Downloaded via CO BRASILEIRA PESQUISA AGROPECUARIA on June 6, 2023 at 16:32:58 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

\
)

http://pubs.acs.org/journal/acsodf

Heoo®06

Nanoarchitectonic E-Tongue of Electrospun Zein/Curcumin Carbon
Dots for Detecting Staphylococcus aureus in Milk

Andrey Coatrini Soares,” Juliana Coatrini Soares,” Danilo Martins dos Santos, Fernanda L. Migliorini,
Mario Popolin-Neto, Danielle dos Santos Cinelli Pinto, Wanessa Aratjo Carvalho,
Humberto Mello Brandao, Fernando Vieira Paulovich, Daniel Souza Correa, Osvaldo N. Oliveira, Jr,*

and Luiz Henrique Capparelli Mattoso™
I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2023, 8, 13721-13732

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: We report a nanoarchitectonic electronic tongue
made with flexible electrodes coated with curcumin carbon dots
and zein electrospun nanofibers, which could detect Staphylococcus
aureus(S. aureus) in milk using electrical impedance spectroscopy. |
Electronic tongues are based on the global selectivity concept in
which the electrical responses of distinct sensing units are
combined to provide a unique pattern, which in this case allowed
the detection of S. aureus through non-specific interactions. The
electronic tongue used here comprised 3 sensors with electrodes
coated with zein nanofibers, carbon dots, and carbon dots with
zein nanofibers. The capacitance data obtained with the three
sensors were processed with a multidimensional projection
technique referred to as interactive document mapping
(IDMAP) and analyzed using the machine learning-based concept of multidimensional calibration space (MCS). The concentration
of S. aureus could be determined with the sensing units, especially with the one containing zein as the limit of detection was 0.83
CFU/mL (CFU stands for colony-forming unit). This high sensitivity is attributed to molecular-level interactions between the
protein zein and C—H groups in S. aureus according to polarization-modulated infrared reflection-absorption spectroscopy (PM-
IRRAS) data. Using machine learning and IDMAP, we demonstrated the selectivity of the electronic tongue in distinguishing milk
samples from mastitis-infected cows from milk collected from healthy cows, and from milk spiked with possible interferents.
Calibration of the electronic tongue can also be reached with the MCS concept employing decision tree algorithms, with an 80.1%
accuracy in the diagnosis of mastitis. The low-cost electronic tongue presented here may be exploited in diagnosing mastitis at early
stages, with tests performed in the farms without requiring specialized laboratories or personnel.
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1. INTRODUCTION

The early and fast diagnosis of bovine mastitis caused by
infections from microorganisms is crucial to reduce the
negative economic impact on the dairy industry owing to

fication by polymerase chain reaction® are two gold standard
methods to detect S. aureus (and bovine mastitis). The first is
time-consuming and laborious, while the second is expensive
and requires specialized equipment and trained personnel.

milk production reduction with cattle death and reduced milk
quality."™ This diagnosis can be made by detecting Staph-
ylococcus aureus(S. aureus), the prevalent pathogens causing
mammary infections in dairy cows™ associated with various
forms of clinical and subclinical mastitis.” These bacteria are
lodged into the mammary glands, which become chronically
infected for a few months, serving as a reservoir for new
infections in other animals. As a consequence, enzymes and
toxins are produced, thus damaging breast tissue and reducing
milk production. The cows can be treated with antibiotics, but
this should be done at early stages of the disease to guarantee
treatment efficiency and decrease of bacteria resistance, as it
has happened with the antibiotic methicillin."” The bacterial
isolation and its biochemical characterization® or its identi-

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

Since the gold-standard methods are not amenable for point-
of-attention diagnosis, considerable efforts have been made to
develop alternative methodologies. The latter include assays to
determine the somatic cell count (SCC) in the California Milk
Coagulation Test and colorimetric and fluorimetric assays to
measure enzyme concentrations in milk.>’ Also to be
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mentioned are the immunosensors to detect S. aureus and

the recent work with an electronic tongue based on impedance
spectroscopy.18

The advantages of electronic tongues are mostly related to
the use of the global selectivity concept, which does not
require speciﬁc sensors.'”?° Hence, sensing units more robust
than the biosensors can be utilized, whose electrical responses
are combined to establish a pattern that is specific — as in a
“finger print” — for the liquid under analysis. Electronic
tongues are highly sensitive due to interface effects on the
sensing units as they are exposed to the liquid samples;*' ™
because these effects are highly dependent on the liquid
composition and on the materials of the sensing units, a
combination of different responses affords the establishment of
this specific pattern.” In addition, the electronic tongue
developed in this work has other advantages over other devices
in the literature, especially potentiometric e-tongues.””” The
first novelty is the combination of curcumin and zein fibers in
nanoarchitectures, which allowed the development of a flexible
device. Such a device can be implanted at a lower cost and with
competitive sensitivity with electronic tongues in the
literature.'® It is also significant that the electronic tongue
used here does not require reference electrodes and counter-
electrodes.

In this paper, we extend the work reported in ref 18 using an
nanoarchitectonic electronic tongue made with flexible sensing
units that can be produced at a low cost using a 3D cut printer.
The sensor array contains curcumin carbon dots and the
protein zein, yielding a low-cost device cheaper than
biosensors based on specific interaction. Zein, in particular,
proved excellent to enhance the electronic tongue perform-
ance. The accuracy in S. aureus/mastitis detection was
evaluated in contaminated milk samples using the information
visualization technique referred to as interactive document
mapping (IDMAP)*”*® and the multidimensional calibration
space (MCS) concept using machine learning.”

2. MATERIALS AND METHODS

2.1. Curcumin Carbon Dots Synthesis and Character-
ization. Curcumin carbon dots (cCDOT) were synthesized
using a slightly modified methodology to that of Ting and
colleagues.”” Curcumin (CCM; 0.30 g) (Sigma-Aldrich, USA)
and citric acid (0.60 g) (Sigma-Aldrich, USA) were ground
uniformly, suspended in 15 mL of deionized water, and
hydrothermally treated in a Teflon-lined autoclave at 180 °C
for 1.5 h. This reaction medium was cooled down to room
temperature and centrifuged at 10.000 rpm for 1S min. The
supernatant was then filtered through a 0.22 ym syringe filter
and dialyzed against deionized water using a membrane with
nominal molecular weight cutoffs of 2000 Da for 48 h. The
resulting cCDOT suspension was then stored at 8 °C until use.
The concentration of cCDOT was determined by freeze-
drying a suspension aliquot at —45 °C for 48 h (Liotop L101,
Liobras), resulting in a concentration of 1.2 + 0.1 mg of
c¢CDOT/g suspension. Transmission electron microscopy
(TEM) and high-resolution TEM images of cCDOT were
obtained with a transmission JEOL JEM2100 LaB6 micro-
scope. Fluorescence spectra were recorded on a Shimadzu
(RF-5301PC) spectrofluorimeter using a quartz cuvette. The
UV—vis absorption spectra of carbon dot suspensions were
acquired with a Shimadzu (UV-1900) spectrophotometer in
the range between 200 and 700 nm.

2.2. Electrode Fabrication. Disposable electrodes were
prepared with a simple, low-cost cut-printing method as
described in ref 31. A conductive ink made of graphite and
carbon black powders (90/10 w/w) (Synth, Brazil) suspended
in shellac (Acrilex, Brazil) in a proportion of 30% (w/w) was
homogeneously deposited onto the adhesive paper and then
dried in an air-circulating oven for 1 h at 40 °C.A mask with
electrodes, with 12.9 mm?, containing 1 pair of fingers (spaced
by 1.6 mm), was cut from the conductive sheets using a cut
printer (Silhouette, model 3, Moema/SP, Brazil) (see Figure
S1 in the Supporting Information). Then, the sensors were
obtained by removing the mask and adhering them to flexible
and waterproof crystal acetate sheets (Artigianato A4, Brazil).
The electrospinning method was used to functionalize the
electrode. A 300 mg mL™" zein (Sigma-Aldrich, USA) solution
in acetic acid (Sigma-Aldrich, USA) was diluted with cCDOT
aqueous suspension to obtain a concentration of 240 and 0.24
mg mL™" of zein and cCDOT, respectively. The electrospun
solution was transferred to a 3 mL syringe coupled to a syringe
pump (New Era, USA), which delivered the solution through a
27-gauge metallic needle (0.45 mm diameter) at a constant
flow rate (10 uL/min). Electrospinning was performed for 10
min at a working distance of 8 cm, applied voltage of 22 kV at
25 + 3 °C, and relative humidity of 30%. Fibers were directly
electrospun over the electrode partially covered with aluminum
foil and attached to a stainless-steel drum collector, according
to Dos Santos et al.”' The modified electrodes were removed
from the aluminum foil and stored in a desiccator before
further use.

2.3. Electrode Morphological Characterization. The
morphology of electrodes and deposited nanofibers was
evaluated by scanning electron microscope (SEM, JEOL
6510) using an acceleration voltage of 10 kV after sputter
coating the samples with gold. Image] 1.4S software (National
Institutes of Health, Bethesda, MD, USA) was used to measure
the fiber diameter, whose average value was determined from
at least 100 fibers chosen randomly.

S. aureus/Mastitis Detection. The analytical performance
of the electronic tongue was assessed using electrical
impedance data from three sets of experiments carried out
with a Solartron, model 1260 A, in the frequency range from
1-10° Hz, with a DC potential of 0 mV and AC potential of S0
mV. All the experiments were made inside a class II-type B2
biosafety cabinet (Pachane, Brazil) for protection against
external contamination. Flexible electrodes were immersed
into 50 uL of milk collected from a healthy cow without
mastitis — after three negative microbiological tests at 1 week
intervals — and spiked with various S. aureus (INCQS 00015
ATCC 25923) concentrations (viz., 1, 10, 10% 10% 10% 10°,
and 10° CFU/mL) followed by washing with ultrapure water.
The milk used in the detection is of the processed type. This
milk sample was manually contaminated with the S. aureus
bacteria, at the concentrations indicated. The samples before
spiking with S. aureus will be referred to as “blank” milk or
control. Impedance spectra were obtained for the latter milk
samples, in addition to blank milk samples contaminated with
the interferents (see Figure S2 in the Supporting Information)
glucose (GLU) (Sigma Aldrich, USA), lactose (Sigma Aldrich,
USA) (LAC), urea (Sigma Aldrich, USA) (URE), mucin
(Sigma Aldrich, USA) (MUC), and Salmonella (SAL[1 X 10"]
and SAL[1 X 10°]) to verify the electronic tongue selectivity.
Also used were milk samples collected from five dairy cows,
four of which were naturally infected with mastitis and another
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Figure 1. (A) TEM image and histogram for size distribution of cCDOT, (B) high-resolution TEM image of cCDOT with the in-plane lattice
spacing, and (C) UV—vis absorption spectra of cCDOT; (D) fluorescence emission spectra of cCDOT at distinct excitation wavelengths.

one was a healthy cow from Embrapa Gado de Leite (Juiz de
Fora, MG, Brazil) and Luiz de Queiroz College of Agriculture
(ESALQ) (Piracicaba, SP, Brazil) farms. The S. aureus mastitis
identification was made according to Oliver et al.® The milk
samples from these cows were subdivided into eleven classes:

1) Milk from a healthy cow (Control) (Animal 1 from
Embrapa Gado de Leite);

2) Milk from the left front mammary quarter (left udder) of
an infected cow (AE-DOX) (Animal 2 from Embrapa
Gado de Leite);

3) Milk from the left front mammary quarter (left udder) of
the latter infected cow, diluted 10X (AE D10X) (Animal
2 from Embrapa Gado de Leite);

4) Milk from the left front mammary quarter (left udder) of
the latter infected cow, diluted 25X (AE D25X) (Animal
2 from Embrapa Gado de Leite);

5) Milk from the left front mammary quarter (left udder) of
the latter infected cow, diluted SOX (AE DSOX) -
(Animal 2 from Embrapa Gado de Leite);

13723

6) Milk from the right front mammary quarter (right
udder) of another infected cow (AD-DOX) (Animal 3
from Embrapa Gado de Leite);

7) Milk from the right front mammary quarter (right
udder) of the latter infected cow, diluted 10x (AD
D10xX) (Animal 3 from Embrapa Gado de Leite);

8) Milk from the right front mammary quarter (right
udder) of the latter infected cow, diluted 25X (AD
D25x%) (Animal 3 from Embrapa Gado de Leite);

9) Milk from the right front mammary quarter (right
udder) of the latter infected cow, diluted 50X (AD
DS0X) (Animal 3 from Embrapa Gado de Leite);

10) Milk from the left front mammary quarter (left udder) of
an infected cow, conditioned with bronopol (Sigma-
Aldrich, USA, Mw = 199.99 g/mol), with a small
somatic cell count (Low SCC) (Animal 4 from Luiz de
Queiroz College of Agriculture);

11) Milk from left front mammary quarter (left udder) of
another infected cow, conditioned with bronopol, with a

https://doi.org/10.1021/acsomega.2c07944
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Figure 2. SEM images of the non-modified electrode (A); ZEI/cCdot fibers deposited onto the electrode (B); ZEI fibers deposited onto the

electrode (C).

high count of somatic cells (High SCC) (Animal 5 from
Luiz de Queiroz College of Agriculture).

The milk composition and somatic cell count were
performed on Bentley Combi System 2300 electronic equip-
ment (see the Supporting Information).

2.5. Information Visualization and Machine Learning
Techniques for Electronic Tongue Calibration. Dimen-
sionality reduction of electrical impedance data is used to
evaluate selectivity and false positive presence.’” The electrical
impedance data were analyzed with the Interactive Document
Mapping (IDMAP)*”** projection technique to evaluate
selectivity and possible existence of false positives. IDMAP
considers Euclidean distances in the original space &(x, xj)
between different class samples X = {x,, x,, ..., x,,} and projects
this data into a lower-dimension 2D space where Y = {y,, y,, ...,
y.} gives the position of visual elements (or points)
representing the samples based on Euclidean distances d(y;
— ;) in this new 2D visual space. These projections are
calculated using eq 1, where J,,, and 0, are the maximum
and minimum distances between data instances samples and

d(y, — y;) is the Euclidean distance between points in the visual
space.

&(x,, xj) = Sin
5 5 -y

max min

ErrorIDMAP =
(1)

The Parallel Coordinates™ technique was applied to the
capacitance spectra from blank milk — obtained from a healthy
cow without mastitis — contaminated deliberately with S.
aureus to identify frequencies at which there is a high
distinction power to build calibration curves and determine
analytical parameters, namely, limit of detection (LoD) and
limit of quantification (LoQ). The distinction ability in each
frequency was calculated using the silhouette coefficient (S)
defined in eq 2, where n is the number of samples, b, is the
minimum average Euclidean distances computed between the
ith data point sample and each group of data point samples
with different concentrations,”**** and g, is the average of the
calculated Euclidean distances between the ith data point
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sample and the data points of all the samples with the same
concentration.

o

For a robust analysis, calibration of the electronic tongue
was performed using a machine learning classification
model.*>*® The Multidimensional Calibration Space (MCS)
method™” provides predictability and explainability in classify-
ing samples. From the impedance spectra measured with three
sensing units of the electronic tongue, whose molecular
architectures are cCCDOT/ZEI, cCDOT, and ZEI, we obtained
capacitance values at 19 frequencies (1 to 10° Hz), resulting in
57 frequencies with the 3 sensors combined. Decision tree
(DT)*>7*” models were used for creating the MCS
represented visually using ExMatrJX, supporting interpret-
ability of the classification task. The Nested KFold Cross-
Validation was conducted®** for obtaining DT’s hyper-
parameter combinations and performance estimation. The
nested procedure — instead of a single KFold Cross-
Validation®® — can avoid optimistic (overestimation) and
biased gerformance, which are typical issues on small
datasets.””*’

max(b,, a) )

3. RESULTS AND DISCUSSION

3.1. Curcumin Carbon Dots and Electrode Character-
ization. Electrodes modified with cCDOT were characterized
through microscopic and spectroscopic techniques. TEM
images and corresponding size distribution histogram in Figure
1A indicate that cCDOTSs have a quasi-spherical morphology
and average size of 6.3 + 1.2 nm. The crystalline nature of
cCDOT is revealed in the high-resolution TEM image in
Figure 1B with an interlattice distance of 0.27 nm, which
corresponds to the diffraction planes (102) of the sp® graphitic
carbon structure.’”*’ The UV-—vis absorption spectrum in
Figure 1C for cCDOTs features bands at 275 nm assigned to &
— 7* transition of C=C (sp2 aromatic domains) and at 340
nm due to n = 7 transition of C=0 and C-O n — 7*
transition of C=0 and C—0.’' The maximum emission for
these cCDOTs occurs at 460 nm under an excitation
wavelength of 340 nm in Figure 1D.

Figure 2 shows that the non-modified electrodes exhibit
heterogeneous, rough, and lamella-like surfaces. After being
coated by electrospinning, the electrode surface and the region
between electrodes were covered by a layer of nanofibers with
average diameters of 343 + 105 and 384 + 114 nm for ZEI
and ZEI/cCDOT films, respectively. The incorporation of
c¢CDOTs into zein nanofibers had no significant effect on fiber
diameter (p > 0.05).

S. aureus Detection. Three film architectures built within
the paradigm of nanoarchitectonics from curcumin carbon dots
(cCDOT), zein (ZEI), and curcumin carbon dots/zein
(cCDOT/ZEI) were employed in the electronic tongue to
detect mastitis using electrical impedance spectroscopy. Figure
3 shows the capacitance spectra for S. aureus detection in blank
milk for the three sensing units. A clear distinction of the S.
aureus concentrations is observed at low frequencies, below
100 Hz, where the electrical response is governed by the
double layer™"** that is altered due to non-specific interaction
between the film-containing molecules and S. aureus in
contaminated milk. Distinction of the different samples is
more efficient in sensing units comprising zein, thus indicating
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Figure 3. Capacitance spectra for sensing units made with (A)
cCDOT/ZE], (B) cCDOT, and (C) ZEI films used in the e-tongue
for detecting S. aureus. The insets represent the calibration curves at
(A) 2.15 Hz, (B) 1 Hz, and (C) 1 Hz, where the error bars represent
standard deviations for each point of the calibration curves.

that this protein can improve selectivity. The calibration curves
for the three sensing units are shown in the insets. The S.
aureus concentration dependence is best represented by
plotting the change in the real (C’) component of capacitance,
which increases at low concentrations before saturation. The
limit of detection (LoD) and limit of quantification (LoQ) for
each molecular architectures was determined using the
International Union of Pure and Applied Chemistry method
(IUPAC)™® from egs 3 and 4

LoD = 3 X SD

slope (3)
LoQ = 10 X SD

slope (4)
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Figure 4. Paralle] Coordinates projection of the capacitance spectra
using sensing units with molecular architectures cCDOT/ZEI (A),
cCDOT (B), and ZEI (C). The spectra were taken with milk samples
containing different S. aureus concentrations, and interferents GLU,
LAC, URE, MUC, and SAL (1 X 10* and 1 X 10° CFU/mL).

where SD is the standard deviation in the curves for blank
samples, and 3 and 10 are constants chosen according to the
confidence level. LoDs for cCDOT, ZEI, and cCDOT/ZEI
were, respectively, 4.19, 0.86, and 1.74 CFU/mL, while LoQs
were 13.84, 2.83, and 5.76 CFU/mL, respectively. According
to McKinnon et al,** dairy cattle infected with mastitis can
secrete ~107 CFU/mL, indicating that this electronic tongue is

E-tongue

Euclidean Distance 1 (a.u)

@L[l)ﬂo& 1

Euclidean Distance 2 (a.u)

$=0.646

Figure 5. IDMAP plot for the capacitance spectra for S. aureus
detection in milk samples. The measurements were taken with the
electronic tongue comprising 3 sensing units functionalized with
cCDOT/ZEI, cCDOT, and ZEI Note that points related to the
interferents glucose (GLU), mucin (MUC), lactose (LAC), urea
(URRE), and Salmonella (SAL[1 x 10*] and SAL[1 x 10°] CFU/mL)
are next to control samples, indicating no false positives.

capable of detecting S. aureus traces both in milk samples from
animals contaminated by mastitis and in food quality control.
The nanoarchitectures in this electronic tongue are com-
petitive with most devices in the literature,””'® especially the
one containing ZEI These details are summarized in Table S1
in the Supporting Information.

The choice of 2.15, 1, and 1 Hz as the frequencies for the
calibration curves was based on a study using the parallel
coordinates technique™ to treat the capacitance data, as in the
plots in Figure 4. The blue boxes indicate that the
corresponding capacitances at that particular frequency are
distinct from each other. White boxes refer to frequencies that
do not assist in distinguishing the samples, while red boxes
refer to fre%uencies whose use is actually deleterious to the
distinction.”” The blue boxes are located at low frequencies for
the three sensing units, as expected with the electrical response
being governed by the double layer.

Using IDMAP**® to project the capacitance data from the
three sensing units of the electronic tongue, it is possible to
distinguish the milk samples contaminated with different S.
aureus concentrations from those with interferents added to
milk. Figure 5 shows the S. aureus samples placed progressively
farther from the control sample (0 CFU/mL), and the
interferent samples (Salmonella, glucose, mucin, urease, and
lactose) are placed next to 0 CFU/mL. This selectivity could
be estimated by calculating the silhouette coefficient (S), which
quantifies cohesion and separation between cluster instances. S
varies between —1 and +1, where (S ~ 1) indicates that the
clusters are distinct from each other, with high selectivity; (S ~
0) corresponds to neutral distinction of the clusters, and (S ~
—1) shows deleterious cluster distinction and low selectiv-
ity.27’28 For the electronic tongue, the silhouette coefficient was
0.646, which may be considered as selective.””** In subsidiary
analyses, we noted that each single sensing unit can separately
distinguish the S. aureus samples (Figure S3 in the Supporting
Information) with silhouette coefficients 0.573, 0.631, and
0.561 for cCDOT/ZEI, cCDOT, and ZEI, respectively.

3.3. Calibration of the Electronic Tongue Using
Machine Learning. One of the major challenges in the
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ACS Omega 2023, 8, 13721-13732


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07944/suppl_file/ao2c07944_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07944/suppl_file/ao2c07944_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07944?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
Rul Feature Importance
ule
Support TT T IT I IT IT T I T A)
riz 0
1
ril
[ 103
r1o 10~ 2
r9 ‘ ‘ 1073
rs 1074
7 10+5
10~6
r4 Interferents
r2 1.0
6 0.75
rs 05
r3 0.25
rl 0.0
C(nr, Cinr, (nF, Cinr, (nF) C(nr, Cnr, C(nr, Cinr, Cinr,
Jer L@ F 1500 L @F 2150 V@ F o0 @ F 5 @y @Ry @Ry M@ @k
(H, 0 4 0 (H; 0 1
z) (H. 43 (H. (H, (H, z) (H, 00 5
P43] / 2) cep, (Hz) e 2) 2g, 2) cop, o 2) zg; /o 2E/ /o 2) cCpo (Hz) 25, (Hz) o
25 OT/ZE,, DOT/012é tazs 710,155 ' 0125 125 7/0,106 110.04 OT/ZE’IO
5 : -0
Feature Importance
Rule B)
I T | T I ]
Support
No Bac
ri 1.0
r2 0.75
r4 0.5
3 0.25
r
L0.0
CirF @F C(nF) C(nF) C(nF)
10 @F46q @ F 464 @F 2154
H2) ZE1 | ¢, 994 158 (Hz) <CDOT | ¢,0g, 15 (Hz) <CDOT | 0,04 (Hz) zgy | 0.9

Figure 6. (A) Multidimensional Calibration Space (MCS) for the e-tongue in a multiclass scenario (9 classes). The classes are the 8 discretized S.
aureus concentrations (1, 10, 10%, 10%, 10*, 10°% and 10° CFU/mL) and another grouping the S possible interferents, namely, glucose (GLU),
lactose (LAC), urea (URE), mucin (MUC), and Salmonella (SAL). The MCS has 10 dimensions corresponding to 10 frequencies (features)
selected among the 57 available (1 to 10° Hz for 3 sensor architectures). Frequencies from all 3 architectures are used, and the most important is 10
Hz from ZEL Rules with maximum support are rules r4, r11, r10, r12, r9, r7, and r8 (first to the seventh row), distinguishing all samples from
concentrations 0 (blue), 10 (olive), 10> (brown), 10* (purple), 10* (pink), 10° (yellow), and 10¢ (maroon) CFU/mL. The classification of 1 CFU/
mL (orange) and the interferents (emerald) requires the low support rules rS, r3, and r1 (last three rows). The average accuracy estimated for the
MCS is 86.1%; (b) Multidimensional Calibration Space (MCS) for the e-tongue in a binary classification, with classes “Bac” (bacteria presence)
comprising data for S. aureus samples with concentrations 1, 10, 102 10,” 10,* 10°, and 10° CFU/mL, and "No Bac” (bacteria absence). The latter
comprise data from S interferents (glucose (GLU), lactose (LAC), urea (URE), mucin (MUC), and Salmonella). The MCS has 4 dimensions
corresponding to 4 frequencies (features) selected among the 57 available (1 to 106 Hz for 3 sensor architectures). Frequencies from ZEI and
cCDOT architectures are used, while cCDOT/ZEI is not needed. The most important feature is 10 Hz from ZEIL Low support rules for both
classes (Bac and No Bac) are required, viz., 12, r4, and r3 (last three rows). The average accuracy estimated for the MCS is 88.8%.

work with electronic tongues is the device calibration, in
addition to verify selectivity for the task being performed.
Because the problems addressed with electronic tongues
normally do not involve a single analyte, unlike most of the
work in analytical chemistry, calibration curves cannot be
obtained. This gap can be filled using the concept of
multidimensional calibration space (MCS),” in which
supervised machine learning methods based on decision trees
or random forests’> " are employed to explain how samples
are classified. We have obtained an MCS from the capacitance
spectra of milk samples spiked with S. aureus (1, 10, 10,” 10,
10,* 10%, and 10° CFU/mL) and the interferents glucose
(GLU), lactose (LAC), urea (URE), mucin (MUC), and
Salmonella (SAL). The corresponding MCS is represented in
Figure 6A where concentrations were discretized as classes,
and all types of interferents were grouped as class
"Interferents”. It is thus a multiclass problem,”*° in this
case with 9 classes. The 10-dimension MCS obtained with DT
models and the Nested KFold Cross-Validation procedure
(with k_outer = 3 and k_inner = 2)*** for determining the

13727

hyperparameters and estimating performance had an average
accuracy of 86.1%. Its visual representation in Figure 6A was
generated with the ExMatrix method*® using visualization with
logic rules as rows, features as columns, and rule predicates as
cells. The latter delimits range values (rectangular shapes) of
capacitance to separate classes (e.g., bacteria concentrations)
mapped as colors. The 10 dimensions (features) correspond to
10 frequencies selected among the 57 frequencies in the
spectra (19 frequencies for each of the 3 sensing units). Note
that frequencies from all 3 sensor architectures are used, the
most important one being 10 Hz for the measurements with
the ZEI sensing unit (first column), with an importance value
of 0.125. The concentrations 0 (blue), 10 (olive), 10> (brown),
10° (purple), 10* (pink), 10° (yellow), and 10° (maroon)
CFU/mL are easily mapped by generic rules (r4, r11, r10, r12,
19, 17, and r8). In contrast, the concentration 1 CFU/mL
(orange) and the interferents samples (emerald) are more
difficult to classify, requiring low support rules (rS, 13, and r1 at
the last three rows).
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Figure 7. IDMAP projection of the capacitance spectra of e-tongue
made with three sensors (cCDOT/ZEI, cCDOT, and ZEI) obtained
in crude milk from cows. Also included are data from milk of a healthy
cow (Control).

Similar procedures were used to obtain the 4-dimension
MCS in Figure 6B for the binary classification where the milk
samples containing S. aureus were grouped as class "Bac”
(bacteria presence) and the interferents were grouped as "No
Bac” (bacteria absence). The accuracy in the binary
classification was 88.8%. Two of the 4 features selected
originated from the spectra with the ZEI sensing unit (10 and
2154 Hz - first and last columns) while the other 2 came from
cCDot (464,158 and 46,415 Hz - second and third columns).
Thus, no frequencies from the cCDOT/ZEI architecture are
needed for this calibration. Moreover, the most important
feature is 10 Hz for ZEI (first column), with an importance
value of 0.909. Low support rules are needed in both "Bac”
(bacteria presence) and "No Bac” (bacteria absence) classes,
also revealing a separability complexity for the binary problem.

3.4. Validation with Milk Samples from Animals
Naturally Infected with Mastitis. The electronic tongue
was used to detect S. aureus in crude milk samples collected
from animals naturally infected with mastitis, in addition to
milk for a healthy cow, used as control. Capacitance spectra

were obtained with milk from five (S) different dairy cows (4
naturally infected with mastitis and 1 healthy cow), with the
samples categorized into 11 classes, as specified in Section 2.2.
Figure 7 shows an IDMAP projection for the eleven classes.
Milk samples from the right udder indicate a lower S. aureus
concentration than those from the left udder, with the clusters
close to the control samples (sample 1). Diluted milk samples
(3, 4,5, 7,8, 9) have electrical characteristics closer to the
control sample, indicating a lower concentration of S. aureus
per volume compared to undiluted samples (samples 2 and 6).
The samples with greater dilution (samples 5 and 9) are closer
to the control sample. Samples 10 and 11 treated with
bronopol did not have S. aureus but could be distinguished
from the control samples and samples with S. aureus owing to
their somatic cells. The silhouette coefficient was 0.733,
indicating an excellent distinction power. This performance is
due to the electrical combination of responses from the three
sensing units, whose molecular architectures had a high
distinguish power, competitive with Soares et al.'® The
silhouette coefficients were 0.648, 0.588, and 0.643 for
cCDOT/ZE], cCDOT, and ZE], respectively (Figure S4-A,
$4-B, and $4-C in the Supporting Information).

In addition to classifying the eleven classes with IDMAP, an
MCS was created with the capacitance spectra.”” Figure 8
shows the representation of the S-dimension MCS for the
samples from S animals (4 cows naturally infected with mastitis
and 1 healthy cow); the accuracy was 80.1%, with Nested
KFold Cross-Validation with k_outer = 3 and k_inner = 2. The
most important feature for classification was 4 Hz for the
capacitance measurement with the cCDOT sensing unit,
whose importance value was 0.250.

4. MECHANISMS BEHIND DETECTION

Electronic tongues are based on a global selectivity concept, in
which non-specific interactions govern the detection mecha-
nism. To investigate the interaction between S. aureus and the
three molecular architectures in the sensing units, we
employed polarization-modulated infrared reflection-absorp-
tion spectroscopy (PM-IRRAS). The PM-IRRAS spectra were
taken from the reflectivity of the parallel (p) and perpendicular

(s) components of the light incidence plane. Hence, one may
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Figure 8. Multidimensional Calibration Space (MCS) for the e-tongue in a multiclass scenario (5 classes). The classes are milk samples from four
(4) different animals infected with mastitis, providing samples with low and high SCC concentration and infected milk samples diluted 0, 10, 25,
and $0X. The MCS has 5 dimensions corresponding to 5 frequencies (features) selected among the 57 available (1 to 10° Hz for 3 sensor
architectures). Frequencies from all 3 architectures are used, and the most important is 4 Hz from cCDOT. Rules with maximum support are
found, as for rules r6, r4, 13, and rl. The average accuracy estimated for the MCS via the DT model is 80.1%.
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Figure 9. Normalized PM-IRRAS spectra for the e-tongue made from
non-specific adsorption between S. aureus with (A) cCDOT/ZEI, (B)
cCDOT, and (C) ZEL The baseline was taken as the spectrum for
each film before exposure to the milk samples containing S. aureus.
Please see Table S2 in the Supporting Information for PM-IRRAS
signal values for each S. aureus concentrations.
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Figure 10. IDMAP projection of the PM-IRRAS spectra for cCDOT/
ZEl, ¢cCDOT, and ZEI films in detecting S. aureus in milk samples.

Figure 9 shows the normalized (see the raw spectra in Figure
SS of the Supporting Information) spectra for the molecular
architectures deposited on gold substrates, before and after
exposure to blank milk contaminated with three S. aureus
concentrations (1, 1 X 10* and 1 X 10° CFU/mL).
Characteristic bands due to adsorption of S. aureus are
observed at 2860—2870 and 2933—2938 cm™, assigned to
vC—H from CH; and CH,, respectively.”*™>* Due to the
polarization modulation in PM-IRRAS,**%3 changes in the
intensity/band area can be associated with either adsorption/
desorption of materials or changes in orientation of the
molecular dipoles.*”**™>* The non-monotonic changes in
intensity/area of the CH; band with S. aureus concentration
indicate the orientation of vC—H dipole changes with non-
specific interactions with cCDOT/ZEI, ¢cCDOT, and ZEI
films. The same applies to the CH, bands, except for the ZEI
film in Figure 7C. Hence, the non-specific interactions between
S. aureus and ZEI do not change the vC-H dipole orientation,
probably owing to a higher molecular organization of ZEL

The changes in the PM-IRRAS spectra in Figure 9 do
indicate that the molecular-level interactions between S. aureus
and the sensing units can be captured, which explains the high
sensitivity in the impedance spectroscopy measurements.
Because the changes are not monotonic with the S. aureus
concentrations, we treated the whole PM-IRRAS spectra with
IDMAP, whose projection is shown in Figure 10. Two aspects
are worth mentioning from a visual inspection. First, as
expected from the electrical measurements, the milk samples
with different S. aureus concentrations are distinguishable. On
the other hand, judging only by the IDMAP plot the sensing
unit made with the ZEI architecture seems to be less adequate
for distinguishing among the S. aureus samples, in contrast to
the expectation from the electrical impedance spectroscopy
data. This discrepancy is explained by the lack of change in the
dipole orientation of the CH, groups, which only occurred for
the ZEI architecture. For this lack of orientation, change
decreases the differences in the overall PM-IRRAS spectra but
makes it easier to distinguish the different S. aureus
concentrations through the intensity of the CH, bands.
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5. CONCLUSIONS

We have shown that flexible sensors can be used in a
nanoarchitectonic electronic tongue to detect S. aureus in milk,
which amounts to diagnosing bovine mastitis. This was actually
demonstrated by distinguishing milk samples from mastitis-
infected cows from milk collected from healthy cows. Even
when used separately, the sensing units already had high
sensitivity in detecting S. aureus. Indeed, the limits of detection
(LoD) were 1.74, 4.19, and 0.83 CFU/mL for the three
sensing units, namely, cCDOT/ZEI, ¢cCDOT, and ZEI,
respectively, with no false positives. These values are
competitive with the devices in the literature®™'”**>® with
the advantage of having sensing units that do not require
specific interactions with a given analyte. This reduces
fabrication costs, especially compared to biosensors. With the
global selectivity concept, the electrical properties of distinct
sensing units combined provide a pattern that is unique for a
liquid sample. Thus, this electronic tongue has a diagnostic
time of approximately 1 min for each molecular architecture (3
min in total), confirming its effectiveness in rapid diagnosis.
The higher performance of the zein-containing sensing unit
(ZEI) was attributed to some specificity in the interaction
between zein and molecular groups in S. aureus. In addition to
processing the impedance spectroscopy data with IDMAP,
thus confirming the distinguishability of the milk samples, we
obtained multidimensional calibration spaces (MCS) upon
employing machine learning based on decision trees
algorithms. The availability of low cost electronic tongues
with impedance measurements that can be made with portable
instruments may be transformative in diagnosing mastitis and
other diseases in the farms, with no need of specialized
laboratories.
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