Open Access Article. Published on 30 May 2025. Downloaded on 8/1/2025 5:17:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

RSC
Applied Interfaces

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal

i '.) Check for updates ‘

Cite this: DOI: 10.1039/d51f00127g

Green electrochemical sensing of ampicillin using
reduced graphene oxide-modified electrodes
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A “green” electrochemical sensor for the detection of ampicillin (AMP) was developed using a reduced

graphene oxide-modified glassy carbon electrode (rGO/GCE). The sensor exhibited good performance

with a linear detection range from 0.02 uM to 256 puM and a low detection limit of 6.75 nM.
Characterization of the rGO material was carried out using Fourier-transform infrared (FT-IR) and Raman
spectroscopy, confirming the successful reduction of graphene oxide and the restoration of electrical
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conductivity. The rGO/GCE sensor demonstrated high selectivity, minimal interference from common
compounds, and good repeatability, reproducibility and long-term stability. Real-sample analysis in spiked
urine achieved recovery rates of 97-103%, validated by high-performance liquid chromatography (HPLC).

The results highlight the rGO/GCE sensor as a sensitive, reliable, and cost-effective platform for AMP

rsc.li/RSCApplinter

Introduction

The widespread presence of antibiotics in the environment
has become a critical global issue, largely driven by their
excessive usage and improper disposal. Among these,
ampicillin or AMP, a commonly used B-lactam antibiotic, is
frequently detected in various environmental matrices. Its
persistence poses significant threats, including the
proliferation of antibiotic-resistant bacteria and adverse
ecological effects. This necessitates the development of
sensitive, reliable, and cost-effective detection methods to
monitor ampicillin concentrations in environmental and
biological samples."™®

Electrochemical sensing techniques have emerged as a
promising approach for detecting antibiotics due to their
high sensitivity, rapid response, and simplicity of operation.
Compared to conventional methods such as high-
performance liquid chromatography (HPLC), mass
spectrometry (MS), or spectrophotometry, electrochemical
techniques offer distinct advantages, including low cost,
portability, and minimal sample preparation
requirements.”*> Moreover, the ability to modify electrode
surfaces enables the tailoring of sensor selectivity and
sensitivity, making electrochemical methods particularly
suitable for the detection of specific analytes such as
AMP.13_18
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monitoring in pharmaceutical applications.

In recent years, reduced graphene oxide (rGO)-modified
electrodes have attracted significant attention due to their
enhanced electrical conductivity, large surface area, and high
electrochemical stability, which make them ideal for
electrochemical sensing and energy storage applications. rGO
is derived by reducing graphene oxide (GO), which involves
the removal of oxygen-containing functional groups. This
process restores the electrical conductivity of the material
and introduces new active sites, enhancing its performance
in electrochemical reactions."""%™>>

Compared to graphene oxide (GO), which exhibits
insulating properties due to the presence of oxygenated
functional groups (such as hydroxyl and carboxyl groups),
rGO has superior conductivity due to the reduction process
that removes some of these groups. As a result, rGO-modified
electrodes typically show faster electron transfer rates, higher
sensitivity, and improved electrochemical performance in
various sensing applications. This enhanced conductivity
makes rGO more suitable for applications like
electrochemical sensors, where fast electron transfer is
crucial for high-performance detection.***

Given these properties, rGO is well-suited for modifying
glassy carbon electrodes (GCEs), which are widely used due
to their broad potential window, low background current,
and excellent chemical stability. The synergy between rGO
and GCE is expected to significantly improve the sensor's

performance, making it an effective platform for
electrochemical detection.'>?%7°

Recent studies have highlighted the superior
electrochemical properties of rGO-modified electrodes
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compared to GO and graphene. For example, Karuppasamy
and his team®” demonstrated that rGO-modified electrodes
exhibit significantly higher sensitivity and faster electron
transfer rates than GO, making rGO a more effective material
for electrochemical sensors.>” Additionally, rGO is shown to
be more stable and efficient in various electrochemical
reactions compared to graphene, which can suffer from
issues related to aggregation and poor electron transfer at
lower surface areas.*

In particular, the electrochemical behavior of rGO has
been extensively investigated. Ganeshababu and his team®’
reported that sonochemical synthesized rGO exhibited
improved electrochemical performance compared to both GO
and graphene, owing to the uniform distribution of rGO
sheets and the presence of oxygenated functional groups that
aid in electron transfer.’®™> Moreover, rGO-modified
electrodes have been shown to possess excellent repeatability
and reproducibility, which are critical for practical
applications. This makes rGO an attractive choice for sensors
designed to detect specific analytes, such as antibiotics, with
high sensitivity and stability.**>

Despite the increasing application of rGO-modified
electrodes in sensing technologies, there is a notable lack of
studies focusing on the electrochemical detection of
ampicillin using this material. This gap in the literature
highlights the scientific novelty of this study, which aims to
optimize and evaluate the performance of an rGO-modified
GCE for ampicillin detection. By leveraging the superior
properties of rGO and the high sensitivity of voltammetric
techniques, this research introduces a novel, efficient, and
selective sensing platform,’%374°

The distinct properties of rGO, compared to GO and
graphene, make it particularly suitable for a wide range of
applications in environmental monitoring and
pharmaceutical analysis. For example, the study by Karthika
and his team®® demonstrated that rGO-modified electrodes
provide higher electrochemical sensitivity and stability
compared to graphene oxide and are more efficient in
detecting environmental pollutants and pharmaceutical
compounds.*® These findings highlight the advantages of
rGO in electrochemical sensing applications, especially for
the detection of compounds like ampicillin.

This work systematically investigates the electrochemical
behavior of AMP on the rGO/GCE using techniques such as
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). The key objectives of this study include the
optimization of the sensor's sensitivity, selectivity, and its
applicability in real-world samples. By focusing on the
unique properties of rGO, such as its enhanced conductivity
and high surface area, this research introduces a novel,
efficient, and selective sensing platform for AMP detection.
Furthermore, this study contributes to the development of
advanced detection tools that are crucial for monitoring
antibiotic contamination in pharmaceutical settings,
addressing an urgent need for sensitive, reliable, and cost-
effective analytical methods.
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Experimental
Chemicals

All chemicals were purchased from Merck (Germany) and
used without further purification. Ampicillin (99%),
amoxicillin (>98%), paracetamol (=99%), uric acid (=99%),
sodium sulfate (Na,SO,4, =99%), ammonium chloride (NH,Cl,
>99.5%), potassium carbonate (K,CO3z, =99%), and calcium
chloride (CaCl,, =99%) were of analytical grade and were
used in all electrochemical analyses. The Britton-Robinson
buffer solutions (B-R buffer) were prepared using 0.5 M
H;BO;, 0.5 M H;PO,, and 0.5 M CH;COOH solutions,
covering a pH range from 2.0 to 7.0. The specific pH values
of 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 were adjusted by titrating the
buffer solutions with either 1 M KOH or 1 M H;PO,,
depending on the required pH. This method ensures the
precise pH control necessary for the electrochemical analysis
of ampicillin using glassy carbon electrodes.

Instruments

Electrochemical experiments were conducted using a CPA-
HH5 computerized polarography analyzer (Vietnam). The
working electrode utilized was a glassy carbon electrode
(GCE) with a diameter of 2.8 mm. In contrast, an Ag/AgCl
electrode (saturated KCl) was used as the reference electrode,
and a platinum wire served as the auxiliary electrode.

Preparation and modification of the working electrode via
the electrochemical “green” method

To fabricate the reduced graphene oxide-modified glassy
carbon electrode (rGO/GCE), the electrochemical reduction of
graphene oxide (GO) was employed as a “green” synthesis
method. This electrochemical approach was chosen for its
environmental sustainability and ability to modify the
electrode surface without the use of toxic reducing agents,
offering a cleaner and more eco-friendly alternative to
traditional chemical reduction processes.

Preparation of GO suspension. Graphene oxide (GO) was
first dispersed in ethanol to create a stable GO suspension.
The concentration of GO in the suspension was adjusted to 1
mg mL~". The suspension was subjected to ultrasonication
for 2 hours to ensure uniform dispersion of GO and to
prevent aggregation.

Electrochemical reduction of GO. The electrochemical
reduction of GO to rGO was conducted by applying a
potential of -1.2 V (versus Ag/AgCl) in a three-electrode
electrochemical cell. A platinum wire was used as the counter
electrode, and an Ag/AgCl electrode (saturated KCl) served as
the reference electrode.

The reduction process was carried out in an electrolyte
solution, typically a mixture of water and ethanol, to facilitate
electron transfer during the reduction of GO to rGO. The
process resulted in the removal of oxygen-containing groups
(such as hydroxyl, epoxy, and carboxyl groups) from the GO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sheets, thereby restoring the electrical conductivity of the
material and enhancing its electrochemical properties.

Modification of GCE. The glassy carbon electrode (GCE)
was pretreated by rinsing with ethanol, followed by polishing
with alumina (0.05 um). This standard procedure ensures
that the electrode surface is clean and smooth for the
subsequent modification process.>®*® However, based on
recent studies, alternative pretreatment methods can further
enhance the electrochemical properties of the GCE. For
instance, electrochemical oxidation of the GCE surface has
been shown to improve its reactivity by introducing
oxygenated functional groups, which may increase the
surface area and enhance the sensor's performance. This
method has been demonstrated in various studies.*®*%*°

A defined volume of the rGO suspension was then
deposited onto the surface of the GCE. The electrode was
allowed to dry at room temperature, ensuring that the rGO
layer adhered strongly to the electrode surface. This process
created the rGO/GCE, which exhibited enhanced
electrochemical performance due to the high conductivity,
large surface area, and abundance of active sites provided by
the rGO material.>”*®

The preparation of the biological fluid solutions

Urine samples obtained from a cattle farm were stored in
separate containers and maintained at 4 °C for 2 hours. The
samples were then centrifuged at 4500 rpm for 10 minutes to
separate suspended solid impurities. Each solution was
filtered twice through a 0.22 pm filter before being
transferred into vials and refrigerated at 4 °C.

The practical sample preparation

Real samples were diluted using a BRBS buffer solution at
pH 6. Ampicillin was determined via differential pulse
voltammetry (DPV) with a potential scan range from -0.4 V to
+ 0.6 V. Spiked samples were prepared by adding 0.2 uM
ampicillin to the real samples and analyzed using the same
procedure. The standard HPLC method was employed to
evaluate the accuracy of the analytical results obtained by the
DPV method.

The HPLC method

An accurate portion of AMP was individually transferred from
its corresponding working standard solution (100 pug mL™)
into separate sets of calibrated measuring flasks to prepare
solutions having the concentration ranges of 5-40 uM of
AMP. Triplicate injections were done from each of the
prepared solutions. Chromatographic separation was carried
out in isocratic mode on a C;3 column with a mobile phase
consisting of acetonitrile:water (60/40, v/v), pH adjusted to
4.0 with orthophosphoric acid, delivered at a flow rate of 1
mL min~". UV scanning at 240 nm and the injection volume
was 20 pL at normal room temperature. The run time was 10
min and the integrated peak area was used to determine the
studied analytes.””~*°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Characterization

The characterization of reduced graphene oxide (rGO) was
carried out using Fourier-transform infrared (FT-IR) and

Raman spectroscopy, essential for understanding the
material's  structural properties and electrochemical
performance.

FT-IR spectra of rGO (Fig. 1a): the FT-IR spectra of rGO
show significant changes compared to graphene oxide (GO).
The peaks corresponding to the oxygenated functional
groups, such as -OH, -COOH, and -C=O0, were found to be
reduced or almost entirely absent. This indicates that the
electrochemical reduction process successfully removed these
oxygen-containing groups, restoring the graphene structure
and increasing its electrical conductivity. The improvement
in conductivity is crucial for electrochemical applications, as
it enhances the efficiency of electron transfer at the electrode
surface. This reduction process and its effects on conductivity
have been confirmed in previous studies, where similar
results were reported, indicating the increased conductivity
of rGO after reduction.

Raman spectra of rGO (Fig. 1b): the Raman spectra of rGO
exhibit two primary peaks: the D-band (~1350 cm™) and the
G-band (~1580 cm™'), which are characteristic of graphene-
based materials.”>>" The intensity ratio of the D-band to the
G-band (Ip/I) was found to be higher for rGO than for GO,
indicating an increased level of defects introduced during the
reduction process.’*® These defects are known to provide
additional active sites, which are beneficial for
electrochemical applications, as they enhance the material's
ability to interact with target analytes. This increased Ip/Ig
ratio has been shown to improve electrochemical
performance by providing more active sites for electron
transfer and analyte binding, as observed in several recent
studies.**>*

The FT-IR and Raman spectra obtained in this study
(Fig. 1a and b) are consistent with findings reported in recent
literature.”** These results demonstrate the successful
electrochemical reduction of GO to rGO, which not only
restores the conductivity of graphene but also introduces
structural defects that improve its electrochemical properties.
These enhanced properties make rGO an ideal material for
electrode modification, as it facilitates rapid electron transfer
and provides abundant active sites for target analyte
interaction.>*™*

The superior electrochemical behavior of the rGO-
modified GCE (rGO/GCE), as demonstrated in this study, can
be attributed to these structural -characteristics. The
electrochemical reduction process has been shown to
improve both the conductivity and electrochemical activity of
rGO, resulting in a significant enhancement in sensor
performance.>® Similar findings have recently emphasized
the beneficial effects of electrochemical reduction in
enhancing the performance of rGO for electrochemical
sensing applications.’®>’
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Fig.1 (a) FT-IR of GO and rGO; (b) Raman spectra of GO and rGO.

In conclusion, the structural characterization of rGO using
FT-IR and Raman spectroscopy (Fig. 1a and b) confirms its
suitability =~ for  electrochemical applications. The
electrochemical reduction process not only enhances the
conductivity of rGO but also introduces functional defects
that improve its electrochemical stability, making it a highly
effective material for electrochemical sensors.

The electrochemical properties of AMP

The cyclic voltammograms in Fig. 2a compare the
electrochemical behaviors of different electrode systems,
specifically bare GCE, rGO-modified GCE (rGO/GCE), and the
impact of ampicillin (AMP) presence or absence on the
performance of these electrodes. The rGO/GCE with AMP
(green curve) exhibits the most pronounced peak current,
signifying a strong interaction between AMP and the
modified electrode surface. This result highlights the
enhanced sensitivity and electron transfer efficiency imparted
by the rGO modification. The rGO/GCE without AMP (red
curve) shows a diminished current response, demonstrating
that the observed increase in the green curve is due to the
specific electrochemical interaction between AMP and the
rGO-modified electrode. The GCE with AMP (blue curve)
reveals significantly lower peak currents than the rGO/GCE,
underscoring the limited capability of the bare GCE in
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rGOIGCE without AMP
—— GCE with AMP
154
10
El
~ 51
=
04
=54
-10
04 02 00 _ 02 04 06
EIV

Fig. 2

facilitating effective electron transfer or AMP detection. The
superior performance of the rGO-modified electrode can be
attributed to the high conductivity, large surface area, and
rich functional groups of rGO, which enhance electron
transfer kinetics and provide additional binding sites for
AMP molecules. These attributes result in an amplified
electrochemical signal. The rGO/GCE with AMP (green curve)
represents the suitable configuration, as it provides the
highest sensitivity and demonstrates the critical role of rGO
in improving the detection of AMP. Therefore, rGO/GCE is
chosen for the following tests.

In Fig. 2b, the bar chart represents the peak current ()
values as a function of the amount of reduced graphene
oxide (rGO) used during the preparation of the modified
electrode. The I, values are measured in microamperes (uA)
and reflect the electrochemical activity of the electrode
system. The blue bars show the corresponding Ip values for
rGO amounts of 2.5 mg, 5.0 mg, 7.5 mg, 10.0 mg, and 12.5
mg.

The peak current (I,) initially increases with the increasing
amount of rGO, reaching a maximum of 5.0 mg. This
indicates an enhancement in electrochemical activity with
the incorporation of rGO due to its excellent conductivity,
high surface area, and ability to facilitate electron transfer.
After the peak at 5.0 mg, the Ip decreases with further
increments in the rGO amount (7.5 mg, 10.0 mg, and 12.5
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(@) CVs of AMP with several electrodes: GCE, rGO/GCE; (b) the relationship of the AMP peak current with the quantity of electrode

modifier: 2.5, 5.0, 7.5, 10.0 and 12.5 ug (Camp = 10 uM in BRBS 0.2 M, pH 6.0).

RSC Appl. Interfaces

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00127g

Open Access Article. Published on 30 May 2025. Downloaded on 8/1/2025 5:17:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

a
@
4
3
<
- ]
1
0 T d

04 02 00 02 04 06
E/V

Fig. 3

mg). This decline suggests that excessive rGO leads to
aggregation, reducing the effective surface area and active
sites for the electrochemical reaction. Such aggregation likely
hampers the efficient diffusion of analytes to the electrode
surface, thereby diminishing the current response. The
results indicate that the suitable amount of rGO for achieving
the highest electrochemical performance is 5.0 mg.

The effect of pH

The DPV curves shown in Fig. 3a illustrate the
electrochemical behavior of ampicillin (AMP) across a range
of pH values (2 to 7). The current response (I) as a function
of potential (E,) is presented for each pH condition,
providing insights into the influence of pH on the redox
process of AMP.

The intensity and sharpness of the peak current vary
significantly with pH. The most pronounced peak is observed
at a lower pH, particularly around pH 3, indicating enhanced
electrochemical activity under acidic conditions. This
suggests that AMP undergoes more efficient electron transfer
at this pH, likely due to the protonation of functional groups
in AMP, which facilitates the redox reaction. A noticeable
shift in the peak potential occurs as the pH increases. This
shift can be attributed to the involvement of protons in the
redox reaction of AMP. The electrochemical process is pH-
dependent, where the peak potential shifts more positively as
the solution becomes less acidic. At pH values greater than 4,
the peak current decreases gradually. This decline suggests
that the deprotonation of AMP at higher pH values reduces
its electrochemical activity, leading to a less favorable redox
reaction.

QY
— CHs
d iy
g OH
AMP

(a) DPV curves of AMP with various pH values: 2, 3, 4, 5, 6 and 7; (b)

H'/H,0
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The plot in Fig. 3b quantitatively represents the relationship
between the peak current (I,) and pH. The curve reveals a clear
trend, providing additional insights into the influence of pH
on the electrochemical performance of the system. The peak
current is maximized at pH 3, confirming that this condition is
most suitable for the electrochemical detection of AMP. At this
pH, the protonation state of AMP likely enables suitable
interaction with the electrode surface, enhancing the electron
transfer process (Scheme 1), similar to the recently published
report.” A significant decrease in the peak current is
observed as the pH increases beyond 3. This trend supports
the hypothesis that deprotonation of AMP and reduced
proton availability at higher pH values diminish the redox
activity, leading to a weaker electrochemical response. At
neutral pH (7), the peak current reaches its lowest value,
indicating minimal electrochemical activity. This is likely due
to the complete deprotonation of AMP and a lack of protons
participating in the redox reaction. The findings presented in
Fig. 3 highlight the critical role of pH in the electrochemical
detection of AMP using DPV. The redox process of AMP is
proton-coupled, as reflected by the peak potential shifts and
the variation in current intensity. A suitable electrochemical
response is achieved at pH 3, where the peak intensity and
potential are favorable for sensitive detection. This pH is
recommended for further experiments and sensor
optimization.

Linear range, limit of detection (LOD) and limit of
quantification (LOQ)

The DPV curves in Fig. 4a depict the electrochemical
responses of ampicillin (AMP) over a concentration range

Scheme 1 Proposed mechanism for the electrochemical oxidation of AMP.>°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) DPVs of AMP at several concentrations: 0.02, 0.08, 0.16, 0.32, 0.64, 1.28, 2.56 uM. (b) The plot of I, versus Camp,um.

of 0.02 pM to 2.56 pM. The changes in current (I) with
applied potential (E) are illustrated for different AMP
concentrations, highlighting the sensitivity of the electrode
system.

A gradual and well-defined peak current (I,) increase is
observed as the AMP concentration rises. This demonstrates
the electrode's ability to detect and quantify AMP across
various concentrations. The consistent and proportional
increase in peak current with concentration reflects a reliable
interaction between AMP and the modified electrode surface,
validating the effectiveness of the sensor design. The DPV
curves show sharp and well-separated peaks, particularly at
higher concentrations. This indicates efficient electron
transfer processes and minimal interference, essential for
achieving high sensitivity and selectivity in AMP detection.
The peak potential remains nearly constant across all
concentrations, suggesting that the redox mechanism of AMP
is unaffected by changes in concentration. This stability
highlights the robustness of the electrochemical process
involved.

The calibration plot in Fig. 4b presents the relationship
between the peak current (I,) and AMP concentration (Camp),
with a concentration range of 0.02 uM to 2.56 pM. The plot
shows a clear linear trend, providing quantitative insights
into the sensor's performance.

I, = (19.55 + 0.43)-Canp + (0.43 £ 0.04) R* = 0.998

The limits of detection (LOD) and quantification (LOQ) for
AMP were determined to be 6.75 nM and 0.02 uM,
respectively, based on the formula 3¢/S (for the LOD
calculation), where S represents the sensor's sensitivity, and o
corresponds to the standard deviation of the blank signal.®
The LOQ was subsequently calculated using the standard
relation LOQ = 3 x LOD, ensuring a reliable threshold for
accurate quantification of AMP in complex matrices.®® To
provide a comprehensive context for the performance of the
rGO/GCE sensor, a comparison has been made with recent
electrochemical systems reported for ampicillin detection
between 2023 and 2025 (Table 1). Key parameters such as the
limit of detection (LOD) and linear detection range have been
extracted and presented for a direct benchmarking analysis.
As observed, some recently developed sensors have
achieved lower detection limits, particularly those utilizing
advanced nanostructured materials and molecularly
imprinted polymers (MIPs). For example, a Fe;N-Co,N
NA@MIP-based system reported a LOD of 0.365 nM, though
its linear range extended from 5.56 uM to 9.0 mM, which
may not be ideal for trace-level monitoring in complex
biological samples. In contrast, the proposed rGO/GCE
sensor offers a balance between sensitivity and practical

Table 1 The report on LOD and the linear range of the previously published works uses several techniques

No. Material/electrode Method LOD (nM) Linear range (uM) Ref.
1 CuzP NW/CF Amperometric 320 0.005-1000 61
2 CoONR Amperometric 58 0.5-3500 62
3 CozN NW/TM Amperometric 50 0.1-2500 63
4 Co304 MCP Amperometric 80 0.005-12 000 64
5 Fe;N-Co,N NA@MIP DPV 0.365 5.56-9000 65
6 AuNPs/SWCNTs/GCE DPV 1 0.05-10 66
7 MoS,-r1GO/GCE DPV 2.1 0.01-8.0 23
8 AuNPs-rGO/GCE DPV 3.5 0.02-1.5 25
9 MIP/SPE SWvV 1.8 0.1-10.0 24
10 ZnO NRs/GCE DPV 4.2 0.1-5.0 27
11 rGO/GCE DPV 6.75 0.02-2.56 This work

Note: CF: copper foam, NR: nanorods, NW: nanowire, TM: ti-mesh, MCP: microspheres, NA: nanoarray, MIP: molecularly imprinted polymer,

AuNPs: gold nanoparticles, SWCNTs: single walled carbon nanotubes.
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Table 2 Influence of interferents on the oxidation of AMP

Interferents Cinterferents (UM) RE (%)
Uric acid 15 4.50
Paracetamol 20 3.12
Amoxicillin 10 -2.53
Chloramphenicol 10 -4.51
Na,S0, 30 -3.15
CaCl, 45 -4.91
NH,CI 15 1.78
K,CO3 30 -4.70

applicability, with a LOD of 6.75 nM and a working range
from 0.02 to 2.56 pM, which aligns well with expected AMP
concentrations in environmental and clinical settings.

Furthermore, the fabrication strategy employed in this
work has been based on an electrochemical reduction
route, eliminating the need for toxic reducing agents often
used in conventional graphene oxide processing. This
“green”  synthesis  approach not only improves
environmental compatibility but also simplifies the
electrode preparation process while preserving high
sensitivity and selectivity.

When compared with other carbon-based systems—such
as those incorporating rGO, MoS,, SWCNTs, or gold
nanoparticles—the proposed sensor performs comparably or
more favorably in terms of both analytical figures of merit
and real-sample validation. These results suggest that the
proposed platform is highly competitive among current-
generation electrochemical sensors for AMP and offers a
sustainable, sensitive, and selective alternative for antibiotic
monitoring.

Interference

The data presented in Table 2 illustrate the influence of
various interferents on the oxidation process of ampicillin
(AMP), assessed through their respective concentrations
(interferents) and relative errors (RE%). These findings
provide critical insights into the selectivity and reliability of
the electrochemical system under investigation, specifically
within the context of voltammetric analysis.

(a)

1/ pA
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Fig. 5 Repeatability of AMP response at (a) 0.02 uM, (b) 2.56 puM. (n = 9).
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From the table, it can be observed that the tested
interferents, encompassing both organic compounds and
inorganic salts, exhibit varying degrees of impact on the
peak signal associated with AMP. Organic molecules such
acid, amoxicillin, chloramphenicol and
paracetamol introduce moderate interference, evidenced
by relative error values of +4.50%, -2.53%, —-4.51% and
+3.12%, respectively. This behavior could be attributed to
their electroactive nature, which potentially overlaps with
the oxidation potential of AMP, thereby affecting the
accuracy of the measurements. Amoxicillin, structurally

as uric

similar to AMP, is noteworthy for its negative
interference (-2.53%), likely arising from competitive
adsorption or chemical interactions at the electrode
surface.

Inorganic salts, including Na,SO,, CaCl,, NH,CI, and
K,CO3;, display varying influences. Among these, CaCl, and
K,CO; induce the highest levels of interference, with RE
values of -4.91% and —-4.70%, respectively, potentially due
to changes in ionic strength and electrode surface
interactions that affect the electron transfer kinetics. The
minimal impact of NH,Cl (RE = +1.78%) suggests its
compatibility with the system, likely because of its weak
interaction with the electrochemical process of AMP
oxidation.

The negative RE values for certain interferents indicate
that suppression of the AMP oxidation signal may occur,
while positive RE values reflect amplification or overlapping
effects. These observations underline the necessity of
meticulous optimization of the experimental conditions,
including the choice of supporting electrolytes and electrode
materials, to mitigate interference effects and enhance the
method's selectivity.

Overall, this data highlights the robustness of the
electrochemical sensor in tolerating moderate
concentrations of potential interferents while underscoring
areas where further refinement may be warranted to ensure
reliable quantification of AMP in complex matrices. The
findings contribute to a broader wunderstanding of
interferent behavior in voltammetric analyses, reinforcing
the importance of comprehensive interference studies in
sensor development.
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Fig. 6 (a) Reproducibility of AMP 0.02 uM in BRBS pH 3 with 4 times conductive electrode modifications, (b) peak current (/) variations of AMP

across six successive modifications of rGO/GCE.

Repeatability and reproducibility

The repeatability of the rGO/GCE electrode for DPV was
evaluated by conducting 9 measurements at two different
concentrations of AMP: 0.02 uM (a) and 2.56 puM (b)
(Fig. 5). The calculated relative standard deviations (RSDs)
were 1.33% and 0.45% for the respective TB concentrations.
All these RSD values were found to be lower than half of
the RSDyorwitz values of 16.89% and 8.14% (RSDyorwitz =
a1-0510gC in that C, is the fraction concentration of the
analysis compound).®” These results demonstrate that the
rGO/GCE electrode exhibits good repeatability and is
suitable for the reliable detection of AMP across multiple
concentration levels.

The reproducibility of the rGO/GCE was thoroughly
investigated by employing 4 individually prepared electrodes
for the determination of 0.02 uM AMP under optimized
experimental conditions (Fig. 6a). The analysis revealed that
the current responses exhibited an RSD of 3.7%, indicating
good consistency across the measurements. The acceptable
RSD obtained for these ten distinct electrodes highlights
the remarkable reproducibility of the rGO/GCE in this
study, demonstrating its reliability for repeated use in
analytical applications. This superior reproducibility
underscores the robustness and consistency of the electrode
fabrication and its performance under the specified
conditions.

The long-term stability of the rGO-modified glassy carbon
electrode (rGO/GCE) was evaluated by monitoring the
variations in peak current (I,) for ampicillin (AMP) over six
successive modifications, as shown in Fig. 6b. It was

observed that the peak current remained stable across the six
days of testing, with minimal fluctuations. The small error
bars, representing the standard deviations, indicate that the

electrochemical performance of the rGO/GCE was
reproducible over time.
These results highlight the durability of the rGO

modification, which ensures the stability of the electrode's
electrochemical activity extended periods. The
consistency in peak current values suggests that the rGO
layer provides a stable and reliable surface for AMP detection,
with no significant loss of performance during the six-day
evaluation period.

The long-term stability of the rGO/GCE is crucial for its
application in continuous monitoring of AMP in real-world
samples, as it guarantees that the sensor can operate
effectively over prolonged periods without substantial
degradation in sensitivity.

over

Real sample test

The rGO/GCE was utilized for the determination of AMP in
urine samples. Initially, the swine urine samples were
analyzed using the DPV technique, and no electrochemical
reactions were observed within the studied potential range.
Based on this observation, the samples were spiked with a
known concentration of AMP and subsequently analyzed with
the proposed electrode via the DPV method. Recovery
percentages (n = 3) were found to range from 97% to 103%
(Table 3), demonstrating that the analyzed matrices did not
introduce any interference. In addition to the statistical
comparison, spectral confirmation of AMP in spiked urine

Table 3 The concentrations of AMP in urine samples were measured using both DPV and HPLC techniques

DPV techniques

HPLC techniques

Sample Original content (uM) AMP spiked (uM) Found (uM) Rev (%) AMP spiked (uM) Found (uM)

#1 — 0.2 0.198 + 0.004” 99 0.2 0.192 + 0.002
#2 — 0.2 0.194 + 0.001 97 0.2 0.209 + 0.001
#3 — 0.2 0.207 + 0.002 103 0.2 0.205 + 0.002

“ Not found. ? Average + standard error.
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Fig. 7 HPLC chromatogram of a spiked urine sample showing the retention peak of ampicillin at 4.873 min.

samples was conducted using HPLC. The representative
chromatogram is presented in Fig. 7, where the AMP peak
was observed at a retention time of 4.873 min, consistent
with the standard reference. This chromatographic evidence
further confirms the presence of AMP in the biological matrix
and strengthens the reliability of the voltammetric approach.
The inclusion of this spectral data ensures that the developed
rGO/GCE platform achieves analytical validation through
both electrochemical and spectroscopic methods, thereby
enhancing its applicability to real-sample analysis.

For comparison, the spiked samples were also analyzed
using the HPLC method, and the results obtained from both
approaches are presented in Table 3. A paired-sample ¢-test,
performed at a = 0.05, indicated no statistically significant
differences between the results of the proposed method and
those of HPLC. This outcome (¢(2) = 0.538, p = 0.644 > 0.05)
confirmed the consistency and agreement between the two
methods.

Conclusions

The development of a reduced graphene oxide-modified
glassy carbon electrode (rGO/GCE) for the electrochemical
detection of ampicillin (AMP) has been successfully carried
out in this study. Good performance has been demonstrated
by the sensor, with a linear detection range from 0.02 uM to
2.56 pM and a low detection limit of 6.75 nM. The
characterization of rGO, wusing FT-IR and Raman
spectroscopy, confirmed its unique properties, including high
conductivity, large surface area, and abundant active sites,
which significantly contributed to the enhancement of the
electrochemical performance of the rGO/GCE sensor. High
selectivity, minimal interference from common compounds,

© 2025 The Author(s). Published by the Royal Society of Chemistry

and good repeatability, reproducibility and long-term stability
were achieved. Real-sample analysis in spiked urine resulted
in recovery rates ranging from 97% to 103%, as validated by
HPLC. The rGO/GCE sensor has been shown to offer a
sensitive, reliable, and cost-effective solution for the
monitoring of AMP in pharmaceutical applications. Future
studies are warranted to explore its potential for multi-
analyte detection and its suitability for continuous
monitoring in real-world applications.
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