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Abstract A composite electrode with a sandwich structure
combining the properties of silver nanoparticles and a titania
photoactive layer was used for the electroanalytical detection,
by differential pulse voltammetry, of three neurotransmitters:
dopamine, norepinephrine, and serotonin. The three analytes
were determined at low detection limits (around 0.03 puM)
also in the presence of conventional interferents, such as uric
and ascorbic acids. The fouling of the electrode surface was
overcome by irradiating the device with UVA light, restoring
the initial sensor sensitivity. Dopamine, norepinephrine, and
serotonin were determined also in simulated biological matri-
ces: liquor (artificially reproduced cerebrospinal fluid) and
serum. Moreover, the contemporaneous detection of dopa-
mine and norepinephrine in simulated human urine solutions
was also demonstrated, representing the first step towards
clinical applications of the proposed methodology.
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Introduction

The quantitative detection of analytes under physiological
conditions is of critical importance in clinical diagnosis
[1-3]. This is especially true for neurotransmitters (e.g., dopa-
mine, norepinephrine, serotonin) because of their key role in
behavior expression, during excessive oxidative stress events,
for the early diagnosis of neurodegenerative diseases (such as
Parkinson disease) [4, 5] and some kinds of tumors (e.g.,
pheochromocytoma) [6].

The most used analytical methods in clinical realities are
based on chromatography, which often requires time-
consuming pretreatments, long time of analysis, and high
costs, although allowing the contemporaneous detection of
the three aforementioned analytes. For these reasons, many
studies could be found in the literature proposing robust
alternatives, also for pre-screening applications [7].

In this context, the electroanalytical techniques seem to be
promising since they display simplicity of use and mainte-
nance, high efficiency, and accuracy, together with low costs
[7]. Moreover, neurotransmitters are well suited for electro-
analytical detection because their reaction potentials lie in the
potential windows of carbon [8—12] and metal electrodes in
physiological buffers. However, an efficient electroanalysis of
such molecules has always been a challenge [13, 14] because
of both selectivity [15, 16] and fouling [17—19] problems.
Firstly, these analytes show similar electron oxidation
reactions with similar peak potentials at physiological pH
(around 7.4), making their discrimination tough. Secondly,
these compounds undergo secondary reactions after the initial
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electron transfer, often generating insulating polymeric
products yielding rapid inactivation of the electrode surface.
Thirdly, the problem of the interferents is severe: not only uric
and ascorbic acids are always present together with neuro-
transmitters in biological fluids at a concentration 100- to
1000-fold higher than that of the analytes (nanomolar range),
but their oxidation peaks occur also at the same potential of
the analytes, resulting in poor selectivity and reproducibility.
The ability to selectively determine dopamine and the other
neurotransmitters in the presence of such interferents would
permit the development of chemical sensors for clinical,
biomedical, and in vivo monitoring [1, 7].

Among different methodologies tested, an innovative
approach to increase the affinity of the surface for the analyte
and to lower the detection limits involves the use of highly
engineered electrodes modified with nanomaterials (Ag, Au,
Pt nanoparticles), polymer brushes, self-assembled mono-
layers, etc. [20]. However, fouling remains a big issue,
especially if analysis was performed in biological matrices
[19, 20]. In fact, electrode surface regeneration techniques
such as mechanical cleaning (with grit paper, aggressive
chemical etching) or electrochemical cleaning (e.g., for
platinum or gold electrodes), despite being a common practice
for bulk-metal electrodes [21] are not usable for these sophis-
ticated sensors. In order to solve this problem, the use of
cheap, single-use electrodes based on electrochemically
treated pencil leads has been proposed [22]. These systems
offer a good solution for fouling phenomena, but sensitivity
and reproducibility worsen. A different approach involves the
development of photo-renewable electrode surfaces which
can easily regenerate themselves. In this context, we have
recently reported an example of an electrochemical sensor that
could be cleaned simply by UVA-light irradiation (thanks to
its photo-active surface) and reused indefinitely [23],
permitting its use also in on-field applications [24]. In this
paper, we would like to show the potentialities of this device
towards the contemporaneous detection of dopamine,
norepinephrine, and serotonin in body fluid mimics.

Materials and methods
Materials

Dopamine, norepinephrine, and serotonin hydrochlorides
were purchased from Sigma-Aldrich. Ascorbic and uric acids
(Sigma-Aldrich) were used as interferents. Sodium chloride,
sodium bicarbonate, sodium sulphate, potassium chloride,
potassium phosphate dibasic trihydrate, magnesium chlo-
ride hexahydrate, calcium chloride, hydrochloric acid,
tris(hydroxymethyl)aminomethane, glucose, disodium
phosphate, and monosodium phosphate, purchased by
Sigma-Aldrich (reagent grade purity), were used to prepare
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the artificial liquor and serum (see Electronic Supplementary
Material, ESM). Bovine serum albumin (Sigma-Aldrich) was
employed as mimic of serum proteins. All chemicals were
used as received. Distilled water purified with a Millipore
Milli-Q apparatus (resistivity>18.2 MQ c¢cm ') was used to
prepare all solutions and sols.

Preparation of the device

Device assembly was accomplished according to a previously
reported protocol [23]. The fluorine-doped tin oxide-coated
glass slides (FTO, Sigma-Aldrich®, ~ 7 (€2 sq), 2 %3 cm)
adopted as conductive supports were cleaned by sonication
in a Hy,O/acetone/propanol = 1:1:1 mixture and then irradiated
for 1 h under UV light from a halogenide lamp (see below).
The silica sol was prepared by the procedure previously
reported by Wang et al. [25]. Briefly, 10 g of TEOS
(Sigma-Aldrich) was added dropwise into a solution
containing 225 g of ethanol and 4.5 g of hydrochloric acid
(0.1 M). The mixture was stirred at room temperature for 2 h
and then refluxed at 60 °C for 60 min. Eventually, 225 g of a
CTAB (cationic surfactant, Sigma-Aldrich) solution in ethanol
(2 g in 25 mL) was mixed with the as-obtained solution under
gentle stirring at room temperature for 1 h. The FTO was
dip-coated in the obtained sol and calcined at 500 °C for 1 h
under N, flow. Before functionalization by (3-amino-
propyltriethoxysilane (APTES, Sigma-Aldrich), the silica
layer was irradiated under UV for 1 h and dipped into anhy-
drous toluene under N, at 70 °C for 1 h. The functionalization
was performed by immersing the substrate into a solution of
50 pL-APTES in 20 mL anhydrous toluene for 3 h at 70 °C.
The sample was post-treated by sonication for few minutes in
toluene, ethanol, and water to desorb the un-grafted siloxane
molecules and eventually dried under a nitrogen stream. The
sample was then immersed in a solution of Ag nanoparticles
for 15 min to allow their attachment and dried under nitrogen
flux. The top titania layer was obtained by dipping the sample
in a titania sol and calcining it under N, flow for 1 h at 400 °C.
The titania sol was developed in our group as previously re-
ported [26, 27]. Briefly, 0.9 mL of HCI 37 % was added to a
solution of Ti(OC5H), in ethanol (0.1 mol in 100 mL) under
stirring. Then, 0.47 g of Lutensol ON70 (BASF) was added to
the sol after being dissolved in 100 mL of ethanol. Silver
nanoparticles (Ag NPs) were synthesized by adapting the pro-
cedure reported by Panzarasa [28]. Briefly, 0.15 g of silver
nitrate was dissolved in 25 mL of water and this solution
was added under stirring to a solution of 0.5 g of trisodium
citrate and 0.25 g of poly(vinylpyrrolidone) (PVP10,
M,, ~ 10000 (g mol ), Sigma-Aldrich) in 125 mL of water.
The resulting solution was poured in a three-necked, round-
bottomed 250-mL flask equipped with a mechanical stirrer
and a dropping funnel. The solution was cooled in an ice bath
and an ice-cooled solution of sodium borohydride, obtained



Photo-renewable electroanalytical sensor

7341

by dissolving 12 mg of solid in 30 mL of water, and was added
dropwise under stirring. The resulting dark brown suspension
was stirred for 5 min, then aged at +4 °C for 24 h before use,
and stored at this temperature.

Electrochemical setup

The detection of neurotransmitters was performed in a
conventional three electrodes electrochemical cell, using a
saturated calomel, a Pt wire and the electrode device as refer-
ence, counter and working electrodes, respectively. Phosphate
buffer (pH 7.4, 0.1 M) was used as supporting electrolyte for
the optimization of the analytical method. Cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), pulsed
and linear voltammetries, and chrono methods were carried
out with an Autolab PGStat30 (Ecochemie, The Netherlands)
potentiostat/galvanostat equipped with FRA module and con-
trolled by NOVA and FRA softwares. Impedance data were
processed with Z-View 3.1 software. No N, degassing of the
solution was necessary since dissolved O, did not affect the
measurements. All the linear and pulsed voltammetries and
the chronoamperometry were performed with the parameters
reported in the discussion section. Electrochemical impedance
spectra were registered at —0.1, +0.1, and+0.25 V (SCE) in a
frequency range between 65000 and 0.1 Hz and an amplitude
of 10 mV.

Self-cleaning procedure

The fouling of the electrode was verified by the presence of
the neurotransmitter peak at 0.3 V and the decrease/
disappearance of the silver peak at 0.17 V (Fig. 1a), registering
voltammograms in the electrolyte solution. The regeneration
of the electrode surface was performed by irradiating for 1 h
under UV-A light. An UV iron halogenide lamp Jelosil
HG500 with an effective power density of 23 mW cm 2,
measured using a Thorlabs S314C radiometer, and emitting
between 280 and 400 nm was used for the electrode
self-cleaning procedure. After the irradiation, the electrode
cleaning was confirmed by registering a new voltammogram
in the electrolyte solution, verifying the absence of the
neurotransmitter peak and the restoration of silver peak
(Fig. 1a, after UV).

Results and discussion

Structure and features of the device

The structure of the sensor was engineered to condense in a
single device the more desirable features for efficient electro-

analysis of neurotransmitters (Fig. 1b). The FTO-coated
conductive glass supports a sol-gel deposited silica layer.

The SiO, surface (550 nm thick [23]) is functionalized with
a self-assembled monolayer of an amine-terminated siloxane
(3-aminopropyl triethoxysilane, APTES) acting as a columbic
binder to anchor negatively charged AgNPs (~10 nm diame-
ter) at the surface. The Ag NPs are the active core of the
device, imparting their electrocatalytic properties [29-32].
As previously discussed [23], the role of silica layer is crucial
since it governs the morphology and the number of active
sites, leading to tailored distribution of the Ag nanoparticles
at the surface. Briefly, the particles are arranged in a homoge-
neous and well-separated way, which maximizes faradaic
currents with the minimum quantity of active metal through
the onset of the convergent diffusion regime [33, 34] (see also
ESM for major details); this effect is accompanied by the
lowering of the capacitive currents [35-37]. Finally, AgNPs
are completely embedded in a porous anatase titania layer
(150 nm [23], Fig. Ic), which confers other fundamental
features to the device: (i) it increases the selectivity through
the electrostatic repulsion of negatively charged interferents,
(ii) it prevents silver nanoparticles from oxidative deactiva-
tion, and (iii) it confers photoactivity that can be used for
UVA-cleaning. Thanks to these features, the device is reusable
for hundreds of times through a simple regeneration step
(Fig. 1a), which is able to recover the original sensitivity, as
previously demonstrated [23]. XPS analyses confirmed the
complete restoration of the electrode surface after the cleaning
process, as shown in the ESM (Fig. S1 and Table S1). This
self-cleaning property is due to the top titania layer and
performs efficiently not only against the fouling due to the
neurotransmitters themselves, but also against the passivation
caused by interferents and organic/inorganic molecules
present in the complex biomatrices.

Electrochemical characterization

The best electroanalytical technique, among the several tested
(linear and cyclic voltammetries, square wave voltammetry,
and chronoamperometry), in terms of detection limits and
sensitivity, is differential pulse voltammetry (DPV), whose
parameters (modulation and interval times) were optimized.
The analysis was performed in 0.1 M phosphate buffer
solution (pH="7.4), routinely used to simulate the biological
environment. Probably, the fast scan of the other tested
methodologies and the fixed potential used in amperometry
were more affected by electrode fouling than DPV, causing
worst results.

Figure 2 shows differential pulse voltammograms of the
three tested molecules (dopamine, norepinephrine, serotonin)
comparing the device with and without Ag (device and con-
trol, respectively). In the case of dopamine (as previously
demonstrated [23]), the peak displacement towards less posi-
tive potential (from+0.23 to+0.16 V) indicates the electro-
catalytic role of silver. On the other hand, norepinephrine and
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Fig. 1 a Differential pulse voltammograms showing the self-cleaning procedure steps, b schematic structure of the sensor device, ¢ SEM image of the

TiO, porous top layer

serotonin display on the electrode without silver a shoulder at
+0.30 and +0.27 V, which increases with neurotransmitter
concentration. The shoulder becomes a well-defined peak
when AgNPs embedding devices are used, making the detec-
tion undoubtedly easier. The appearance of a better defined
peak is probably due to the establishment of a convergent
diffusion regime on a random assembly of silver nanoelectrodes,

which is capable of increasing the peak currents, as explained
in the ESM.

Figure 3 shows impedance complex plane spectra
registered for the sensor with (device) and without (control)
silver in the presence of the three molecules at the two
different potentials: +0.25 and +0.1 V (SCE). Impedance
complex plane spectra registered at —0.1 V (SCE) are also
available in the ESM (Fig. S2).

The spectra display the typical trend for faradaic reactions,
with a semicircle covering the entire frequencies range. The
equivalent circuit (Fig. S3, ESM) used to fit all the samples
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Fig. 2 Differential pulse voltammograms obtained in the presence of the three neurotransmitters (dopamine, norepinephrine, serotonin) at 0.1 mM
concentration showing the differences obtained for the control (black lines, no silver) and the device (red lines, AgNPs) electrodes
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the control and the device

data is composed by the resistance of solution R, in series
with the charge transfer resistance R and double-layer
capacitance in parallel. This last parameter was modeled as a
constant phase element CPEy; = [(Ciw)®] ", representing the

charge separation of the double layer, which behaves as pure
capacitor in the case of a=1 or as non-ideal capacitor, due to
the porosity and non-homogeneity of the surface, for
0.5<a< 1. The samples here considered present values of «
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Table 1
fitting

Values of charge transfer resistance obtained from impedance

Ry /(KQ em?) Dopamine Norepinephrine  Serotonin

+0.1V +025V +0.1V 4025V +0.1V +025V

Control 23 6 19 2 461 42
Device 14 4 15 1 184 28

around 0.9 (Table S2, ESM), indicating quite homogeneous
surfaces. Capacitance values and solution resistances
(Table S2, Fig. S2 ESM) are very similar for all the samples.

Table 1 shows the charge transfer resistance values obtain-
ed from the fitting. Dopamine and norepinephrine present
lower absolute impedance and charge transfer resistance
values with respect to serotonin, indicating their easier reac-
tion probably due to the intrinsic structure of these molecules.
In particular, dopamine and norepinephrine present more
affinity for the titania surface: other authors report the adsorp-
tion of cathecolamines through a strong interaction between
the titania surface layer and the two OH groups [38, 39]. No
literature results are reported in the case of serotonin adsorp-
tion onto titania, but a study on silver reveals that, in this case,
the molecule is flatly located on the surface [40]. The last
adsorption configuration allows a less packed structure,
confirming our results.

It is worthwhile noticing that the presence of silver nano-
particles in the device structure is crucial to allow an easier
reaction characterized by lower Rct and impedance values.

Electroanalytical characterization

The optimized device was tested for the electroanalytical de-
tection of the three neurotransmitters by differential pulse volt-
ammetry. Table 2 reports the analytical parameters obtained
for consecutive additions of the analytes in the 0—5 uM range.
The sensitivity S of the method was obtained from the slope of

the calibration plots and LoD (1) and LoQ (2) were calculated
following the IUPAC protocol [41, 42]:

LoD = 3.29 ZBluk (1)
5
LoQ = 10 "B;mk (2)

Where 0k is the blank standard deviation. Since no blank
signal was detected, this parameter was identified as the stan-
dard deviation obtained from the calibration plot.

Uniformly distributed residuals and very good correlation
coefficients testify the good linearity of the calibration plots.
The presence of silver increases the sensitivity and decreases
LoD and LoQ of one order of magnitude. The repeatability
and thus the best achievable internal precision of the method
was evaluated by measuring in a short interval of time the
peak current of 10 repeated scans of the same sample solution
at different concentrations. The relative standard deviation of
these measurements (RSD%) for three different concentra-
tions and for three different electrodes is reported in Table 3.
The intermediate (run-to-run or extra-day) repeatability was
demonstrated by evaluating the precision in different days for
1 month. Trueness was evaluated by spiking and recovery.
The analyte addition methodology was used, where the
pseudo-unknown sample at three different values of concen-
tration (the 2nd, the 5th, and the 8th of the calibration plot)
was spiked in the solution after consecutive additions of a
standard. The % apparent recovery factors (ARF %) were
calculated as the percentage relative error between the mea-
sured and the true values. The results (Table 2) are very close
to 100 % in all cases.

Interferents study

Ascorbic and uric acids are reported to be the major
interferents during neurotransmitters detection because they
usually react at the same potential of the analytes. Moreover,
they are present in the biological fluids in concentrations from

Table 2 Analytical parameters obtained for the control and the device during the detection of neurotransmitters

Control Device
Dopamine Norepinephrine Serotonin Dopamine Norepinephrine Serotonin
S/(HA cm 2 pM Y 0.0286+0.0007 0.048 +0.001 0.008 +0.002 0.0256+0.0008 0.159+0.003 0.213+0.005
LoD / uM 0.37 0.37 0.33 0.03 0.04 0.04
LoQ /uM 1.12 1.13 1.00 0.10 0.13 0.11
R? 0.995 0.995 0.996 0.993 0.993 0.995
Rzadj 0.994 0.994 0.995 0.993 0.992 0.995
RSD % 3 5 0.8 3 2 2
ARF % 104-100-98 104-100-98 104-100-98 101-99-99 101-99-99 101-99-99

@ Springer



Photo-renewable electroanalytical sensor

7345

Table 3 Sensitivities calculated

I . . . .
from the slope of the calibration S /(LA cm “puM ) Dopamine Norepinephrine Serotonin
plots for the control and the
device in the presence of the three Alone AA+UA Alone AA+UA Alone AA+UA
neurotransmitters and ascorbic
and uric acid as interferents Control 0.0286 0.010 0.048 0.014 0.008 0.004
Device 0.0256 0.026 0.159 0.170 0.213 0.197
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Fig. 5 Calibration plots obtained for the three neurotransmitters using liquor as biological matrix

100 to 1000 times higher than those of neurotransmitters,
causing a critical matrix effect often very difficult to manage
[7, 20]. Furthermore, especially in the case of ascorbic acid,
the electrode surface can also be readily fouled by accumula-
tion of its oxidation products [43].

In our case, the electroanalytical detection of the three neu-
rotransmitters is possible (low or absent interferents’ effect)
also in the presence of high quantities of ascorbic and uric
acids (0.1 mM for both acids) and calibration plots with good
linearity could be obtained for both the device and the control
(Fig. 4 and Table 3). One possible reason of this behavior
could be found, considering that, at our working conditions
(pH 7.4), the titania layer is negatively charged [44], thus
acting as repelling barrier for negatively charged interferents
(ascorbic acid pK,; =4.10; uric acid pK,; =5.4 [45]). On the
other hand, the catecholamines are positively charged (dopa-
mine pK,; =8.87; norepinephrine pK,; =8.58; serotonin
pK,1=10.73), and they are therefore electrostatically attracted
by titania through the protonated primary amine group. A
voltammetric experiment performed using a negatively
charged redox probe [K4Fe(CN)g] confirmed this hypothesis.

As Fig. S4 demonstrates, the insertion of the titania layer
completely abates the voltammetric peak of the probe, visible
in the case of the FTO support.

In the case of the silver-containing device, not only the
sensitivities are better (Table 3) and the analytical working
range lower (Fig. 4), but the interferents do not affect the
measurements at all and the sensitivities are completely main-
tained (Fig. 4), thus demonstrating once more the key role of
convergent diffusion on Ag NPs.

Electroanalytical application in real matrices: liquor
and serum

In order to test the efficiency of the sensor in real matrices, the
detection in two biological fluids was investigated: artificially
reproduced cerebrospinal fluid (liquor) and serum, both pre-
senting high concentrations of interfering inorganic and
organic substances. Artificial liquor (pH="7.5) and serum
(pH=7.4) were prepared following protocols already
described in the literature (Table S3, ESM) [46-51]. In these
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Fig. 6 Calibration plots obtained for the three neurotransmitters using serum as biological matrix
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cases, the use of a supporting electrolyte was not necessary for
electrochemical measurements.

Figures 5 and 6 show the calibration plots obtained for the
three neurotransmitters detected in liquor and serum, respec-
tively. The detection is characterized (Table 4) by good
linearity ranges and good sensitivities (albeit lower, particu-
larly for serum, with respect to the analysis in phosphate
buffer). However, the limits of detection remain low, well
below the requirements of the clinical application (0.1 pM).

Towards electroanalytical application in real matrices:
the urine case

Among all the possible matrixes where neurotransmitters can
be found, human urine (pH = 6) represents one of the biggest
challenge [7, 20]. In this matrix, where only dopamine and
norepinephrine can be found, the determination is usually
complicated because of the difficulty of the conventional elec-
trodes to discriminate between the two neurotransmitters and
the strong fouling. In this first attempt towards the contempo-
raneous determination of dopamine and norepinephrine, the
two molecules were studied at concentrations in accordance
with the levels normally detected in the urine biological matrix

Table 4  Analytical parameters obtained using liquor and serum as
biological matrixes

Liquor

Dopamine Norepinephrine Serotonin
S/(pA em 2pM ) 0.0169 0.0268 0.0255
LoD / uM 0.02 0.03 0.02

Serum

Dopamine Norepinephrine Serotonin
S/(pA em 2pM ) 0.00179 0.00116 0.00483
LoD / uM 0.09 0.05 0.03

[49]. The analysis was performed by the standard addition
technique exploiting dopamine and norepinephrine different
peak potentials, which allow their discrimination.

Dopamine, in the presence of not interfering norepineph-
rine, was revealed at +0.15 V (Fig. 7a). At a higher potential
value (+0.3 V), both molecules were detected (Fig. 7b) and the
quantity of norepinephrine was calculated from the difference
of the two values. As reported in Table 5, apparent recovery
factors (ARF%) for the two molecules are good, showing the
trueness of the method for their contemporaneous
determination.

Conclusions

A new electroanalytical method was developed for the deter-
mination of dopamine, norepinephrine, and serotonin based
on a sandwich structure sensor, ad hoc designed for this ap-
plication. The electrode was composed by engineered silver
nanoparticles, allowing a convergent diffusion regime, which
was found to play a pivotal role in the recognition process.
Such particles were covered by a photoactive titania layer that
enabled the electrode regeneration under UV-A irradiation.
Thanks to this configuration, the detection limits were found
to be lower (0.03 M) than the clinical requirement in routine
analysis [7], also in the presence of typical interfering com-
pounds, i.e., ascorbic and uric acids (1000:1). In biological
matrixes, liquor, and serum, the situation was worsened by

Table 5  Apparent recovery factors obtained for the contemporaneous
detection of two neurotransmitters

Added / uM Found / uM ARF %
Dopamine 1.00 1.04 104
Norepinephrine 1.00 0.98 98
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the presence of numerous charged compounds and proteins,
which cause interference by reaction at the electrode or pas-
sivation of the active surface. However, also in this context,
thanks to the great affinity with the analytes and its charge,
TiO, demonstrated its key role repelling negatively charged
interferents by electrostatic interactions and facilitating the
detection with high selectivity. Moreover, its self-cleaning
property was crucial to overcome the fouling phenomenon
due to byproducts, collateral reactions of interferents, and pas-
sivation of the sensor. By simply irradiation with UV-A light,
the electrode surface was completely regenerated and used for
many further analyses.
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