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termination of ascorbic acid, uric
acid and dopamine using silver nanoparticles and
copper monoamino-phthalocyanine functionalised
acrylate polymer†

Zina Fredj,ab Mounir Ben Ali,ab Mohammed Nooredeen Abbasc

and Eithne Dempsey *d

A silver nanoparticle and coppermonoamino-phthalocyanine-acrylate (Cu-MAPA) polymermodified glassy

carbon electrode was developed for the simultaneous detection of dopamine (DOP), ascorbic acid (AA) and

uric acid (UA) using voltammetric techniques. Silver nanoparticles (AgNPs) were synthesised according to

the citrate reduction method. Following synthesis and characterisation the copper phthalocyanine

polymer was co-deposited with AgNPs realising a surface with enhanced electron transfer which

lowered the overpotential required for analyte electro-oxidation. Differential pulse voltammetry (DPV)

was employed for the simultaneous determination of dopamine (DOP), ascorbic acid (AA) and uric acid

(UA) at AgNP/Cu-MAPA modified surfaces at <mM ranges. The peak potential separations for DOP-AA

and DOP-UA were ca. 181 mV and 168 mV respectively. The chemical sensor was also capable of

individual quantitation of DOP, UA and AA with detection limits of 0.7, 2.5 and 5.0 nM respectively.

Overall, the approach realised a simple and effective electrode modifier for the selective discrimination

and quantitation of DOP in the presence of physiological levels of AA and UA.
1. Introduction

Neurotransmitters dopamine (DOP), ascorbic acid (AA) and uric
acid (UA) coexist in biological samples and changes in their
concentration levels beyond the critical limits may lead to
several health disorders.1 Ascorbic acid (AA) has various physi-
ological and pharmacological functions, in collagen synthesis,
intestinal absorption of iron, and drug metabolism.2 Moreover,
ascorbic acid has been investigated for the prevention and
treatment of the common cold and in relation to mental illness,
infertility and cancer.3 Uric acid (UA) is a nitrogenous
compound found in urine and it is a product of purine
metabolism in the human body. High levels lead to many
clinical disorders4 (e.g. hyperuricemia or Lesch–Nyhan
syndrome) and are linked with gout, kidney and cardiac prob-
lems.5 For these reasons, analytical devices, which enable signal
discrimination and simultaneous detection of these species is
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of critical importance not only in the eld of biomedical
chemistry and neurochemistry but also for diagnostic and
pathological research. A major obstacle in monitoring DA and
UA using electrochemical techniques is the coexistence of AA,
which demonstrates strong overlapping electrooxidation
signals.6 Metallic nanoparticle-based voltammetric detection
has drawn intense attention in this regard,7 and among the
noble metals, silver nanoparticles (AgNPs) are widely utilised in
material science, physics, and chemistry due to particular
optical, magnetic, electronic, and catalytic properties.8

Zhang and Jiang prepared a gold nanoparticle modied
electrode for the electrocatalytic oxidation of AA in the presence
of DOP where voltammetric waves of AA and DOP were resolved
into two well-dened peaks.9 H. Vidya et al. used silver nano-
particle modied carbon paste electrode (MCPE) for the detec-
tion of dopamine10 and the developed approach was simple and
effective for the determination of DA in the presence of AA and
UA in the mM range. In addition, Khalilzadeh et al. reported the
green synthesis of AgNPs for electrochemical detection of
ascorbic acid using impedance spectroscopy (EIS).11 The selec-
tivity and antifouling ability of silver nanoparticle-decorated
reduced graphene oxide modied electrodes proved to be an
effective means of simultaneous determination of AA, DOP and
UA as reported by Balwinder Kaur et al.12 Pd–Ag bimetallic
nanoparticles deposited on reduced graphene oxide support
were reported for acetaminophen quantitation13 while the same
Anal. Methods, 2020, 12, 3883–3891 | 3883
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team prepared bimetallic Pt–Ni nanocatalysts with a uniform
dispersion on a rGO support using an ethylene glycol reduction
method. Compared with the GCE, both Ni/rGO/GCE and Pt/
rGO/GCE as well as Pt–Ni/rGO/GCE conducting materials
exhibit superior electrocatalytic activity towards the dopamine
redox reaction.14

Phthalocyanines (Pc) can adopt >70 different metallic and
non-metallic ions into the ring cavity,15 providing great variety
and functionality either by substituting different metal atoms
into the ring or by altering peripheral and axial functionalities.
This substitution facilitates the tailoring of physical parameters
of metallophthalocyanines (MPcs) over a broad range and
consequently, allows modulation of the physical, electrical and
optical behaviour of the compounds. Metallophthalocyanines
represent a large family of materials with a centrosymmetric
planar structure of 16 member rings with 18 delocalised p-
electrons which leads to optical properties and extraordinary
stability.16,17 Recent reports have demonstrated that a cobalt(II)
phthalocyanine modied glassy carbon electrode has excellent
electrocatalytic activity towards the simultaneous detection of
dopamine and ascorbic acid.18,19 In this context, our team have
reported a novel sensor based on immobilised copper phtha-
locyanine, 2,9,16,23-tetracarboxylic acid-polyacrylamide for
determination of acid phosphatase (ACP) levels in nanomolar
quantities.20

Moreover, S. Pakapongpan et al. have used copper(II)
phthalocyanine to develop a novel sensor successfully applied
to determination of AA in real samples with good perfor-
mance.21 R. Seoudi and H. A. Althaga reported that a mixture
of copper phthalocyanine (CuPc) with silver nanoparticles
improved the efficiency of a modied layer with an enhance-
ment of optical and electronic properties due to the presence of
AgNPs, (relative to the that of AgNPs or CuPc alone).22 The use of
copper phthalocyanine is based on very attractive properties
which allow it to be used in many elds as the dyes and
pigments, nonlinear optics and in photodynamic therapy of
cancer. One of the interesting features of phthalocyanine is
their ability to generate cytotoxic singlet oxygen responsible for
the destruction of many recalcitrant pollutants in waste water,
and in the destruction of cancer cells.23 On the other hand,
nanoparticles have been reported to enhance the photocatalytic
activity and singlet oxygen quantum yields of the phthalocya-
nine.24 Recently, AuNPs and phthalocyanines have been
successfully combined to obtain electrochemical sensors with
improved electrocatalytic properties.25,26 In this work, phthalo-
cyanines are employed in the presence of silver nanoparticles to
develop a novel approach for the simultaneous detection of
dopamine, uric acid and ascorbic acid. The incorporation of
AgNPs may improve the catalytic properties of the electro-
chemical and electrical impedance system as demonstrated by
Alessio et al.27

In this work, the selective quantitation of dopamine, uric
acid and ascorbic acid was achieved via co-deposition of AgNPs
and a new copper monoamino-phthalocyanine functionalised
acrylate polymer as modiers on glassy carbon transducers. The
aim is advancement of analytical sensing performance in rela-
tion to DA detection in the presence of both AA and UA, with the
3884 | Anal. Methods, 2020, 12, 3883–3891
aid of a this metal phthalocyanine derivative, together with
testing capability in a simulated sample matrix.

2. Materials and methods
2.1 Chemicals

Silver nitrate (99%), sodium citrate (99%), hydrochloric acid
(HCl, 37%), sodium hydroxide (98%), uric acid (99%), ascorbic
acid (99%), dopamine hydrochloride (98%), sodium chloride
(99.5%), sodium nitrate (99%), citric acid (99.5%), calcium
chloride (97%) and tetrahydrofuran (99.9%) were all purchased
from Sigma Aldrich. Poly(n-butyl acrylate) COOH, bis(2-oxo-1,3-
oxazolidin-3-yl)phosphinic chloride (99.5%), triethylamine
(99.5%), dichlormethane (99.8%), ethanol (99.5%) used were
from Merck. All reagent solutions were prepared in double
distilled water. Articial urine samples were prepared according
to the recipe provided by Brooks and Keevil.28 The solution was
comprised of 1.1 mM lactic acid (98%), 2.0 mM citric acid
(99.5%), 25 mM sodium bicarbonate (99.7%), 170 mM urea
(98%), 2.5 mM calcium chloride (97%), 90 mM sodium chloride
(99.5%), 2.0 mM magnesium sulphate (99.5%), 10 mM sodium
sulphate (99%), 7.0 mM potassium dihydrogen phosphate
(99.99%), 7.0 mM dipotassium hydrogen phosphate (99%), and
25 mM ammonium chloride (99.5%) all in Millipore water. The
pH of the solution was adjusted to 6.0 via the addition of 1.0 M
hydrochloric acid (37%).

2.2 Apparatus

Differential pulse, cyclic voltammetry and electrochemical
impedance measurements were performed using an electro-
chemical workstation – CH Instruments Inc. 920, in phosphate
buffer (0.1 M, pH 7.2), with a conventional three-electrode cell (5
mL) at room temperature. A modied glassy carbon electrode
(3 mm diameter) served as the working electrode, while plat-
inum wire and a standard Ag/AgCl electrode (lled with 3 M
KCl) were employed as the counter and reference electrodes,
respectively. Prior to electrochemical measurements, the glassy
carbon electrode was polished with 1.0, 0.3, and 0.05 mm
alumina powders, sonicated in acetone and distilled water and
dried at room temperature. All potentials reported are with
respect to the Ag/AgCl. Optical absorption spectra were recor-
ded by using a UV-Visible spectrophotometer Model S-2150 UV-
Vis spectrophotometer (Spain). Samples were loaded in a quartz
cell and measurements were taken over the wavelength range
250–800 nm. In the case of impedance spectroscopy, the
amplitude of the applied sine potential of EIS was 25 mV, and
a bias potential of 245 mV was xed as excitation potential. All
experiments were performed under the same conditions of
room temperature (25 �C) with the modied GCE as working
electrode and a VMP3 potentiostat which was monitored by EC-
Lab soware as impedance analyser.

2.3 Synthesis of Ag NPs using sodium citrate as a reducing
agent

Silver nitrate and trisodium citrate were used as startingmaterials
for silver nanoparticle synthesis according to the citrate reduction
This journal is © The Royal Society of Chemistry 2020
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method.29 All reagents were prepared in distilled water. 10 mL of
10 mM sodium citrate was injected rapidly into 100 mL of boiling
water containing 1 mM AgNO3 with vigorous stirring. Aer this,
the solution mixture was boiled for approximate 10 minutes, and
removed from the hot plate to a cold plate, maintaining stirring
until it was cooled to room temperature.30 In this process, the
reaction can be expressed as follows:31

4Ag+ + Na3C6H5O7 + 2H2O /

4Ag + C6H8O7 + 3Na+ + H+ + O2
Scheme 1 Synthesis of CuMAPc covalently attached to PnBA–COOH
2.4 Synthesis of Cu-Pc-mono amide–PnBA

The ionophore copper monoamine phthalocyanine acrylate
(Cu-MAPA) was synthesised by adopting a previously reported
procedure32 with characterisation by elemental analysis,
ultraviolet-visible spectroscopy, and infrared spectroscopy. In
brief, into a 100mL two-neck round-bottom ask equipped with
a reux condenser, 2.5 g of poly(n-butyl acrylate) COOH, 0.2 g of
bis(2-oxo-1,3-oxazolidin-3-yl)phosphinic chloride (BOP-Cl),
0.5 mL of triethylamine, and 50 mL dry CH2Cl2 were mixed
and stirred under nitrogen at 40 �C. 39.0 mg of puried Cu-Pc
mono-amino was dissolved in 20 mL dry CH2Cl2 in an addi-
tion funnel. The solution was then added drop wise for 30
minutes followed by stirring for 3 h at 70 �C. The reaction
mixture was then washed with 30 mL of saturated NaHCO3

solution, 50 mL of saturated NaCl solution (two times), and
nally with 100 mL of water. The acrylate polymer, dissolved in
50 mL of dichloromethane and 300 mL of methanol, was then
slowly added, precipitating Cu(II) MAPA (see Scheme 1). The
product was washed with methanol to ensure the complete
removal of non-graed copper phthalocyanine. The so-
produced ionophore was dried under ambient temperature
and stored in the dark.
polymer.
2.5 Fabrication of the Cu-MAPA–AgNPs modied glassy
carbon electrode

Prior to the sensor fabrication process, glassy carbon (GC)
electrodes (diameter 3 mm) were polished with 1.0, 0.3 and 0.05
mm alumina powder, using a polishing cloth with water as the
lubricant. The electrodes were then sonicated in distilled water,
acetone, ethanol and distilled water in sequence for 5 min each
followed by air drying. 1 mg of Cu-MAPA was dissolved in 1 mL
THF for 15 min in an ultrasonic bath and the composite lm
was prepared by dropping 5 mL of the Cu-MAPA suspension onto
the GC electrode surface using a micropipette and then evapo-
rating the solvent at room temperature in air. A selected volume
of AgNPs was then drop cast onto the surface of the Cu-MAPA/
GC electrode (see Scheme 2).
Scheme 2 Electrode modification steps enabling voltammetric
separation of the target species.
3. Results and discussion
3.1 Optical characterisation

The effect of varying pH on the synthesised AgNPs (pH 6, lmax ¼
420 nm) was examined and Fig. 1 shows the inuence of pH
This journal is © The Royal Society of Chemistry 2020
(adjusted using HCl or NaOH) on the absorption peak of AgNPs,
with pH 7 resulting in maximum absorption with a slight red
shi (between 3–10 nm) at lower pH range due to aggregation.
Anal. Methods, 2020, 12, 3883–3891 | 3885
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Fig. 1 UV-Visible spectra of synthesised AgNPs, over pH 2–11, (inset)
absorbance as the function of solution pH.
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With an increase of solution pH (>7), the absorption peak was
red-shied again, probably due to the oxide layer on the surface
of AgNPs.33 The absorption signal was found to reach
a maximum at neutral pH.

The UV-Vis absorption spectra of Cu-MAPA in DMF was
recorded (Fig. 2 red trace) and results in a shoulder and a peak
(p / p*) in the visible region (600–670 nm) corresponding to
the Q-band with the splitting and extent of absorption being
enhanced in the presence of Ag nanoparticles (Fig. 2 black
trace). There was an evident absorption at 320 lmax (Soret B
band) which shied to 350 nm in the presence of Ag NPs.

3.2 Electrochemical characterisation of modied electrodes

Impedance spectroscopy was used to characterise each step of
the chemical sensor fabrication and surface modication. The
electron transfer resistance (Rct) was found to be proportional to
Fig. 2 UV-Vis spectra of AgNPs, Cu-MAPA, and a mixture of AgNPs
and Cu-MAPA (4 : 1 v/v).

3886 | Anal. Methods, 2020, 12, 3883–3891
the semicircular diameter at high frequencies34 (Fig. 3). The
Nyquist plots obtained at the bare glassy carbon, in the pres-
ence of the Cu-MAPA layer and that of the Cu-MAPA/AgNP
modied glassy carbon electrode were modelled according to
Randles circuit, using Zplot/Zview soware. In this model,
generally the Rs represents the resistance of the electrolyte
solution in series with the parallel combination of the double
layer capacitance Cdl and the charge transfer resistance in series
with the Warburg impedance Zu. In this work, a modied
Randles circuit was used to t the impedance spectra that
consist of the active electrolyte resistance Rs in series with the
parallel combination of the charge transfer resistance and the
double-layer capacitance represented by a constant phase
element.

The Nyquist plot of bare GCE (Fig. 3) revealed an Rct of 130
kU and a decrease of the impedance transfer charge to 95 kU
was observed following the deposition of the Cu-MAPA layer.
Finally, the deposition of AgNPs, resulted in Rct of 50 kU for the
electrode which could be attributed to the enhanced conduc-
tivity of the AgNPs layer.

The electroactive surface area values of the Cu-MAPA/GCE
and AgNPs/Cu-MAPA/GCE were calculated to be 0.36 cm2 and
0.51 cm2 respectively using a voltammetric scan rate study in
2 mM K3Fe(CN)6. The enhancement of the 1 mM dopamine
signal shown in Fig. 4 resulted in a 2.2 fold increase in current
and a 3.7 fold increase due to the Ag NP, thus conrming the
material's contribution to the catalytic oxidation process with
resultant signal enhancement (see ESI (1) and (2) for similar
data regarding uric acid and ascorbic acid†).
3.3 Electrochemical response of dopamine at modied
electrodes

Cyclic voltammetry was used to examine the DOP signal (1 mM
in 0.1 M PBS) at bare, Ag NP and Cu-MAPA modied glassy
Fig. 3 Nyquist plots of EIS obtained at (blue) bare GCE, (red) Cu-
MAPA/GCE and (black) AgNPs/Cu-MAPA/GCE in 1.0 mM Fe(CN)6

3�

solution. EIS conditions: frequency range: 100–0.1 kHz; potential:
0.245 V; (inset) modelling circuit.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 CVs of 1 mMdopamine prepared in 0.1 M PB (pH 7.4) at bare and
modified electrodes GCE, GCE/AgNP, GCE/Cu-MAPA and GCE/Cu-
MAPA/AgNP (100 mV s�1). The background CV of the bare electrode
was performed in buffer (dashed line).

Fig. 5 Optimisation of the loading of AgNPs deposited on the surface
of the Cu-MAPA modified GCE in the presence of 1 mM dopamine
prepared in 0.1 M phosphate buffer at pH 7.4 with scan rate 100mV s�1

n ¼ 3.

Fig. 6 DPV voltammograms of DOP at AgNPs/Cu-MAPA/GCE, from
10 nM to 10 mM (including background signal at modified electrode).
Inset: plot of oxidation current versus DOP concentration prepared in
0.1 M PBS (pH 7.2). The scan rate and amplitude of the DPV pulse were
50 mV s�1 and 25 mV, respectively.
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carbon electrodes (Fig. 4). A signicant enhancement in the
magnitude of the anodic electrooxidation response was evident
particularly in the case of the Ag-NP/Cu-MAPA modied elec-
trode which exhibited a strong anodic wave at 0.3 V vs. Ag/AgCl
for the generation of the semiquinone intermediate which
resulted in a small cathodic wave upon reduction indicating
chemical transformation to the aminochrome product via
a follow up reaction which involves the nucleophilic amine
group. The pKa of the amino function of dopamine is 10.58 and
at the pH employed here (pH 7.2) only a fraction will be in the
non-protonated form and it is possible that the Cu-MAPA/AgNP
composite may have some inuence on the stability of the
initial oxidation product (pH study shown in ESI (3) and ESI (4)
shows data for scan rate study in 1 mM dopamine†).

The effect of the quantity of AgNPs (10 to 40 mL) immobilised
on the surface of the Cu-MAPAmodied glassy carbon electrode
was examined in order to establish any inuence on the elec-
trocatalytic dopamine response. Increasing the concentration of
AgNPs enhances both anodic (Ep ¼ 310 mV) and cathodic (Ep ¼
8 mV) peak. However, levels >40 mL led to possible saturation
which correspondingly decreased the electron transfer rate.
Therefore, an optimised level of 30 mL was selected for further
analysis (see Fig. 5).

The proposed electrocatalytic interaction between the
nanocomposite modied surface and the dopamine molecule is
shown below where Cu-MAPA is capable of accelerating the
oxidation of dopamine to the quinone product (a 2H+, 2e�

process).

Cu(II)-MAPA / Cu(III)-MAPA + e�

2Cu(III)-MAPA + dopamine / 2Cu(II)-MAPA + dopamine

quinone + 2H+

In order to perform quantitative dopamine analysis,
differential pulse voltammetric (DPV) was employed and
This journal is © The Royal Society of Chemistry 2020
a graph of the anodic peak current (Ip(a)) at Ep ¼ 280 mV vs.
dopamine concentration is shown in Fig. 6. A 10 fold
enhancement in peak current was obtained relative to control
(unmodied) and Cu-MAPA/GCE responses. The electro-
catalytic oxidation of DA was carried out at the AgNPs/Cu-
MAPA/GCE by varying its concentration from 5 to 30 mM. A
linear relationship (inset Fig. 6) resulted over the range
10 nM to 10 mM with regression equation Ip(a) (mA) ¼ 9.22 +
(�0.54) + 20.75 (�0.67). The correlation coefficient was R2 ¼
0.9736 and detection limit (LOD) and quantication limit
(LOQ) were calculated as 0.7 nM and 2.3 nM respectively
using IUPAC (International Union of Pure and Applied
Chemistry) denitions.

LODSA ¼ 3Sb

q
(1)
Anal. Methods, 2020, 12, 3883–3891 | 3887
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Table 1 Comparative study of the performance of reported modified electrodes for the determination of DOPa

Electrode pH
Detection limit
(nM)

Linear range
(mM) Ref.

Pd/PEDOT/rGO 7.0 140 1–200 35
AuNPs/MoS2/GCE 7.2 80 3–115 36
Pd/CNF/carbon paste electrode 7.0 200 0.5–160 37
Au/PE/PS/BDDa 7.2 250 5–100 38
PANI/Au nano-electrode 6.8 100 0.3–200 39
PEDOT/GO 7.0 39 0.1–175 40
g-CN/GCE 7.4 10 5–600 41
AgNPs/CuMAPA/GCE 7.2 0.7 0.01–10 This work

a Poly(3,4-ethylenedioxythiophene) functionalised reduced graphene oxide with palladium nanoparticles (Pd/PEDOT/rGO), molybdenum disulde
(MoS2) and gold nanoparticles (AuNPs) AuNPs@MOS2/GCE, gold nanoparticles and polyelectrolyte (PE) on polystyrene (PS)-modied boron-doped
diamond (BDD) electrode, poly(3,4-ethylenedioxythiophene) (PEDOT) doped with graphene oxide (GO), polyaniline/Au nanocomposite (PANI/Au
nanoelectrode), graphitic carbon nitride polymers (g-CN).
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LOQSA ¼ 10Sb

q
(2)

where Sb is the standard deviation of the blank signal and q is
the slope of the calibration curve.

A comparison of the analytical performance (sensitivity,
LOD, linear response range and selectivity) of the developed
sensor with previously reported dopamine sensors has been
made – see Table 1.

It can be concluded that the developed sensor showed
superior performance inmore than one category compared with
previously reported similar electrodes systems for dopamine
determination.

3.4 Electrochemical response of uric acid at modied
electrodes

DPV analysis was conducted over a range of 10 nM to 10 mMuric
acid as shown in Fig. 7. The oxidation peak current (Ep ¼ 558
Fig. 7 DPV voltammograms of UA at AgNPs/Cu-MAPA modified GCE,
from 10 nM to 10 mM (including background signal in electrolyte). Inset:
plot of oxidation current versus UA concentrations prepared in 0.1 M
phosphate buffer (pH 7.2). The scan rate and amplitude of the DPV
pulse were 50 mV s�1 and 25 mV, respectively.

3888 | Anal. Methods, 2020, 12, 3883–3891
mV) was observed to increase with increasing concentration of
uric acid – see inset for current vs. log uric acid relationship.

Direct proportionality between the analyte concentration
and current signal was evident from the data (inset Fig. 7.) over
a wide concentration range studied. The linear relationships are
given by the following equation: Y ¼ 7.61 + (�0.52) + 15.42
(�0.55). The correlation coefficient R2 ¼ 0.9593 and the detec-
tion limit (LOD) and quantication limit (LOQ) were calculated
at 2.5 nM and 9 nM respectively.
3.5 Electrochemical response of ascorbic acid at modied
electrodes

Fig. 8 shows that the DPV response of ascorbic acid at the
modied glassy carbon electrode over the range 10 nM to 100
mM in 0.1 M phosphate buffer pH 7.5. A graph of the anodic
peak current (Ip(a)) taken at Ep ¼ 152 mV vs. ascorbate concen-
tration is plotted as inset.
Fig. 8 DPV voltammograms of AA from 10 nM to 10 mM (including
background signal in electrolyte) at AgNPs/Cu-MAPA modified GCE.
Inset: plot of oxidation current versus AA concentration prepared in
0.1 M phosphate buffer (pH 7.2). The scan rate and amplitude of the
DPV pulse were 50 mV s�1 and 25 mV, respectively.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Summary analytical performance of the dopamine, uric acid and ascorbic acid sensors based on electrocatalytic oxidation signals at
AgNP/Cu-MAPA modified GCEs

Dopamine Uric acid Ascorbic acid

Linear range (mM) 0.01–10 0.01–10 0.01–10
Limit of detection (nM) (3s/slope) 0.7 2.5 5.0
RSD (%) n ¼ 3 3.22 4.12 3.70
R2 0.9703 0.9593 0.9699
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The oxidation peak current (Ep ¼ 152 mV) for different
concentrations of ascorbic acid was measured from the equiv-
alent oxidation peak aer baseline correction. The oxidation
peak current of AA linearly increased over the response range
from 10 nM to 10 mM (inset Fig. 8). The linear relationship is
given by the following equation: Y ¼ 10.66 + (�0.62) + 16.03
(�0.67). The correlation coefficient was R2¼ 0.9699. The limit of
detection (LOD) was calculated to be 5 nM.

In order to estimate the fabrication reproducibility of the
AgNPs/Cu-MAPA modied electrode, the relative standard
deviations (% RSD) of ve electrodes prepared independently
and used to measure 0.5 mM DOP and 0.5 mM UA, 0.5 mM of AA
was calculated to be 3.22%, 4.12% and 3.70% respectively,
providing evidence of good intra electrode precision. Analytical
performance data for the responses to the three individual
target analytes is summarised in Table 2 below.
3.6 Simultaneous determination of DOP, UA and AA

Following the individual electrochemical detection of the
neurotransmitters, simultaneous detection of ascorbic acid and
uric acid was performed using differential pulse voltammetry
with data shown in Fig. 9. Two well-dened anodic peaks at �+
0.158 V and 0.63 V vs. Ag/AgCl were observed with good sepa-
ration achieved. The modied GCE electrodes were capable of
providing good resolution for the two neurotransmitters as may
Fig. 9 Differential pulse voltammograms of AA and UA at AgNPs/Cu-
MAPA/GCE in a 0.1 M phosphate buffer (pH 7.2) over the range 25 nM
to 100 mM. Other conditions as before.

This journal is © The Royal Society of Chemistry 2020
be observed from the selective oxidation peaks of uric acid and
ascorbic acid.

The electro-oxidation processes of DOP and UA in a mixture
where the concentration of one species changed, while the other
species was kept constant were also investigated with data
shown in Fig. 10. The concentration of dopamine was varied
over the range 0.5–50 mM while uric acid was kept constant at
0.5 mM.

Fig. 10 data demonstrates that the peak current of DAP was
proportional to concentration, which was increased from 0.5
mM to 50 mM while keeping the concentration of UA xed at 0.5
mM. There were minimal changes in the peak current and peak
potential for UA. These results show that the peaks remain well
separated and that DOP and UA can be simultaneously detected
in a mixed system at the GCE/Cu-MAPA/AgNPs surface.

Simultaneous determination of all three species using DPV
was carried out over the potential range�0.2 to 1.0 V vs. Ag/AgCl
(as shown in Fig. 11). Three well-dened peaks at 155, 420, and
630 mV vs. Ag/AgCl were observed, corresponding to the
differential pulse voltammograms of AA, DOP and UA, respec-
tively. Peaks separations of 265 mV and 210 mV between DOP–
AA and DOP–UA respectively allowed quantitation of the species
over the range 0.5–100 mM. The anodic shi of DOP (approx. 150
mV) which occurred in the presence of AA and UA may result
from chemical interactions in solution. These could include (a)
H bonding interactions between DOP and AA (or UA) making it
less amenable to oxidation; this could also be a reason for the
Fig. 10 DPV voltammograms of DA at AgNPs/Cu-MAPAmodifiedGCE
in the presence of 0.5 mM UA in phosphate buffer, pH 7.2.
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Fig. 11 DPV voltammograms at AgNPs/CuMAPA/GCE in 0.1 M phos-
phate buffer (pH 7.4) containing increasing concentrations (0.5–100
mM) of AA, DOP and UA. Inset: plot of oxidation current versusDOP, AA
and AA concentration. The scan rate and amplitude of the DPV pulse
were 50 mV s�1 and 25 mV, respectively.

Table 3 Influence of selected interferences on peak currents (mA) for
DOP (0.5 mM) UA (1 mM) and AA (1 mM) at AgNPs/Cu-MAPA/GCE
(response shown is average of n ¼ 3 measurements)

Interfering ions Dopamine Uric acid Ascorbic acid

No interferent 6.83 (�0.37) 14.37 (�0.79) 6.61 (�0.82)
Sodium chloride 6.12 (�0.12) 13.49 (�0.18) 6.31 (�0.21)
Sodium nitrate 6.23 (�0.41) 13.75 (�0.38) 6.47 (�0.66)
Citric acid 6.06 (�0.62) 13.67 (�0.19) 6.21 (�0.39)
Calcium chloride 5.94 (�0.78) 13.52 (�0.62) 6.11 (�0.41)

Table 4 Actual andmeasured concentration of AA, DOP and UA in the
artificial urine sample (n ¼ 3)

Actual
concentration
AA, DOP, UA
(mM)

AA measured
concentration
(mM)

DOP measured
concentration
(mM)

UA measured
concentration
(mM)

0.5 (0.492 � 0.09) (0.521 � 0.002) (0.472 � 0.011)
1 (0.96 � 0.06) (1.21 � 0.31) (1.6 � 0.07)
10 (10.2 � 0.23) (9.25 � 0.52) (10.72 � 0.03)
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evident peak broadening; (b) the reducing properties of AA
could inuence the oxidised fraction of DOP in the cell; no
signicant change in sensitivity was evident in the presence of
AA and UA.

Simultaneous determination studies were also performed
using silver nanoparticle-decorated reduced graphene oxide
modied electrode for ascorbic acid, dopamine, uric acid and
tryptophan42 and Afraz et al.43 describe the modication of
a carbon paste electrode (CPE) with multiwalled carbon nano-
tubes (MWCNTs) and an ionic liquid (IL) as an approach for
simultaneous determination of AA, DA and UA. In other work,
a sensor based on graphene quantum dots/ionic liquid modi-
ed screen-printed carbon electrode for AA, DOP, and UA
simultaneous determination was developed by Kunpatee et al.
2020.44 Compared with the reports in literature to date, the
methodology and data presented here is promising for reliable
and sensitive applications in bioanalysis, exhibiting good peak
to peak separation. Moreover, covalent binding of the copper
phthalocyanine mono amino molecule to the acrylate polymer
is expected to provide improved lm stability with a 6%
decrease in electroactivity (following 20 cycles), contributing to
enhanced analytical performance.

Sensor performance over time was determined by measuring
the current response of the Cu-MAPA/AgNPs modied glassy
carbon electrode. Aer 7 days, 8.6% of the current signal was
lost with daily measurement of a 1 mM mixture of the three
analytes (AA, DOP and UA). This illustrates the robust nature of
the Cu-MAPA/AgNPs modied glassy carbon electrode for the
purpose of detecting neurotransmitters.
3.7 Interference study

The inuence of various interferences which may coexist in real
samples was carried out. It was found that a 200-fold excess of
3890 | Anal. Methods, 2020, 12, 3883–3891
sodium chloride, sodium nitrate, citric acid, calcium chloride
did not interfere with the determination of AA, DA and UA. The
functionalised electrode was tested for individual and simul-
taneous determination of AA, DA and UA in the presence of
large quantities of interferent species using DPV. It was found
that 200-fold excess of these ions did not result in any false
positive or negative effect on the target analyte oxidation signal.
The tolerance limit was dened as the maximum concentration
of the interfering substance that causes an error <5% for the
determination of DOP, UA and AA (see Table 3 for data
generated).
3.8 Sample analysis

In order to evaluate the applicability of the proposedmethod for
the determination of DOP, UA and AA in real samples, an arti-
cial urine solution was prepared for testing using the method
of standard addition. Recovery values obtained are shown
Table 4 varying from 94% to 107%, providing evidence that the
proposed method to simultaneously determine DOP, AA and UA
in simulated samples was possible with good analytical data
generated.
4. Conclusions

The method proposed here conrmed that enhanced surface to
area volume ratio provided by Ag nanoparticles in the presence
of the electrocatalytic species Cu-MAPA enabled simultaneous
electrochemical and determination of dopamine, ascorbic acid
and uric acid by means of DPV. The AgNPs/Cu-MAPA modied
GCE was shown to have good electrochemical catalytic activity
for the electrooxidation of the species with an enhancement of
analytical signal and reduction in the overpotential relative to
studies at bare electrodes. Sensitivity values were 14.43 � 2.44,
This journal is © The Royal Society of Chemistry 2020
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14.86 � 3.85 and 9.82 � 1.74 mA mM�1 for DOP, AA and UA
respectively. Performance data over clinically relevant ranges,
surface reproducibility and capability for measurement in
a simulated urine matrix provide for a promising sensing
strategy for these co-existing species.
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