfer (Rcr), respectively.
In fact, k° can be estimated from the AEp obtained at different scan rates following the
Nicholson method [29] (See Chapter V for datails on the calculation). Figure VI-6A
shows the CV performed using different MX2 modified electrodes. As can be seen, the
AEp values follow the trend: MoS:2 (275£19 mV)>WS: (203£13 mV) >WSe2 (190+18
mV) >MoSe2 (150+£10 mV), showing the superior electrochemical performance of the
selenides versus sulfides. By the application of the Nicholson method in the 5 to 100
mV/s scan rates range, k° values of [(3.7+0.4) <(5.5+0.4) <(6.4+0.5) <(7.8+0.7)]-10*
cm s are obtained for MoS2, WSz, WSe2, and MoSez, respectively. In addition, EIS
experiments were also carried out and the data were plotted in the Nyquist plot where
the diameter of the semi-circle corresponds to the charge transfer resistance value and
the linear part to the diffusion-controlled region. Impedance data were successfully
fitted considering the Randles equivalent circuit (x2<0.025), shown in the inset of
Figure VI-6B where Rs, Rcrt, CoL, and Zw represent solution resistance, charge-
transfer resistance, double-layer capacitance and Warburg impedance, respectively.
Figure VI-6B shows the impedance data obtained for each electrode. In the range of
frequencies studied a mixed kinetic and diffusion control of the reaction is observed.
By fitting the experimental data to the Randles equivalent circuit Rct data can be
extracted being 1170£50 Q, 954+96 Q, 7271115 Q and 431175 Q for MoS2, WSa,
WSe2, and MoSez; thus, the trend was identical to AEp. These data are also in
agreement with previously reported electrical conductivity of thin-films networks of MX2
(WSez2>MoSe2> WS2 > MoS2) [30].
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Figure VI-6: Electrochemical characterization employing 5 mM [Fe(CN)s]3/4 as redox probe employing
A) CV and EIS. B) AEp and Rct were extracted for CV performed at 50 mV/s and EIS experiments
respectively. Data taken from 5 different electrodes. Color code is maintained for each material in A and
B panel.

VI.3.3. Electrochemical response towards CCF oxidation

The study in the electrochemical behaviour of MX2 was extended to CCF oxidation
employing catechin and rutin as representative compounds of flavonoid and
glycosylated flavonoid, respectively. As can be seen from Figure VI-7, the superior
electrochemical response towards catechin and rutin followed the same order for both
CCF (WSe2>MoSe2>WS2>MoSz2) exhibiting a quasi-reversible process. This result
indicates the different electroactivity of MXz, which in all cases resulted significantly
improved (in terms of decreasing AEp and increasing ip.) compared to the carbon-
based screen-printed electrode. Noteworthy, the peak intensities due to flavonoids
oxidation are in accordance with the intrinsic conductivity and electrochemical
performance obtained with [Fe(CN)s]3*/#. Furthermore, fouling effect of catechin and
rutin was also evaluated (results are shown in Figure VI-7B). The fouling resistance is
increased in all TMDs in comparison with the bare carbon-based screen-printed

electrode, as already reported by our group for MoS2 [31,32].
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Figure VI-7: A) Cyclic voltammograms of 0.1 mM Catechin and Rutin on bare and MX2 modified
electrodes recorded at 25 mV s-1 at pH=7. B) Retained signal after 10 measurements employing MX2-
based electrodes for catechin (blue) and rutin (green). Bare electrode was added for comparison. C)
Plot of the ipa/ipc ratio for each electrode obtained at different scan rates for Catechin and Rutin. Bare
electrode (black) MoS2 (blue), WS2 (red), MoSe2 (blue) and WSe2 (green).

On top of that, as shown in Figure VI-7C, the ratio between the cathodic and anodic
peaks differs from TMDs to bare electrode. If we compare the data at same scan rate,
the ratio ipc/ipa is higher for MXz than for the carbon-based screen-printed electrode.
As scan rate is increased, the ipc/ipa ratio increases indicating an electrochemical-
chemical mechanism (EC), where an electrochemical reaction step (E) is followed by
a coupled chemical reaction (C) [33]. CCFs have been described to follow this type of
mechanism on glassy carbon electrodes; with the formation of a phenoxy radical
intermediate [34]. The electrogenerated products in this reaction, CCF oligomers and
polymers, have been demonstrated to be able to block the electrode surface causing
the so-called electrode fouling [35—38]. In fact, we observed a notable electrode fouling
in our experiments employing carbon-based screen-printed electrodes. Interestingly,
this phenomenon is not observed on MX2-based electrodes. An explanation for this

observation is proposed according to the obtained results.
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Figure VI-8 shows the proposed reaction scheme, once the phenoxy radical (R) is
electrogenerated can follow two reactions pathways: (i) electrochemical oxidation to
the quinone (Q) derivative of the corresponding CCF, (ii) chemically react to the
corresponding CCF polymer/oligomer (P) able to block the electrode surface. It can be
inferred from the ipc/ipa that the formation of Q is favored over P in the MX2-based
electrodes since ipc/ipatends to 1, all R produced is converted to Q, that is detected in
the reverse scan. On the other hand, in carbon-based electrode ipc/ipa is lower than in
MXz for all scan rates studied suggesting that less Q is formed. The fouling effect is
much higher in the case of carbon-based screen-printed electrode which further
indicate a preferential formation of P compared to MX2-based electrodes. These
results suggest that MXz are able to drive preferentially the radical intermediate
evolution towards the quinone product, avoiding PPs polymerization on the electrode

surface with the subsequent fouling effect.

P

Figure VI-8: Proposed reaction scheme of CCF oxidation on MX2-based electrodes
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VI1.4. Conclusions

Superior electrochemical performance of successfully exfoliated selenides compared
with sulfides chalcogenides with higher k° lower Rct and higher electrocatalytic
oxidation of CCF was found following the order: WSe2>MoSe2>WS2>MoS:2. A dramatic
enhancement in the antifouling properties for MX2—based nanosheets compared to
carbon-based electrodes was also found, revealing the key role of these materials.
This behavior can be explained accordingly to an EC mechanism where MX2 drives
preferentially the oxidation of CCF towards the quinone product, avoiding PPs
polymerization with the subsequent fouling effect. These findings confirm the
outstanding antifouling properties of TMDs towards PPs and give an experimentally
supported explanation to their antifouling properties. These results pave the way for a

high-performance electrochemical analysis TMD-based in non-ideal samples.
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VII.1. Introduction and objectives

ROS are reduced forms of oxygen with important physiological functions and a critical
role in redox regulation and oxidative stress development [1,2] The most relevant
species are superoxide anion (O5), hydroxyl radical (OH’) and hydrogen peroxide
(H202) which are products of the normal metabolic consumption of oxygen. The main
sources of ROS in aerobic cells can be related to membrane-bound NADPH oxidase
and to incomplete oxygen reduction in mitochondria [3]. However, there are other
pathways of generation of ROS such as ionizing radiation, Fenton and Haber-Weiss
reaction of transition metal ions, drugs as antibiotics and chemotherapeutics [4].
Oxidative Stress (OS) is described as the imbalance between the production of
oxidants (mainly ROS) and antioxidants defenses. Some situations may favor this
imbalance, for instance, disfunction of antioxidant enzymes, exposure to some
chemicals able to produce ROS, decrease in the levels or production of low molecular
mass antioxidants and antioxidant enzymes [5]. This status can cause disruption in
redox signaling and/or molecular damage. OS occurs when production of ROS/RNS is
in excess with respect to the antioxidant protecting capacity; this causes irreversible
damages to proteins, DNA and lipids. These biochemical alterations are implicated in
several pathological processes such as cancer, Parkinson’s and Alzheimer’s disease,
ischemia [6], atherosclerosis [7] and, in general, aging [8]. However, little amounts of
ROS are necessary for the correct functioning of immunodefenses and redox signaling;
the latter is denominated as a “oxidative eustress” [2]. Therefore, there is a need for
analytical methods, possibly allowing continuous monitoring of ROS markers in cell
cultures to evaluate the OS level in cells with respect to different treatments. Among
the cellular produced ROS, H20z2 is the most representative in terms of amounts and

half-life, and, therefore, the most studied.

Parkinson's disease involves an irreversible degeneration of the nigrostriatal
dopaminergic pathway, resulting in an evident impairment of motor control. Although
the etiology of Parkinson's disease remains unknown, recent studies have suggested
that oxidative stress is an important mediator in this pathogenesis [9]. It is hypothesized
that nigral dopaminergic neurons are exposed to high ROS levels, due to the
metabolism of dopamine itself (both enzymatic and nonenzymatic) leading to the
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generation of ROS, including superoxide anion, hydrogen peroxide (H202) and
hydroxyl radicals. In fact, there are several indirect observations, such as the increased
levels of the oxidation products of lipids, proteins, and nuclear acids in nigral cells, that
are indicative of the role of oxidative stress in Parkinson's disease [10].
Hydroxydopamine (6-OHDA) is a selective catecholaminergic neurotoxin that has been
widely used to produce Parkinson's disease models in vitro and in vivo; it induces a
toxicity status that mimics the neuropathological and biochemical characteristics of
Parkinson's disease [11]. It has been reported that 6-OHDA is oxidized rapidly by
molecular oxygen to form the superoxide anion, hydrogen peroxide, and 2-hydroxy-5-

(2-aminoethyl)-1,4-benzoquinone (p-quinone) as shown in Eq.VII.I [12]:

6-OHDA+O2—p-quinone+ H20:2 Eq.VILI

It is well known that the ROS generated from 6-OHDA initiate cellular oxidative stress.
On the other hand, it has been reported that p-quinone mediates 6-OHDA-induced cell
death [13]. However, the exact mechanisms of ROS production and neurotoxicity
induction, particularly in relation to caspase activation, are less clearly defined. Based
on the above description, in this Chapter, we considered important the evaluation the
H202 production after the exposure at 6-OHDA on the Parkinson’s disease in vitro
model; in this way, we can better understand the neurotoxic effect of this ROS at

different timing.

Different analytical strategies have been proposed for H20:2 detection such as
chemiluminescence,[14] fluorescence,[15,16] and electrochemical techniques [17].
Among these, electrochemical sensors are very appealing for their simplicity, speed,
sensitivity, miniaturization and cost-effectiveness [18]. In the past two decades
biosensors have dominated the sensors scenario even in the ROS detection field
[17,19], while in the last decade nanomaterials have become alternative/
complementary sensor useful tools [20-24]. Indeed, nanostructured sensors allow to
improve the sensitivity and selectivity providing larger surface area and faster electron
transfers in comparison with their bulk counterparts [21,25,26]. Hence, the combination
of nanomaterials and electrochemical sensors is very attractive. Direct sensing of H202

in classical metal electrodes such as platinum or gold is possible, however, it suffers
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from poor selectivity due to the high overpotentials needed. The selection of a proper
nanomaterial and catalyst can overcome this drawback. Prussian Blue (PB), also
known as “artificial peroxidase” [27] is one of the most known and widely used
electrocatalyst for H202 reduction. PB allows low potential and interference-free
detection of H202 in oxygenated media; nonetheless, has some disadvantages such
as poor stability at physiological pH and high crystallization rate which hinder the
potential use in nanocomposites and application in biological media [28]. To overcome
these shortcomings, electrode modification with soft or hard templates, polymers,
carbonaceous materials or different metals have been used in different combinations
to build specific analytical platforms for each application [19]. Carbon Black (CB) is a
carbon nanomaterial widely used as reinforcing material and as filler in the preparation
of rubber and plastic compounds and composites, made by petroleum products
combustion so it is a very cheap carbonaceous nanomaterial (about 1€/Kg). It is
characterized by a primary structure constituted of spherical particles with diameter
between 30 and 100 nm and a secondary structure formed by aggregates having
dimensions in the range of 100—-600 nm [29]. CB dispersions after sonication, in
appropriate solvents, appears as carbon nanoparticles. Recent data showed that
modified electrodes based on CB present fast charge transfer and high electroactive
area, comparable to carbon nanotubes and graphene [30]. These characteristics
together with its lower price make CB a promising candidate for the design of
electrochemical sensors and biosensors using an alternative nanomaterial to carbon
nanotubes and graphene. For these reasons, in the last years several works have been
reported on the CB dispersion for electrode modification, showing remarkable
electrocatalytic properties towards several species of analytical interest [20,30-33],
allowing the realization of new electrochemical devices devices [34-36]. In this
Chapter ‘nano CB’ has been successfully used as electrode modifier for the controlled
electrodeposition of PB and further applied for the monitoring of H202 in Parkinson’s

disease cellular model cultures.
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VIl.2. Materials and methods
VIl.2.1. Materials

Experiments were carried out with MilliQ water from a Millipore MilliQ ((Millipore,
Bedford, MA, USA), system. All inorganic salts, 6-OHDA, organic solvents and
hydrogen peroxide (30% solution) were obtained at the highest purity from Sigma-
Aldrich. SHSY5Y cells were obtained from Sigma (Sigma—Aldrich). Catalase from
bovine liver powder, suitable for cell culture, 2,000-5,000 units/mg protein was
purchased from Sigma-Aldrich (C1345). H202 concentration was periodically
standardized by titration with KMnO4. Screen-Printed electrodes (SPE) were
purchased from Dropsens S.L. (ref. DS110). DMEM, L-Glutamine,
penicillin/streptomycin, trypsin and flask were purchased from Corning (Corning Life

Sciences, Corning, NY).
VIl.2.2. Instrumentation

All electrochemical measurements were carried out in Autolab PGSTAT 12
potentiostat from Metrohm (Utrecht, The Netherlands) connected to a personal
computer. The software used was the Nova 2.1 (EcoChemie B.V.). The flow injection
(FIA) system consisted of a Minipuls 3 (Gilson Inc., Middleton, WI, USA) peristaltic
pump, flow-through cell (ref. FLWCL) (Dropsens, Spain). Sample volume was 50 L,
the working electrode potential chosen was -50 mV (vs internal reference). The running
buffer solution in FIA experiments was 0.05 M phosphate buffer pH 7.4 containing 0.1
M KCI. High resolution scanning electron microscopy (HR-SEM) was carried out on
the materials using a Zeiss Auriga HR- SEM. The scanning electron microscopy, Zeiss
Auriga, High resolution FESEM was used to study the morphology of the prepared

materials.
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VII.2.3. Preparation of PB and CB-PB electrodes

A CBNPs dispersion of 1 mg/mL in water and dimethylformamide (DMF) (1:1 ratio).
The dispersions were obtained using a bath sonicator for 30 min. Further, commercially
screen-printed electrodes (DS110) were modified via drop-casting using different
volumes (from 3.5 pL to 35 pL). The amount of CB was optimized checking the
reversibility of [Fe(CN)es]3>/* couple using cyclic voltammetry and charge transfer
resistance (Rct) in EIS. The selected optimum value was 10 uL drop-casted by 1 pL
each time (Figure VII-1). Prussian Blue electrodeposition was carried out cycling the
potentials between +400 and +800 mV (vs Ag) for different number of cycles in a
solution containing solution containing 0.1 M KCI, 0.1 M HCI and 5 mM concentration
of Fe3* and [Fe(CN)g]*. Electrodes were further modified with 2 pL of a Nafion ethanolic
solution (0,5% v/v). Nafion is an ionic conductor that increase stability of PB modified
electrodes, allowing the counterions transport to maintain the electroneutrality of PB
film [37,38].
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Figure VII-1:A) CV and B) EIS for bare SPE and SPE-CB with different quantities of CB
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VIl.2.4. Cell culture

The Neuroblastoma cell line SH-SY5Y were maintained at 37°C in a 5% CO2
humidified atmosphere in DMEM medium supplemented with 10% heat-inactivated
fetal bovine serum, 2 mM L-Glutamine, 0.2 mg/ml penicillin/streptomycin. The culture
medium was changed every 2 days until cells reached approximately 70-80%
confluency. Cells were harvested using 0.25% trypsin-0.53 mM EDTA solution and
were seeded at approximately 4 x 104 cells/cm? in 75 cm?-flasks, then treated with 6
OHDA (50uM) for different times.

VII.2.5. Cell viability

Cells were seeded (5.000 cells/well) in a 96 wells plate, the day after the cells were
treated with 6 OHDA (50 uM) for 24 h while the control cells received only DMEM
containing 10% of FBS, every treatment was performed in quintuplicate. The cells were
incubated for different time and at expiration of incubation period cell viability was
determined using Cell Titer One Solution Cell Proliferation Assay reading the
absorbance at 492 nm, in a spectrophotometric microplate reader Infinite F200 (Tecan,

Mannedorf, Swiss). The results were expressed as absorbance recorded at 492 nm.
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VIl.3. Results and Discussion

VII.3.1. Preparation and characterization of CB-PBNPs electrodes

PB or ferric ferrocyanide is one of the oldest known coordination compounds with ferric
ions coordinated to nitrogen and ferrous coordinated to carbon in a face centered cubic
lattice. Usually, is electrochemically deposited using a mixture of Fe3* and [Fe(CN)s]*
where the ferric ions are reduced to form Prussian Blue. Particular attention has to be
paid to the selection of the potential used for the electrodeposition; in fact, the
concurrent reduction of both precursors leads to an irregular structure of the Prussian
Blue layer onto the electrode surface [27]. As shown in the cyclic voltammogram of
Figure VII-2A, the reduction peaks of Fe3* and [Fe(CN)e]* are not resolved using bare
SPE. Interestingly, in the case of CB-SPE the reduction peak potential of Fe®* is
anodically shifted 280 mV, and peak current is increased by a 1.5 factor confirming an
electrocatalytic behaviour of CB toward Fe3* reduction. On the other hand, for the
reduction of [Fe(CN)e]*, only a slight increase of peak intensity was observed, keeping
the peak potential at the same value of unmodified SPE. Thus, the electrodeposition
of PB was carried out using cycling voltammetry; the potential window and the sweep
rate was selected according to the method developed by Karyakin et al [27,39].
Considering the reported electrochemical behaviour of the electrodes surface SPE
were cycled from +400 mV to +800 mV (vs. Ag), allowing the selective reduction of
Fe3* keeping the [Fe(CN)e]*> in its oxidized form. Figure VII-2B reports cyclic
voltammograms in a solution containing 0.1M HCI and 0.1M KCI. An increase in the
peak current and area was observed with number of electrodeposition cycles indicating
a higher quantity of PB on the electrode surface. It is clearly noticeable the higher

electrodeposited quantity at CB-modified electrodes compared to the bare SPE.

159



VII. Electrodeposited Prussian Blue on carbon black modified disposable
electrodes for direct enzyme-free H202 sensing in a Parkinson’s disease in vitro

model
1504 404
100+ I
\ 20
504
g 0 g 0
= =
= 50 =z
=204
-100
1504 -40+
T T T T T L) T T v M I
-300 0 300 600 900 4100 O 100 200 300 400
E (mV) vs Ag E (mV) vs Ag

Figure VII-2: A) Cyclic Voltammetry of solutions containing, 5 mM Fe3* and 5 mM [Fe(CN)e]* in a bare
SPE (Blue and Green respectively) and SPE-CB (Black and Red respectively) recorded at 40 mV/s. B)
Cyclic voltammograms electrodeposited PB on bare SPE (blue) and on SPE-CB (black) in 0.1M HCI

and 0.1M KCI. Arrow indicate increasing number of growth cycles (5 and 20). Scan rate: 50 mV/s.

The electrocalitic activity of SPE-CB/PB was shown using different concentrations of
H20:2 in Figure VII-3A, the combination of SPE-CB and PB allow a higher signal due
to H202 reduction using amperometric detection compared to SPE-PB and SPE-CB as
shown in Figure VII-3B. In carbon-based electrodes, the only available detection
principle is H202 oxidation at high anodic potential, where easily oxidizable compounds
usually presents in biological media causes appearance of parasitic signal due to it
oxidation. In contrast, PB-based electrodes allow H202 detection by its reduction near

0V (vs Ag|AgCl), where other compounds rarely are electroactive.
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Figure VII-3: A) Cyclic voltammetry of SPE-CB/PB in Phosphate Buffer 50 mM, 0.1 KCI (black line) and
in the same buffer containing 1 mM (red line), 2 mM (blue line) and 3 mM (green line) of H202. B)
Amperometric signals in FIA for 5, 10, 20 and 50 uM of H20: in the same buffer using SPE-CB (red
line), SPE-PB (black line) and SPE-CB/PB (blue line).

SEM micrographs confirmed the growth of PB onto the electrode surface. Increasing
the number of electrodeposition cycles, the size of the PB nanopatrticles increases. In
addition, the amount of atomic iron, obtained from EDS spectra was found to be from

0 to 3.55% CB-SPE up to 20 cycles.

Figure VII-4: SEM images of A) CB modified SPE B) CB/PB 5 cycles C) CB/PB 10 cycles D) CB/PB 20
cycles modified SPE.
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Table VII-1 list the surface coverage (I') of PB as well as S-tes% as sensor stability and
sensitivity parameter. High stability and electrocatalytic activity are highly desirable to
obtain. However, it is not trivial to find a compromise between the two characteristics.
For this purpose, an accelerated degradation can be carried out [40]. Sensor’s stability
is evaluated by the time the measured current reaches the 95% of its initial value (tos%)
under continuous flow of 500 uM H20:2 in Phosphate Buffer pH=7.4 using a wall-jet
cell. Sensitivity (S) is estimated by the initial intensity divided by the concentration of
H202.

As shown in Table VII-1, as we increased the surface coverage (I') of PB the parameter
S-tese raises from 5 to 10 cycles and slightly decreases from 10 to 20 cycles. Therefore,
considering the values of S-tesy, the compromise among sensitivity and stability of the

sensor is found with 10 cycles of electrosynthesis.

Table VII-1: Optimization parameter for CB-PB electrodes

Electrode r S-tosw

(nmol-cm?)  (A-min-M*.cm?)

CB-PB- 5 cycles 0.85 1.83
CB-PB- 10 cycles 3.90 4.69
CB-PB- 20 cycles 6.40 4.59

VII.3.2. Analytical performance

The selected electrode was used for the electrochemical detection of H202 in a Flow
Injection Analysis (FIA) system. FIA was chosen as a first approach for quantifying
H20:in cell cultures, taking advantage of its high throughput, simplicity and possibility
to automation. In order to find the optimal conditions for measuring, an optimization of
the flow rate and potential employed in the analysis was carried out. Figure VII-5A
shows the effect of the flow rate on the peak intensity of a solution containing 10 puM
of H202. An increase in the flow rate increases the peak intensity until it reaches a

constant value at a flow rate of 0.6 ml min and above. Hydrodynamic voltammogram
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of CB-PB electrodes in phosphate buffer and phosphate buffer containing 100 uM of
H20:2 in aerated solution were also carried out. As shown in Figure VII-5B the current
in presence of H202 reaches the limiting current at -50 mV. In addition, the selectivity
of the electrodes in presence of oxygen, a common interferent using platinum or gold
electrodes, is demonstrated as we have negligible current from the aerated buffer at

the region of the limiting current for H202 reduction.
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Figure VII-5: A) Peak current dependence with flow rate B) Hydrodynamic Voltamogramm (HDV) of a
ls_gl(t;’;ion containing phosphate buffer (pH=7.4) (squares) and phosphate buffer (pH=7.4) and 10 uM of
The electrochemical performance of the electrodes was then tested in FIA analysis of
hydrogen peroxide in hydrogen phosphate buffer pH = 7.4. Physiological pH is not the
ideal pH for PB-based sensors; however, we obtained satisfactory data. Figure VII-6A
reports the amperometric response of the developed sensor for the injection of different
H202 concentrations ranging from 200 nM to 1 mM. Linearity was found over 4 orders
of magnitude, as shown in Figure VII-6B. The equation of calibration curve was:
ip=0.039+0,007(uM)+0.66+0.01(A-Mt-cm?)[H202] with R?= 0.999. The limit of
detection calculated as 30/S, where o is the standard deviation of 10 blank samples
and S the sensitivity, was 10 nM. In addition, good intra-electrode repeatability and
inter-electrode reproducibility were obtained RSD<6% (n=3) and RSD<10%(n=>5),
respectively.
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Figure VII-6: A) Signals in a FIA system to different concentrations of H.0O2 B) Calibration plot for wide
linear range. Inset: calibration plot for the lowest points. Measurements carried out in phosphate buffer
(pH=7.4) flow rate 0.6 ml min-1; E= -50 mV.

To the best of our knowledge, the combination of CB/PB and SPE to construct a H20:2
sensor has previously been used only by Cinti et al. [41]. In this Chapter, different
combinations of CB/PB composites were synthetized producing different PB
nanoparticles sizes; LODs were between 0.3 and 1.0 uM and sensitivities between
0.15-0.56 A-Mt.cm using amperometry batch analysis. Our proposed electrode has
a lower LOD and improved sensitivity (0.66 A-M*.cm?) and takes advantage of the
measurement FIA system which allows a higher throughput (70 samples-h-t) and better
repeatability. In addition, the SPE-CB/PB retained the analytical performance in terms

of sensitivity (87% after 3 months at RT) demonstrating a good long-term stability.

VII.3.3. Application to H202 sensing in SHSY5Y differentiated in neurons cell

culture

Cellular culture medium is a quite complex and challenging matrix since contains
different organic compounds and proteins necessary for the cells. Matrix effect must
be carefully assessed in order to produce reliable quantitative data. The sample matrix
has been spiked with known amounts of H202 in the 5 -50 umol L™ concentration
range. The recovery was in the whole range 296% with RSD<4% (n=3). These data
show that the procedure is suitable for H202 detection in cellular culture. Selectivity of
the measurements was also evaluated vs. possible interferents found in the culture
broth. To this aim the influence of Penicilin, Streptavidin, L-Glutamine and Fetal Bovine

Serum have been studied. As reported in Figure VII-7A no significant interference was
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observed. In addition, we have further tested the selectivity of our electrode against
the H202 reduction in the complex matrix. As it is observed in Figure VII-7B, the signal
due to the addition of 100 puM H202 in the cell culture media was completely
suppressed by the addition of 0.2 mg of Catalase (100 pL 2 mg/ml). It should be also
noticed that the sensor was able to measure in the DMEM cell culture for 1h
maintaining the 80% of the initial signal in batch amperometry configuration, exhibiting
an excellent stability in such complex media; this remarkable feature allows the use of
such low-cost sensors as the modified SPE for a large number of

measurements/experiments with cells.
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Figure VII-7: A) Amperometric signals due to the addition of FBS (1), L-Glu (2) and P/S (3) in DMEM
medium B) Selectivity of the electrode towards 100 uM of H20:2 spiked in the cell culture without cells.
E=-50 mV vs Ag.

Finally, the proposed strategy has been successfully applied to monitor in Parkinson's
cellular culture H202 production (for 24 hours). Cells were stimulated by 6-OHDA, a
selective catecholaminergic neurotoxin, which has been frequently used to create
Parkinson’s disease models. The toxic effect of 6-OHDA is mediated by its uptake into
catecholaminergic nerve endings via the high-affinity catecholamine transporter
system. Several works report that 6-OHDA triggers cell death through three main
mechanisms: a) ROS generation through autoxidation, b) H202 generation following
deamination by monoamine oxidase (MAO), c) direct inhibition of mitochondrial
complexes | and IV [42]. However, many recent studies have reported that 6-OHDA
does not induce toxicity either by direct mitochondrial inhibition or by enzymatic
deamination by MAO, but through an extracellular mechanism [11,43]. The sample

analysis was carried out in a flow injection system with the optimized Prussian Blue/
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Carbon Black modified Screen Printed Electrode as detection system and using the
following procedure: 1) injection of a known standard sample (triplicate) 2) Injection of
sample (triplicate). The standard injections allow us to normalize the signal minimising,
any matrix effect or change of the electrodes in the FIA setup. H202 amount found in
the cell culture increases as a function of the incubation time, reaching a plateau-like
region at 20h (Figure VII-8). The concentration ranges were from 15.2 £ 0.8 uM at 15
min to 51.9 £ 0.3 uM at 24h, which are in accordance with values found in literature for
the 6-OHDA model [11]. In this preliminary experiment, we demonstrate the
relationship between an overproduction of H202 after 6-OHDA treatment with the high
mortality evaluated with MTS viability assay (Figure VII-8). In fact, we observed an

increase of cell mortality linked to H202 concentration.
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Figure VII-8: Hydrogen peroxide concentration (black) and cell viability (blue) in Parkinson’s disease
cellular model at different incubation time.

The analytical performance of other nanomaterials based electrochemical sensors
used for measuring hydrogen peroxide in cell culture is reported in Table VII-2. The
developed electrode showed better or comparable analytical performance compared
with works found in the literature in terms of LOD and linear range, even compared

with noble metals-based sensors. It is important to note that the developed electrode
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consist in a SPE which show advantages compared to classic solid electrode such as

disposability, easy to use without need of experienced personal and low sample

consumption. When compared with other SPE (SPE-Cu-NWSs), we found lower LOD,

wider linear range and detection potential closer to 0 mV (vs Ag). In addition, to the

best of our knowledge, this is the first time that H202 is measured and quantified in the

6-OHDA model for Parkinson’s disease using electrochemical sensors.

Table VII-2: Comparison of analytical performance of hydrogen peroxide sensors applied to the determination of
hydrogen peroxide released by cells

Detection

Electrode potential LOD Linear range Application Ref
(mv) (M) (M)
+100 vs 7 -6 4
Au-PB-PDA Ag/AgCl 1.0x10 1.0x10°-8.0x10 Hep G2 cells [44]
-200 vs 7 7 ) . .
SPE-Cu-NWs Ag 4.0x10 5.0x10-8.0x10 Cisplatin-treated human renal HK-2 cells [24]
-50 vs
g-CNTs/PB MCs  Ag|AgCl,  1.3x10°8 2.5x10%-1.6x1073 RAW 264.7 cells [45]
sat KCl
-50 vs
Pd/Au NWs Ag|AgCl, 3.0x107 1.0x10%-1.0x10°® HL-1 cells [46]
3M KClI
-200 vs 9 9 3
PtPb/Graphene AglAGC] 2.0x10 2.0x10%-2.5x10 Raw 264.7 cells [47]
Epithelial normal cells HBL100, breast cancer
_ cells MCF-7 and glioma brain cancer cells
C“‘E?H“Q”A' sssgé/ S 13x107  6.0x10°-2.2x10°% [48]
us7
\Cs @Psdg,h o '%éés 3.0x107  3.0x10°-3.0x10% Hela cells [49]
-500 vs
Ag NSs/GCE Ag|AgCl,  1.7x107 5.0x10°%-6.0x103 HeLa cells and SH-SY5Y cells [50]
sat KCl
SPE-CB-PB- -50 mV vs 3 7 3 . This
Nafion Ag 1.0x10 2.0x107-1.0x10 Neuroblastoma SH-SY5Y cell line work
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VIl.4. Conclusions

An enzyme-free electrochemical sensing platform was successfully proposed for the
quantification of H202 released by SHSY5Y cells. These cells challenged to 6-OHDA
represent a model to study the Parkinson’s disease, which is widely known to be
affected by oxidative stress. To the best of our knowledge, this is the first time that an
electrochemical PB/CB sensor is applied to sensing H202 directly in cell cultures. The
described sensor showed detection limit in the nanomolar range and showed excellent
selectivity in a complex environment such as the culture medium used, allowing the
selective determination of very low amounts of H202 without interferences. In addition,
in this Chapter H202 was quantified instead of following its almost instantaneous
release from cells challenged to a stressor in contrast to [44] and [45]. These results
could pave the way for a better understanding the neurotoxic effect of ROS using an

in vitro model of Parkinson’s disease.
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VIII.1. Introduction and objectives

Redox homeostasis plays a key role in cell physiology, disruption of this status causes
the so-called Oxidative Stress (OS). Investigations of responses linked to OS
mechanism are fundamental for understanding physiological and pathological
processes; in fact, OS has been related to several pathological conditions such as
cancer, ischemia, atherosclerosis, Parkinson’s and Alzheimer's disease [1-3].
Unraveling the complexity of the mechanisms of these pathologies represents an
exciting area of research of cell biology. Despite classical biological investigations
focused mainly on the determination of the protein-cascade initiated during oxidative
stress, quantification, and kinetics of Reactive Oxygen Species (ROS) is also of high
significance. Hence, appropriate analytical techniques able to perform the challenging
task of in situ and real-time monitoring of the release of the short-lived ROS are
required. Different approaches have been developed towards analytical miniaturization
since these systems are able to place the transducers as close as possible to the
production sites of ROS by cells.

Most of the classical methods are based on fluorescence, chemiluminescence,
colorimetric assays, electron paramagnetic resonance (EPR) or electrochemistry [4].
Other approaches are based on the detection of oxidation products formed in the
presence or ROS and RNS; however, this is not a direct measurement and makes real-
time detection very challenging [5]. Luminescent and fluorescent probes are easy to
use, able to cross cell membranes and the equipment required is usually readily
available in biochemical labs, thus their use is widespread [6]. However, the specificity
of these methods is still under discussion since most of the redox fluorescent
molecules are able to react with different ROS. In addition, some molecules are able
to form secondary species by redox cycling which can give artifacts or even toxic
compounds [7]. EPR is recognized to be the most selective technique, however, the
equipment is expensive and not user friendly; this hinders their use [8]. Electrochemical
methods are easily suitable for ROS detection due to their different electroactivity and
because the selectivity can be tuned by the selection of different electrode materials.

Moreover, electrochemistry stands out due to its inherent miniaturization, portability

and low cost resulting very appropriate as detection system interfaced with
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microsystems [9,10]. Moreover, the equipment needed is fully portable and
straightforwardly coupled to the new technological advances in microelectronics in a
cost-effective manner [11]. Usually, electrochemical analysis has been carried out in
single cell analysis employing ultramicroelectrodes (UME). However, in this
configuration, analysis of cell populations is tedious, time-consuming and requires
specialized instrumentation [12]. On the other hand, the analysis of cell populations
can give similar information for a whole population with simpler experimental setups

and in a faster way.

Among ROS, H20: is considered a very powerful cytotoxic agent. The longer half-life
compared with other ROS allows diffusion across the whole cell and extracellular
space, with production of hydroxyl radical’s through the Fenton Reaction (FR).
Hydroxyl radicals are among the most powerful hydrogen acceptors, being able to

damage cellular components.

Among the possible electrode materials that can selectively detect H202, Prussian Blue
(PB) emerges as the most widely used electrocatalyst for non-enzymatic sensing. PB
allows low potential and interference-free electrochemical reduction of H20:2 in
oxygenated environment in contrast to metallic electrodes [13]. Metal-based electrodes
(Pt, Au, Ag or Cu) suffer from interference from oxygen reduction and hence detects
H202 by means of oxidation. In the latter case, the electrode suffers from the
interferences of other electroactive species commonly found in biological media such
as dopamine and ascorbic acid, among others. Hence, PB-based electrochemical

sensors stand out as the best option for the electrochemical detection of H202 [14].

Most of the recently published devices able to culture and monitor ROS bursts from
live cells have been fabricated using clean-room-based photolithographic fabrication
methods [15-17]. While photolithography may still provide powerful research-scale
solutions, in many clinical and biological applications the high-resolution obtained
using photolithography are not needed and alternative low-cost fabrication methods
are a real alternative [20]. The benefits of low-cost fabrication techniques (3D printing,
laser cutting or xurography) and electrochemical detection create a powerful

combination for the fabrication of ultra-low-cost disposable devices [21]. Alternative
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methods for cell culturing have been recently reported by means of xurography and
different laminated materials [22]. However, the incorporation of electrochemical

sensor in this kind of devices remains unexplored.

In this work a PB-based array constituted by 8 electrodes is creatively used for cell
culture and real time electrochemical hydrogen peroxide sensing. The concept of low-
cost fabricated Prussian blue-based electrode array (PBEA) is exploited. The PBEA is
composed by eight individual wells where cells can be directly cultured over the
electrodes. The developed array was used for the detection of the hydrogen peroxide
released from HelLa cells stimulated with N-formyl-L-methionyl-L-leucyl-L-
phenylalanine (fMLP) and after endogenous pretreatment of the cells with cocoa

polyphenols, that induced a decreased oxidative stress level.
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VIIl.2. Materials and methods

VIIl.2.1. Materials and chemicals

Laminating pouches (Scotch, TP3854-100), self-adhesive vinyl (Arteza, ARTZ-8080),
adhesive vinyl bumpers (Scotch, 3M), a thermal laminator (MATCC) were used for the
fabrication and assembly of the chips. Prussian Blue-based Carbon (C2070424P2)
and silver/silver chloride (C2130809D5) ink from Gwent Group were employed to
fabricate the electrodes. A multi potentiostat/galvanostat uSTAT 8000 (DropSens,
Oviedo, Spain), which incorporates “DropView 8400 software was employed for the

electrochemical measurements.

Dulbecco’'s modified Eagle’s medium (DMEM), Fetal Bovine Serum (FBS),
penicillin/streptomycin, trypsin-EDTA, N-Formyl-L-methionyl-L-leucyl-L-phenylalanine
(fMLP), Catalase from bovine liver (2,000-5,000 units/mg), Glucose, KCI, HCI,
HEPES, MgClz;, NaHCOs, CaClz, H202 and DMSO were purchased from Sigma
Aldrich.

A commercially available cocoa powder sample was employed, coming from Forastero
cocoa beans subjected to an industrial fermentation, drying, and roasting process.
Cocoa extracts were directly extracted in DMSO, according to [23]. Briefly, 0.1 g of
cocoa powder were weighted and solubilized in 1.5 ml of DMSO. The dispersion was
vortexed for 1 min and sonicated in an ultrasonic bath for 5 min at a temperature of 20
°C. Subsequently, the dispersion was centrifuged at 12,000 rpm for 5 min at a
temperature of +4 °C for 10 min. The resulting supernatant was recovered and stored
at —20 °C in the dark. Cocoa polyphenols concentration in the extract was determined
using the Folin-Ciocalteau assay and expressed as gallic acid equivalents (GAE) [23].
The cocoa extract initial concentration was 47.6+0.2 g Kg' GAE. The extract was
further conveniently diluted to the concentrations employed in the polyphenol

treatment.
VIII.2.2. Electrode Microfabrication

Electrodes fabrication was based on the stencil-printing and thermal lamination of
laminating pouches. Laminating pouches are PET (Polyethylene terephthalate)

polymer films coated with EVA (Ethylene-vinyl acetate) thermo adhesive on one side
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that allows the permanent bonding of the consisting layers upon heat and pressure
applied through the rollers of a thermal laminator. Electrode design was sketched using
AutoCAD 2018 (Autodesk, Student Version); a desktop cutting plotter (Silhouette
Cameo 3, Silhouette) was used to cut. Figure VIII-1 shows the schematics of the

electrode design and fabrication.
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Figure VIII-1: Schematics of the fabrication process of the Prussian blue array-based electrodes (PBAE)
electrochemical chips using benchtop equipment.

PBEA was constituted by two PET-EVA layers: a base layer, where the electrodes are
patterned and a cover layer for electrical isolation. A stencil-printing approach was
used for the fabrication of the electrodes. Briefly, a stencil with the electrode desired
shape was cut in a self-adhesive vinyl sheet. This mask was then stuck onto the EVA-
coated side of a laminating pouch (Figure VIII-1A). The PB-based ink was stencil-
printed over the PET-EVA laminating pouch using a squeegee and it was cured for 30
minutes at 60°C (Figure VIII-1B). Then, the reference electrode was painted using
silver/silver chloride ink and the whole set was allowed to cure for another 30 min
(Figure VIII-1C).Finally, the vinyl stencil was peeled off obtaining the base layer
(Figure VIII-1D). Then, the isolation layer is laminated for electrical isolation (Figure
VIII-1E). The isolation layer is formed by PET-EVA cut using the desktop cutting
machine. The design allows the electrochemical cell formation and the electrical

contact for the connections. The assembled PBEA (Figure VIII-1F) is then placed
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between two micromachined PMMA pieces that work as the holder and provide the
electrical connections for the final device (see Figure VIII-2A). The PMMA (3 mm thick)
holder is cut and holed using a bench saw and a milling bench. Holes of 8 mm diameter
were milled for the well hole and 0.5 mm for the electrical contacts. For the electrical

contacts, pogo pins (2=0.5mm, length = 16.35 mm) were used.
VIII.2.3. Cell Culture

HelLa cells were cultured in complete growth medium and incubated at 37°C under 5%
CO2 atmosphere. Dulbecco’s Modified Eagle’s Medium (DMEM) was supplemented
with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin to make complete
growth medium. Cells were routinely subcultured every 2-3 days at 70-80% cell
confluence. They were detached using 0.05% trypsin-EDTA solution, centrifuged at
1000 rpm for 5 min and seeded on T75 flasks through 1:10 dilution. For the
electrochemical experiments, confluent cells were harvested, centrifuged, and then
homogenized in a certain volume to give a known concentration of suspended cells.
Finally, 10 pL from the cell suspension was added to 190 pL of warm medium to give
the final cell number in each well of the device. The prepared chips were placed inside
the incubator (37°C and 5% CO3) for 12-16 h prior to electrochemical measurements
to ensure cell adhesion. Before cell seeding, chips were washed with 70% ethanol-

water solution and sterilized under UV light for 30 minutes.
VIII.2.4. Cytotoxicity determination of cocoa extracts

Non-toxic concentrations of cocoa extracts were determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay. Cells
were grown in 24-well plates at a density of 104 cells/well. After 24 h, the cells were
washed with fresh medium and were treated with control medium or the medium
supplemented with different concentrations of cocoa extracts. After incubation for 24
h, cells were rewashed, and 500 pyL of MTT solution (1 mg/mL) was added and
incubated for 4 h. Finally, 500 pL of DMSO was added to solubilize the formed
formazan crystals, and the amount was determined by measuring the absorbance at

540 nm using a microplate reader. Cell viability was determined by the amount of MTT
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converted into formazan crystal and quantified as a percentage compared to the

control.
VIII.2.5. Electrochemical measurements on cell populations

Before electrochemical measurements, DMEM medium was replaced by Locke’s
buffer (pH=7.4, Glucose 5.6 mM, 154 mM NaCl, 5 mM KCI, 15 mM HEPES, 1.2 mM
MgClz2, 3.6 mM NaHCOs and 2.5 mM CacClz). Before cell stimulation the electrode was
polarized at the working potential for 60 seconds to stabilize the background current.
For the cocoa polyphenol treatment, cells were incubated for 24 h in DMEM
supplemented with different GAE of cocoa polyphenols. After the treatment, the
treatment media was removed and replaced by Locke’s buffer. HeLa cells stimulation
was triggered by the addition of 10 pL of the corresponding dilution of fMLP stock
solution in Locke’s buffer. The 10 mM stock solution of fMLP was prepared in DMSO
and kept at -20°C.
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VIIl.3. Results and Discussion

VIII.3.1. Design and electrochemical characterization of PB-based chips

The electrochemical device employed in this work is schematically presented in Figure
VIII-2. Figure VIII-2A shows the exploded view of the components of the oxidative
stress assessment device. The PB-based chip is composed of the PBEA and the
PMMA holder including the electrochemical cell wells and the electrical connections.
Interestingly, to increase the throughput several PBEA can be seeded with cells at the
same time with no need of the chip holder during the incubation; PBEA can be later
assembled on the holder on-demand before the electrochemical measurements. The
hydrophobicity of the PET isolating layer allows to constrain cell-containing droplets
right on top of the electrochemical cells of the flexible PBEA (see Figure VIII-3A). In
this way, cells adhere in the very close vicinity of the working electrode. Photos of the
device are reported in Figure VIII-3. This configuration allows detecting minute
amounts of released molecules, since the local concentrations in the surroundings of
the cells is higher compared to the bulk solution (see Figure VIII-2B, inset). In addition,
this arrangement offers some advantages compared to the single-cell analysis usually
carried out with ultramicroelectrodes (UME) as the electrochemical signals recorded

represents the averaged responses for a cell population [18].
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Ag/AgCl electrodes

Figure VIII-2: A) Exploded view of the device showing all the components. B) Top view of the mounted
device showing the PBAE containing the cell culture.
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Figure VIII-3: A) Images of the electrochemical chips culturing HelLa cells before being placed on the
chip holder. Inset: Zoom of the electrode wells showing the patterning of the cells over the
electrochemical ells B) Electrochemical chips placed on the open holder C) Holder fully mounted and
connected to potentiostat.

Electrochemical characterization of the developed electrodes was carried out by
means of cyclic voltammetry (CV) and amperometry. CV of the obtained PB electrodes
is presented in Figure VIII-4A. The voltammogram of the Prussian blue-based
electrode arrays (PBEA) was characterized by two set of peaks. The first set of peaks
corresponds to the conversion of Prussian Blue (PB) into Prussian White (PW).
(Eq.VIL.1). The calculated half-wave potential Ei.2 of this set of peaks was (Eiz =
(Ep,atEp,c)/2) +87+9 mV (n=8). This set of peaks is involved in the electrocatalytic
reduction of hydrogen peroxide (Eq.VIII.2) as can be seen from the blue curve in
Figure VIII-4A. The second set (EQ.VIII.3) is related to the oxidation of PB to Berlin
Green (BG) with a Ei2 of +0.770£12 mV (n=8). Additionally, PB quantity has been
evaluated by integrating the oxidation peak of the PB/PW couple obtaining a charge of
3.4+0.3 uC (RSD=7%, (n=8)). This result indicates the high reproducibility of the

fabrication method.
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Felll[Fe''(CNg)s] + 4e~ & K, Fell[Fe''(CNg)s] Eq.Viil.1
PB PW
H,0,+2e —20H" Eq.VIII.2
Fell'[Fe"(CNg)3]A; +3e” « Fe}'[Fe'(CNg)s] +3A~ Eq.VIIl.3
PB BG

CV was also performed at different scan rates ranging from 1 to 100 mV s, where
both the anodic and cathodic peak currents increased with the increase of the scan
rate (Figure VIII-5). Peak currents varied with the square root of scan rate (v'2; Figure
VIII-4B) , indicating a diffusion-controlled process due to the insertion and release
process of cations in solution [25,26]. Good linearity was achieved (R?>0.990) with
regression equations of lpa (UA) = (-2.8+0.7) + (6.1+0.1) [v¥?] (mV s)*2and Ipc (WA) =

(-4+1) + (-6.4+0.1) [v¥?3] (mV s)¥2for the anodic and cathodic process, respectively.
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Figure VIII-4: A) Cyclic voltammogram obtained at 5 mV s in HCI/KCI buffer (Black line) and in
presence of 2.5 mM of H202 (Blue line). B) Plot of anodic and cathodic peaks extracted from the cyclic
voltammograms at different scan rates. C) Amperometric response at different potentials in Locke’s
Buffer and in presence of 0.1 mM H202. D) Calibration plots obtained in Locke’s Buffer for the whole
linear range using amperometry at -0.1 V vs Ag|AgCl. Inset shows the calibration in the lower
concentration range. Results are expressed as mean + SD with n = 6.
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Figure VIII-5: Cyclic voltammograms of the developed chips carried out in 0.1 M HCI/KCI at scan rates
from 1 to 100 mV s
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In order to determine the optimal potential for the determination of H20:2 in the presence
of oxygen, constant potential amperometry was carried out at different applied
potentials ranging from +0.10 to -0.35 V vs Ag|AgCI. Figure VIII-4C reports current
values at each potential for the buffer (black points) and a solution containing 0.1 mM
of H202 (blue points). For the solution containing H20:2 the expected sigmoidal curve
was obtained, with a limiting current -4.3+0.3 pA at -0.10 V. For subsequent
experiments -0.1 V was chosen as the sensing potential. At around -0.20 V a second,
voltammetric wave starts rising in both buffer and H202 solutions. This is ascribed to
Oz reduction. Thus, it can be clearly seen that H202 can be selectively detected in the
presence of Oz in contrast to metal-based electrodes. Calibration was carefully studied
using amperometry at the optimum potential (-0.10 V) to determine the sensitivity,
linearity, and limit of detection (LOD) towards H202. As shown in Figure VIII-4D the
sensor exhibited good linearity (R?=0.997) in the 5-1000 pM concentration range with
a regression equation i (uA) = (-0.10£0.06) + (0.0152+0.0001) [H202] (uM). The
sensitivity of the method was evaluated in the lower concentration interval of 5-50 uM
I (MA) = (0.025£0.007) + (0.0112+0.0003) [H202] (uM) shown in the inset. The LOD
was calculated as LOD=30/S where o is the standard deviation of the intercept and S
is the slope of the calibration plot. The calculated LOD was 1.9 uM. The obtained figure
of merits is comparable to some reported in literature as shown in Table VIII-1.
However, the main contribution of the developed PBEA is the easiness of fabrication
with low-cost equipment but maintaining a well-enough performance. Operational
stability of the sensor was also evaluated in a solution containing 0.1 mM of H20:2. As
reported in Figure VIII-6 the signal remained stable with at least 90% retained signal
for 1 hour under operation in Locke’s buffer demonstrating the high performance of the

developed sensors.
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Table VIII-1: Prussian Blue-based electrodes reported in literature fabricated by different approaches.

LOD Linear range

Electrode Fabrication method Remarks Ref
(HM) (uM)

g-CNTs/PB MCs 0.013 0.025-1598 Drop casting Application to cell culture [1]
Graphene oxide/PB 0.8 5-1000 Dip coating Application to cell culture [2]
PBNPs 20 0.02-0.7 Inkjet printing Easy fabrication [3]

PBNPs (15 nm)- . . Easy fabrication
0.2 0.001-4.5 Inkjet printing o [4]

SPE Low-cost fabrication

Easy fabrication

Pad-printed carbon 0.41 0.41-200 PAD printing o [5]
Application to cell culture

Easy fabrication
Benchtop stencil Application to cell This
PBEA 1.9 5-1000 o
printing culture work

Multiplexed detection

g-CNTs/PB MCs: Prussian blue microcubes decorated graphenated carbon nanotubes. PBNPs: Prussian Blue nanoparticles.

PBEA: Prussian blue-based electrode arrays.
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Figure VIII-6: Operational stability of the sensor performed in batch amperometry conditions in Locke’s
Buffer containing 0.1 mM H202 A) Signal normalized to initial signal. Dashed lines represent the 90% of
the initial signal B) Raw signal expressed as current.
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VIIL.3.2. Real-time electrochemical detection of H202 released by HelLa cells

As above mentioned, the PBEA allows to measure simultaneously eight channels. A
typical simultaneous measurement on the 8 electrodes PBEA is shown in Figure
VIII-7, where the response of HelLa cells to different stimulation conditions was
recorded. Cells were stimulated with 200uM fMLP in all channels except from 7, which
was used as control well. When cells were stimulated with fMLP, an instantaneous
increase in the electrochemical signal due to release of H202 by the cells (CH 1 to 6)
occurred. As it can be seen no signal is obtained from the cells over the electrode
without any stimulation (CH7). Furthermore, when catalase (CAT) was added in the
well, no change in the signal was recorded either, since the H202 released by cells was
consumed by CAT (CH 8). As an additional control, the response towards the addition
of 100 uM of fMLP in well without cells was also recorded (see Figure VIII-8A). No
signal is observed upon the addition of fMLP, confirming that no electrochemical signal
is produced due to fMLP. As further selectivity control, CAT was added during H202
release revealing that as the CAT was added the signal switched-off (see Figure

VIII-8B). These results clearly indicate the selectivity of the sensor towards H20:.
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Figure VIII-7: Constant voltage amperometry simultaneous signals in the PBEA. CH 1 — 6 shows typical
responses for oxidative stress responses. CH 7 shows the signal from non-stimulated HelLa cells. CH 8
shows the signal in presence of 0.1 mg mL-* CAT. Arrows indicate the addition of 100 uM of fMLP. Each
well contained 104 cells. Working potential (E=-100 mV vs Ag/AgClI). X and Y scales are shown in CH 1

and are maintained in the rest of the channels.
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Figure VIII-8: Additional selectivity tests A) Addition of 1 uM of fMLP on the electrochemical cells without
not containing HelLa cells B) Selectivity test over a raising signal of HelLa cells stimulated with 1 pM of
fMLP arrows indicate the addition of 10 puL Catalase 0.1 mg/mL to the media.
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To transform the obtained signals into quantitative results, the area under the obtained

curve is integrated to calculate the charge (@,). In this way we obtain the full
information of the stimulation process rather than instantaneous concentrations on the
electrode surface. @, is transformed in the molar quantities of H202 (N, ,) employing
Faraday’s equation (Eq.VIIl.4) considering that the reduction of H202 involves two
electrons (n=2e") [27].

@
Nio, =L Eq.VIIl.4

The dependence of the charge recorded on the cell load from 103 to 2-10° cells per
well is studied in Figure VIII-9A. An increase in the charge recorded on the electrode
is observed with the increase in the cell number. According to these results, 10* cells
per well were employed for subsequent experiments as a compromise between cell
density and a significant electrochemical signal. Different concentrations of fMLP were
also tested and the results are presented in Error! Reference source not found. Figure
VIII-9B. Increasing concentrations of fMLP give increasing signals from the cells from
0.1 to 10 uM while from 10 to 100 uM no significant increase is observed. The obtained

results follow a dose-response relationship with a maximum at 10 pM.

After demonstrating the ability of the PBEA to detect the H202 released by HelLa cell
populations, the effect on food polyphenols on them was also evaluated. As proof of
the concept HelLa cells were treated with different concentrations of cocoa extracts to
study the protective role of these compounds in the oxidative stress process. Firstly,
the cytotoxicity of the cocoa extracts has been evaluated using the MTT assay. As
shown in Figure VIII-10, the cocoa extracts do not have cytotoxic effect in the range
of 0.1 to 100 pug mL?* GAE.
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Figure VIII-9: A) Mean charge recorded with different number of cells seeded in the chip (n=6) B) Mean
H20: production per cell for different concentrations of fMLP C) Comparison of H202 production for
untreated and treated cells with different concentrations of cocoa extracts. Results are expressed as
mean = SD with n = 6. Significance of the difference between control and fMLP stimulated ™ p<0.01, ™
p<0.001.

Consequently, HeLa cells cultured over the electrode were treated for 24 h using 1 and
10 pg mL? of cocoa extracts. After treatment, the media containing the polyphenols
was replaced and the electrochemical signal recorded. Figure VIII-9C shows the
recorded signals for untreated cells (CTR) and cells treated using two levels of cocoa
extract 1 and 10 pg mL 1. A significant decrease in the H202 production after the stress
with the addition 10 pM of fMLP is observed for both the concentrations tested.
Differences between means were compared using the Student’s t-test for independent
(unpaired) samples being statically significant different p<0.01 and p<0.001 for the 1
and 10 ug mL1 , respectively, confirming the ability of the cocoa extracts to decrease
the H202 production in dose-dependent way. These results were in agreement with
previous studies where flavonoids, the main family of polyphenols present in cocoa
extracts, were demonstrated to decrease the oxidative burst of mammalian cells which
is usually due to an inhibition of the NADPH oxidase and myeloperoxidase [28]. Other
works found in literature also demonstrated the ability of polyphenols to reduce the
oxidative burst from immune cells employing fMLP and other stimulants able to trigger
ROS production [29-31].
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Figure VIII-10: Cytotoxicity of cocoa extracts for 24 h on Hela cells assessed by the MTT assay. Cell
viability was expressed as percentage of untreated control cells.

VIIl.4. Conclusions

PBAE was successfully integrated into a multichambered chip for real-time detection
of H20:2 released from live cells. The produced electrodes retained electrochemical

properties of PB and exhibited a good analytical sensitivity (LOD=1.9 uM).

The electrochemical chip-containing array of 8 electrochemical sensors allowed high-
throughput cell analysis, enabling to monitor the real-time release of H202 by HelLa
cells in just 5 minutes with excellent selectivity. These results can pave the way for the
high-throughput screenings of the oxidative stress state of cell populations upon
chemical stress from target molecules and highlights the protective role of different

compounds as food antioxidants using inexpensive miniaturized on-chip technologies.
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IX. General Conclusions

The main and transversal conclusion of this Doctoral Thesis is the demonstration of
the potential of miniaturized nanomaterial-based electrochemistry in two sensing
relevant applications: the potential of TMD in the analysis of relevant PPs in food
samples together with the ability of PB-based sensors to detect and quantify oxidative
stress in different cell lines. Hence, the main conclusions derived from this Doctoral

Thesis are:

1. The incorporation of TMD to other nanomaterials in electrochemical sensor
technology has been demonstrated to be highly relevant, resulting in a synergistic
approach that combines the unique physical and chemical properties of TMD with the

intrinsic benefits of carbon nanomaterials.

Even though the relatively low intrinsic conductivity and narrow electrochemical
window of TMD, their hybridization with other nanomaterials has allowed improving
their inherent properties. Two enhanced properties have been identified:

e Apparent electrocatalysis towards catechol-containing PPs.
e Impressive antifouling properties during the oxidation of the
aforementioned catechol-containing PPs compounds.

These findings have also been demonstrated for the other compounds of the group VI
TMDs; MoSe2 and WSe2. The mechanism underlying their antifouling properties has

also been proposed for the first time.

2. PB-based sensors have demonstrated its potential in the evaluation of oxidative
stress in cell lines. The incorporation of PB-based sensors in LoC devices have
permitted the culturing of cells and direct in-situ evaluation of their oxidative stress

status and the effect of food functional PPs on it.

e PB-based electrochemical sensors have enabled a reliable detection of
oxidative stress (OS) in living cells towards hydrogen peroxide monitorization in
two different cell cultures SH-SY5Y and HelLa.

203



VIII. Oxidative Stress on-chip: Prussian blue-based electrode array for in situ
detection of H202 from cell populations

e The sensors have been PB-based electrochemical sensors integrated in a LoC
device have enabled the detection of the produced H20:2 in the culturing of HeLa
cells. The device was able to effectively detect a decrease in the H20:2
production response of HelLa cells treated with cocoa extracts in a dose-

dependent-way.
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