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Differential pulse voltametric detection of
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In this study, a novel composite material, GO/SiO,@PANI, was synthesized and employed as an
electrochemical sensor for the detection of dopamine in urine using differential pulse voltammetry
(DPV). This work introduced a first-time combination of graphene oxide (GO) with silicon dioxide (SiO,)
and the conducting polymer polyaniline (PANI) to improve dopamine detection. The composite material
was synthesized using an in situ polymerization process, ensuring uniform integration of GO/SiO, with
PANI. The GO/SiO,@PANI-modified glassy carbon electrode (GCE) demonstrated a notable
electrocatalytic activity for dopamine detection using DPV and CV. The performance of the sensor was
evaluated across a range of dopamine concentrations, showing a linear detection range between 2 and
12 uM with a detection limit of 1.7 uM and relative standard deviation of 2.5%. The material's
performance was attributed to the combined effects of graphene's surface area, PANI's conducting
properties, and the structural integrity provided by SiO, nanoparticles (NPs). Additionally, the sensor's
robustness and high selectivity were confirmed through tests with synthetic urine samples, where
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Introduction

Dopamine is a nitrogen-containing organic compound with
a catechol nucleus (a benzene ring with two hydroxyl groups)
and an ethylamine side chain. It functions as a crucial neuro-
transmitter produced by neurons in the central nervous system,
facilitating communication between neurons by relaying
signals across synapses." The imbalance of dopamine in the
body can significantly impact mental, emotional, and physical
health, leading to disorders like Parkinson's disease, schizo-
phrenia, restless leg syndrome (RLS), and attention deficit
hyperactivity disorder (ADHD).>* Dopamine is commonly found
in biological fluids such as urine and serum, making these
fluids valuable for assessing its concentration.” Early measure-
ment of dopamine in clinical samples can provide key insights
into various neurological disorders, aiding in the timely diag-
nosis and treatment of the diseases.

Numerous methods have been established for the detection
of dopamine like chemiluminescence,’ high performance
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the development of low-cost and efficient dopamine sensors for clinical applications.

liquid chromatography-mass spectrometry (HPLC-MS),” spec-
trophotometry,® fluorometry,® capillary electrophoresis (CE),*
electrochemical methods,** etc. The above-mentioned methods
have practical drawbacks. HPLC is expensive, requiring large
amounts of pure organic solvents, a proper power source, and
regular maintenance.”> Spectrophotometry and fluorometry
methods are limited by the need for chromophores and fluo-
rophores, requiring complex formation between the analyte and
a reagent to produce colour, which adds complexity and may
limit their applicability to certain analytes.”® CE has sensitivity
and control challenges, while electrochemical methods are cost-
effective, simple, rapid, highly sensitive, and enable real-time
monitoring. Electrochemical methods surpass HPLC, spectro-
photometry, and CE in cost-effectiveness, simplicity, and speed.
They require minimal reagents, offer high sensitivity, and
enable real-time monitoring of analytes in complex samples
directly at the source.

Electrochemical methods, such as cyclic voltammetry (CV),
linear sweep voltammetry (LSV), differential pulse voltammetry
(DPV) commonly use modified glassy carbon electrode (GCE) as
a sensing probe for measurement of chemical substances in
variety of samples."*"® In addition, electrochemical methods
also employed for advanced technological applications such as
wearable sensors and point of care diagnosis.”” The bare GCE

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was unable to detect the dopamine and therefore modification
of the electrode surface is needed. Thus, graphene oxide (GO)
nanomaterials (NMs) on GCE were modified to enhance the
larger surface area and exploited for determination of dopa-
mine. Gao & research group employed a GO-modified GCE for
dopamine detection, using a covalent functionalization process
to modify the electrode. Other limitations include potential
stability issues, less electron transfer (due to presence of sp> C),
less uniformity and the complexity of synthesis and function-
alization processes. Thangamuthu et al. explored the potential
of graphene and graphene oxide (GO) in electrochemical
sensing applications for biomolecule detection.’®* Further,
GO-metal oxide (MO) nanoparticles (NPs) were used for detec-
tion of dopamine. The use of GO-MO NPs offers several
advantages over graphene oxide alone, including enhanced
electrochemical activity, improved stability, and increased
surface area for binding target molecules.>*** Cai et al. devel-
oped Fe,03/GO nanohybrids for dopamine detection, where o-
Fe,O; NPs were synthesized using a metal-ion mediated
hydrothermal method, followed by the formation of an a-Fe,05/
GO composite through ultrasonication. They attributed the
enhanced electrocatalytic oxidation of dopamine to the
increased surface defects. In another study, Anbumannan et al.
utilized a GO/WOjz-modified GCE for dopamine analysis,
synthesizing the GO/WO; nanocomposite via a co-precipitation
method. The incorporation of WO; NPs into the GO structure
improved charge transfer and introduced surface defects,
resulting in enhanced dopamine sensing.**** GO-MO NMs face
limitations in electrochemical detection due to potential
agglomeration, reduced conductivity from metal oxide interac-
tions, and sensitivity to environmental factors affecting stability
and performance.

Recently, GO with MO NMs and conducting polymers
significantly enhance electrochemical dopamine detection.
Conducting polymers facilitate electron transfer, while MO NPs
provide abundant active sites, improving sensitivity and selec-
tivity by catalysing dopamine amidst interferents. These nano-
composites offer high electrocatalytic activity, stability, and
reproducibility. Their ease of synthesis, modification, and
scalability makes them cost-effective for practical applications
in dopamine sensing.**** Additionally, conductive Ni based
metal-organic framework (MOFs) can be used in electro-
chemical sensing of glucose. MOFs are a combination of metal
centre and organic linkers. MOFs based composite materials
are widely used for electrochemical sensing of glucose because
of its customizable chemical properties. Regulators are used for
control synthesis of Ni-MOFs which further affects the size and
shape of MOFs.>?*

Herein, cost-effective and selective electrochemical sensor
using a GO, silicon dioxide (SiO,), and polyaniline (PANI)
composite for dopamine detection in clinical applications. This
study investigated the detection sensitivity and selectivity of
dopamine by combining GO's surface area, SiO,'s structural
stability, and PANI's conductive properties. The GO/SiO,@PANI
composite aims to detect low concentrations of dopamine
reliably, addressing current limitations in existing methods,
such as high costs and complex fabrication processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, this study intends to validate the sensor's perfor-
mance in synthetic urine to demonstrate its applicability for
real-world clinical settings, enabling reliable monitoring of
dopamine levels for neurological diagnostics.

Experimental section

Materials and solution preparations

Tetraethylorthosillicate (TEOS), ethanol (C,HsOH, =99%),
ammonium hydroxide (NH,OH), graphite flakes, sulphuric acid
(H,SO,4, =98%), sodium nitrate (NaNO;) and sodium dodecyl
sulphate (SDS), potassium permanganate (KMnO,), hydrogen
peroxide (H,0,), sodium sulphide (Na,S), aniline (CcHs;NH,
=99.5%), hydrochloric acid (HCl), ammonium persulphate
((NH,4)»S,0g) and dopamine hydrochloride (CgH;;NO,HCI,
98%) and synthetic urine were purchased from Sigma-Aldrich
(USA). All of the chemicals were of the highest quality for
analytical grade. A 1 mM stock standard solution of dopamine
was initially prepared in 50 mL double distilled water (DW) and
working standard solutions were prepared by the appropriate
dilution of standard solution and maintained the pH to 7.4 with
0.1 M phosphate buffer saline (PBS).

Instrumentation

All the electrochemical analysis were performed in electro-
chemical workstation, Solo (Admiral Squidstat, USA). Electro-
chemical cell included the three-electrode system where GCE
was working electrode, platinum electrode was counter elec-
trode, and Ag/AgCl was reference electrode. Fourier transform
infrared (FTIR) spectroscopy (Nicolet-10, Thermo Scientific,
USA) was employed to determine the surface modification of
SiO, with GO/PANI to know the functional groups present on
the surface of NMs. The synthesis of SiO, with GO/PANI was
also confirmed using UV-visible spectrophotometer, Evolution-
300 (Thermo Scientific, USA). X-ray photo electron spectroscopy
(XPS) from NEXA G2, Thermo Scientific (USA) was exploited for
determination of chemical composition and oxidation states.
The Brunauer-Emmett-Teller (BET) method, using the
BELSORP-maxII instrument was employed to evaluate the
surface area and pore size distribution. Field emission-
scanning electron microscope (FE-SEM) from Gemini SEM 500
KMAT (Carl Zeiss, Germany) was used for recording the
morphological images of NMs.

Synthesis of GO/SiO,@PANI

SiO, NPs were prepared using a hydrothermal method, with
slight modifications to a previously reported procedure.* First,
a 50 mL solution of ethanol and water, in equal volumes (25 mL
each), was prepared and stirred continuously. Subsequently,
3.9 mL of TEOS was added to the solution, which already con-
tained 1.5 g of SDS. The mixture was stirred for 30 min, followed
by the gradual addition of 10 mL of NH,OH while stirring until
a white precipitate formed. This solid product was transferred
into a hydrothermal reactor and heated at 140 °C for 24 h. After
cooling, the solid was thoroughly washed with deionized water
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to remove residual SDS. The final product was then rinsed with
30 mL of both ethanol and acetone and dried at 105 °C for 24 h.

GO was synthesized following a modified Hummers'
method.*® Briefly, 2 g of graphite flakes and 1.5 g of sodium
nitrite were mixed with 69 mL of H,SO, in a round-bottom flask,
which was kept in an ice bath to maintain the temperature
below 10 °C. The oxidation was initiated by slowly adding 9 g of
KMnO, to the mixture. After 1 h, the reaction vessel was
transferred to a silicone oil bath, and an additional 9 g of
KMnO, was carefully added over the course of 7 h, while
maintaining a temperature of approximately 35 °C. After 24 h,
3 mL of H,0, was introduced to ensure complete oxidation. The
mixture was then diluted by adding 400 mL of ice-cold water
with constant stirring. The solution was centrifuged and
washed multiple times with ultrapure water until a neutral pH
was obtained. Finally, the suspension was rinsed with ethanol
and dried in a Petri dish to yield GO sheets.

The in situ polymerization of aniline in the presence of SiO,
NPs and GO was carried out using a chemical oxidative poly-
merization method. First, appropriate amounts of GO and SiO,
NPs were dispersed in 50 mL of a 0.1 M HCI solution, and the
mixture was stirred for 30 min using a magnetic stirrer. After
30 min, 0.9 mL of aniline was added to the solution, and stirring
was continued for 15 min to ensure uniform distribution of the
aniline. To initiate the polymerization, a 0.125 M solution of
(NH,4),S,05 was added dropwise to the mixture until an emerald
green color appeared. To ensure complete polymerization of the
PANI granules, the mixture was kept at 10 °C for 24 h. Afterward,
the product was washed with 0.1 M HCI and acetone to remove
any unpolymerized aniline.” Fig. 1(a) illustrate the synthesized
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Fig. 1
SiO,@PANI as an electrochemical sensor.
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GO/Si0,@PANI composite material for electrochemical sensing
application.

Electrode modification

To develop the GO/SiO,@PANI electrochemical biosensor, the
GCE was first polished with 10 pm alumina powder. Next, the
electrode was cleaned using ultrasonic waves in ethanol and
deionized water for 2 min to achieve a highly reflective surface.
N-methyl pyrrolidone was employed as a dispersing agent to
produce a 250 pL suspension of GO/SiO,@PANI, which was
treated with ultrasonication for 30 min. Subsequently, a 5 pL
drop of the GO/SiO,@PANI suspension was placed on to the
clean GCE, and left to dry for 4 h under an infrared lamp,
resulting the formation of the GO/SiO,@PANI/GCE biosensor,
shown in Fig. 1(b).

Procedure for analysis of dopamine using the GO/SiO,@PANI
as an electrochemical sensor in DPV and CV

The electrocatalytic oxidation behaviour of dopamine was
examined using DPV. The dopamine detection was carried out
in a three-electrode electrochemical cell across a concentration
range of 0.5 uM to 12 puM in a phosphate-buffered saline (PBS)
solution at pH 7.4. An adsorptive DPV measurements were
recorded by applying a potential from —0.5 V to 0.5 V, with an
incremental potential step of 5 mV. The pulse parameters were
set as follows: pulse amplitude of 0.05 V, pulse interval of 0.25 s,
and pulse width of 0.50 s and scan rate was set as 100 mvV s~ . A
single anodic peak corresponding to dopamine oxidation was

GO/S102(@PANI

(b) Casting

Detection of
Dopamine

=

(a) Synthesis of GO/SiO,@PANI, (b) fabrication of GO/SiO,@PANI on GCE electrode surface, and (c) detection of dopamine using GO/
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observed at 0.34 V. The measurement of dopamine in electro-
chemical workstation is demonstrated in Fig. 1(c).

Results and discussion
Characterization of GO/SiO,@PANI nanocomposite

UV-vis spectroscopy was employed for the initial confirmation of
the material synthesis. Fig. 2(a) shows the UV-vis spectrum of GO-
SiO, nanocomposite successfully integrated with PANI. The
composite exhibited two absorption peaks, one between 230 and
350 nm and another from 450 to 750 nm. In contrast, SiO, alone
displayed a single peak at 250 nm, confirming the formation of
SiO, NPs.** The broad peak observed between 450 and 750 nm
was attributed to the quinoid rings of PANI, indicating successful
interaction between GO and PANL** Fig. 2(b) represents the IR
spectrum of GO, SiO, & GO/SiO,@PANI where broad absorption
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band in the range of 3200-2000 cm ', corresponds to alcohol
groups on the surface, along with two peaks between 1750 and
1650 cm™ " which are associated with ketone and carboxyl groups
of the GO.* The IR spectrum of SiO, exhibited characteristic
peaks at 1230 cm™" and 800-900 cm ™" representing stretching
and bending vibration of Si-O-Si group.* Further, the IR spec-
trum of the GO/SiO,@PANI composite reveals that a broad peak
in the 3200-2000 cm ™' range was still present, but with lower
intensity, suggesting interaction between PANI and the surface
functional groups (acid, ketone, alcohol) during in situ polymer-
ization. FE-SEM was used to examine the surface morphology,
distribution, and interaction of the components in the synthe-
sized material, Fig. 2(c) and (d). The SEM image of SiO, NPs
demonstrated their spherical shape, uniformity, and porous
structure, Fig. 2(e). The TEM image of GO/SiO,@PANI shown in
Fig. 2(f) revealed a nanostructure with a large surface area. Thus,

100 ﬂU p
0.95- Si-0-Si
—GO0 ’
090{ —5 -
—— GO/SiO,@PANI
0.85
0.80

Si-0-Si

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'1)

Fig. 2

(a) Shows the UV-vis spectra for GO/SiO,@PANI and SiO, NPs, (b) shows the FTIR spectra of GO, SiO, NPs and GO/SiO,@PANI, (c)

showing the SEM image of SiO, NPs, (d) showing the FE-SEM image of GO/SiO,@PANI, (e) enlarge view of SiO, NPs, (f) HR-TEM of GO/

SiO,@PANIL.
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SEM and TEM images of the composite indicated successful
embedding of PANI and GO layers onto the surface of SiO, for
electrochemical applications.

Further, the full wide scan of XPS analysis of GO/SiO,@PANI
composite is shown in Fig. S1(a).} Additionally, the XPS spectra
of C 1s, O 1s, N 1s, and Si 2p are given in Fig. S1(b)-(e).T The
deconvoluted Si 2p spectrum displayed two peaks, one at
103.78 eV, corresponding to a small Si-O group, and another
stronger peak at 102.38 eV, indicating C-Si interaction in the
composite. The peaks (Fig. S1(e)f) at 103.78 eV and 102.38 eV
indicated the oxidation states of silicon as Si(iv) and Si(m),
respectively.” The C 1s deconvoluted peak showed the presence
of various carbon functional groups, including C=C (284.48 eV)
for sp® carbon, C-C/C-H (285.48 eV) for sp® carbon, C=0
(287.78 eV) for sp® carbon bonded to oxygen, and O-C=O0
(291.18 eV) for carboxylic C-0O.** XPS peak at 287.78 €V strongly
suggesting the electrostatic interaction between the COOH
group of GO with PANI. The N 1s spectrum revealed three peaks,
one at 401.18 eV for pyridinic nitrogen, another at 400.48 eV for
the imine (C=N) group, and a third at 399.58 eV for the amine
(C-N) group.* The O 1s spectrum displayed peaks at 533.18 eV,
532.58 eV, and 531.38 eV, corresponding to C-O-H, C-O, and
C=0, respectively.’” These results confirmed that the success-
ful incorporation of PANI onto the GO/SiO, composite.

BET analysis was conducted to determine the surface area and
pore size of the GO/SiO,@PANI. The results revealed a specific
surface area of 56.88 m> g~! and a pore size of 11.22 nm. The
adsorption-desorption isotherm, pore size distribution plot, and
corresponding data are presented in Fig. S2 and Table S1.1 These
findings suggest that the GO/SiO,@PANI composite possesses an
adequate surface area to facilitate effective dopamine adsorption
at the electrode surface.

Electrochemical performance of GO/SiO,@PANI for detection
of dopamine

To investigate the performance of different electrode materials,
DPV was carried out using the modified electrode. The elec-
trochemical performance of NMs, including SiO,, SiO,/GO,
SiO,/PANI, GO/PANI, and GO/SiO,@PANI, modified on a GCE
for dopamine detection, is illustrated in Fig. 3(a). The SiO,-
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modified electrode exhibited some sensitivity toward dopamine
detection. Its surface area and free energy facilitated dopamine
immobilization, enhancing its interaction with the electrode.
Incorporating GO into the electrode along with PANI led to
a significant increase in the peak current. The oxygenated
functional groups in GO interacted with dopamine, improving
its adsorption on the surface. Furthermore, PANI, being
a conductive polymer, facilitated efficient electron transfer
between the electrode and the analyte. The m-m interactions
between dopamine's phenyl ring and the PANI-GO composite
further enhanced the electron transfer efficiency, resulting in
higher peak currents. Among the modified electrodes, GO/
SiO,@PANI exhibited the highest peak current, indicating
superior electrochemical performance for dopamine detection.
The synergistic effect of GO, SiO,, and PANI contributed to
enhanced surface area, improved conductivity, and efficient
dopamine adsorption, making it an ideal electrode material for
sensitive electrochemical sensing.’*™*

In addition, the electrochemical impedance spectroscopy
(EIS) was conducted to evaluate and compare the electron
transfer kinetics at the electrode-electrolyte interface for SiO,,
GO/PANI, and GO/SiO,@PANI-modified electrodes. The EIS
analysis for dopamine detection using these modified GCEs is
presented in Fig. 3(b). EIS measurements were performed in
a 5 mM potassium ferrocyanide solution prepared in 0.1 M KCI.
The results revealed that the GO/SiO,@PANI-modified electrode
exhibited better conductivity. This enhanced conductivity can
be attributed to the synergistic effect of GO, SiO,, and PANI,
which facilitated efficient charge transfer and improved elec-
tron mobility at the electrode surface.*

Thus, the GO/SiO,@PANI composite electrode demonstrated
the highest peak current, outperforming the other two. The
combination of GO, PANI, and SiO, created a synergistic effect.
GO increased the surface area and adsorption capacity, while
PANI facilitated electron transfer, and SiO, contributed to
dopamine immobilization. This composite material leveraged
the advantages of each component, yielding the most effective
performance for dopamine detection in terms of both sensi-
tivity and peak current. Thus, the GO/SiO,@PANI modified GCE
provided superior electrochemical performance, making it the
best candidate for dopamine sensing.

—— SiO0,/PANI
—— GO/PANI
—— GOISiO,@PANI

0.0 0.1 02 03 0.4
Applied Potential,V

Fig. 3

8 120 160 200 240

—— GO/PANI
—sio, ‘
—— GOISIO,@PANI|

T T T T T T
1000 1500 2000 2500 3000 3500 4000
Z' Ohm

T
0 500

(a) Shows the differential pulse voltametric sensing of dopamine of 12 uM concentration using SiO,, SiO,/GO, SiO,/PANI, GO/PANI and

GO/SiO,@PANI modified GCE (PBS buffer) (b) EIS analysis of 5 mM of K4[Fe (CN)¢] with 0.1 M KCl using GO/PANI, SiO, and GO/SiO,@PANI to

determine the charge transfer resistance.
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Optimization of electrochemical detection of dopamine

The optimization of the pH of the solution is a crucial factor for
better electrochemical response of dopamine using GO/
SiO,@PANI modified GCE as an electrochemical sensor. The
influence of pH on the dopamine oxidation peak was evaluated
using DPV, with pH values ranging from 3.0 to 9.0. The results
are shown in Fig. S3(a).t The optimum detection was observed
at pH 7.0 and further increase in the pH of solution caused the
decrease in the signal response. Thus, pH 7.0 was utilized for
performing all the experiments. At pH (7.0), dopamine exists in
a protonated form, leading to strong electrostatic attraction and
oxidation via oxygenated functional groups at this pH. Huang
et al. confirmed that near-neutral pH facilitates interaction
between negatively charged GO and positively charged dopa-
mine, significantly enhancing the interaction between GO and
dopamine.*” The deposition time is also essential to ensure
complete deposition on the electrode surface for effective
detection of target analyte. This was done by immersing the
electrode in a 12 uM dopamine solution from 1 to 8 min,
illustrated in Fig. S3(b).f The deposition time of 6 min was
sufficient to deposited on the electrode surface for better
detection of dopamine.*

Mechanism for electrochemical detection of dopamine using
GO/SiO,@PANI/GCE as an electrochemical sensor

The detection mechanism of dopamine using a SiO,/GO@PANI-
modified electrode involved the several key processes, demon-
strated in Fig. 4(a). When the electrode was immersed in
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RSC Advances

a dopamine solution, dopamine molecules adsorbed onto the
electrode surface, increasing the local concentration of dopa-
mine at the interface. As the electrode became fully saturated
with dopamine, all active sites were occupied, which contrib-
uted to a stable and distinct oxidation peak in DPV. GO played
a crucial role due to its oxygen-containing functional groups,
such as carboxyl (-COOH), epoxy, and hydroxyl (-OH). These
groups facilitated the electrostatic interactions with the
protonated amine group (-NH;") of dopamine. This interaction
enhanced the adsorption of dopamine onto the electrode
surface, further increasing the local concentration of dopamine.
Moreover, the oxygen-containing groups in GO can lower the
electron density within the graphene structure, improving the
electrode's oxidizing capabilities. This allowed for more effi-
cient electron transfer from dopamine to the electrode during
the oxidation process, resulting in a well-defined and
pronounced oxidation peak in the DPV signal.**** This
enhanced electron transfer is a key factor in the sensitive
detection of dopamine using the SiO,/GO@PANI electrode.
Further, CV study was also performed at different scan rates
(10-100 mV s™) for electrochemical detection using GO/SiO,@-
PANI-modified electrode. As shown in Fig. 4(b), both anodic and
cathodic peak currents increased proportionally with scan rate,
indicating a typical redox behaviour. The well-defined and
symmetric peaks suggest a reversible or quasi-reversible process
with efficient electron transfer kinetics at the electrode surface.
Notably, a linear relationship was observed between the loga-
rithm of anodic peak current and the logarithm of scan rate
(Fig. 4(c)), with a slope of 0.8175 and a high correlation coefficient

(a) O Silicon Oxide NPs O.
=+ Polyaniline
Graphene
Oxide
n-ne* Electros.tatlc
HO interaction Hoji)\A
HO: : ~"NH3 HO NH3
Dopamine
1 (b) 0.8+ y=0.8175x-2.5203 (C) B
012 1 100 mVs R?=0.9867
-1.04

<0.06
E 1 =%1.24
o 10 mVs™ 3
c
§0.00 .,
£ 5 1.4
(3 o

-0.06 164

0.12 a8 !

40 05 00 05 10 15 10 12 14 16 18 20
Applied Potential, V log v

Fig. 4

(a) Scheme demonstrate the mechanism for detection of dopamine using GO/SiO,@PANI as an electrochemical sensing probe that were

fabricated on the GCE: (b) CVs of 12 uM/0.1 M PBS buffer (pH = 7.4) at GO/SiO,@PANI at different scan rate from 10-100 mV s~ (c) showing the
result of variation of log of oxidation peak current for 12 uM concentration of dopamine versus log of scan rate.
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(R* = 0.9867), confirming that the redox process is primarily
adsorption-controlled. Additionally, with increasing scan rate, the
anodic peak potential gradually shifts toward more positive
values, further supporting that the electrochemical process at the
electrode surface is adsorption-controlled.*>**

Analytical evaluation for determination of dopamine using
GO/SiO,@PANI as electrode

The analytical evaluation of dopamine determination using the
GO/SiO,@PANI-modified GCE using DPV demonstrated a reli-
able and precise method for dopamine detection. The linear
range for dopamine was established between 2 and 12 puM, with
the analysis performed by spiking dopamine into a pH 7.4 buffer
and recording the voltammograms, illustrated in Fig. 5(a). The
potential was swept from —0.5 V to +0.5 V, and a clear linear
relationship was observed between the anodic oxidation peak
current and the increasing dopamine concentration. This is
further supported by the calibration curve Fig. 5(b), which yielded
a correlation coefficient (R?) of 0.995, indicating excellent linearity
within the tested concentration range.*

The method's sensitivity is reflected in the limit of detection
(LOD) and LOQ, which was found to be 1.7 uM and 5.5 pM,
respectively, demonstrating the electrode's capability to detect
low concentrations of dopamine. Additionally, the inter-day and
intra-day precision of the method was evaluated through the
relative standard deviation (RSD%) of the oxidation peak
current, which was found to be 3.4 and 2.5% respectively,
showing good reproducibility for dopamine detection.
Furthermore, the same concentration of dopamine was ana-
lysed on the 1st, 10th, 20th, and 30th days using GO/SiO,@PANI
electrode. No significant change in the DPV peak currents was
observed over this period, indicating long-term stability of the
electrode Fig. S4.1 These findings demonstrate that the oxida-
tion peak remains consistent and can be reliably used for the
determination of dopamine in unknown clinical samples.

Furthermore, several biomolecules such as glucose, uric
acid, and ascorbic acid may present in clinical samples cause
the interference in analysis of dopamine. Thus, 1.0 mM of these
substances were individually spiked and in the presence of
these substances, dopamine was determined using DPV. The
results are shown in Fig. S5.f No DPV peaks associated with
these matrix substances were observed within the given
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potential range of target analyte, indicating that dopamine can
be selectively detected even in the presence of these complex
matrix components.

Application of the GO/SiO,@PANI as an electrochemical
sensor for determination of dopamine in synthetic urine
sample

SiO,/GO@PANI modified electrode was exploited for electro-
chemical measurement of dopamine in clinical samples to
investigate the reliability of the method. For this, synthetic
urine was analysed in DPV under the optimized conditions with
0.1 M (7.4 pH). The oxidation peak was considered for
measurement of dopamine present in unknown urine samples
using the standard calibration curve. The dopamine concen-
tration in urine sample was 3.5 uM using GO/SiO,@PANI as an
electrochemical sensor. In addition, the accuracy of dopamine
determination in urine samples can be assessed by calculating
the relative recovery percentage. This involves spiking known
concentrations of dopamine (2 pM and 5 pM) into the urine
sample, followed by measuring the dopamine concentration
using an analytical method, such as electrochemical detection.
The relative recovery (%) is calculated by comparing the
measured concentration of dopamine in the spiked sample to
the concentration (spiked amount + endogenous amount). A
recovery percentage close to 100% indicates high accuracy,
ensuring that the method reliably quantifies dopamine in urine
without significant matrix interference.

Comparison of the SiO,/GO@PANI for determination of
dopamine with other reported methods

Table 1 represents the comparison of present method with
previously reported work on the dopamine detection using
various electrochemical techniques. The applicability of the
prepared electrode material for detection of dopamine using
adsorptive DPV was compared with the other method such as
MCPE-GO/DPV,** CNT-N/DPV,* GR-SnO,/DPV,** RGO/AuNPs/
DPV,” AuNPs@PANI/DPV,”> GO/TiO,/DPV> in terms of the
functional electrode material, electrochemical methods, linearity
range, LOD. However, variations in the composition during the
preparation of the modified carbon paste electrode (M-CPE) led to
fluctuations in current values during the experiment.*® The
carbon ionic liquid electrode (CILE), previously reported, offered

Applied Potential, V

Fig. 5
respective dopamine concentrations.
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(a) DPV peaks for different concentrations of dopamine from 2 to 12 uM with PBS buffer (pH 7.4) and (b) standard calibration curve for
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Table 1 Comparison for determination of dopamine using GO/SiO,@PANI electrochemical sensor with other reported methods

Functional materials Methods Range of linearity, uM LOD, uM Samples Ref.
MCPE-GO DPV 0.7-70 0.15 Blood serum 48
CNT-N DPV 1-20 — — 49
CILE-GR-SnO, DPV 0.5-500 0.13 Injection sample 50
RGO/AuNPs DPV 0.14-700 0.14 — 51
AuNPs@PANI DPV 10-1700 5 Human serum 52
GO/TiO, CV 0.2-10 0.03 Human urine 53
GO/PANI CV 2-18 0.5 Aqueous solution 54
DPV

Ferrocene-Pd-ormosil Amperometry — 50 Aqueous solution 55
PNT-[Cuy,(apyhist),]*"/Nafion SWv 5-40 2.80 Aqueous solution 56
PNCPy & PNMPy Ccv 1000-10000 300 Aqueous solution 57
GO/SiO,@PANI DPV 2-12 1.7 Synthetic urine Present work

high conductivity, making it suitable for analyte sensing in elec-
trochemical analysis. However, it had several drawbacks,
including high cost, high viscosity, and a tendency to absorb
moisture.” Another material, GO/TiO,, exhibited decent electrical
conductivity, but its surface functionalization properties were
poor due to inadequate binding interactions with the analyte,
likely caused by its photocorrosive nature.®* Subsequently, the
electrode modified with AuNPs also has limitations like high cost,
lower stability under certain conditions.** Key material GO/PANI,
showed good response for electrochemical detection of dopamine
but the composite stability will be less without the MO NPs
because of the chances of agglomeration. The incorporation of
MO NPs into the composite of GO/PANI enhances the stability of
the composite.** The present method was found better than the
NMs such as AuUNPS@PANI,** Ferrocene-Pd-ormosil,>> and PNT-
[Cuy(apyhist),]*'/Nafion,” PNCPy & PNMPy,”” used for electro-
chemical detection of dopamine in different clinical samples.

Conclusions

Herein, GO/SiO,@PANI nanocomposite-based sensor was devel-
oped for the electrochemical detection of dopamine in synthetic
urine. The combination of GO, SiO,, PANI leveraged each
component's properties—GO's surface area, SiO,'s structural
stability, and PANI's conductivity—to achieve high sensitivity and
selectivity in dopamine detection. The sensor demonstrated
a reliable linear detection range with a low limit of detection,
making it effective for clinical applications. The application in
synthetic urine confirmed its robustness and accuracy, even in
complex sample matrices. Compared to existing methods, the
GO/SiO,@PANI sensor offers a more cost-effective, stable, and
efficient approach. This composite-based sensor presents
a promising alternative for practical, low-cost dopamine moni-
toring, supporting early diagnosis and management of neuro-
logical disorders. The method's simplicity, selectivity, and
reproducibility make it a valuable tool in clinical diagnostics.
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