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ABSTRACT

Paracetamol is a non-steroidal, anti-inflammatory drug widely used in pharmaceutical applications for
its sturdy, antipyretic and analgesic action. However, an overdose of paracetamol can cause fulminant
hepatic necrosis and other toxic effects. Thus, the development of advantageous analytical tools to detect
and determine paracetamol is required. Due to simplicity, higher sensitivity and selectivity as well as
costefficiency, electrochemical sensors were fully investigated in last decades. This review describes the
advancements made in the development of electrochemical sensors for the paracetamol detection and
quantification in pharmaceutical and biological samples. The progress made in electrochemical sensors
for the selective detection of paracetamol in the last 10 years was examined, with a special focus on
highly innovative features introduced by nanotechnology. As the literature is rather extensive, we tried to
simplify this work by summarizing and grouping electrochemical sensors according to the by which
manner their substrates were chemically modified and the analytical performances obtained.

© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Paracetamol (PCT) or acetaminophen is one of the major med-
icines used for the treatment of numerous cold and flu remedies. It
has been used for many decades as an analgesic and as an effective
treatment for the relief of fever, headaches and pains. At the ther-
apeutic dose (50—100 uM), PCT does not have serious side effects
and is an effective substitute for patients who are sensitive to
aspirin [1]. However, overdosing has frequently a severe cause of
fatal hepatotoxicity and nephrotoxicity related to renal failure [2,3].
To avoid any complication, very accurate measurement of PCT is
vital to controlling drugs and biological samples.

Several conventional techniques have been performed to
determine PCT, including high performance liquid chromatography
(HPLC) [4], gas chromatography [5], thin layer chromatography [6],
micellar electrokinetic chromatography [7], spectrophotometry [8],
spectrofluorimetry [9], mass spectroscopy [10], chem-
iluminescence [11], capillary electrophoresis [12] and colorimetry
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[13]. Most of these techniques are time consuming, require com-
plex equipment, or are costly. The development of electrochemical
techniques can overcome some of these limitations because of their
prompt response, simple equipment, higher sensitivity and selec-
tivity as well as being cost-efficient, easily miniaturized with lower
required power and usually no sample treatments.

Recent studies have extensively investigated the determination
of PCT by electrochemical methods based on its oxidation reaction.
The oxidation of PCT was first described in the works of Kissinger
et al., and Miner et al. [14,15], and later confirmed in other research
works [16—19]. This oxidation occurs via two-proton and two-
electron exchange process to give N-acetyl-p-benzoquinone-
imine (Scheme 1). Generally, the PCT oxidation at conventional
working electrodes is irreversible and requires overpotentials,
which decreases the sensitivity of detection [17]. To resolve this
problem, working electrodes are chemically modified with elec-
trocatalysts to reduce the overpotential required and to enhance
the electron transfer rate [18]. Current evidence indicates that in
the presence of chemical modifiers such as nanomaterials, the
electrochemical oxidation of PCT becomes reversible or quasi-
reversible due to the rapid electron transfer rate.

Chemically modified electrode (CME) is an electrode made of a
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Scheme 1. Oxidation reaction of paracetamol to N-acetyl-p-benzoquinone imine.

conducting or semiconducting material that is coated with a
selected monomolecular, multimolecular, ionic, or polymeric film
of a chemical modifier [20]. CME is coupled to a transducer, which
converts its interaction with the analyte into a measurable elec-
trochemical signal (Fig. 1). One of the advantages of the CMEs is that
they require the use of a minimum quantity of reagents for analysis.
Another advantage is the reduction of interference which provides
better selectivity of the analysis.

There are hundreds of research articles available in literature
where CMEs have been used for the electrochemical detection of
PCT. Recent papers have focused on the use of nanomaterials
because of their unique properties for the modification of elec-
trodes. Cernat et al. [21] reviewed the different configurations
based on chemically modified carbon nanotubes (CNTs) and gra-
phene (Gr) for PCT detection. Despite this great review article, the
chemical modifiers used for the PCT detection are not limited only
to this category. Furthermore, with trends in nanotechnology,
different materials have recently been introduced. In the present
review, we report the different modification materials used for the
detection of PCT in pharmaceutical and biological samples with
more or less combinations of few well-known materials such as
CNTs, Gr and its derivatives, fullerene, carbon quantum dots (CQDs),
metal or metal oxides nanoparticles (NPs), metal organic frame-
works (MOFs) and conductive polymers (Fig. 2). We have
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thoroughly discussed the properties of the modified electrode
surfaces that enhance their electrocatalytic activity towards PCT.
The detection of PCT in the presence of other interfering agents has
also been focused. Information related to the performance of
different approaches and their advantages/disadvantages for PCT
determination is presented in tables.

2. Electrochemical sensing with carbon-based electrodes

Carbon-based electrodes, especially glassy carbon electrodes
(GCEs), carbon paste electrodes (CPEs) and screen-printed carbon
electrodes (SPCEs), are the most common working electrodes used
for the electrochemical sensing of PCT. Their success is mainly due
to the minimum necessary overpotential required for the estima-
tion of PCT and the possibilities of mediator modification. The CPEs,
initially reported by Adams [22], are widely utilized to determine
PCT due to their low residual noise and current, wide anodic and
cathodic potential ranges, low costs, ease of fabrication and prompt
surface renewal. They have become one of the most popular elec-
trode materials used for the electrochemical sensing applications
[23]. Generally, the sensitivity of unmodified CPEs is low and the
limits of detection (LODs) are not advantageous for routine analyses
[22]. Inspired by the work of Yamada and Sato [24], GCEs become
very popular in the design of electrochemical sensors, due to their
low oxidation rate and high chemical inertness as well as extremely
low pore sizes [25]. It is pertinent to mention here that there are
only two reports available in literature [26,27], where the bare GCEs
have been used for the determination of PCT. In contrary, the
chemically modified GCEs are the most used in electrochemical
sensing of PCT.

The further advancement in carbon-based electrodes has led to
the development of SPCEs as a disposable electrode in various
electroanalytical sensing applications. In contrast to other con-
ventional electrodes, SPCEs have all the three electrodes system
including reference, counter and working electrodes on a single
platform [28]. They have attracted more attention compared to
other conventional electrode systems due to low cost,
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Fig. 1. Schematic representation of a chemically modified electrode, its interaction with the analyte, and the transduction of these interactions into measurable signals.
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Fig. 2. Various sensing materials used in electrochemical detection of PCT.

miniaturization of sensing process, disposability and portability.
Besides, their microliter-level demand for sample and good
repeatability makes them an ideal analytical platform for point-of-
care sensing.

The modification of electrochemical sensors with nano-
materials, from the oldest CPEs to GCEs and SPCEs, is carried out by
different processes as schematized in Fig. 3. Drop-cast electrodes
have most frequently been used for PCT-sensing applications
because of the simple modification process. Drop-casting modifi-
cation consists deposition of a suspension of nanomaterial and
suitable binders or solvents on the surface of the electrode to form a
film on the surface of the electrode [29,30]. Another approach to
electrode modification is electrochemical deposition using an
electrode/organic-phase/aqueous electrolyte three-phase junction.
It is widely used for designing modified electrodes using various
nanomaterials including CNTs, Gr, metallic NPs, conducting
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polymers as well as their composites [31,32]. Electrochemical
polymerization is also demonstrated to be a beneficial method that
is used for the thin-film coating of polymers on the electrode sur-
face. It consists the oxidation or reduction of a monomer in solution
to an activated form that polymerizes to form a polymer film
directly on the electrode surface [33]. Paste mixing is another
practical method for CPE modification which consists of simple
mixing of the modifier with carbon paste using a suitable binder
[23]. The comparison of advantages and disadvantages of the
various approaches is given in Table 1. It is important to select the
best choice among different available techniques for the fabrication
and characterization of modified electrodes to achieve better
analysis results. The choice of an approach depends solely on the
economical possibilities, analytical requirements, type of the elec-
trode and nature of the modifier.

3. Carbon-based nanomaterials modified electrodes for PCT
determination

Carbon-based nanomaterials are widely explored as electrode
modifiers in sensors fabrication. They provide the opportunity to be
combined with other nanomaterials for improved sensitivity and
selectivity of the modified surfaces. This family is composed
essentially of Gr, CNTs, CQDs and fullerene. Table 2 [17,34—48]
summarizes types of electrodes, modifiers, analytical figures of
merits, and the advantages/disadvantages of each modifier used for
PCT determination.

3.1. Gr, graphene oxide (GO) and reduced GO

Gr is a two-dimensional material consisting of sp? carbon atoms
bonded in hexagonal configuration. Gr, the thinnest material
known in the universe, is flexible and conducts electricity at room
temperature more efficiently than any other materials [34]. The
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Fig. 3. Common procedures used to modify carbon-based electrodes.
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Table 1
Advantages and disadvantages of the commonly used modification procedures.

Journal of Pharmaceutical Analysis 11 (2021) 138—154

Technique Advantages

Disadvantages

Paste mixing
cost.

-Greater stability than coated film.

-Inexpensive method.

-Quick and easy, can produce relatively thick films.

Drop-casting

Electrodeposition -Cost-effective and time-saving.

-Easy to implement.

-Precise control on film thickness and uniformity.
-Ease of synthesis.

-Reproducible control over film thickness.
-Ability to use diverse electrode geometries.
-Doping is simultaneous.

Electrochemical
polymerization

-Simple operation, easy access to the equipment, and low -Needs care supervision to achieve reproducibility.

-Difficult to control paste uniformity.

-Films are not uniform.

-Controlling the thickness, porosity of film in large areas is difficult.

-The material must be soluble.

-Process set up, current or voltage required.

-Setup and handling are more complicated than other direct deposition-based
methods.

-Difficult to remove film from electrode surface.

-Post-covalent modification of bulk modifier is difficult.

oxidized derivative of Gr is GO, which is plentiful in carboxylic
groups with many advantages in electrochemical field [49]. GO
modified GCE electrode shows good linearity of PCT concentration
and very low LOD as documented by Alagarsamy et al. [35]. How-
ever, GO-based materials have relatively low conductivity and
catalytic activity compared to Gr. Different configurations have
been chosen to introduce Gr on the electrodes to get altered effects.
Typically, Gr is prepared by mechanical stripping, chemical vapor
deposition or reduction of GO via a variety of routes such as
chemical (CRGO), thermal (TRGO) and electrochemical (ERGO) [50].

In a study done by Bahramipur et al. [34], CPE was modified with
Gr by the addition of Gr into the carbon paste mixture for square
wave voltammetry (SWV) detection of PCT. A quasi-reversible
redox process at the modified electrode was obtained, and the
over-potential of PCT decreased significantly compared with that of
the bare CPE. The Gr/CPE has a linear range up to PCT concentration
of 143 uM with a LOD of 0.6 uM. In another study, Kang et al. [36]
deposited Gr suspension on the GCE surface for the determination
of PCT in pharmaceutical tablets. Gr/GCE exhibited a low LOD of
0.032 pM, good recoveries from 96.4% to 103.3% without interfer-
ence from dopamine. Furthermore, Gr nanoflakes modified GCE
was also used for the simultaneous determination of PCT and
pentoxifylline by using amperometric method. The linear range
was found to be 0.001-150 pM and the LOD obtained was
0.00043 pM. The electrode also provides high selectivity in the

Table 2

presence of an excess concentration of easily oxidizable interfering
biological molecules and good recoveries in drug samples [37].

Gr used in electrochemical PCT sensors is commonly obtained
by the chemical reduction of GO, and its deposition on surface of
electrodes has typically been achieved via drop-casting. This pro-
cedure has intrinsic limitations such as a lack of control over film
thickness and most importantly, toxic chemical reducing reagents
in the preparation of Gr. On the other hand, the electrochemical
approach is simple, green and fast for the reduction of GO to Gr.
This method does not need chemical reducing reagents and more
importantly, the reduced Gr could be directly deposited on the
surface of the electrode, avoiding any additional deposition step
that is commonly needed in the chemical reduced Gr. For example,
Phong et al. [38] reported an ERGO modified GCE for the simulta-
neous determination of PCT, caffeine, and ascorbic acid. The ERGO/
GCE was prepared from graphite to GO using the modified Hum-
mers process and then electrochemical reduction of GO in sus-
pension to Gr on GCE by cyclic voltammetry (CV) with a potential
ranging from 0 V to 1.5V, as illustrated in Fig. 4. Using SWV method,
the developed sensor exhibited a LOD of 0.25 uM for PCT and
average recoveries ranging from 95% to 106% in pharmaceutical
samples. Another ERGO/GCE sensor was reported by Adhikari et al.
[39] for the amperometric detection of PCT at 500 mV. The superb
electrical conductivity, great surface area, and oxygen-related de-
fects of ERGO make it a sensitive and rapid electrochemical sensing

Figure of merits of the carbon nanomaterials modified electrodes used in paracetamol analysis.

Working electrode Modification Methods Linearity (uM) LOD (uM) Application/Recovery (%) Advantages Disadvantages Refs.
CPE MWCNTs SWV 2—-400 0.8 Urine/101.25, 101.46 B,C,D CDF [17]
CPE Gr SWV 2.5-143 0.6 Tablet/96.95—-99.24 B,D CF [34]
Urine/101.83—103.88
GCE GO Amperometry 0.1-430 0.021 Human serum/99.6—99.9 AE B, F [35]
GCE Gr SWV 0.1-20 0.032 Tablet/96.4—103.3 A B D, E F [36]
GCE Gr nanoflakes Amperometry 0.001-300 0.00043 Tablets/95.2—106.8 A B E F [37]
GCE ERGO SWvV 0.05-0.1 0.25 Tablet/95—-106 B,D,EF D [38]
GCE ERGO Amperometry 0.005—4 0.0021 Human serum/96.08—103.2 A B,D,F [39]
CPE MW(CNTs DPV 39.4-146.3 21 Tablets/98—111 B,C E D, F [40]
GCE MWCNTs SWvV 0.0002—-15 0.00009 Tablet/99 A B, C F [41]
SPCE MWCNT-COOH FIA system 0.25—-10 0.1 Tablets/95.5,105.38 B,D CF [42]
GCE MWCNT—-COOH DPV 3-300 0.6 Tablets/100.5—100.9 CD,E D, F [43]
Human serum/98.99—100.2
GCE Ceo DPV 50—1500 50 Tablets/96—105 B,D A CD,F [44]
Urine/96.2—104.2
SPCE Cgo black DPV 1-300 0.01 Tablets A B, C CF [45]
GCE Ceo-MWCNT DPV 0.5—2000 0.035 Tablets/99.25—-100.16 A D B,C,D,F [46]
GCE N-CQDs DPV 0.5—600 0.157 Tablets/95.07—98.56 CE B, F [47]
GCE CQDs-Gr DPV 0.001-10 0.00038 Tablets/96.4—104.4 A DE B, F [48]

Advantages: A: low LOD; B: easy electrode pretreatment/fabrication; C: simultaneous determination of PCT with two/more compounds; D: easier oxidation of paracetamol;

E: long shelf-life of the sensor; F: economic electrode materials.

Disadvantages: A: complex electrode fabrication; B: high LOD; C: limited or unknown shelf-life stability of the sensor; D: unknown or insufficient interference tests; E: limited

sensor reproducibility; F: expensive electrode materials; G: toxic electrode materials.
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platform toward PCT detection. The ERGO/GCE showed good line-
arity in the range of 0.005—4 pM with an excellent LOD of
0.0021 uM. The sensor was employed for the determination of PCT
in human serum without any interference. Despite its advantages,
the electrochemical reduction of GO in suspension is limited by the
mass transport process. Premature precipitation of partially
reduced GO from electrode surface may occur to give product of
mixed properties.

In summary, because of the electronic transport properties of Gr
and its derivatives, it is easy to provide electrons for the reduction
process of PCT, which may result in a quasi-reversible process at the
Gr-modified electrodes. The Gr nanoflakes were found to be better
than others derivative in enhancing the oxidation peak currents
and improving the reversibility of the oxidation.

3.2. CNTs

CNTs are nanometer-scale tube-like structures made of carbon,
first discovered in 1991 [51]. These materials are divided into two
categories: single-walled (SWCNTs) and multi-walled (MWCNTSs).
The modification of electrochemical electrodes by MWCNTs has
attracted more interest because of the gain of high reversibility of
the processes for increasing the velocity of electron transfer, and
reduction of the overpotentials, thus achieving a higher selectivity
and increased sensitivity.

The modification of CPEs with MWCNTs for PCT detection was
first reported by Duarte et al. [40] in 2012. The experiments were
performed in the presence of a cationic surfactant cetyl pyridinium
bromide as an antifouling agent. The voltammetric results obtained
showed clearly that the electrooxidation of PCT was significantly
facilitated by synergic effect between CNTs and cationic surfactant.
However, the sensor is not very useful for PCT as LOD is not satis-
factory (2.1 pM). Also, MWCNT/CPE allows simultaneous determi-
nation of PCT, tryptophan and ascorbic acid by SWV with a LOD of
0.8 uM noted for PCT [17]. Using CNTs modified GCE, the voltam-
metric determination of PCT was achieved in the presence of
dopamine, ascorbic acid, and uric acid. The drop-casting modifi-
cation produced significant improvements of the analytical signal
resulting in a LOD of 0.00009 uM [41], which was lower than those
obtained when MWCNTs were used to modify CPEs. This result
showed that immobilization of MWCNTs in the compacted struc-
ture of CPE has disadvantages towards the sensitivity of the ob-
tained configuration.

Modified
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Fig. 4. Schematic illustration of preparation procedures of electrochemically reduced
graphene oxide-modified GCE. Reprinted with kind permission from Phong et al. [38].
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Because of their nature, CNTs are inherently insoluble in most
organic and aqueous solvents. The potential applications of CNTs
need an extensive functionalization of the nanotubes by insertion
of organic functional groups to make them processable and to tune
their properties. For example, carboxyl functionalized MWCNT was
used for SPCE [42] and GCE [43] modification and the electrodes
were used for PCT determination using amperometry and differ-
ential pulse voltammetry (DPV) method, respectively. It was found
that negative groups of MWCNT-COO- led to faster oxidation re-
action through easy diffusion of PCT to the surface of electrode. The
obtained LODs for modified SPCE and GCE were 0.1 and 0.6 pM,
respectively.

3.3. Fullerene

Fullerene is another carbon nanomaterial that has attracted much
attention due to its remarkable electrochemical properties [52]. The
application of fullerene as an effective electrocatalyst for various
chemical and biochemical reactions is in steady progression [53,54].
However, the fabrication of electrochemical sensors based on
fullerene is not fully investigated. Goyal and Singh [44] successfully
applied Cgo-modified GCE for the voltammetric determination of
PCT. The modification was achieved by casting of Cgg directly on the
solid surface and then reduced in 1 M KOH solution in the potential
range from 0.0 to —1.5 V. Sweep rate studies indicated that elec-
trochemical reaction is followed by chemical hydrolysis. The Cgo-
modified electrode showed a stable and reproducible response
without any influence of glucose, ascorbic acid and urea. However, p-
aminophenol and caffeine do not interfere up to 4.0 mM, and at
concentration >4.0 mM interferences occurred. Furthermore, the
method does not require any sample pre-treatment. However, high
LOD of 50 uM is disadvantageous for the application of this sensor.
Valentini et al. [45] used fullerene black for the modification of SPCEs
to determine PCT and guanine in urine and pharmaceutical formu-
lations samples. The fullerene black was obtained under the form of
carbon soot by arcing graphite in a helium atmosphere, and then
coated on the surface of SPCE through drop-casting. The modified
electrode displayed good linearity in the range of 1-300 uM of PCT
concentration with a LOD of 0.01 uM. However, the lifetime of the
film (one day) is a factor limiting its successful application. In a
further study done by Mazloum-Ardakani et al. [46], an electro-
chemical sensor based on Cgg functionalized MWCNTs was elabo-
rated. The sensor was prepared by casting the mixed solution of Cgg
and MWCNTs on a GCE and then was subjected to potential scanning
in acetonitrile solution containing 0.1 M tetrabutylammonium hex-
afluorophosphate as supporting electrolyte between 0.0 and —2.0 V
until reversible multistep electron transfer reaction. The electrode
showed low LOD of 0.035 pM and good selectivity for the determi-
nation of PCT in the presence of levodopa. Nevertheless, the
repeatability, selectivity and stability of the sensor were not
determined.

3.4. CQDs

CQDs are zero-dimensional carbon nanomaterials that offer the
opportunity to construct nanoscale electronic and optical devices.
In electroanalytical chemistry, the CQDs have proved to be good
choice to functionalize GCE electrode for enhanced response to-
wards the analytes. Fu et al. [47] elaborated a GCE functionalized
with nitrogen doped CQDs for the sensing of PCT and hydrogen
peroxide. The modification was conducted by immersing the GCE in
the N-CQDs solution for 5 min, followed by a N, drying process. At
optimal conditions, DPV displayed a linear dynamic range from 0.5
to 600 pM and a LOD of 0.157 uM with an excellent stability and
reproducibility. Acceptable results were obtained in the analysis of
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Table 3
PCT sensors based on non-carbon nanomaterials modified electrodes.
Working electrode Modifier Methods Linearity LOD (uM) Application/Recovery (%) Advantages Disadvantages Refs.
CPE ZSM-5/TiO, DPV 2.5-110 0.58 Human serum/98.21—102.35 G D,E A CF [18]
CPE Fe,03 DPV 2—150 1.16 Tablets/98.37—102.28 CD,E B [55]
Serum/96.15—102.91
CPE Au@Fe304 DPV 0.1-70 0.045 Tablet/98.7—101.9 AE AF [56]
Human serum/97.5—102.9
SPCE Bi»0, DPV 0.5—1250 0.03 Tablets/98-103 A B CD C, D [57]
Urine/108-111
Human blood/85
GCE Bi,03 cv 0.5—1500 0.2 Human blood/99.95—-101 B, F CD,E [58]
SPCE CeO, DPV 0.09—-100 0.051 Human serum/97.7—102 A B, E F G [59]
GCE Fe,03@Sn0, DPV 4.5—-876 0.2 Tablets/92—101.3 CE CF [60]
Human serum/93—103.2
CPE ZnFe,04 DPV 6.5—135 0.4 Tablet, Human serum C,D,E F [61]
CPE ZnS DPV 1-15 0.041 Tablet/96.8—100.4 A CE A [62]
DNA/100.2—100.9
GCE Ni—Al/HCF-LDH Amperometry 3—1500 0.8 Tablets, spiked serum/99.2—103 CD,E AF [63]
GCE Au/SDS-LDH DPV 0.5—400 0.13 Tablets/97.6—99 D, E AF [64]
Human serum/97.35—104.21
CPE PANI/TPA DPV 0.9—1900 0.2 Tablets/96—102.8 CD A, CD [65]
Blood serum/97.5—104.2
SPCE PEDOT FIA 0.5—600 0.16 Tablets/98—106.1 B,E F B [66]
DPV 4—-400 1.39
cv 10—1000 3.71
GCE PEDOT DPV 2.5—-150 1.13 Tablets/97-107 B,D, F B, C [67]
GCE Poly-AHMP DPV 2—-20 0.15 Tablets/96—102.75 B,CE B [68]
GCE Poly-(L-cysteine) Linear sweep  0.2—100 0.05 Tablets/98.9—102.9 A B, D F [69]
voltammetry Human urine/98.3—105.5
GCE Poly-(L-histidine)/acetylene DPV 0.8—100 0.077 Ganmaoling granules/97.8—105.2 A,D AF [70]
black
GCE Poly-(diglycolic acid) cv 0.02—500 0.0076 Tablets/99.1-101.8 A B E G [71]
GCE Poly (nile blue) DPV 0.2-16.2 0.08 Tablets/95.1-97 A CDE F [72]
GCE Poly(chromium Schiff DPV 0.008—0.125 0.0068 Tablets/99—101.4 A B, C,D CFG [73]

base complex)

Advantages: A: low LOD; B: easy electrode pretreatment/fabrication; C: simultaneous determination of PCT with two/more compounds; D: easier oxidation of paracetamol; E:

long shelf-life of the sensor; F: economic electrode materials.

Disadvantages: A: complex electrode fabrication; B: high LOD; C: limited or unknown shelf-life stability of the sensor; D: unknown or insufficient interference tests; E: limited
sensor reproducibility; F: expensive electrode materials; G: toxic electrode materials.

pharmaceutical formulations with this electrode. However, the
device was not tested for the analysis of biological fluid specimens.
In a promising work realized by Ruiyi et al. [48], an ultra-high
sensitivity for the detection of PCT (0.00038 pM) was achieved by
developing intimate electrical and chemical contact between Gr
aerogel and octadecylamine-functionalized CQDs (GA@O-CQDs).
This combination exhibits good stability, reproducibility and
repeatability, and the method has been successfully applied for
detection of PCT in pharmaceutical samples with the recoveries in
the range of 96.4%—104.4%. Nevertheless, the practical application
of this promising sensor is limited by its somewhat complicated
and time-consuming preparation.

4. Non-carbon nanomaterials modified electrodes

The non-carbon nanomaterials used in the electrochemical
detection of PCT regroup a wide variety of materials ranging from
metals, metal oxides, ceramics and polymers. Table 3 [18,55—73]
lists the PCT sensors based on non-carbon nanostructure modified
electrodes reported up to date.

4.1. Metal and metal-based nanomaterials

Metal and metal oxide NPs modified electrodes have attracted
considerable attention in last decade because of their ability to
improve charge transfer and catalytic activity. Recently, a high
electroactive iron oxide (Fe;03)-modified CPE was made by Vinay
and Nayaka [55] for the voltammetric determination of PCT and
dopamine. The advantage of this modified electrode is the
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simultaneous and individual determination of the analytes present
in pharmaceutical samples with good recovery values. Despite
simplicity, easy operation and low cost, the proposed sensor is not
very useful due to unsatisfactory LOD of 1.16 pM. Haghshenas et al.
[56] employed magneto gold (AuNPs) to construct a CPE sensor for
the detection of PCT. As illustrated in Fig. 5, AuNPs were immobi-
lized at the surface of Fe304, which acts as a sorbent for PCT mol-
ecules. After adding Au@Fe304 to the PCT solution and stirring for
20 min, the Au@Fe304 was gathered on the magneto electrode
based on its magnetic field. This suggested electrode possesses
many advantages such as low LOD (0.045 pM), good reproducibility,
long-term stability and fast current response. Moreover, the sensor
was successfully used to determine the concentration of PCT in
pharmaceutical formulations and human serum samples. However,
the higher requirements on electrode fabrication can be the factor
limiting its successful application. Bismuth oxide (Bi,O;) nanorods
were also prepared by Mahmoud et al. [57] for the modification of
SPCE through drop-casting procedure for the simultaneous detec-
tion of PCT and isoniazid in pharmaceutical tablets, urine, human
serum and saliva. The modified electrode presented excellent pre-
cision and reproducibility and good LOD (0.03 pM) without any
interference in optimum pH of 2, but at higher pH values, the
oxidation peaks of PCT and isoniazid interfere together. The elec-
trochemical studies revealed that the SPCE possesses much better
performance than those of bismuth oxide modified GCE investi-
gated by Zidan et al. [58]. In that study the LOD obtained for PCT
was only 0.2 pM. Bismuth modified electrodes are more acceptable
from green analytical chemistry, their figures of merits are fully
compatible with the requirements for the determination of PCT,
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and their fabrication and pre-treatment are relatively simple.
However, the shelf-life of the sensors had not been accomplished.
In another study, cerium oxide (CeO2) NPs modified SPCE (CeO-/
SPCE) was reported by Khairy et al. [59] for the simultaneous
determination of PCT, codeine and caffeine. The SPCE coated with
Ce0O, was prepared by drop-casting CeO, suspension on the SPCE
surface, and then dried at 50 °C. The modified electrode showed a
good LOD (0.051 uM) and exhibited good recoveries in human
serum samples (97.7%—102%). Hassaninejad-Darzi et al. [18] fabri-
cated a TiO, NPs and ZSM-5 nanozeolite modified CPE for the
simultaneous determination of PCT, carbamazepine and prami-
pexole. The appearance of the reversible redox peaks indicates that
modification of CPE by ZSM-5/TiO, can significantly accelerate the
oxidation process. A LOD of 0.58 uM was obtained for PCT associ-
ated with high selectivity in the presence of diverse interferents
and good reproducibility, repeatability as well as high recovery
values in human plasma. However, no pharmaceutical sample was
tested by this sensor.

Mixed oxides were also investigated as modifiers. In a study
done by Taei et al. [60], CPE was modified with Fe;03@Sn0, mixed
oxides NPs and then tested for the simultaneous determination of
PCT, tryptophan and epinephrine. PCT showed a well-defined
oxidation peak with high current at the modified electrode. The
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high sensitivity and selectivity, submicro-molar LOD (0.2 uM), high
reproducibility, and ease of preparation and regeneration of the
electrode surface make the electrode very suitable for the deter-
mination of PCT in tablets and human serum samples. Tavakkoli
etal. [61] used zinc ferrite (ZnFe,04) NPs modified carbon paste for
the simultaneous determination of PCT, melatonin and epinephrine
drugs with a LOD of 0.4 uM for PCT. According to this study, in acidic
pH (pH < 4), the electro-oxidation of PCT on the ZnFe;04/CPE in-
volves two protons and two electrons, whereas at the higher pH
(pH > 8), single proton and two electrons are transferred.
Compared to the above cited metal oxides and minerals, metal
sulphides are not well investigated, except the study done recently
by Mahanthappa et al. [62]. In this study, zinc sulphide (ZnS) NPs
modified CPE was used for the simultaneous determination of PCT,
adenine and guanine. The ZnS were synthesized in solution phase
by simple co-precipitation method and then were mixed with
carbon paste. The obtained electrode exhibited a LOD of 0.041 pM
and good recovery values in pharmaceutical samples and herring
sperm DNA. Layered double hydroxides (LDHs) are other promising
materials to fabricate electrochemical sensors due to their special
physical and chemical properties such as high adsorption capacity,
low cost, tunable composition, catalytic activity and high chemical
stability [74]. The positively charged LDH layers offer an
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Fig. 5. (A) Schematic illustration of the preparation of AuNPs@Fe304; (B) the stepwise procedure and electrochemical detection of PCT. Reproduced with permission from Ref. [56].
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opportunity for the intercalation of numerous molecules to
construct a sensor with better selectivity. In this context, hex-
acyanoferrate intercalated Ni/Al LDH (Ni-Al-HCF) was used for the
modification of GCE through drop-casting procedure, as reported
by Asadpour-Zeynali and Amini [63]. The electrode was used for the
determination of PCT in tablets and spiked human urine samples
with no interferences from glucose, L-tyrosine, vitamin B1 or
ascorbic acid. This sensor exhibited a LOD of 0.8 uM and good re-
coveries between 99.2% and 103%. In another study, Yin et al. [64]
deposited organophilic LDH and AuNPs (AuNPs/SDS-LDH) film on
the surface of GCE for the quantification of PCT, 4-aminophenol and
dopamine. The sensor was fabricated by drop-casting LDH solution
onto the surface of GCE, and subsequently AuNPs were dropped
onto LDH/GCE surface. The electrochemical oxidation of PCT at the
electrode has quasi-reversible electrochemical behavior. The LOD of
0.13 pM was obtained for PCT using DPV method. Furthermore, this
developed sensor could be used for the detection of PCT in phar-
maceutical tablets and spiked human serum samples with good
recovery values in the range of 97.35%—104.21%. In summary, in
spite of the fact that metal-based NPs have enhanced analytical
performances, their future application can be limited by their toxic
effects.

4.2. Nanostructured polymers

The nanostructured conductive polymers are among the most
commonly used materials to modify electrode surfaces due to their
important role in enhancing the sensitivity and electrocatalytic
activity, protecting the surface of the electrode and reducing
fouling. The modification of electrodes can be done either by direct
electropolymerization of the monomer onto the working electrode
or by simple adsorption of the polymer onto the surface of the
electrode. Polyaniline (PANI) as one of the most extensively studied
conducting polymers is an appropriate material for sensing appli-
cations because of its high conductivity and redox reversibility.
Mazloum-Ardakani et al. [65] successfully applied PANI doped with
tungstophosphoric acid (TPA)-modified CPE for the simultaneous
determination of PCT, folic acid and norepinephrine in pharma-
ceutical and blood serum samples. The resulting DPV anodic
oxidation currents exhibited a LOD of 0.2 pM; however, reproduc-
ibility, stability and interference studies had not been accom-
plished. Another extensively studied conducting polymer is poly
(3,4-ethylenedioxythiophene) (PEDOT). Electrochemical determi-
nation of PCT at PEDOT modified electrode prepared by electro-
polymerization on SPCE electrode was investigated by Su and
Cheng [66] using CV, DPV and flow-injection amperometry (FIA).
The LODs obtained were 3.71, 1.39 and 0.16 uM, respectively. At the
same time, the developed sensor was successfully implemented in
the detection of PCT in commercial tablet samples, with average
recovery values in the range from 98% to 106.1%. In addition,
Mehretie et al. [67] also used PEDOT modified GCE for the detection
of PCT in pharmaceutical samples. The prepared electrode dis-
played remarkable electrocatalytic activity towards oxidation of
PCT. However, the proposed sensor is not very useful for PCT due to
unsatisfactory LOD of 1.13 pM. Also, the reproducibility, repeat-
ability, and shelf-life of the mentioned sensor were not determined.
In a work done by Kannan and Sevvel [68], CV assisted electro-
polymerized poly-4-amino-6-hydroxy-2-mercaptopyrimidine
(poly-AHMP) has been also investigated for GCE modification. In
this study, PCT was detected down to LOD of 0.15 uM with good
recoveries (96%—102.75%) in tablet samples.

Poly amino acids have been also reported for the modification of
electrodes such as cysteine (Cis) and histidine (His). A study done
by Wang et al. [69] showed that 1-cysteine was successfully electro-
polymerized on GCE. The modified electrode presented relatively
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low LOD (0.05 uM), high sensitivity and good stability in drug
tablets and human urine. In another study, Li et al. [70] showed that
GCE can be coated by poly-(i-histidine)/acetylene black for the
determination of PCT. The obtained electrode presented relatively
comparable LOD of 0.077 uM and acceptable recoveries (97.8% and
105.2%) in the analysis of Ganmaoling granules samples.

Diglycolic acid (DA), a water-soluble indicator commonly used
in complexometric titration, was also electropolymerized on GCE
using CV. The study done by Xu et al. [71] indicated that the
modified electrode possessed excellent performance for the
oxidation of PCT. The LOD was 0.0076 pM associated with very good
stability, reproducibility and excellent recovery values (99.1%—
101.8%) without any interference. Chitravathi and Munichandraiah
[72] investigated poly(Nile blue) electro-polymerized on the sur-
face of GCE to make a powerful electrochemical sensor for the
determination of PCT, tramadol and caffeine in pharmaceutical
dosages. The prepared electrode displayed remarkable electro-
catalytic activity towards oxidation of PCT, caffeine and tramadol,
which made it a suitable sensor for the simultaneous determina-
tion of the mentioned drug compounds. The electrode gave linear
response in the range of 0.2—16.2 uM with a LOD of 0.08 uM and
was also successfully applied for the determination of PCT in
pharmaceutical dosages. Poly(chromium Schiff base complex) was
also electro-polymerized on a GCE and implemented to electro-
chemically detect PCT and 4-aminophenol as documented by
Kumar et al. [73]. This sensor has demonstrated particularly good
analytical performance with a very low LOD (0.0068 uM). More-
over, the sensor was utilized to recover PCT only in pharmaceutical
samples. However, no biological sample was tested by the sensor
and furthermore, the shelf-life of the mentioned sensor was not
determined.

5. Nanocomposites modifiers

Over the last few years, there has been a growing interest within
the fabrication of nanocomposite materials for PCT sensing. Due to
synergistic effects on the electrochemical performance of devices,
nanocomposites can be useful to improve the resolution and the
selectivity, especially when multi-analyte detection of close species
is desirable. Table 4 [19,25,75—123] shows the analytical response
characteristics of PCT sensors based on nanocomposite modified
electrodes.

5.1. Nanocomposites of Gr derivatives and metal-based NPs

The electrocatalytic effect of NPs on Gr sheets provides a
pathway for the rapid transport of electrons, which contributes to
an increase in the stability and the sensitivity of the sensor. Anuar
et al. [75] prepared a platinum/nitrogen-doped Gr (NGr-Pt) nano-
composite which was coated on the surface of GCE through a
simple drop-casting method for the determination of PCT. The
device remarkably reduced the overpotential and displayed
acceptable stability, very low LOD (0.008 uM) and anti-interference
properties in voltammetric detection of PCT in pharmaceutical
samples. Wang et al. [76] developed a novel nanocomposite ma-
terial of palladium-reduced GO and AuNPs modified GCE for the
simultaneous determination of PCT and 4-aminophenol. The sensor
was fabricated by drop-casting CRGO/Pd solution onto the surface
of GCE, and subsequently AuNPs were electrodeposited onto the
CRGO/Pd/GCE in HAuCl4 solution. The developed sensor exhibited
excellent electrochemical stripping characteristic for PCT with a
LOD of 0.30 puM. Yang et al. [77] fabricated a Gr-Cu;O nano-
composite by electro-deposition on GCE for the electro-catalytic
oxidation of PCT. This sensor combined the excellent electro-
catalytic activity of Cu,0 and the electrical conductivity of Gr, with
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Table 4

Analytical response characteristics of PCT sensors based on nanocomposite modified electrodes.
Working electrode Modifier Methods Linearity (uM) LOD (uM)  Application/Recovery (%) Advantages Disadvantages Refs.
GCE GO-Pd DPV 0.005-80 0.0022 Tablets/98.1—-103.5 A B E F, G [19]
GCE Au-Poly(CAF) cv 0.2—20 0.014 Tablets/97.04—103.49 A B D C [25]

Urine/96.23—100.10
Blood/96.19—-103.59

GCE NGr-Pt SWV 0.05-90 0.008 Tablets/94.88—105 A, B, D F, G [75]

GCE RGO-Au@Pd DPV 1-250 0.30 Tablets/98.4—103 CE A F G [76]

GCE Gr-Cuy0 SWV 0.02-1.3 0.0067 Tablets/97.3—103 A B E F, G [77]

GCE RGO-Fe,05 DPV 0.1-74 0.0021 Tables/96.20—99.00 A B E F [78]
Urine/98.9—100.5

GCE RGO-NCeO, DPV 0.05—-0.60 0.0098 Tablets/99.84—100 A B DE F, G [79]

CPE Gr-NiFe;04 SWV 0.01-9 0.003 Tablets/98.7—102.7 A CE A F [80]

CPE Gr-CoFe;04 SWV 0.03—12.0 0.025 Tablets/97.8—102.0 A CE A F [81]

GCE ERGO-ZrO, LSV 9-237 - Urine/96.2—97.4 B,C,.E F [82]

GCE ERGO-Ni;03@NiO DPV 0.04—100 0.02 Tablets/98.5—104.5 A E B, D, F [83]
Urine/95.5—102.9

CPE GO-Y,05 DPV 7—-400 145 Tablets/99.26—104.50 B, D A C [84]

SPCE GO-Fe304@Si0, DPV 0.5-100 0.1 Tablets/98.7, 103.2 C,D A CD [85]
Urine/99,103

GCE Gr-Nf SW-AdASV 0.0066—1.5 0.00086 Tablets/98.3, 94 A B CD C,D [86]

GCE Gr-Nf DPV 0.05—-20 0.031 Urine/105 A CE B, F [87]

GCE ERGO-Nf SWV 0.4-1 0.025 Tablets/99—-101 A B,DE F [88]

GCE Gr-Cs DPV 1-100 0.3 Tablets/92—107 B,D CF [89]

GCE RGO-Cs-CB SWV 2.8—-19 0.053 Urine/100—-111 A CD B,C,F [90]

GCE GO-NiO-Cs SWv 0.10-2.9 0.0067 Urine/98, 100 ACD B,C,F [91]
Serum/102, 105

CPE GO-poly(Val) DPV 5—60 0.29 Tablets/100.92—108.09 C,D C,D,F [92]
Human serum/95.81-95.4

GCE TiO,-Gr-poly(MR) DPV 0.25-50 0.025 Tablets/97.2—104.2 A CD,E A F [93]

GCE Au@Gr-PEDOT Amperometry 0.15—5880 0.041 Tablets A DE A/ D, F [94]

CPE Au-Nf DPV 0.05—-50 0.0077 Tablet/99.8—101.2 A B,D C,D [95]

90-270 0.028 Urine/99.6—102.0

GCE Ag-CB-PEDOT: PSS SWV 0.62-7.1 0.012 Urine/95—104 A CD AF G [96]

CPE PPy-CuO DPV 0.030—40 0.025 Blood serum/98.5, 103.1 A B, C C,D [97]

CPE Co—-S DPV 0.02—-150 0.00099 Tablets/99.4—101.8 A DE A F [98]

CPE MWCNT-Pt AdSDPV 0.351-56.10 0.028 Tablets/98.7—100 A B CE F [99]
Urine/97.5—100
Blood Serum/97.7—101.2

CPE MWNCT-Pt-TX100 Amperometry 0.09—-10 0.0177 Tablets/97—99 AD A F [100]
Blood serum/96.0—98.8

CPE MWCNT/COOH—-ZnO DPV 0.5-13 0.23 Tablets/96-106 C,D A D, F [101]

CPE MWCNT-NiO-EF SWv 0.8—600 0.5 — G D AF [102]

GCE MWCNT-Au DPV 0.09—-35 0.03 Tablets/99.2, 100.6 CE A F [103]
Blood serum/98—101.6

GCE MW(CNT-Co SWV 0.0052—-0.45 0.001 Tablet/99.7 A B CE D, F [104]
Urine/99.3—102.3

GCE MWCNT-CoPhc-Au SWv 1.49-47.6 0.135 Tablets/75.76—101.34 D A CD,F [105]

GCE MWCNT-Ni(OH), DPV 0.06—26 0.017 Urine/103, 103.5 A C A F [106]

Amperometry 1-960 0.25

GCE MWCNT-Y,03 SWV 0.0001-0.018 0.00003 Tablet/101.5 B,D,E F [107]

GCE MWCNT-SiO, DPV 0.5-6 0.098 Urine/98 A B, CD CF [108]

GCE MW(CNT-AL,05@Si0, SWV 0.1-2 0.05 Tablets/98.2—99.3 A D A CD,F [109]

GCE MWCNT-Poly(VP) DPV 0.02—450 0.00169 Tablets/98.4—99.3 A B E F [110]
Urine/99.1-101.3

GCE MW(CNT-Poly(His) DPV 0.25-10 0.032 Tablets/96.3—103.2 A B, C C,D [111]

GCE MWCNT-poly(Gly) DPV 0.5-10 0.5 Tablets/99.2—101.05 B,C,D C [112]
Human serum/100.8—101.65

GCE MWCNT-Cs DPV 2-250 0.16 Human serum/96.2—100.8 B,C,D F [113]
Human urine/98.7—103.7

GCE MWCNT/COOH—Cs—Co DPV 0.1-400 0.01 Tablets/99.26—99.76 A E A F [114]
Human serum/98.4—99.7

GCE MWCNT-Gr DPV 0.80—-110 0.10 Tablets/99.0—101 C D,E A F [115]
Blood serum/99.9—100.8

CPE MWCNT-Cgo-Cu SWV 0.004—-0.4 0.000073  Human serum/99.21-99.87 A, D,E A F [116]
Plasma/98.74—100.2
Urine/99.86—100.3

GCE SWCNT-Gr DPV 0.05—-64.5 0.038 Human serum/97.1-102.1 A D A F [117]

CPE SWCNT-Nd,03 SWV 0.10-9.5 0.05 Tablet/92.6 A D A F [118]
Powder/91.2
Syrup/105

GCE MOF-199 DPV 20-300 13 Tablets/96-107 B, C B,C,D,F [119]

CPE MOF-Ferrocene SWV 0.01-20 0.0064 Tablets/98.7—101.5 A DE A [120]
Human serum/100.5—104.3

GCE MOF-Au DPV 0.00001—100 0.0000011 Tablets/101.1-102.5 A DE A F [121]

(continued on next page)
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Table 4 (continued)

Working electrode Modifier Methods Linearity (uM) LOD (uM)  Application/Recovery (%) Advantages Disadvantages Refs.

GCE Au-UiO-66-NH; DPV 0.12-95.10 0.0494 Tablets A DE AF [122]

GCE Cu, MOF-GO DPV 1-100 0.36 Human serum/98—101 D, E A F [123]
Urine/98—99

Advantages: A: low LOD; B: easy electrode pretreatment/fabrication; C: simultaneous determination of PCT with two/more compounds; D: easier oxidation of paracetamol;

E: long shelf-life of the sensor; F: economic electrode materials.

Disadvantages: A: complex electrode fabrication; B: high LOD; C: limited or unknown shelf-life stability of the sensor; D: unknown or insufficient interference tests; E: limited
sensor reproducibility; F: expensive electrode materials; G: toxic electrode materials.

a LOD of 0.0067 uM. The electrode was then subjected to PCT
determination in pharmaceutical samples. Exhaustive interference
experiments revealed that the sensor possessed high level of
selectivity. PCT was also determined on RGO + Fe;O3 [78] and
RGO + NCeO; [79] modified electrodes by DPV with LOD of 0.0098
and 0.021 pM, respectively. These modified electrodes were suc-
cessfully used for PCT determination in real samples with good
selectivity and sensitivity to interfering influence. Another example
of NPs employed for the functionalization of Gr was represented by
spinel NPs, which were used due to their good biocompatibility,
low toxicity and strong super paramagnetic property. Combina-
tions of spinel NPs with Gr can often result in more effective cat-
alysts than individual metals or metal oxides. Two studies reported
the detection of PCT using CPE modified with spinel NPs and Gr
nanocomposite i.e., NiFe;04+Gr [80] and Gr + CoFe;04 [81] with
LOD of 0.003 and 0.025 pM, respectively. Both sensors were suc-
cessfully applied for the determination of PCT in pharmaceutical
tablets and also human body fluids. Detailed interference studies
revealed that the modified electrodes possessed high level of
selectivity. The stability of the both sensors was also great. The first
sensor retained 95.8% of current response after one month and the
second 94.3% of its initial value after 49 days.

ERGO has been also combined with metal-based NPs, e.g.,
ERGO + ZrO, [82] and ERGO + Niy03—NiO [83]; the linear ranges of
PCT by means of such sensors were 9—237 and 0.04—100 uM,
respectively. The sensors showed excellent electrocatalytic activity
toward the oxidation and reduction of PCT owing to the synergic
effect of accessible reactive area and high catalytic activity. Despite
neutral condition workability, good selectivity, repeatability and
reproducibility, the sensor ERGO-ZrO, displayed relatively a linear
range not satisfactory for PCT detection.

Similar to Gr, GO could be also functionalized by metal or metal
oxide materials to enhance the performance of electrochemical
sensors for PCT detection. For example, Li et al. [19] reported a GCE
modified by drop-casting of palladium NPs/GO nanocomposite on
its surface for PCT determination in commercial tablets and human
urines. The device presented long-term stability (maintained about
90% of its initial value after three weeks), satisfactory reproduc-
ibility (RSD value of 3.9% for 9 independently fabricated modified
electrodes), very low LOD (0.0022 pM) and high selectivity in
interference experiments. In addition to Pd, metal oxides have also
been used for the decoration of GO-modified electrode. Yttrium
oxide (Y203) and GO nanocomposite were mixed with graphite and
paraffin oil with a ratio of 10:60:30 (m/m/m) to achieve irregular
electrode surface with large surface area. The platform showed
satisfactory selectivity and repeatability. The LOD value obtained by
this sensor was much higher (1.45 uM) than that of GO-Pd/GCE
device [84]. GO nanosheets has also been combined with mixed
oxide Fe304@SiO, which was casted on SPCE as documented by
Beitollahi et al. [85]. The advantage of this modified electrode is the
simultaneous determination of PCT in the presence of tryptophan
with a low LOD of 0.1 uM. However, the reproducibility, repeat-
ability, stability and interference studies were not determined.
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5.2. Nanocomposites of Gr derivatives and polymers

Nafion (Nf), a copolymer of perfluorinated vinyl ether and tet-
rafluoroethylene, has been employed for the construction of sen-
sors with great chemical, mechanical and thermal stability, as well
as high conductivity and catalytic activity. The incorporation of Gr
with Nf has also improved its dispersity in aqueous solution and
prevented its aggregation. Kim et al. [86] reported activated porous
Gr-Nf modified GCE for the determination of PCT and dopamine.
Activated Gr was prepared from GO by thermal activation using
KOH. The voltammetric measurements at the modified electrode
showed an excellent electrocatalytic activity towards PCT with a
LOD of 0.03 uM. Acceptable results were obtained in the analysis of
human urine samples with this electrode. However, no interference
experiment was performed to determine the selectivity of the
proposed sensor. In another work, Yigit et al. [87] prepared a non-
activated Gr-Nf composite modified GCE for the determination of
PCT, caffeine and aspirin individually, selectively and simulta-
neously. When the analytes were determined simultaneously, good
linear current responses were obtained. The LOD of 0.0012 uM was
obtained for PCT, which was better than that of activated porous Gr-
Nf modified GCE. ERGO-Nf modified GCE was also used for the
sensing of PCT in pharmaceutical preparations and urine samples as
documented by Filik et al. [88]. The LOD was 0.025 uM at this
electrode.

Chitosan (Cs), polysaccharide natural biopolymer, has been also
reported. It possesses many advantages, such as excellent strong
film forming ability with high water permeability, good adhesion
and high mechanical strength. In an investigation by Zheng et al.
[89], a stable composite film of chitosan and Gr was made up on the
surface of GCE. Under the optimized conditions, the PCT was
quantified in the range from 1 to 100 uM with a LOD of 0.3 uM. In
another study, Baccarin et al. [90] reported a sensor based on GCE
modified with reduced GO and carbon black in a chitosan film for
the simultaneous determination of PCT and dopamine. This modi-
fied electrode exhibited the linearity of 2.8—19 pM, the reproduc-
ibility of 3.7% RSD and the LOD of 0.053 uM for PCT. In another
approach, Santos et al. [91] took advantages of GO, chitosan and
nickel oxide nanocomposite modified GCE as a sensing element for
the simultaneous determination of PCT and ciprofloxacin. The
calibration curve of the electrode exhibited a linear response from
0.10 to 2.9 uM with low LOD of 0.0067 pM.

Gopal et al. [92] designed a poly(Valine)/GO (GO-poly(Val))
modified CPE for the determination of PCT in pharmaceutical and
human serum samples. 1-Valine was electropolymerized onto the
clear surface of CPE with the help of cyclic CV technique followed by
the immobilization of GO on the surface of the electrode. The LOD
of PCT was found to be 0.29 pM. Even though the sensor was
sensitive to PCT, potential interferences were not tested to provide
better conclusion of its selectivity. TiO,-doped Gr/poly(methyl red)
composite film modified GCE was proposed by Xu et al. [93]. The
sensor was fabricated by drop-casting TiO,-Gr solution onto the
surface of GCE; subsequently the resultant electrode was scanned
in an aqueous solution containing poly(methyl red) within the scan
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potential range of —0.8—1.8 V. The developed sensor exhibited
excellent electrochemical stripping characteristic for PCT. Under
the optimized conditions, the sensor showed several advantages,
such as simple preparation procedure, good reproducibility and low
LOD (0.025 pM). The proposed method was applied to determine
PCT in pharmaceutical samples with good recovery values in the
range of 95.3%—104.2%. The modification of GCE by PEDOT polymer
doped by Au@Gr core-shell was also documented by Li et al. [94].
The modified electrode demonstrated a better electrocatalytic ac-
tivity towards PCT determination with satisfactory selectivity in the
presence of dopamine and ascorbic acid. The LOD for PCT was found
to be 0.041 uM and the sensor was used for the determination of
PCT in pharmaceutical formulations with good recoveries.

5.3. Nanocomposites of metal-based NPs and polymers

Oetal-based NPs can synergistically improve the characteristics
of sensing matrices especially when combined with conducting
polymers. Li et al. [25] reported a portable electrochemical sensor
using the AuNPs-poly(caffeic acid) (AuNPs-PCA) composite modi-
fied GCE by simple electrochemical method for the determination
of PCT. With high selectivity and excellent LOD (0.014 pM), the
electrode has been successfully applied to the determination PCT in
blood, urine and pharmaceutical samples. Nanocomposites of
AuNPs-Nf have been also used to modify CPE for selective deter-
mination of PCT and some neurotransmitters in pharmaceutical
samples and biological fluids. The study done by Atta et al. [95]
showed an excellent LOD of 0.0077 uM and good recoveries in the
range of 96.19%—103.59%. However, the selectivity of the sensor is
unclear because of insufficient interference tests. Wong et al. [96]
used the silver NPs, carbon black (CB), and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
modified GCE by drop-casting dispersion for the simultaneous
detection of PCT and levofloxacin. The sensor showed good stabil-
ity, low LOD (0.012 uM) and no interference for the electrochemical
determination of PCT in the presence of other compounds. The
electrode was then successfully applied in synthetic urine with
recoveries close to 100%. Sheikh-Mohseni and Pirsa [97] proposed
another electrochemical sensor based on the combination of pol-
ypyrrole (PPy) and copper oxide NPs modified CPE for the simul-
taneous determination of PCT and dopamine. PPy, a cation selective
polymer with good environmental stability as well as superior
electric conductivity [124], is beneficial to electrons transfer, and
the CuO NPs promote electrons to the substances at the electrode
surface. Due to the enhanced anodic peak currents of PCT, LOD of its
determination was 0.025 uM. However, the stability, repeatability
and reproducibility of the sensor were not determined. In addition,
no interference study was done by the researchers, and the selec-
tivity of the proposed method was unidentified. Recently, Azab
et al. [98] developed another modified electrode based on the
electrodeposition of cobalt NPs on the surface of CPE modified with
cellulose (Co—C/CPE) or starch (Co—S/CPE) for the simultaneous
determination of PCT, caffeine and warfarin in commercial tablets.
The modified electrode showed the best performance in terms of
lowest LOD of 0.00099 uM when starch was used for the modifi-
cation. Moreover, the sensor exhibited attractive specific capaci-
tance and long life time because it retained 93% of current response
after two weeks.

5.4. CNT-based nanocomposites

CNTs have been extensively combined with other nano-
structures in electrochemical detection. For example, the platinum
NPs decorated MWCNTs were used for the modification of CPE and
the electrode was used for the simultaneous determination of PCT,
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phenylephrine and cetirizine in pharmaceutical, blood serum and
urine samples. The nanocomposite showed proficient catalytic ac-
tivity towards the oxidation of the analytes with low LOD of
0.0279 puM for PCT. However, the presence of 4-aminophenol or
ascorbic acid showed remarkable interfering effects on PCT analysis
[99]. Pt/MWNCT was also utilized by D’Souza et al. [100] in com-
bination with Triton X-100. This sensor exhibited low LOD of
0.0177 uM for PCT, long-term stability, excellent reproducibility and
good recoveries in drugs and biological samples. In another work,
CPEs were also modified by ZnO NPs and COOH-MWCNT and used
for the determination of PCT, folic acid and dopamine with a LOD of
0.23 uM for PCT [101]. The modification of CPE with MWCNT, NiO
and ethynylferrocene nanocomposite was also successfully elabo-
rated for the detection of PCT with a LOD of 0.5 pM and good re-
coveries in tablet and urines samples [102].

For PCT determination at modified GCE, different combinations
were used. Madrakian et al. [103] modified GCE by using MWCNT-
gold nanocomposite for the simultaneous determination of PCT,
ascorbic acid and tyrosine. The LOD was found to be 0.03 pM
associated to recovery values in the range of 98%—102% when
applied in blood serum and pharmaceutical samples. The obtained
values for the repeatability and the reproducibility of the sensor
was found to be 3.8% and 3.7%, respectively. The sensor was found
to be susceptible to interference at high concentration (200 uM) of
uric acid and dopamine. Nevertheless, it is not problematic because
un-metabolized form of these molecules does not surpass this
concentration. GCE was also modified with MWCNT-cobalt NPs and
was used for the simultaneous determination of PCT and dopamine.
Good LOD of 0.001 pM was obtained for PCT and the electrode was
successfully applied for PCT determination in pharmaceuticals with
high recoveries (>99.7%) [104]. Furthermore, the sensor demon-
strated good stability and reproducibility in the detection of PCT.
However, insufficient interference experiments were of weak-
nesses of this work. Another study carried out by de Holanda et al.
[105] was based on the development of a sensor based on the
modification of CPE with AuNPs, COOH-MWCNT and cobalt (II)
phthalocyanine. The electrode was fabricated by electrodepositing
AuNPs onto the GCE and subsequently COOH-MWCNT and cobal-
t(II) phthalocyanine solution were dropped onto the surface of the
electrode. After optimizing the preparation and measurement
conditions, the prepared sensor showed a linear range of
1.49—47.6 uM, and a LOD of 0.135 uM. The sensor was then applied
for the analysis of PCT in various pharmaceutical formulations.
Unfortunately, no biological specimen analysis or interference
experiment was done in this work and moreover, the shelf-life
stability of the sensor was not determined. MWCNT-Ni(OH);
nanocomposite modified GCE was also employed for the simulta-
neous detection of PCT and 1-dopa with a low LOD (0.017 uM) for
PCT [106]. The interference study of some species showed no sig-
nificant interference with PCT and L-dopa in human urine. Baytak
et al. [107] fabricated an electrochemical sensor based on GCE
modified with MWCNTSs and Y>03, showing a linear response to PCT
in the concentration range of 0.0001-0.018 pM and a LOD of
0.00003 puM. The LOD value obtained by this sensor was much
better than those of other reported nanocomposite modified elec-
trodes used for the detection of PCT. Moreover, the device pre-
sented long-term stability (only 5% decrease of current response
after 15 days and 7%—8% after 30 days at 4 °C). Another composite
electrode was obtained by using MWCNT and disordered meso-
porous silica (SiO;) thin film on GCE with important advantages,
including enhanced physical rigidity, surface renewability by pol-
ishing and high sensitivity [108]. The electrode was used for the
simultaneous determination of PCT, uric acid and dopamine, with a
LOD of 0.098 uM for PCT. The use of MWCNT-alumina-coated silica
nanocomposite also allowed the determination of PCT as
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documented by Lu et al. [109]. The electrodes displayed a LOD of
0.05 puM using SWV and recovery values in pharmaceutical tables
around 99%. However, the reproducibility, repeatability, stability
and interference tests were not accomplished.

Association between MWCNTSs and polymers was also used for
the determination of PCT. Ghadimi et al. [110] fabricated nano-
composite of poly(4-vinylpyridine) and MWCNTs modified GCE by
drop-casting for the selective determination of PCT in tablets and
urine samples. The electrode exhibited a low LOD (0.00169 pM),
good stability and reproducibility towards PCT. Even though the
sensor was insensitive to common physiological interferences, i.e.,
ascorbic acid and uric acid, other potential interferents were not
tested to provide better conclusion of its selectivity. Dalmasso et al.
[111] used GCE modified with MWCNT-polyhistidine as a sensing
layer for the highly selective quantification of PCT and ascorbic acid.
The sensor exhibited low LOD of 0.032 uM for PCT and good re-
covery values in commercial pharmaceutical formulations. How-
ever, the stability, selectivity and repeatability of the electrode were
not determined. Narayana et al. [112] electrochemically detected
PCT in the presence of folic acid and dopamine using a MWCNTs-
poly(glycine) composite modified GCE in a commercial tablet and
human blood serum. The sensor was fabricated by electro-
polymerization of glycine in aqueous solution (pH 7.0), followed by
drop-casting MWCNTSs solution onto the surface of poly(glycine)/
GCE. The redox system of PCT at the developed nanocomposite
sensor was perfectly reversible with a LOD of 0.5 uM. PCT was also
determined on MWCNT-Chitosan [113] and fMWCNTs-Chitosan-
cobalt ion [114] modified GCEs by DPV with LOD of 0.16 and
0.01 pM, respectively. Moreover, both modified electrodes were
successfully used for PCT determination in real samples with good
recovery values.

The association of MWCNT with Gr and fullerene was also re-
ported in literature. Arvand and Gholizadeh [115] fabricated a high-
performance electrochemical sensor based on MWCNT and Gr for
the simultaneous determination of PCT and tyrosine with a LOD of
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0.1 uM for PCT. In another study, Brahman et al. [116] reported
nanocomposite film based on Cu NPs-fullerene-MWCNTs modified
CPE for the determination of PCT. The modified electrode was
prepared in a two-step process as illustrated in Fig. 6. MWCNTSs and
Cgo suspension was directly casted on CPE; subsequently Cu NPs
were electrodeposited onto the Cgo-MWCNTs/CPE from a CuSOg4
solution. The sensor exhibited a very low LOD (0.000073 uM) and
remarkable recovery values (99%—100%) in biological samples. The
device presented long-term stability (retained 99.6% of current
response after 50 days), satisfactory reproducibility and high
selectivity.

SWCNTs have also been employed in combination with other
nanostructures, e.g., SWCNTs + Gr [117] and SWCNTs + Nd,O3
[118]. The LODs for PCT by means of such sensors were 0.038 and
0.05 pM, respectively. In summary, SWCNTs-based sensors have
shown performance similar to that of MWCNTs-based ones for PCT
detection, and even MWCNTSs are easier to prepare and lower in
cost than SWCNTs.

5.5. MOF nanostructures

MOFs are a new subclass of coordination polymers consisting of
organic bridging ligands and inorganic metals (or metal clusters),
which form one-, two-, or three-dimensional structures. Given
their excellent characteristics of large surface area, tunable pore
size, attractive electrical, optical, and catalytic properties, MOF
materials have attracted growing interest in electrochemical
sensing applications. Minh et al. [119] synthesized the MOF-199
using domestic microwave at ambient temperature and pressure.
The MOF-199 was simply deposited on the GCE by drop-casting,
and then applied for the voltammetric simultaneous determination
of PCT and caffeine in pharmaceutical formulations. The LOD for
PCT was 1.3 pM, which is not satisfactory for practical application.
Chang et al. [120] prepared ferrocene-containing MOF modified
CPE by a one-step procedure with very good reproducibility. The
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C0tMWCNTs of CuSO, to
* bufrer form CuNPs
- . [E = [E .
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in ACN
CPE CetMWCNTs CytMWCNTs/CPE CuNPs/C,,+MWCNTs/CPE
1
=2 |
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Voltammetric cell
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Fig. 6. Schematic representation of sensor fabrication. Reproduced with permission from Ref. [116].
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| = o _ o %é %é obtained thin film showed electrocatalytic activity for PCT
g188 & & ] non 8% |5 & oxidation. Using SWV, a low LOD was found for PCT (0.0064 uM)
il R - - e R and good recovery values in pharmaceutical and serum samples
o ]
T (98.7—-104.3).
g g The electrocatalytic properties of metal NPs combined with
3 % the large surface area of the MOFs provide new electrode mate-
Lo rials for various electrochemical sensors. Shi et al. [121] synthe-
g 2 2 sized AuNPs and water—stable MOFs via hydrothermal and
?é? 5 S sonication methods, and used them for GCE modification. The
g 5 -’8’ modified electrode exhibited superior electrochemical perfor-
Zlo O O s & mances for PCT detection in pharmaceutical samples, with an
alJo U b e Uod< | E s extremely low LOD of 0.0000011 pM and a wide linear range from
e z 0.00001 puM to 100 puM. On the other hand, Li et al. [122] prepared
Eu z a sensor based on AuNPs embedded porous carbon by a simple
g S 2 pyrolysis of UiO-66-NH; MOFs and HAuCly precursors. Because of
Slaw 0w S. :- A - = £ the unique structural properties and the synergetic catalytic ef-
_%’ JguJ o J o g J AadJ E = fect, the modification of GCE offers an attractively enhanced
< | < o < < o a< g 4 electrocatalytic performance for the detection of PCT, which
g = - . .
5 o showed high activity and excellent analytical performance to-
g E wards PCT, such as a wide linear range of 0.12—95.10 uM, low LOD
5 3 § % of 0.0494 uM and anti-interferences ability. In another study, a
| =8 @ = 5 = copper-based MOF (terephthalate) combined with GO was pro-
= T4E o 8.9 z_zo g B posed to modify GCE for the electrochemical sensing of PCT and
% and ZTgse 5257 Q<& S dopamine. The electrode exhibited high stability due to hydrogen
S o o ‘—l‘ SN =~ | E -0 —= N Sm|l X = . . . .
< ST EI T ~ sa=3§8 3 bonding, p—p stacking, and Cu—O coordination between MOF and
S|228522858820088547 |5 2 GO. The LOD for PCT imated as 0.36 M associated d
SIS ESuun2ERIcRlald2yd z .The or was estimated as 0. associated to goo
sl85888gagdnasSs®aoom| . 5 n g
i % g - %% § Ec ZE % 2825 T8|E c anti-interference properties towards the determination of PCT in
5|2E2E22£E525¢42 i% csz |8 g the presence of hydroquinone, glucose, tyrosine, ascorbic acid and
<|ELTZEECEIERIEFELEES E £ L-cysteine. The practical utility of this sensor was further checked
; A by quantifying the PCT in human serum and urine samples with
g & recoveries of 98%—101% [123].
— E a
= 2 g
S 0 § - NS = é 6. Other types of carbon-based electrodes for the
§ 5SS =i = €SS 28 . determination of PCT
5 2
= £ . .
. c & In addition to the above illustrated carbon-based electrodes,
2 = ] .
3 g @ some research studies reported other carbon-based electrodes
% EE % such as boron-doped diamond electrodes (BDDE) [125—128] and
5 g “Ej carbon-ceramic electrodes (CCE) [129—134] as shown in Table 5.
E s g 2 Tyszczuk-Rotko et al. [125] successfully developed a bare (un-
g 2 ) S o g 82 g 3 modified) boron-doped diamond electrode for the simultaneous
— [~ . . . . . .
2|E[RS S q w8S L8 § % determination of PCT and dopamine. This sensor was applied in
|84 d & d 8 Sid oL |£ 3 blood and serum samples with a LOD of 0.0135 pM. The same
g Bl i °e ° °eee w° E % authors group developed another electroanalytical method for
= G E the simultaneous determination of PCT and ascorbic acid using a
% E = boron-doped diamond electrode modified with Nf and lead films
é " 5 B Z. [126]. The electrode was tested in pharmaceutical samples with a
G E S % Q LOD of 0.14 puM. Sadok et al. [128] developed a bismuth particles/
E g E E E E % % E E = E § i) Nf covered BDDE for the simultaneous determination of PCT and
2 g ; caffeine using DPV. This sensor exhibited good LOD (0.0262 pM)
3 g =z and applicability in tablet samples. Habibi et al. fabricated many
E - g 3 carbon-ceramic electrodes modified CNTs [129—132]. SWCNT
é 3 = E modified carbon-ceramic electrode was used for simultaneous
glx - - Le. 8 o é & 4 determination of PCT and caffeine [130]. The electrode showed a
% Eleag a5 z Z g g E5 % g g linear range of 0.08—200 pM and a LOD of 0.05 pM without any
s |S|L s o< 2 2 222 o& > 8% interferences. A MWCNT modified CCE was employed for the
=] S|lzz Z 7} h =0 QU o o E N A R A .
g T Ty simultaneous determination of PCT and ascorbic acid [131]. A low
£ L xS . . .
B ;ﬂ 28 LOD of 0.08 uM was obtained for PCT associated to a very wide
‘é ° S £ % linear range of 0.1-6500 pM. In addition, Majidi et al. [134] re-
S8 2 ; g ported a voltammetric method for the simultaneous determina-
£ E B g2 tion of dopamine and PCT using Gr nanoplatelets like structures
8| o g 2 formed on ionic liquid modified carbon-ceramic electrode. This
" E g W w ,297‘3 § 5 electrode was successfully applied for the determination of PCT
2E(S(88 as g g O 9g sg8 g and dopamine in some pharmaceutical and urine samples with a
23 |2|anm @O o O O OO0 R
o] —
= < EAQAE LOD of 0.063 uM for PCT.
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7. Critical issues in PCT detection

This review offered an overview of the electrochemical sensors
developed for the sensing of PCT during the last 10 years. Consid-
erable progress was reported for the electrochemical determina-
tion of PCT with enhanced selectivity and sensitivity by utilizing
CMEs. Carbon-based electrodes (CPE, GCE, SPCE, CCE, BBDE) and
their modification configurations by CNTs, Gr and its derivatives,
fullerene, CQDs, NPs, conducting polymer, nanocomposite and MOF
nanostructure appeared to be appropriate for the elaboration of
rational solution to determine PCT in pharmaceutical and biological
samples.

A critical comparison between several research works has been
provided in this review (Tables 2—5). A large number of carbon
nanomaterials have been suggested for the modification purpose to
detect PCT (Gr: 6 studies; MWCNT: 6 studies, Cgp: 3 studies; CQDs:
2 studies). As shown in Table 2, the LOD of few nanomolars needed
for practical detection of PCT was achieved in only one study using
GCE surface modified with MWCNT [41]. Nevertheless, a great
number of scientific works achieving low concentration levels of
PCT were obtained by using Gr modified electrodes. The use of
CQDs as emergent material with Gr allowed the detection of PCT at
trace levels (LOD of 0.00038 uM) (see Table 2).

The electrode surfaces modified with non-carbon nanomaterials
such as metal-based NPs (11 studies) exhibit excellent electro-
catalytic properties towards PCT (Table 3). Metal-based NPs cata-
lyze the electrochemical reaction and enhance electron transfer
between PCT and electrode. However, the synthesis of metal-based
NPs having a definite size and shape is not easy. There may be a
difference in shape and size of NPs synthesized from one study to
another, which leads to lack of reproducibility in results. On the
other hand, nine studies report the detection of PCT using carbon-
based electrode modified by conducting polymers. As summarized
in Table 3, it is clear that the lowest value of LOD was declared by
Kumar et al. [73] using poly(chromium Schiff base complex) which
reaches 0.0068 pM. Despite the advantages of polymers, their
instability and mechanical weakness limit their application for
electrodes modification.

The sensitivity and practical application of the electrochemical
PCT sensors can be further improved by putting more focus on the
fabrication of nanocomposites by means of appropriate combina-
tion of different advanced nanomaterials (52 studies). As shown in
Table 4, the very low LOD of 0.0000011 uM was obtained by com-
bination between MOFs and AuNPs modified electrodes. In addition
to the innovative methodologies developed, most of the other
sensors cannot reach this level. Even, most of the nanocomposite
approaches have utilized somewhat complex strategies such as the
incorporation of two or three nanostructures which make the
approach difficult to be commercially available.

Chemical modification of carbon-based electrode had appar-
ently resulted in an elimination of the interferences effects in
pharmaceutical and biological samples. Many of the sensors
developed were successfully applied to the determination of PCT in
biological samples, such as human urine [17,34,44,57,69,78,82—87,
90,91,96,99,104,106,108,110,113,116,123] and serum [18,35,39,43,
55-61,63—65,97,99,100,103,112—117,120,123], enabling the use of
PCT as a relevant biomarker of several diseases. Another common
application of the fabricated sensors was the determination of the
PCT in pharmaceutical samples [34,36,38,40—57,60—75,
86,88,89,92—95,98—105,107,109—112,114,115,118—122].

The selection of the most suitable electrochemical technique is
an important factor for the achievement of high selectivity and
detecting trace levels of PCI. CV [25,58,67,72], DPV
[18,19,40,43,52—57,59—62,64—68,70,72,73,76—79,83—85,87,89,92,
93,95,97,98,101,103,106,108,110—115,119,121—-123,125—132,134]
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and SWV [17,34,36,38,41,75,77,80,81,88,90,91,96,102,104,105,108,
110,117,119,121] are the most common electroanalytical techniques
employed for the determination of PCT. The DPV is the most useful
technique to discriminate multiple compounds and improve
sensitivity because it produces less background current, leading to
lower LODs. Other electrochemical techniques including chro-
noamperometry [35,37,39,63,66,94,100,106], amperometric FIA
hydrodynamic voltammetry [42,66,133], linear sweep voltammetry
[69,82] and adsorptive stripping voltammetry [86,98] were also
applied in the detection of PCT.
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