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ABSTRACT

In this work, UV-Vis spectroelectrochemistry (SEC) in thin-layer regime and in parallel
configuration is selected to solve a complex mixture that contains dopamine (DA),
ascorbic acid (AA) and uric acid (UA). These molecules, such as many other biological
compounds, are acquiring a great importance in analytical and biomedical fields due to
the fundamental role that they play in the human metabolism. In addition, low or high
levels of these compounds are related with some diseases, highlighting Parkinson’s
disease. For this reason, the quantification of these biomolecules is becoming
increasingly important. However, some drawbacks must be overcome, because the
three molecules coexist in the human body and they are interfering species between
them. In fact, all of them are oxidized at similar potentials and their UV/Vis absorption
bands are overlapped, greatly complicating their quantification. For this reason,
derivative SEC together with suitable chemometric tools such as PARAFAC are
proposed to solve this complex matrix. This technique allows us to separate the
contribution of each of these molecules present in a sample and to quantify all of
them, achieving high resolution and reproducibility. Besides, detection limits in the
micromolar level are achieved for DA, AA and UA in mixture solutions. To sum up, this
work demonstrates the great capability of derivative potentiodynamic SEC combined
with the appropriate chemometric tools to solve complex mixtures, a field where SEC

is still taking the first steps.
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INTRODUCTION

Dopamine (DA) is a neurotransmitter that participates in the regulation of
physiological processes and can be found in the brain. Low levels of DA have been
found in patients with Parkinson's disease and high levels in patients with
schizophrenia [1, 2]. Meanwhile, ascorbic acid (AA) is an essential vitamin in the
human diet that can be found in the brain in presence of different neurotransmitters.
Low levels of AA are related, for example, to scurvy [3, 4]. Lastly, uric acid (UA) is a
natural antioxidant. High levels of UA in blood can promote the development of some
diseases, such as gout or anemia [4, 5]. On the other hand, a low level of UA is
associated with Parkinson’s disease [5]. Undoubtedly, these compounds of biological
interest play a fundamental role in human metabolism and their inappropriate
amounts are associated with some diseases. For this reason, the study and
quantification of these molecules is essential and is becoming increasingly important,

particularly in biomedical chemistry and in neurochemistry fields.

Up to now, mainly electrochemical methods have been used to carry out the
simultaneous quantification of DA, AA and UA. However, the most important
drawbacks of electrochemical methods to determine these compounds are their
similar electro-oxidation potentials, the typical presence of the three compounds in
the human body and the formation of by-products and side-products during their
electrochemical reactions [6]. Thus, due to the high interference that these
compounds present between them, the electrode surface is usually modified with
different materials that allow shifting the potentials at which these molecules are

oxidized. Some of these modifications consist of using, for example, reduced graphene
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oxide (RGO) [7, 8], conductive polymers [9], RGO and conducting polymers
nanocomposites [10], nitrogen doped graphene [11], carbon nanotubes (CNTs) and
nanoparticles [12], ternary nanocompounds [13] or hexagonal boron nitride [14]. It
should be highlighted the increase in selectivity and sensitivity achieved when using
modified-electrodes with respect to bare electrodes; however, the modification
process of the electrodes is sometimes complex, time-consuming and tedious [6]. In
order to overcome these drawbacks, in this work a new method resulting in the
combination of electrochemistry and spectroscopy together with the appropriate
statistical tools is proposed, using in all experiments pristine electrodes without any

type of modification.

Spectroelectrochemistry (SEC) provides simultaneously the electrochemical and
spectroscopic information about a system that undergoes an oxidation-reduction
process [1, 15-17]. Normal and parallel configurations are the two main optical
arrangements for UV-Vis molecular absorption SEC and mainly differ in the direction in
which the radiation beam passes through the solution adjacent to the electrode. In the
first case, the light beam strikes perpendicularly to the electrode surface, while in the
second one it comes parallel to the electrode surface [17-20]. In the present case,
parallel configuration is selected due to the several advantages that this arrangement
presents with respect to the normal configuration such as the longer optical path,
which results in a better sensitivity and lower limits of detection for soluble
compounds [15, 21-23]. Taking into account the diffusion regime, SEC in thin-layer
regime [24-26] provides the electrochemical and spectroscopic information about the
solution changes that occur only in a small confined space adjacent to the working
electrode where it is electrolyzed. Consequently, it is much easier to completely
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electrolyze the reactant species. UV/Vis thin-layer SEC is acquiring importance in many
research’s fields, highlighting its significance in the study of different compounds [24,
26, 27]. It should be emphasized that the importance of SEC for analytical purposes is
growing year by year [1, 21, 28-31], although it is still taking the first steps in this field
trying to show its great potential, sometimes with the help of the adequate statistical

tools.

In this work, we propose the simultaneous SEC determination of DA, AA and UA in
mixtures that include these three molecules, randomly varying their concentrations in
order to demonstrate the robustness of the analytical methodology, using bare carbon
screen-printed electrodes (SPEs) and without any pre-treatment of the sample or
modification of the working electrode surface. In most of the works found in literature,
to test the effectiveness of a new electroanalytical method the concentration of two of
these compounds is fixed and the other one is determined or the concentration of the
three compounds is increased simultaneously. Undoubtedly, this situation is unreal.
For this reason, the development of new techniques and/or methodologies should be
implemented to allow the determination of these compounds in mixtures with random
concentrations in solution. In this way, the determination of real samples can be
carried out, where the concentration of these biomolecules can vary significantly
depending on the matrix. DA, AA and UA show similarities not only in their oxidation
potentials, but also in the position and shape of the absorption spectra of their
oxidized forms. Due to the high similarities between their spectra, we propose the
derivative UV/Vis absorption SEC with respect to the wavelength as analytical tool to
study these mixtures. Derivative spectroscopy is based on plotting the first, second or
higher derivative of the absorbance with respect to the wavelength [32]. This
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technique could be the solution to many analytical challenges, such as resolution of
complex matrices due to the effective improvement of resolution [33]. Thus, it would
allow us to separate compounds with overlapping spectra or to remove the
contribution of interfering species [34]. Moreover, the powerfulness of derivative
spectroscopy can be extremely increased when coupled with electrochemistry, what is
known as derivative SEC. This technique, performing the derivative of the absorbance
respect to time or potential, has been scarcely used to study and understand redox
reactions of several systems [35—-37] and to characterize thin electrochromic films [38].
Furthermore, the quantification of acetylsalicylic acid in presence of AA and UA has
been reported using a modified electrode and the derivative of the absorbance respect

to potential at a characteristic wavelength as quantitative signal [39].

In this work, we propose the use of the derivative of the absorbance respect to the
wavelength as analytical signal in time-resolved experiments where multiple spectra
were acquired during a cyclic voltammograms (CV). The whole set of derivative
spectroelectrochemical data has been statistically analyzed using multivariate
chemometric tools that help to unravel this complex set of data. In particular, in this
work, parallel factor analysis (PARAFAC) [40—-42] has been chosen because this set of
data is intrinsically trilinear; for each sample studied with the three analytes at
different concentrations, absorbance depends both on the potential applied and on

the wavelength.

To sum up, the main objective of our work is the development of a new methodology
that combines the evolution of the derivative of the absorbance with respect to the

wavelength during an electrochemical experiment with PARAFAC as statistical tool to
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solve complex problems. This methodology is demonstrated, as a proof of concept,
with the simultaneous determination of DA, AA and UA using commercial SPEs without

any modification.

MATERIALS AND METHODS

Reagents and Materials

Dopamine (DA, 3-Hydroxytyramine hydrochloride, 99%, Acros Organics), ascorbic acid
(AA, L(+)-Ascorbic acid, ACS reagent, Acros Organics), uric acid (UA, 99+%, Acros
Organics) and HCI (37%, VWR) were used as received without further purification. All
solutions were daily prepared using high-quality water (18.2 MQ cm resistivity at 25
oC, Milli-Q Direct 8, Millipore). All experiments were performed at room temperature
using SPEs (DRP-110, Metrohm-DropSens). Each SPE has a 4 mm diameter disk screen-
printed carbon working electrode (WE), a carbon counter electrode (CE) and a silver

pseudoreference electrode (RE).

Instrumentation

SEC experiments were carried out using a customized SPELEC instrument (Metrohm-

DropSens) controlled by DropView SPELEC software (Metrohm-DropSens).

Experimental Setup

SEC experiments in parallel configuration under semi-infinite diffusion regime were
performed using previous devices developed by our research group [21, 23]. Two bare
optical fibers (100 um in diameter, Ocean Optics) were perfectly aligned face to face
and fixed with nail polish on the working electrode to carry out SEC experiments in

parallel configuration. The distance between the ends of the two bare optical fibers
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defined the optical path length. Therefore, it is very easy to change the distance
between the fibers, which allows us to study compounds with very different molar
absorption coefficients. In order to perform the corresponding experiments, a solution
drop (100 pL) was placed on the electrode, covering the three-electrode system and
the ends of the bare optical fibers. Finally, one of the optical fibers was connected to

the light source and the other one to the spectrometer.

On the other hand, SEC experiments in parallel arrangement and under thin-layer
diffusion regime were carried out with the same device, but placing a transparent
quartz plate on the fibers and the working electrode to ensure the thin layer regime
[24]. A transparent plate is used because it allows us to follow the process. Two bare
optical fiber pieces were placed at the ends of the electrode support to ensure that the
guartz plate is completely parallel to the electrode surface, ensuring that the distance
between the electrode and the quart plate is always the same. The volume of the
solution drop is 40 pL and it has to be added on the electrode before placing the
quartz plate. The thickness of the thin-layer can be controlled by the diameter of the
fibers used. In this case, it is approximately of 140 um (100 um corresponds to the
diameter of the fiber and 20 um to its cladding/coating materials) [24]. Thin-layer SEC
has important advantages over semi-infinite or normal configuration measurements. It
is characterized by a high sensitivity due to the long optical pathway, it is possible to
completely electrolyze the whole solution, and the use of optical transparent

electrodes is not required.

It should be highlighted that in each experiments the spectrum of the initial solution

was taken as reference spectrum. The same SPE with the optical fibers fixed on it has
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been used to measure all solutions in each calibration model. Optical signals have been

filtered using a Savitzky-Golay filter that allows obtaining the derivative signals.

PARAFAC analysis

Matlab R2018a was used to carry out the PARAFAC analysis, using the N-way toolbox

developed by Rasmus Bro [43].

RESULTS AND DISCUSSION

Comparison between UV/Vis absorption SEC under semi-infinite diffusion and thin-

layer regime.

In order to demonstrate the better performance and higher sensitivity of parallel
configuration under thin-layer diffusion regime with respect to semi-infinite diffusion
regime some characteristic experiments are described below. UV/Vis absorption SEC
experiments in parallel configuration under both regimes and choosing UA as model
analyte were performed. Cyclic voltammograms of UA 1:10* M in acidic medium (HCI
0.1 M) were recorded between +0.30 V and +0.80 V at 0.005 V s and, simultaneously,
the evolution and changes of the UV/Vis absorption spectra were registered every 200
ms. The oxidation of UA shows an irreversible anodic peak around +0.60 V in the two
diffusion regimes (Fig. 1a). Concomitantly, oxidation of UA shows the decrease of a
band at 288 nm, assigned to the consumption of UA during the anodic scan.[44] Fig. 1b

shows this process for the experiment performed under thin-layer diffusion regime.
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Fig. 1. (a) CVs, (b) spectra evolution during anodic scan in thin-layer diffusion regime,
and (c) voltabsorptograms at 288 nm. Solution UA 1-10* M in HCl 0.1 M. The potential is
scanned between +0.30 V and +0.80 V at 0.005 V s. Blue lines in (a) and (c) are related
to signals in thin-layer diffusion regime. Red lines in (a) and (c) are associated with

signals in semi-infinite diffusion regime.

Selecting this UA characteristic wavelength, 288 nm, Fig. 1c depicts the corresponding
voltabsorptograms in thin-layer and in semi-infinite diffusion regimes. In both
voltabsorptograms it is observed that in the anodic scan the oxidation of UA starts at
+0.55 V, decreasing the absorbance at 288 nm until the vertex potential, +0.80 V, due
to the consumption of UA. Besides, in the backward scan, absorbance does not recover
the starting zero value, due to the irreversible oxidation of UA. However, some
differences can be observed in these two voltabsorptograms. On the one hand, in thin-

layer diffusion regime, a stationary state is reached during the reduction scan
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indicating that practically all the UA present in the solution has been consumed.
Consequently, in the backward scan the absorbance reaches a constant value related
to the amount of UA consumed during the oxidation. Meanwhile, in semi-infinite
diffusion regime, a small increase of absorbance from +0.55 V onwards is observed
during the cathodic scan. It is due to the diffusion of UA from the bulk solution to the
area sampled by the optical fibers at potentials higher than the oxidation potential.
Furthermore, another significant difference is observed in Fig. 1c. The absorbance
value achieved in thin-layer is ca. 36% higher than the one obtained in semi-infinite
configuration because the diffusion is limited in the thin-layer arrangement and the
electrolysis of all UA occurs in the solution sampled by the optical fibers. This aspect

confers a higher sensitivity to the thin-layer diffusion regime configuration.

Furthermore, to check the improvement in sensitivity when performing the
experiments in thin-layer regime rather than in semi-infinite diffusion, two calibration
models were constructed using both configurations. A set of calibration samples with
concentrations of UA between 1-10° and 1:10% M in 0.1 M HCl were measured by
UV/Vis absorption SEC performing voltammetric and voltabsorptometric
measurements between +0.30 and +0.80 V at 0.005 V s, in both regimes. This range
of concentrations was chosen because it is the concentration interval in which a linear
correlation is achieved for both configurations. For each diffusion regime, two linear
calibration models were constructed with the spectroelectrochemical data, one
correlating the anodic peak current of the CV with UA concentration, while the other
one correlates the absorbance values at 288 nm and at the vertex potential (+0.80 V)
with the UA concentration. The main statistical indicators used to assess the quality of
each calibration model, such as the coefficient of determination (R?), the sensitivity
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and the standard deviation of residuals of the linear regression (Syx) are summarized in

Table 1.

Table 1. Regression parameters obtained for the determination of UA by UV/Vis-SEC in

thin-layer and semi-infinite diffusion regimes.

Analysis method'? R2(2) Sensitivity!® Syl

lp vs. [UA] 0.9900 3.63:103% A/M 1.33-10%
Thin-layer
Azsg nm, +0.80v Vs. [UA] | 0.9870 -441.83 a.u./M 1.87-103

lp vs. [UA] 0.9903 3.70-103 A/M 1.29-108
Semi-infinite
Azssnm, +0.80v VS. [UA] | 0.9869 -341.02 a.u./M 1.50-10°3

() Concentration range: UA 10° - 10* M in HCl 0.1 M; electrochemical method correlates
anodic peak current with UA concentration; spectroscopic method correlates absorbance at
288 nm and +0.80 V with UA concentration. All data are obtained during the same experiment
and at the same time/potential.

) Coefficient of determination.
) Slope of the linear regression model.

“) Standard deviation of residuals.

From the electrochemical data, it can be concluded that the diffusion regime selected
does not imply any difference; all statistical parameters are similar, even the
sensitivity. However, from the spectroscopic data obtained simultaneously to the
electrochemical ones, one remarkable difference is found. The sensitivity in thin-layer
experiments is 30% higher than in semi-infinite diffusion regime. The facts that in thin-
layer regime the total electrolysis of the analyte can be achieved and that the diffusion
from the bulk solution is limited determine this increase in the sensitivity, making
UV/Vis absorption SEC in thin-layer configuration more suitable for quantitative

analysis.

Simultaneous determination of DA, AA and UA with derivative UV/Vis absorption

thin-layer SEC.
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Once demonstrated the highest sensitivity of the thin-layer configuration from a
guantitative point of view, the main objective of this work is to prove the great
possibilities that UV/Vis absorption thin-layer SEC offers in the determination of very
complex mixtures, from both the electrochemical and spectroscopic point of view, as is
the case of DA, AA and UA in acid medium. As was explained above, voltammetric and
voltabsorptometric experiments have been performed simultaneously to study and
guantify the electrochemical oxidation of these analytes. In this case, the potential was
swept between 0.00 and +0.90 V at 0.005 V s, and the integration time in the
acquisition of spectra was 400 ms. Therefore, with this purpose, different calibration
samples were prepared to construct a calibration model able to predict the
concentration of test samples (Table S1, in Electronic Supplementary Material, ESM).
All solutions were prepared in HCl 0.1 M changing the concentration of the three
analytes between 1-10° and 1-10* M. The concentration of each compound in each

sample was randomly chosen.

Each experiment provides an electrochemical signal, a CV, and the simultaneous
evolution of the spectroscopic signal along the CV. Fig. 2a shows the CVs of aqueous
solutions in HCl 0.1 M of DA (1-10* M), AA (1-10* M), UA (1-10* M) and of a solution
mixture of the three molecules, which corresponds with the experiment EO5 of Table

S1 (in ESM).
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Fig. 2. (a) CVs and (b) absorption spectra registered at the vertex potential (+0.90 V).
Spectroelectrochemical responses recorded between 0.00 V and +0.90 V at 0.005 V s
of AA 1-10* M (blue line), DA 1-10* M (orange line), UA 1-10* M (green line) and of a
complex mixture of DA 5-10° M + AA 9-10° M + UA 4-10° M (magenta line) in HCl 0.1

M.

These CVs show the redox behavior of these species alone and in a mixture of them. In
acid media, AA is electrochemically oxidized to dehydroascorbic acid (DHA) by transfer
of two protons and two electrons in a reversible electron transfer process coupled to
an irreversible chemical reaction where DHA vyields to an electroinactive product after
solvation [45, 46]. Consequently, in the CV of AA (Fig. 2a, blue line) it is observed only
one anodic peak at +0.45 V related to the electrogeneration of DHA. At pH =1 (HCI 0.1
M), DA is oxidized to dopaminequinone (DAQ) in a two protons and two electrons
guasi-reversible process [15], so that its CV shows an anodic and a cathodic peak at
+0.56 V and +0.22 V, respectively (Fig. 2a, orange line). Lastly, UA shows an irreversible
behavior as was stated in Fig. 1, with one anodic peak at +0.60 V (Fig. 2a, green line).
The electrochemical oxidation of UA yields di-imine species by a two protons and two
electrons reversible process. This di-imine species in aqueous solution is unstable and

after solvation it is transformed into an imine-alcohol, also unstable that is hydrated to
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give uric acid-4,5-diol [44, 47]. The anodic peaks related to the oxidation of these three
molecules emerge at very similar potentials, which involves that in mixture solutions of
the three molecules the overlapping is really high. As can be observed in Fig. 2a
(magenta line), only one anodic peak at +0.58 V with a shoulder at +0.45 V is observed,
being very difficult to determine any of these molecules in presence of the others

using only the electrochemical signal.

However, it is more difficult to find two compounds with the same electrochemical and
spectroscopic behavior. Fig. 2b shows the absorption spectra of each solution at a
potential of +0.90 V registered during the cyclic voltammetric experiment. In all cases
the spectrum of the initial solution with the corresponding analyte (DA, UA, AA or the
mixture of them) was taken as reference in the absorptometric measurements. The
spectrum of the AA solution (Fig. 2b, blue line) shows a single negative absorption
band at 245 nm, related to the consumption of AA during the anodic scan [21]. In the
same way, the electrooxidation of UA yields an absorption spectrum with a negative
band at 288 nm (Fig. 2b, green line), related to the consumption of UA [44]. Finally, the
spectrum related to the oxidation of DA in HCI 0.1 M (Fig. 2b, orange line) shows two
positive absorption bands peaking at 395 and 250 nm, characteristics of the o-quinone
group of the DAQ electrogenerated [48]. Additionally, a negative absorption band at
280 nm is observed related to the L; and Ly, transitions of the DA consumed during this
oxidation process [49]. As can be appreciated in Fig. 2b (magenta line), the absorption
spectrum related to the oxidation of a mixture solution of the three analytes shows a
number of overlapping bands related to all the molecules consumed and the DAQ, the
only oxidation product observed in these experiments. From these signals it can be
concluded that the spectroscopic quantification of these compounds is also very
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complicated due to the great overlapping of the absorption bands between 200 and
310 nm. Only DA could be detected in the presence of AA and UA using the
spectroscopic signals from the UV/Vis absorption spectroelectrochemical data, using

the absorption band peaking at 390 nm.

Nevertheless, the determination of all these molecules is essential, due to the
fundamental role that they play in the human metabolism. For this purpose, a
multivariate technique using PARAFAC and based on the derivative of the
spectroscopic response is proposed, due to its capability to solve complex matrixes
without the need to carry out any pre-treatment or modification of the electrode
surface. The reason of choosing the derivative of absorbance with respect to the
wavelength as analytical signal in the quantification of mixtures of DA, AU and AA in
HCl 0.1 M medium is because this transformation of the optical signals allows a better
discrimination of all absorptometric changes occurring during the voltammetric
experiment. Fig. 3a shows the non-derivative spectral changes registered during the
oxidation of a mixture of these three molecules. As can be observed, a main
absorption band decreases at 243 nm overlapped with a second absorption band
peaking at 285 nm, while a small band increases around 390 nm. From these spectra is
extremely difficult to distinguish the evolution of the different molecules during this
potential cycle. However, with the derivative of each spectrum with respect to the
wavelength (dA/dA, Fig. 3b), some differences can be appreciated that will help to
discriminate the evolution of each molecule. The comparison of the derivative of the
spectrum at the vertex potential of pure samples with only one molecule and the

derivative of the spectrum at the same potential of the solution mixture of the three
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compounds displays the possibilities that this transformation of the absorptometric

signals offers (Fig. 3c).
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Fig. 3. Evolution of (a) absorption spectra and (b) derivative spectra with respect to
the wavelength between 0.00 V and +0.90 V at 0.005 V s of a complex mixture of DA
5-10°M + AA 9-10° M + UA 4-10° M in HCIl 0.1 M. (c) Derivative spectra with respect
to the wavelength at the vertex potential (+0.90 V) of AA 1-10*M (blue line), DA 1-10*
M (orange line), UA 1-10* M (green line) and of a solution mixture of DA 5-10° M + AA

9:10° M + UA 4-10°M (magenta line) in HCl 0.1 M.

After the interest and advantages that the derivative of the absorbance with respect to
the wavelength (dA/dA) has in the analysis of mixtures of molecules in a solution, we
propose the use of these signals to resolve and quantify mixtures of AA, DA and UA

with PARAFAC. The matrix used to construct the calibration model with PARAFAC
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consisted of a three-dimensional data matrix with the values of dA/dA from +0.28 V in
the forward scan to the end of the backward scan (0.00 V) and between 235 and 550
nm for each sample prepared and measured (Table S1, in ESM). The selected potential
window corresponds to the potentials at which some oxidation or reduction were
observed both in the CV and in the spectra. Furthermore, the chosen wavelength
window matched with the UV/Vis spectral region where significant changes of dA/dA
took place. Hence, regions without analytical information about the mixture of AA, DA
and UA were excluded. The matrix dimension is defined by the values of dA/dA at 761
potentials x 397 wavelengths x 14 concentrations, and corresponds with up to
4229638 values of dA/dA to construct the PARAFAC model. According to the three
compounds present in the mixture (DA, AA and UA), three components were selected,
one for each molecule. The outputs of the model were obtained after 42 iterations
with a corcondia value of 89.4%. This value is the core consistency diagnostic that gives
a clear-cut answer to whether a model is appropriate or not. When the PARAFAC

model is valid, the corcondia value is close to 100% [50].

Fig. 4a and Fig. 4b represent the loadings of the three components, which can be easily
ascribed to one of the three molecules (DA, AA and UA), with respect to the range of
potentials selected and to the range of wavelengths chosen to obtain the PARAFAC
model, respectively. As can be seen in Fig. 4a, the plot of the loadings vs. the potential
applied shows that the component ascribed to AA shows its irreversible oxidation at
lower potentials, from +0.30 V onwards. Next, the component assigned to DA,
indicates the reversible oxidation of DA, from +0.45 V onwards. Finally, the last
component is related to the irreversible oxidation of UA that occurs from +0.55 V

onwards.
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Fig. 4. Loadings of each component versus (a) the potential and (b) the wavelength,
after PARAFAC analysis. (c) Derivative of loadings with respect to time for each
component. Blue line is the signal of the first component related to AA; orange line is
the signal of the second component related to DA; and green line is the signal of the

third component related to UA.

These processes of sequential oxidation of the three molecules are better observed in
the plot of the derivative of the loadings with respect to time (Fig. 4c), with anodic
peaks at +0.45 V, +0.54 V and +0.60 V related to AA, DA and UA, respectively. The
comparison of the three signals in Fig. 4c with the corresponding CVs registered with
solutions prepared with only one of the molecules shows a really high similarity (Fig.
S1, in ESM), taking into account that the loadings have been exclusively obtained from
absorptometric values. These similarities can also be appreciated between the signals

in Fig. 4b obtained from PARAFAC model and the derivative of the absorbance with
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respect to the wavelength of solutions with only one of the molecules (Fig. S2, in ESM).
Therefore, we can conclude that the PARAFAC model constructed with the values of
the derivative of absorbance with respect to the wavelength allows the deconvolution

of the optical signals related to each of the three molecules tested, i.e., AA, DA and UA.

Once the optical signals are deconvolved, the determination of each molecule can be
carried out. With this objective, three calibration curves were constructed using a
linear least squares method, one for each molecule, correlating the values of the
loadings for each component with the concentration of each specific molecule in the
different mixtures tabulated in Table S1 (in ESM). Fig. S3 (in ESM) and Table 2 show the
figures of merit of these calibration models. In these calibration models, the sample

EO5, used as test sample, was excluded.

Table 2. Regression parameters obtained for the determination of AA, DA and UA in mixtures by

UV//Vis-SEC in thin-layer regime with the loadings of the PARAFAC model.

Molecule | Calibration model®™ | RZ® Senzli\':li_\:;tym Sy RS?;:)”(S) L?I\IZ;S)
AA Loadings C1 vs. [AA] | 0.9976 5582.7 1.09-10% 0.3 0.6-10
DA Loadings C2 vs. [DA] | 0.9941 1920.7 0.66-1072 8.7 1.6-10°
UA Loadings C3 vs. [UA] | 0.9970 5301.6 1.31-102 11.8 1.2:10°

) Correlation between the loadings obtained from the PARAFAC model for the three components and the
concentrations of AA, DA or UA in samples tabulated in Table S1 (in ESM), except E05.

) Coefficient of determination.

() Slope of the linear regression model.

) Standard deviation of residuals.

() Relative standard deviation of the slope (n=3).

(®) Limit of detection.

High coefficients of determination (R?) and low values of the standard deviation of

residuals of the regressions (Syx) were obtained for the three linear calibration models
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constructed for the molecules, indicating the suitable deconvolution of the raw signals

with the PARAFAC model obtained.

The repeatability of the procedure was evaluated replicating some samples three
times. These replicated samples (E06, E09 and E10) can be found in Table S1 (in ESM).
The repeatability was evaluated for each calibration model constructed for each
molecule, obtaining %RSD values lower than 5.5% in all cases, indicating that the

procedure provides good repeatability.

The reproducibility of the procedure was demonstrated performing three PARAFAC
models with data collected in three different days using each day a different SPE with
the optical fibers fixed on it. The set of experiments was always the same as shown in
Table S1 (in ESM). The values of the relative standard deviation of the slope indicate a
high reproducibility (Table 2, RSDsiope Vvalues). Lastly, the limits of detection were

calculated, with values for the three molecules lower than 16 pM.

Finally, the concentration of each molecule in a test sample (sample EQ5 in Table S1, in
ESM) was estimated with each one of the linear calibration models constructed in
three different days (Table 3). The estimated concentration of each molecule shows
values with a relative error lower than 3% (AA and UA) and 9% (DA). These values
indicate that the procedure followed and the linear models developed allow a suitable
assessment with a high precision of the unknown concentrations of AA, DA and UAin a
test mixture. Furthermore, the values of the relative standard deviation of the
estimated concentrations (RSDconc) for each molecule with each one of the three linear

calibration models are lower than 5%, denoting a high reproducibility.
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Table 3. Estimation of the concentration of AA, DA and UA in a test sample.

Molecule | [Real]™ (M) | Cestimated® (M) C1® (m) R.E.” (%) | RSDconc® (%)
AA 9-10° 9.1-10°° [8.3-9.9]-10° 0.8 3.6
DA 5.10° 4.6-10° [4.1-5.1]-10° 8.1 4.1
UA 4-10° 3.9:10° [3.5-4.3]-10° 2.0 4.3

(1) Real concentration of each molecule in the test sample (EO5, Table S1, in ESM).

) Media of the estimated concentration of each molecule of the test mixture sample with the
constructed linear calibration models (Table 2).

() Confidence interval, a = 0.05.
) Relative error calculated as [Cestimated — Creat| *100/Creqr.

() Relative standard deviation of the concentration (n=3).

The results presented, both in the deconvolution of the raw spectroelectrochemical
signals and in the simultaneous quantification of DA, AA and UA in a mixture,
demonstrate that the strategy proposed has been successfully implemented. The
combination of derivative UV/Vis absorption SEC with thin-layer regime measurements
and multivariate chemometric tools such as PARAFAC has allowed us to determine at
the same time these three molecules, which show high overlapping both in the

electrochemical and in the absorptometric signals.

CONCLUSIONS

The analysis of high overlapping signals where three different molecules are
responsible of the changes of current or absorbance in spectroelectrochemical
experiments is highly complicated. However, the development of strategies that allow
the researchers to know the exact contribution of each molecule in a sample to the

signals studied is highly interesting. In this work, the combination of derivative UV/Vis
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absorption spectroelectrochemistry data and suitable multivariate chemometric tools

has allow us to successfully achieve this objective.

Thin-layer experiments, where the diffusion of reactants and products is limited, have
been very helpful to improve the sensitivity of the methodology proposed. Long-
optical path-way experiments, where the optical path way is delimited by the distance

between the two optical fibers, have also contributed to increase this sensitivity.

The oxidation of AA, DA, and UA in mixture samples supplies high overlapping signals
both in the CVs and in the absorption spectra. The best strategy to study this kind of
samples has demonstrated to be the use of the derivative of the absorbance with
respect to the wavelength because it allows a much better differentiation of the range
of potentials at which each molecule is oxidized. Additionally, the use of PARAFAC, a
multivariate chemometric tool useful in these kinds of problems due to the trilinear
character of spectroelectrochemical data, has allowed to successfully deconvolve the
pristine spectroelectrochemical signals and to quantify DA, AA and UA simultaneously,
yielding to micromolar limits of detection. The sensitivity of the method is clearly
dependent on the molecule studied, being in this case much more sensitive to AA and

UA than to DA.

Nevertheless, instrumental improvements should help to obtain better limits of
detection in the near future, making SEC a very interesting technique for quantitative
analysis because of its intrinsic trilinear character. Developments in electrochemistry
instrumentation helped in the past to improve limits of detection and, in the same
way, developments in optical equipment should help SEC. Detectors with better signal-

to-noise ratio, more stable light sources and better optical fibers could help to highly
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improve limits of detection, allowing applying the methodology presented in this work

to more complex problems.

The results presented here show only one of the multiple possibilities that the synergy
between spectroelectrochemical data and chemometric tools has in solving complex
chemical problems, avoiding tough and time-consuming strategies of optimization and

fabrication of chemically modified electrodes.
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