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bon in the selective electro-
oxidation of molecular biomarkers: uric acid,
ascorbic acid, and dopamine†
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Herein, we demonstrate the superior electrocatalytic activities of microporous carbon in the oxidation of

three molecular biomarkers, ascorbic acid (AA), dopamine (DA), and uric acid (UA), which are co-present

in biological fluids. The voltammetric responses of AA, DA, and UA at the low-cost microporous carbon

electrode show significantly better sensitivity and selectivity than other more expensive and commonly

used electrode materials such as copper(II) oxide, copper(I) oxide, and carbon nanotube. Differential

pulse voltammetry at the microporous carbon electrode allows the detection of AA, DA, and UA with

linear ranges of 100–2000 mM (AA), 10–150 mM (DA), and 10–150 mM (UA), sensitivities of 6.8 � 0.2 nA

mM�1 (AA), 261.4 � 3.4 nA mM�1 (DA), and 93.5 � 2.0 nA mM�1 (UA), and detection limits of 23.1 mM (AA),

0.2 mM (DA), and 1.7 mM (UA). The method has been validated with a synthetic urine sample to yield

�100% recoveries for all three analytes. The developed method has been further applied in the

investigation of the peroxide scavenging activity of UA.
1 Introduction

Uric acid (UA), ascorbic acid (AA), and dopamine (DA) are co-
present in biological uids and play important roles in physi-
ological processes and metabolism.1 Uric acid (UA) is the end
product of purine metabolism, which participates in energy
metabolism, signal transduction, plasma antioxidant activity,
and the formation of nucleic acids, DNA, and RNA.2 At high
concentrations of uric acid above its saturation level (6.8 mg
dL�1 in serum), uric acid crystals can deposit in joints, nearby
tissues, kidneys and throughout the body, leading to the
development of gout inammatory arthritis.2,3 The abnormal
level of UA is an indicator of several diseases such as hyper-
uricemia,2,3 gout,2,3 lysis syndrome,4 acute kidney injury,5

metabolic syndrome,6 major depressive disorder,7 and
schizophrenia.8

Ascorbic acid (AA) or vitamin C is an essential nutrient for
human body. It is an important enzyme cofactor and antioxi-
dant in various physiological functions such as collagen
synthesis, liver detoxication, and the immune system.9

Abnormal levels of AA are associated with cancer,10
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neurodegenerative diseases,11 chronic inammation diseases,12

hepatic disease,13 and oxidative stress.13

Dopamine (DA) is an important neurotransmitter and neu-
romodulator in the nervous system.14 Low concentration of DA
is a sign of neurological disorders, schizophrenia, Parkinson’s
disease, restless leg syndrome, and HIV infection.15 Despite
their diagnostic implications, point-of-care testing of UA, AA,
and DA has oen been neglected. This is in part due to the lack
of simple testing methods for these species. This work therefore
aims to develop a fast, simple, and rapid sensor for the analysis
of UA, AA, and DA.

Several analytical methods have been employed in the
detection of UA, AA, and DA, including mass spectrometry,16

high-performance liquid chromatography,17 colorimetry,18

uorescence,19 and biosensors.20 However, the application of
these methods in point-of-care is oen limited due to long
analysis time, the difficulty of sample preparation, and expen-
sive instruments. Electrochemical measurements allow rapid
and highly sensitive detection of redox active analytes at low
cost.21–25 The electroactivities of UA, AA, and DA enable them to
be quantitatively determined via electrochemical methods.1

However, the similar redox properties of the three compounds
give rise to signals at similar potentials. The chemically and
electrochemically irreversible nature of their electrochemical
processes also inevitably passivate the electrodes. The main
challenges in the electrochemical detection of UA, AA, and DA
are therefore to resolve their overlapping oxidation peaks,
overcome the issue of electrode fouling, as well as to enhance
the sensitivity of the measurement.
RSC Adv., 2022, 12, 18709–18721 | 18709
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Several electrode materials have been developed and
employed to achieve these goals, mainly noble metals (e.g., Pt,
Pd), metal oxides (e.g., Cu2O, CuO), and carbon nanomaterials
(e.g., carbon nanotube, graphene).26–36 Considering the cost and
the analytical performance, our focus herein is thus on the
copper- and carbon-based materials. In this work, the perfor-
mances of copper(II) oxide (CuO), copper(I) oxide (Cu2O), carbon
nanotube (CNT), and microporous carbon (MC) in the electro-
chemical detection of UA, AA, and DA are evaluated.

In particular, we will show the excellent performance of
microporous carbon in enhancing the selectivity and sensitivity
of UA, AA, and DA measurements. High conductivity, chemical
stability, large surface area, and high microporosity are strong
characteristics of microporous carbon which can greatly
enhance the efficiency of electrochemical sensors.37,38 The
selectivity of the measurement is induced by differences in
diffusional rates of the analytes in the microporous structure.
Possible interaction between the analytes and various func-
tional groups on the microporous carbon surface such as –OH,
–COOH, –C]O and –NH2 can further improve electron transfer
and enhance the sensitivity and selectivity of the electro-
chemical sensor.18,39

In addition to the development of a highly selective and
sensitive electrochemical sensor for UA, AA, and DA detection,
we further use UA as a paradigmatic example to demonstrate
the potential of the sensor in the investigation of reactive
oxygen species (ROS) scavenging activity. Uric acid is the main
antioxidant in human plasma which contributes up to approx-
imately 50% of the total antioxidant activity, signicantly higher
than other antioxidants such as ascorbic acid (vitamin C) and
vitamin E.40 Excessive formation of free radicals namely peroxyl
radicals (RO2c) and hydroxyl radical (OHc) accelerates chronic
diseases, DNA damage, and carcinogenesis.40,41 This work
employs H2O2, which is the major source of OHc radicals, as
a model system in the investigation of the scavenging
properties.

2 Experimental
2.1 Chemical reagents

All chemical reagents were of analytical grade and used as
received: sodium L-lactate (C3H5NaO3,$99.0%, Sigma-Aldrich),
citric acid anhydrous (C6H8O7, 99.5%, QRëC), urea (CH4N2O,
$99.0%, Sigma-Aldrich), calcium chloride (CaCl2, 94%, APS
Ajax Finechem), sodium chloride (NaCl, $99.0%, Sigma-
Aldrich), magnesium sulfate anhydrous (MgSO4, $98.0%,
Tokyo Chemical Industry), sodium bicarbonate (Na2HCO3,
99.8%, QRëC), L-ascorbic acid (C6H8O6, $99.0%, Sigma-
Aldrich), dopamine hydrochloride ((HO)2C6H3CH2CH2NH2-
$HCl, $97.5.0%, Sigma-Aldrich), uric acid (C5H4N4O3,$99.0%,
Sigma-Aldrich), ethanol (C2H5OH, $99.9%, QRëC), hydro-
chloric acid (HCl, 37%, RCI Labscan), hydrogen peroxide (H2O2,
35%, ANaPURE), sodium phosphate monobasic (NaH2PO4,
$99.0%, Sigma-Aldrich), sodium phosphate dibasic (Na2HPO4,
$99.0%, Sigma-Aldrich), hexaammineruthenium(III) chloride
(98%, Thermo Scientic), and Naon (D-520 dispersion, 5% w/
w in water and 1-propanol, Alfa Aesar). Microporous carbon was
18710 | RSC Adv., 2022, 12, 18709–18721
obtained from IRPC Public Company Limited, Thailand. Cop-
per(II) oxide (CuO powder, <50 nm diameter) and copper(I) oxide
(Cu2O powder, <5 mm diameter) were obtained from Sigma-
Aldrich. Multi-walled carbon nanotube (20–40 nm diameter,
5–15 mm length, $95%) was purchased from Tokyo Chemical
Industry. The commercially available electrode materials (CuO,
Cu2O, multi-walled carbon nanotube, and microporous carbon)
were used as received without further purication, modica-
tion, or activation.

2.2 Electrochemical studies

All electrochemical experiments were carried out using a Met-
rohm 910 PSTATMini potentiostat (Metrohm, Netherlands) and
a standard three-electrode system in a Faraday cage thermo-
stated at 25 �C. A glassy carbon electrode (GCE, 3.0 mm diam-
eter, ItalSens, Netherlands), a silver/silver chloride electrode
(Ag/AgCl in saturated KCl, ItalSens, Netherlands), and a plat-
inum coil (Redoxme AB, Sweden) were used as working, refer-
ence, and counter electrodes, respectively.

In cyclic voltammetry measurements, the peak currents were
determined using linear regression of the front baseline, which
accounts for the capacitive charging background current.42 In
differential pulse voltammetry (DPV) of the AA, DA, and UA
mixtures where the regression front baseline was not possible,
the peak currents were determined by selecting two baseline
points on either side of the DPV peak. The two points were
joined together to form a linear baseline.43 Note that the
currents at this extrapolated linear baseline at a microporous
carbon electrode are comparable to the response measured in
a blank electrolyte (presented later in Section 3.4.4) and is thus
a justiable method for baseline correction for DPV measure-
ments in the solution mixtures.

2.3 Electrode preparation and characterization

The GCE working electrode was cleaned by polishing with 1.0,
0.3 and 0.05 mm alumina powder (Buehler, USA) on so lapping
pads (Buehler, USA) prior to use. In the preparation of modied
electrodes, 1.0 mg of microporous carbon, CuO, Cu2O, or
carbon nanotube was dispersed in 1.0 mL ethanol and soni-
cated for 5 minutes. Aerwards, the suspension was drop-
casted onto a clean GCE surface and dried in a vacuum oven
(Faithful, DZ-A/BC II Series, Huanghua City, China) at 55 �C for
10 minutes.

The porosity of microporous carbon was investigated using
N2 adsorption/desorption isotherms. The specic surface area
and pore sizes were calculated using the Brunauer–Emmett–
Teller (BET) analysis at the pressures 5.8� 10�7# P/P0# 1.00 at
77 K carried out using a 3Flex Physisorption – Surface Charac-
terization Analyzer (Micromeritics, ATS Scientic Inc., Burling-
ton, Canada). The morphology of microporous carbon was
characterized using a eld emission scanning electron micro-
scope (FE-SEM, 3.00 kV, Zeiss AURIGA). Surface chemical
analysis of microporous carbon was performed using Fourier
transform infrared spectroscopy (ATR-FTIR, Bruker Tensor 27,
Germany) in the spectral range of 400–4000 cm�1. The electro-
active surface area of the electrodes were estimated by cyclic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
voltammetry measurements in 1.0 mM hexaamminer-
uthenium(III) or RuHex in the presence of 0.10 M KCl sup-
porting electrolyte at varied scan rates (10–400 mV s�1). The
thickness and optical prole of the microporous carbon elec-
trodes were measured using a laser confocal microscope
(OLYMPUS OLS5100, Tokyo, Japan).
2.4 Application to synthetic urine samples

The developed method was validated by spiking and recovery
tests (standard addition) of AA, DA, and UA in synthetic urine
samples in the presence of 0.10 M HCl. Synthetic urine was
prepared according to Jiang et al.44 The synthetic urine consists
of 11.0 mM sodium L-lactate, 2.0 mM citric acid, 25.0 mM
NaHCO3, 170.0 mM urea, 2.5 mM CaCl2, 90.0 mMNaCl, 2.0 mM
MgSO4, 10.0 mM Na2SO4, 7.0 mM NaH2PO4, and 7.0 mM
Na2HPO4. The samples were subjected to differential pulse
Fig. 1 CV of 100 mM AA, 100 mM DA, and 100 mM UA in 0.10 M KCl (pH �
GCE), (c) copper(II) oxide (CuO/GCE), (d) copper(I) oxide (Cu2O/GCE), (e)
(Nafion/MC/GCE). Scan rate: 10 mV s�1. E vs. Ag/AgCl (saturated KCl) re

© 2022 The Author(s). Published by the Royal Society of Chemistry
voltammetry in the potential range of –0.2 to +0.9 V at an MC/
GCE electrode at the scan rate of 10 mV s�1, pulse amplitude
of 0.01 V, and pulse width of 50 ms. The obtained results were
analyzed and reported as percentage recovery (the mean value
of triplicate measurements � standard deviation).
3 Results and discussion

First, the electrochemical properties of AA, DA, and UA were
investigated at different electrode materials: CuO, Cu2O,
Naon, carbon nanotube (CNT), and microporous carbon (MC).
The electrode which showed the highest selectivity and sensi-
tivity in the analysis of AA, DA, and UA was then chosen for
further studies. The measuring conditions such as pH, scan
rates, and pulse amplitude were optimized. The developed
sensor was then validated in synthetic urine sample and applied
in the investigation of peroxide scavenging properties.
7) at different working electrodes: (a) GCE, (b) carbon nanotube (CNT/
microporous carbon (MC/GCE), (f) Nafion-coated microporous carbon
ference electrode.

RSC Adv., 2022, 12, 18709–18721 | 18711
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3.1 Effects of electrode material

The electrochemical behaviors of AA, DA, and UA were investi-
gated at selected low-cost copper- and carbon-based electrode
materials, including copper(II) oxide (CuO), copper(I) oxide
(Cu2O), carbon nanotube (CNT), and microporous carbon (MC).
The materials (10 mg) were immobilized on the glassy carbon
electrode (GCE) and subjected to voltammetric measurements
in 100 mM AA, 100 mM DA, and 100 mM UA in the presence of
0.10 M KCl electrolyte at the scan rate of 10 mV s�1.

Overall, electrode modications with CuO, Cu2O, CNT, and
MC yielded higher peak currents and thus higher sensitivities
than a bare GCE due to an increase in the electroactive surface
area (Fig. 1). However, the voltammetric waveshapes and the
selectivity of themeasurements differ frommaterial to material.

At bare GCE (Fig. 1a), CNT/GCE (Fig. 1b), and CuO/GCE
(Fig. 1c), the voltammetric responses showed broad over-
lapping oxidation peaks of AA, DA, and UA, indicating poor
selectivity of the electrodes. It is therefore not possible to
determine the concentrations of individual AA, DA, and UA
species due to the overlapping peak positions.

At Cu2O/GCE (Fig. 1d), three anodic peaks were observed in
the oxidation of AA, DA, and UA at 0.21 V, 0.40 V, and 0.64 V,
respectively. However, the peaks were still relatively broad and
slightly overlapping, lowering the accuracy in the quantication
of each species.

At MC/GCE (Fig. 1e), three well-resolved anodic peaks of AA,
DA, and UA were observed at 0.14 V, 0.40 V, and 0.56 V,
respectively. The occurrence of the AA, DA, and UA peaks at low
overpotentials (cf. bare GCE) clearly indicated the electro-
catalytic activities of the microporous carbon. The large sepa-
ration of the peak potentials allows simultaneous selective
detection of the individual concentrations of AA, DA, and UA.

The microporosity of the electrode material altered the mass
transport behaviours of AA, DA, and UA from ‘planar/linear
diffusion’ to ‘thin layer diffusion’, causing the shi in the
peak potentials. As the electrochemical parameters such as
formal potentials (Ef), standard electrochemical rate constants
(k0) and transfer coefficients (b) of the three species are
different, the voltammetric peaks shied to different extents,
which in this case inducing wider separation of the
Fig. 2 (a) SEM image, (b) N2 adsorption–desorption isotherm, (inlay)
determination of BET surface area, where Q is the amount of N2 adso
microporous carbon.

18712 | RSC Adv., 2022, 12, 18709–18721
voltammetric peaks. In addition, the presence of various func-
tional groups on the surface of the microporous carbon and the
different interactions of the surface with AA, DA, and UA, which
take part in the inner-sphere electron transfer processes, may
also contribute to the improved selectivity of the electrode.1

In addition to nanomaterials, the use of conductive polymers
as part of the protective and selective electrode component has
been widely employed in electrochemical sensors.45 Naon, in
particular, has been demonstrated to show enhanced analytical
performances towards the detection of molecular biomarkers
such as serotonin,46 histamine,47 as well as uric acid, ascorbic
acid, and dopamine.48,49 In an attempt to further improve the
performance of microporous carbon electrodes, the effect of
Naon coating was next evaluated in Fig. 1f.

At Naon/MC/GCE, the anodic peaks of DA and UA were
observed at 0.40, and 0.56 V, respectively. The peak currents of
DA increased, while that of UA decreased and the signal of AA
completely disappeared in the presence of Naon coating. The
pKa values of AA, DA, and UA are 4.17,9 8.87,50,51 and 5.40,52

respectively. At pH �7 under the measuring conditions, AA and
UA were thus negatively charged, while DA was neutral. The
electrostatic repulsion between the sulfonic groups of Naon
and the negatively charged AA and UA lowered the voltammetric
responses of the two species. Under neutral conditions, Naon
coating may thus be suitable for selective analysis of DA the
presence of AA and UA interferences. Other electrically charged
coating materials may also be selected to suit the choice of the
analyte of interest, considering the pKa of the analytes and the
coating material. However, if the analysis of all the three
compounds is required under neutral condition, it is preferable
to use MC/GCE electrodes without Naon coating. The effects of
pH on the electrochemical responses of AA, DA, and UA at
Naon/MC/GCE electrodes have also been investigated, and the
results are presented in Section S1 (ESI†).
3.2 Characterization of microporous carbon

Fig. 2a shows the SEM image of microporous carbon. A large
number of pores in the range of 2–34 nm were observed
throughout the sample. Due to the limited resolution of the
SEM (ca. 0.5–2 nm), only larger pores were observed, and the
a plot of 1/[Q(P0/P � 1)] against the relative pressure (P/P0) for the
rbed on microporous carbon (cm3 g�1 STP), and (c) FT-IR spectra of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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size distribution measured using SEM was biased towards the
more easily observable larger pores. The nitrogen adsorption–
desorption isotherm of microporous carbon was further used to
determine the pore sizes and surface area of the microporous
carbon. The microporous carbon exhibited type I isotherm
(Fig. 2b), conrming the characteristic microporous structure.53

The specic surface area of the microporous carbon was
determined by the Brunauer–Emmett–Teller (BET) analysis in
Fig. 2b (inlay) to be 1270 m2 g�1.54 The pore sizes were deter-
mined from the desorption loop from the amount of N2

adsorbate lost in the desorption step.55 The Brunauer–Emmett–
Teller (BET), Barrett–Joyner–Halenda (BJH), and Dollimore–
Heal (DH) models predicted the average pore diameters of
1.89 nm, 2.93 nm, and 2.95 nm, respectively. The latter two
models, however, used Kelvin equation of pore lling which is
only applicable to mesopores and small macropores.55 From the
average diameters and the morphology observed in the SEM
images, the results suggested that the material consisted of
a mixture of micropores and mesopores.

FT-IR analysis was used to identify functional groups on the
surface of microporous carbon (Fig. 2c). The broad band at
3700 cm�1 was attributed to the O–H stretching. The stretching
band of the carbonyl C]O group was observed at 1692 cm�1.
The bands at 1554 cm�1 and 2320 cm�1 corresponded to C]C
stretching.56 The peak at 1098 cm�1 can be assigned to C–O
stretching vibration. The C–C stretching was also observed in
the range of 400–700 cm�1.57–59 There were thus several func-
tional groups on the surface of microporous carbon which may
interact with AA, DA, and UA through H-bonding and electro-
static attraction.

3.3 Cyclic voltammetry of AA, DA, and UA at MC/GCE

3.3.1 Peak identication. The voltammograms of the indi-
vidual species as well as the mixtures of AA, DA, and UA were
investigated in 0.10 M KCl electrolyte at the scan rate of 10 mV
s�1 (Fig. 3a). The oxidation peaks of AA, DA, and UA were
identied at 0.14 V, 0.40 V, and 0.56 V, respectively.

The voltammetric peaks of AA, DA, and UA became better
resolved in acidic solution (0.10 M HCl, pH ¼ 1, Fig. 3b),
Fig. 3 CV of (red) 100 mM AA, (blue)100 mM DA, (black)100 mMUA and (gr
at the scan rate of 10 mV s�1 in different electrolytes: (a) 0.10 M KCl and

© 2022 The Author(s). Published by the Royal Society of Chemistry
possibly due to the change in the protonation states of the
analytes and the surface function groups of microporous
carbon altering the interaction between the two components.
The effects of the solution pH will be further investigated next.

3.3.2 Effects of pH. The effects of pH on the voltammetric
responses of AA, DA, and UA were investigated at MC/GCE
electrodes (Fig. 4a–c). The anodic peak potentials (Ep) of all
the three species lowered with increasing pH with the slopes of
�55.50 � 0.40 mV pH�1 for DA and �55.05 � 0.83 mV pH�1 for
UA, close to the theoretical Nernstian value of 59 mV pH�1 for
an ne� nH+ process.25,60 For AA, a well-dened anodic peak was
only observed at pH 1.0. At other pH values, the peaks were low
and broad, making it difficult to accurately determine the peak
potentials.

The effects of pH on the voltammetric responses of the
mixture of 100 mMAA, DA, and UA were next investigated at MC/
GCE electrodes (Fig. 4d). In the solution mixtures, the anodic
peak potentials (Ep) of DA and UA negatively shied with pH
with the slopes of �56.75 � 0.02 mV pH�1 and �56.37 �
0.03 mV pH�1, respectively. The slopes of Ep vs. pH of DA and
UA measured in the solution mixtures were not signicantly
different from when measured on their own, clearly indicating
that the oxidation of AA, DA, or UA is independent of the other
two species.

The anodic peak currents (Ip) increased as the solutions
became more acidic. The peaks were also sharper and narrower
in acidic conditions, allowing better separation of the oxidation
peaks of AA, DA and UA. The pH of 1.0 was thus chosen for
further analyses.

The redox process of DA (Fig. 4b) shows a clear backward
cathodic peak which suggests that the reaction is chemically
reversible. The absence of backward cathodic peaks in the
oxidation of AA (Fig. 4a) and UA (Fig. 4c) indicates the chemical
irreversibility of the processes due to further chemical reactions
following the electron transfer steps.61 The results are similar to
those previously reported in the literatures.21,26

3.3.3 Tafel analysis. Tafel analysis (eqn (1)) was used to
investigate electron transfer kinetics at bare GCE and MC/GCE
electrodes.62,63
een) the mixture of 100 mM AA, 100 mM DA, and 100 mMUA at MC/GCE
(b) 0.10 M HCl. E vs. Ag/AgCl (saturated KCl) reference electrode.

RSC Adv., 2022, 12, 18709–18721 | 18713

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03126d


Fig. 4 CV of (a) 100 mM AA, (b) 100 mM DA, (c) 100 mM UA, and (d) 100 mM AA, DA, and UA mixture at MC/GCE at the scan rate of 10 mV s�1 in
aqueous buffers of various pH: (black) pH 1.0, (red) pH 3.0, (blue) pH 5.0, (green) pH 7.0. E vs. Ag/AgCl (saturated KCl) reference electrode.
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v ln I

vE
¼

�
n
0 þ bn

0 þ1

�
F

RT
; (1)

where I is the electrical current, E is the potential, F is the
Faraday constant (96 485 C mol�1), R is the molar gas constant
(8.314 J K�1 mol�1), T is the absolute temperature (298 K), n0 is
the number of electron transfer before the rate determining
step (RDS), bn0+1 is the anodic transfer coefficient of the RDS.
The line of best t of ln I vs. E was determined using currents in
the range of 15–50% of the peak current to eliminate the mass
transport effect.54

Analysis of the voltammograms at the slow scan rate of
10 mV s�1 yielded the n0 + bn0+1 values at a bare GCE of 0.14 �
0.05, 0.17 � 0.02, and 0.46 � 0.10 for AA, DA, and UA, respec-
tively. At an MC/GCE, n0 + bn0+1 were determined to be 0.53 �
0.01, 0.34 � 0.05, and 0.69 � 0.01 for AA, DA, and UA, respec-
tively. The results thus indicated that AA, DA, and UA have
similar mechanisms with the rst e� transfer being the rate
determining step (n0 ¼ 0).

3.3.4 Effects of scan rates. Cyclic voltammetry at varied
scan rates of 100 mMUA and the mixture of 100 mM AA, DA, and
UA were rst investigated at a bare GCE (Fig. 5a and b). The
anodic peak currents of UA increased linearly with square root
of scan rates, indicating a diffusion-controlled process. In the
mixtures of AA, DA, and UA, the oxidation responses of the three
species strongly overlapped and showing the poor selectivity of
the measurements at all scan rates.

The diffusion coefficient of UA was analyzed at a bare GCE
(electrode surface area ¼ 7.068 � 10�6 m2). The electrode size
18714 | RSC Adv., 2022, 12, 18709–18721
has been checked by length measurements under a microscope
to yield the diameter of 3.00 � 0.01 mm. The GCE has also been
characterized using hexaammineruthenium(III) or RuHex,
a standard outer-sphere redox probe, refer to Section S2 in the
ESI.† The scan rates were varied between 10 and 400 mV s�1.
The temperature was thermostated at 25 �C (298 K). The elec-
trolyte was 0.10 M HCl. The diffusion coefficient of UA was
determined by eqn (2) to be 5.09 � 10�9 � 0.02 � 10�9 m2 s�1,
in the same order of magnitude as the value previously reported
in the literature (3.2 � 10�5 m2 s�1).64

Ip ¼ 0:496
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
0 þ bn

0 þ1

q
nFAc*

ffiffiffiffiffiffiffiffiffiffi
FnD

RT

r
; (2)

where Ip is the peak current, n0 is the number of electron transfer
before the rate determining step (RDS), bn0+1 is the anodic transfer
coefficient of the RDS, n is the total number of electron transfer (n
¼ 2),21 n is the voltage scan rate (V s�1), F is the Faraday's constant
(96 485 C mol�1), A is the electrode surface area (m2), c* is the
bulk concentration of the redox analyte, R is the molar gas
constant (8.314 J K�1 mol�1), T is the absolute temperature (K),
and D is the analyte diffusion coefficient (m2 s�1).65

At MC/GCE electrodes, the anodic peak currents of UA also
increased linearly with square root of scan rates, indicating
a diffusion-controlled process (Fig. 5c). The simultaneous
oxidation of AA, DA, and UA gave well-dened and widely sepa-
rated peaks at MC/GCE electrodes (Fig. 5d). The three anodic
peaks of AA, DA, and UA were better resolved at slow scan rates.
The scan rate of 10 mV s�1 was thus chosen as the optimal
condition for the simultaneous detection of AA, DA, and UA.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CV at bare GCE at varied scan rates of (a) 100 mMUA and (b) 100 mMAA, DA, UA. CV at MC/GCE at varied scan rates of (c) 100 mMUA and (d)
100 mM AA, DA, UA. (black) 10 mV s�1, (red) 25 mV s�1, (blue) 50 mV s�1, (pink) 100 mV s�1, (green) 200 mV s�1, and (dark blue) 400 mV s�1. All
measurements were performed in the presence of 0.10 M HCl at pH 1.0. E vs. Ag/AgCl (saturated KCl) reference electrode.
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3.3.5 Effects of the amount of microporous carbon. The
effect of the amount of microporous carbon deposited on the
electrode was investigated in Fig. 6a and b. At the amounts
below 1.2 mg, the voltammetric peak currents increased with
increasing amounts of microporous carbon. The peak current of
UA oxidation then reached a maximum value at 1.2 mg of
microporous carbon (Fig. 6a). In the AA, DA, and UA solution
mixtures (Fig. 6b), the peak currents still increased with the
amount of microporous carbon aer 1.2 mg. However, the
responses also started to level off aer 1.2 mg and no longer
increased proportionally with the amount dropcasted.

The electroactive surface areas of the electrodesmodied with
different amounts of microporous carbon were further deter-
mined using a standard outer-sphere redox probe, hex-
aammineruthenium(III). The results which are presented in
Fig. S3 (ESI†) showed that the electroactive surface area increased
with the amount of microporous carbon in a similar trend to that
observed for the responses of AA, DA, and UA in Fig. 6.

The thickness and optical prole of the microporous carbon
layers were next measured and presented in Fig. 6c and d. The
thickness of the microporous carbon layers increased with the
amount dropcasted. The thick layers of microporous carbon
hinder mass transport of the analytes to the electrode surface
due to slow diffusion within the microporous structures.66 An
increase in the amount of microporous carbon also caused the
capacitative background currents to be signicantly large.
Importantly, the peak positions of AA, DA, and UA were not
signicantly altered by the amount of microporous carbon. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
amount of 1.2 mg of microporous carbon was thus chosen as the
optimal condition for the analysis of AA, DA, and UA.

3.3.6 Calibration curve: CV. Fig. S5 (ESI†) shows the cyclic
voltammograms of AA, DA, and UA at different concentrations
and the calibration curves in the inlays. At a bare GCE, AA can
be detected with the linear range of 1–1200 mM, the sensitivity of
0.007 mA mM�1, and the limit of detection (LOD) of 24.7 mM. For
DA detection at a bare GCE, the linear range, sensitivity, and
LOD were 1–140 mM, 0.014 mA mM�1, and 14.6 mM respectively.
UA detection at a bare GCE had the linear range of 0–60 mM, the
sensitivity of 0.024 mA mM�1, and the LOD of 4.6 mM.

At MC/GCE electrodes, the quantication of AA had the
linear range of 1–1200 mM, the sensitivity of 0.018 mA mM�1, and
the LOD of 5.1 mM. DA measurements at MC/GCE yielded the
linear range of 1–140 mM, the sensitivity of 0.0465 mA mM�1, and
the LOD of 1.4 mM. For UA at MC/GCE, the linear range,
sensitivity, and LOD were 1–60 mM, 0.16 mA mM�1, and 1.8 mM,
respectively. The results thus clearly demonstrated the
improved sensitivities and LOD at the microporous carbon
electrodes. Chronoamperometry of AA, DA, and UA in 0.10 M
HCl is also presented in Fig. S4, ESI.†
3.4 Differential pulse voltammetry of AA, DA, and UA at MC/
GCE

Next, differential pulse voltammetry (DPV) was employed to
enhance the analytical performances of MC/GCE electrodes in
the determination of AA, DA, and UA.
RSC Adv., 2022, 12, 18709–18721 | 18715
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Fig. 6 (a) CV of 100 mM UA, and (b) CV of 100 mM UA, AA, and DA at MC/GCE prepared using different amounts of microporous carbon: (black)
0.75 mg, (red) 0.8 mg, (blue) 1.2 mg, (pink) 2.4 mg, (green) 4.8 mg. Scan rate: 10 mV s�1. Inlays: the plots of the anodic peak currents (Ip) vs. the
amount of microporous carbon. E vs. Ag/AgCl (saturated KCl) reference electrode. (c) Average thickness of the dropcasted microporous carbon
at different amounts (inlay: confocal microscopic image of the MC (1.2 mg)/GCE surface). (d) Optical profile of the MC (1.2 mg)/GCE surface.
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3.4.1 Peak identication. The solutions of 1200 mM AA, 60
mMDA, 100 mMUA, and the mixture of 100 mMUA, 1200 mM AA,
and 60 mM DA in 0.10 M HCl were subjected to DPV measure-
ments at an MC/GCE at the scan rate of 10 mV s�1, the pulse
amplitude of 10 mV, and the pulse width of 50 ms (Fig. 7a). The
oxidation peaks of AA, DA, and UA were identied at 0.27 V,
0.53 V, and 0.69 V by comparing the DPV responses of the
mixtures with those of the individual species.

3.4.2 Effects of DPV parameters. The effect of potential
pulse amplitude was investigated in the range of 10–200 mV at
the pulse width of 50ms (Fig. 7b). The pulse amplitude of 10mV
gave rise to well separated anodic peak potentials of 100 mM AA,
DA, and UA, and thus displayed good selectivity for the simul-
taneous detection of the three species. The low, at, and
reproducible baseline current at the 10 mV pulse amplitude was
also preferable for electrochemical measurement and was thus
chosen for the analysis.

3.4.3 Reproducibility tests. The reproducibility of the
measurements at MC/GCE was next examined. The relative
standard deviations (RSD, n ¼ 5) of DPV peak currents of 200
mM AA, DA, and UA at MC/GCE electrodes were 0.3%, 0.8%, and
1.3%, respectively, indicating excellent reproducibility of the
developed method.

3.4.4 Calibration curves: DPV. Fig. 7c–e demonstrate the
differential pulse voltammograms of varied concentrations of
18716 | RSC Adv., 2022, 12, 18709–18721
AA, DA, or UA in the presence of interferences from the other
two species. It was found that AA, DA, and UA do not interfere
with the detection of one another, indicating excellent selec-
tivity of the developed electrochemical sensor. The linear ranges
were observed to be 100–2000 mM, 10–150 mM, and 10–150 mM
for AA, DA, and UA, respectively (Fig. 7 (inlays) and Fig. S7,
ESI†). The sensitivities of the measurements were 6.8 � 0.2 nA
mM�1 for AA, 261.4 � 3.4 nA mM�1 for DA, and 93.5 � 2.6 nA
mM�1 for UA. The limits of detection of AA, DA, and UA at MC/
GCE were 23.1 mM, 0.2 mM, and 1.7 mM, respectively. The limits
of detection obtained in this work are signicantly lower than
the levels of AA, DA, and UA anticipated in human urine (AA:
458–9602 mM,67 DA: 0.3–3.13 mM,68 UA: 149–416 mM).69 The
developed method will thus be useful for the monitoring of the
three molecules in bodily uids. The analytical performance of
the developed method is compared with other previous elec-
trochemical sensors for AA, DA, and UA detection in Table 1.

3.5 Validation in synthetic urine

The developed sensor was next validated in synthetic urine
sample prepared according to Jiang et al.,44 refer to Section 2.4.
Fig. S6 in the ESI† showed that the oxidation peaks of AA, DA,
and UA in urine sample in the presence of 0.10 M HCl were not
signicantly altered compared with the responses in a standard
0.10 M HCl solution. Next, the % recovery was evaluated. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) DPV of AA, DA, UA, the mixture of AA, DA, and UA, and a blank electrolyte. (b) DPV of the mixture of AA, DA, and UA at different pulse
amplitudes (10–200 mV). (c) DPV of varied [AA] in the presence of 20 mM DA and 20 mM UA. (d) DPV of varied [DA] in the presence of 500 mM AA
and 50 mMUA, (e) DPV of varied [UA] in the presence of 300 mM AA and 20 mMDA. Electrolyte: 0.10 M HCl. Electrode: MC/GCE. Scan rate: 10 mV
s�1. Otherwise stated: pulse amplitude ¼ 10 mV and pulse width ¼ 50 ms. E vs. Ag/AgCl (saturated KCl) reference electrode.
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concentrations of 500 mM AA, 2.0 mM DA, and 200 mM UA were
spiked into synthetic urine and subjected to DPV measure-
ments at MC/GCE under the optimized conditions (1.2 mg MC,
scan rate: 10 mV s�1, pulse amplitude 10 mV, pulse width 50
ms). The employed concentrations were chosen to be within the
normal levels of AA, DA, and UA found in human urine (AA:
458–9602 mM,67 DA: 0.3–3.13 mM,68 UA: 149–416 mM).69 The
percentage recoveries determined by standard addition
methods were 96%, 102%, and 101% for AA, DA, and UA,
© 2022 The Author(s). Published by the Royal Society of Chemistry
respectively, suggesting high accuracy of the method and
excellent tolerance to possible interferences presented in the
synthetic urine sample.
3.6 Application of the developed sensor in the evaluation of
peroxide scavenging activity of uric acid

As uric acid is an important antioxidant in human plasma, we
next applied our developed sensor in the investigation of the
scavenging properties of uric acid towards reactive oxygen
RSC Adv., 2022, 12, 18709–18721 | 18717
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Table 1 The linear ranges, limits of detection (LOD), and sensitivities of different electrode materials employed in the electrochemical deter-
mination of AA, DA, and UA

Ascorbic acid Dopamine Uric acid

Electrode

Linear
range
(mM)

LOD
(mM)

Sensitivity
(mA
mM�1) Ref. Electrode

Linear
range
(mM)

LOD
(mM)

Sensitivity
(mA mM�1) Ref. Electrode

Linear
range
(mM)

LOD
(mM)

Sensitivity
(mA mM�1) Ref.

Graphene/Pt 0.15–
34.4

0.15 0.3457 26 Graphene/Pt 0.03–
8.13

0.03 0.9695 26 Graphene/Pt 0.05–
11.85

0.05 0.4119 26

Reduced
graphene oxide

0.7–100 0.7 0.4342 27 Reduced
graphene oxide

0.1–400 0.1 0.3304 27 Reduced
graphene oxide

2–600 1 0.0153 27

MOF-5/3D kenaf
stem-derived
porous carbon

0.7–
11.5

0.24 0.00686 28 Graphene coated
by
polydopamine/
multi-walled
carbon
nanotubes

7–297 1 223.7 35 Graphene coated
by
polydopamine/
multi-walled
carbon
nanotubes

20–320 15 209.6 35

Nitrogen doped
graphene

5.0–
1300

2.2 0.09311 29 Nitrogen doped
graphene

0.5–170 0.25 0.2049 29 Nitrogen doped
graphene

0.1–20 0.045 0.1320 29

Cu4(OH)6SO4

nanorods
17–
6000

6.4 0.01753 30 CuO/nanorice 1–150 0.42 32.8 36 CuO/nanorice 1–160 1.2 9.97 36

Poly[N-
(ferrocenyl
formacyl)
pyrrole]@multi-
walled carbon
nanotubes

200–
400

40.0 0.000542 31 Poly[N-
(ferrocenyl
formacyl)
pyrrole]@multi-
walled carbon
nanotubes

2–16 1.1 0.01951 31 Poly[N-
(ferrocenyl
formacyl)
pyrrole]@multi-
walled carbon
nanotubes

2–16 0.73 0.02793 31

Pristine
graphene

9.00–
2314

6.45 0.06674 32 Pristine
graphene

5.00–
710

2.00 0.1125 32 Pristine
graphene

6.00–
1330

4.82 0.1029 32

Hierarchical
nanoporous PtTi

450–
1000

17.5 27.50 33 Hierarchical
nanoporous PtTi

25–50 2.8 21.05 33 Hierarchical
nanoporous PtTi

120–
230

5.7 26.34 33

Reduced
graphene oxide/
Au nanoplates

240–
1500

51 0.0117 34 Reduced
graphene oxide/
Au nanoplates

6.8–41 1.4 1.8 34 Reduced
graphene oxide/
Au nanoplates

8.8–53 1.6 3.6 34

This work 100–
2000

23.1 6.8 This work 10–150 0.2 261.4 This work 10–150 1.7 93.5

Fig. 8 % UA consumed after (black) 100 mM UA or (red) 100 mM UA
were incubated with 0.0–50.0 mM H2O2 for 24 hours.
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species (ROS) by using hydrogen peroxide (H2O2) as a model
system.70

The solutions of 100 mM or 200 mM UA were mixed with
various concentrations of H2O2 (0.0–50.0 mMH2O2) and kept in
a dark place at room temperature for 24 hours. UA concentra-
tions were then measured electrochemically by the developed
method.

The % of UA consumed in the reaction with H2O2 was
calculated by eqn (3):

% UA consumed ¼ [(Ip,control � Ip,sample)/Ip,control] � 100, (3)

where Ip,control and Ip,sample are the peak currents of UA in the
absence and presence of H2O2, respectively.

Guelcin et al.70 suggested that the ‘% UA consumed’
parameter can be used in the estimation of peroxide scavenging
activity of UA. Fig. 8 showed that higher percentages of UA were
consumed at higher H2O2 concentrations. Higher percentages
of UA were consumed when the initial concentration of UA was
lower. When 100 mM UA was used, the peroxide scavenging
activity approached the limiting value of 46.7 � 0.8% at the
[H2O2]/[UA] ratio of ca. 350-fold, close to the value reported by
Gülçin et al. in spectrophotometric measurements (41.1 �
2.9%).70 With the developed simple electrochemical method, it
18718 | RSC Adv., 2022, 12, 18709–18721
was thus possible to determine the peroxide scavenging activity
of UA. The advantage of the electrochemical method over the
previously used spectrophotometric technique70 is that there is
no interference between the responses of UA and H2O2 (Fig. S8,
ESI†).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

The electrochemical behaviors of AA, DA, and UA were investi-
gated at various electrode materials including Cu2O, CuO,
carbon nanotube, and microporous carbon. The superior
sensitivity and selectivity of microporous carbon in the simul-
taneous analysis of AA, DA, and UA were clearly demonstrated.
The highly porous structure of the carbon material greatly
increased the electroactive surface area, enhancing the sensi-
tivity of the measurement. The selectivity of the electrochemical
detection was signicantly improved by the microporosity and
the presence of various surface functional groups on micropo-
rous carbon. The synergistic effect of microporous carbon
enables it to be a suitable electrode material for the analysis of
AA, DA, and UA, better than its alternatives such as carbon
nanotubes and copper oxides. Excellent sensitivities and limits
of detection with �100% recoveries were achieved. The sensor
was capable of detecting AA, DA, and UA simultaneously and
selectively in the presence of various interferences in synthetic
urine. Furthermore, we have shown that the developed elec-
trochemical sensor can be applied in the evaluation of peroxide
scavenging activity using UA as a paradigmatic example. Over-
all, the developed sensor shows strong potentials for applica-
tions which require fast measurements of AA, DA, and/or UA in
biological uids.
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