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The increasing prevalence of pharmaceuticals in water and complex matrices necessitates accurate
measurement and monitoring of their environmental contamination levels. This is crucial not only for
environmental conservation but also for comprehending the intricate mechanisms involved and
developing more effective treatment approaches. In this context, electrochemical techniques show
significant potential for the detection of pharmaceuticals across various matrices. Specifically,
voltammetry is advantageous due to its rapid, straightforward, and cost-effective nature, allowing for the
simultaneous analysis of multiple anticancer and antibiotic drugs. By utilizing nanomaterial-modified
electrochemical sensors, the sensitivity and selectivity of detection methods can be significantly
improved. The small size and customizable properties of hanomaterials enable these sensors to identify
trace amounts of drugs in diverse samples. However, challenges persist in achieving reliable and
accurate electrochemical monitoring of drugs in water and biological samples. Biofluids such as saliva,
urine, and blood/serum, along with environmental samples from lakes and rivers, often contain
numerous interfering substances that can diminish analyte signals. This review examines electrochemical
methods and their potential applications for detecting pharmaceuticals and their metabolites, while also
addressing the mechanisms of action and harmful effects of these drugs on both ecosystems and
human health. Recent developments in electrochemical sensors utilizing nanomaterials for the detection
of health-threatening pharmaceutical contaminants are examined, providing important insights into their
underlying mechanisms. The emphasis is placed on the detection of anticancer agents and antibiotics,
which relies on the electrocatalytic properties of the sensor materials. Additionally, discussions on
density functional theory studies are included, along with an exploration of the emerging challenges and
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demonstrates their operational mechanism through redox
processes that facilitate interactions with biological molecules.
During this redox reaction, one molecule undergoes oxidation

1. Introduction

Drugs play a crucial role in human health, serving both

medicinal and recreational functions. For their therapeutic
effects, drugs engage with specific biomolecules in the body
through redox reactions, which are vital to their mechanisms of
action.' Consequently, numerous drugs experience oxidation or
reduction processes that either activate or deactivate their bio-
logical effects. The redox properties of electroactive drugs allow
researchers to explore the electron transfer dynamics between
these drugs and biomolecules.” Fig. 1 depicts the interaction
between an electroactive drug and biological molecules, high-
lighting its electrochemical behavior within the body. These
drugs possess electroactive properties, and the figure
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by losing an electron, while another molecule is reduced by
gaining an electron, thereby enabling electron transfer, which is
essential for comprehending the drug's interaction mechanism
with biomolecules.

Numerous studies have been conducted to explain the action
mechanism of anticancer and antibiotic drugs but still, the
detailed mechanism is not fully understood. Therefore, elec-
trochemical analysis of these drugs is performed in different
matrices like urine, sweat, saliva, serum, foodstuff, and water
samples to get insights into their redox fate. This approach
could help understand whether an electron transfer or proton-
coupled electron transfer is involved so that the action mecha-
nism of anticancer and bactericidal role is inferred and eluci-
dated upon.** The mechanistic information is expected to help
specify drug dosage to reduce toxicity and cost as tons of anti-
cancer medicines are used annually in chemotherapy while
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Fig. 1 Schematic representation of the electrochemistry of a drug inside the body.

antibiotics are also being widely used in human and animal
medications. Despite their benefits to living organisms, they
have been reported to be hazardous at all levels of the biological
hierarchy.>® In the light of these facts, many environmental
researchers have examined the adverse effects of these medi-
cations on animals, humans, and other organisms and
attempted to offer removal techniques.”

Anticancer and bactericidal drugs are typically adminis-
trated at low concentrations. After being administered into the
body, they undergo digestion and form metabolites in trace
amounts. Monitoring them has proven to be extremely difficult
due to significant interference of complex biological and envi-
ronmental sample matrix, the ability to accumulate in food
chains, and the spread of antibiotic-resistant bacteria.** Hence,
to understand their profile, several methods of analysis notably
titrimetry, spectrophotometry, liquid chromatography, and
voltammetry have been reported for determining the concen-
tration of these medications and their metabolites. Liquid
chromatography is a time-consuming technique, while titrim-
etry and spectrophotometry necessitate an extraction phase
prior to analysis, indicating a demand for a more efficient
alternative for routine testing. Electrochemical methods
present practical solutions, as they are straightforward and
rapid, eliminating the need for any supplementary steps to
assess the analytes.*

Until now, the most commonly used voltammetric tech-
niques for monitoring anticancer and antibiotic drugs are cyclic
voltammetry (CV), linear sweep voltammetry (LSV), differential
pulse voltammetry (DPV), and square wave voltammetry
(SWV)."* 1t has been noted that relying solely on a single vol-
tammetric technique may not suffice for the reliable and
accurate detection of pharmaceuticals and their residues due to
inherent limitations. To overcome this challenge, a combina-
tion of various techniques, such as anodic stripping voltam-
metry (ASV) and adsorptive stripping voltammetry (AdSV), along
with square wave voltammetry (SWV) and differential pulse
voltammetry (DPV), including methods like differential pulse
anodic stripping voltammetry (DPASV), adsorptive differential
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pulse voltammetry (AdSDPV), adsorptive square wave voltam-
metry (AASWV), and square wave adsorptive voltammetry
(SWAASV), has been employed due to their enhanced sensitivity
compared to traditional methods for trace analysis.’> The high
resolution provided by DPV and SWV, when combined with the
sensitivity of stripping voltammetry, not only results in a supe-
rior signal-to-noise ratio but also enables the trace detection of
pharmaceuticals in the presence of interferents within complex
matrices. In ASV, heavy metal ions are pre-concentrated on the
electrode surface, followed by quantification through anodic
potential sweeping, while AdSV enhances sensitivity and selec-
tivity for the target analyte by adsorbing the electroactive
compound onto the electrode surface.” The key features of
these methods include simplicity of analysis, selectivity at
specific formal potentials which can allow multiple analyte
monitoring without the need for separation steps, and the skill
to investigate biological samples such as urine, serum, and
sweat. In addition to having comparatively quick sample times,
amplification of mass transport, and affordability, voltam-
metric approaches can provide detailed information about how
a drug will be consumed within the body at specific dosage
levels and enable studies of how pharmaceuticals interact with
living cells.***
Electrochemical sensors utilizing nanomaterials have
attracted considerable attention over recent decades. The
progress in the synthesis of nanomaterials has facilitated the
creation of tunable morphologies, dimensions, surface charges,
and physiochemical properties, which are crucial for achieving
rapid, specific, and reliable detection of various molecules.*
These nanomaterials enhance the performance of modified
electrodes by providing a larger surface area, resulting in an
increased number of active sites that improve sensitivity.
Furthermore, the functionalization of nanomaterials enhances
selectivity by focusing on specific molecules while minimizing
interference. They also enable lower detection limits for target
analytes within complex matrices. The distinctive characteris-
tics of nanomaterials have significantly enhanced the analytical
capabilities of electrochemical sensors.” However, to fully

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exploit these sensors, it is vital to have a comprehensive
understanding of the physiochemical and electronic interac-
tions occurring at the interface between the drug and the
nanomaterial-based electrode.™

It is widely acknowledged that sensor materials are essential
to the establishment of an electrochemical sensing platform
capable of differentiating target molecules using various elec-
trochemical analytical techniques.’ This document outlines
various nanomaterial-based sensors that have been extensively
researched and employed for the rapid detection and
measurement of anticancer and antibiotic medications. The
study focuses on the advancement of various electrochemical
methods, particularly voltammetry, emphasizing their sensi-
tivity, efficiency, and rapid analysis for identifying pharmaceu-
ticals in environmental and biological matrices. It investigates
the role of nano-based sensors in monitoring drug residues
within biological samples for pharmacokinetic studies and
therapeutic drug monitoring, as well as in water samples where
these substances and their metabolites threaten ecological
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balance. Additionally, the research examines electrochemical
sensors utilizing nanomaterials, analyzing their responses
through oxidation or reduction mechanisms for the detection of
anticancer and antibiotic drugs. Lastly, it provides a critical
evaluation of electrochemical techniques, addressing the chal-
lenges encountered in trace-level detection and offering
perspectives for future developments in this research domain.

2. Anticancer and antibiotic drugs

Cancer is a worldwide life-threatening issue and its treatment
process is intricate involving diagnosis, therapy, monitoring,
and prevention.*® Despite numerous advantages of anticancer
drugs, these medications pose serious health issues such as
anemia, appetite loss, constipation, fatigue, etc. as well as high
potential for toxicity and mutagenicity.** In parallel, antibiotics
have become groundbreaking treatments for many infectious
diseases. However, if leftover antibiotics are present in excess in
the body, they might be dangerous since they can lead to

Table 1 Anticancer and antibiotics drug usage and their associated toxic effects

Drug type S. No Name of drugs Uses Harmful effects Ref.
1 Tamoxifen Selective modulator of estrogen Mood swings 23
receptors, treatment of breast cancer Dry skin
Vision problems
2 Etoposide Treatment of various malignancies such Constipation 24
as lung, stomach, testicles, and bladder Fatigue
Sore throat
3 5-Fluorouracil Treatment of solid tumors such as (neck, Diarrhea 25
stomach, head, breast, liver, and Vomiting
pancreatic cancer) Nausea
4 Doxorubicin First-line cure for breast cancer Cardiotoxicity 26
Alopecia
5 Imatinib Anticancer Low plasma concentration 27
6 Mebendazole Cure infections linked to whipworm, Loss of appetite 28
ascaris, and hookworms Abdominal pain
7 Cisplatin Treat tumor cells Hair loss, hypersensitivity, 29
vomiting, mouth sores
8 Carboplatin Treat ovarian cancer, head and neck Nephrotoxicity, myelodepression 30
cancer
9 Oxaliplatin Cure tumor cells Accumulation in body tissues 31
Antibiotic 10 Sulphadiazine Utilized in aquaculture and human Allergic & toxic reactions in the 32
healthcare body
11 Metronidazole Ataxia 33
Seizures
Neuropathy
12 Levofloxacin Treat respiratory, cutaneous, urinary Tendinopathy 34
tract, and soft tissues infections Muscle atrophy
13 Chloramphenicol Treat infectious disorders of both Gray baby syndrome 35
animals and humans Leukemia
14 Ofloxacin Treat respiratory infections such as Tendon damage 36
(pneumonia, and bronchitis), infections Peripheral neuropathy
of skin and reproductive organs
15 Ciprofloxacin Used against infections including urinary Nerve damage, vomiting 37
tract infection (UTI), chronic bacterium
prostatitis, and respiratory tract
16 Cefixime Used to cure infections like UTI, Bleeding or bruising 38
bronchitis, gonorrhea pneumonia, etc.
17 Amoxicillin Treat pneumonia, UTI, and middle ear Nausea, rashes, vomiting 39

infections
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infections like gonorrhea, pneumonia, tuberculosis as well as
antibiotic resistance and allergic reactions in humans.?* A lot of
drugs fall into the category of anticancer and antibiotics but in
this review, we discuss the most frequently used toxic drugs
from both categories such as tamoxifen, etoposide, 5-fluoro-
uracil, doxorubicin, imatinib, mebendazole, sulphadiazine,
metronidazole, levofloxacin, chloramphenicol, ofloxacin and
ciprofloxacin. In addition to the aforementioned medications,
platinum-based drugs, including cisplatin, carboplatin, and
oxaliplatin, as well as B-lactams such as cefixime and amoxi-
cillin, are frequently utilized as anticancer and antibiotic
agents, respectively. Table 1 illustrates some of the typical
applications and potential adverse effects associated with these
anticancer and antibiotic drugs.

The detrimental impact of these drugs on human health and
other organisms underscores the necessity for highly sensitive
analytical instruments to identify and track trace levels of
pharmaceutical residues. Even small amounts of certain anti-
cancer and antibiotic medications can adversely affect ecosys-
tems, disrupting aquatic life and jeopardizing human health,
thereby influencing the overall quality of our food and water
supplies. Furthermore, traditional methods for identifying and
monitoring environmental pollutants present significant chal-
lenges for researchers, as these substances often exist in trace
concentrations and are frequently accompanied by various
interfering agents that complicate their detection. Given that
the environment is dynamic, with contaminants capable of
dispersing, transforming, and degrading over time, there is
a pressing need for real-time or near-real-time monitoring
capabilities to provide timely insights and enable swift
responses to emerging threats. To effectively assess a broad
spectrum of environmental toxins, it is essential to utilize
a detection technique that is both adaptable and multifunc-
tional, capable of identifying a diverse range of contaminants,
including heavy metals, organic chemicals, dyes, pharmaceuti-
cals, and novel toxins.

In order to make routine monitoring of environmental
pollutants feasible and accessible, analytical methods and
detection techniques must be made affordable. However, chal-
lenges such as costly techniques in resource-limited settings,
the variability and complexity of pollutants, the necessity to
enhance the sensitivity of the monitoring technique and the
need to meet the regulatory compliance for environmental
pollutants by updating and validating the techniques, need to
be addressed. Hence these challenges necessitate the design
and development of advanced, powerful and cost effective
analytical methods and detection devices.

3. Detection techniques

Various detection techniques and methods of analysis such as
spectrophotometry,*® high-performance liquid chromatography
(HPLC),** gas chromatography (GC),*” and mass spectrometry
(MS)** have been reported to detect environmental pollutants.
Spectrophotometry is simple but poses limitations in terms of
detection accuracy while other monitoring techniques such as
HPLC, GC, and MS offer good detection accuracy, but their
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Scheme 1 Proposed oxidation mechanism of the drug mebendazole
at POA/MWCNT/GCE.*®

operation is complex due to the requirement of precise cali-
bration procedures, bulky equipment and specialized personal
to handle the instrument, and necessitate more effective alter-
nate methods for real time and on-site detection.* In this
regard electrochemical techniques such as CV, LSV, DPV, SWV
etc. are preferred by researchers for the detection of different
analytes.*® These offer excellent sensitivity, affordability, accu-
racy, and less expensive instrumentation.® All of these
approaches have their own strengths. For example, CV presents
a comprehensive examination of both oxidation and reduction
processes in a single experiment while SWV, LSV, and DPV
typically are focused on obtaining results in a single direction of
potential scanning.*” For instance, Scheme 1 represents the
oxidation mechanism of the drug mebendazole (MBZ) at glassy
carbon electrode (GCE) modified by multiwalled carbon nano-
tubes (MWCNT) and poly-(o-anisidine) (POA) nanocomposite
material.*® The provided mechanism indicates that MBZ expe-
riences electrooxidation through the transfer of two electrons
and two protons associated with the benzimidazole structure.
The presence of POA, which contains an electron-donating
methoxy group, enhances the electron density of the mole-
cule, thereby influencing the oxidation process of MBZ. Addi-
tionally, the transfer of hydrogen from MBZ to POA contributes
to the stabilization of the intermediates generated during the
oxidation of MBZ at a designated potential. Thus, voltammetric
techniques help figure out redox reduction potentials, thermo-
dynamic parameters, and kinetics of the electrochemical
processes by employing electrochemical sensors.

4. Electrochemical sensors

In recent years, electrochemical sensors have received a lot of
attention for determining analytes in diverse media. Among the
numerous types of analytical procedures and devices, electro-
chemical sensors are being pursued as they offer high selec-
tivity, sensitivity, and reliability for detection of analytes. These
electrochemical sensors have tailored sensing platforms that
are characterized by various materials to identify specific target
analytes.”>*® In specific circumstances, the performance of
electrodes is augmented through the incorporation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials, which enhances their selectivity, stability, and
sensitivity towards the target analyte.®® The emergence of
nanomaterials and the modification of electrodes have signifi-
cantly influenced the advancement of electrochemical sensors
in research. Due to their unique properties, including a high
surface area for adsorption and distinct electrical, magnetic,
and optical features relative to bulk materials, nanomaterials
are commonly employed, along with their ease of modifica-
tion.>” Additionally, nanomaterials are in the nano-range scale
which aids in the miniaturization of electrochemical appli-
ances. It is worth mentioning that electrochemical sensors can
be made inexpensive, handy, quick and accurate for various
analytes, provided the electrode is skilfully modified and built.

The use of various modifiers, including carbon-based
nanomaterials like carbon nanotubes, graphene, and
quantum dots, as well as metallic-based nanomaterials such as
transition metals and metal oxides, polymer-based nano-
materials like poly(glycine), poly(pyrrole), and polyaniline,
along with hybrid nanomaterials and molecularly imprinted
polymers, is crucial for the detection of target analytes. These
materials enhance the electrochemical surface area and offer
exceptional conductivity, thereby improving detection capabil-
ities.®*** In carbon-based nanomaterials the use of graphene
and its derived materials, carbon nanotubes (SWCNTs,
MWCNTSs), and carbon nanofillers (metallic organic framework
MOFs) are most commonly employed in comparison to others.
They exhibit high sensitivity, fast electron transfer, low detec-
tion limits and wide potential windows in aqueous
environment.>

Metallic nanomaterials enhance the sensitivity of modified
electrodes by improving electron transfer and mass transport
rates. Furthermore, their high proportion of surface atoms with
unoccupied valences contributes to the increased activity of
various chemical processes.”®*” Recent research has identified
nanopolymers as highly adaptable nanostructures utilized in
various shapes and configurations. These nanopolymers
demonstrate unique electrochemical properties due to nano-
scale interactions between the polymers and their surround-
ings, characteristics that are absent in their bulk counterparts.>®
Hybrid nanomaterials have garnered significant interest in
research due to their ability to serve as adaptable frameworks
for developing innovative nanomaterials. This is attributed to
their high surface-to-volume ratio and the diminutive size of
their structural components, which contribute to their distinc-
tive properties.*® Molecularly imprinted polymers have garnered
considerable interest due to their exceptional selectivity, cost-
effectiveness, ease of use, compactness, and capacity to
interact with specific target molecules across various matrices
for drug analysis. They can be seamlessly integrated with
chemical sensors or utilized alongside diverse analytical
instruments, offering insights into analytes such as biological
samples and drug dosage.®® The detection mechanism signifi-
cantly contrasts with direct electrochemical methods, which
rely on redox reactions occurring at the surface of nano-based
electrodes for pharmaceutical detection. In contrast, electro-
chemical sensors based on MIPs utilize a recognition step that
allows target molecules to attach to imprinted sites on synthetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymers fixed to an electrode, with these sites being comple-
mentary in shape and size to the target molecules. This
mimicking of biological receptors enables the differentiation of
drug molecules even within complex matrices, thereby reducing
interferences and proving particularly advantageous for clinical
diagnostics that demand accurate drug detection. Moreover, the
applications of biosensors have also been documented in the
literature including their ability for specific target recognition.
It can be further enhanced by immobilizing nanomaterials as
bio-elements such as (i-cysteine, DNA, etc.) at the electrode
surface.® Grasping the impact of these advancements on elec-
trode performance is essential for enhancing the efficiency of
electrochemical detection and monitoring. A thorough evalua-
tion and comparison of nanomaterial-based sensors across
various electrochemical techniques is vital to fully appreciate
their advantages.

5. Figures of merit of the
nanomaterial based electrochemical
sensors

Electrochemical sensors utilizing nanomaterials have attracted
significant interest and are frequently evaluated based on their
figure of merits, which stem from their distinctive properties
such as extensive surface area, numerous binding sites,
enhanced catalytic activity, high porosity, and notable surface
energy. The diminutive scale of nanostructured materials
contributes to the thermodynamics of heterogeneous reactions
and the kinetics of transport at the electrode interface, thereby
facilitating mass and charge transfer. Additionally, these
materials enable dimensional alterations through phase tran-
sitions and chemical reactions.®® These advanced electrodes
provide a viable platform for detecting environmental pollut-
ants due to their cost-effectiveness, sensitivity, rapid response
times, ease of miniaturization, and capacity for functionaliza-
tion with selective binding agents.®® It is essential to compre-
hend how these innovations influence electrode performance to
optimize the efficacy of electrochemical detection and moni-
toring. The figures of merit for electrochemical sensors used in
the detection of anticancer agents and antibiotics across
various media are presented in Table 2 and 3.

6. Application of voltammetric
techniques in drug analysis
6.1 Anticancer drugs

Anticancer therapies are generally prescribed to stop the cancer
cells from multiplying and spreading. They may potentially
damage normal cells and tissues causing side effects like
tiredness, nausea, hair loss, and in some circumstances harm to
key organs like the heart or liver. Numerous studies have been
conducted on the electrochemical analysis of anticancer drugs
utilizing various modified electrodes, with several examples
outlined below:

6.1.1 Tamoxifen (TMX). Since its discovery in 1967,
tamoxifen (TMX) has been employed in the prevention and
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30
97
98
99
100
31
101

Human urine
Human urine
Biological fluids
Human serum
Human serum
Urine samples
Urine samples

Matrices

Electrode
SPCE
SPCE
npGCE
GCE

GCE

GCE

GCE

Aptamer/AuPd NPs@

MWCNT-COOH/SDS
rGO/MWCNTS
g-C;N,/TiO,

Modifier
GQDs-thio
BiNPs/Gr
MIP-Ag@Cu-BDC/
N-CNTs

Oxidation/Reduction
peak potential (V)

0.6
-0.1
-0.3
-0.1
0.3
0.5

Linear range
13.5-1350 M
14.5 pM-0.1 mM
0.2-110 pM
6.0-180 pM
0.014-503 nM
0.1-170 nM
10-2030 pM

LOD (nM)
4310
4600

90

4400

0.04

60

10

Method
DPV
DPV
DVASV
DPV
DPV
DPV
DPV

Analyte
Carboplatin
Cisplatin
Oxaliplatin

(Contd.)

Table 2
S. No
34

35

36

37

38

39

40
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treatment of breast tumor in women as well as breast cancer in
general. Mood fluctuation, dry skin, nausea, bone pain, con-
stipation, and eyesight issues are the most frequent adverse
effects of using the drug. Consequently, determining tamoxifen
in blood may be beneficial for curing these side effects for the
patients. Thus, HRP-polyaniline modified Pt electrode was used
for the cyclic voltammetric study of tamoxifen and the detection
limit (LOD) was noted to be 0.073 ng mL~". Furthermore, the
stability of the sensor was reported by using the modified
electrode at different time intervals for 10 days. The modified
electrode was found quite stable with an RSD value of 1.01%.%*
In a separate study to determine the trace quantity of TMX,
a new differential pulse anodic stripping voltammetry method
(DPASV) was developed to investigate the relationship between
the tamoxifen concentration and the decline in peak amplitude
of Bi oxidation on glassy carbon electrode (GCE) and exhibited
a detection limit of 3.1 x 10> pg mL "% Another study re-
ported a modified electrode utilizing vanadium oxide deposited
on glassy carbon electrode, which demonstrated a significant
adsorption capacity for TMX, facilitating an oxidation reaction
through electron transfer kinetics that involved two electrons
and two protons. This process yielded an electrochemically
inactive cyclized byproduct (diphenylphenanthrene) with LOD
of 389 nM as determined by differential pulse voltammetry
(DPV)."*> Moreover, Shafaei et al. successfully synthesized
a carbon ceramic electrode (CCE) modified with MWCNTs and
cerium oxide (CeO,~-MWCNTSs/CCE) and found that the current
electrode had potential towards detection of TMX drug up to
0.132 nM in serum samples.®® In a separate study researchers
exploited nickel oxide nanoparticles as a modifying agent for
carbon paste electrode (CPE) by using square wave voltammetry

a
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Fig. 2 (a) Oxidation mechanism of TMX and (b) its corresponding DPV
signal recorded at Al,Os@C/V,0s5/CPE (inset, represents the linear
range of 0.1 to 200 uM under optimized conditions.®® Reproduced
with permission from ref. 68. Copyright (2022) Microchem. J.
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for the determination of TMX in human serum, achieving an
impressive detection limit of 1.81 + 0.35 nM.* In a recent
breakthrough, a modified carbon paste electrode (Ni(OH),—-
NaY/CPE) doped with nickel nano zeolite sodium achieved
a 0.65 pM detection limit of TMX via DPV. The existing sensor
featured a substantial specific surface area and an intercrys-
talline mesoporous architecture, which facilitated the electro-
catalytic oxidation of TMX by granting access to the active Ni**
centers.'® Another study on the same technique was reported
using CPE with vanadium oxide embedded within alumina
forming a core-shell structure (AL, O;@C/V,05/CPE) which
exhibited higher sensitivity towards monitoring of TMX with an
LOD of 0.025 pM than the previous reported ones due to
synergistic effect of V,05 and Al,O,@C that enhanced electron
transfer rate through oxidation mechanism as represented in
Fig. 2.°* The attachment of nanoparticles to the surface of
carbon paste electrodes enhances electron transfer from TMX,
attributed to their catalytic characteristics, while simulta-
neously releasing hydrogen atoms. This process results in the
generation of an oxidized product, which is indicated by an
irreversible peak in differential pulse voltammetry analysis.
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6.1.2 Etoposide (ETO). The Food and Drug Administration
of the United States (US) has licensed etoposide (ETO)
commonly referred to as V-16, as an anticancer medication for
the treatment of various types of tumors. It causes breakage of
DNA strands and damages malignant cell DNA. It is highly
desirable to detect the etoposide drug level in biological
samples. Numerous researchers have implemented different
voltammetric techniques for its detection. A GCE modified with
MWCNTSs has been reported for the sensing of ETO via AASDPV,
which showed a detection limit of 5.4 nM under optimized
conditions (using Britton Robinson-BR buffer and pH 6.0). The
altered electrode exhibited a current response that was
approximately 25 times greater than that of the unmodified
GCE. This enhancement is attributed to the significant
adsorption capacity and extensive surface area of MWCNTSs.* In
a new study by Aliakbarinodehi et al. screen printed electrode
(SPE) modified with MWCNTs (MWCNTs-SPE) was utilized for
the cyclic voltammetric monitoring of ETO drug with an LOD of
up to 1.52 + 0.89 uM, while a far more superior performance
was found for gold nanoparticle decorated SPE (AuNPs-SPEs)
with an LOD value of 1.29 £ 0.48 pM.' In another study by
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(a) Shows the fabrication of the sensor (NPG/GCE) and (b) corresponding DPV profile of ETO at an oxidation peak potential of 0.3 V (c) with
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Nguyen et al. 5 nM detection limit of ETO in real samples via
DPV was reported using quantum dot modified GCE (CQDs/
GCE). This study demonstrated that carbon quantum dots
serve as an effective modifier, attributed to the presence of
oxygen-rich groups in their structure, which enhanced the
catalytic response.” In addition to previous studies, the detec-
tion of ETO by employing the same technique was reported
based on molecularly imprinted polymer modified GCE
(MIPGCE) which showed a detection limit of 2.8 x 10~° M with
high reliability and sensitivity of the current method.”
Furthermore, a group of researchers successfully fabricated
a film of poly (i-lysine) and MWCNTs integrated GCE (PLY-
MWCNTs/GCE) which displayed excellent response towards
the drug ETO with a very low detection limit of 1.6 x 10" M in
human blood.”” Moreover, scientists investigated the cyclic
voltammetric sensing of ETO drug using oxime(r) modified
glassy CPE, which possessed a nanomolar level detection limit
of 4.0 nM.”® Another detection at the nanomolar level, with an
LOD of 2.7 nM was successfully achieved using DPV based on
zinc oxide-lapis lazuli nanocomposite modified CPE. The
remarkable electrocatalytic properties of the functionalized
sensor can be ascribed to its elevated charge transfer rate and
a greater number of active binding sites.”™

Most recently, a group of researchers utilized pencil graphite
electrode (PGE) to monitor ETO drug up to 0.156 uM under
optimized conditions such as BR buffer at pH 3.0, containing
anionic surfactant of 0.5 mM via SWV.'™ Subsequently,
a modified GCE modified nanoporous gold (NPG/GCE) using
DPV was explored, which showed an ETO detection limit of
20 nM in biological samples. It was anticipated that the oxida-
tion of phenolic hydroxyl groups on ETO would lead to an
increase in the production of ETO quinone, facilitated by NPG,
as illustrated in Fig. 3, within the electrochemical sensors
designed for the detection of phenolic compounds.'*

6.1.3 5-Fluorouracile (5-FU). It is an uracil derivative anti-
cancer drug that forms different adverse metabolites when
present inside the body, so it is necessary to control and
monitor its dosage. Herein, Hua et al. used MWCNTSs/
bromothymol blue (BTB) modified GCE for the detection of 5-
fluorouracil (5-FU). The LOD for this drug was found to be 0.267
uM by CV. The modified electrode was also tested for its stability
and it offered an RSD value of 5.4% over a time range of 15
days.'”” Moreover, a group of researchers succeeded in the
fabrication of a MIP-tuned Ag electrode which exhibited great
potential towards the determination of a 5-FU drug with an LOD
of 0.33 ng mL ™" in pharmaceuticals and blood plasma using
DPASV.” In another study, the quantification of the drug 5-FU
was conducted using SWV and LSV. The SWV method demon-
strated a superior limit of detection of 0.07 pM compared to
LSV, attributed to the low interfacial resistance and enhanced
charge transfer rate of the developed sensor utilizing zinc ferrite
magnetic nanoparticles and ionic liquids modified carbon
paste electrode designated as ZnFe,0,/MNPs/IL/CPE."*®
Another group of researchers reported DPV detection of 5-FU up
to 0.66 uM using a simple electrochemical probe based on CPE
tuned with porphyrin-capped Au nanoparticles. The rapid
electron transfer rate and efficient electrocatalytic performance
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of the modified electrode can be attributed to the superior
conductivity and extensive surface area of gold nanoparticles
present in the sensor.'® In addition, the fabrication of Ag
nanoparticles incorporated polyaniline nanocomposite modi-
fied PGE (AgNPs@PANI/PGE) was successfully achieved, which
exhibited super sensitivity towards the sensing of drug 5-FU
with an LOD 0.06 uM using the same electrochemical technique
in serum samples.™*’

Niazazari and coworkers examined the square wave voltam-
metric determination of the drug 5-FU by successfully fabri-
cating a modified CPE using platinum incorporated SWCNT (Pt-
SWCNTs) added with a n-hexyl-3-methylimidazolium hexa-
fluorophosphate (H3MHP) binder and found that the modi-
fied sensor performed better than other modified CPEs (CuO/IL/
CPE and GQD/BPBr/CPE) in terms of detection limit of up to
0.4 nM.”%”7"'* Most recently, a group of researchers fabricated
a novel sensor based on 2D hexagonal boron nitride nano-
composite encapsulated in polythiophene-modified GCE (PTh/
h-BN/GCE) for the monitoring of 5-FU using DPV and noticed
that the modified sensor exhibited great sensitivity up to 0.02
pM."* In a separate study, PGE modified by electro-
polymerization of glycine (poly(GLY)/PGE) was developed
which possessed an outstanding response towards the deter-
mination of 5-FU showing a detection limit of 0.012 uM using
the same method.”® Furthermore, Vazan and his coworkers re-
ported a LOD of 0.01 pM using cerium oxide-copper oxide
nanocomposite (CeO,-CuO) modified CPE by DPV. The sensi-
tivity and selectivity of modified sensor was attributed to oxygen
exchange capability of CeO, and its synergistic effect with CuO
which facilitated the redox reaction and catalytic behavior.
Additionally, 5-FU forms a complex with Cu®" ions, which
adsorbs at the surface of the electrode for improving the current
response of the drug.”

6.1.4 Doxorubicin (DOX). It is one of the anticancer drugs,
frequently employed to treat breast cancer. However, despite its
benefits, DOX causes several health issues. For the minute level
sensing of DOX, a novel and efficient renewable film electrode
based on silver amalgam (Hg (Ag)FE) was successfully fabri-
cated and found that the current sensor showed an LOD of 0.08
pg mL™' and 1.50 ng mL~' using SWV and AdSWV respec-
tively."* Similarly, Hajian and his coworkers succeeded in the
synthesis of MWCNTs modified Pt electrode, which was utilized
for the cyclic voltammetric monitoring of DOX with a LOD of
0.002 pg mL ™', The presence of DNA was found to reduce the
peak current of DOX at the constructed sensor, attributed to the
drug's binding with DNA and the intercalation mechanism,
which leads to a decreased diffusion coefficient, as illustrated in
Fig. 4.*° In addition, researchers reported poly(Azure B-
Proflavine) and poly(Azure B) modified GCE which showed
detection limits of 0.01 nM and 0.1 nM respectively using the
same method. Minor fluctuations in the current were observed
during the motoring of DOX with a modified electrode, likely
attributable to the hydrophobic characteristics of the analyte or
steric hindrance that impacts its adsorption on the copolymer
layer. This reduced activity may be advantageous when the
sensor is utilized for drug analysis.** Another study explored
linear sweep voltammetry for the determination of DOX using
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graphite-based SPE showing LOD of 1.6 pg mL™' and Au
nanoparticle incorporated carboxylic acid functionalized
MWCNTs functionalized GCPE with an LOD of 6.3 x 10> M
respectively. The reduction peak observed at —0.8 V for 5 uM
DOX is associated with the reduction of the quinone moiety,
which entails a two-electron transfer at the constructed
fMWCNTs/AuNPs/GCP. The linear sweep voltammogram illus-
trating this process is presented in Fig. 5.** Most recently,
investigators studied an electrochemical sensor made with
molybdenum disulfide incorporated Au nanorods modified SPE
(AuUNRDs/1T-MoS,/SPE) using AdSDPV which showed great
sensitivity towards the sensing of DOX up to 2.5 nM.*

In one particular study, DOX was analyzed by using two
electroanalytical techniques, CV and DPV with a detection limit
of up to 1.12 uM and 0.39 pM, respectively at the surface of
sodium dodecyl sulfate modified CPE (SDS/MCPE).** Similarly,
LOD of 1.53 x 107 '° M in water was detected at the surface of
graphene quantum dots (GRQD)-CNT paste electrode via DPV.*
Another group of researchers reported the fabrication of
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(A) CV profile of DOX at MWCNTSs/Pt electrode following the successive insertion of DNA. (B) and the corresponding reduction of peak

mesoporous silica (mSiO,) embedded MWCNTs modified GCE
and found that the current sensor exhibited nanomolar level
detection of DOX up to 14 nM using the same electroanalytical
technique. Several research groups are investigating the effec-
tive electro-oxidation of DOX by employing MWCNTs and
mesoporous silica as modifiers. The MWCNTs serve as
a conductive framework that enhances charge transfer during
the oxidation process, while mesoporous silica functions as
a host matrix to immobilize DOX molecules on its porous
surface. The combined effects of these materials significantly
enhance the overall performance of the sensor.*®

6.1.5 Imatinib (IMB). Imatinib is an antitumor medication
employed in the treatment of various tumors and leukemia. The
detection of imatinib in biological fluids and pharmaceuticals
is essential for monitoring therapeutic drug concentrations,
conducting pharmacokinetic studies, and ensuring the quality
control of medicinal products. In this regard, researchers have
successfully investigated the electrochemical oxidation charac-
teristics of imatinib for the first time using a boron-doped

-0.0002 | (b) oz _/
- se= " Py
-0.0004 M mana™ T el

__-0.0006 e

=

Ng -0.0008 ¢ z

< .0.0010 /, Y/

- -0.0012| &/ 4 &
-0.0014

-0.0016 5 g

-0.0018

-1.0 -09 -08 -0.7 -0.6 -0.5

E/V (vs. SCE)

04 -03

(a) Fabrication of MWCNTs-COOH/AuNPs/GCP and (b) corresponding LSV response of reduction of 5 uM DOX in 0.1 M PBS of pH 7.82
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diamond electrode (BDDE) through DPV. They found that the
current electrode showed a detection limit of 6.3 x 107° M in
human urine samples. The reduction signals of IMB have
previously been documented using hanging mercury electrodes;
however, due to mercury's toxicity, it has been substituted with
an environmentally friendly BDD material.*” Moreover, Rouhi
et al. reported the cyclic voltammetric detection of IMB with
a detection limit of 1.2 uM using Ni NPs modified CPE."* In
addition to previous studies, the determination of IMB via
AdSSWYV was reported using a unique sensor based on carboxyl
functionalized MWCNTs modified SPCE which showed
a detection limit of 7 nM with an RSD of <7% showcasing
superior sensitivity and reliability of the detection method.*** In
a separate study by Ghapanvari and his coworkers, they exam-
ined the DPV detection of IMB using Fe;O, NPs incorporated
MWCNTs/polyacrylonitrile nanofibers modified CPE that
showed a nanomolar level detection limit of 0.4 nM. The elec-
trocatalytic activity of Fe,O; particles significantly induced the
oxidation of IMB, leading to a shift in the peak and an increase
in the current density of the current modifier.*® Similarly, it has
been observed that various modified GCEs have been developed
for the detection of IMB via DPV. Notably, a nanocomposite of
terbium-doped iron oxide and graphitic carbon nitride on GCE
demonstrated a remarkable detection limit of 0.6 nM, out-
performing other modified electrode platforms such as (N, S-
CDs/CNTD, CuMOFs/MWCNTs) using the same electro-
chemical technique. The synergistic influence of terbium iron
oxide particles and graphitic carbon nitride improved overall
performance by addressing the low conductivity challenge
associated with graphitic carbon nitride.*>*****”

Mir et al. developed a Ta/Cd metal-organic framework inte-
grated with gold nanoparticles on a modified carbon paste
electrode. Their findings indicated that the current sensor
exhibited significant electrocatalytic activity for the oxidation of
the IMB drug, and DPV analysis demonstrated a high sensitivity
for detecting IMB in plasma, achieving a limit of detection of
3 nM.*® Researchers also presented an electrochemical investi-
gation of a metal-organic framework derived from a zeolitic
imidazolate framework (ZIF), which included graphene
quantum dots and copper ferrite nanoparticles modified glassy
carbon electrode (CuFe,0,/ZIF-8@GQDs/GCE). This study
utilized DPV and demonstrated a detection limit of 1.2 nM for
IMB. The designed sensor was found to amplify the oxidation
signal of IMB, attributed to the substantial surface area and
conductive properties of graphene quantum dots, along with
the synergistic interactions of the other components.® A recent
study has demonstrated a detection limit of 7.3 nM for the IMB
drug utilizing a reduced graphene oxide/chitosan modified
glassy carbon electrode (chitosan/rGO/GCE) through differen-
tial pulse voltammetry. The method also achieved a mean
recovery rate ranging from 95.00% to 99.20%, with a relative
standard deviation (RSD) between 3.10% and 4.49%, indicating
the method's reliability.*>

6.1.6 Mebendazole (MBZ). Methyl-(5-benzoyl-1H-
benzimidazol-2-yl) carbamate, commonly known as mebenda-
zole, is a synthetic and effective anthelmintic agent that targets
cestodes and tapeworms. Research has demonstrated that
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mebendazole possesses significant anti-cancer properties,
highlighting the need for precise and dependable detection
methods for MBZ in various samples. In response to this
requirement, a sensor was developed using carbon nanospheres
and chitosan, enhanced with graphene nanosheets on a glassy
carbon electrode. This modified sensor exhibited a limit of
detection of 10.5 nM in aqueous solutions, attributed to the
excellent film-forming properties and biocompatibility of chi-
tosan.” In another study, a detection limit of 0.6 uM for MBZ in
pharmaceutical formulations was achieved through the use of
LaFeO; perovskite-type nanoparticles modified sonogel carbon
paste electrodes (SNCPE) via DPV. The exceptional electrical
conductivity and stability of LaFeO; contribute significantly to
its electrocatalytic properties and ensure its dependability for
prolonged applications."®

In addition to previous studies, square wave adsorptive
stripping voltammetry (SWAdSV) determination of mebenda-
zole was reported using f{CNT-modified GCE (fCNTs-GCE) which
showed a detection limit of 19 nM. Its DFT study was also
performed to investigate the type of interaction, electronic
structure, and stable configuration of MBZ on fCNT.”* In
another study, researchers explored the electrochemical detec-
tion of MBZ utilizing Fe-doped nitrogen-enriched carbon
nanosheet frameworks (Fe-NCNF) integrated with MIP modi-
fied GCE. The study revealed that the sensor was capable of
detecting MBZ with LOD of 4 nM. The incorporation of FeNPs
solved the issue of poor electroconductivity of MIPs and
enhanced the overall sensing ability of the sensor.” Another
group of researchers successfully fabricated an electrochemical
sensor utilizing a nanocomposite of MWCNT and poly(o-anisi-
dine) (POA) modified GCE. The differential pulse voltammetry
analysis demonstrated that this sensor exhibited an enhanced
catalytic current response, attributed to its superior charge
transfer capability, with a detection limit of 0.4 uM for MBZ in
actual samples.”® Similarly investigators have also reported the
identification of the drug MBZ utilizing the same methodology,
achieving a limit of detection of 2.581 x 10~® M with a sensor
constructed from a nanocomposite of gallium nitride-
polyaniline-polypyrrole = (GaN-PANI-PPy) modified glassy
carbon electrode.”® The comprehensive performance evaluation
of voltammetric techniques for the electrochemical assessment
of various anticancer drugs is presented in Table 2.

6.2 Platinum based drugs in chemotherapy

Platinum-based drugs, including carboplatin, cisplatin, and
oxaliplatin, are commonly employed in the chemotherapeutic
treatment of cancer, as detailed in Table 2. Nonetheless, their
clinical application is often compromised by adverse effects
such as heightened toxicity, reduced sensitivity, and the devel-
opment of drug resistance, necessitating careful monitoring. In
this regard, electrochemical analysis of carboplatin has been
conducted using screen-printed carbon electrodes (SPCE) in
laboratory settings. The study revealed that the application of
various conductive inks on plastic or ceramic substrates
through screen printing offers advantages like cost-
effectiveness, flexibility, and ease of surface functionalization.
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Differential pulse voltammetry analysis indicated the presence
of carboplatin at 0.6 V, with a linear concentration range of 3.5
to 1350 uM and a detection limit of 1.6 ug mL ™" in artificial
tears, saliva, and human serum. Additionally, another investi-
gation focused on the electrochemical analysis of cisplatin
using DPV on a modified screen-printed electrode incorpo-
rating f/MWCNTs and sodium dodecyl sulfate, which was found
to be crucial for improving drug response, achieving a detection
limit of 4.6 uM in biological samples.”” Sodium dodecyl sulfate
serves to enhance the drug's adsorption and stabilize MWCNTs.
Gholivand et al. demonstrated a detection limit of 90 nM for
cisplatin utilizing a modified nanoporous glassy carbon elec-
trode integrated with graphene quantum dots and thionine.
The DPASV analysis indicated that the current sensor exhibited
high sensitivity in real samples, attributed to the interaction
between cisplatin and thionine, which was further augmented
by the distinctive properties of graphene quantum dots.*®
Another group of researchers explored graphene modified
GCE coated with bismuth nanoparticles to design selective and
sensitive sensors for the detection of cisplatin. The bismuth
nanoparticles serve to enhance surface area, electron transfer
rate, and catalytic activity while graphene possesses character-
istics such as large surface area, excellent chemical stability,
and superior conductivity for supporting metal nanosomes.
Electrochemical behavior was examined by DPV which showed
oxidation of cisplatin in the linear range of 6 pM to 80 pM and
a detection limit of 4.4 uM in human serum.’® Mahnashi and
colleagues developed a MIP-modified GCE utilizing N-doped
carbon nanotubes, silver nanoparticles, and copper metal-
organic frameworks (MIP-Ag@Cu-BDC/N-CNTs/GCE). This
electrode was employed for the DPV analysis of oxaliplatin,
achieving a detection limit of 0.016 ng mL™". It was found that
the conductivity and anchoring points for both the polymer
layer on the electrode surface were enhanced by combination of
N-CNTs and Ag/Cu-BDC.'™ Another group of researchers re-
ported the detection of oxaliplatin up to 60 nM through an
aptasensor that utilizes AuPd nanoparticles integrated with
reduced graphene oxide and multi-walled carbon nanotubes,
employing a similar methodology. Their findings revealed that
the folding and conformational changes of the aptamer oligo-
nucleotides hindered electron transfer, leading to a decrease in
anodic peak current as the concentration of the analyte
increased.”® In other study researchers identified a detection
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limit of 0.010 uM for oxaliplatin in urine and blood samples
using DPV at the surface of a nanocomposite comprising g-C3N,
and TiO, modified GCE. The combined effects of g-C3;N, and
TiO, significantly enhanced catalytic performance, as the
layered structure of g-C3N, contributed to an increased surface
area, while TiO, facilitated a higher electron transfer rate,
thereby enabling precise monitoring of the drug.***

6.3 Antibiotic drugs

Antibiotics are pharmaceutical agents employed to treat bacte-
rial infections. Potential side effects encompass allergic reac-
tions, nausea, and abdominal discomfort, alongside the risks
associated with inappropriate or prolonged usage, which can
result in antibiotic resistance. This resistance diminishes their
efficacy in addressing future health issues. Numerous
substantial research initiatives have been undertaken to
enhance the electrochemical monitoring of antibiotic medica-
tions, with several methodologies outlined in the following
sections:

6.3.1 Sulphadiazine (SUZ). This medication serves as an
antibacterial agent, effective in treating a range of infections,
including toxoplasmosis, urinary tract infections (UTIs), and
chancroid, among others. Nonetheless, concerns have emerged
regarding the long-term use and excessive application of SUZ,
which may lead to liver damage, genetic degradation, and
chronic toxicity. In this context, a team of researchers has
successfully developed a modified GCE that demonstrates
significant capability in assessing SUZ, achieving LOD of 7.1 pM
through cyclic voltammetry."* In a separate study, adsorptive
differential pulse cathodic stripping voltammetry (DP-CSV)
monitoring of SUZ was performed by using a hanging
mercury dropping electrode which exhibited LOD of 1.1 X
10~° M in wastewater.'?® Furthermore, Liu et al. investigated the
DPV determination of SUZ in real samples up to 0.68 pM using
MWCNT incorporated MIP modified GCE."”* In a separate
study, a 70 nM detection limit of SUZ has been reported by
using the same technique based on a novel copper antimony
compound modified SPCE (Cu,Sb/SPCE). The findings indi-
cated a significant surface area, reduced resistance coupled
with enhanced conductivity, improved electrocatalytic perfor-
mance, and greater electro-oxidation efficiency concerning the
oxidation of the NH group in SUZ, which entails the transfer of

Electrocatalysis

N
+ H,50,+ HZN—‘<\
N

Oxidized form
sSuUZ

Scheme 2 Electro-oxidation mechanism of sulphadiazine drug at Cu,Sb/SPCE 122
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(a) DPV profile of SUZ in the presence of 0.1 mM paracetamol at CdO/CPE. (b) Voltammogram of paracetamol in the presence of constant

0.1 mM SUZ using the same modified electrode.’®* Reproduced with permission from ref. 124. Copyright (2023) Inorg. Chem. Commun.

two electrons and two protons. This enhanced electrocatalytic
activity of SUZ can be attributed to the presence of Cu,Sb
nanoparticles, as illustrated in the accompanying Scheme 2.%**
SUZ followed an irreversible process with a lower oxidation
potential at physiological pH of 7.2. Another group of
researchers performed DPV analysis of SUZ and found that
strontium tungstate (StWO,) nanoflake modified GCE showed
an LOD of 0.009 pM.™ Subsequently, researchers utilized
electrochemical methods, specifically CV and DPV, for the
determination of SUZ using a cadmium oxide-modified carbon
paste electrode (CdO/CPE), which demonstrated a limit of
detection of 0.216 puM. Furthermore, the modifier employed
allows for the individual and selective monitoring of both SUZ
and paracetamol, as illustrated in Fig. 6, due to its exceptional
electrochemical properties.’* Most recently, Th,(WO,); modi-
fied CPE was reported for the detection of SUZ via CV. The LOD
was recorded to be 0.004 uM in real samples.'*®

6.3.2 Metronidazole (MNZ). This drug is used to treat
infections caused by bacteria such as abscess, vaginosis, amebic
liver, etc. However, it causes ataxia, peripheral neuropathy,
seizures, and other toxic responses in the human body when the
cumulative dosage of MNZ surpasses a particular limit.
Numerous analytical procedures have been proposed for its
monitoring. Chen et al. fabricated a unique sensor based on
magnetic molecularly imprinted polymer (MMIP) modified GCE
which showed improved sensitivity towards the evaluation of
MNZ with a detection limit of 1.6 x 10~® M by using DP-CSV.'?
In another study, researchers utilized cystic acid incorporated
graphene functionalized with poly(diallyl dimethylammonium
chloride) modified GCE towards the determination of MNZ by
using LSV which showed high sensitivity with a detection limit
2.3 nM." Similarly, a 0.1 nM detection limit has also been
achieved with a three-dimensional Au nanotube modified
carbon paste electrode through square wave anodic stripping
voltammetry, demonstrating that the sensor's high sensitivity is
attributed to the extensive surface area provided by the Au
nanotube.’ In another study, an ultrasensitive detection of
MNZ using a unique concept of support free electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry

platform based on MIP modified with Au-Ag microrods was
reported with a detection limit of 0.02 pM. The stability of the
sensor was also tested for about 15 days and it offered reason-
able stability with RSD value of 3.67%."° In addition the
determination of MNZ using LSV was conducted using porous
carbon materials doped with triple atoms (N, S, and P) derived
from biomass as an electrode sensor. This method demon-
strated a limit of detection of 0.013 uM and achieved a mean
recovery rate between 93.6% and 100.1%, with a relative stan-
dard deviation of 4.7%, indicating the method's reliability and
applicability."*® Similarly, a 5 nM detection limit of MNZ has
been reported by using heteroatom modified GCE with oxygen
enriched graphitic carbon nitride (O-gCN) via DPV method in
water samples. The challenge of low specific surface area in gCN
was addressed through the incorporation of heteroatom
dopants, which enhanced the electrocatalytic activity of the
sensor.”*' Another study on the same technique was reported
using nanocomposite based on graphitic carbon nitride incor-
porated molybdenum disulfide (MoS,) modified GCE which
showed a LOD of 0.099 uM for MNZ with an RSD value of
2.43%."** Subsequently, ultra-sensitive sensor was successfully
developed by integrating reduced graphene oxide and poly(-
glycine) with thermally annealed Au-Ag alloy nanoporous
matrix at GCE surface (TA-Au-Ag-ANpM/r-GO/poly(glycine)/
GCE). The square wave voltammograms presented in Fig. 7
identified MNZ in food samples, achieving a detection limit of
0.0312 pM. The electrode modifier's effectiveness is linked to
the crystalline structure and distinctive porosity of the novel
sensor material, which enhances sensitivity and increases
surface area by removing grain boundaries.**

6.3.3 Levofloxacin. It is one of the quinolone-type medica-
tions, typically prescribed as an antibiotic with a wide spectrum
for various types of human and animal illnesses. However, the
widespread use of levofloxacin raises the chance of developing
certain illnesses including pseudomembranous colitis, tendin-
opathy, heart disease, and muscle atrophy. In this context
a modified GCE utilizing gold nanoparticles combined with
a cerium oxide/gold nanofiber composite (AgNPs/CeO,-Au/
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Fig. 7 (a) Reduction mechanism and (b) the corresponding square
wave voltammogram of MNZ at TA-Au-Ag-ANpM/r-GO/poly(-
glycine)/GCE within a potential range of —1.2 to 0.1V, having reduction
peak potential of — 0.3 V. The inset shows a linear relationship between
the reduction peak current and concentration of MNZ.*** Reproduced
with permission from ref. 133. Copyright (2024) Chemosphere.

GCE) was effectively developed, that detected levofloxacin at
concentrations as low as 0.01 uM. The sensor exhibited a robust
current response, a stable matrix, and an extensive surface area,
as validated by DPV analysis.”** Similarly the detection limit of
levofloxacin at 10 uM was established using the cyclic voltam-
metry method with a boron-doped diamond electrode.™* Lei
Han and his colleagues investigated the linear sweep charac-
teristics of levofloxacin utilizing GCE with rGO-based poly(p-

40
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S

-
o

Fig. 8
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aminobenzene sulfonic acid). The designed sensor out-
performed other rGO-based electrodes, such as PDDA-rGO/
AuNPs/GCE, in terms of sensitivity, demonstrating a broader
linear range and LOD of 0.12 uM.*®'7 Another group of
researchers, studied the electrochemical response of poly(t-
cysteine) incorporated Au nanoparticles and rGO modified GCE
using DPV and found that the current sensor exhibited high
sensitivity towards levofloxacin with LOD of 3.0 x 10™'* M
under optimal settings such as 0.1 M PBS and a pH of 6.5. The -
cysteine is known to create numerous active sites for binding
the analyte and enhance electron transfer. The determination of
levofloxacin up to picomolar level at AuNPs/rGO/GCE via DPV is
shown in Fig. 8.%** Levofloxacin undergoes irreversible oxidation
at the electrode, characterized by a distinct peak resulting from
a stable matrix created by rGO on L-cysteine, which is utilized for
the incorporation of AuNPs. The combination of these elements
significantly improves both the sensitivity and selectivity for the
drug. The proposed oxidation mechanism involves the transfer
of two electrons and two protons, while the anodic peak
observed within the potential range of 0.7 to 1.2 V is linked to
the irreversible oxidation of the electron-donating piperazine
group, leading to the formation of the drug's oxidized form at
the AuNPs/rGO/GCE, which is subsequently detected
electrochemically.

6.3.4 Chloramphenicol (CAP). Chloramphenicol is a wide-
spectrum antibiotic frequently used to cure infectious disor-
ders in animals and humans because of its effectiveness against
both Gram-positive and Gram-negative bacteria. A group of
investigators reported the square wave analysis of CAP in
human urine samples by using gold nanoparticles embellished
magnetite particles stabilized with carboxymethyl cellulose
(CMC) on a GCE (Au@Fe;0,-CMC/GCE) which showed high
sensitivity towards CAP with an LOD of 6.6 x 10 ® M due to
large surface area of Au shell nanoparticles in association with
core iron nanoparticles which help overcome reactivity issues of
Fe NPs.'* Later, another group of researchers fabricated an
efficient sensor based on exfoliated porous carbon (EPC)
modified GCE which showed a detection limit of 2.9 x 10™° M,
better than the previously reported one by using the same

(b) 2
y =9.148x + 10.598

R? = 0.9956

19 »

b
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I/nA
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log C/uM

25
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(a) Mechanism of levofloxacin and (b) the DPV voltammogram at varying concentrations from 0.1 to 100 uM using AuNPs/rGO/GCE *#

Reproduced with permission from ref. 138. Copyright (2019) Microchem. J.*3®
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analytical technique. This was attributed to large surface area
and enhanced dispensability of EPC.**° Another sensor based
on nanohybrid material 3D CNTs/Cu nanoparticles with MIP
modified GCE was reported to have LOD of 10 pM. The sensor
was also found quite stable as it offered an RSD value of 0.99%
when subjected to repeatability experiments for about 1 month
using CV."* Researchers utilized Ag nanoparticles and short
chain -COOH functionalized MWCNTs modified GCE for the
accurate and precise linear sweep stripping voltammetric eval-
uation of CAP with LOD of 0.049 puM in real matrices. The
enhanced conductivity and increased surface area provided by
gold nanoparticles in conjunction with fMWCNTSs resulted in
effective charge transfer between the GCE and the target
compound.**?In a similar study, the detection of the same drug
at concentrations as low as 9.84 nM was achieved using a GCE
modified with MWCNTs and copper nanodendrites (CuNDs)
through linear sweep voltammetry. This sensor demonstrated
superior sensitivity compared to the previous one, attributed to
the excellent conductivity and cost-effectiveness of copper
nanoparticles relative to noble metal nanoparticles, which
enhance the bonding with MWCNTs and overall catalytic effi-
ciency."* Another sensor identified CAP in milk samples with
a limit of detection of 8.7 nM by employing differential pulse
voltammetry at the GCE modified with nanoscale manganese
oxide particles, attributed to their enhanced surface area,
biocompatibility, and excellent chemical stability.**

6.3.5 Ofloxacin. It belongs to the second generation of
antibiotics having a significant effect against respiratory infec-
tions such as (pneumonia, bronchitis) along with infections of
the skin and reproductive organs. For the low-level monitoring
of ofloxacin, investigators presented a unique sensor based on
nanocomposites  (HPMoFP(1-phenyl-3-methyl-4-(2-furoyl)-5-
pyrazolone) and polypyrrole (PPy)) modified GCE which
showed a detection limit of 6.5 x 10~® M via DPV in ophthalmic
solution samples.**® Square wave adsorptive anodic stripping
voltammetric (SWAdASV) analysis of ofloxacin at graphene
oxide incorporated ionic liquid modified CPE (GO-IL/CPE) was
reported which possessed a low LOD of 2.8 x 107'° M in
ophthalmic and human urine samples. It was observed that
ionic liquid as a modifier enhanced heterogeneous electron
transport and catalytic response in combination with nano-
materials like graphene.™® In a separate case study, decorated
Pt-Au with rGO-modified GCE was designed to evaluate oflox-
acin in human urine and tablets via DPV up to 0.05 uM.**” The
alloying of Pt with Au was found to remarkably improve the
electrocatalytic response of Pt for ofloxacin. Another sensor
based on graphene-incorporated zinc oxide composite immo-
bilized onto a GCE detected ofloxacin up to 0.33 puM in real
samples using the same detection method.*® In another study,
cyclic voltammetry was used for the detection of ofloxacin with
LOD of 0.037 uM using GCE modified with a nanocomposite of
Pt/KB/CD-MOFs. The Ketjen black (CB) in the modifier resolved
the low conductivity issue of CD-MOFs and enhanced the
overall efficiency in combination with Pt nanoparticles.'*
Similarly, investigators studied the detection of ofloxacin using
MXene-based composite modified GCE (nAu@Ti;C,T,/PABSA/
GCE) which showed a detection limit of 3.7 x 10~® M via DPV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in real samples.”™ Another document details the use of linear
sweep voltammetry for the determination of ofloxacin in actual
samples, achieving a limit of detection of 0.12 pM with an
electrode modified by a nanocomposite of molybdenum disul-
fide and multi-walled carbon nanotubes.'*

6.3.6 Ciprofloxacin (CIP). It is a 3rd generation antibiotic
frequently prescribed for infections including urinary tract
infections, chronic bacterium prostatitis, and respiratory tract.
Voltammetric techniques are widely used for the detection of
ciprofloxacin. Bagheri and colleagues indicated that the
combination of MWCNTs and Fe,O; nanoparticles led to the
development of a magnetic MWCNT/MIP sensor, which
exhibited improved electron transfer rates and overall catalytic
performance. The DPV assessment of ciprofloxacin in biological
fluids and pharmaceutical formulations utilizing this sensor
revealed a limit of detection of 1.7 nM.*** Similarly, reports have
shown nanomolar level detection of CIP using the same tech-
nique with an LOD of 5 nM at -COOH functionalized MWCNT
modified BDD electrode in water samples. It was observed that
functionalized CNTs greatly influence the electrochemical
activity by facilitating enhanced interaction with the drug.'** In
a separate study, cyclic voltammetric determination of CIP was
reported using novel polyaniline film decorated B-cyclodextrin
with MWCNT modified GCE. The analysis showed that the
tuned electrode possessed a large surface area that detected CIP
with LOD of 50 nM in water samples."* The assessment of CIP
and the influence of surface termination on electrochemical
performance was conducted using Boron doped diamond
powder (BDDP) as a reference. Oxygen-terminated and
hydrogen-terminated BDDP (O-BDDP and H-BDDP) were
combined with resin to create an ink suitable for application on
printed electrodes. The results from linear sweep voltammetry
indicated that the oxygen-terminated BDDP printed electrode
exhibited a more pronounced anodic peak and a greater current
density, achieving a limit of detection of 0.59 uM and a mean
recovery rate of 107% in urine samples.”” In another study,
researchers examined the square wave signature of CIP by
utilizing a PGE and found that the current electrode possessed
an LOD of 5.6 uM in pharmaceutical formulations due to
unique characteristics of PGE such as high stability, broad
potential range, and strong analyte adsorption.’® Another
group of researchers modified GCE with 2-(hydroxymethyl)
thiophene (p(2 TM)) and discovered that p(2 TM) on the GCE
exhibits significant electrocatalytic activity for ciprofloxacin.
Additionally, square wave stripping voltammetric analysis
demonstrated its high sensitivity to CIP, achieving a limit of
detection of 7 nM in urine samples.”” Further, analytical
capabilities of various voltammetric techniques for the deter-
mination of antibiotics are presented in Table 3.

6.4 PB-Lactams

Apart from the antibiotics discussed in the previous sections,
beta-lactams, specifically cefixime and amoxicillin, are utilized
for the treatment of bacterial infections listed in Table 3. The
distinct chemical and pharmacological properties of various
beta-lactams arise mainly from the side chains attached to the
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beta-lactam ring. Nevertheless, the overuse of beta-lactams can
lead to adverse effects such as bleeding, nausea, rashes, and
vomiting, necessitating careful monitoring. For example,
a detection limit of 5.9 x 1077 M for the drug cefixime was
observed at BDDE using SWV. The BDDE facilitated highly
sensitive and selective detection of cefixime. By analyzing the
oxidation peak current at 1.25 V in relation to cefixime
concentration, the electrochemical behavior was evaluated,
indicating that the process is irreversible.”® In a study con-
ducted by Darabi et al. a modified CPE was utilized as a sensor
for cefixime, incorporating a synthesized rGO/CoFe,O,/IL (1-
ethyl-3-methylimidazolium) nanocomposite. The selection of
CoFe, 0, was based on its excellent electrical characteristics
when paired with rGO, along with the rapid electron transfer
capabilities of the ionic liquid, 1-ethyl-3-methylimidazolium
chloride, recognized for its high conductivity. The differential
pulse voltammetry analysis revealed a detection limit of 0.035
uM at an oxidation peak potential of 0.85 V.** Another sensor
made of CPE modified with Cu(Him), and IL was also used to
monitor cefixime via DPV. The electrode modifier led to
significant enhancement in anodic peak current of cefixime
with a detection limit of 0.5 nM.**® Another group of researchers
synthesized Ag nanoparticles amalgam paste microelectrode
(AgNP-APME) and investigated the electrochemical reduction of
cefixime by CV, SW, and DP cathodic stripping voltammetry.
Within the potential range of —1.2 to —0.4 V, CV revealed
a single reduction peak, whereas DP-CSV and SW-CSV displayed
two distinct peaks, which were attributed to the reduction of
unsaturated C=N (ozo-methine) and C=C groups, corre-
sponding to four and two electron transfers, respectively. A
detection limit of 2.6 x 10~® M was obtained by SW-CSV in the
linear concentration range of 0.1-1.60 pM.***

Amoxicillin (AMX) was identified at a detection limit of 0.193
uM using a reduced graphene oxide nanosheet-based electrode
(rGOnS) through square wave voltammetry. The sensor exhibi-
ted an oxidation signal for AMX that was tenfold higher
compared to an unmodified graphite electrode, attributed to
extensive surface area, rapid electron transfer rate, and
enhanced stability of the modified electrode.'®> Another group
of researchers reported SWV analysis of AMX in the linear range
of 10-150 uM at modified GCE based on poly(4-amino-3-
hydroxynaphthalene-1-sulfonic acid) and found that peak
current response linearly increased with the addition of AMX
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concentration with a detection limit of 9.9 nM.'®* MIP-
incorporated graphene oxide-modified GCE was synthesized
to analyze AMX via DPV, the incorporation of graphene oxide
effectively addressed the issues of low conductivity and reduced
sensitivity in MIP, attributed to its extensive surface area and
enhanced conductivity. This modification achieved a limit of
detection of 0.29 nM at an oxidation peak potential of 0.1 V.**
Another study reports electrochemical analysis of amoxicillin at
zinc integrated hydroxyapatite modified CPE. The designed
sensor analyzed amoxicillin by oxidative mechanism and the
sensor material was pre-activated by using UV radiations that
enhanced its electrocatalytic response. The oxidation mecha-
nism involved two protons and two electrons at Zn/NPh/CPE
with a detection limit of 1.58 x 1077 M.*

7. Critical analysis of the
electrochemical techniques

Various voltammetric techniques such as CV, LSV, DPV and
SWV each offer unique advantages and limitations. CV is often
favored for its versatility, efficiency, and ability to provide
mechanistic insights, although it faces challenges such as
matrix interference and sensitivity issues. LSV is appreciated for
its simplicity and low detection limit, yet it has a limited
dynamic range and lower sensitivity compared to DPV and SWV.
DPV is recognized for its straightforward application, low
background current, and usefulness in pharmacodynamics and
pharmacokinetics, although it can be time-intensive.
Conversely, SWV is noted for its high sensitivity, yielding peak
currents up to four times greater than those of DPV, and it is
quicker and suitable for electrode kinetic studies. However, it
requires complex data analysis and careful parameter optimi-
zation. A summary of the primary benefits and drawbacks of
these voltammetric techniques is provided in Table 4.
Through the comparison of these voltammetric techniques,
researchers gain insights into the specific strengths and limi-
tations of each method. Cyclic voltammetry is particularly rec-
ommended for comprehensive qualitative analysis and
mechanistic investigations, while linear sweep voltammetry
serves as a valuable tool for fundamental electrochemical
assessments. DPV and SWV are more appropriate for analyses
requiring high sensitivity. Additionally, researchers can validate

Table 4 Comparison summary of the key advantages and limitations of voltammetric techniques

S. No Technique Key advantages Key limitations

1 Cyclic voltammetry (CV) Versatility, high efficiency, Matrix interference, less sensitivity
adaptability, provides mechanistic
insight

2 Linear sweep voltammetry (LSV) Simple Limited dynamic range, poor

sensitivity
3 Differential pulse voltammetry Easy applicability, minimum Time consuming
(DPV) background current, strong

sensitivity

4 Square wave voltammetry (SWV) Excellent sensitivity, fast, electrode Complex data analysis, parameter

kinetic study

© 2024 The Author(s). Published by the Royal Society of Chemistry
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their experimental findings in electrochemical studies by
juxtaposing them with theoretical outcomes derived from
computational analyses.

8. Density functional theory study of
anticancer and antibiotic drugs

Density functional theory (DFT) serves as a valuable tool for
examining and predicting the redox potential, reactivity of
pharmaceutical compounds, and their electronic structure.'®®
By focusing on electron density and its correlation with external
potential, DFT facilitates the estimation of various characteris-
tics, including molecular geometry, energy levels, and reaction
parameters.'®” Despite its limitations, DFT remains instru-
mental in understanding and forecasting electron behavior in
atoms and molecules.'® This review extensively investigates the
oxidation mechanism of MBZ through voltammetric methods,
while also employing DFT alongside experimental data to
elucidate the adsorption process of MBZ on the modified elec-
trode surface. The findings obtained were intended to clarify the
interaction mechanism of MBZ with the (10—0) carboxylic acid
functionalized CNT-modified electrode surface, as well as to
detail the electrical and structural properties of CNT-based
sensors affected by the adsorption process. The optimized
structure of CNTs is illustrated in Fig. 9A, while Fig. 9B depicts
the functionalization of CNTs with various groups, including
amine, imine, ester, and carbonyl in configurations A, B, C, and
D. The results indicated that configuration A exhibited a higher
adsorption energy (E.qs = —0.351 eV), a shorter distance, and an
increased charge transfer between the drug MBZ and the
functionalized CNTs, confirming effective adsorption. The bond
distances for the different configurations are presented in
Fig. 10. Furthermore, functionalized CNTs were identified as
effective electrode modifiers, characterized by a lower and
negative adsorption energy value (E,qs = —0.770 eV) and
minimal impact on the electronic structure of fCNT, thereby
enabling a straightforward, rapid, and precise method for the
careful assessment of drugs.*

Fig. 9 (A) Front image of supercell optimized with (10-0) function-
alized carbon nanotubes. (B) Different optimized configuration (A, B, C,
D) of MBZ while atoms C, H, O and N are represented by blue, grey, red
and white balls.** Reproduced with permission from ref. 94. Copyright
(2016) Mater. Sci. Eng.
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(D)

Fig.10 The optimized configuration of MBZ on functionalized CNTs is
represented by (A), (B), (C), (D) and bond distance expressed in
angstrom.®* Reproduced with permission from ref. 94. Copyright
(2016) Mater. Sci. Eng.

Xiao and colleagues explored the sensing mechanism for
detecting fluoroquinolone antibiotics, specifically ofloxacin and
ciprofloxacin, utilizing DFT simulations to calculate the LUMO
and HOMO energy levels via B3LYP/6-31G*. This research
supports the photoinduced electron transfer theory and
provides significant insights into the development of fluores-
cent sensing materials for antibiotics applicable in various
fields."® By integrating computational studies with electro-
chemical sensing, a deeper understanding of drug interactions
and properties is achieved, facilitating advancements in sensor
design, pharmaceutical formulations, and the assessment of
pharmaceutical behavior across different matrices, thereby
enhancing the accuracy and reliability of drug analysis."”

9. Challenges and future perspectives

Voltammetric techniques are particularly effective for investi-
gating the redox properties of active pharmaceutical ingredi-
ents, offering insights into drug mechanisms and in vivo redox
processes. However, these methods face several challenges,
notably the need for the development of selective, reliable,
sensitive, and reproducible sensors.” A major issue is the
overpotential required to initiate electron transfer in redox
reactions, which hampers sensitivity and practical application
in real-world scenarios. Additionally, the manual processing of
samples involves multiple steps that can introduce systematic
errors and prolong the electrochemical analysis.'”> Moreover,
interference from other biomolecules or metabolites may result
in false positives or negatives due to structural similarities,
complicating the analysis further. While the integration of
nanotechnology is progressing rapidly, it remains in its early
stages, particularly in the medical field, and its practical
applications in real-world settings have yet to be fully realized.

Future developments present significant opportunities for
the production of electrochemical sensing devices tailored for
advanced applications in pharmaceuticals, biology, and clinical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diagnostics. It is essential to improve the accuracy and reli-
ability of these methods for monitoring pharmaceuticals in
both environmental and clinical settings by refining techniques
and enhancing the synthesis of nanomaterials used as sensing
platforms. Ensuring sensor reproducibility is crucial for
commercialization. Additionally, conducting in vivo measure-
ments will support research that mimics natural physiological
conditions, while prioritizing miniaturization techniques for
electrodes is vital to reduce potential harm to subjects. This
includes the development of wearable and implantable sensors.
Given the critical role of nanomaterial-based electrochemical
sensors, they are anticipated to effectively analyze real samples
without the need for complex preparation. Moreover, the
application of molecularly imprinted polymers (MIPs) in
chemical and biosensors represents a promising research
avenue. There is also considerable interest in multi-target
sensors designed to detect emerging environmental contami-
nants, enabling simultaneous multiplex sensing of analytes,
thereby enhancing the efficiency and effectiveness of the tech-
nique. Efforts must focus on enhancing electrode modification
strategies to guarantee the long-term stability of electrodes.
Advances in sensor technology have facilitated the use of
sustainable materials, which can reduce costs and enhance
affordability, although initial expenses may still be high,
particularly in resource-limited environments. Therefore, there
is a pressing need for cost-effective electrochemical sensors to
ensure accessibility for the general public.'” It is expected that
future developments will increasingly emphasize the use of
biodegradable materials in sensors and their incorporation into
microfluidic devices, paving the way for environmentally
friendly and highly efficient automated detection systems.

10. Conclusion

Undoubtedly, the production and application of anticancer and
antibiotic medications have improved health status and well-
being. However, protection from the toxic effects of drugs and
understanding their mechanism of action demands further
research. This document on the detection of pharmaceutical
residues brings attention to the importance of nanomaterials
based electrochemical sensors for the protection of human
health. This work highlights voltammetry as a highly efficient
tool for examining the redox characteristics of drugs and their
low-level detection. The versatile, environmentally benign, and
sustainable nature of the voltammetric technique makes it
a valuable tool for monitoring and analysis. This review pres-
ents the redox mechanisms of anticancer and antibiotics based
on results obtained from electroanalytical techniques that give
awareness about the metabolic fate of these drugs. Nano-
materials based electrochemical sensors play a fundamental
role in revealing the existence of pharmaceutical residues that
pose a risk to ecosystem while the difficulties being encoun-
tered in the use and selection of electrode modifiers for
enhancing sensing events suggest this field as a hot area of
future research. DFT studies suggest that integration of theo-
retical chemistry and electrochemical sensing can provide
valuable mechanistic insights about electron transfer events

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between the electrode and redox responsive drug residue. This
review presents the versatility of the electrochemical techniques
for drug detection and analysis and encourages further research
and innovation in environmental and health sectors. It can
support decision-making for reducing the impact of hazardous
residues on human health and water dwelling organisms by
giving precise and timely data on pharmaceutical effluents.
Future research should focus on electrode modifiers that
enhance sensitivity characteristics, probing novel interfaces for
efficient detection, and improving data analysis methods to
overcome onsite detection challenges.

Data availability

The authors declare that the data are available in this manu-
script in the form of tables and figures.

Conflicts of interest

The authors declare no conflict of interest regarding the
publication of this manuscript.

Acknowledgements

We acknowledge the support of Quaid-i-Azam University and
Higher Education Commission of Pakistan for supporting this
work.

References

1 G. Picci, S. Marchesan and C. Caltagirone, Biomedicines,
2022, 10, 885.

2 S. A. Sufj, S. Pajaniradje, V. Mukherjee and R. Rajagopalan,
Antioxid. Redox Signaling, 2019, 30, 762-785.

3 C.A.Das, V. G. Kumar, T. S. Dhas, V. Karthick and C. V. Kumar,
Nanomed. Nanotechnol. Biol. Med., 2023, 47, 102613.

4 C. Laghlimi, A. Moutcine, A. Chtaini, J. Isaad, A. Soufi,
Y. Ziat, H. Amhamdi and H. Belkhanchi, ADMET DMPK,
2023, 11, 151-173.

5 U. Anand, A. Dey, A. K. S. Chandel, R. Sanyal, A. Mishra,
D. K. Pandey, V. De Falco, A. Upadhyay, R. Kandimalla
and A. Chaudhary, Genes Dis., 2023, 10, 1367-1401.

6 N. S. Alsaiariy, K. M. M. Katubi, F. M. Alzahrani,
S. M. Siddeeg and M. A. Tahoon, Micromachines, 2021, 12,
308.

7 M. Misik, M. Filipic, A. Nersesyan, M. Kundi, M. Isidori and
S. Knasmueller, Water Res., 2019, 164, 114953.

8 P. Khodayari, N. Jalilian, H. Ebrahimzadeh and S. Amini, J.
Chromatogr. A, 2021, 1655, 462484.

9 E. M. Aghdam, M. S. Hejazi and A. Barzegar, Gene, 2016,
592, 244-259.

10 M. Chaudhary, A. Kumar, A. Devi, B. P. Singh, B. D. Malhotra,
K. Singhal, S. Shukla, S. Ponnada, R. K. Sharma and
C. A. Vega-Olivencia, Mater. Adv., 2023, 4, 432-457.

11 R. Agarwal, D. Jhankal, R. Yadav and K. Jhankal, J. Appl.
Electrochem., 2024, 54, 1095-1107.

RSC Adv, 2024, 14, 36633-36655 | 36651


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra05685j

Open Access Article. Published on 18 November 2024. Downloaded on 1/20/2026 7:21:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

12 R. Agarwal, R. Yadav, R. K. Sharma, D. Sharma and
K. Jhankal, Indian J. Chem. Technol., 2023, 30, 124-130.

13 A. Molina and ]J. Gonzalez, Monographs in Electrochemistry,
2016.

14 B. J. Sanghavi, O. S. Wolfbeis, T. Hirsch and N. S. Swami,
Microchim. Acta, 2015, 182, 1-41.

15 H. Teymourian, M. Parrilla, J. R. Sempionatto,
N. F. Montiel, A. Barfidokht, R. Van Echelpoel, K. De Wael
and J. Wang, ACS Sens., 2020, 5, 2679-2700.

16 S. I. Kaya, S. Kurbanoglu and S. A. Ozkan, Crit. Rev. Anal.
Chem., 2019, 49, 101-125.

17 F. J. Iftikhar, A. Shah, M. S. Akhter, S. Kurbanoglu and
S. A. Ozkan, in New Developments in Nanosensors for
Pharmaceutical Analysis, Elsevier, 2019, pp. 1-46.

18 V. Chaudhary, N. Ashraf, M. Khalid, R. Walvekar, Y. Yang,
A. Kaushik and Y. K. Mishra, Adv. Funct. Mater., 2022, 32,
2112913.

19 J. F. Hernandez-Rodriguez, D. Rojas and A. Escarpa, Anal.
Chem., 2020, 93, 167-183.

20 X. Liang, P. Wu, Q. Yang, Y. Xie, C. He, L. Yin, Z. Yin, G. Yue,
Y. Zou and L. Li, Eur. J. Med. Chem., 2021, 220, 113473.

21 J. V. F. da Silva, E. C. da Silva, E. G. da Silva, A. L. Ferreira
and A. P. R. A. Rodrigues, Ciénc. Biol. Saude, 2016, 3, 43.

22 A. Joshi and K.-H. Kim, Biosens. Bioelectron., 2020, 153,
112046.

23 N. Soltani, N. Tavakkoli, R. Malakoti, F. Davar,
M. Khayatkashani and H. Salavati, Microchem. J., 2022,
183, 108016.

24 W. Zhang, R. Lu, X. Fan and Y. Weng, Alexandria Eng. J.,
2023, 77, 247-254.

25 T. Dodevska, D. Hadzhiev and I. Shterev, ADMET DMPK,
2023, 11, 135-150.

26 G. Mi, H. Shi, M. Yang, C. Wang, H. Hao and ]J. Fan,
Spectrochim. Acta, Part A, 2020, 241, 118673.

27 G. Gajski, M. Geri¢, A.-M. Domijan, I. Golubovi¢ and
V. Garaj-Vrhovac, Saudi Pharm. J., 2019, 27, 1216-1221.

28 M. Ghalkhani and S. Maghsoudi, J. Mater. Sci.: Mater.
Electron., 2017, 28, 13665-13672.

29 S. Sazideh and M. R. Shishehbore, Russ. J. Electrochem.,
2021, 57, 1224-1235.

30 A. Pusta, M. Tertis, C. Ardusadan, S. Mirel and C. Cristea,
Nanomaterials, 2024, 14, 793.

31 M. M. El-Wekil, M. Darweesh, M. S. A. Shaykoon and R. Alj,
Talanta, 2020, 217, 121084.

32 C. Stange and A. Tiehm, Sci. Total Environ., 2020, 742, 140529.

33 Y. Wang, L. Yao, X. Liu, J. Cheng, W. Liu, T. Liu, M. Sun,
L. Zhao, F. Ding and Z. Lu, Biosens. Bioelectron., 2019,
142, 111483.

34 F. Wang, L. Zhu and J. Zhang, Sens. Actuators, B, 2014, 192,
642-647.

35 Y. Sun, G. I. Waterhouse, X. Qiao, J. Xiao and Z. Xu, Food
Chem., 2023, 410, 135434.

36 S. Tajik, H. Beitollahi, F. G. Nejad, I. Sheikhshoaie,
A. S. Nugraha, H. W. Jang, Y. Yamauchi and
M. Shokouhimehr, J. Mater. Chem. A, 2021, 9, 8195-8220.

36652 | RSC Adv, 2024, 14, 36633-36655

View Article Online

Review

37 M. Azriouil, M. Matrouf, F. Ettadili, F. Laghrib, A. Farahi,
S. Sagrane, M. Bakasse, S. Lahrich and M. El Mhammedi,
Food Chem. Toxicol., 2022, 168, 113378.

38 R. Darabi and M. Shabani-Nooshabadi, J. Pharm. Biomed.
Anal., 2022, 212, 114657.

39 B. Chhaibi, K. Elaslani, A. Loudiki, F. Laghrib, S. Saqrane,
M. Bakasse, S. Lahrich, A. Farahi and M. El Mhammedi,
Mater. Chem. Phys., 2024, 318, 129315.

40 D. Manika, A. Ayele and A. J. Anal, Pharm. Chem., 2022, 9,
1144.

41 A. Onopiuk, K. Kotodziejczak, M. Marcinkowska-Lesiak and
A. Poltorak, Food Chem., 2022, 373, 131506.

42 X. Dou, L. Zhang, R. Yang, X. Wang, L. Yu, X. Yue, F. Ma,
J. Mao, X. Wang and P. Li, Food Chem., 2022, 370, 131373.

43 J. Wang, J. Zhao, S. Nie, M. Xie and S. Li, Food Chem., 2023,
399, 133968.

44 F. Sun, W. Ma, L. Xu, Y. Zhu, L. Liu, C. Peng, L. Wang,
H. Kuang and C. Xu, TrAC, Trends Anal. Chem., 2010, 29,
1239-12409.

45 O. A. Farghaly, R. A. Hameed and A.-A. H. Abu-Nawwas, Int.
J. Electrochem. Sci., 2014, 9, 3287-3318.

46 S. Rahman, B. Bozal-Palabiyik, D. N. Unal, C. Erkmen,
M. Siddiq, A. Shah and B. Uslu, Trends Environ. Anal.
Chem., 2022, 36, €00176.

47 B. Uslu and S. A. Ozkan, Anal. Lett., 2011, 44, 2644-2702.

48 D. Sangamithirai, S. Munusamy, V. Narayanan and
A. Stephen, Polym. Bull., 2018, 75, 3127-3147.

49 T. Lin, Y. Xu, A. Zhao, W. He and F. Xiao, Anal. Chim. Acta,
2022, 1207, 339461.

50 A. Yang and F. Yan, ACS Appl. Electron. Mater., 2020, 3, 53—
67.

51 L.-G. Munteanu and C. Apetrei, Int. J. Mol. Sci., 2021, 22,
8897.

52 F. G. Nejad, S. Tajik, H. Beitollahi and I. Sheikhshoaie,
Talanta, 2021, 228, 122075.

53 B. Thomas, M. C. Raj, J. Joy, A. Moores, G. L. Drisko and
C. Sanchez, Chem. Rev., 2018, 118, 11575-11625.

54 W. Park, H. Shin, B. Choi, W.-K. Rhim, K. Na and D. K. Han,
Prog. Mater. Sci., 2020, 114, 100686.

55 S. K. Krishnan, E. Singh, P. Singh, M. Meyyappan and
H. S. Nalwa, RSC Adv., 2019, 9, 8778-8881.

56 S. Hrapovic, E. Majid, Y. Liu, K. Male and J. H. Luong, Anal.
Chem., 2006, 78, 5504-5512.

57 O. Dominguez-Renedo, L. Ruiz-Espelt, N. Garcia-Astorgano
and M. ]J. Arcos-Martinez, Talanta, 2008, 76, 854-858.

58 N. Baig, I. Kammakakam and W. Falath, Mater. Adv., 2021,
2,1821-1871.

59 W. Park, H. Shin, B. Choi, W.-K. Rhim, K. Na and D. K. Han,
Prog. Mater. Sci., 2020, 114, 100686.

60 H. Afsharara, E. Asadian, B. Mostafiz, K. Banan,
S. A. Bigdeli, D. Hatamabadi, A. Keshavarz,
C. M. Hussain, R. Kecili and F. Ghorbani-Bidkorpeh,
TrAC, Trends Anal. Chem., 2023, 160, 116949.

61 A. Mokhtarzadeh, R. Eivazzadeh-Keihan, P. Pashazadeh,
M. Hejazi, N. Gharaatifar, M. Hasanzadeh, B. Baradaran
and M. de la Guardia, TrAC, Trends Anal. Chem., 2017, 97,
445-457.

© 2024 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/d4ra05685j

Open Access Article. Published on 18 November 2024. Downloaded on 1/20/2026 7:21:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

62 G. Maduraiveeran, M. Sasidharan and W. Jin, Prog. Mater.
Sci., 2019, 106, 100574.

63 W.-H. Chen, S. Maheshwaran, Y.-K. Park and H. C. Ong, Sci.
Total Environ., 2024, 953, 176128.

64 K. Radhapyari, P. Kotoky and R. Khan, Mater. Sci. Eng. C,
2013, 33, 583-587.

65 Z. D. Falahieh, M. Jalali, M. Alimoradi, J. Albadi and
A. Niazi, J. Mex. Chem. Soc., 2019, 63, 33—s42.

66 S. Shafaei, E. Hosseinzadeh, G. S. Kanberoglu,
B. Khalilzadeh and R. Mohammad-Rezaei, J. Mater. Sci.:
Mater. Electron., 2021, 32, 14601-14609.

67 N. Raeisi-Kheirabadi and A. Nezamzadeh-Ejhieh,
ChemistrySelect, 2022, 7, €202203788.

68 N. Soltani, N. Tavakkoli, R. Malakoti, F. Davar,
M. Khayatkashani and H. Salavati, Microchem. J., 2022,
183, 108016.

69 B. Bozal-Palabiyik, B. Dogan-Topal, B. Uslu, A. Can and
S. A. Ozkan, J. Solid State Electrochem., 2013, 17, 2815-2822.

70 H. V. Nguyen, L. Richtera, A. Moulick, K. Xhaxhiu, J. Kudr,
N. Cernei, H. Polanska, Z. Heger, M. Masarik and P. Kopel,
Analyst, 2016, 141, 2665-2675.

71 H. Hrichi, L. Monser and N. Adhoum, Int. J. Electrochem.,
2019, 2019, 12.

72 M. L. Majeed and E. A. Al-Jawadi, J. Phys.: Conf. Ser., 2020,
1660, 012092.

73 C. Topkaya, S. Aslan, T. Hokelek, T. Goktiirk, S. Kincal,
D. B. Altuntas and R. Giip, J. Mol. Struct., 2022, 1265,
133339.

74 N. Soltani, M. Khayatkashani, J. Ebrahimian, N. Tavakkoli,
A. Rezaei, A. Ryadh and M. Salavati-Niasari, J. Alloys
Compd., 2023, 968, 171900.

75 B. B. Prasad and A. Kumar, J. Mater. Chem. B, 2015, 3, 5864—
5876.

76 K. Niazazari, A. Pahlavan, H. Karimi-Maleh and A. Ahmadi
Fouladi, Anal. Bioanal. Electrochem., 2020, 12, 959-9609.

77 R. Emamian, M. Ebrahimi and H. Karimi-Maleh, J.
Nanostruct., 2020, 10, 230-238.

78 E. Pradeepa, Y. A. Nayaka and H. Sahana, Anal. Biochem.,
2024, 687, 115451.

79 M. Vazan, J. Tashkhourian and B. Haghighi, Mater. Chem.
Phys., 2024, 315, 128950.

80 R. Hajian, Z. Tayebi and N. Shams, J. Pharm. Anal., 2017, 7,
27-33.

81 A. Porfireva and G. Evtugyn, Nanomaterials, 2020, 10, 924.
82 I. Rus, M. Tertis, C. Barbalatd, A. Porfire, I. Tomuta,
R. Sandulescu and C. Cristea, Biosensors, 2021, 11, 15.

83 S. Deepa, B. K. Swamy and K. V. Pai, J. Electroanal. Chem.,
2020, 879, 114748.

84 E. Er and N. Erk, Microchim. Acta, 2020, 187, 1-9.

85 S. Motoc Ilies, B. Schinteie, A. Pop, S. Negrea, C. Cretu,
E. I. Szerb and F. Manea, Nanomaterials, 2021, 11, 2788.

86 Z. Wang, H. Wang, M. Cao and Y. Liu, Alexandria Eng. J.,
2024, 93, 51-58.

87 M. Brycht, K. Kaczmarska, B. Uslu, S. A. Ozkan and
S. Skrzypek, Diamond Relat. Mater., 2016, 68, 13-22.

88 M. Ghapanvari, T. Madrakian, A. Afkhami and
A. Ghoorchian, J. Appl. Electrochem., 2020, 50, 281-294.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

89 M. Baladi, H. Teymourinia, E. A. Dawi, M. Amiri,
A. Ramazani and M. Salavati-Niasari, Arabian J. Chem.,
2023, 16, 104963.

90 B. H. Pour, N. Haghnazari, F. Keshavarzi, E. Ahmadi and
B. R. Zarif, Microchem. J., 2021, 165, 106147.

91 B. Habibi and S. Pashazadeh, Sens. Bio-Sens. Res., 2023, 42,
100604.

92 Y. Chen, Z. Liu and D. Bai, Alexandria Eng. J., 2024, 93, 80-
89.

93 M. Ghalkhani and S. Shahrokhian, Sens. Actuators, B, 2013,
185, 669-674.

94 M. Ghalkhani, J. Beheshtian and M. Salehi, Mater. Sci. Eng.,
2016, 69, 1345-1353.

95 H. Rao, X. Liu, F. Ding, Y. Wan, X. Zhao, R. Liang, P. Zou,
Y. Wang, X. Wang and Q. Zhao, Chem. Eng. J., 2018, 338,
478-487.

96 S. Munusamy, R. P. Sivasankaran, K. Sivaranjan,
P. Sabhapathy, V. Narayanan, F. Mohammad and
S. Sagadevan, Electrochim. Acta, 2023, 448, 142148.

97 E. M. Materon, A. Wong, S. I. Klein, J. Liu and
M. D. Sotomayor, Electrochim. Acta, 2015, 158, 271-276.

98 M. B. Gholivand, E. Ahmadi and M. Mavaei, Sens. Actuators,
B, 2019, 299, 126975.

99 S. Khumngern, J. Choosang, P. Kanatharana,
P. Thavarungkul and A. Numnuam, Talanta, 2024, 267,
125147.

100 M. H. Mahnashi, A. M. Mahmoud, K. Alhazzani, A. Alanazi,
A. M. Alaseem, M. M. Algahtani and M. M. El-Wekil,
Microchim. Acta, 2021, 188, 1-12.

101 X. Ren, Q. Jiang and J. Dou, Alexandria Eng. J., 2023, 82,
349-357.

102 E. A. Khudaish, Microchem. J., 2020, 152, 104327.

103 S. Hassasi and S. Hassaninejad-Darzi, Russ. J. Electrochem.,
2022, 58, 689-703.

104 N. Aliakbarinodehi, G. De Micheli and S Carrara,
Optimized electrochemical detection of anti-cancer drug
by carbon nanotubes or gold nanoparticles, in Ph.D.
Research in Microelectronics and Electronics (PRIME), 1EEE,
2015, pp. 25-28.

105 B. Atay, G. Onal and A. Levent, Monatshefte Chem.-Chem.
Mon., 2023, 154, 765-773.

106 H. Yu, M. Hu, X. Wang, X. Wang, L. Xun and H. Liu,
Molecules, 2024, 29, 1060.

107 X. Hua, X. Hou, X. Gong and G. Shen, Anal. Methods, 2013,
5, 2470-2476.

108 A. F. Shojaei, K. Tabatabaeian, S. Shakeri and F. Karimi,
Sens. Actuators, B, 2016, 230, 607-614.

109 D. Lima, G. N. Calaca, A. G. Viana and C. A. Pessoa, Appl.
Surf. Sci., 2018, 427, 742-753.

110 F. M. Zahed, B. Hatamluyi, F. Lorestani and Z. Es’haghi, J.
Pharm. Biomed. Anal., 2018, 161, 12-19.

111 M. Fouladgar, Acta Chim. Slov., 2020, 67, 701-709.

112 M. K. Muthukumaran, M. Govindaraj and B. K. Raja, RSC
Adv., 2023, 13, 2780-2794.

113 O. Vajdle, J. Zbilji¢, B. Tasi¢, D. Jovi¢, V. Guzsvany and
A. Djordjevic, Electrochim. Acta, 2014, 132, 49-57.

RSC Adv, 2024, 14, 36633-36655 | 36653


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra05685j

Open Access Article. Published on 18 November 2024. Downloaded on 1/20/2026 7:21:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

114 M. Rouhi, B. Sadeghi, M. H. Moslemin and S. Zavar, J. Appl.
Chem. Res., 2018, 12, 53-63.

115 J. Rodriguez, G. Castafieda and I. Lizcano, Electrochim. Acta,
2018, 269, 668-675.

116 M. Saleh Mohammadnia, H. Roghani-Mamagqani,
M. Ghalkhani and S. Hemmati, Biosensors, 2023, 13, 547.

117 A. Mir and M. Shabani-Nooshabadi, IEEE Sens. J., 2023, 23,
12124-12132.

118 1. Y. L. de Macedo, L. F. Garcia, A. R. de Souza, A. M. L. da
Silva, C. Fernandez, M. D. G. Santos, R. S. Magalhaes,
1. M. S. Torres and E. de Souza Gil, J. Electrochem. Soc.,
2016, 163, B428.

119 L. Fotouhi, A. B. Hashkavayi and M. M. Heravi, J. Exp.
Nanosci., 2013, 8, 947-956.

120 A. Bashammakh, Arabian J. Sci. Eng., 2017, 42, 183-192.

121 B. Liu, Y. Ma, F. Zhou, Q. Wang and G. Liu, Int. J.
Electrochem. Sci., 2020, 15, 9590-9596.

122 A. K. Vivekanandan, B. Muthukutty, S.-M. Chen,
M. Sivakumar and S.-H. Chen, ACS Sustainable Chem.
Eng., 2020, 8, 17718-17726.

123 T. Kokulnathan, E. A. Kumar, T.-J. Wang and I.-C. Cheng,
Ecotoxicol. Environ. Saf., 2021, 208, 111516.

124 L. Manjunatha, B. K. Swamy and K. Manjunatha, Inorg.
Chem. Commun., 2023, 150, 110534.

125 H. Beigizadeh, M. R. Ganjali and P. Norouzi, Anal. Bioanal.
Electrochem., 2024, 16, 360-376.

126 D. Chen, J. Deng, J. Liang, J. Xie, C. Hu and K. Huang, Sens.
Actuators, B, 2013, 183, 594-600.

127 W. Liu, J. Zhang, C. Li, L. Tang, Z. Zhang and M. Yang,
Talanta, 2013, 104, 204-211.

128 Y. B. Mollamahale, M. Ghorbani, M. Ghalkhani, M. Vossoughi
and A. Dolati, Electrochim. Acta, 2013, 106, 288-292.

129 H. Song, L. Zhang, F. Yu, B.-C. Ye and Y. Li, Electrochim.
Acta, 2016, 208, 10-16.

130 N. Yalikun, X. Mamat, Y. Li, X. Hu, P. Wang and G. Hu, J.
Electrochem. Soc., 2019, 166, B1131.

131 G. Kesavan, V. Vinothkumar, S.-M. Chen
T. D. Thangadurai, Appl. Surf. Sci., 2021, 556, 149814.

132 K. Ahmad, W. Raza, A. Alsulmi and H. Kim, Diamond Relat.
Mater., 2023, 138, 110178.

133 W. D. Adane, B. S. Chandravanshi and M. Tessema,
Chemosphere, 2024, 359, 142279.

134 L. Tang, Y. Tong, R. Zheng, W. Liuy, Y. Gu, C. Li, R. Chen and
Z. Zhang, Sens. Actuators, B, 2014, 203, 95-101.

135 M. Rkik, M. B. Brahim and Y. Samet, J. Electroanal. Chem.,
2017, 794, 175-181.

136 L. Han, Y. Zhao, C. Chang and F. Li, J. Electroanal. Chem.,
2018, 817, 141-148.

137 ]J. Borowiec, K. Yan, C.-C. Tin and J. Zhang, J. Electrochem.
Soc., 2015, 162, H164.

138 M. H. Ghanbari, A. Khoshroo, H. Sobati, M. R. Ganjali,
M. Rahimi-Nasrabadi and F. Ahmadi, Microchem. J., 2019,
147, 198-206.

139 P. Jakubec, V. Urbanova, Z. Medfikova and R. Zboril,
Chem.-Eur. J., 2016, 22, 14279-14284.

140 L. Xiao, R. Xu, Q. Yuan and F. Wang, Talanta, 2017, 167, 39-
43.

and

36654 | RSC Adv, 2024, 14, 36633-36655

View Article Online

Review

141 A. Munawar, M. A. Tahir, A. Shaheen, P. A. Lieberzeit,
W. S. Khan and S. Z. Bajwa, J. Hazard. Mater., 2018, 342,
96-106.

142 P. Zhang, N. Zhang, L. Jing, B. Hu, X. Yang and X. Ma, Int. J.
Electrochem. Sci., 2019, 14, 9337-9346.

143 R. Peng, W. Chen and Q. Zhou, Ionics, 2022, 28, 451-462.

144 R. Nehru, S. Gnanakrishnan, C. W. Chen and C. D. Dong,
ACS Appl. Nano Mater., 2023, 6, 1235-1249.

145 H. Han, J. Z. Li and X. Z. Pang, Int. J. Electrochem. Sci., 2013,
8, 9060-9070.

146 A. Wong, T. A. Silva, F. C. Vicentini and O. Fatibello-Filho,
Talanta, 2016, 161, 333-341.

147 Z. Jiang, Q. Liu, Y. Tang and M. Zhang, Electroanalysis,
2017, 29, 602-608.

148 X. Si, Y. Wei, C. Wang, L. Li and Y. Ding, Anal. Methods,
2018, 10, 1961-1967.

149 F. Luan, Y. Wang, S. Zhang, X. Zhuang, C. Tian, X. Fu and
L. Chen, Analyst, 2020, 145, 1943-1949.

150 Z. Yang, J. Hu, X. Zhang, H. Yang, P. Meng, H. Zhao and
Y. Sun, Anal. Bioanal. Chem., 2023, 415, 157-166.

151 R. Sharma, S. Kumar, D. S. Rana, S. Thakur, N. Gupta and
D. Singh, J. Environ. Chem. Eng., 2024, 12, 112413.

152 H. Bagheri, H. Khoshsafar, S. Amidi and Y. H. Ardakani,
Anal. Methods, 2016, 8, 3383-3390.

153 P. Gayen and B. P. Chaplin, ACS Appl. Mater. Interfaces,
2016, 8, 1615-1626.

154 J. M. Garrido, M. Melle-Franco, K. Strutynski, F. Borges,
C. M. Brett and E. M. P. Garrido, J. Environ. Sci. Health,
Part A, 2017, 52, 313-319.

155 T. Matsunaga, T. Kondo, T. Osasa, A. Kotsugali, I. Shitanda,
Y. Hoshi, M. Itagaki, T. Aikawa, T. Tojo and M. Yuasa,
Carbon, 2020, 159, 247-254.

156 G. F. Alves, T. P. Lisboa, L. V. de Faria, D. M. de Farias,
M. A. C. Matos and R. C. Matos, Electroanalysis, 2021, 33,
543-549.

157 M. Burg, O. Giingdr and S. Titretir Duran, Polym. Bull,
2024, 81, 6283-6310.

158 E. Keskin, S. Allahverdiyeva, H. Seker and Y. Yardim,
Monatsh. Chem., 2019, 150, 1895-1902.

159 R. Darabi and M. Shabani-Nooshabadi, J. Pharm. Biomed.
Anal., 2022, 212, 114657.

160 S. Tajik, H. Beitollahi, M. Shahsavari and I. Sheikhshoaie,
Top. Catal., 2022, 65, 1-9.

161 S. Kaveh, B. Norouzi, N. Nami and A. Mirabi, J. Mater. Sci.:
Mater. Electron., 2021, 32, 8932-8943.

162 T. H. Y. Pham, T. T. Mai, H. A. Nguyen, T. T. H. Chu,
T. T. H. Vu and Q. H. Le, J. Anal. Methods Chem., 2021,
2021, 8823452.

163 A. Kassa and M. Amare, BMC Chem., 2021, 15, 1-11.

164 S. Gluney, T. Arslan, S. Yanik and O. Guney, Electroanalysis,
2021, 33, 46-56.

165 B. Chhaibi, K. Elaslani, A. Loudiki, F. Laghrib, S. Saqrane,
M. Bakasse, S. Lahrich, A. Farahi and M. El Mhammedi,
Mater. Chem. Phys., 2024, 318, 129315.

166 A. Jain, Y. Shin and K. A. Persson, Nat. Rev. Mater., 2016, 1,
1-13.

© 2024 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/d4ra05685j

Open Access Article. Published on 18 November 2024. Downloaded on 1/20/2026 7:21:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

167 K. R. Bryenton, A. A. Adeleke, S. G. Dale and E. R. Johnson,
Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2023, 13, €1631.

168 A. Lunghi and S. Sanvito, Nat. Rev. Chem., 2022, 6, 761-781.

169 J. Xiao, M. Liu, F. Tian and Z. Liu, Inorg. Chem., 2021, 60,
5282-5289.

170 M. P. More and P. K. Deshmukh, Nanotechnology, 2020, 31,
432001.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

171 B. G. Mahmoud, M. Khairy, F. A. Rashwan and C. E. Banks,
Anal. Chem., 2017, 89, 2170-2178.

172 A. Sahragard, P. Varanusupakul and M. Miro, Trends
Environ. Anal. Chem., 2023, 39, e00208.

173 M. Frigoli, M. P. Krupa, G. Hooyberghs, J. W. Lowdon,
T. J. Cleij, H. Dilién, K. Eersels and B. van Grinsven,
Sensors, 2024, 24, 5576.

RSC Adv, 2024, 14, 36633-36655 | 36655


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra05685j

	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens

	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens
	Electrochemical analysis of anticancer and antibiotic drugs in water and biological specimens


