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Abstract

Dopamine (DPM), a crucial neurotransmitter in the central nervous system, regulates
motor function, reward circuits, and cognition. Abnormal DPM levels are linked to neuro-
logical disorders such as depression, schizophrenia and Parkinson's disease. Electro-
chemical sensors allow for the fast, sensitive, selective, and economical detection of DPM.
In this work, an electrochemical sensor to quantify DPM was designed using a reduced
graphene oxide - transition metal oxide, rGO-Cu,O/Fe;03, nanocomposite. The glassy
carbon electrode was then modified, and its electrochemical performance was assessed
using cyclic Voltammetry (CV) and differential pulse voltammetry (DPV). On the surface of
the modified electrode containing the rGO-Cu,0/Fe;O3 nanocomposite, the oxidation
current peak of DPM was twelve times greater than that of the electrode without
modification. The findings indicated that the DPM detection limit ranged from 0.005 to
750.0 uM and 2.0 nM. With an effectiveness of 98.2 to 104.0 %, the electrochemical sensor
for assessing DPM in DPM injection and urine samples also demonstrates a good recovery.
Good selectivity, repeatability, and reproducibility are demonstrated by the produced
sensor for DPM measurement.
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Introduction

As a catecholamine neurotransmitter, dopamine (DPM) plays a vital role in the human central
nervous system (CNS) [1]. DPM is essential for controlling and coordinating many processes in the
cardiovascular, hormonal, renal, and central nervous systems [2]. Additionally, DPM is a brain
messenger involved in many physiological processes and is well known for its impact on the
regulation and coordination of emotions, pleasure, motivation, movement, and cognition [2]. Some
neurological diseases are all associated with low levels of DPM in the brain [3].

Additionally, elevated DPM levels can result in cardiotoxicity, heart failure, elevated blood pressure,
and a quicker heartbeat [4]. As a result, tracking and measuring DPM levels can provide important
information about patients' health, particularly in the early detection of neurological conditions [4]. The
analytical techniques have already been developed for DPM detection [5-14]. They have serious
disadvantages, such as susceptibility to interference, complex preparation, high cost, and limited
portability. Because of their high sensitivity and affordability, electrochemical sensors are an excellent
option in this regard [12-14].

Electrochemical techniques can effectively detect DPM, an electroactive and easily oxidizable
compound [14]. Glassy carbon electrodes (GCEs) are frequently used in electroanalytical
applications due to their strong chemical resistance, wide potential window, low background
current, and mechanical durability [15]. However, because of slow electron-transfer kinetics and
poor analyte adsorption, bare GCEs often have low sensitivity, poor selectivity, and surface fouling.
Electrocatalytic chemicals or nanomaterials are typically used to modify the GCE to overcome these
limitations [16].

Interest in nanostructured materials has increased because of their distinct physicochemical and
electrical characteristics [17]. In particular, the development of sensitive and efficient electro-
chemical sensors that enable rapid identification of target analytes depends on nanostructured
materials. When compared to bulk materials, nanocomposites exhibit remarkable characteristics.
Nanocomposites are employed in a variety of sectors, including sensors, energy, optics, photonics
and more, due to their huge benefits, which include better mechanical, thermal, and chemical
properties [18].

Electrochemical sensor research indicates that many nanomaterials, including certain metal oxide
nanomaterials, are less expensive, smaller, have a higher surface activity ratio, a larger surface-to-
volume ratio, excellent catalytic activity and selective interactions [18]. Transition metal oxides
(TMOs) [19] are unique among electrode alternatives because of their high energy density, fast
electrochemical kinetics, changeable valence states, and structural stability. Fe2O3 magnetic nano-
particles exhibited unique characteristics that significantly deviate from those of bulk phases. Iron
oxides have been used for a very long time due to their remarkable ferromagnetic properties [20].

Electronic, magnetic, and optical characteristics of Fe,O3 nanoparticles, such as a narrow band
gap of 2.2 eV, have broad applications in a variety of industrial processes [20]. With a bandgap of
roughly 2.1 eV, cuprous oxide (Cu;0) is a well-known p-type semiconductor, suitable for applications
such as electrocatalysis. For the manufacture of several composite materials, important for
electrocatalysis, Cu;0 is a desirable addition.

Its covalent bonding at the basal planes and edges, which increases hydrophilicity, improves
dispersion in water [21]. Transition metal oxides are added to two-dimensional layered graphene to
create nanocomposites [21]. The electrical connection between transition metal oxides and
graphene gives these nanocomposites high catalytic activity and conductivity compared with
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transition metal oxides alone. Transition metal oxides improve catalyst chemical stability by
preventing graphene nanosheet agglomeration [22].

Based on these facts, this work investigates the rGO-Cu;0/Fe,0s nanocomposite for DPM
detection. Ultimately, the proposed sensor was used to analyse actual samples, achieving a high
level of accuracy.

Experimental

Materials and instrumentation

Every reagent was acquired at the highest available purity and used as supplied, with no further
purification. Orthophosphoric acid (0.1 M) was used to prepare the phosphate-buffered solutions
(PB), and NaOH was used to adjust the pH to 2.0-9.0. They served as the supporting electrolyte.
Differential pulse voltammetry (DPV), cyclic voltammetry (CV) and chronoamperometry were
performed on an AUTOLAB PGSTAT 12N potentiostat-galvanostat (Metrohm, The Netherlands).
Additionally, the electrochemical cell used in this investigation had three electrode systems: Pt wire
as the counter electrode, Ag/AgCl as the reference electrode, and unmodified or modified GCEs as
the working electrode (geometric area= 0.0314 cm?).

Construction of reduced graphene oxide-Cu,0/Fe>03 nanocomposite

Graphite powder was utilized to produce graphene oxide (GO) using a modified Hummers' process.
First, an ultrasonic bath was used to dissolve 50 mg GO in 20 mL ethanol. After adding iron(lll) nitrate
nonahydrate and copper(ll) nitrate trihydrate in a 3:7 ratio, the mixture was agitated until it became
a homogenous suspension. The pH was then raised to 11 using a sodium hydroxide (6 M) solution,
resulting in a dark, viscous suspension. After being placed in a stainless-steel autoclave and baked at
240 °C for 26 hours, the mixture was centrifuged and extensively cleaned with ethanol and distilled
water to achieve a neutral pH. Finally, the final product was dried for 16 hours at 50 °C.

Fabrication of modified electrode

A GCE was polished to achieve a mirror-like surface before alteration. After removing adsorbed
particles by successive ultrasonication in ethanol and distilled water, the polished electrode was
dried. 2 mg of the produced nanocomposite was dispersed in 500 pL of water under ultrasonication
to create a suspension of rGO-Cu,0/Fe;03 (GCF) nanocomposite for electrode modification. Using a
micropipette, 5 puL of this homogeneous suspension was drop-cast onto the cleaned GCE. The
modified electrode was left to dry. Afterward, electrochemical research and sensing applications
were conducted using the resulting GCF/GCE.

Results and discussion

Evaluation of the pH effect

Because it affects both electrochemical reactions at the electrode interface and the sensor's
overall performance, electrolyte pH is a crucial component of electrochemical sensors. Changes in
electrolyte pH can dramatically alter the kinetics and thermodynamics of electrochemical processes.
DPM oxidation on the GCF/GCE surface is influenced by the pH (Scheme 1). To investigate this, DPVs
for the modified electrode in a 100.0 uM DPM solution with phosphate buffer at pH levels ranging
from 4.0 to 9.0 were acquired.
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Scheme 1. Electrooxidation mechanism for DMP on GCF/GCE

The oxidation current for DPM increases with pH, peaks at pH 7.0, and then falls at higher pH values.
Therefore, the ideal pH for studies was determined to be 7.0. Furthermore, we noted that as pH
increases, peak potential shifts toward lower potentials. This shift shows that the peak potential
depends linearly on pH.

Electrochemical behaviour of dopamine on the reduced graphene oxide-Cu,0/Fe;03
nanocomposite/glassy carbon electrode

The potential application of GCF/GCE for electrooxidation and CV-based DPM measurements was
investigated. The response for the oxidation of DPM on (a) bare GCE and (b) GCF/GCE in PB is shown
in Figure 1.

f"‘\
10 ~
[ o
! ~
] Se
() -"'"1-_, b
5 / -
-- -
[ »° ',‘If:‘
/’ I’ ’ -_"'"-- a
1 & 7 0 s
-
— 0 ‘--—5’- "-'—
- - - !
‘-’:‘ Y
”’ -~ LA |
by Vi I
5 el T h
s 1
“
\\ 1
1
A
-10 Ny
-15 T r r T r
-100 0 100 200 300 400
Ef mV

Figure 1. CVs (50 mV s™) of unmodified a - GCE and b - GCF/GCE in PB containing 200.0 uM DMP

The anodic and cathodic currents increase from 4.5 to 11.5 pA and from -5.1 to -10.4 pA,
respectively, as illustrated in Figure 1. Peak-to-peak potential separation (AE, = Epa - Epc) also drops
from 0.14 to 0.06 V.

Influence of scan rate

Using CV, the effect of different scan rates on DPM electrochemistry was assessed. Figure 2
displays the equivalent CV responses of GCF/GCE. According to the measured CVs, the DPM redox
peak currents improved as the scan rate increased. In addition, it is evident from Figure 3 that the
anodic peak current (/pa) and cathodic peak current (/,c) of DPM revealed a linear dependence on
the square root of the scan rate, u'/2. This showed that the redox process of DPM at the GCF/GCE is
diffusion-controlled.
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Figure 2. CVs of GCF/GCE in PB containing 100.0 uM DMP at different scan rates
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Figure 3. Variation l,, and |y vs. v¥/? for CVs in Figure 2

Chronoamperometric studies

Chronoamperometry was used to estimate the diffusion coefficient (D) of DPM at the GCF/GCE
since its electrochemical reaction is diffusion-controlled (potential step = 220 mV). Chrono-
amperograms for various DPM concentrations at the GCF/GCE are shown in Figure 4.
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Figure 4. Chronoamperograms obtained at GCF/GCE in PB for different concentrations of DPM
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The Cottrell Equation (1) was used to calculate D:

| = nNFACDYV? V2t 12 (1)

The bulk concentration is represented by C in this equation, while the surface area and number
of electrons are represented by A and n. The linearity between | and t¥/2 was validated by the
experimental / vs. t /2 plots (Figure 5A). The slopes were then plotted against the respective DPM
concentrations (Figure 5B), from which D was found to be 5.4x10°® cm? s,

81 18

A
y=7.9924x +1.009

R?=0.9983
67.5 o 15
1.8 Mm

54 »

~

1.3 mM

0.9 mM

A

40.5

w
~

-

i

0.5 mM

27 +

0.3 mM

0.1 mM

Slope, pA si/2

13.5 o

]
4.8 o

o 08 16 24 32 035 07 105 14 175 21

£ [ 51 c/mm

Figure 5. (A) Plots of | vs. t2, (B) plots of slope vs. Cop

Quantitative measurements of dopamine at reduced graphene oxide-Cu,0/Fe;03
nanocomposite/glassy carbon electrode sensor using differential pulse voltammetry method

Figure 6 shows the DPVs for DPM oxidation in PB measured at the GCF/GCE.
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Figure 6. DPVs of GCF/GCE in PB containing different concentrations of DPM.

The peak currents for DPM increased gradually with its concentration using the determined
optimal parameters (Figure 7). Over a range of 0.005 to 750.0 uM, linear dependence between the
peak current and the DPM concentration was found.
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Figure 7. Plot of the peak current as a function of DPM concentration

Equation (2) was used to calculate the limit of detection (LOD):

LOD = 3Sgiank/m (2)
where Sgank is the standard deviation of the blank solution (n = 10) and m is the slope of the
calibration curve. LOD was determined to be 0.002 Mm.

Repeatability, reproducibility and stability study

Five GCF/GCE units were tested using a 50.0 uM DPM solution under identical conditions (pH 7.0)
to assess the sensor's reproducibility. The relative standard deviation (RSD) was 2.1 %. The great
reproducibility of the GCF/GCE in DPM analysis is demonstrated by this RSD value. Additionally, the
response currents of 100.0 uM DPM were compared by preparing the other five GCF/GCEs under
identical conditions. The modified electrode's remarkable repeatability was demonstrated by an
RSD as low as 3.6 %. The GCF/GCE electrode was kept in ambient conditions for the long-term
stability evaluation using DPV. The peak current for 100.0 uM DPM at the modified electrode
remained 94.2 % of its initial response after 7 days, 92.9b % after 14 days, and 91.0 % after 21 days.
These results validate the suggested sensor's exceptional long-term stability.

Interference study

One of the most important features of a novel sensor is selectivity. Under ideal circumstances, pre-
cisely at 50.0 uM DPM at pH 7.0, the impact of different substances that might interfere with the
measurement of DPM was examined. The greatest concentration of an interfering substance that
resulted in a DPM measurement error of less than £5 % was identified as the tolerance limit.

The findings indicate that citric acid, sucrose, ethanol, glucose, methanol, acetaminophen, uric acid,
tryptophan, methionine, SO4>, Mg?*, ClI', NH4*, K*, COs%, and Na* did not affect the measurement of
DPM when present at equivalent concentrations alongside DPM. On the other hand, ascorbic acid
interfered with DPM quantification when present in similar amounts. Nevertheless, the enzyme
ascorbate oxidase, which preferentially catalyses the oxidation of ascorbic acid, could reduce the
interference caused by ascorbic acid.

Analysis of urine sample and dopamine injection

This study evaluated how well the developed sensor functioned when analysing actual samples.
Determination of DPM in the urine and DPM injection samples was examined for this purpose. First,

http://doi.org/10.5599/jese.3638
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the amount of DPM in the prepared samples was quantified, and the DPV responses of the GCF/GCE
were noted from unspiked samples. Next, known quantities of DPM were spiked into the samples,
and the corresponding DPV current responses were recorded. The recoveries were calculated using
the conventional addition process. Table 1 shows that the constructed sensing platform's high
accuracy was demonstrated by the satisfactory recovery values, which ranged from 98.2 to 104.0 %.

Table 1. GCF/GCE estimation of DPM in real samples (n=5)

Amount, uM

Sample Spiked Found Recovery, % RSD, %
0 3.4 - 3.6
2.0 5.5 101.8 2.7
DPM injection 4.0 7.3 98.6 1.9
6.0 9.6 102.1 2.4
8.0 11.4 99.1 2.9
5.5 54 98.2 2.5
Urine 7.5 7.8 104.0 3.7
9.5 9.4 98.9 2.6
11.5 11.6 100.9 1.8
Conclusion

In conclusion, our work demonstrated of an electrochemical sensing platform based on rGO-
Cuz0/Fe;03/GCE (GCF/GCE) that may be used to identify DPM traces in actual materials. When
compared to other electrodes, the CV findings demonstrated a significant improvement in oxidation
signal enhancement and overpotential reduction at the surface of GCF/GCE. With a linear range of
0.005 to 750.0 uM, a low LOD of 0.002 uM, the developed sensor can detect DPM concentration by
DPV. Additionally, the GCF/GCE sensor was used to measure DPM concentration in DPM injection and
urine samples. According to the analysis, the recovery values had RSD values < 3.6 % and ranged from
98.2 to 104.0 %.
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