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HIGHLIGHTS

e MtNPs-rGO based electrodes were
used as electrochemical sensors for
DA detection.

e A negligible interference from ascor-
bic and uric acid was found.

e Synthetic urine was used to simulate
the operation of sensor in real
samples.

e Sensors were validated testing real
urine samples.

o Results of the electrochemical sensor
agree with those obtained by HPLC
technique.
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ABSTRACT

Dopamine is an important neurotransmitter involved in many human biological processes as well as in
different neurodegenerative diseases. Monitoring the concentration of dopamine in biological fluids, i.e.,
blood and urine is an effective way of accelerating the early diagnosis of these types of diseases. Elec-
trochemical sensors are an ideal choice for real-time screening of dopamine as they can achieve fast,
portable inexpensive and accurate measurements. In this work, we present electrochemical dopamine
sensors based on reduced graphene oxide coupled with Au or Pt nanoparticles. Sensors were developed
by co-electrodeposition onto a flexible substrate, and a systematic investigation concerning the elec-
trodeposition parameters (concentration of precursors, deposition time and potential) was carried out to
maximize the sensitivity of the dopamine detection. Square wave voltammetry was used as an elec-
trochemical technique that ensured a high sensitive detection in the nM range. The sensors were
challenged against synthetic urine in order to simulate a real sample detection scenario where dopamine
concentrations are usually lower than 600 nM. Our sensors show a negligible interference from uric and
ascorbic acids which did not affect sensor performance. A wide linear range (0.1-20 pum for gold
nanoparticles, 0.1—10 pm for platinum nanoparticles) with high sensitivity (6.02 and 7.19 pA pM™' cm™
for gold and platinum, respectively) and a low limit of detection (75 and 62 nM for Au and Pt, respec-
tively) were achieved. Real urine samples were also assayed, where the concentrations of dopamine
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detected aligned very closely to measurements undertaken using conventional laboratory techniques.
Sensor fabrication employed a cost-effective production process with the possibility of also being inte-
grated into flexible substrates, thus allowing for the possible development of wearable sensing devices.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Among the neurotransmitters released from the brain, dopa-
mine (DA) is the most important because of its involvement in
many different biological processes such as memory, sleep, mood
and learning. In addition, variation of DA concentrations in human
body fluids has been recently related to some neurodegenerative
diseases, such as Alzheimer's and Parkinson's diseases [1—3]. Alz-
heimer's disease [4] arises from the formation of amyloid plaques
that hinder the DA-ergic neurons and consequently their capability
to produce DA. Parkinson's, the second most common neurode-
generative disease, is linked to the degeneration of the nerve cells
of the basal ganglia (substantia nigra) of the brain [5], which results
in a decrease of DA production. DA is also related to hyperactivity
and attention deficit hyperactivity disorder (ADHD) found in chil-
dren [6]. ADHD is attributable to the alterations in some specific
areas of the brain (pre-frontal cortex, part of the cerebellum and
some of the basal ganglia, clusters of nerve cells located deep in the
brain) that regulate attention and which are smaller in people with
this disorder. For each disease and patient, there are different
combinations of symptoms and prescribed drug therapy must be
carefully tailored to meet the individual needs of a patient [7]. The
first goal of pharmacological therapies is to restore optimal level of
DA production and then, to maintain it over time. Consequently, it
is necessary to continuously balance the drug therapy by constantly
monitoring the DA concentrations.

As such, the possibility of applying a rapid detection system for
this important neurotransmitter in human body fluids, such as
blood and urine, is of extreme importance not only for balancing
drug therapy but also for early disease diagnoses [8].

Nowadays, DA is detected by enzyme linked immuno-sorbet
assay (ELISA) [9] and high pressure liquid chromatography (HPLC)
[10] each achieving different limits of detection (LOD, 0.05 pM in
urine and 0.5 pM in plasma). Despite the high sensitivity of these
techniques, they are expensive, difficult to handle, time consuming
and require highly skilled laboratory personnel to operate them.
These drawbacks can make DA screening troublesome and difficult.
Electrochemical methods are ideal candidates to overcome these
limitations [11—15], particularly if integrated into wearable sensors
[16,17]. Indeed, just a simple compact potentiostat (low cost
portable device [18]) is enough to obtain a portable sensing device,
eliminating the need for bulky lab-based HPLC or ELISA systems
[19]. In addition, electrode fabrication is cost-effective, reproduc-
ible and the as-fabricated sensors are good enough to compete with
the traditional lab-based techniques [20—23]. For DA detection, the
main disadvantage of electrochemical sensors is the interference
from uric (UA) and ascorbic acid (AA). Both acids are present in all
biological fluids at high concentration and, unfortunately, have
redox potential close to DA [24,25], complicating its selective
detection. To overcome these problems, it is necessary chemically
modify an electrode with a material that has a high selectivity to-
wards DA. It has been reported that graphene based electrodes have
excellent electrocatalytic properties for a selective detection of DA
even in the presence of interfering species [26,27]. In particular,
graphene oxide (GO) and its reduced form (rGO) have been widely
used as an active material for sensors fabrication [28—30]. Their

success in this field is due to the high surface area, good electric
conductivity, mechanical stability and the presence of various
functional groups, ie hydroxyl, carboxyl and epoxy groups [31,32].

Different metal nanoparticles (NPs) have been used to modify
GO and rGO with the aim of improving their performance [33—35],
in terms of surface area, electrical and thermal conductivity, sta-
bility and electrocatalytic efficiency [36—38]. In the case of DA
detection [39,40], rGO combined with Au or Pt NPs ensures excel-
lent electrical conductivity, stability and electrocatalytic properties
as well as biocompatibility [41,42]. The main approach to producing
NPs-rGO electrodes consists of the separated synthesis of NPs and
rGO followed by their mixing to form a composite [43,44]. This
process is time-consuming and difficult because each step must be
carefully controlled. Recently, one step electrochemical reduction
of both metal precursor and GO has been demonstrated [45]. This is
an important approach for the synthesis of NPs-rGO based elec-
trodes because it is easily undertaken, cost effective, rapid and does
not require any particular chemical treatment.

Here, starting from the preliminary results reported in our
recent work [23], we have simultaneously deposited, onto an ITO-
PET substrate, AuNPs-rGO and PtNPs-rGO to develop a flexible,
cheap and biocompatible electrode suitable for DA detection. A
systematic investigation of the electrochemical parameters that
control the fabrication process of the sensors was carried out, with
the aim to maximize both the sensitivity and linear dynamic range.
The AuNPs-rGO and PtNPs-rGO based electrodes have been previ-
ously investigated [11,27,35,39,46], but here we integrate them into
a flexible, light and transparent substrate that allows not only
wearable applications but they may also be easily integrated into
urine collection bags. Such an approach would allow continuous
and non-invasive monitoring in bedridden patients, severely
affected by neurodegenerative diseases, which is the ultimate goal
of our research project. To validate the possible use of the sensors
for the detection of DA in urine, the sensor performance was first
studied in synthetic urine (completely identical to real samples) to
understand the influence of a such complex matrix on sensor
performance. Following this, DA was quantified in real urine sam-
ples where the sensor results were observed to be comparable with
those obtained using standard HPLC technique.

2. Experimental
2.1. Fabrication and characterization of sensors

As substrate for the co-deposition of metal NPs and rGO, sheets
of ITO-PET (indium tin oxide/polyethylene terephthalate) with
60 Q cm 2 sheet resistance were used (Sigma Aldrich). This sub-
strate was selected because is flexible, commercially available at
low price and has good chemical and mechanical properties. All
reagents (graphene oxide (solution 4 mg/mL), phosphate buffer
solution (PBS, pH 7.4), acetate buffer solution (ABS, pH 5.4), KAuCly
(98%), ethanol (96%), acetic acid (100%), sodium acetate (99%),
KyPtClg (98%), dopamine hydrochloride (98%), uric acid (99%) and
ascorbic acid (99%)) were purchased from Sigma Aldrich, used as
received and diluted in deionized water (Type 1, resistivity
>18 MQ cm). Commercially available synthetic urine (Sigma
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Aldrich) was also used to simulate the operation of the sensors in
real conditions and to understand the influence of a such complex
matrix on sensor performance. Electrochemical depositions were
carried out in a three-electrode cell with a saturated calomel
electrode (SCE) as reference and a Pt wire as counter electrode
using a PAR potentiostat/galvanostat (PARSTAT, mod. 2273). Elec-
trodes were mounted into a home-made cell, made in acrylonitrile-
butadiene-styrene, fabricated by a 3D printing (Zortrax M200),
having a volume of 1 mL and a working electrode area of about
0.785 cm?. Details on cell configuration can be found in Ref. [47].
Prior to deposition of NPs and rGO, the ITO-PET substrate was ul-
trasonically cleaned in pure iso-propanol for 15 min and then
rinsed with deionized water. In order to prepare the deposition
bath, GO and Au or Pt precursor were diluted in ABS at different
concentrations. Deposition was also carried out after dissolving the
chemicals in PBS. The results showed a negligible difference in the
electrode behaviour, but the morphology of the electrode was more
uniform using ABS, as confirmed by FESEM images (Figs. S1A and
S1B). Therefore, ABS was selected as buffer for the deposition
step. The effect of the concentration of metal precursor (from
0.025 mM to 5 mM) and GO (from 0.25 to 1 mg/mL), the influence
of the deposition time (from 50 to 300 s) and potential (from —0.4
to —1 Vvs SCE) were investigated in order to determine the optimal
deposition conditions. For each experiment, 0.8 mL of a fresh so-
lution was used. A constant cathodic potential was applied for each
time using ITO-PET as a working electrode. For each investigated
parameter, electrodes were employed for DA detection and the best
deposition conditions selected. A stock DA solution was prepared
by diluting dopamine hydrochloride in 0.01 mM HCI (pH 5). The
acidic condition is necessary to guarantee DA dissolution and so-
lution stability, which is known to be highly affected by pH [48]. In
fact, we found that in the DA solutions with pH > 5, after 24 h of
storing at 4 °C, black particulates were formed due to DA oxidation
to quinoid form [49].

Modified electrodes were characterized by field emission
scanning electron microscopy (FESEM, FEG-ESEM, FEI QUANTA
200) equipped with energy dispersive spectroscopy (EDS), X-ray
diffraction, micro-Raman spectroscopy and X-ray photoelectron
Spectroscopy (XPS). The characterization methods are detailed in
previous works [50—55]. To verify the homogeneity of the obtained
electrodes, FESEM and EDS were carried out in different areas. X-
ray (RIGAKU, D-MAX 25600 HK) diffraction patterns were obtained
using Ni-filtered Cu Ko radiation (A = 1.54 A) with a tube voltage
and current of 40 kV and 100 mA, respectively. Raman was per-
formed using a He:Ne laser (633 nm) calibrated by the Raman peak
of polycrystalline Si (520 cm™!). Raman spectra and diffraction
patterns were analysed by comparison with literature data. The
modified ITO-PET electrodes were also investigated by XPS that was
performed using a ULVAC-PHI PHI 5000 Versa Probe II Scanning
XPS Microprobe™, equipped with a Al Ka. (1486.6 eV) source in a
FAT mode. The high resolution XPS spectra of Au 4f and C 1s were
collected with the 128 channels hemispherical analyser at the pass
energy of 23.5 eV and energy step size of 0.05 eV. Au 4f at
83.95 + 0.05 eV was used to calibrate the binding energy (BE) scale.

2.2. Sensor performance

For the characterization of the sensor performance, the same
electrochemical cell described above was used. In this cell NPs-
rGO-ITO acted as a working electrode, Pt wire as counter and SCE
as reference electrode. To explore possible fouling phenomena of
electrode during the DA detection, the sensors were characterized
with cyclic voltammetry (CV) tests. CV was carried out in PBS
containing DA 100 pM, in the potential range from —0.5 V to 0.5 V
vs SCE with a scan rate of 25 mV/s, for 30 cycles. CV tests at different
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scan rates were also carried out to evaluate the double layer
capacitance (Cqr) of the electrodes. Tests were performed in the
range potential from 0.0 to 0.2 V vs SCE (i.e., in the non-faradaic
region) in PBS and at room temperature.

Square wave voltammetry (SWV) was performed in the range
potential from —0.5 to 0.8 V vs. SCE, with a pulse of 0.025 V for
0.02 s and a step height of 1 mV. SWV was used as the electro-
chemical technique for DA detection because of its higher sensi-
tivity, compared to linear sweep voltammetry (LSV), and
differential pulse voltammetry (DPV). This was confirmed by the
results given in Fig. S1C, where the detection peak of DA 30 uM
using SWV and LSV, respectively, is presented. It was observed that
the SWV peak intensity of DA was almost 10 times higher than the
other techniques, thereby confirming the superior sensitivity of
SWV which was used going forwards. To address the effect of rGO
and metal NPs, the ITO substrate was electrochemically character-
ized both prior to and after the deposition of these materials. The
sensor was calibrated using a blank solution of PBS, pH 7.4, close to
physiological one. In the blank solution, different amounts of DA
were added and the electrode was calibrated making 5 different
replicates for each concentration. The selectivity of the sensor for
DA was assessed in the presence of different concentration of AA
and UA. In particular, to simulate the worst possible case, the
selectivity was verified using very high concentration of interfer-
ents (from 10 to 500 uM for AA, and from 10 to 2000 pM for UA)
[56,57].

To further validate the sensors, real urine samples were
collected for 24 h and were tested in an authorized analysis labo-
ratory where the standard HPLC method was used. In particular, the
same urine sample was tested to quantify DA using both HPLC and
our sensor, in order to compare the results. For the electrochemical
detection, the urine samples were diluted (50% in volume) with PBS
and tested without any pre-treatment.

For each experiment, a new electrode with the same features
was used, making three or five replicate tests. GraphPad Prism 6.0
software was used to perform statistical analysis and the data were
reported as mean + standard deviation. Differences were recog-
nized using one-way repeated measures ANOVA with Bonferroni
post hoc test, and were considered significant those with P < 0.05.

3. Results and discussion
3.1. Fabrication and characterization of sensors

The active material for the fabrication of the sensors is based on
reduced graphene oxide (rGO) and gold nanoparticles (AuNPs)
obtained by electrochemical co-deposition. In particular, the
deposition reactions are:

GO+ xH' +ye~ —»rGO + zH,0 (1

AuCly +3e™ —Au + 4Cl™ (2)

While the deposition mechanism of gold is well known, that of
rGO is still under study, and the reaction reported here is the most
commonly accepted [58,59]. In our approach, these reactions led to
simultaneous deposition of rGO micro-sheets uniformly covered
with Au nanoparticles on the entire area of electrodes discussed
below.

We first verified if the electrodes proposed herein should to be
employed as disposable sensors only. The electrochemical DA
detection occurs by its oxidation, leading to the formation a poly-
dopamine (PDA, see the electro-polymerization mechanism re-
ported in Fig. S2) on the substrate [60,61]. Thus, it is plausible that a
fouling process of the electrode surface may occur that would
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subsequently inhibit its reactivity and thus sensitivity towards DA
detection. To verify this possibility, an initial CV study was carried
out using AuNPs-rGO-ITO in PBS in the presence of 100 uM DA.

CV curves reported in Fig. 1, confirmed our hypothesis. Two
paired peaks at 0.08/0.16 V and —0.37/-0.27 vs SCE, attributed to the
oxidation of DA in dopaminequinone and leucodopaminechrome in
dopaminechrome, respectively [61], are present. In particular, the
peak at 0.08 V decreases with increasing CV cycles. After 5 and 30
cycles, the peak current intensities decrease by ~10% and ~20%,
respectively (Fig. S3). This arises due to the formation of a poly-
dopamine layer that then hinders further electrochemical oxida-
tion of DA at the electrode interface. This phenomenon happens
with both AuNPs and PtNPs and confirms electrode fouling, as
demonstrated by EDS and FESEM analyses performed on the elec-
trode surface after CV test (Fig. S4). In particular, the EDS shows the
presence of N peak while in the FESEM images a low conductive
layer was observed, both attributable to the polydopamine depo-
sition. To this end, each experiment in this work was carried out
with a fresh electrode, and to verify reproducibility, each test was
performed using 3 or 5 different replicates. However, it is important
to highlight that the electrode does not lose its functionality, in fact,
after the 30 CV cycles they are still able to detect the concentration
of dopamine although with a lower sensitivity (Fig. S5).

The single effect of rGO and Au NPs on the surface of electrode
was studied and the results are showed in Fig. 2. In particular, re-
sults for bare ITO, ITO modified with Au-NPs (AuNPs-ITO), ITO
modified with rGO (rGO-ITO) and ITO modified with both rGO and
AuNPs (AuNPs-rGO-ITO) are presented.

Fig. 2A shows the SWV curves for the detection of 25 uM of DA
using the progressively modified ITO substrate. From these curves
the values of peak current density (black) and peak potential (blue)
were calculated and reported in Fig. 2B. As predictable, due to the
low electrocatalytic efficiency, the peak current density of DA
detection using bare ITO is very low and occurs at more positive
potential compared to the electrode with rGO and AuNPs sepa-
rately. When both NPs and rGO are co-deposited into the electrode,

40
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the peak current density of DA is higher and the peak potential is
lower compared to the ITO modified with these materials sepa-
rately. It means that the electrode shows improved properties than
just the sum of the properties of rGO and Au-NPs, although the
major effect can be attributed to the presence of rGO. In fact, with
respect to the value measured for bare ITO, the peak current density
in the presence of only rGO increases by ~200%, while for Au NPs an
increase of only ~26% was obtained. In the presence of Au NPs, the
observed signal enhancement is due to their high conductivity and
also increased electrochemical active surface area [62]. The high
rGO electrocatalytic activity towards the DA detection is attribut-
able to the w—m interactions between the aromatic structure of the
GO and DA molecules that ensures a faster electron transfer rate
[27]. These experiments clearly show that the modification of the
electrode with rGO and AuNPs is a good approach to increase the
sensitivity of the electrode. This is due to the synergistic effect of
the simultaneous presence of Au NP and rGO, which synergistically
improve the electrochemical properties and the catalytic activity
and provide a large surface area for the reaction of the electroactive
molecules. In addition, as reported in Ref. [64], the functional
groups of rGO stabilize the AuNPs improving the durability of the
catalyst.

The same set of electrodes were also tested by CV at different
scan rates in order to evaluate the specific capacitance by the
double layer capacitance method [63]. The specific capacitance is
directly proportional to the real electrode surface and allows the
comparison of the different electrode modifications. The measured
values of the anodic and cathodic current densities vs scan rate are
showed in Fig. 2C. In the measured scan rate range, a linear
behaviour for the all type of electrodes were found. From the slope
of these curves the average Cgq was calculated and reported in
Fig. 2D. As expected, the Cg; of modified electrodes is at least 2—4
times higher than unmodified ITO-PET. Thus, the modified elec-
trodes have a very high real surface area due to the nanostructured
morphology of both Au NPs and rGO. The higher Cq; was calculated
for the AuNPs-rGO-ITO electrode and thus for this electrode the

Current density / pAcm

0.45 -030 -0.15 0.00

015 030 045

Potential vs SCE / V

Fig. 1. CV curves in the presence of 100 pm of DA using AuNPs-rGO-ITO based sensors.
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legend, the reader is referred to the Web version of this article.)

highest electroactivity is aspect, as confirmed also by the result
reported in Fig. 2B.

To obtain the best performance, the electrodeposition process of
the working electrodes was optimized, in terms of metal precursors
and GO concentration, deposition time and potential, using the
peak height of 25 uM of DA in the SWV curves as the readout
parameter. To study the effect of each investigated parameter, 3
different electrodes with almost identical features, obtained in
identical deposition conditions, were used. Each electrode was
tested both in the blank solution (PBS) and in the presence of DA.
For each parameter, in order to maximize the performance of the

sensor, the value corresponding to the highest peak current density
in the SWV curves was selected.

Fig. 3 shows the effect of (a) applied deposition potential, (b)
gold precursor concentration, (c) GO concentration, and (d) depo-
sition time on the peak of 25 pM of DA (see also Fig. S6).

Fig. 3A clearly shows that for a potential lower than —0.6 V vs
SCE the deposition of GO and Au-NPs does not occur. In fact, the
peak intensity of DA detection is almost the same of the bare ITO
(Fig. 2), thus suggesting that no modification of the electrode sur-
face has occurred. This result is in agreement with data previously
reported in the literature [40,65,66]. In particular, for rGO it was
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demonstrated that its reduction starts at a potential of
about —0.64 V/SCE [66]. When the potential increases cathodically
up to —0.8 V, the peak current increases, due to the increase of
electrochemical active surface area, and then it drops at —1 V. This
is probably due to H, evolution that acts as secondary reaction,
decreasing the efficiency of the deposition of rGO and AuNPs [67].
Thus, the best potential value for the co-deposition of rGO and
AuNPS is —0.8 V that assures both the correct loading of substrate
and the negligible interference of H, evolution. Similar conclusions
are also reached using chronoamperometry as detection technique
[68]. At —0.8 V vs SCE, the effect of GO and Au precursor

concentration was studied and the results are reported in Fig. 3B
and C, respectively. For increasing gold precursor concentration,
from 0.025 to 0.25 mM (Fig. 3B), an increase on the peak current
intensity (at about 0.15 V vs. SCE) more than 300% was observed
that is attributed to the increase on loading of deposited AuNPS
[40]. At higher concentrations of gold precursor, > 0.25 mM, a
decrease of the peak current intensity was found, probably due to
the morphology of deposited NPs. In fact, with the increase of gold
precursor concentration from uM up to mM, the driving force for
gold deposition increases and thus the density of deposited NPs. In
these conditions, the deposition becomes non-uniform and clusters
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of NPs are formed due to the coalescence phenomena of nearby
nanoparticles. This leads to a decrease of the electroactive surface
area of the electrode that justifies the lower measured peak current.
This hypothesis was confirmed by FESEM analysis of these type of
samples (Fig. S7) characterized by the presence of cluster of parti-
cles of about 0.1/0.2 um, higher compared to the NPs visible in
Fig. 4B, where a high-magnification FESEM image of the optimized
electrode is reported. For high concentration of gold precursor, and
consequently high amounts of deposited Au on the electrode sur-
face, a second peak at about 0.25 V vs. SCE appears, that is

attributable to Au oxidation. In the case of GO concentration,
Fig. 3C, the best compromise was achieved for a GO content of
0.5 mg/mL where a maximum peak current for DA detection was
observed. Under these conditions, a high electrochemical active
surface area was obtained, which ensured a good electrocatalytic
behaviour. For higher concentrations, the excessive loading of GO,
resulted in a consequent decrease of surface area, negatively
affecting the electrode performance, as also reported in Ref. [69].
The effect of deposition time, Fig. 3D, was investigated at —0.8 V vs
SCE with 0.5 mg/mL of GO and 0.25 mM of gold precursor. It was
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found that the best value for this parameter was 200 s, which
corresponds to a maximum observed peak current intensity. Once
again, for low deposition time (below 200 s) the loading of GO and
AuNPs is low and thus low is their electrocatalytic effect. For higher
values, the excessive load of rGO and AuNPs causes the formation of
a more uniform and compact electrode surface characterized by a
low electroactive surface area. A similar behaviour was obtained by
carrying out the same detailed series of experiments for electrodes
based on rGO and PtNPs. In Table 1, a summary of the optimized
values of each parameter for both types of electrodes is presented.

The optimized electrodes were characterized by FESEM, EDS,
XRD, Raman spectroscopy and XPS. Figs. 4 and 5 show the results of
this characterization in the case of optimized gold-based elec-
trodes. Similar results were obtained with the Pt-based electrode
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and results are shown in Fig. S8 of the supplementary material. The
FESEM images of Fig. 4A and B show that the AuNPs are well
dispersed on electrode surface. NPs had a mean diameter of
25.6 + 3 0.8 nm. Also, the rGO sheets are evident and appear well
attached into the electrode surface. The wrinkle-like sheet
morphology is typical of rGO and provides a high surface area
which enables efficient electrochemical reactions [70]. In the EDS
spectrum presented in Fig. 4C, the presence of gold peak suggests
the effective deposition of the Au NPs. The peaks of indium arise
from the underlying ITO deposited on PET substrate while C and O
are attributed mainly from the PET and also from the electro-
deposited rGO.

Fig. 5A shows the XRD pattern of the as prepared electrode. The
broad peak centered at about 20 = 23.7°, corresponding to the (002)
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Fig. 4. (A—B) FESEM images and (C) EDS spectrum of rGO-Au-NPs/ITO based sensors.

Table 1
Optimized values of electrodeposition parameters to obtain AuNPs-rGO-ITO based
Sensors.

AuNPs-rGO-ITO PtNPs-rGO-ITO

Media ABS ABS
Deposition Potential —0.8 V vs SCE —0.8 V vs SCE
GO concentration 0.5 mg/mL 0.5 mg/mL
Metal precursor concentration 0.25 mM 0.25 mM
Deposition time 200 s 300 s

diffraction plane, confirms the deposition of reduced GO as re-
ported in Ref. [71]. Appling the Bragg's equation [72] to this
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reflection, the distance between rGO layers was calculated at a
value of ~0.38 nm, that agree with results reported in Ref. [73]. The
peaks at 20 about to 38° and 44° are attributed to deposition of
polycrystalline gold with main orientation along the (111) diffrac-
tion plane. The main diffraction peak of gold, located a t 38.2°, is
quite broad suggesting the formation of a deposit with a small grain
size. To verify this, the Sherrer's equation [72] was used to calculate
the mean grain size of Au NPs. In particular, on the basis of the
width at half height of the main diffraction peak of gold, a mean
value of about 20.30 + 0.2 nm was calculated, consistent with
FESEM measurements.

The Raman spectrum shown in Fig. 5B is further confirmation of
the presence of rGO. In fact, the main bands at about 1343 cm™~! and
1588 cm~! are present and attributed to D and G band, respectively,
as reported in Ref. [74]. The main bands of rGO are about in cor-
respondence of Raman modes of ITO-PET substrate (black curve),
thus a convolution by Gaussian fitting was necessary to better
evaluate the intensity of these bands. While in GO the intensity of
the two bands is comparable (red curve), in the AuNPs-rGO-ITO
samples the intensity of D band is higher (about 16%) then G. This
is attributable to the presence of rGO [75], and is due to the increase
of structural disorder because the GO reduction.

Electrodes were further characterized by XPS and the spectra
are reported in Fig. 5C and D. In the case of Au 4f, Fig. 5C, two
contributions were found by curve-fitting analysis of the two spin-
orbit components (Au 4f7; and Au 4fs ) of the Au4f. The first Au4fy,
2 component at BE of 83.95 eV is associated to Au®, while the second
Au4f;, component at BE of 84.56 eV is assigned to Au™. These re-
sults are expected for Au NPs and are in agreement with those
previously reported in Ref. [76]. The Au™ is about 8% of the total
gold. Fig. 5D shows the XPS spectrum of C 1s. In the deconvoluted
spectrum the presence of C=C (284.96 eV, 73.92%), C-O-C
(286.57 eV, 18.82%), and 0-C=0 (288.62 eV, 7.27%) bonds was
identified. The high intensity of C=C and the absence of -COOH
peak (289.5 eV) confirm the reduction of GO during the electro-
deposition process [77].

In conclusion all characterization techniques indicate the pres-
ence of AuNPs and rGO on the surface of electrode.

3.2. Sensor performance

The effect of the solution pH on DA detection was investigated
and the results were reported in Fig. 6. According to the Minta ed al
[78], with the increase of pH, in the range 5—8, the peak potential,
Fig. 6A, shifts towards lower values with a linear dependence
having a slope of about —44 mV/pH unit. The current density
maximum is reached at pH 7, Fig. 6B. Despite this result, the elec-
trochemical characterization of the sensors was performed at pH
7.4 as this is the value typically employed by other groups and
therefore allows back comparison of our sensors with the literature.

Sensor calibration was carried out in PBS while varying the DA
concentration range from 1 to 500 pM, using both AuNPs-rGO-ITO
and PtNPs-rGO-ITO as working electrodes. For AuNPs-rGO-ITO, the
results are shown in Fig. 7 A-C, while for PtNPs-rGO-ITO the results
are reported in Fig. 6D and in Fig. S9.

Concerning AuNPs-rGO-ITO based sensors, Fig. 7A shows the
SWV curves for different DA concentrations. These experiments
were repeated 3 times using electrodes with almost identical fea-
tures and the mean peak current intensity value with relative error
bars (both reproducibility and repeatability) are reported in Fig. 7B.
From Fig. 7A, it was observed that the peak potential value of DA
detection remains unchanged with increasing DA concentration.
The DA peak appears at 0.1 pM and its intensity linearly increases
up to 20 uM. At higher concentrations (Fig. 7B), the peak intensity
still has a linear dependence from DA concentration but with a
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spectra of bare ITO and GO powder was reported.

lower sensitivity (1.76 pA pM~! cm~2). This is a common behaviour
of electrochemical sensors [35,79]. The dopamine sensitivity
calculated from the slope was shown to be 6.02 pA pM~' cm ™2
(Fig. 7C). The estimated LOD is 75 nM calculated using a signal to
noise ratio of 3.3.

Considering PtNPs-rGO-ITO based sensors, an interesting

10

behaviour was observed and present in Fig. 7D. In fact, for both type
of sensors a similar LOD was reached, but in the case of PtNPs-rGO-
ITO a higher sensitivity but with a narrower linear range was
measured (Fig. S10). In particular, the DA detection peak started to
increase linearly from 0.1 to 10 uM DA with a sensitivity of
719 pA pM~! cm2 and an estimated LOD of 62 nM. The high
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Fig. 5. (continued).

sensitivity clearly shows that PtNPs possess higher catalytic activity
towards DA oxidation in comparison to Au [80]. For both electrodes
the LOD values are lower than the expected DA concentration in
real samples, for example in the case of urine is about 0.6 uM,
thereby showing their suitability for this application [81]. The
excellent performance of the sensor can be attributed mainly to the

1

very good electrocatalytic properties of rGO and MtNPs towards the
DA detection [27], and also to the nanostructured morphology of
the sensor surface. In fact, a nanostructured surface ensures a high
electrochemically active surface area, characterized by a large
number of active sites where the DA oxidation can take place.

As stated before, one of the main issues in the electrochemical
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detection of DA in real complex sample matrices, is the interference
from other species, especially ascorbic (AA) and uric acids (UA). For
both species, the problem for DA detection is related to the simi-
larity of their redox potentials (0 V and 0.3 V vs SCE respectively)
which are close to DA ~0.12 V. As these compounds are always

13

present in body fluids in a concentration range of about 100—1000
times higher than DA (present in the sub uM range) the peaks of AA
and UA can significantly overlap with, and swamp the detection
peak of DA [56,57]. To this end, a characterisation study was un-
dertaken for the detection of DA in the presence of AA and UA.
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Fig. 7. (continued).

Fig. 8A—B shows the SWV, using AuNPs-rGO-ITO as working elec- more important, its intensity is consistent with the results of the
trode, in presence of different amounts of DA and increasing con- calibration line (Fig. 7C). These results suggest the ability of the
centrations of UA and AA. electrode to simultaneously detect DA, AA and UA (the mecha-

At low AA and UA concentrations, Fig. 8A, even with a ratio 1/ nism of electrochemical oxidation of UA and AA was reported in
10 of DA/AA and DA/UA, the DA detection peak is present and, Fig. S11). Fig. 8B shows the peak of 5 and 10 uM DA in presence of

14
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Fig. 8. Effect of different concentration of ascorbic acid (AA) and uric acid (UA) on the detection of DA.

higher concentration of AA (0.5 mM) and UA (2 mM). Interest-
ingly, high concentration of AA does not lead to any interference
effects (see green and black curve) in the detection of DA. As re-
ported in the literature, this behaviour is attributed to the elec-
trostatic repulsion between GO and AA that causes the
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suppression of AA oxidation [27]. Concerning UA, its presence in
the concentration of 2 mM (this value is plausible in real samples
of urine) led to a loss in sensor detection of about 8%. Thus, from
the interference study, it can be concluded that high UA concen-
trations may lead to a slight interference on DA detection, while
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AA does not have any effect.

In order to simulate the operation of the sensor in a real sample,
DA detection has been carried out in commercially available syn-
thetic urine. Synthetic urine has all the properties and character-
istics of real urine therefore it can be used as a control solution
during assay development work. Using the optimized electrode
based on Au NPs, a calibration line was obtained in synthetic urine

Analytica Chimica Acta 1187 (2021) 339124

and the results presented in Fig. 9 (see also Fig. S12). The results
show that the determination of DA in urine matrix is still possible
with good sensitivity. Particularly, a linear range from 0.1 to 20 uM
was obtained, similar to PBS, but with a lower sensitivity of
3.365 pA pM~! cm 2. This decrease in sensitivity could be due both
to the presence of different chemical species present in the urine
matrix (that may because fouling or interference problems) and/or
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to the different pH (>8) of the synthetic urine. Considering that the
pH plays an important role on the DA determination, as shown in
Fig. 5 and in the literature [35,49], we hypothesise that the different
pH is the main cause.

In order to verify the flexibility of the sensor, the detection of DA
was performed after different deformation cycles of the sensors. In
particular, the electrode was bent, stretched and totally twisted
(Fig. S13) for five times and then tested to detect DA. As can be
observed in Fig. 10, the bent and stretched electrodes have the same
behaviour as a pristine sensor, and thus these deformations do not
alter the functionality of the sensor. For twisted electrodes, a drastic
decrease in peak current is observed, indicating that this type of
deformation significantly damages the conductive substrate.

To further validate the sensors, real urine samples were also
tested. In particular, the urine was collected for 24 h and tested in
an authorized analysis laboratory by HPLC. From HPLC analysis, a
concentration of 243.8 pug/24 h (see Fig. S14) equal to 0.69 uM was
determined.

The same urine sample was tested using the AuNPs-rGO-ITO
electrode. To perform the electrochemical detection, the urine
samples were diluted (50% in volume) with PBS (to reach a pH
similar to synthetic urine used to obtain the calibration line) and DA
was detected using the SWV technique discussed previously. Three
different electrodes employed, and using the calibration line
developed in synthetic urine (see Fig. 9B), a concentration of
0.65 + 0.042 uM was determined. It is important to highlight that,
in real urine, three different cathodic peaks were found relative to
DA, UA and AA oxidation. Despite the presence of UA and AA the
sensor is able to detect DA with a precision comparable to the
standard technique (recovery of ~94%), demonstrating again the
negligible interference of these compounds on DA detection. Thus,
these results clearly demonstrate the possibility of using the as
developed sensor to quantify DA in urine samples.

The sensitivity of the developed sensors is excellent compared
to other electrochemical sensors for DA detection [11] (see also
Table 2, where a comparison between non enzymatic electro-
chemical sensors for dopamine detection was reported). In fact, just
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few reports show a sensitivity higher than 1 pA pM~! cm~2 while
our sensor features a sensitivity of 3.365 pA pM~! cm~2 in urine
samples. The high sensitivity of the obtained sensors is attributable
not only to the presence of very good electrocatalytic material but
also to a careful balancing of MtNPs and rGO loading ensuring a
high electrochemical active surface area. In particular, the careful
loading of the substrate ensures the presence of the correct amount
of active material, on which the properties of electrocatalytic ac-
tivity and selectivity towards DA depend, and at the same time also
exhibit a high electrochemically active area and therefore a high
presence of active sites for the DA oxidation, to which the sensi-
tivity of the sensor is linked.

All of these features, combined with the very short preparation
time (200 s), the simplicity of the preparation method (co-elec-
trodeposition from aqueous electrolyte containing a very low
concentration of the precursors of gold and graphene oxide) and
the low fabrication costs (laboratory estimated cost at around €
0.2/sensor), make this sensor easily scalable and therefore appli-
cable on a large-scale application.

4. Conclusions

Dopamine was electrochemically detected using sensors fabri-
cated from an ITO-PET substrate covered with AuNPs-rGO or PtNPs-
rGO. ITO-PET substrates were coated by electro co-deposition of
rGO and MtNPs from a solution containing GO and metal precursor.
The formation of metal NPs and rGO was confirmed by FESEM, XRD,
Raman and XPS. CVs at different scar rates were performed
showing that the MtNPs-rGO-ITO electrodes present the highest
specific capacitance and thus the highest electrochemical active
surface area. The main electrodeposition parameters (applied po-
tential, solution composition and deposition time) were optimized
in order to increase the sensor performances towards dopamine
detection. In particular, the best performances were achieved with
electrodes obtained at —0.8 V vs. SCE, using ABS buffer solution
containing 0.25 mM of metal precursor, 0.5 mg/mL of GO and for
200 s for rGO-Au-NPs or 300 s for PtNPs-rGO-ITO based sensors.
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Table 2
Comparison between non enzymatic electrochemical sensors for dopamine detection.
Sensor Type Technique Sensitivity pA uM~' LOD uM Interference Real sample Ref
cm—2
Linear range pM
GCE/PANI/NiO DPV 1.1 0.0153 AA, SE PHA.SA [82]
02-24
Polytryptophan- DPV 2.09° 0.06  K*,Na*, Cl-, S0%, Ca®*, Zn?*, Mg?*CYST, TYR, PHEN, AA DAHYD [83]
graphene 0.2—100
rGO-AuNPs-GCE CH 3.55 0.137  CA, GLU, NaNOs, Na,CO5 NS [39]
0.14—100
PolyDA-rGO-Sn0O2- DPV 24.7% 0.005 AA UA Urine, Serum [46]
Au NPs 0.008—20
Polypirrole-rGO-Pd  DPV 0.024% 0.056 AA, UA Serum [84]
NPs 38—-1647
N doped-rGO DPV 3.2¢ 0.1 AA, UA NS [85]
1-60
SPCE-IL-GrQD DPV 10.03 0.06 AA, UA PHA.SA [86]
0.2—-15
Nafion/rGO/CSF TRS 1.065 0.001 AA UA Synthetic Urine [87]
0.001-30
TiN-rGO/GCE DPV 0.016 0.159  AA, UA, NaCl, MgS0O4, KNOs, Nas,S0s3, CYS, GLU, Alanine, TYR Urine [88]
5-175
CS film/ZnO NPs@C DPV 0.76 0.00004 GLU, AA, UA, LAC, P-PD, O-PD, H,05, NaCl NS [89]
0.00012—-152
Fe304-Gr DPV 1.61 0.75 UA, AC PHY.SA [90]
5-160
Ag@HCSs CH 0.76 0.6 AA, H,0,, UA, GLY, GLU Serum [91]
3-2000
Ni-MOF DPV 0.285% 0.06 AA, UA, Ca®*, K*, Na*, CYST DA HYD [92]
0.2—100
MoOx NPs/SPCE SWv 6.78° 0.043  GLU, AA, UA, FC, KCl, NaCl NS [93]
0.1-600
CNT- micropillary ~ DPV 25.59° 0.00077 GLU, AA, UA, 5-HT NS [94]
array 0.001-0.06
rGO/MWCNT/PPy CH 8.96 0.023 DA, AA, UA, NEP, EP NS [95]
0.025—-1
Nanostructured CuSe SWV 26.8 0.098 AA, UA, GLU, NaCl Urine [96]
0.25—-10
MWCNT/Au/GCE DPV 0.1216 0.21 K*, Na*, Mg+, Zn?*, CI~, HCO3, SO5~, NO3, glutamate, AA, B-CD, leucine, Urine [97]
0.7-108 NADH, CA, GLIU
CdSe/CdS quantum DPV 0.2 0.096  KCI, NaCl, AA, acetaminophen AC, UA Serum [98]
dots 0.5—-15
AuNPs-rGO-ITO sSwWv 6.02 0075 UAAA Real and Synthetic This
0.1-20 Urine Work
PtNPs-rGO-ITO SWv 7.19 0.062 UA,AA Synthetic Urine This
0.1-10 Work

GCE = Glassy Carbon Electrode, PANI = Polyanylyne, rGO = Reduced Graphene Oxide, SPCE = Screen Printed Carbon Electrode, IL = Ionic Liquid, GME = graphene modified
electrode; GrQD = Graphene Quantum Dots, CS = Chitosan, CSF = Carbonized silk fabric, CP = Carbon Paste, MOF = Matal-organic framework, CNT = carbon nanotube,
MWCNT = multi-walled carbon nanotube, HBNGH = f 2,2’-[1,7-hepthandiylbis (nitriloethylidyne)]-bis-hydroquinone, PPyox = overoxidized polypyrrole, HCS = hollow
carbon sphere, PEDOT = poly(3,4-ethylenedioxythiophene), Gr = graphene, DPV = Different Pulse Voltammetrym, CV = Cyclic voltammetry, CH = Chronoamperometry,
TRS = Transitor, AA = Ascorbic Acid, FC = Folic Acid, SE = Serotonyn, AC = Acetomiophene, CYST = Cysteine, GLU = Glucose, UA = Uric Acid, LAC = Lactose,
TYR = Tyrosine = PHEN = phenylalanine CA = Citric Acid O-PD = O-phenylenediamine, P-PD = P-phenylenediamine GLY = Glycine, PHA.SA = Pharmaceutical Samples,
DA.HYD = Dopamine Hydrochloride, ACOP = Paracetamol, B-CD = B-cyclodextrin, EP = epinephrine, NEP = norepinephrine, NS = Not Shown.

¢ This value was approximately calculated by us.

Using these conditions, for AuNPs-rGO-ITO based sensors, a linear
range from 01 pM up to 20 pM, with a sensitivity of
6.02 pA pM~! cm~2 and LOD of 75 nM was obtained. For PtNPs-
rGO-ITO based sensors, the linear range is from 0.1 to 10 uM of
DA with a sensitivity of 719 pA pM~! cm~2, with an esteemed LOD
of 62 nM. The high sensitivity of Pt NPs is due to the higher catalytic
activity of Pt towards DA oxidation in comparison to Au. It is
important to highlight that, for both electrodes the measured LOD
values are significantly lower than expected DA concentrations in
real urine samples (about 600 nM).

The electrode selectivity towards ascorbic and uric acid was
studied. No interference was found from ascorbic acid even at high
concentration due to the electrostatic repulsion between GO and
the ascorbic acid. In the case of uric acid, a negligible interference
was found only at high concentrations causing a loss in sensor
detection of ~8%.
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The excellent performance of the sensor can be attributable
mainly to the very good electrocatalytic properties of rGO towards
the DA detection, and also to the nanostructured morphology of the
sensor surface. In fact, a nanostructured surface ensures a high
electrochemically active surface area, characterized by a large
number of active sites where the DA oxidation can take place. The
electrodes show excellent behaviour even after being bent and
stretched, while excessive twisting causes a drastic drop in
performance.

Synthetic urine was used to study the performance of the sen-
sors for dopamine detection. In this media, in comparison to the
value obtained for PBS, a lower sensitivity of 3.365 pA pM~! cm ™2
was obtained. In any case, the sensitivity of our proposed sensors is
still higher when compared to other electrochemical sensors for
DA. In fact, only in few articles, values higher than 1 pA pM~! cm ™2
were reached.
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Sensors were also validated in real urine samples and the results
were very close to those obtained using a standard HPLC method
with a recovery of about 94%.

Results herein presented are of great importance because they
support the possibility for DA detection using electrodes obtained
with a very simple and low-cost preparation method with short
fabrication times. These features make this sensor easily scalable
and therefore applicable in research laboratories to substitute
current expensive and time-consuming approaches.
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