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The present study represents the advancements achieved over the past ten years towards the
development of electrochemical sensors based on nanomaterials. The versatility, sensitivity, selectivity,
and capability of analyzing samples with minimal to no pre-treatment means that electrochemical
sensors are an attractive and powerful tool for detecting some analgesic and antipyretic drugs such as
acetaminophen (AP), ibuprofen (IB), aspirin (ASP), and diclofenac (DCF). These analgesic and antipyretic
drugs are very popular as minor pain and fever medications. Controlled doses of these drugs do
not harm the human body, but higher concentrations can be hazardous for humans. These drugs are
also considered to be emerging chemical pollutants in the environment. Reliable and powerful analytical
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DOI: 10.1039/d2ma00896¢ techniques are thus necessary for the detection of these drugs, for the quality control of
pharmaceuticals as well as for environmental control. This review emphasizes the synthesis of

rsc.li/materials-advances nanostructured materials and their use in the electrochemical sensing of analgesic and antipyretic drugs.
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1. Introduction

Nowadays, drugs have become a part of our daily lives because
of their therapeutic and recreational purposes.’ Drugs can be
categorized in three groups: (a) therapeutic drugs, (b) legal
drugs, and (c) illicit drugs. Therapeutic drugs are those that are
generally prescribed by doctors for the treatment of diseases,
for example, theophylline to treat lung diseases, and propofol
to induce anesthesia during surgical procedures. Legal drugs,
such as alcohol, caffeine, and nicotine, are generally consumed
for recreational use in commercial products. These drugs, when
consumed, provide psychoactive effects in the body. The third
group of drugs, ie., illicit drugs, are consumed for recreational
purposes, which harm the central nervous system and thus

“ Department of Physics, Chaudhary Charan Singh University, Meerut 250004,
India. E-mail: drbeerpal@gmail.com

b Nanoscience Laboratory, Institute Instrumentation Centre, IIT Roorkee, Roorkee,
247667, India

“ Department of Biotechnology, Delhi Technological University, Shahbad Daulatpur,
Main Bawana Road, Delhi, India

4 Rocky Hill High School, Rocky Hill, CT 06067, USA

¢ Sustainable Materials and Catalysis Research Laboratory (SMCRL), Department of
Chemistry, Indian Institute of Technology Jodhpur, Karwad, Jodhpur 342037,
India

I Department of Chemistry, University of Puerto Rico, Mayaguez, PR 00681-9000,
USA

¢ Department of Physics and Engineering Physics, Central Connecticut State
University, New Britain, Connecticut 06050, USA. E-mail: singhal@ccsu.edu

432 | Mater. Adv, 2023, 4, 432-457

invite various prolonged health issues.>® Although the last
category was developed principally for pharmaceutical pur-
poses, their therapeutic use was soon overshadowed by their
potential for misuse. For instance, in 1898, Bayer first used
‘heroin’ as a new constituent in cough medicine.** The utiliza-
tion of therapeutic drugs is continually expanding, with a
projected worldwide expenditure of 1.52 trillion US dollars by
2023.° These sudden increasing trends reflect the essentially
aging total populace and the spread of new infections and
pandemics, for example, the ongoing existence of COVID-19.%”
There are various types of therapeutic drugs, such as anes-
thetics, antibiotics, analgesics, cardioactive drugs, antineo-
plastic drugs, etc., and various analgesic and antipyretic drugs,
such as acetaminophen (paracetamol), ibuprofen, aspirin,
diclofenac, ascorbic acid, etc., are consumed by humans in
their daily lives. Acetaminophen (AP; paracetamol or N-acetyl-p-
aminophenol) is a popular, safe, effective, and extensively used
analgesic and antipyretic drug. Acetaminophen is used as fever
reducer, and to relieve pain associated with various parts of the
body, such as headaches, arthralgia, cancer pain, neuralgia and
pain associated with any surgical treatment.®° In spite of the
fact that AP is a relatively secure medicine, an overdose of any
drug may have harmful effects.'® An excess dose of AP may
cause nephrotoxicity and lethal hepatotoxicity.'* Ibuprofen (IB)
falls in the category of painkillers and anti-pyretic drugs.
This drug blocks the enzyme cyclooxygenase, thus inhibiting
prostaglandin biosynthesis. Approximately 90% of ibuprofen is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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converted to the hydroxyl and carboxyl metabolites of ibupro-
fen in the liver, with the remaining 10% being passed
unchanged in urine and bile.">"* Ibuprofen is high-selling
drug worldwide, which is why it is usually the first option for
different short-term non-specific indications. It is most
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commonly used to treat fever symptoms, headaches, arthritis,
and a variety of other common aches and pains. The ease of
availability and popularity of ibuprofen make it one of the most
commonly detected and quantified drugs in pharmaceutical
analysis. Novel and progressive analytical approaches with high
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accuracy are therefore required for the strict control of these
drugs in pharmaceutical dosages and different biological
fluids."*"” In the family of analgesic drugs, aspirin (ASP), also
known as acetylsalicylic acid, is consumed to relieve minor pain
and to reduce fever. It can also be used as a blood thinner.
Aspirin decomposes quickly in solutions of ammonium acetate
or the acetates, citrates, carbonates, or hydroxides of alkali
metals. It is stable in dry air, but when it comes into contact
with moisture it slowly hydrolysis to acetic and salicylic acids.
It has an adverse effect on the stomach, which can involve
stomach ulcers, stomach bleeding, and worsening asthma."®™®
Diclofenac (DCF) is 2-(2-((2,6-dichlorophenyl)amino)phenyl)-
acetic acid, and is a commonly prescribed analgesic and anti-
pyretic drug because it has strong antipyretic, analgesic, and
anti-inflammatory properties.’® It is efficient in acute joint
inflammation, rheumatic complaints, and for mild to moderate
pain.”® If it is taken in normal therapeutic doses, it is safe and
does not have toxic effects on the human body. A high dose
of DCF may cause negative effects such as gastrointestinal
disorders, aplastic anemia, and a disturbance in renal
function.>"*> Generally, all these drugs (except AP, because it
has low anti-inflammatory properties) fall in the category of
non-steroidal anti-inflammatory drugs (NSAIDs), which are
frequently used to treat fever and pain, and control inflammation.
However, an overdose of any drug may cause severe problems
for the human body; therefore, the precise detection of phar-
maceutical specimens is useful for the quality control of
medication, avoiding major risks to humans. In this context,
various analytical techniques, such as titrimetry,>® spectro-
fluorometry,>* chemiluminescence,” liquid chromatography,®®
spectrophotometry,”” and electrochemical analysis,***® have been
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proposed for the determination of the concentration of different
drugs. In titrimetric, spectrophotometric, and chemilumines-
cence techniques, an extraction process is needed before detec-
tion, whereas liquid chromatography is a time consuming
process, which makes these strategies unsuitable for routine
examination. For the detection of various drugs, this necessi-
tates a chemical sensor that is fast, precise, reliable, and cost
effective. An outline of analytical chemistry development dis-
plays that electrochemical sensors constitute the foremost
and fastest-developing class of chemical sensors. They deliver
continuous data about the presence of chemicals in their
surroundings. Ideally, a chemical sensor offers an explicit kind
of response that is directly related to the amount of a selected
chemical species. The oxidation or reduction of the analyte in
an electrolyte is the fundamental principle of electrochemical
sensors. The change in electrical parameters that result from
such redox reactions are then measured. Cyclic voltammetry
(CV), anodic stripping voltammetry (ASV), linear sweep voltam-
metry (LSV), and differential pulse voltammetry (DPV) are the
most commonly used techniques for electrochemical sensors.
Among these techniques, the electrochemical method has
many advantages, including simplicity, affordability, rapidity,
ease of monitoring, and high sensitivity, that play an important
role in pharmaceutical analysis. Fig. 1 shows electrochemical
sensors based on nanomaterials for the detection of various
drugs. These drugs are electroactive compounds that can be
electrochemically oxidized. Electrochemical sensors show a
captivating choice for the fast determination and measurement
of drugs. Using conventional materials, the electrochemical
oxidation of these drugs is an irreversible process; however, it
becomes reversible due to the existence of catalytic compounds,
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Fig. 1 Schematic of nanomaterials based electrochemical sensors for the detection of different drugs.

such as metallic particles, carbon-based nanomaterials and
conductive polymers.”*?

With noticeable accomplishments in nanoscience and nano-
technology, nanomaterial-based electrochemical signal ampli-
fication has acquired an incredible capability for improving
both the selectivity and sensitivity of electrochemical sensors.
It is broadly known that the electrode materials play a crucial
role in the development of superior electrochemical sensing
platforms that can distinguish target molecules through differ-
ent analytical principles. Furthermore, useful nanomaterials
not only produce a synergic impact on the conductivity, bio-
compatibility, and catalytic activity, which speeds up signal
transduction, but also enhance biorecognition events using
explicitly designed signal labels, leading to highly sensitive
biosensing.**** In their 2018 report, Montaseri et al. discussed
different detection techniques, such as chromatography-mass
spectrometry, spectroscopic methods, capillary electrophoresis
methods, and electrochemical methods, for acetaminophen
detection, and they focused on the water treatment and toxicity
of acetaminophen.*® Recently, Qian et al’*® & Chen et al
reported an article in which they discussed that carbon based
materials and noble metal nanomaterials play a crucial role in
drug sensing due to their high surface-to-volume ratio and high
electrical conductivity.*® Li et al. dispersed Pd nanoparticles on
a GO sheet to prepare a Pd/GO nanocomposite. The prepared
nanocomposite based sensor showed excellent reproducibility
and stability, with wider linear concentration ranges (0.005-
0.5 pM and 0.5-80 uM) and a low detection limit (2.2 nM)
towards the sensing of paracetamol.’” Adekunle et al. prepared
an electrochemical sensor using an edge-plane pyrolytic gra-
phite electrode (EPPGE) and modified it with SWCNT-iron ()
oxide (SWCNT/Fe,03) nanoparticles for the detection of dop-
amine.’® Ozcelikay et al. developed a sensor for the detection of

© 2023 The Author(s). Published by the Royal Society of Chemistry

daptomycin using the integration of Au decorated Pt nano-
particles on a nanocomposite thin film, which showed higher
sensitivity.>® So, the main motive of this report is to deliver a
general analysis of electrochemical sensors and their sensing
capabilities using different nanostructured materials for some
previously discussed analgesic and antipyretic drugs. This
report also discusses some common methods for the synthesis
of nanomaterials and their use in electrochemical sensors for
the detection of different drugs.

2. Fabrication of nanostructured
materials
2.1 Hydrothermal or solvothermal techniques

The hydrothermal method is an easy and efficient route for the
fabrication of nanomaterials. With this process, single and
multi-component metal oxide based nanoparticles can be pro-
duced with high purity. The crystal growth process is executed
using apparatus called autoclave, in which precursors are
supplied with water. A temperature difference is sustained at
the opposite terminals of the growth chamber so that the cooler
end causes seeds to make additional growth and the hotter end
dissolves the nutrient. The main superiority of this technique is
the synthesis of fine quality crystals with a controlled struc-
ture in terms of shape and size. However, this process is
difficult to control and it can show limited reliability and
reproducibility.*®** The general synthesis procedure for this
method is shown in Fig. 2. Annadurai et al. reported their work
on hydrothermally prepared nickel oxide (NiO) modified glassy
carbon electrodes. The morphology reveals that the size of the
prepared NiO nanoparticles varies between 15 and 20 nm.
These NiO modified electrodes were utilized for the sensitive

Mater. Adv., 2023, 4, 432-457 | 435
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Fig. 2 Schematic of a typical hydrothermal method to synthesize nanomaterials.

detection of 4-acetaminophen via DPV, CV, and chronoampero-
metry (CA) techniques.** Nurzulaikha and co-workers prepared
a modified electrode using a graphene/SnO, nanocomposite,
synthesized via a hydrothermal route. They used the fabricated
electrodes for the detection of dopamine in the presence of
ascorbic acid (AA). The electrode manifested good selectivity,
sensitivity and limit of detection in the presence of AA.*
Phosphorus-doped graphene was hydrothermally prepared by
the Zhang group and was utilized as the electrode material
in order to fabricate electrochemical sensors for AP sensing.**
Xu et al. synthesized the poly(3,4-ethylenedioxythiophene)-MnO,
(PEDOT-MnO,) nanocomposite via a hydrothermal method and
used it for the amperometric detection of paracetamol.** Recently,
Ponnada et al. reported the synthesis of the Ag-Cu decorated ZnO
nanoflower like composite (NFLC) via a single step hydrothermal
method and found it suitable for the detection of dopamine, with
a high sensitivity of 0.68 pA mM ' cm > and a low detection limit
of 0.21 pM, detected via the DPV method.*®

Lu and co-workers constructed an innovative sensing system
by modifying glassy carbon electrodes with a biomass carbon/
metal-organic framework derived Co030,/FeC0,0,(BC/C030,/
FeCo,0,) composite. The BC/Co0;0,/FeC0,0, composite was
prepared via a simple in situ growth process and calcination
treatment combined with hydrothermal treatment. First pine-
cones were carbonized into the BC material, and then the
Co-based zeolitic imidazolate framework ZIF-67 was grown
in situ on a porous BC matrix; the product was used as the
precursor material. Afterwards, the precursor was pyrolyzed to
generate the BC/Co;0, nanocomposite, and then the BC/Co;0,/
FeCo,0, composite was synthesized via a hydrothermal
method and calcination. It was reported that the ZIF-67 crystals
show rhombic dodecahedral shapes (Fig. 3(A)), and the particle
size was found to be in the range of 400-600 nm. The FeCo,0,
powder showed a nanorod like morphology with a diameter in
the range of 100-150 nm (Fig. 3(B)), and the FESEM images of
the biomass carbon and BC/Co;0O, composite are shown in

Fig. 3 SEM micrographs of (A) ZIF-67, (B) FeCo,0,, (C) BC, (D) BC/Co304 and (E) BC/Cos04/FeCo0,0, composite; and (F) TEM image of the BC/Coz0.4/

FeCo,0,4 composite (reprinted with permission from ref. 47).
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Fig. 3(C) and (D), respectively. It was also observed that upon
BC/Co30,/FeCo,0, composite formation (Fig. 3(E) and (F)), the
rhombic dodecahedral morphology of the MOF-derived Co;0,
grown on the BC surface turned into nanosheets. The electro-
chemical sensor developed using this prepared composite
exhibited superior electro-conductivity and a vast active surface
area because of the synergy effects of the BC, MOF-derived
Co30, and FeCo,0,.* Razmi et al. synthesized an Fe;O4/
MWCNT nanocomposite using a hydrothermal method and
then prepared the TiO,/Fe;0,/MWCNT nanocomposite using a
sol-gel method. They developed a sensor with the prepared
nanocomposite and used it for the simultaneous detection of
morphine and diclofenac.*®

2.2 Sol-gel method

This method is very beneficial for the synthesis of composites,
oxides, and hybrids of organics and inorganics. In the sol-gel
method, firstly, the metal alkoxide solution undergoes hydro-
lysis with water or an alcoholic solution in the presence of acid
or base, followed by polycondensation. Owing to the polycon-
densation, the water molecules are removed, and the liquid
phase is transformed into the gel phase, which increases the
viscosity of the solution. Thereafter, the condensation of water
molecules takes place, and the gel phase changes into a powder
phase. Additional heat is essential for obtaining a fine crystal-
line powder. The sol-gel method basically uses inorganic poly-
merization reactions. The superiority of this method is that it is
an easy process for the creation of a superfine poriferous
powder.**° Bagherinasab et al reported the synthesis of
BaFe;,0, via a sol-gel method in which citric acid, Ba(NO3),-
6H,0, Fe (NO3);-9H,0, and NH; were utilized as the starting
materials. The FE-SEM results showed the hexagonal morphol-
ogy of the BaFe;,0,5 nanoparticles with a particle mean size of
76 nm.”! Deiminiat et al. succeeded in making an electroche-
mical imprinted sensor by combining functionalized multiwall
carbon nanotubes and a thin molecularly imprinted film for
the detection of dopamine. First, they functionalized multi-
walled CNTs using nitric acid and carboxylic acid, and then
deposited these functionalized multiwalled carbon nanotubes
(f-MWCNTS) on glassy carbon electrodes. Later, they deposited
the imprinted film on the assembled f-MWCNTs layer the using
sol-gel method. The sol solution was synthesized by mixing

View Article Online
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75 uL of PTEOS, 75 uL of TEOS, 700 uL of water, 1100 pL
of ethanol and 10 pL of TFA. All these chemicals were added
to tramadol in a vial and the solution was stirred at room
temperature (RT) for 2 h to obtain a homogeneous sol. There-
after, pyrrole solution (50 pL) and lithium perchlorate (5.0 mg)
were added to the mixture, which was subsequently sonicated
for 10 min. Then, the polypyrrole@sol-gel MIP/f-MWCNTs/GC
electrode was fabricated by applying CV (between —0.8 V and
+0.8 V (versus Ag/AgCl) for 10 cycles at a scan rate of 50 mV s~ )
in the imprinted sol-gel solution, which displayed a dense and
uniform morphology.>* Similarly, sol-gel imprinted polymer
based electrochemical sensors for the recognition and detec-
tion of paracetamol were synthesized by Zhu et al.>* A sol-gel
fabricated Mn,0;-TiO, decorated graphene electrode was
reported for the quick and selective ultra-sensitive sensing of
dopamine.® Luo and co-workers used the one-pot synthesis of
a graphene oxide molecularly imprinted polymer sol-gel for the
electrochemical sensing of paracetamol, where this sensor
possessed a wide detection range, high selectivity, and low
LOD along with good stability.”> Rouhani et al. fabricated an
electrochemical sensor based on a modified imprinted sol-gel
graphite electrode using gold nanoparticles, multiwalled CNTs,
and Preyssler heteropolyacid.*®

2.3 Co-precipitation method

This method is used widely for the preparation of high-purity,
uniform, and multicomponent ceramic precipitates with an
exact stoichiometry. An aqueous medium is required for this
method. This method requires the mixing of two or more water
soluble divalent or trivalent metal ions. These salts undergo a
reaction that leads to the precipitation of one or more water
soluble salts. This method has a number of characteristics,
such as good stoichiometric control, uniform mixing, a low
processing time, and the ability to use commercially existing
chemicals.”” Fig. 4 presents a schematic of the co-precipitation
method to synthesize the nanomaterials. Singh et al. synthe-
sized magnetite (Fe;O,) and hematite (o-Fe,O;) iron oxide
nanoparticles via a facile co-precipitation method. The synthe-
sized Fe;0, material was annealed at 700 °C for 2 h to obtain
a-Fe,0; phase nanoparticles. The prepared nanoparticles
(Fe30,4 and a-Fe,03) were used for the modification of a glassy

|
Add alkaline
media solution
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with de-ionized 0O
Mottt N Filtered
d & dried
& i_\
X Q | |
| Magnetic Stirrer | | Magnetic Stirrer | | Precipitate | | Final product |

Fig. 4 Schematic of co-precipitation method for the synthesis of nanomaterials.
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carbon electrode, which was further used for the electrochemi-
cal sensing of AP.*®

Sivakumar et al. reported the synthesis of the activated
carbon-ZnO (AC-ZnO) nanocomposite, where mango leaves
were used as the activated carbon source. First, they prepared
ZnO via a co-precipitation method using Zn(NO3),, NaNOj3, and
NaOH as the precursor materials; then, a 1: 2 ratio of activated
carbon and ZnO powder was mixed in water (10 ml) to prepare
the ZnO-AC composite. It was observed that each ZnO nano-
flake microsphere was formed via interconnected ultrathin
nanosheets (Fig. 5(a) and (b)), and the ZnO nanoflakes were
successfully decorated on the activated carbon. The FESEM
images of activated carbon at different magnifications are
shown in Fig. 5(c) and (d). The ZnO-AC modified GCE was
found to be suitable for the detection of acetaminophen within
the range of 0.05-1380 uM with a corresponding sensitivity and
LOD of about 8.33 uA pM~ " ecm™> and 0.83 pM, respectively.
In this study, it was reported that AC provided a large surface
area and a better electrochemical performance for sensor
applications.>

Sheikhshoaie and co-workers synthesized La**/Co;0, nano-
flowers via a co-precipitation method and then used them to
modify graphite screen printed electrodes for the sensitive
detection of acetaminophen.®® Taei et al. reported an electro-
chemical sensor fabricated using an Fe,O; (0.5)/SnO, (0.5)
nanocomposite for the concurrent detection of acetaminophen,
epinephrine, and tryptophan.®" Mutharani et al. synthesized 3D
stone-like copper tellurate (CusTeOg) via a wet chemical route
and used it in an electrochemical sensor for the detection
of ibuprofen.®” Zhang et al. prepared ZnO nanoflowers using
the precipitation method, and then oxygen plasma treatment
was applied for surface modification. They constructed an

8 f
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electrochemical sensor based on these ZnO nanoflowers for
the detection of dopamine and diclofenac sodium.®®

2.4 Green synthesis

Nowadays, there is an emerging shift for the formation of
nanoparticles using green synthesis methods. The main rea-
sons behind this emergence are safety issues, reaction compli-
cations, and the high cost of conventional methods. The green
synthesis method involves plant products such as extracts and
isolates. Green synthesis has a number of advantages over other
methods, for example, its simplicity, effectiveness, strategy,
rapid, and sustainability. In the green synthesis method, fairly
homogenous nanoparticles are formed and there are no
requirements for toxic chemicals, high pressure, and energy,
which are the main benefits of this procedure. In some reactions,
however, heating is required, which increases the production
cost slightly. Zamarchi et al. fabricated a biosensor using silver
nanoparticles for the detection of paracetamol. Silver nano-
particles were synthesized using silver nitrate as the precursor
and pine nut extract as a stabilizing and reducing agent.
The prepared Au NPs displayed a spherical morphology with
an average size distribution of 91.0 + 0.5 nm. The sensor
showed a linear response towards acetaminophen from 4.98
to 33.8 4 ML, with a detection limit of 8.50 x 10~ ML™* and
good reproducibility.®® Iranmanesh et al synthesized CeO,
nanoparticles decorated with carbon nanotubes via green
synthesis. They mixed CNTs (50 mg) and Ce(NOj3),-6H,0
(25 mg) using a mortar and pestle, and transferred this mixture
to a glass vial for irradiation using a microwave. The CNTs
served as the microwave absorbing material and heating layer
for decomposition of the facilitating Ce(NO3),-6H,0. FE-SEM
results revealed that the CeO,/CNT nanocomposite had been

Bl (c) Rk

‘g
b

Fig. 5 SEM micrographs at different magnifications for (a) and (b) ZnO nanoflake microspheres, and (c) and (d) AC-ZnO nanocomposite (reprinted with

permission from ref. 59).
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successfully prepared, and that the CNT surface was completely
covered by CeO, nanoparticles. These nanoparticles were uti-
lized for the simultaneous determination of acetaminophen
(AP), uric acid (UA), ascorbic acid (AA), and dopamine (DA)
in real specimens.®® Kong et al. synthesized the rGO-TiN
nanohybrid via green synthesis. They first synthesized TiO,
nanoparticles, and placed them in a horizontal alumina tube
furnace before raising the temperature of the furnace from
0 to 1000 °C at a rate of about 3 °C min ' under NH; gas
(150 mL min~"). After 6 h, they cooled the furnace to room
temperature to obtain the TiN nanoparticles. Later they mixed
these nanoparticles with an aqueous solution of graphene
oxide and treated the resultant solution with glucose and
Zn foil for 30 min at 75 °C under magnetic stirring to obtain
the rGO-TiN hybrid nanostructures. They further reported,
from TEM data, that the TiN nanoparticles had a cuboid shape
with a size of ~50 nm, which were densely distributed on the
surface of the rGO with no free-standing TiN particles. They
also found that the as-synthesized rGO-TiN nanohybrid
showed an excellent electrocatalytic performance for the simul-
taneous detection of acetaminophen and 4-aminophenol
within the range of 0.06-660 uM for acetaminophen and
0.05-520 pM for 4-aminophenol, along with low detection
limits of 0.02 pM for AP and 0.013 pM for 4-aminophenol.®®
Wang et al. reported the green synthesis of Pd/polyoxometalate/
nitrogen-doped hollow carbon sphere tricomponent nano-
hybrids for the selective electrochemical detection of AP.®
Avinash et al. synthesized copper oxide nanoparticles via green
synthesis using aloe vera latex as the fuel. They homogeneously
mixed the desired amount of cupric nitrate and aloe vera latex,
and kept the blend in a preheated muffle furnace at 400 +
10 °C. The reaction mixture bubbled to form a transparent
gel that underwent rapid combustion throughout its volume,
leaving a white colored highly porous powder that was further
calcined to obtain the CuO nanoparticles. TEM results displayed
that the average size of the synthesized nanoparticles was
52 nm.*® Furthermore, the green synthesis of ZnO/Au nano-
particles,®® hematite/graphene nanocomposites,”® and nitrogen
doped carbon dots”* were also reported.

2.5 Physical vapor deposition (PVD)

In this method, the material is deposited on a surface as a thin
film or as nanoparticles. Thermal evaporation and sputtered
deposition are examples of highly controlled vacuum techni-
ques that cause the material to vaporize and then condense on
a substrate. For the fabrication of thin films of various materials,
physical vapor deposition techniques, such as pulsed vapor
deposition, are commonly used. For pulsed laser deposition,
however, laser ablation is used on a solid target, which results
in the generation of a plasma of ablated species that is then
deposited on a substrate to form a film. This technique is widely
utilized to deposit metal nanoparticles and thin films on carbon
nanotubes. It is a very easy method for the formation of thin
metal films, but it has some drawbacks such as high cost and low
volumes of material produced.”>”* Khoobi et al. synthesized iron
oxide nanoparticles using a spray pyrolysis method, and then the
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prepared nanoparticles were impregnated in a carbon paste
matrix to construct a modified sensor for the determination of
acetaminophen.”

2.6 Sputtering techniques

This method involves the vaporization of a solid through
sputtering with a beam of inert gas ions. In the past few years,
it has been used for the preparation of nanoparticles using the
magnetron sputtering of metal targets. Collimated beams of
the nanoparticles are formed, and mass nanostructured films
are deposited on the silicon substrates. The whole process is
carried out at relatively low pressures (1 m Torr). Sputter
deposition is executed in a vacuum chamber, in which mole-
cules of the sputter gas enter and the working pressure is
sustained. A high voltage is applied to the target (cathode),
and free electrons are pushed in a spiral direction by a
magnetic system, which then collide with the sputtering gas
(argon) atoms, resulting in gas ionization. This continuous
process generates a glow discharge (plasma) that can be used
for ignition. The positively charged gas ions are attracted to
impinge on the target. This occurs many times, with the ions
reaching the target’s surface with an energy above the surface
binding energy, which enables atoms to be released from the
target. Metal atoms and gas molecules continuously collide
with each other in the vacuum chamber, causing atoms to
scatter and form a diffuse cloud. This technique has many
advantages such as lower impurities in the deposited materials,
a lower cost in comparison with electron-beam lithography
systems, and an unchanging composition of the sputtered
material. Using this technique, alloy nanoparticles can be
formed with simple control over the composition. In contrast
to these benefits, it does have some drawbacks, however, where
the nature of the sputtering gas (inert gasses) can affect
the texture, surface morphology, composition, and optical
properties of the nanocrystalline metal oxide thin films or
nanoparticles.”>’® Soganci et al. prepared a single layer gra-
phene film via a CVD method on copper foil that was then
transferred to an FTO glass slide. After this, the film was
decorated with copper nanoparticles via a sputtering technique.
The formed sensor showed a sensitivity of 430.52 pA mM " cm 2
in the linear concentration range of 0.01-1.0 mM, with the
detection limit of 7.2 uM.””

3. Types of electrochemical sensor

Generally, there are three types of electrochemical sensor:
amperometric, potentiometric and conductometric. In ampero-
metric sensors, the current resulting from the oxidation or
reduction of an electroactive species is measured. This result-
ing current is produced due to the potential applied between a
working and a reference electrode. By contrast, in potentio-
metric sensors, a local equilibrium is set-up on the interface of
the sensor, where either the electrode or membrane potential
is measured, and the concentration of the analyte is acquired
from the potential difference between the working and
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reference electrodes. In conductometric sensors, the conduc-
tivity or resistivity is measured as a function of the analyte
concentration.”®5!

3.1 Potentiometric sensors

Since the early 1930s, potentiometric sensors have been devel-
oped for most universal practical applications. These sensors
have three basic device types: ion-selective electrodes (ISEs),
coated wire electrodes (CWEs), and field effect transistors
(FETs). The ion selective electrode acts as an indicator elec-
trode, which has the potential to measure selectively the activity
of a specific ionic species. In the typical layout, such electrodes
are commonly membrane-based devices that contain permse-
lective ion-conducting materials, where the membrane segre-
gates the specimen from the inside of the electrode. Within
these, the first electrode is the working electrode, whose
potential is decided by its environment, and the second elec-
trode is the reference electrode, whose potential is determined
by a solution that contains the analyte of interest. The potential
of the reference electrode is constant and the potential differ-
ence value is connected with the concentration of the dissolved
8283 various approaches for fabricating a cathode that
is particular to one species depend on the composition and
nature of the membrane material. Investigations in this field
have unlocked an entire arrangement of applications to an
almost unlimited number of analytes, where the sole limitation
is the choice of ionophore matrix of the membrane and the
dopant. On the basis of the nature of the membrane, ISEs
can be categorized into three classes: glass, liquid, or solid
electrodes. It has been reported that there are more than two
dozen ISEs that are commercially available from Corning,
Orion, Beckman, Hitachi, Radiometer and many other manu-
facturers. They are broadly used for investigating organic ions
and for cationic or anionic species from different effluents, as
well as in the production and screening of drugs, utilizing
selected response membrane electrodes.”®

In the mid-1970s, coated-wire electrodes (CWEs) were first
introduced by Freiser. In classical CWEs, a conductor is coated
with a suitable ion-selective polymer membrane to make an
electrode framework that is sensitive to the electrolyte concen-
tration. The response of CWEs is nearly the same as for
classical ISEs, with respect to the detectability and concen-
tration range. Shamsipur et al. prepared a potentiometric
sensor for the detection of diclofenac with a detection limit
of 4.0 x 107° M in the concentration range from 1.0 x 10" to
1.0 x 107> M.*

ion.

3.2 Amperometric sensors

With reference to electroanalytical techniques, amperometric
measurements are carried out by estimating the flow of current
in the cell at a constant potential. Since the current is mea-
sured through the controlled variation of the potential, these
measurements are known as voltammetry or voltammetric
measurements. For both conditions, the transfer of electrons
is the main operational characteristic of amperometric or
voltammetric devices. The primary instrumentation needs
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controlled-potential equipment. The electrochemical cell con-
tains two electrodes that are immersed in an appropriate
electrolyte, although a more intricate and normal arrangement
includes the use of a three-terminal cell that contains working,
counter, and reference electrodes. The main reaction occurs at
the working electrode. By contrast, the electrode that provides a
constant potential in comparison with the working electrode
is referred to as the reference electrode. Chemically inert
conducting materials like graphite or platinum are utilized as
the auxiliary (or counter) electrode. In controlled-potential
experiments, a supporting electrolyte is needed to maintain a
constant ionic strength to decrease the solution’s resistance,
and eliminate electromigration effects.”®>%¢

The working electrode materials strongly affect the perfor-
mance of amperometric sensors. Therefore, great efforts have
been dedicated to the fabrication and maintenance of working
electrodes. The classical electrochemical measurement of ana-
Iytes started after the invention of dropping mercury electrodes
by Heyrovsky. In recent years, solid electrodes, fabricated using
noble metals and different forms of carbon, have been found to
be of great interest for the development of sensors. Effective
advancements in electroanalytical chemistry have led to the
development of various electrochemical sensors. For several
years, mercury was a very attractive material for electrodes
due to its renewable surface, extended cathodic potential range
window, and high reproducibility. However, its applications
were limited because of its toxicity and limited anodic potential.
Alternatively, solid electrodes such as nickel, platinum, gold,
carbon, and dimensionally stable anions have become very well-
known as electrode materials because they are low cost and
demonstrate a multifaceted potential window, chemical inertness,
a low background current, and the capability for use in different
sensing and detection applications. Currently, various nano-
materials are being developed for application in electrochemical
sensors.®” Lima et al. fabricated an amperometric sensor based on
double walled CNTs/GCE and used it for the sensing of dopamine
and catechol. The sensitivity for dopamine and catechol was
found to be 0.259 and 0.301 pA L pmol ', respectively.®*

3.3 Conductometric sensors

This type of sensor depends greatly on variation of the electrical
conductivity of a film or bulk substance whose conductivity is
influenced by the analyte present in that material. Conducto-
metric methods are fundamentally non-specific. However,
there are a few practical factors that enable conductometric
methods to be unique, for example, their cost-effectiveness,
simplicity (since no reference anodes are required), and insen-
sitivity to light. Besides these factors, conductometric sensors
can be miniaturized as planar interdigitated electrodes, and inte-
grated easily through the use of thin film standard technology,
which makes them inexpensive and easy to use for applications in
a number of biosensors and gas sensors. Sadek and co-workers
fabricated a conductometric sensor for the detection of H, gas.
They deposited doped and de-doped nanofibers onto conducto-
metric sapphire transducers, and various concentrations of hydro-
gen (H,) gas at room temperature were used to determine the
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sensor characteristics. The sensitivity of the H, sensor was
measured to be 1.11 for doped and 1.07 for de-doped poly-
aniline nanofiber sensors upon exposure to 1% H,. The
de-doped nanofibers exhibited better repeatability than the
doped nanofibers.®®

Ghosh and co-workers developed a low-cost conductometric
glucose sensor, which can detect glucose concentrations as low
as 10 nM.* Sun and co-workers fabricated a conductometric
sensor based on a tourmaline@ZnO core-shell structure for
n-butanol gas detection. It was reported that the optimum
sensitivity of the sensor was 120.8-100 ppm n-butanol at
320 °C in a 1% tourmaline@ZnO sample, which was more than
twice that of pure ZnO.”° Wang and co-workers fabricated a
conductometric sensor to detect ammonia gas using titanium
dioxide nanoparticle decorated black phosphorus (BP)
nanosheets as the sensing layer. First, they prepared planar
interdigital electrodes (IDEs) (thickness of Au/Ti layers: 200 nm/
100 nm) on a SiO,/Si substrate using lithography and lift-off
methods with an active area of 7 mm x 11 mm. Then they drop-
cast aqueous BP (40 pL), TiO, (40 pL), and BP-TiO, (40 puL)
solutions on different IDE devices, followed by 60 °C vacuum
heating for 2 h and cooling to room temperature. The BP
nanosheet electrodes decorated with titanium dioxide nano-
particles were found to be suitable to detect NH; in the linear
range of 0.5-30 ppm at RT.”"

4. Some voltammetric techniques for
electrochemical sensors

In analytical chemistry, voltammetric techniques are used
widely for the quantitative determination of different dissolved
organic and inorganic substances. In inorganic, physical, and
biological chemistry, the use of voltammetric techniques is
carried out for different purposes, such as electron transfer
and reaction mechanisms, fundamental studies on oxidation
and reduction processes, the kinetics of electron transfer
processes, thermodynamic properties of solvated species, and
adsorption processes on surfaces. Voltammetric techniques
are also of interest for the determination of compounds in
pharmaceuticals.

The various voltammetric techniques that are used are
differentiated from each other by the material that is used as
the working electrode and the potential function that is applied
to the working electrode. Some voltammetric techniques are
explained briefly in the following sections.

4.1 Linear sweep voltammetry (LSV)

In this analysis method, a linear potential is applied, which
sweeps to the working electrode while the current flowing in
the circuit is being simultaneously measured. A signal genera-
tor produces a voltage sweep from E to Ey, and a potentiostat
applies this potential wave to the electrode under study. The
direction of the scan can be positive or negative, and in
principle the sweep rate can possess any constant value:

Sweep = dE/dT.
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This technique is generally used in polarography under well-
defined conditions; the limiting current derived from a redox
process in a solution during LSV may be used to quantitatively
determine the concentration of electroactive species in the
solution.”® Vilian and co-workers investigated the electro-
chemical performance of dopamine and paracetamol using a
sensor that was based on ZrO, nanoparticles supported on
graphene oxide. This prepared sensor showed two well-defined
voltammetric potential peaks at 0.34 V and 0.53 V, for dop-
amine and paracetamol, respectively.”

4.2 Square wave voltammetry (SWV)

This voltammetric technique was invented by Ramaley and
Krause, and further developed by Oster Youngs and co-workers.*
In this analysis method, remarkable versatility is found. It is a
differential technique in which the potential, in the form of a
symmetrical square wave of constant amplitude, is super-
imposed on a bare staircase potential.’ In this analysis, the graph
is plotted between the difference in the current measured in
forward (if) and reverse cycles (i,), versus the average potential of
each waveform cycle. In this technique, the peak potential exists
at the E,, of the redox couple, because the current function is
symmetrical around the potential. High sensitivity and excellent
peak separation are the main benefits of this technique. Kang
et al. detected acetaminophen in pharmaceutical preparation
tablets using a graphene based sensor. They reported a recovery
rate of 96.4-103.3% with a detection limit of 3.2 x 10~% M.”

4.3 Differential pulse polarography/voltammetry (DPP/DPV)

This technique was propounded by Barker and Gardner. Using
this technique, greater sensitivity, more efficient resolutions,
and the differentiation of various species can be achieved.
In this method, each potential pulse is constant and of a small
amplitude (0.01 to 0.1), and the current is measured at two
points from each pulse, one just before the application of the
pulse and another at the end of the pulse. The difference between
the current measurements at these points, for each pulse, is
calculated and plotted against the base potential. This difference
in current values reaches a maximum value near the redox
potential, whereas a minimum (nearly zero) is found as the
current becomes diffusion controlled.”*** Zhang et al. prepared
a sensor based on the 3D-rGO/GCE nanocomposite for the detec-
tion of an antibiotic drug. They found two reduction peaks at
170 and 633 mV with a detection limit of 0.15 umol L™, in the
detection range from 1 to 113 pmol L™".%° Sebastian et al. devel-
oped a sensor based on the GO/3D hierarchical ZnO nanocompo-
site for the detection of chloramphenicol. The electrochemical
performance was observed via DPV and CV techniques. From the
DPV technique, the LOD of the GO/ZnO modified GCE was found
to be about 0.01 uM in the linear range of 0.2-124 uM with
a sensitivity of around 7.27 pA pM~ ' ecm 2, and this sensor
exhibited high stability, reproducibility, and repeatability.””

4.4 Anodic stripping voltammetry (ASV)

This is an electrolytic method in which mercury is kept at a
negative potential to decrease the metal ions in a solution to
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form an amalgam with the electrode. After reducing and
accumulating the analyte for a certain time, the potential on
the electrode increases to re-oxidize the analyte, and in this way
the current signal is generated. The current produced by anodic
stripping depends on the particular type of mercury electrode,
although it is directly proportional to the concentration of the
analyte concentrated into the electrode.’® Using this method,
Mohammed et al. determined traces of the drug timolol
maleate using a Nafion/carboxylated-MWCNT nanocomposite
GCE. The LOD was found to be 7.1 x 10~ mol L ™" in the linear

range from 1.0 x 107° to 2.0 x 10> mol L™".%®

4.5 Cyclic voltammetry (CV)

This method was first reported in 1938 and was described by
Randles. It is the most commonly used technique for obtaining
qualitative information on electrochemical reactions. The capa-
city of cyclic voltammetry results from its ability to rapidly offer
considerable information on the thermodynamics of redox
processes, couples’ chemical reactions, and the kinetics of
heterogeneous electron-transfer events. It was the first experi-
mental approach used in electroanalytical investigations,
because it provides the rapid determination of redox potentials
of electroactive species. CV provides both quantitative as well as
qualitative information about electrochemical processes in
working electrode active materials. In this method, we measure
the potential between working electrode and reference elec-
trode. On the other hand, the current is measured between
counter electorde and the reference electrode. The operating
stability of the electrolyte limits the potential capacity. The
graph is plotted between a time-dependent current, which is
obtained by scanning the potential range versus the scanned
potential (E). If IdV is the integrated area under the CV curve, V;
is the potential scan rate and V is the measured potential range,
then the specific capacitance C; is given by:

1 14
= WL [(V)av (1)
C

where C is the evaluated capacitance from eqn (1) and m is the
active mass of the material.®>°* For instance, Chethana et al.
investigated the oxidative behavior of diclofenac using this
technique. They prepared the electrode by mixing carbon paste
with tyrosine, which greatly increased the sensitivity of the CPE.
The prepared sensor exhibited a satisfactory LOD of 3.28 pM
and a sensitivity of 0.1905 pA pM~*.%°

5. Nanomaterials based
electrochemical sensing platforms for
some analgesic and antipyretic drugs
5.1 Metal oxide nanomaterials

Metal oxide nanoparticles have received much consideration due
to their special properties and various potential applications.'®°
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Metal oxide nanoparticles with different morphologies have
been made through versatile synthesis techniques. These metal
oxide nanoparticles exhibit several types of photochemical,
electrochemical, electronic, and electrical properties because
of their shape, size, stability, and high surface area. Metal oxide
nanoparticles exhibit remarkable qualities, particularly for
noble metal nanoparticle modified electrodes, which usually
show good electrocatalytic activity in the compounds with a
slow redox process at unmodified electrodes.'®"'%> Metal oxide
nanoparticles such as TiO, nanoparticles, ZrO, nanoparticles,
Fe;0, nanoparticles, etc., have been successfully used for the
development of electrochemical sensors because of their cata-
lytic ability, faster electron transfer kinetics and morphology.

Ozcan et al. constructed a high performance acetaminophen
sensor based on zinc (Zn)/zinc oxide (ZnO) decorated reduced
graphene oxide surfaces. They synthesized zinc (Zn)/zinc oxide
(znO)/reduced graphene oxide nanohybrids via facile chemical
precipitation method. Using XRD, TEM, XPS, and TGA it was
confirmed that the Zn/ZnO nanoparticles were immobilized on
the rGO surface with an average particle size of around 25.1 +
6.6 nm. The response of the sensor to detect AP was found to be
in the linear range of 0.05-2 mM, with a high sensitivity of
166.5 + 6 pA mM ' ecm %.'® Kenarkob and Pourghobadi
electrochemically synthesized glassy carbon electrodes modi-
fied with ZnO/Au nanoparticles for acetaminophen sensing.
The characterization results displayed that the Au nano-
particles were well anchored onto the ZnO nanospheres. The
LOD was found to be 9 nM using the SWV technique in the AP
concentration range of 0.05-20 pM.*’

Wang et al. prepared Co/Co3;0, nanoparticles, coupled with
hollow non-porous carbon polyhedron nanoparticles using
pyrolysis and subsequent oxidation techniques to develop
electrochemical sensors for acetaminophen detection. It was
reported that pore architectures of the hollow carbon polyhedra
were found to be favorable for interface features. The mesopore
size and micropore size distributions of the Co/Co;0,@HNCP
were found to have a pore diameter from 3 to 7 nm, and from
0.6 to 1.6 nm, respectively. The mesopore size distribution was
beneficial for the mass transport and adsorption of molecules,
while the micropore size distribution features possible discri-
minating ability of the constructed Co/Co;0,@HNCP sensor for
the electrochemical sensing of AP. The constructed Co/Co;0,@
HNCP sensor showed an ultrahigh sensitivity (157 pA uM~ ") and a
very low LOD (0.0083 uM) (Fig. 6(a)-(d)) for acetaminophen
sensing in the concentration range of 0.025-2.5 uM and
2.5-50 uM, respectively.’” Sheikhshoaie and co-workers have
synthesized La**/Co;0, nanoflowers via a co-precipitation
method and used them to modify graphite screen printed
electrodes for acetaminophen detection. The La**/Co;0, modi-
fied graphite screen printed electrode was found to be electro-
catalytically active toward the detection of acetaminophen with
awide linear concentration range from 0.5 uM to 250.0 uM, and
a detection limit of 0.09 uM.®° Annadurai et al. prepared nickel
oxide nanoparticles using the hydrothermal route to modify a
GCE for the determination of acetaminophen. CV, DPV, and
amperometry were employed to investigate the electrochemical
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Fig. 6 DPV curves for the Co/Coz04@HNCP sensor for the sensing of AP in concentration windows of (a) 0.025-2.5 uM and (c) 2.5-50 uM. (b) Linear
calibration curve and (d) logarithmic calibration curve (reprinted with permission from ref. 67). (e) Repeatability test using DPV, and (f) amperometric
stability study for the NiO/GCE with 0.25 mM AP addition, where the inset shows the flow chart plot of amperometric current density vs. time (reprinted

with permission from ref. 42).

behavior of the NiO modified glassy carbon electrodes (3 mm
diameter). The size of the NiO nanoparticles obtained was
between 15 and 20 nm. It was found from the electrochemical
studies that the sensor exhibited a linear detection range from
7.5 to 3000 mM with a high sensitivity of 91.0 pA cm™ > mM ™,
and a low detection limit of 0.23 mM. The repeatability and
dynamic stability of the constructed sensor is shown in Fig. 6(e)
and (f), respectively.*> The electrodeposition preparation tech-
nique was adopted by Liu et al. to synthesize nickel and copper
oxide nanoparticles. These prepared oxides were further used
to modify graphene electrodes for the detection of dopamine,
acetaminophen, and tryptophan. The modified electrode dis-
played linear response ranges of 0.5-20 uM, 4-400 uM, and
0.3-40 uM, and detection limits of 0.17 uM, 1.33 pM, and
0.1 pM, for detecting dopamine, acetaminophen, and trypto-
phan, respectively.'®* Manikandan and Dharuman prepared
un-doped o-Fe,03, platinum doped Fe,03, (dPtFe,03), Pt deco-
rated Fe,O; (sPtFe,O;) and doped and decorated Fe,O3
(sdPtFe,0;) nanoparticles via a co-precipitation method in the
presence of poly(ethylene glycol) and modified the surface of
a glassy carbon electrode. These modified electrodes were
utilized for the simultaneous detection of melatonin, dop-
amine, and acetaminophen. The experimental results concluded
that the sdPtFe,O; NPs had a higher catalytic activity than the
other modified electrodes with dPtFe,O;, sPtFe,O; as well as
un-doped o-Fe,03."%

Cao and co-workers synthesized CeBiO, nanofibers via
a simple two-step procedure, which includes electrospinning
and calcination with Ce:Bi ratios of 0.25:0.75, 0.5:0.5, and
0.75:0.25. SEM studies showed uniform, long, and continuous

© 2023 The Author(s). Published by the Royal Society of Chemistry

Cey.75Bip250, NFs with an average diameter of ~200 nm. They
prepared CeBiO, nanofiber modified screen printed carbon
electrodes for the detection of acetaminophen. From DPV
studies, it was reported that the Ceg ;5Bip»50, NF modified
SPE showed a linear detection range for AP between 2.5 uM and
130 pM, with a high sensitivity of 360 pA mM ™' cm ™2 and a
low detection limit of 0.2 pM.'°® Khoobi et al. constructed a
modified sensor using iron oxide nanoparticles by impregnating
them in a carbon paste matrix for the detection of diclofenac. The
developed sensor showed a very low detection limit of 2.45 nM in
the linear range of 0.01-100.0 pM; it also exhibited long-term
stability, good sensitivity, and repeatability.”* Mutharani et al
developed an electrochemical sensor based on (CuzTeOg) for
detection of the anti-inflammatory agent ibuprofen in fluids of
the human body. The constructed sensor showed a detection limit
of 0.017 pM and linear ranges of 0.02-5 pM and 9-246 pM,
respectively. This designed sensor also demonstrated high sensi-
tivity, good selectivity, and long term stability.*> Diouf et al.
fabricated an electrochemical sensor by self-assembling chito-
san capped with Au NPs on a screen-printed carbon electrode,
for the detection of aspirin in tablets and human physiological
fluids. The designed sensor demonstrated good selectivity,
sensitivity, and reproducibility with satisfactory analytical para-
meters (R*> = 0.97) as well as a low LOD of about 0.03 pg mL ™"
estimated from DPV.'”’

5.2 Carbon materials

Carbon, one of the most versatile elements found on Earth, has
attracted a lot of attention due to its special types of hybridiza-
tion state (sp, sp> and sp®), which make it capable of forming a
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wide range of allotropes from diamond (the hardest material)
to graphite (the softest material).’*®'% Recently, various types
of carbon based nanomaterial, such as single or multiwalled
carbon nanotubes (SWCNTs or MWCNTSs, respectively),''® carbon
nanostructures, graphene,"'! graphene oxide,"> and reduced
graphene oxide,'" have been synthesized, which have gained
attention due to their physical, optical, magnetic, and super
electronic properties; these make carbon suitable for wide
applications in sensing devices,"'* energy storage,'"® and drug
delivery."®

Various studies have confirmed the use of carbon-based
materials for the detection of acetaminophen. Cernat and
co-workers reported, in their review article, that different con-
figurations of carbon, such as modified/unmodified carbon
nanotubes and graphene, could become a good candidate
for electrochemical sensors and biosensors for the detection of
acetaminophen.'”” Gopal and co-workers fabricated eco-
friendly and bio-waste-based hydroxyapatite/rGO hybrid modi-
fied carbon paste electrodes for the simultaneous detection of
dopamine, acetaminophen, and ascorbic acid. They used egg-
shell bio-waste-based hydroxyapatite materials for the sensing
applications. The electrochemical performance results showed
a good linear range for the detection of acetaminophen from
20 to 160 puM.'"® Pham and co-workers prepared platinum
decorated rGO modified glassy carbon electrodes via an
environmentally friendly electrodeposition technique for the
detection of acetaminophen. Morphology characterization
techniques revealed the cauliflower-like structure of the Pt
particles. The prepared electrochemical sensor was able to
detect acetaminophen in a linear concentration range from
0.01 to 350 puM, with a detection limit of 2.2 nM.**°

Alam and co-workers coated a glassy carbon electrode using
a drop cast method with multi-walled carbon nanotube-f-
cyclodextrin composites for the low level detection of acetami-
nophen in water. It was reported that the sensor responded to
acetaminophen in a linear range of 50 nM-300 pM with a
detection limit of 11.5 nM, and showed good reproducibility,
high stability, and exclusive selectivity. They also mentioned
that this improvement was because of the electron transfer
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Fig. 7
the AP concentration (reprinted with permission from ref. 121).

444 | Mater. Adv., 2023, 4, 432-457

View Article Online

Review

capability and high conductivity of the MWCNTSs, which also
had a high surface-to-volume ratio, and that the higher surface
area of the sensor was due to the porous structure of the CD.**°
Berto et al. designed and tested an electro-activated glassy-
carbon electrode for acetaminophen detection in surface water.
The sensor showed a linear range of 13.3-33 pg L' for
acetaminophen, and was able to detect acetaminophen con-
centrations higher than 4.4 ug L™ in untreated samples."*°

Liang and co-workers developed a sensor based on glassy
carbon electrodes modified with nitrogen-rich porous carbon
for acetaminophen detection. They synthesized nitrogen rich
porous carbon nanotubes via assisted carbonization of the
zeolitic imidazolate framework ZIF-8 using polyvinylpyrro-
lidone. They found from TEM studies that the average size of
the ZIF-8 polyhedra was 70 nm. The pore size of P-NC was
found to be distributed in the 4-4.5 and 30-50 nm range, which
confirmed the efficient preparation of a meso-microporous
hierarchical structure. According to them, the highly porous
structure of the prepared electrodes provided an interweaving
network that facilitated more active sites and helped the better
transportation of reactants and products, which contributed to
the better electrochemical performance. The sensor showed
good linearity for acetaminophen in the range of 3-110 pM,
with a minimum LOD of ~0.5 pM (S/N ~ 3), and the sensor
was efficiently applied for the detection of acetaminophen in
urine samples. Fig. 7(a) displays the DPV voltammograms, and
Fig. 7(b) shows the calibration plot of the synthesized sample."*"

Amiri et al. reported carbon nanoparticle modified carbon
paste electrodes for the detection of paracetamol, phenylephr-
ine, and dextromethorphan. The paste design consisted of a
hydrophobic binder, hydrophobic graphite as the conducting
component, and a nanoparticulate thin film with a hydrophilic
surface to provide sensitivity and selectivity. The sensor was
found to be suitable for the detection of acetaminophen in
the linear range of 1 x 107’ M to 1.0 x 10~ * M, with a detection
limit of 1.5 x 10~* M.’

Tsierkezos studied the effect of the incorporation of nitro-
gen on the electrocatalytic activity of MWCNTs. They synthe-
sized vertically aligned MWCNTs on an oxidized porous silicon

I (pA) = 0.9244C (pM) + 8.2376
R?=10.9938

0 20 40 60 80
Concentration (uM)

100 120

(A) DPV curves of AP at different concentrations on the P-NC/GCE in 0.1 M PBS (pH 7.0), and (B) calibration plot of peak current as a function of
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wafer using a catalytic CVD technique with acetonitrile as the
carbon source material and ferrocene as the catalyst. The
solution of ferrocene in acetonitrile (1% w/w) was introduced
into a furnace at 900 °C through a syringe with a flow rate of
0.2 ml min~" to fabricated the nitrogen-doped multiwalled
carbon nanotubes. The modified carbon nanotubes were uti-
lized to develop the electrochemical sensor for acetaminophen
sensing. It was noted that the sensor detection ability was
enhanced by the nitrogen doping in the CNTs. The sensor
based on pristine MWCNTSs recorded a very low sensitivity
(0.6010 A M~ em™?) and detection limit (0.950 uM), but the
nitrogen doped MWCNT sensor’s detection limit and sensitivity
increased significantly to 0.485 uM and 0.8406 A M~ ' cm 2,
respectively.'** Barsan and co-workers developed and charac-
terized acetaminophen sensors in two different architectures.
In the first configuration, they electropolymerized PMG onto a
graphite-epoxy composite electrode (CE) and then coated these
electrodes with fCNTs (fCNT/PMG/CE); in the second archi-
tecture they coated the CE with f{CNTs and then electropoly-
merized PMG onto these electrodes (PMG/fCNT/CE). It was
observed that on the f{CNT/CE, the polymer was better formed
compared with the bare CE because of the higher surface area
of the fCNTs. The sensors were used to detect pyridoxine and
acetaminophen, and it was observed that the f{CNT-PMG-CE
possessed a higher sensitivity than the PMG-fCNT-CE."** Li and
co-workers described the fabrication of layer-by-layer (LBL)
carboxylic acid functionalized multiwalled CNTs on glassy
carbon electrodes to develop an electrochemical sensor for
paracetamol (acetaminophen). The covalent LBL assembly
was confirmed using SEM. It was reported that the modified
electrode with six layers exhibited a good sensitivity of
2.293 pA M~ ' em™? in the linear range of 1-200 puM with a
detection limit 0.092 uM.** Sarhangzadeh et al. constructed a
sensor for the simultaneous detection of diclofenac and indo-
methacin using MWCNTs and ionic liquid modified carbon
ceramic electrodes. Using the DPV technique, the prepared
electrode showed linear calibration curves in the concentration
range of 0.05-50 umol L™" for diclofenac and 1-50 pmol L™ " for
indomethacin. The developed sensor showed a limit of detec-
tion of 18 nM for diclofenac and 260 nM for indomethacin."**
Roushani et al. fabricated an ultrasensitive sensor using gold
nanoparticles that were electrochemically deposited on a glassy
carbon electrode surface for the detection of ibuprofen in
spiked human serum. In this study, it was observed that a layer
of Au nanoparticles can improve the electrochemical perfor-
mance as well as the electron transfer due to the layer’s large
surface area. The designed sensor demonstrated good reprodu-
cibility and long-term stability. The detection limit was found
to be 0.5 pM in the concentration range of 0.005-7 nmol ~*."*>
Suresh et al. simultaneously detected paracetamol and ibupro-
fen in different tablets using glassy carbon electrodes with
stripping SWV and DPV. The constructed sensor showed
good repeatability and recorded a detection limit (LOD) of
0.96 umol L™" in a linear concentration range between 1.45
and 3.87 umol L™". It was reported that this type of sensor can
be successfully used for both drugs (AP and IB) in commercial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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tablets. These obtained data were found to be in agreement with
the data of many manufacturing companies.'>

5.3 Nanocomposites

Nanocomposites have the properties of their components
plus a new characteristic due to the synergistic effect. Because
of their new features, nanocomposites are widely employed in
electrochemical sensors to detect different drugs. Various
investigations have been done on nanocomposite based electro-
chemical sensors for the detection of different drugs. Hao et al.
synthesized copper nanowires and used them to prepare a Cu
nanowire/graphene oxide nanocomposite (Cu-NW/GO). Later they
modified glassy carbon electrodes using this Cu-NW/GO nano-
composite for the simultaneous detection of acetaminophen,
dopamine, and ascorbic acid. They reported that the sensor
presented a wide linear range of 1-60 pM, 1-100 pM, and
1-100 uM with a detection limit of 50, 410, and 40 nM, for
ascorbic acid, dopamine and acetaminophen, respectively.'?”
Hasanpour et al. prepared a semiconductor composite CuO/
CuFe,0, with a p-n junction. The prepared nanocomposite was
to make carbon paste electrodes for the detection of acetami-
nophen and codeine in biological fluids. The electrode surface
area of CuO/CuFe,0,/CPE was observed to be 0.85 cm?, which
was 5.21 times greater than the surface area of the unmodified
carbon paste electrode. It was reported that the CuO/CuFe,0,/
CPE electrode was found to be suitable for acetaminophen
detection with a very low detection limit of 0.007 umol L™ in
the linear range of 0.01-1.5 pmol L™ "."*® Lin et al. synthesized a
graphene/ZrO, nanocomposite to modify screen printed carbon
electrodes (SPCEs), and it also studied their sensing properties
for acetaminophen detection. The graphene/ZrO, modified
screen printed carbon electrodes showed an acetaminophen
detection limit of 75.5 nM, for the linear range of 10-100 uM."*°
Tamilalagan et al. fabricated the (Ni/Zn)O@rGO p-n hetero-
junction semiconductor nanocomposite, which was used for
acetaminophen detection using the DPV technique. The DPV
response curve showed a linear relationship between the AP
concentration and the anodic current. This excellent response
behavior of the synthesized nanocomposite was observed with
a detection limit of 2.2 nM over a wider range from 0.009 to
413 puM. Moreover, the (Ni/Zn)O@rGO/GCE exhibited a high
sensitivity of 19.1 pA uM ' em 2. This might occur because of
the larger surface area of the prepared nanocomposite, where
nano-sized spherical particles were found to be decorated on
the rGO sheets. It was also noticed that the (Ni/Zn)O@rGO
modified GCE demonstrated very good selectivity towards
acetaminophen with good repeatability and reproducibility."*°
Nikpanje et al. developed an electrochemical sensor based on a
carbon paste electrode (CPE), modified with ZnO-Zn,Sn0O,-SnO,
and graphene (ZnO-Zn,Sn0,-SnO,/Gr/CPE), for the detection of
acetaminophen, ascorbic acid, and caffeine. It was shown that
the modified electrodes exhibited a high electrical conductivity,
which made them a good candidate for electrochemical
applications. The amperometric response of the electrodes
confirmed the detection limits to be 0.00364, 0.00385, and
0.00628 UM for acetaminophen, caffeine, and ascorbic acid in
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the linear range of 0.008-12 pM, 0.01-14 pM, and 0.013-16 pM,
respectively. In addition, the ZnO-Zn,Sn0,-Sn0O,/Gr/CPE based
sensor showed superb selectivity, repeatability, stability, and
reproducibility for the determination of acetaminophen, ascor-
bic acid, and caffeine.”*" Iranmanesh et al. modified a glassy
carbon electrode with the CeO,-CNT nanocomposite and
used it for the simultaneous detection of ascorbic acid (AA),
dopamine (DA), uric acid (UA), and acetaminophen (AP). The
detection limits for AA, DA, UA and AP were found to be 3.1 nM,
2.6 nM, 2.4 nM, and 4.4 nM in the linear range of 0.01-
900.0 puM, 0.01-700.0 puM, 0.01-900.0 M, and 0.01-900.0 pM,
respectively.®

Afkhami and co-workers developed a novel electrochemical
sensor based on a carbon paste electrode modified with the
NiFe,0,/graphene nanocomposite for the effective and simul-
taneous detection of acetaminophen and tramadol. The mor-
phology and electronic composition of the prepared NiFe,O,/
graphene nanocomposite was confirmed using SEM, XRD, and
FT-IR spectroscopy. The limit of detection for acetaminophen
and tramadol was confirmed to be 0.0036 and 0.0030 pmol L™ *,
respectively. It was found that the sensitivity of the sensor was
enhanced by the combination of graphene and NiFe,O, in the
nanocomposite. The fabricated sensor possessed high sensi-
tivity and good stability for clinical assays of tramadol and
acetaminophen.’*” Demir and co-workers designed an electro-
chemical sensor based on a screen printed electrode modified
with a molybdenum disulphide-titanium dioxide/reduced gra-
phene oxide (MoS,-TiO,/rGO) nanocomposite for paracetamol
detection. The MoS,-TiO,/rGO/SPE sensor was examined for
the effect of the rGO:MoS,-TiO, ratio, and the amount of
MoS,-TiO,/rGO composite on the screen-printed electrode for

View Article Online
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the sensitive and selective detection of paracetamol. It was
reported that the sensor showed a high electrocatalytic perfor-
mance for the oxidation of acetaminophen with a low detection
limit of 0.046 M and a wide linear response in the range of
0.1-125 pM. The sensor was also used for the detection of
acetaminophen in urine and drug samples with acceptable
recovery values."*® Anuar et al. fabricated modified glassy
carbon electrodes with a platinum nitrogen-doped graphene
(Pt/NGr) nanocomposite for the sensitive determination of
acetaminophen. From TEM images obtained they reported that
the Pt nanoparticles were evenly distributed on the NGr sheets.
It was also reported that the synergy between the nitrogen-
doped graphene and the platinum nanoparticles enhanced the
interfacial electron transfer process and showed a higher
catalytic performance towards the electrochemical oxidation
of acetaminophen. The sensor was found to be suitable for the
detection of acetaminophen in a linear range of 0.05-90 pmol L™
with a detection limit of 0.008 pmol L™". FESEM images for this
sensor are shown in Fig. 8(a) and (b), while Fig. 8(c) and (d)
represent the electrochemical results of the as-prepared sensor."**

Shaikshavali et al. fabricated an electrochemical sensor
based on MWCNTs decorated with a CuO-Au composite for the
sensitive determination of acetaminophen and 4-aminophenol.
It was reported that the electrochemical activity of the CuO-
Au/MWCNTs/GCE was higher than the bare GCE, the CuO-
Au/GCE and the MWCNTSs/GCE. A good linear response of
0.2-6.0 uM and 0.5-1.6 pM with a detection limit of 0.016 uM
and 0.105 pM was recorded for acetaminophen and amino-
phenol, respectively."*® Huang and co-workers reported that
modified glassy carbon electrodes with layered MoS,-graphene
composites could be used for acetaminophen detection in the
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Fig. 8 FESEM images of (A) NGr, and (B) NGr with Pt NPs deposited on it; (C) square-wave voltammograms with different AP concentrations at the
Pt/NGr/GCE in 0.1 mol L™ phosphate buffer solution at pH 7.0 and (D) plot of peak current against concentration of AP (reprinted with permission from

ref. 134).
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linear range of 0.1-100 uM with a detection limit of 2.0 X
10~® M. The superior electrochemical performance resulted
because of the robust composite structure and the synergistic
effects between the layered MoS, and graphene.'*® Kimuam
et al. prepared a nanocomposite of platinum nanoflowers and
reduced graphene oxide (PtNFs/rGO), which was used for the
determination of diclofenac in urine samples. Using the DPV
technique, a linear range of 0.1-100 uM was observed, with a
detection limit of 40 nM. The recovery rate was found to be in
the range of 85-100%; they proposed that this system might be
used in various applications."®” Goyal et al. used an SWCNT
modified pyrolytic graphite electrode for the determination of
diclofenac. At pH 7.2, diclofenac oxidized at 439 mV and
854 mV. It was observed that the modified electrode demon-
strated an excellent catalytic activity compared with the bare
electrode. The calibration curves were found to be linear in the
concentration ranges of 1 x 10™° to 500 x 10~° M and 25 x
107° to 1500 x 10 ° M for peaks I and II, respectively. In this
investigation, they used the SWV technique to determine
diclofenac in biological and pharmaceutical samples."*® Nasiri
et al. constructed a sensor using a graphene oxide/CNT nano-
composite and gold nanoparticles for the determination of
diclofenac molecules. They used an electrochemical deposition
method to deposit the AuNPs on the surface of MWCNT-GO
nanocomposite films. The developed sensor showed good
results which may be attributed to the large surface area of
the prepared nanocomposite and the fast electron transfer rate
of the AuNPs. The detection limit was found to be 0.09 pmol L™*
in the linear range of 0.4-1000 pmol L~"."*°

Charithra et al. fabricated poly asparagine modified CNT
and graphene mixed paste electrode for the detection of acet-
aminophen. The prepared electrode showed a very low detec-
tion limit of 4.10 x 10~® M in the linear range of 20-100 pM."*°
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Chen et al. attached CuO, Cu,O, and CuS, respectively, on
g-C3N, to prepare composites, and used these composite
electrodes for acetaminophen detection. Fig. 9(a) shows the
detection of acetaminophen using these synthesized nanocom-
posites. It was found that the Cu,0/g-C3N,;, CuO/g-C3N,, and
CuS/g-C;3N, sensors have wide linear ranges of 5-250 puM with
a LOD of 0.47 pM (for Cu,0/g-C3N,), 5-300 pM with a LOD of
0.32 pM (for CuO/g-C;N,), and 5-500 pM with a LOD of 0.26 pM
(for CuS/g-C3;N,), as shown in Fig. 9(b)-(d), respectively.*®
Shi et al. prepared a nanocomposite containing zinc tetrahy-
droxyphthalocyanine and reduced graphene oxide (rGO-ZnPc-
OH) as an electrode material for acetaminophen sensing in
human urine samples and drug formulations. It was observed
that the formed nanocomposite provided an effective electro-
active surface area. A synergistic enrichment was also seen
because of the adsorption of n—n stacking and hydrogen bonding
of hydroxyl groups."*" Yigit et al. fabricated a graphene-Nafion
composite film on a GCE; they used it for the simultaneous
detection of acetaminophen, aspirin and caffeine in commercial
tablets. The CV and ASV techniques were used to determine the
electrochemical behavior of all the mentioned drugs. The oxida-
tion peaks of the designed electrochemical sensor were observed
at 0.64, 1.04 and 1.44 V, and good linear current responses were
also demonstrated, with detection limits of 1.2 x 10™° M, 6.5 X
107® M and 3.8 x 10°® M for acetaminophen, aspirin and
caffeine, respectively."*> Roushani et al fabricated a low-cost
electrochemical aptasensor for the detection of ibuprofen. They
formed a nanocomposite with nitrogen doped GQDs and gold
nanoparticles which have a unique matrix for covalently attaching
the aptamer molecules. The modified GCE with prepared nano-
composite provided higher surface area and electrical conduc-
tivity. In this study, riboflavin was first used for the electrochemi-
cal detection of ibuprofen. The detection limit was found to be
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Fig. 9

(a) Detection of AP using CuX/g-C3N4 nanocomposite-based electrochemical sensors (CuX = Cu,O, CuO and CusS); and (b)-(d) CV curves for

paracetamol (AP) on different CuX-CsN,4 modified electrodes in the presence of dopamine (DA) and ascorbic acid (AA) (reprinted with permission from

ref. 36).
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33.33 aM. The obtained results revealed that this type of strategy 6. Challenges and future prOSpeCtS

can be implicated in the design of biosensors and electrochemical

sensors for the detection of different targets.’** The literature
survey mentioned above is summarized in Table 1.
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Over the past few years, there has been a significant increase in

the need for precise and affordable methods for the detection

Table 1 Comparison data for nanomaterial based electrochemical sensors for the detection of drugs

Material Synthesis method Morphology Detection limit Linear range Drug Ref.
MWCNTSs Layer by layer — 0.51pM (5x 107" mol 25-400 pM AP 144
L)
f-MWCNTs modified glassy — Densely packed 0.6 uM (0.6 pmol L") 3-300 uM AP 145
carbon electrodes (GCEs) (3-300 umol L)
SWCNT-graphene nanosheet Modified Hummers’ Uniformly dispersed 38 x 107> uM (38 nM)  0.05-64.5 uM AP 146
hybrid film method
Iron oxide NPs 2.45 x 107° pM 0.01-100.0 pM DCF 74
(2.45 nM)
Cu;TeOg Wet chemical route Stone like 0.017 uM 0.02-5 uM 1B 62
Nafion/TiO,-graphene — — 0.21 uM (2.1 x 1-100 pM AP 147
nanocomposite 1077 M)
Fe;0,@Au-S-Fc/GS Co-precipitation 0.05 uM AP 148
MWNTs Molecular imprinting 3D network 0.04 uM (4.0 x 8.0 x 107 t0 5.0 x AP 53
and sol-gel 10 ¥ mol L) 10" uM
(8.0 x 1078 t0 5.0 x
10° mol L™1)
ZnO Nanoflowers 0.1-300 uM DA 63
GO/MIPs Modified Hummers’ Curved and layer like 20 x 10~ uM (20 nM)  0.1-80 uM AP 55
method structure
Fe,03(0.5)/Sn0,(0.5) Solid phase reaction — 0.2 uM (0.2 pmol L") 4.5-876.0 puM (4.5- AP 61
876.0 umol L™ ")
MoS,-Gr/GCE Solution-phase method 3D sphere-like 0.02 uM 0.1-100 pM AP 136
rGO-tin nanohybrid Green synthesis Wrinkled and flake 0.02 pM 0.06-660 UM AP 66
like
Graphene-Nafion composite 6.5 x 1078 ASP 142
film
Graphene/SnO, Hydrothermal method Irregular 1 uM AP 43
nanocomposite
ERG/GCE — — 0.0021/1.2 pM 0.005-4/5-800 pM AP 111
Activated carbon-ZnO Co-precipitation Nanoflakes 0.02 uM (0.02 p 0.05-1380 UM (0.05— AP 59
composite ML 1380 pmol L)
Cd(OH),-rGO Co-precipitation Nanorod-like 0.08 uM 0.1-102 pM AP 149
CuO-CuFe,0, Co-precipitation Spherical 0.007 puM (0.007 pmol  0.01-1.5 pM (0.01— AP 128
L 1.5 pmol L™Y)
v-Fe,0; Co-precipitation — 75 uM (0.075 mM) 31-1000 uM (3.1 x AP 150
107° M to 1.0 x 107° M)
P-RGO Hydrothermal method — 0.36 UM 1.5-120 uM AP 44
Graphene/ZrO, Green synthesis Sheets 75.5 x 107° uM (75.5  10-100 uM AP 129
nM)
Chitosan-Au NPs Chemical route Dispersed 0.03 pg mL ™" — ASP 107
Pd/POMs/NHCSs Green synthesis Nanospheres 3x107°puM (3 nM)  0.63 UM to 0.083 mM AP 151
La**/Co;0, Co-precipitation Nanoflower 0.09 UM 0.5-250.0 pM AP 60
SI-CPE — — 21 x 1073 UM (21 nm) 1-160 uM AP 152
Ag NPs/GCE Green synthesis — 8.50 x 107> uM (8.50 — AP 64
x 107 mol L)
NiO/GCE Hydrothermal method  Asymmetric 0.23 uM 7.5-3000 uM AP 42
CeO,-CNT Green synthesis 4.4 X 1077 UM (4.4 0.01-900.0 pM AP 65
nM)
rGO/AuNPs/MWCNTs Chemical route Tubular/flaky 42 x107° 1M (42nM)  0.12-12 M AP 153
Cu,0-CuO/rGO/CPE Hummers’ method/ — 0.003 uM 0.008-13 M AP 154
chemical reduction
SrP/g-CN NSs Thermal polymeriza- Nanosheets 2 x107° uM (2.0 nM)  0.01-370 pM AP 155
tion technique
Ni/C-400/GCE Direct calcination Spherical 4.04 x 1072 uM 0.20-53.75 uM AP 156
method
GCE — — 0.96 UM 1.45-3.87 umol L™ * 1B 126
PASMCNTMGPE — Thick layer 0.04 uM 20-100 uM AP 140
BC/C030,4/FeC0,0, Calcination treatment  Nanosheets 0.02886 UM 0.1-220 uM AP 47
with hydrothermal
rGO-ZnPc-OH Hummers’ method/ Gauzy crinkled and 107> uM (10 nM) 100-800 uM AP 141
nanocomposite chemical route folded nanosheets
(WP6-Pd-COF) Chemical route — 3 x 10* uM (0.03 M)  0.1-7.5 uM AP 157
nanocomposite
448 | Mater. Adv,, 2023, 4, 432-457 © 2023 The Author(s). Published by the Royal Society of Chemistry
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and quality control of pharmaceutical compounds. As a result,
there has been a lot of interest in and the development of
specialized nanomaterial-based electrochemical sensors. For
full utilization of the capabilities of advanced electrochemical
sensors, a thorough understanding of the physicochemical and
electronic interactions that take place at the interfaces between
nanomaterials and relevant analytes is required. In this review,
the most recent developments in the creation of electrochemi-
cal sensors based on nanomaterials for the detection of impor-
tant pharmaceutical drugs such as acetaminophen, ibuprofen,
aminophenol, diclofenac, dopamine, and others are covered
in-depth. Noteworthy progress has been made in combining
carbon-based nanomaterials with metal nanoparticles, quan-
tum dots, organic functional groups, and conductive polymers
to produce powerful synergistic effects that will make it easier
to catalyze reactions with target analytes. Although the sensi-
tivity and LOD are often improved with these methods, other
problems, such as fouling and the non-specific adsorption of
other species, can occur that make it more challenging to
commercialize the proposed electrochemical sensors. In fact,
few researchers have questioned whether adding carbon-based
nanomaterials like graphene, GO, and CNTs has a synergistic
effect on the electrochemical detection of analytes. It was not
always confirmed that carbon nanomaterials or the modified
materials themselves would produce a signal that was compar-
able. Moreover, the improved performance observed after using
carbon nanomaterials may simply be the result of an increase
in the active surface area. For tailoring the design of sensing
platforms, a thorough understanding of the electrochemical
reactions at electrode/electrolyte interfaces remains one of
the foremost challenges. Despite the fact that most proposed
electrochemical sensors have been tested with real samples,
there remains a significant gap between laboratory tests and
the commercialization of these sensing devices. To develop
and commercialize electrochemical sensors and biosensors
for the efficient detection of pharmaceutical drugs, the indus-
try, as well as multidisciplinary research groups, must colla-
borate closely. Electrochemical sensors and biosensors must
be carefully analyzed with regard to their costs and stability
in addition to their sensitivity and selectivity. For the analysis
of pharmaceutical compounds, chromatographic techniques
such as HPLC, GC-MS, and LC-MS/MS as well as colorimetric
methods are currently widely employed in hospitals and
laboratories. However, these techniques are often constrained
in terms of their portability. Electrochemical sensors, on the
other hand, have advantages that allow them to surpass the
limitations of those more traditional methods. Using liquid
chromatography or mass spectrometry in conjunction with
electrochemical sensing for effective drug detection is one of
the newest trends. Over the past few decades, remarkable work
has been carried out in the advancement of sophisticated
electrochemical sensors and biosensors for the sensing of
pharmaceutical compounds. An encouraging trend for further
improvement in the sensitivity and a reduction in detection
limits for target analytes through synergistic effects is via
the use of nanocomposites made of carbon and other

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials like metal nanoparticles, polymers, and func-
tionalized nanostructures.

7. Conclusions

This review summarizes recent advances in the fabrication of
electrochemical sensors used for analgesic and antipyretic drug
detection. We have discussed some commonly used drugs
such as acetaminophen, ibuprofen, aspirin, and diclofenac.
We deliberately discussed synthesis methods for nanomaterials
and their utilization in electrochemical sensors for the detec-
tion of drugs. Generally, the special properties of metals and
carbon-based nanomaterials have contributed considerably to
the advancement of electrochemical sensors. Both the novel
and adjusted metal-based probes often show an improved
analytical performance over traditional non-nanostructured
electrochemical frameworks. Electroanalytical techniques that
utilize sensing and biosensing devices, including carbon and
metal oxide-based nanostructure modified electrodes, are pro-
mising for real-life analytical detection applications. Specifi-
cally, diamonds and CNTs have been used as electrode
materials for electrochemical sensing. However, a few chal-
lenges remain, for instance, the scalability and reproducibility
of current “nano” gadgets, and the sensing frameworks are
particularly influenced by the properties of the nanostructures
that are utilized. However, greater suitable assessments of the
few performance properties, including their application for
detecting analytes in real world samples, are essential before
potential commercialization.
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AP Acetaminophen
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DCF Diclofenac

ASP Aspirin

NSAID Non-steroidal anti-inflammatory drug
NPs Nanoparticles

Ccv Cyclic voltammetry

ASV Anodic stripping voltammetry

LSV Linear sweep voltammetry

SWV Square wave voltammetry

DPV Differential pulse voltammetry

AA Ascorbic acid

DA Dopamine

CNTs Carbon nanotubes

SWCNTs Single walled carbon nanotubes
MWCNTs Multiwalled carbon nanotubes

RT Room temperature

LOD Limit of detection

SEM Scanning electron microscope
FESEM Field emission electron microscopy
TEM Transmission electron microscopy
XRD X-ray diffraction

FTIR Fourier transform infrared radiation
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CVD Chemical vapor deposition
GO Graphene oxide

rGO reduced graphene oxide
GCE Glassy carbon electrode
Ag Silver

Au Gold

GQDs Graphene quantum dots
UA Uric acid

NiO Nickel oxide

ZnO Zinc oxide

CA Chronoamperometry
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