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Abstract

A voltammetric sensor array (or electronic tongue) is developed for the simultaneous quantification of cysteine, glutathione
and homocysteine without need of previous separation. It is based on the integration of three commercial screen-printed
electrodes (gold curated at high and low temperature and carbon modified with carbon nanotubes). Linear sweep
voltammograms measured simultaneously by all three sensors are processed by Partial Least Squares (PLS) regression and
different variables selection algorithms such as Genetic Algorithm and interval-Partial Least Squares. The method was
applied to synthetic mixtures and successfully validated, with correlation coefficients of prediction (Ry2) of 0.9542, 0.9429
and 0.9589 for cysteine, glutathione, and homocysteine respectively.
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1. Introduction

Thiol groups play a crucial role in biological systems.
Cysteine (Cys), homocysteine (hCys) and glutathione
(GSH) are among the most studied thiol-containing
peptides, since they are involved in important processes of
metabolism and homeostasis [1]. Different levels of these
thiols in biological systems can be an indication of some
serious illnesses. For instance, high levels of hCys in
plasma are strongly correlated with an increased risk of
coronary artery disease and cerebrovascular disease [2, 3].
As for GSH, it is the main non-enzymatic component of
the antioxidant system in organisms [4]. Thus, monitoring
thiol levels in biological fluids is an important task within
the biomedical community.

Various methods have been reported for the analysis of
thiols. Among these, liquid chromatography with UV or
fluorescence detection plays a key role. However, such
chromatographic methods usually require derivatization to
introduce chromophore or fluorophore groups [5]. In
contrast, electrochemical methods could take advantage of
the electroactive character of thiol groups (susceptible to
be oxidized to disulphide forms) to develop simple, rapid,

low cost and easily automated screening assays without
need of derivatization.

This is why many kinds of electrodes have been tested
for thiol detection in biological and environmental samples
[6-8]. However, conventional electrode materials produce
a quite slow oxidation of thiol compounds, which results
in a poor sensitivity. A special situation is produced when
using mercury or mercury-gold amalgam electrodes. Then,
the (quite fast) oxidation detected is not that of thiol
groups, but the oxidation of mercury to be complexed by
them [9]. Besides mercury, new materials have shown
interesting capabilities for the oxidation of thiol
molecules. This is the case of the electrocatalytic
properties of edge-plane pyrolytic graphite [10] or the
extended potential domain provided by boron doped
diamond [11]. Recently, silver electrodes have been
successfully applied to the amperometric detection of
thiols in liquid chromatography [12,13]. Although
chemisorption of thiols on silver by formation of self-
assembled monolayers [14] produce similar surface
fouling problems as in gold electrodes, silver electrodes
can be electrochemically cleaned on-line by means of a
pulsed potential waveform.
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Modification of conventional solid electrodes with
mediators can considerably increase the electrochemical
oxidation rate of thiols, thus improving their detection.
Among the mediators used, we can mention vanadium and
ruthenium  compounds [15], polymeric  cobalt
phthalocyanine [16] and, especially, nanoparticles [17-20]
mostly based on gold and multi-walled carbon nanotubes
(MWCNT).

Recently, disposable screen-printed electrodes (SPE)
have opened a promising field of research in
electrochemical analysis, especially since they are
commercially available in a large variety of materials and
designs, with many possibilities of modification [21-25].
The main advantages of these devices are their low cost,
potential portability, simplicity of operation, and the
compact arrangement containing the working, auxiliary
and reference electrodes. Their low cost allows using them
as disposable electrodes, thus avoiding time-consuming
cleaning procedures to minimize the effects of electrode
fouling and contamination. Nevertheless, studies using
SPE for detecting thiols are still scarce. For example, it has
been reported the use of SPE modified with a polymer film
[26] or carbon SPE modified with MnO; particles [27,28].
Also, the different reaction rates of hCys and GSH with
electrochemically oxidized catechol on carbon nanotubes
SPE have been used to determine both peptides [29]. As
for reverse-phase liquid chromatography, commercial
gold SPE have been successfully applied to the
amperometric detection of several aminothiols in plasma
samples [30].

In general, these electrochemical methods are poorly
selective and, unless a chromatographic separation is
included, they are only applicable to total thiol
determination or to the resolution of relatively simple
mixtures of thiol molecules. It is true that chemometric
methods like partial least squares calibration (PLS) or
multivariate curve resolution by alternating least squares
(MCR-ALS) have been successfully used for the analysis
of unresolved signals obtained by linear sweep
voltammetry and other electroanalytical techniques [31-
36]. However, in the case of different thiol molecules, their
electrochemical behaviour is so dependent on the thiol
group that their signals are very similar with each other
[37]. This usually produces a strong overlapping which
hinders the resolution of complex thiol mixtures without a
previous separation step.

An intermediate way between the chromatographic
analysis of intricate thiol-containing samples and the direct
sensing of a target thiol molecule in the absence of
notorious interferences could be the use of a voltammetric
sensor array. Sensor arrays, also known as electronic
tongues, consist of the combination of several non-specific
sensors to obtain multivariate data sets that can be further
analyzed by chemometric methods in order to characterize
liquid samples or determine some of their components.
Although electronic tongues are mainly used in food

analysis as tasting devices, they are also useful in other
research fields such as environmental analysis or
bioanalysis [38-42].

The aim of this work is to carry out the preliminary
design of a voltammetric tongue for the analysis of
aminothiols, entirely based on commercially available
SPE. After a previous test of different electrode materials,
two kinds of gold-SPE (cured at different temperatures)
and a carbon-SPE modified with multi-walled carbon
nanotubes (MWCNT) have been selected to do
simultaneous linear sweep voltammetric (LSV)
measurements in a multichannel potentiostat on different
synthetic mixtures of Cys, hCys and GSH. The application
of principal component analysis (PCA) and partial least
squares (PLS) allowed us to test the capabilities of the
electronic tongue for sample characterization and thiol
guantification.

2. Experimental

2.1. Chemicals

All reagents were analytical grade. L-cysteine (Cys, 97%),
DL-homocysteine (hCys > 95%) and trifluoroacetic acid
(TFA 99%) were purchased by Sigma-Aldrich (Sta. Louis,
USA). Reduced glutathione (GSH > 98%), and N,N-
dimethylformamide (DMF) were obtained by Merck
(Darmstadt, Germany). Multi-walled carbon nanotubes
(MWCNT) solution was purchased by DropSens (Oviedo,
Spain, ref. DRP-MWCNTCOOH). Potassium chloride
was provided by Panreac (Barcelona, Spain). All samples
were prepared using ultrapure filtered water obtained by
Milli-Q plus 185 purification system (Merck Millipore
Corporation, Germany).

2.2. Apparatus

Voltammetric measurements were registered at room
temperature (20°C) with a pStat 8000 potentiometer
DropSens (Oviedo, Spain) attached to several screen-
printed devices by means of a multichannel cable DRP-
CABSTATMULTI Dropsens and a DRP-CAC cable for
each screen-printed unit. The multichannel cable was also
connected to an external Ag/AgCl reference electrode
Metrohm (Herisau, Switzerland), to which all potentials
are referred, and to an external platinum auxiliary
electrode, also by Metrohm. In this way, the potentiometer
could simultaneously measure the signals of the working
electrodes of all screen-printed units referred to a common
reference electrode and a common auxiliary electrode. A
glass cell and a cell support, both by Metrohm, were used
to contain the cell solution and up to five electrodes
(usually, the reference electrode, the auxiliary electrode
and three screen-printed electrodes). A magnetic stirrer by
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IKA (Staufen, Germany) and purified nitrogen were also
available for stirring and deaeration of the solutions.
Figure 1 illustrates the above-mentioned experimental
setup.

Three types of commercial screen-printed devices were
used, all of them by Dropsens. They mainly differ in the
working electrode, which is made of gold with high
temperature curing (ref. 220-AT), gold with low
temperature curing (ref. 220-BT) or carbon (ref. 110). The
units also include an auxiliary electrode (made of the same
material as the working) and a silver pseudo-reference
electrode printed on an alumina substrate. An insulating
layer delimits the working area and protects the electric
contacts. In multichannel mode, the pseudo-reference and
auxiliary electrodes of the screen-printed devices are not
used during the measurements, being substituted by the
common external reference and auxiliary electrodes.

Linear sweep voltammograms (LSV) were recorded in
triplicate (i.e., three successive scans with the same screen-
printed device) using the range 0.1 — 0.9 V with a potential
step of 0.002 V and a scan rate of 0.05 Vs Data
acquisition was made through DropView software by
Dropsens and home-made programs implemented in
Matlab® environment [43].

A mixer MixMate PCB-08 by Eppendorf (Hamburg,
Germany), and an ultrasonic bath Bransonic model
2510EMTH provided by Branson Ultrasonics (Danbury,
USA) were used for SPE modification with carbon
nanotubes.

2.3. Experimental procedures

2.3.1. Modification of carbon screen-printed electrodes
with carbon nanotubes

The modification of carbon SPE with carboxyl modified
multiwalled carbon nanotubes (DRP-MWCNTCOOH)
has been described elsewhere [44]. According to this
procedure, 1 mg of carbon nanotubes was mixed with 1
mL of DMF during 12h at 2000 rpm using Eppendorf
Mixmate and later in an ultrasonic bath during 1h. Then, a
dilution is made with DMF:H20O (1:1) until a concentration
of 0.5 mg mL™. Finally, 4 puL of such dispersion was
pipetted on the working electrode surface of the carbon
SPE and dried at room temperature.

2.3.2. Preparation of solutions for PLS calibration

Synthetic samples containing different proportions of Cys,
GSH and hCys were used for constructing PLS calibration
models. All samples were prepared with ultrapure water,
0.05% TFA and KCI 10 mol L. The concentration of
each peptide was at four levels in binary mixtures (0,
2x105, 4 x 10 and 6 x 10°°> mol L'1) and at three levels in
ternary mixtures (0, 3.0 x 10° and 6.0 x 10° mol L),

according to the experimental designs shown in Figure 2.
The values of the concentrations were chosen to be clearly
inside the linearity ranges commonly found in our
previous works with these substances and electrodes under
similar conditions (e.qg. ref. [30]).

2.3.3. Data analysis

Data matrices for every individual sensor were built from
the linear sweep voltammograms measured for all
samples, so that every element in the row i and the column
j contains the current measured in pA for the sample i at
the potential j. As measurements were made in triplicate,
the voltammogram in every row was indeed the mean of
the currents obtained in all three scans. The relative
standard deviation of such replicates ranged between 1 and
4 % of the overall current, depending on the solution and
the kind of electrode.

When different sensors measure together in the same
sample (sensor array mode) the overall data matrix is made
by row-wise augmentation of the individual sensor
matrices. In principle, all currents are included in
multivariate analysis, unless a variable selection method is
applied to reduce the size of the dataset.

Pre-processing of the data matrices, variable selection,
principal component analysis (PCA) and construction of
the partial least squares (PLS) model were made using
Matlab® [43] with PLS-toolbox [45]. Different pre-
processing techniques were evaluated, including mean
center, baseline correction, multiplicative scattering
correction (MSC), variance scaling, smoothing Savitzky-
Golay, and 1st and 2nd derivative Savitzky-Golay.

The accuracy of PLS calibration has been evaluated by
means of the square correlation coefficient, R?, computed
from the line fitted to the predicted versus experimental
concentration plot inside the calibration (Rc?) or validation
(Re?) sets. Additionally, the corresponding mean root
square errors (RMSE) have been considered, computed as:

n 5.2
RMSE = /—Zi:l('{: ¥ (1)

where y;,y; are the experimental and the predicted
concentration values and n is the number of samples used
for calibration (RMSEC) or prediction (RMSEP).
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Fig. 1. Experimental setup for simultaneous LSV measurements with three different screen-printed electrodes. (1. DRP-CAC
connectors. 2. Screen-printed electrodes. 3. Ag/AgCI reference electrode. 4. Pt auxiliary electrode. 5. VVoltammetric cell. 6. Magnetic
stirrer. 7. Connectors box. 8. Multichannel cable DRP-CABSTATMULTI. 9. Multichannel potentiostat pStat 8000).
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Fig. 2. Concentrations of Cys, GSH and hCys in the solutions
used to build two- (a) and three-analytes (b) PLS models. Some
of the solutions in (b) are used to build the model and the rest are
considered in the further validation, according to Kennard-Stone
selection algorithm.

3. Results and discussion
3.1. Preliminary tests

LSV signals were obtained in triplicate separately for
five solutions of Cys and GSH by using four types of
screen-printed devices: high temperature gold electrodes
(AUAT), low temperature gold electrodes (AuBT), bare
carbon electrodes and carbon electrodes modified with
multi-walled carbon nanotubes (CNT). As Figure 3 shows,
the voltammograms obtained with bare carbon electrodes
exhibit too low currents, denoting a slow electrochemical
oxidation of thiol groups. In contrast, the two types of gold
electrodes and the CNT-modified carbon electrode
produce higher currents, which suggest a faster oxidation
kinetics. However, the comparison with background
signals in the absence of thiols (Figure 3a) shows that in
the case of CNT an important proportion of the current
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increase is not due to faradaic phenomena (i.e. thiol
oxidation), but to the significant growing of capacitive
currents. This means that the improvement of CNT as
compared to bare carbon electrodes is clear but not as
dramatic as it could seem at the first sight. An important
feature of CNT electrodes is that they provide
voltammograms quite different to these obtained with gold
electrodes. This is confirmed by the PCA of the augmented
matrix containing voltammograms of both Cys and GSH
solutions measured with AUAT, AuBT and CNT
electrodes.
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Fig. 3. LSV signals obtained with a blank (a) and with solutions
10 mol L of Cys (b) and GSH (c) in a medium containing
0.05% of TFA and 10 mol L? KCI, measured with AUAT (1),
carbon (2), AuBT (3) and CNT (4) screen-printed electrodes.

The PC2 vs. PC1 scores plot (Figure 4) shows that the
combination of these three electrodes can difference quite
well between Cys and GSH (the points corresponding to
several replicates are very close with each other and far
from the other groups, except for the Cys measurements
with gold electrodes, whose points are slightly
overlapping). Thus, the sensor array formed by AuAT,
AUBT and CNT screen-printed electrodes is selected to
carry out further experiments.
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Fig. 4. PC2 vs. PC1 score plot of a data matrix containing LSV

signals measured with AUAT, AuBT and CNT electrodes in five
solutions containing Cys or GSH 10 mol L.

In order to test the calibration ability of the three-sensor
array, a PLS model was made with solutions containing
different proportions of Cys and GSH according to the
experimental design in Figure 2a. Due to the complexity
of the data (usually presenting potential shifts, scatter of
signals or differences in the baseline which can affect the
PLS performance), different types of data preprocessing
were applied, such as baseline (BAS), smoothing
Savitzky-Golay (SMOTH), multivariate scatter correction
(MSC), variance (std) scalling (VARSTD), and mean
center (MC). Variable selection algorithms (genetic
algorithm-GA and interval partial least squares-iPLS) [46-
48] were also applied to select a minimum set of variables
containing the maximum information related to the
analytes concentration reducing the large number of
variables obtained in this experiment.

The best model to quantify Cys was obtained using
only AUAT electrode, with mean center (MC) as
preprocess method, and three latent variables (LV). It was
applied a variable selection by iPLS resulting in fifty
selected variables which, upon GA selection, were reduced
to eleven variables distributed in two potential regions:
0.25V -0.35V and close to 0.85 V. In this way, the model
presents a RMSECV of 0.78 10-° mol L with an Rcy? of
0.8797. In the case of GSH, the best model required the
use of the augmented matrix with the three electrodes, MC
as preprocess method and six latent variables. Variable
selection was made by iPLS and resulted in ten ranges with
five variables each, mostly in the regions 0.1 - 0.25 V and
0.7 - 0.85 V. This model presents a RMSECV of 0.56 10°
mol L with an Rev? of 0.9366.
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3.2. Calibration and validation of PLS models in
solutions containing all three analytes

The preliminary test suggests that combining signals of
the three electrodes could be useful not only to
characterize and difference samples but also to determine
some aminothiols in the presence of others. Then, by
applying the knowledge extracted from the previous
experience, a more complex calibration model was
designed including three aminothiols: Cys, GSH and hCys,
a model which will be discussed in more detail.
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Fig. 5. LSV signals obtained by a) AUAT. b) CNT and ¢) AuBT
electrodes in the calibration solutions whose composition is
shown in Figure 2b.

Figure 2b shows the composition of the 22 solutions
and Figure 5 summarizes the LSV signals obtained with
all three electrodes in all solutions. The solutions were
divided into two groups applying the Kennard-Stone (KS)

selection algorithm [49]. The groups consisted of fifteen
and seven solutions for calibration and external validation,
respectively. Variable selection was made in a similar way
as in the previous model. Finally, Table 1 summarizes the
main parameters of the best PLS calibration models
attained for the quantification of each analyte.

In the case of Cys, the best results were obtained by
using an augmented matrix with data from all three
electrodes. Baseline correction and MC were applied as
preprocess methods and variables were selected by GA.
Then, a PLS model with seven latent variables yielded
RMSEC, RMSEP values of 0.11 105 and 0.50 10 mol L-
1, respectively, and R? of 0.9971 for calibration and 0.9542
for external validation.

The same augmentation, preprocess and variable
selection strategies produced the best results for GSH
guantification. A PLS model with six latent variables
yielded RMSEC, RMSEP of 0.11 10 and 0.50 10-° mol
L, respectively, and R? of 0.9973 for calibration and
0.9429 for external validation.

Data from two electrodes, MC preprocessing, variable
selection by GA and iPLS and five latent variables were
selected in the best PLS model to quantify hCys. It
presents RMSEC, RMSEP of 0.93 10 and 0.49 10> mol
L, respectively, and R? of 0.8289 for calibration and
0.9589 for external validation.

Figure 6 shows the regression plot of predicted vs.
measured concentrations for each analyte using the best
models, being Figure 6a for Cys, Figure 6b for glutathione,
and Fig. 6¢c for hCys. In this experiment we have also
compared the ideal values of intercept and slope (0,1) with
the estimated slope and intercept values
obtained by elliptical joint confidence region (EJCR). If
the ellipse contains the ideal point (0,1), it means that there
is no difference between true and predicted values in a
95% confidence range [50]. Figure 7 represents the
elliptical joint confidence region (EJCR) drawn for the
best model of every analyte in this experiment. The plot
confirms that both models were satisfactory with a good
accuracy to simultaneously determine Cys, GSH and
hCys.
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Table 1. Main parameters obtained in different PLS models applied to the determination of each analyte.
Model RMSEC RMSEP
Latent 2 Rp? Electrode Analyte

Pretreatment Variables  (x105M)  (x10°M)
BAS_MSC_MC 2 1.0312 1.6110 0.7615 0.4737 AUuAT/CNT/AUBT Cys
SMOTH_MC_15PT 1 2.3585 1.3264 0.0171 0.8507 AUuAT/CNT/AuUBT Cys
BAS_MC 3 1.2071 1.2635 0.6732 0.6017 AUAT/CNT/AuBT Cys
GA+BAS_MC 7 0.1126 0.4919 0.9971 0.9542 AUAT/CNT/AuBT Cys
MSC_MC 5 0.2921 1.0597 0.9808 0.7280 AUAT/CNT/AUBT GSH
SMOTH_MC_15PT 3 1.1075 0.6371 0.7249 0.9315 AUAT/CNT/AuUBT GSH
BAS_MC 5 0.2801 1.1366 0.9823 0.8907 AUuAT/CNT/AuUBT GSH
GA+BAS_MC 6 0.1089 0.5047 0.9973 0.9429 AUuAT/CNT/AuUBT GSH
SMOTH_MC_15PT 1 2.0443 1.9675 0.1805 0.6590 AUAT/CNT/AUBT hCys
SMOTH-MC 0.4120 1.5526 0.9700 0.0092 AUAT/CNT/AUBT hCys
iPLS+MC 7 02569 1.6732 0.9883 0.0859 AUAT/CNT/AUBT hCys
GA+iPLS-MC 5 0.9340 0.4918 0.8289 0.9589 AUAT/AuBT hCys
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Intercept

-2
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Fig. 7. Elliptical Joint Confidence Regions (at 95% confidence
level) for the slope and intercept of the regression of the
predicted concentration versus reference value for Cys (1), GSH
(2) and hCys (3).

4. Conclusions

In this work, a simple, fast and low cost methodology
has been tested for the simultaneous analysis of cysteine,
glutathione and homocysteine with no need of previous
separation. It is based on the use of three different screen-
printed electrodes operating together as a voltammetric
electronic tongue. Although the signals produced by the
three devices do not show well-defined peaks and in some
cases they can be affected by capacitive background and
noise, they proved to be enough sensitive, selective and
different with each other as to allow a reasonable
quantification of all three aminothiols by PLS calibration
assisted by some preprocess and variables selection
algorithms.

This preliminary test has been carried out with
synthetic mixtures only, but the results here reported allow
us to be optimistic about the future application of a similar,
improved, methodology to the analysis of real biological
samples without previous separation. The fundamentals of
the “electronic tongue’ strategy have been roughly settled
in this work. Now it is time to analyze more involved
samples and add, when necessary, complementary screen-
printed devices and alternative excitation signals (e.g.
differential pulse or square wave scans) to increase the
selectivity and robustness of the system.
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