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Abstract: In this work, the influence of surface functionalization due to synthesis conditions
of graphene oxide quantum dots GOQDs was evaluated for dopamine (DA) detection. GO-
QDs were synthesized using HNOj3 (6 M or 8§ M) through a liquid-phase oxidation method.
The characterization (HRTEM, FTIR, Raman, and XRD) and evaluation by amperometry
(AMP) and differential pulse voltammetry (DPV) showed that GOQDs-8 synthesized with
higher oxygen content were more sensitive and selective in DA detection than GOQDs-6.
The synergistic effects of electrostatic attraction from glassy carbon electrode negatively
charged surface, functionalization for inner-sphere mechanism, and edge effect from lower
particle size resulted in amplified electrochemical signal achieving detection at nanomolar
level using AMP and DPV. When evaluated using AMP, GCE/GOQDs-8 showed a sen-
sitivity of 0.0422 pA uM™!, a limit of detection (LOD) of 17.6 nM, a linear range from 0.1
to 100 uM, and minimal interference for uric acid, levodopa, and acetaminophen. In con-
trast, using DPV, the GCE/GOQDs-8 exhibited a sensitivity of 0.0616 pA uM~1, a LOD of
506 nM, and a linear range from 0.1-30 uM with remarkable selectivity from all interferent
species. The assay of GOQDs-8/GCE sensor in normal human serum proved to be feasible
for the practical determination of DA. The recovery obtained was in the range of 94.1 to
112.8% with a relative standard deviation (RSD), n = 3 of less than 3.62%. The oxygen-rich
material showed a promising performance that can be further improved with additional
nanocarbon or conducting polymers supports.

Keywords: dopamine; electrochemical sensor; graphene oxide quantum dots; oxygen
functionalization

1. Introduction

Dopamine (DA) is a catecholaminergic neurotransmitter synthesized in the central
peripheral nervous system [1]. It is a monoamine consisting of a catechol ring and an
ethylamine side chain. It plays a significant role in the synaptic plasticity mechanism and
is involved in neuromodulation, motor control, cognitive function, regulation of various
metabolic processes, hormonal balance, and the renal system. Therefore, dysregulation of
normal dopamine levels has been associated with some physical and neurodegenerative
diseases such as Alzheimer’s [2], Parkinson’s, dementia, drug addiction, depression, and
schizophrenia, and neurodevelopmental disorders such as autism and attention deficit
hyperactivity disorder [3,4]. The use of DA as a biomarker is of relevant importance in the
clinical diagnosis of various disorders and diseases related to the nervous system, and this
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will allow the pharmacological and therapeutic approach in the early stages of the diseases,
increasing the quality of life of patients.

Early investigations in electrochemical studies demonstrated that the catecholamines
were susceptible to oxidization, generating 2e~ and 2H* [5,6]. Notably, DA can be oxidized
to o-dopamine quinone (DQ) by electrochemical methods in a multi-step mechanism
involving several reaction intermediates [7,8]. In fact, the first electrodes for DA sensing
were carbon paste microelectrodes [9,10], carbon fiber microelectrodes [11,12], and glassy
carbon electrode (GCE) [13]. Currently, carbon-based nanomaterials, including graphene
and its derivates, carbon nanotubes, and other allotropes, with differences in the C/O
content, electrocatalytic activity, surface defects, and the abundance of oxygen containing
functional groups have shown significant influence in the selectivity and sensitivity towards
DA [7,8,14,15].

Graphene oxide quantum dots (GOQDs) are zero-dimensional graphene nanoparticles
derived from graphene oxide (GO), which have oxygenated functional groups at their
surface [16]. GOQDS have attracted extensive attention in different areas, e.g., medicine
and environmental remediation, because GOQDs are carbon-based, enhanced activity, rela-
tively easy synthesis, low toxicity, high solubility, chemical stability, and photoluminescent
properties [17]. Several research groups have reported GOQDs synthesizing through a
liquid-phase oxidation reaction approach with nitric acid (HNO3) using GO as a precur-
sor [18-22]. In these methodologies, GOQDs of around 3 to 5 nm have been obtained, with
enhanced optical properties linked to the high concentration of oxygen and nitrogen atoms
on the surface. Hence, functionalization can influence the final properties of the resulting
GOQDs and the sensing properties overall.

GOQDs have several advantages, including tunable band gap, high water solubility,
and easy surface functionalization due to the content of multiple functional groups on their
surface [23]. Furthermore, GOQDs possess various electrochemical properties that allow
them to be materials with high potential as transducers, such as heterogeneous electron
transfer, high current density, and high conductivity due to quantum confinement and
edge effect [24]. Biosensors can benefit from their use as platforms because GOQDs can
interact with various molecules through active sites like -7t electrostatic and covalent
interactions [24]. For instance, Li et al. reported the functionalization of GOQDs through
self-assembly monolayers with ethylenediamine for sensitive DA detection. In addition,
they found that the electrochemical detection towards DA was enhanced by modifying its
surface with GQDs—ethylenediamine, obtaining a linear detection range and a LOD of 1 to
150 uM and 0.115 uM, respectively [25].

Moreover, Zheng et al. modified a GCE with oxygen-rich functionalized GQDs for
the electrochemical detection of DA at a pH of 7.0 in a phosphate buffer solution (0.1 M).
They found that surface functionalization of GQDs with carboxylate groups generated an
electrostatic interaction towards DA [26]. Likewise, Chen et al. reported the preparation
of a GQD from polyacrylonitrile-based carbon fibers for the electrochemical oxidation
of DA. The as-synthesized GQDs also showed high catalytic activity in DA oxidation
and a linear range detection towards DA of 1-300 uM [27]. Thadathil et al. fabricated a
N-GQDs/GCE in situ N-Doping that enhanced the sensitive and selective electrochem-
ical response towards the electrochemical detection of DA within the linear ranges of
0.001-1000 uM and a LOD of 0.2 and 0.15 nM [28].

Despite these works, few studies of GOQDs from GO obtained by the Hummers
method as an electrochemical sensor for DA detection have been explored. Furthermore,
the effect of HNOj3 concentration on GOQDs surface, particularly the generation of the
carboxylic acid group and its evaluation as an electrochemical sensor for DA at a pH of 7.4
in phosphate buffer solution, has hardly ever been studied.
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In this work, we evaluate the influence of surface functionalization of GOQDs due
to synthesis conditions in the final electrochemical detection of DA by amperometry and
differential pulse voltammetry. GOQDs were synthesized through a liquid-phase oxidation
reaction with HNOj (6 or 8 M) using GO as a precursor. The materials were characterized
and applied to modify the surface of a GCE that was subsequently evaluated as an electro-
chemical sensor for DA solutions. The results showed that oxygen-rich groups in GOQDs
of lower size (around 2.5 nm) correlated well with sensitive and selective DA detection at
the nanomolar level.

2. Materials and Methods
2.1. Materials and Reagents

Graphite flakes (325 mesh, 99.8% (metal basis), supplied by Alfa Aesar. Sodium nitrate
(99%, Fermont, Monterrey, Mexico), potassium permanganate (99.2%, Fermont, Monterrey,
Mexico), sulfuric acid (96.2% w/w ACS grade by Fisher Scientific), nitric acid (70% w/w
ACS grade, Fermont, Monterrey, Mexico), sodium hydroxide (Fermont, Monterrey, Mexico),
hydrogen peroxide (30% Golden Bell, Anaheim, CA, USA). The reagents sodium phosphate
dibasic (NayHPOy,), potassium phosphate monobasic (KH,PO,), dopamine, uric acid,
ascorbic acid, acetaminophen, levodopa, and potassium chloride (KCl), normal human
serum (NHS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tri-distilled
water (J.T.Baker, Chihuahua, Mexico) was used throughout all the experiments. After
each measurement, an electrode polishing kit (Allum, Orlando, FL, USA) was used for
surface renewal.

2.2. Synthesis of GOQDs

GO was obtained employing a modified Hummers method [29]. GOQDs were syn-
thesized according to a previously reported procedure [18]. Firstly, tri-distilled water was
used to reduce ion contamination during synthesis and sensor evaluation. In order to
prepare GOQDs, 0.3 g of GO was put into a 300 mL round bottom flask placed in an oil
bath. Then, after adding 150 mL of HNOj3 (6 or 8 M) into the flask, it was refluxed for 12 h
at 110 °C. The solution was then cooled to room temperature and dispersed with distilled
water. Subsequently, the product was neutralized at a pH close to 7 with 50 mL of NH4OH
(0.1 M), according to the Dong et al. procedure [18]. The supernatant was dialyzed using a
14 kDa cellulose membrane for approximately 48 h, with tri-distilled water replaced every
6 h until the water became clear. Then, the solid residue was diluted and sonicated for
30 min. Finally, the resulting product was dried at 60 °C for 24 h, obtaining GOQDs with
different oxidation degrees. GOQDs samples were marked as GOQDs-6 and GOQDs-8,
respectively, according to the concentration of HNOj utilized.

2.3. Sensor Fabrication

Before material deposition, the glassy carbon electrode (GCE) was polished with
diamond solution (1 um, Allum, USA) and alumina solution (0.05 pm, Allum, USA). Briefly,
the polishing technique consists of an infinite or eight movement shape of the GCE over the
diamond pad surface and, similarly, for the alumina pad until the GCE surface is mirror-
shinny [30]. Afterward, ultrasonicated in deionized water and methanol (%v/v = 1:1) for
5 min was applied to the working electrode recently polished. To prepare the modified
electrode, 1 mg of either GOQDs-6 or GOQDs-8 was dispersed in 1 mL of deionized
water by sonicating in an ultrasonic bath for 1 h. Then, 10 pL of GOQDs-6 or GOQDs-8
(1 mg/mL) was drop-casted onto the GCE surface and let dry at room temperature, resulting
in GOQDs-6/GCE or GOQDs-8/GCE. Finally, the modified electrode was dried at room
temperature. The working electrode was polished once the measurement was done.
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2.4. Characterization

The GOQDs-6 and GOQDs-8 were characterized by XRD, FTIR, RAMAN, HRTEM,
and electrochemical measurements. Likewise, graphite and GO as blanks were analyzed.
X-ray diffraction analysis was conducted with a PANAlytical X-pert pro (Almelo, The
Netherlands) with a Cu-K« radiation source (A = 1.54 A) and a 20 between 4° and 40° with
a step size of 0.05° and a time step of 0.8 s. FT-IR analysis was measured using an IR Affinitiy
1S spectrometer (Shimadzu, Kyoto, Japan). Spectra were obtained by reflectance employing
a Total Attenuated Reflectance accessory. The samples were analyzed in transmittance
mode in the range from 400 cm™ to 4000 cm™!. Raman spectroscopy analysis was performed
on a LabRAM HR Evolution (Horiba Jobin Yvon, Longjumeau, France). Raman spectra
were analyzed in the range of 500 cm™'-2500 cm™! at room temperature with a 632.8 mm
He-Ne laser. High-resolution micrographs were obtained by High-Resolution Transmission
Electron Microscopy (HRTEM) (TEM JEM-2200FS+CS, JEOL, Tokyo, Japan) at 200 kV.

2.4.1. Electrochemical Measurements

The electrochemical properties of the GOQDs-6/GCE or GOQDs-8/GCE were stud-
ied by cyclic voltammetry (CV), amperometry (AMP), and differential pulse voltam-
metry (DPV). The electrochemical techniques were performed utilizing a potentio-
stat/galvanostat/FRA Squidstat™ Plus electrochemical workstation (Admiral Instruments,
AZ, USA) coupled with a conventional three-electrode cell. The reference electrode was
Ag/AgCl, the counter-electrode was a platinum wire, and the working electrode was
either GOQDs-6/GCE or GOQDs-8/GCE sensor. For every experiment, 1X phosphate
buffer solution (PBS) (pH = 7.4) was utilized as the electrolyte. CV measurements were
conducted by cycling the potential from —0.2 to +0.8 V (vs. Ag/AgCl) at a scan rate from 5 to
100 mV/s, containing 50 pM of DA. The conditions for the amperometry experiments were
as follows: the potential of a working electrode is stepped at 0.18 V regarding reference
electrode Ag/AgCl with a stabilization time of 120 s and DA addition every 60 s. The
sampling interval was 0.5 s. The DPV technique was obtained with a pulse amplitude of
10 mV, pulse width of 0.05 s, pulse period of 0.2 s, scan rate of 5 mV /s, a potential step of
5mV, quiet time of 5 s, and window potential from 0.5 to 0.5 V. The evaluated concentration
range in DPV was 0.1 to 100 uM of DA.

The selectivity of GOQDs-6/GCE and GOQD-8/GCE sensors was evaluated in the
presence of interferent species such as uric acid (UA), ascorbic acid (AA), acetaminophen
(AQ), and levodopa (L-DOPA) utilizing the same experimental conditions of AMP and
DPV for DA detection. The interference concentrations were 10 uM for all substances.

2.4.2. Assay of DA in Normal Human Serum

To evaluate the practical feasibility of GOQD-8/GCE, the detection of DA in normal
human serum (NHS) by DPV was carried out. The NHS was diluted 150 times with 1X PBS
(pH =7.4) before measurement. The recoveries were used with 10 concentrations of DA
from 0.55 uM to 50 uM.

3. Results and Discussion
3.1. X-Ray Diffraction, FTIR, and Raman Spectroscopy

In order to validate the crystallographic results of the synthesized materials, the
XRD patterns of graphite, GO, GOQDs-6, and GOQDs-8 were obtained, see Figure 1a-d),
respectively. Graphite presents a strong diffraction peak at around 26 ~ 26.5° corresponding
to the plane 002, see Figure 1a. The interplanar distance of 0.34 nm represents the organized
layered structure of graphite [31]. On the other hand, GO exhibits a signal at around
20 ~ 11.7° corresponding to the plane 001, see Figure 1b. The interlayer spacing increased
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to 0.75 nm due to changes between sp? to sp carbon orbitals, according to the results
reported by Krishnamoorthy et al. [32]. Likewise, the XRD pattern of GOQDs-6 displays
a broad and low-intensity signal close to 20 ~ 12.7°, indicating the reduction of oxygen
functional groups, see Figure 1c.
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Figure 1. (a-d) XRD patterns of graphite (gray), graphene oxide (GO) line turquoise, graphene oxide
quantum dots synthetized with HNO3 (6 M) (GOQDs-6) line deep blue and graphene oxide quantum
dots synthetized with HNOj (8 M) (GOQDs-8) line orange, respectively. (e-h) FTIR spectra of
graphite, GO, GOQDs-6, and GOQDs-8, respectively. (i-1) Raman spectra of graphite, GO, GOQDs-6,
and GOQDs-8, respectively.

Furthermore, the GOQDs-6 exhibits a signal centered at 20 ~ 26.4° that indicates the
formation of GOQDs [18]. This finding can be explained by the fact that the GO being
exposed to HNOj3, the interlayer spacing decreased to 0.35 nm, indicating that graphene
layers present a few disordered stacking structures as a result of surface functionalization
with OH and COOH groups [33]. In the same way, the broad signal at around 20 ~ 26.5°
indicates that the graphitic crystalline lattice of GOQDs is functionalized and organized into
graphene oxide layers [34]. Regarding the GOQDs-8 diffraction pattern, it displays a peak
close to 20 ~ 12.7°, which is more prominent and intense than that observed in GOQDs-6,
suggesting that more oxygen groups were added at the edges, see Figure 1d. Ahirwar
et al. [35] reported a peak in the diffraction pattern at 9° for GQDs/GOQDs (synthesized by
the electrochemical exfoliation method) owing to the presence of the oxygen-rich functional
group. Lastly, the average diameter of the crystallite size was calculated by the Debye-
Scherrer [36] and was around ~1.25 and ~1.22 nm for GOQDs-6 and GOQDs-8, respectively.
This decrement in the crystallite size on GOQDs-8 is attributed to the nanometric nature of
the GOQDs.

FTIR was utilized to identify the functional groups that exist in graphite, GO, GOQDs-
6, and GOQDS-8, see Figure le-h, respectively. Figure 1f-h displays the characteristic
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peaks corresponding to -OH, C=0, C=C, and C-O-C groups close to 3400, 1720, 1620,
and 1040 cm™!, respectively. Compared to the GO spectrum (Figure 1f), the GOQDs-6
(Figure 1g) and GOQDs-8 (Figure 1h) spectra also exhibit the stretching vibration and
deformation vibration of the alcohol hydroxyl group at 3400 and 1040 cm™, respectively,
due to a significant dehydration reaction between GO and HNOj [37]. It is worth noting
the appearance of two weak peaks in the C—H stretching region of the alkanes, specifically
at 2846 and 2920 cm™! for the GOQDs-8 [38]. Likewise, Shao et al. [19] reported increased
C-H stretching vibration for GQDs when employing HNOj3 (14.6 M). In contrast, Zhiqiang
Chen et al. [37] reported that the stretching vibrations assigned to methylene and methoxy
disappeared with increasing HNOj for alkali lignin-based carbon dots. They suggest that
the strongly acidic environment may lead to C-H bond breaking and remodeling of the
aliphatic groups in the side chain of the benzene ring [37].

Raman spectroscopy is a powerful analytical technique used to obtain the structural
characterization of graphitic materials. Generally, these materials exhibit a graphitic band
(G-band) and disorder (D-band) [39]. Figure 1i-1 displays the Raman spectra obtained for
graphite, GO, GOQDs-6, and GOQDs-8, respectively. Graphite spectra (Figure 1i) display a
weak D signal at 1348 cm ! corresponding to a graphitic lattice vibration mode, a strong G
band at 1581 cm~! corresponding to the sp? in-plane carbon atoms, and a slightly broad
2D band at 2720 cm ! [40]. For GO (Figure 1j), both D and G bands became prominent and
shifted at 1329 cm~! and 1585 cm ™! representing the generation of sp® and sp? hybridized
carbon atoms in graphene, respectively [41]. Compared with the GO spectrum, GOQDs-6
(Figure 1k) display that D and G bands are broader at 1337 cm~! and 1593 cm ™. In contrast,
the peaks D and G are exhibited at 1341 cm ! and 1581 cm ™! for GOQDs-8, see Figure 11.

On the other hand, the identification of functional groups for GOQDs by Raman
spectroscopy is complicated, and a deconvolution analysis is required [42,43]. Rajender
G. and Giri PK. reported a methodology for determining the D1, D2, and D3 bands
in the region of the Raman spectrum from 1000 cm™ to 1815 cm™ by deconvolution
utilizing Gaussian peaks [42]. They assigned D1 (~1185 cm™), D2 (~1260 cm™), and D3
(~1438 cm™) to the sp?>“sp® bonded carbon atoms at the edges of the GOQDs, COOH or
ring type C-OH edge, and the C==0/C-O functional groups, respectively [42]. In our
study, D1, D2, and D3 were determined utilizing this methodology, see Figures S1 and S2.
For GOQDs-6 (Figure S1), the deconvoluted bands appear at 1104 cm™! (D1), 1263 cm™!
(D2), and 1517 cm™! (D3), while GOQDs-8 (Figure S2) bands are observed at 1116 cm™! (D1),
1205 cm™ (D2), and 1496 cm™ (D3). The results by FTIR are consistent with these results.

The D-band and G-band intensities for GO, GOQDs-6, and GOQDs-8 were also utilized
to calculate the Ip /I ratio. Compared to GO, the Ip /I value of GOQDs-6 increased from
1.04 to 1.08, suggesting that GOQDs possess some disordered structure than GO due to the
presence of oxygen-rich molecules attached to the outside of aromatic C—C ring regions [43].
In contrast, the I /Ig value of GOQDs-8 decreased from 1.04 to 1.02, indicating that the
amount of sp> hybridized carbon atoms in the graphitic network was enhanced. This
finding suggests the obtention of high-quality GQDs [44]. Likewise, Ahirwar et al. reported
an Ip/Ig superior to 1 for their GQDs/GOQDs, which was attributed to the presence of
sp? carbon and functional groups on the surface [35].

Moreover, the crystallite size (L) can be estimated using the Ip /I ratio with Raman
spectroscopy. The first empirical model for correlating L, and I /I ratio was established
by Tuinstra F. and Koenig J.L. [45]. Other models have been proposed to understand the
relationship between L, and Ip/Ig ratio [46,47]. Nevertheless, several approaches exist
to elucidate this ratio, including the area (D-band and G-band) and deconvolution with
the Lorentzian function, so they are the main drawback [48]. The Ip/Ig also changes
significantly with the excitation energy, and the models are usually valid until 2 nm. Our
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study obtained a L, close to 10 nm under the Tuinstra and Koenig model. In contrast, a
L, close to 24 nm is observed according to the Cancado model [46]. This finding differs
from the result obtained by XRD spectroscopy, which suggests that a Raman analysis with
higher energy is necessary.

3.2. Morphological Characterization of GOQDs

TEM revealed that GOQDs-6 and GOQDs-8 exhibited nanoscale sizes around 2.5 nm
and 2 nm, respectively, as a result of differences in synthesis conditions (Figure S3). There-
fore, these findings provide support for XRD spectroscopy rather than Raman spectroscopy.
Previously, an increment of electrochemical performance has been linked to smaller GQDs
sizes mainly due to enhanced edge effect [23]. In order to differentiate the morphological
structure of GOQDs materials exposed to different concentrations of HNOj3, micrographs
of GOQDs-6 and GOQDs-8 are illustrated in Figure 2. HRTEM micrograph of GOQDs-6
(Figure 2a) illustrates the formation of GOQDs distributed over the graphene layer. Simi-
lar morphologies were observed by Dong et al. [21]. Moreover, HRTEM micrographs of
GOQDs-6 clearly display the lattice structure of GOQDs. The lattice spacing was 0.2241
nm, corresponding to the crystalline plane 002, which represents the crystalline nature of
GOQDs over the graphene layers, indicating the presence of sp?> C-C bonding network for
GQDs. Regarding the HRTEM micrograph of GOQDs-8 (Figure 2b), the image illustrates
that the GOQDs have a quasi-spherical shape. Similar morphologies of GOQDs obtained
with 8M of HNO3; were reported by Shao et al. [19]. Compared with GOQDs-6, the lattice
spacing was 0.2389 nm. The increment of the interplanar spacing in GOQDs-8 shows that
the surface functionalization of GO suffered an increment in the number of anionic groups
(-COO") that would potentially interact electrochemically with DA [26].

3.95 nm L

’/{.67 nm

0.4 0.8 1.2 1.6 2.0 1.0 2.0 3.0
nm nm

Figure 2. HRTEM of GOQDs, (a) GOQDs-6 and its lattice spacing measurement (orange); (b) GOQDs-
8 and its lattice spacing measurement (blue).
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The elemental content of the synthesized GOQDs materials was studied utilizing the
Energy Dispersive Spectroscopy mapping technique (EDS). The EDS spectra of GOQDs-
6 and GOQDs-8 are shown in Figure 3. Figure 54 displays pristine EDS. The spectrum
confirms the presence of carbon and oxygen for both samples. Furthermore, the enhance-
ment of HNOj3 concentration from 6 to 8 M resulted in an increase of the surface atomic
percentage from 16.1% (in GOQDs-6) to 20.0% (in GOQDs-8), suggesting the addition of
oxygen groups with a negative charge that would allow molecular interaction with DA.

wt.% o wt. % c
C 839 0.6 C 79.8 0.5
(@] 16.1 0.6 O 202 0.5

Weight / %
a
o

0 I I n 0
C o] C ¢}
Element Element

Figure 3. Energy Dispersive Spectroscopy mapping technique of GOQDs. (a) GOQDs-6; (b) GOQDs-8.

3.3. Cyclic Voltammetry Exploratory Study of DA

The structural and morphological characterization results support the functionaliza-
tion and size dependence on synthesis conditions of GOQDs. The impact on surface modi-
fication of size and functionalization is expected to significantly influence DA detection,
considering the inner-sphere mechanism of the molecule. To evaluate the GOQDs-6/GCE
and GOQDs-8/GCE sensitivity towards DA, an explorative study was conducted com-
paring two configurations: GOQDs-6/GCE and GOQDs-8/GCE using CV at 50 mV/s
with DA (50 uM). Figure 4a shows the voltammograms of both modified electrodes with
an anodic peak around 0.18 V. The measured current at the electrode surface modified
with GOQDs-6 was 1.3 pA while GQDs-8/GCE registered 2 pA for the same conditions,
resulting in almost 2-fold improvement compared to bare GCE (1.1 pA). When analyzed at
scan rates from 5 to 100 mV /s, the current grows proportionally to the square root of the
scan rate, following a diffusion-controlled process for both materials (Figure 4b—e).

Moreover, the electrochemical oxidation-reduction mechanism of DA to dopamine
orthoquinone (DAQ) has been demonstrated as an inner-sphere redox reaction; thus, there
is a significant interaction between the DA and the GOQDs modified surface, which is
crucial for electron transfer [49]. The inner sphere electron transfer process often involves
electron transfer in an activated complex where a ligand is shared by an electronic conductor
and the electroactive species [50]. In PBS (pH = 7.4) electrolyte, the positively charged DA
can be attracted to the surface of negatively charged GQDs due to oxygen-rich groups
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remaining after synthesis [51]. The 7—m stacking or electrostatic attraction also allows
increased DA sensing near the electrode surface, improving electron transfer and the
registered current [52].
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Figure 4. (a) CV of GOQDs-6, GOQDs-8, GCE, and blank analyzed with DA (50 uM); (b,c) CV of DA
(10 uM) a different scan rate from 5 to 100 mV /s (black or purple arrow) for GOQDs-6 and GOQDs-8,
respectively; (d,e) Plot of peak current anodic (I,) and cathodic (I¢) vs. scan rate square root (v1/2) for
GOQDs-6 and GOQDs-8, respectively.

Figure 5 illustrates the proposed sensing mechanism between GOQDs and DA. Hawley
M.D. and coworkers [5] studied the oxidation of catecholamines by an electrochemical
technique, establishing that a quinone, in particular (DAQ), 2H", and 2e— were generated
during the oxidation process. Furthermore, they found a slow cyclization rate for DA.
Likewise, Sanchez-Rivera et al. [53] and, in another research by Shindler, S. and Bechtold,
T. [54] reported DA pKa, which are pKa; =9.05, pKa, = 10.58, and pKas = 12.07 for -OH
(C2), —*NHj;, and —OH (C1), respectively, Figure 4b. Similarly, they reported a graph of
the species distribution of DA in aqueous solution as a function of pH according to their
PKA. At pH 7.4 (PBS buffer), most DA species are in their protonated amine form, although
this region commences the dissociation of alcohol (C2). Overall, electrostatic attraction
and the contribution of surface functionalization enhance DA detection at the GOQDs-
modified electrode surface. Although both synthesized GOQDs can rely on this principle,
the maximum response was obtained with GOQDs-8/GCE electrode due to higher GOQDs
functionalization as described previously by XRD, FTIR, and EDS.
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+2e +2H*

Figure 5. Proposed schematic mechanism for DA detection. Schematic diagram of GOQDs-6 or
GOQDs-8 (red atoms are oxygen, black atoms are carbon) on the GCE are illustrated, which interacts
with dopamine (DA) generating dopamine orthoquinone (DAQ), 2H*, and 2e— during the oxidation
process. Conversely, 2H*, and 2e™ are required to obtain DA.

3.4. Analytical Capabilities of GOQDs/GCE Sensor for DA Detection with Amperometry and DPV

DA oxidation in GOQDs-6/GCE and GOQDs-8/GCE can be exploited for analytical
detection using amperometry (AMP), which involves measuring the current due to analyte
oxidation at the modified electrode surface at a fixed potential. Furthermore, DA detection
can be enhanced by increased surface area, edge effect of GOQDs, and DA absorption on
electrode surface due to -7t interactions with sp? carbon in graphene-based materials and
hydrogen bonding with oxygen-functional groups in GO [55]. Figure 6 shows a compara-
tive of amperometric curves (i vs. t) of GOQDs-6/GCE and GOQDs-8/GCE sensors at fixed
0.18 V in two different concentration ranges: 0.1 to 1 uM, and 10 to 100 uM. The GO-
QDs/GCE sensors were subjected to different DA concentrations sequentially injected
after 60 s; then, the increasing DA concentration resulted in a proportional anodic current
registered for both modified electrodes. Notably, in all cases, the slope of GOQDs-8/GCE
resulted superior to that of the GOQDs-6/GCE electrode, which is crucial, particularly at
lower concentrations. For example, GOQDs-8/GCE has a sensitivity of 26.1 nApM and
a LOD of 75.1 nM, while GOQDs-6/GCE has a sensitivity of 7.7 nA uM and a LOD of
83.6 nM. In fact, in the 0.1 to 1 uM detection range, GOQDs-8/GCE slope was 3.5 fold
higher than GOQDs-6/GCE, exhibiting 0.29 pA by each DA injection and a fast response
time of 60 s. The sensitivity for GOQDs-8/GCE and GOQDs-6/GCE is 42.2 nA uM! and
12.0 nA uM1, respectively, while the LOD is 17.6 nM and 70.6 nM.
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Figure 6. Amperometry curves for GOQDS-6/GCE and GOQDS-8/GCE. (a) Amperometric curves
from 0.1 uM to 1 uM; (b) Calibration curve from 0.1 pM to 1 pM. (c) Amperometric curves from 1 uM
to 100 uM; (d) Calibration curve from 1 uM to 100 uM.

Dai et al. [56] reported the amperometric curves for AuPd@Fe, O3 Nps/GCE with
successive injection of DA from 0.01 pM to 832 pM in PBS (pH 5.5) at a potential applied of
0.48 V. They also found the LOD with a value of 0.01 uM and a sensitivity of 4.89 nAuM™.
In fact, the sensitivity is 8-fold in the range from 0.1 uM to 1 uM DA in our study.

The synthesis of materials with high functional group content and its incorporation
into the working electrode, particularly carboxylic acid, is vital to increase DA sensing
due to the enhancement in the active sites and therefore, allow a faster electron transfer.
The COO™ groups enhance the sensitivity and selectivity of DA due to the formation of
intermolecular forces between them and DA [57]. When comparing GOQDs-8/GCE and
GOQDs-6/GCE, the GCE electrode exhibits a diminished amperometry response with an
average enhancement of 0.029 pA, see Figure S5. Thus, the functionalization of materials is
crucial for DA sensing, confirmed by this finding.

Differential pulse voltammetry (DPV) is a sensitive electroanalytical technique that
has been demonstrated to be sensitive to DA detection and useful for analysis in complex
matrices. Considering the performance shown in AMP, only the GOQDs-8/GCE sensor
was evaluated with DPV for DA detection. Figure 7a displays a characteristic anodic
current with a maximum potential of 0.16 V, which increases along with DA concentration,
suggesting that the GOQDs-8/GCE sensor is sensitive towards DA [26].

Additionally, Figure 7b illustrates the calibration curves obtained from GOQDs-8/GCE
electrodes where the current response was plotted as a function of DA concentration. A
polynomial equation was found in the concentration range of 1 to 100 uM DA. Nonetheless,
the GOQDs-8/GCE sensor exhibited a DA saturation on the electrode surface > 30 uM. The
relationship between DA concentration and the peak current at 0.16 V was represented
by the regression equation Ips = 4.589 x 107° [DA]® — 1.071x 1073 [DA]? + 0.0883 [DA]
— 0.029 (R? = 0.9995, n = 11). The estimated LOD and sensitivity for this assay were
506 nM and 0.061 pApM™, respectively. These values were calculated utilizing the linear
function (Ipa = 0.0616742 [DA] + 0.0316569) below 30 uM of DA. To verify this LOD value,
a study of DA concentration in this region was conducted, see Figure S6. The performance
can be correlated with the sensing mechanism, where the higher functionalization of the
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GOQDs-8 surfaces indicates an analytical improvement. This opinion is supported by the
GCE analysis in PBS using DPV, see Figure 57, where GQDs-8 has 3-fold the current of
GCE at 30 uM.
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Figure 7. (a) DPV for GOQDS-8/GCE in PBS (pH = 7.4); (b) Calibration curves obtained by DPV for
GOQDS-8/GCE in PBS (pH =7.4).

In our study, the polynomial regression is contrary to Zheng et al. [26], who reported a
linear behavior for their sensor GQDs/GCE with a linear range from 0.4 to 100 uM, a LOD
of 0.05 uM and a correlation coefficient of 0.997 by DPV.

In contrast, Balkourani et al. [58] reported two linear increase trends regarding DA
concentration for Tincs/Gm-Cuyyj sensor, the first from 10 pM to 90 uM and the second
linear range from 100 uM to 400 uM DA with a correlation coefficient of 0.995 and 0.987,
respectively. Similarly, Xu et al. [59] reported the intercalation transition of metal oxide into
graphite powder, observing two linear regions with increased DA concentration.

Figure 8 displays a comparative of the selectivity of GQDs-8/GCE when evaluated
using either AMP (Figure 8a) or DPV (Figure 8b) against interference, including uric acid
(UA), ascorbic acid (AA), acetaminophen (AC), and L-DOPA. Although AMP resulted in
lower LOD, the potential oxidation of AA close to DA potential resulted in interference
from both compounds. However, this could be mainly solved with a Nafion layer to depley
AA molecules at the electrode surface; the same GOQDs-8/GCE sensor electrode showed
a satisfactory selectivity towards AA, DA, and UA when evaluated using DPV [60]. This
selectivity is characteristic of DPV, where the technique is effective for canceling background
current and improving signal-to-noise ratio, which allows a selective detection of the target
analyte. However, both techniques demonstrated the enhanced analytical capabilities of
the system due to the addition of functionalized GOQDs. Figure S8 displays DPV curves of
DA, L-DOPA, UA, and AC (10 uM) on GQDs-8/GCE in PBS at a pH of 7.4.
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Figure 8. Selectivity of GQDS-8/GCE against DA, ascorbic acid (AA), uric acid (UA), levodopa
(L-DOPA), and acetaminophen (AC) interferences. (a) AMP; (b) DPV.
3.5. Detection of DA in Normal Human Serum
Figure 9a displays the evaluation of the feasibility of GOQDS-8/GCE for the detection
of DA in normal human serum (NHS) by DPV. The concentration of DA exhibits an increase
in DPV curves, which is similar to the response of DPV in PBS (Figure 7a). Figure 7b
illustrates the calibration curve in NHS with PBS at a pH of 7.4 and DA concentration from
0.55 to 50 uM. The curve regression is a polynomial with a coefficient correlation of 0.9992
(n =10).
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Figure 9. (a) DPV for GOQDS-8/GCE in PBS and normal human serum (pH = 7.4); (b) Calibration
curves obtained by DPV for GOQDS-8/GCE in PBS and normal human serum (NHS) (pH = 7.4).

Table 1 illustrates DA detection in NHS using the GOQDs-8/GCE sensor. The sensor
shows adequate performance at evaluated DA concentrations. The recovery was in the
range of 94.1 to 112.8% with a relative standard deviation (RSD), n = 3 of less than 3.62%.
These results are consistent with other systems utilizing fetal bovine serum and human
serum reported in the scientific literature for DA detection. For example, Carvalho da Silva
et al. reported a sensor PGE/NiTsPc-ZnONPs-CNT to detect DA by CV with a recovery
of approximately 102% [61]. Likewise, Gong evaluated the feasibility of the sensor P-L-
Trp/GN/GCE for DA determination by DPV and found recovery rates between 100.4%
and 104.4% [62].
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Table 1. DA detection in NHS for GQDs-8/GCE.
Added (DA, uM) Found (DA, uM) Recovery (%) RSD * (%) (n=3)

0 - - 6.41
3.5 3.95 112.8 2.89
7.5 7.05 94.1 3.62
12.5 12.29 98.3 1.31
17.5 19.04 108.8 0.92
22.5 22.95 102.0 0.85

* RSD = relative standard deviation.

Table 2 illustrates a comparison of electrochemical sensors for DA detection modified
with either GQDs or GOQDs from different precursors such as citric acid, glucose, polymers,
or GO. Although they showed superior analytical performance, the current approach
focused on the effect of synthesis conditions on the final electrochemical detection of
DA. The synergistic effects of electrostatic attraction, functionalization for inner-sphere
mechanism, and edge effect from smaller particle sizes resulted in amplified electrochemical
signal achieving detection at the nanomolar level using AMP and DPV. Moreover, the
GCE/GOQDs-8 showed minimal response towards easily oxidized interferences such as
UA, AA, AC, and L-DOPA. Comparatively, the GOQDs-8/GCE sensor showed an effective
use of the modified nanocarbon layer, achieving relevant analytical figures with a simpler
composite. Moreovet, since the contribution of GOQDs-8 for sensing was established,
the system can be further improved by combining with polymeric supports, metallic
nanoparticles, or additional carbon nanomaterials.

Table 2. GQDs and GOQDs sensors for electrochemical detection of DA.

. Linear Range Sensitivity
Sensor Precursor Technique (UM) (uA uM-1) LOD Ref
GQDs/GCE Citric acid DPV 0.4-100 1.0-200 50 nM [26]
GQDs—ethylenediamine/GCE Citric acid DPV 1-150 - 0.115 uM [25]
GQDs@MWCNTs/GCE Glucose DPV 0.25-250 - 0.095 UM [63]
GOQDS-Nafion/GCE GO DPV 0.005-100 0.0859 0.00045 uM [64]
GOQDs-MWCNTs/GCE GO DPV 0.005-100 - 0.87 nM [65]
10.25

N-GQDs/GCE Polyndole DPV 0.001-1000 and 15.95 0.15nM [28]
GQDs/GCE Polyacrylonitrile DPV 3-100 - - [27]
GQD/SPE Citric acid DPV 0.1-1000 0.0745 0.05 uM [66]
CS/N,GQDs@SPE Glucose DPV 1.0-200 418 * 0.145 uM [67]

GOQDs-8/GCE GO AMP 0.1-1 0.0422 17.6 nM
GOQDs-6/GCE GO AMP 0.1-1 0.0120 70.6 nM This

GOQDs-8/GCE GO AMP 1-100 0.0261 75.1 nM work
GOQDs-6/GCE GO AMP 1-100 0.0077 83.6 nM
GOQDs-8/GCE GO DPV 0.1-30 0.0616 506 nM

*HAMm ! em 2.

4. Conclusions

In this work, we presented a sensitive and selective electrochemical GOQDs/GCE sen-
sor for the detection of DA. The liquid-phase oxidation reaction of GO with HNOj3 (6 and
8 M) allowed to obtain two GOQDs (GOQDs-6 and GOQDs-8) with differences in the
content of functional groups due to synthesis and their characterization by XRD, HR-TEM,
FTIR, and RAMAN. GCE functionalization with GOQDs-8 showed an enhanced electro-
chemical response towards DA ascribed to their smaller size and high functionalization that
facilitate the inner-sphere DA redox reaction mechanism. The evaluation of GOQDs-8/GCE
showed a more sensitive behavior by the amperometry technique; however, it was more
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selective by differential pulse voltammetry. Compared to GOQDs-8/GCE, GOQDs-6/GCE
had a lower performance. The presented approach with a three-electrode system detection
allowed a real-time detection of DA, representing a promising alternative for the diagnosis
of neurodevelopmental disorders being able to detect low concentrations of DA. In addition,
through the normal human serum assay, the sensor GOQDs-8/GCE proved to be relatively
well feasible for the practical determination of DA.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /chemosensors13010007/s1, Figure S1. Deconvolution of
D1, D2, D3 peaks for GOQDs-6. Figure S2. Deconvolution of D1, D2, D3 peaks for GOQDs-8.
Figure S3. TEM images of (a) GOQDs-6 and (b) GOQDs-8. Figure S4. Energy Dispersive Spectroscopy
mapping technique of GOQDs. (a) GOQDs-6; (b) GOQDs-8. Figure S5. Amperometry curves for
GOQDS-8/GCE, GOQDS-6/GCE and GCE from 1 uM to 90 uM of DA. Figure S6. DPV curves
for GOQDS-8/GCE from 0.3 to 0.8 uM DA. Figure S7. DPV curves for GCE from 5 to 30 uM DA.
Figure S8. Selectivity of GQDS-8/GCE against uric acid (UA), acetaminophen (AC), and Levodopa
(L-DOPA) interferences and its comparison with dopamine (DA) by DPV.
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