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Abstract

The surging growth of the pharmaceutical indussyairesult of the rapidly increasing human
population, which has inevitably led to new bioneadliand environmental issues. Aside from the
quality control of pharmaceutical production andgldelivery, there is an urgent need for precise,
sensitive, portable, and cost-effective technoledie track patient overdosing and to monitor
ambient water sources and wastewater for pharmaagpbllutants. The development of advanced
nanomaterial-based electrochemical sensors ancnsoss for the detection of pharmaceutical
compounds has garnered immense attention due itoattieantages, such as high sensitivity and
selectivity, real-time monitoring, and ease of u3&is review article surveys state-of-the-art
nanomaterials-based electrochemical sensors asdrsiors for the detection and quantification of six
classes of significant pharmaceutical compounddudng anti-inflammatory, anti-depressant, anti-
bacterial, anti-viral, anti-fungal, and anti-cana#nugs. Important factors such as sensor/analyte
interactions, design rationale, fabrication, chimdation, sensitivity, and selectivity are disses.
Strategies for the development of high-performagleetrochemical sensors and biosensors tailored
toward specific pharmaceuticals are highlightegriovide readers and scientists with an extensive
toolbox for the detection of a wide range of pharewgicals. Our aims are two-fold: (i) to inspire
readers by further elucidating the properties amtctfonalities of existing nanomaterials for the

detection of pharmaceuticals; and (ii) to providaraples of the potential opportunities that these
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devices have for the advanced sensing of pharmeakgbmpounds toward safeguarding human

health and ecosystems on a global scale.

Keywords: electrochemistry; nanomaterials; sensor; biosedsog.

1. Introduction

As pharmaceutical industries expand to keep pattethve growth of human populations, the global
market for pharmaceutical industries reached $frildn dollars in 2019 and is projected to attain
$1.5 trillion in 2023. To put this into context,etle was a 207.9 % increase in pharmaceutical
revenues from 2005 to 2019. Consequently, two magsues have emerged: (i) many
pharmaceuticals are misused/abused; thus, chea@blpo and accurate sensors are required for
various applications, such as the tracking of adrveydoses, or for biomedical monitoring applicadion
and (i) the need to monitor and track pharmacaliiontaminants in ambient water sources for the

protection of human and ecological health.

Drug overdose in many countries has become moieusethan ever due to inadequate regulations.
For instance, the National Center for Health Stesisreported 69,029 deaths as the result of
overdosing non-steroidal anti-inflammatory drugenir February 2018 to February 2019, which
translated to a 5.5% increase from 2017 to 2018 @tal., 2008; National Center for Health Statist
2017). The National Center for Health StatistichmUS reported a spike in anti-depressant ovesdos
in 2017 with more than 5000 deaths compared to 382910 (National Center for Health Statistics,
2017). The fatalities from overdosing anti-depratsaad, on average, increased around 6% per year
from 2005 to 2018. Germany’'s Ministry for the Enwiment reported that a total of 203
pharmaceuticals with significant concentrationsenmdetected in the ambient aquatic systems of 71

countries, which included a majority of analgesai#jbiotics, as well as anti-inflammatory and anti



fungal drugs Japanese health authorities condueti@ehal testing for antibiotics in 37 rivers, ahdir
combined concentration was as high as 626 h¢Hall et al., 2008). Advanced analytical technisjue
such as GC-MS, LC-MS/MS, UPLC, and HPLC have beemmonly employed for the
quantification of pharmaceutical drugs (Maduraiaeeret al., 2018; Novakova et al., 2006;
Wolfender, 2009). However, these techniques aretddndue to their high cost and limited
portability. Therefore, electrochemical techniqua® attractive alternatives in contrast to the

aforementioned techniques.

The incorporation of nanomaterials has had a grepact on the development of electrochemical
sensors. Significant progress has been made tawardynthesis of nanomaterials with controllable
morphologies, dimensions, surface charges, andqaeygemical properties (Paulchamy et al., 2015;
Boles et al., 2016; Chen and Chatterjee, 2013; @tuaah., 2015; Sun and Xia, 2002). Consequently,
the attributes of selected nanomaterials can lwededito specific analytes for electrochemical sens

A comprehensive elucidation of the physicochemanradl electronic interactions that occur at the
interfaces between nanomaterial-based electrodkaralytes of interest are critical for exploititng

full potential of advanced electrochemical sensBcheme 1 lists various nanomaterials which have
been extensively investigated and incorporatetierdesign of electrochemical sensors and biosensors
for the detection of six classes of important ptareutical compounds, including anti-inflammatory,
anti-depressant, anti-bacterial, anti-viral, antigal, and anti-cancer drugs. This review aimsitoey

the state-of-the-art nanomaterial-based electroda¢nsensing with the capacity to address the
aforementioned challenges in response to the sirgpharmaceutical industries. Through the
exploration of numerous nanomaterials and theirpgnites for the detection of specific
pharmaceuticals in consideration of their intevétgti this review will endeavour to provide new

insights toward the development of more efficiend austomizable electrochemical sensors.



2. Electrochemical methods

Electrochemical detection occurs at the interfaeavben an analyte of interest and the working
electrode to which a potential is applied with etpto the reference electrode, while the
corresponding current is measured. Notably, thexenamerous electroanalytical methods that can be
utilized for the electrochemical detection of phaceuticals. Certain techniques may be more suitable
for the detection of pharmaceutical compounds basespecific electrochemical interfaces between
the nanomaterials employed, the analytes of irttermsd the intended application. Common
electrochemical strategies may be classified asawwhetry, amperometry, potentiometry, and

electrochemical impedance spectroscopy (EIS) (BaddFaulkner, 2001).

Notably, voltammetric techniques are the most comyn@mployed, which are discussed more
thoroughly here. Cyclic voltammetry (CV) has emérges the predominant characterization method
for the initial study of analytes. This techniqeédased on varying the applied potential of thekingr
electrode in both the forward (anodic sweep) arel rfverse (cathodic sweep) directions, while
measuring the corresponding current. CV is usefutlétermining the reaction kinetics, which include
the number of electrons transferred, stoichiome#yersibility, and the type of reaction (Bard and
Faulkner, 2001; Elgrishi et al., 2018). This teclua is also useful for determining the diffusion
coefficient, charge transfer coefficient, and aation barrier, which helps to elucidate the reactio
kinetics of the system under study. Pulse techsicqeieeh as normal pulse voltammetry (NPV),
differential pulse voltammetry (DPV), and squarevgvaoltammetry (SWV) are more commonly used
for electrochemical detection due to their incrdasensitivity compared to CV. These pulse
techniques greatly improve the signal of the Facadesponse relative to the response generatdueby t
capacitive current. This is achieved by taking ativge of the fact that the capacitive current decay

much faster than the Faradaic response, oftennMthor 2 milliseconds. Following the decay of the
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capacitive current, the Faradaic response undesgoat limited linear diffusion conditions is molel
by the Cottrell equation, such that the Faradaiteat is inversely proportional to time (Comptordan

Banks, 2007). DPV is typically capable of achievitegection limits of 18M or lower.

Both NPV and DPV employ a series of potential mjldeowever, DPV differs in that rather than
gradually increasing the amplitude of the pulseiradNPV, the pulse amplitude is fixed and
superimposed on a gradually increasing potentaalcsise. The current is measured just before the
application of each pulse and at the end of ealdepEor these pulse techniques, the parameters, in
particular the pulse width and amplitude, are irtgodrto optimize the signal response. The amplitude
of each pulse is generally between 20 to 80 mV redsethe width may be varied from 0.02 to 0.1 s
(Scholz, 2015). The optimization of the pulse atade and width is highly dependent on the material
being employed. A sensing substrate with high dégame may have its capacitive current decay at a
much slower rate; therefore, decreasing the anglitio eliminate the large capacitive current, or
increasing the pulse width may be chosen to achrmeeee sensitive detection (Monk, 2002).
Specifically, for sensing platforms with high suda areas, although there may be more
oxidation/reduction events occurring at the surfabe capacitive current may overshadow any
Faradaic current as it decays at a slow rate. iBBise may be addressed by using a lower pulse

amplitude; however, this could also decrease thedasc response.

Another predominant electrochemical technique femsgg applications is SWV. As the name
suggests, this technique employs a square wavesthaperimposed on a potential staircase, similarl
to DPV. The square wave pulse is comprised of wefai and reverse pulse, and the difference is
obtained by subtracting the forward and reverseents, which is then plotted against the staircase
potential as the final result of the measureme@te and Shah, 2013). The advantage of SWV in

contrast to DPV is the cancellation of capacitietdbutions when subtracting the forward pulsenfro



the reverse pulse, resulting in more sensitivectiete limits. SWV is also useful for elucidatingeth
electrode kinetics for many reactions by employingapid scan rate (~1V'sand a rapid data
collection speed combined with computer procesdagd and Faulkner, 2001; Chen and Shah, 2013;
Scholz, 2015). However, there are some limitatiorthis technique due to its fast scan rate; S®/V i
better suited for the analysis of reversible argdr&lectrode processes and those coupled with fast
chemical reactions than studying quasi-reversigetions with slow electrode kinetics. In some sase

if the material possesses a high capacitive cyritantly also result in broader Faradaic respors&p

Amperometric sensors are based on the current nesasnt at an applied electrode potential; they
exhibit some notable advantages such as a lowtabetdinit and high selectivity in comparison taeth
voltammetry-based electrochemical sensors (Yaghih,&2004). Enzyme-based amperometric sensors
have been widely explored because of their higkitety and selectivity; they can operate with ma
sample volumes of complex matrices (Rocchitta.ef@ll6). However, one of the main challenges of
the enzymatic electrochemical sensing is the gigbivhich may be caused by the denature of
enzymes or the fouling from the species presetihensample matrix or formed during the sensing
process. To summarize, employing specific elecentbal methods that are best suited for the sensor
and analytes of interest is essential to fullyireathe potential of the developed electrochemical

sensors and biosensors.
3. Development of nanomaterialsfor eectrochemical sensing

The incorporation of nanomaterials has enabled Inawe effective sensing platforms to be
developed. This section covers several importapedyof nanomaterials and nanocomposites,
which have been widely employed for the designighiperformance electrochemical sensors and

biosensors for the detection of pharmaceutical camgs.



3.1 Carbon-based nanomaterials

Carbon-based nanomaterials offer several uniquearddges in comparison to many other
nanomaterials. They exhibit high surface-to-voluragos, high electrical conductivity, long-term
chemical stability, and enhanced mechanical sthre(tihikari et al., 2015). These characteristics
enable carbon-based nanomaterials to have lowectd®t limits and higher sensitivities (Baptista
et al., 2015; Power et al., 2018; Rao et al., 20@8g et al., 2015). In many cases they can also be
employed as substrates for surface functionalinativa aptamers, enzymes, and various

nanomaterials.

3.1.1 Carbon nanotubes. Carbon nanotubes (CNTs) have become increasingbylao for the
creation of advanced electrochemical sensors dtleetoexcellent conductivity and high tunability
(e.g., length and diameter). Depending on the S#pecenolecular structure and chemical
composition of pharmaceuticals, CNTs may be usgadmote electron transfer of many reactions
and facilitate adsorption of organic molecules (Balet al., 2010; Camilli and Passacantando, 2018;
Pumera, 2009). CNTs can also be used as subdwafesther functionalization, which due to their
excellent conductivity and high surface-to-volunaia tends to increase the performance of
catalysts on the surface. Moreover, CNTs may predsynergetic effects that promote sensing
(Espinosa et al., 2007; Jung et al., 2015; Mallakpend Khadem, 2016). Single-walled carbon
nanotubes (SWCNTs) consist of a single graphenetsherapped into cylindrical tubes with
diameters of between 0.4 — 2.5 nm. Apart from thegh electrical conductivity, their diminutive
size and dimensionality can enhance the electamster kinetics in many reactions; furthermore,
their high surface-to-volume ratios may greatly ioy® signal-to-noise ratios in many cases. It is
important to note that the dimensions of the namegucan be tuned to optimize for the reaction of

interest. For instance, Bandyopadhyay et al. repothat by tuning the sizes of single-walled



carbon nanotubes, they were able to successfullycalate or trap hazardous insecticides, which
efficiently promoted the electrochemical oxidatiminthe molecules (Bandyopadhyay et al., 2017).
Multi-walled carbon nanotubes (MWCNTS) are comptisé multiple nested graphene sheet layers
that have variable diameters up to 100 nm. SimibalSWCNTs, MWCNTs also exhibit high

surface-area to volumes, excellent conductivityd are highly tunable. However, there are also
striking differences between SWCNTs and MWCNTs,ciwhare important to consider when

designing electrochemical sensors (Duclaux, 2082)CNTs are generally more flexible, whereas
MWCNTs are rather rigid. In addition, the produatiof SWCNT requires a catalyst and are

generally more expensive.

3.1.2 Graphene and graphene oxide: Graphene is composed of a single layer Gthsjbridized
carbon arranged in a hexagonal lattice, which atéhilmique electronic and structural attributes
that are useful for sensing platforms (Basu andt@bharyya, 2012; Donarelli and Ottaviano, 2018;
Zhou et al., 2009). Graphene oxide (GO) containgger functional groups that can be tailored to
optimize electrochemical sensing for specific atealy however, the presence of the oxygen
functional groups greatly reduces the surface cciidty (Lu et al., 2016). Notably, these oxygen
functional groups can be reduced chemically, ebetiemically or thermally, which may introduce
monovacancy or multi-vacancy defects. Studies Istsvn that the presence of these defects can
significantly promote the catalysis of many orgamiclecules (Su and Loh, 2013; Sun et al., 2012).
Further, doping with heteroatoms can induce surtd@eges, which can be useful for sensing in
cases where electrostatic interactions occur, an lleteroatoms may serve as catalytic centers for
various molecules (Kong et al., 2014). Similar fdT8, graphene-based nanomaterials may also be

used as substrates for further functionalizationrédver, graphene and GO materials can stabilize



deposited nanoparticles (NPs), while preventingr thgglomeration (Ravat et al., 2016; Wu et al.,

2013).

3.2 Noble metal nanomaterials

Metal nanopatrticles are commonly utilized for thegettion of pharmaceutical analytes because of
their impressive catalytic abilities due to thazes and shapes. The growth of nanoparticles from
seeds into their resulting nanostructures is alred$uhe physical and chemical properties of the
metal and its interactions with the surroundingiemment. The sizes, shapes, and facets of the
nanoparticles can be controlled through the carefesign of their surfaces and localized
environments through the use of capping agentssapdamolecular interactions, which play a
significant role in the formation of nanoparticl@ell, 2003; Heiligtag and Niederberger, 2013;
Sun and Zeng, 2002; Suryanarayana, 2005; Vermia €044). The selection of nanoparticles for a
specific analyte is based on the size, adsorpti@mgth, orientation, and chemical composition of
the compound. The synergistic effects of bimetabic trimetallic nanoparticles can also be
employed to promote catalytic sensing. Macrocycbmpounds have found use in nanomaterial
synthesis as they have the capacity to accommaddadeed guest-host interactions due to their
altering hydrophobicity and hydrophilicity at spicilocations of the macrocycle. Examples
include either the interior or exterior of the ayaéxtrin rings, or at the edge sites of the
cucurbiturils bands (Dumestre et al., 2004). Vaitluee-dimensional (3D) nanomaterials such as
those with hollow interiors, nanopores, hollow csit@nd spheres may be employed as sensing
platforms (Jia et al., 2008; Lahav et al., 2003;hsliaty, 2011; White et al., 2009). In some cases,
bimetallic and trimetallic alloys are synthesized eénhance sensing abilities as the alloys may
exhibit synergetic effects. The origin of the sygetic effects between different metals may be

attributed to the stabilization of intermediatesh&cement of the adsorption of analytes, proton



transfer, and lowering of the activation barriertbé reactions between analytes and the alloy
(Bracey et al., 2009; Z. Liu et al., 2016; Longakf 2015; Mailu et al., 2010; Moghimi et al., 2015

Nguyen et al.,, 2016; Sankar et al., 2012). One h# tnajor advantages of metal-based
nanomaterials compared to carbon-based nanomatesidiat they are generally more selective to
the analytes being examined; the interactions leiwbe metal nanomaterials and the targeted

molecules are tunable by changing their morpholsgycture and composition.

3.3 Carbon-metal nanocomposites

Metal-carbon nanocomposites have been widely eggléor sensing applications due to their high
conductivity, extensive surface area, and relatioet effectiveness. The large surface areas of
carbon nanomaterials can host and stabilize natidear while increasing the population of
reactive sites. Metal oxides and metal nanopastiale often synthesized by combining graphene-
based materials. Specifically, in the case of geaphGO-metal nanoparticles hanocomposites, GO

can stabilize the nanoparticles and minimize taggregation.

3.4 TiOz-supported nanomaterials

TiOz-supported nanomaterials are commonly employedefectrochemical sensing due to their
chemical stability, biocompatibility, unique phatatalytic properties, and multi-functionality. Ugin

TiO, as a support may take advantage of the known grepeof other materials, such as when
TiO, nanorods or tubes are decorated with noble-metabparticles. The nanoparticles are more
active than the Ti@support material, which assists with conductialygrge transfer to decrease
the probability of back-reactions and the recomtiamaof charge carriers. An added benefit is that
Ti is a biocompatible material, which makes it mautarly suitable for biomedical applications.dt i

also a naturally abundant material, which makesct#t of producing materials from Ti lower than
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those comprised of noble metals. Moreover, ;Talows for harsher conditions during the synthesis
and operation of the nanomaterial and the electnmatal sensor (Bai and Zhou, 2014; Chen and

Mao, 2007).

3.5 Conductive polymers

Over the last decade, conductive polymers have bemmporated into synthetic composites for
sensing applications. Conductive polymers are @it& due to their unique behaviour upon
exposure to electric fields, their electroactivepgarties, and most importantly their conductivity
(Uzun and Turner, 2016). Generally, these polynagesorganic molecules such as polypyrenes,
polypyrrole, and polystyrene ethylenedioxythiopdR&DOT) (Wackerlig and Lieberzeit, 2015).
The advantage of utilizing conductive polymers e fabrication of sensors is to increase their
selectivity and sensitivity for targeted analyt&ecently, molecularly imprinted polymer (MIP)
composites have gained popularity due to their cdapdor enabling the specific design of
interactions between the sensing interface andatiayte, which is particularly useful for the
detection of analytes in complex biological matsic&here selectivity and fouling are major issues
(Algarni et al., 2020; Y. C. Wong et al., 2020).dddition, MIP offers more stability and reusalyilit
in contrast to biological receptors, as generdtlis much lower in cost in comparison to biolodica
transducers. Furthermore, MIP can serve as sigaabducers by binding to target molecules,
which may induce changes in mass, absorbancectigéandex, conductivity, electric fields, and
current. Often the design of MIP can be aided wveitimputational approaches for screening to
elucidate potential MIP/analyte interactions. Mo the combination of MIP with carbon or

metal materials may further increase the performariche developed electrochemical sensors.

4. Electrochemical sensors and biosensorsfor drug detection
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Electrochemical sensors have been designed anttatsal for the recognition of many types of
important drugs which, based on the drug structafésn demand specific sensor interfaces to eealiz
their full detection potential. Novel electrochealisensors are continually being proposed to augmen
their sensitivity and stability and to lower thenifis of detection. Here we summarize the recent
advances of the electrochemical sensing of a nuofl@gnificant pharmaceutical compounds, which
may be classified into six categories based onr theictions and medical applications: anti-

inflammatory, anti-depressant, anti-bacterial,-&mpal, anti-viral, and anti-cancer.
4.1 Anti-inflammatory drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) areed to reduce pain, inflammation, and to
decrease fever. Analgesics are akin to NSAIDs &g bloth treat pain and fever; however, analgesics
such as acetaminophen have limited anti-inflamrgagativity. Since most NSAIDs are over-the-
counter medications, they are one of the most camyrabused drugs. Due to their extensive use by
consumers, NSAIDs have caused significant watetaoaination problems (Lapworth et al., 2012).
NSAIDs can be divided into groups based on thegngbal structures with the majority being
propionic acids (naproxen, ibuprofen), followed bygetylated salicylates (aspirin), acetic acids
(diclofenac, indomethacin), and the less common €CORhibitors (celecoxib). The mechanism of
action for all NSAIDs is the inhibition of the agtly of cyclooxygenase (COX-1 or COX-2) as these
enzymes are engaged in the synthesis of prostaginghich are involved in the inflammation

signalling process (Vane and Botting, 1998).

4.1.1 Naproxen: Being two of the most commonly used NSAIDs, ibuprofand naproxen are
propanoic acid derivatives that contain one and beoazene rings in their chemical structures,
respectively. The electrochemical oxidation meckranof isoniazid and naproxen are very similar:

generally, a one electron transfer, which resultshe decarboxylation reaction, is followed by an
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immediate oxidation to generate an alcohol dexeasis the product (He et al., 2018; Stefano et al.,
2014). Qian et al. investigated GO and its denreatiand explored the effects of heteroatom doping
and the amount of oxygen content on the electroma mxidation of naproxen (Qian et al., 2020). It
was found that as the oxygen content increasedijfispdly the epoxy and hydroxyl content on the
graphene sheet, the catalytic oxidation of naprdesame stronger. Fig. 1A displays a typical SEM
image of GO that consisted of a folded and crumbtadture with irregular edges and rough surfaces.
To investigate their electrochemical behaviorsJicyoltammograms of the synthesized GO and its
derivatives were recorded in 5 mMsKe (CN)]. As expected, the increased oxygen content
decreased the signal of the ferricyanide respomskimcreased the peak separation (Fig. 1B).
However, it was determined that GO, which had tighdst oxygen content, demonstrated the
highest performance toward the electrochemicalaiiod of naproxen. Fig. 1C shows a series of the
DPV curves as the analyte concentration increasi#a the corresponding calibration curve plotted in
Fig. 1D. The developed GO sensor, which demonstratgood limit of detection (LOD) of 1.94 uM
and a wide linear range of 10 uM to 1 mM, was iemtito successfully detect pharmaceutical tablets
with >90 % recovery. Amperometric and potentioncesensors were developed using nano-spinel
zinc ferrite films (ZnFgO,) for the detection of naproxen (KanagasabapatB{5R The anodic
character of the n-type Znk®, (band gap ~ 2 eV) tended to promote the oxidatibrorganic
molecules, while remaining highly tunable. The sershowed satisfactory sensitivity and LOD of
0.129pA pM™ and 13 pM, respectively. Furthermore, carbon naterials and metal nanoparticles
functionalized with organic polysaccharides suchcydodextrin or chitosan can be attractive for
achieving high sensitivity while retaining exceliselectivity. This was demonstrated by a dispasabl
electrochemical sensor based on a digital disc abipprised of gold and modified by GO decorated

with silver nanoparticles an@-cyclodextrin (AQNPs@G@-CD) (Tarahomi et al., 2019). The
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developed electrodes were successfully appliethadetection of naproxen tablets and naproxen in
human urine samples with good performance, showvimegr practical value and potential for

commercial applications.

Enzymatic electrochemical sensors are often pegfeior the detection of biological species such as
proteins and metabolites, as they are highly seéecnd their functional roles are well documented
The combination of nhanomaterials with enzymes tdrest not only stabilizes the enzymes but may
further improve sensor responses. Rossi et alrtegp@n amperometric biosensor that employed a
cytochrome P450-based electrochemical sensor &détection of naproxen, which involved the
drop-casting of MWCNT and microsomal P4501A2 (msCXP) on a graphite screen-printed
electrode (SPE) (Baj-Rossi et al., 2014). Thistedebemical sensor exhibited a slightly improved
LOD compared to other detection methods and wasepgr@o be successful for monitoring drug

delivery, which was investigated using a commermaiglo-osmotic pump.

4.1.2 1buprofen: Roushani et al. reported an ultrasensitive elelstnatical sensor for the detection of
ibuprofen, for which an aptamer was covalentlychttal to electrochemically deposited gold NPs on a
glassy carbon electrode (GCE) surface (RoushanBhatidost-Fard, 2015). An unprecedented LOD
of 0.5 pM was yielded with a linear range from @Q@0 7 nM. The deposition of Au NPs facilitated
the oxidation of ibuprofen and increased the actwdace area. The aptamer, which enhanced the
signal-to-noise ratio of the analyte response aockased the sensitivity, also improved the selgcti

of the sensor. In this strategy, an ibuprofen ifipeaptamer (ssSDNA2) hybrid was covalently attathe

to the AUNP/GCE surface using cysteamine, via gmdtion of a stable self-assembled monolayer
(SAM), and terephthalate as the linking agent (Raos and Shahdost-Fard, 2015). The sensor
fabrication process is illustrated in Fig. 2A, whethe AuNPs deposited on the GCE were

functionalized with cysteine to form stable SAM$isTwas followed by attaching terephthalate and
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adding a 3’-amine-terminated capture probe (ssDNAdnally, the ssDNA2 was dropped and
incubated on the surface of the ssDNAl/terepht@gst/ AUNPs/GCE to form the hybrid sensor. Fig.
2B depicts the DPV responses of the nanoaptasen8®05, 0.01, 0.065, 0.115, 2.0, 4.5, 5.5, 6cb an

7.0 nM of ibuprofen recorded record in [Fe(GN}*

as the electrolyte solution. It can be seen that
as the concentration of analyte increased, theewurdecreased due to ibuprofen/Apt complex
crowding of the electrode surface, which hindefregldlectron transfer with the redox agent. Fig. 2C
shows that the calibration curve ranged from 2 tdVi7with a LOD of 0.5 pM. For naproxen, Nair et

al. also developed a polymer-wrapped AgNP-decoratetifunctionalized GO electrochemical sensor,

which demonstrated improved sensitivity and a loi¥®@D compared to a GO only sensor (Nair and

Sooraj, 2020).

4.1.3 Aspirin: Aspirin is an acetylated salicylate, similar togiomic acids (naproxen and ibuprofen),
contains a carboxylic group and a benzene ring.okdation of aspirin involves a two-electron and
two-proton transfer process, in which aspirin @tiyi undergoes hydrolysis to yield salicylic acid,
followed by the loss of one electron to yield afradical. Finally, the radical, accompanied byltss

of another electron, rearranges into the final pebd2, 5-dihydrioxybenzoic acid (Kruanetr et al.,
2014). Ghadimi et al. reported a poly 4-vinylpynieli(P4VP) wrapped around MWCNT that was drop-
cast on a GCE surface. The incorporation of comgrigtolymers was confirmed to improve the
conductivity, electron transfer kinetics, and elecatalytic activity of the catalyst (Ghadimi et,al
2016). Further, the P4VP served as a stabilizimgpiags it wrapped around the MWCNT, which also
facilitated their solubility in water and ethan®he developed electrochemical sensor was sucdgssful
applied for the determination of aspirin in forntida tablets which had, on average, over 98 %
recovery. The most significant feature of the semss that it achieved a very low LOD (4.42 nM) for

the detection of aspirin.
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The decoration of functionalized groups, self-asseg film, aptamers, and nanomaterials on carbon
or metal substrates is a promising approach fodésegn of electrochemical sensors and biosensors t
improve the limit of detection and sensitivity. Dicet al. reported an electrochemical sensor tlaat w
fabricated by self-assembling chitosan capped AutNPs on a screen-printed carbon electrode (SPCE)
(Diouf et al., 2020). While chitosan was proverh&ve excellent catalytic activity for aspirin, iagv
electrically insulating. This was addressed thratinghincorporation of AUNPSs to enhance conductivity
and promote catalytical activity. AUNPs are wid@gployed as a sensing element for further
modification due to their high surface area-to-waduratio, high conductivity, and notable catalytic

abilities. This prepared sensor achieved a LOD@8 @g L* via DPV (Diouf et al., 2020).

4.1.4 Dicolofenac and Celecoxib: Dicolofenac and indomethacin belong to the grouN®AID acetic
acid derivatives, although they are less commom thaproxen, ibuprofen and aspirin for safety
reasons. Chethana et al. reported a tyrosine raddifirbon paste electrode (CPE) for the detection o
diclofenac. Mixing carbon paste with tyrosine giegahcreased the sensitivity of the CPE. The
developed sensor exhibited a satisfactory LOD @& 3uM and a sensitivity of 0.1905 pA
UM (Chethana et al., 2012). Sataraddi et al. repaheclectrochemical detection of indomethacin
using an MWCNT modified GCE, which was successfaiyployed for the determination of a
commercial pharmaceutical dosage and the deteastidiclofenac in complex human biological fluids
(Sataraddi et al., 2014). The electrochemical dixidaf dicolofenac involves a one-electron excleang
irreversible oxidation process that breaks up tieelofenac molecule through the nitrogen atom,
generating the fragments 2,6 dichloroaniline ar{@d-Bydroxyprop-2-enyl)phenol. Celecoxib is a less
common NSAID; it reduces inflammation by inhibititige enzyme, COX-2, which is the enzyme
responsible for invoking inflammation responses.kafwr et al. described a graphene-gold

nanocomposite carbon ionic liquid electrode for dieéermination of Celecoxib (Arkan et al., 2013).
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Graphene and gold nanoparticles exhibited a synergtect that improved the performance of the

electrochemical sensor.

4.2 Anti-depressants

Anti-depressants are becoming one of the most asedperhaps abused drugs in the world. The three
types of monoamines, which are dopamine, norepnmeph and serotonin, function as
neurotransmitters that transmit signals to the enamceptors of the brain (Fasipe, 2018). Anti-
depressants act by increasing the effects of thesetransmitters for individuals with depression o
mood disorders. While there are five classes efdapiressants, the most common class is the s&lecti
serotonin reuptake inhibitors (SSRIs) that workpogventing the reuptake of serotonin. Fluoxetine
(Prozac), Paxil (paroxetine) and sertraline (Zplafte the most common ones, which are typically
larger in size; thus, they make the electrochenax@ation more difficult. This is why there arever
electrochemical sensors developed for these tyjpesigs in contrast to NSAIDs and other classes of

drugs.

4.2.1 Fluoxetine: Alizadeh et al. reported on MIP NPs with highlyestive recognition sites for
fluoxetine (synthesized by precipitation polymeti@a), which was then incorporated into a CPE
(Alizadeh and Azizi, 2016). The addition of grapben the synthesized electrode served to enhance
sensitivity. Methacrylic acid and vinyl benzene (V&e required to create the fluoxetine-imprinted
polymer as the former provides hydrogen bondingradtions with fluoxetine via its secondary amine
and fluorine centers, while the latter participateshe self-assembly of the complex. Fig. 3A shows
the optimized conformation of the self-assemblethmex, fluoxetine, and the MAA and VB
monomers, which was supported by DFT calculatiofi$ie effect of incorporating graphene to
increase conductivity was compared by examininfidint integration methods, which are compared

in Fig. 3B. Two methods were used for the incorponaof graphene with the nano-MIP-modified
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carbon paste electrodes. In the first method, gnaghvas mixed with graphite and MIP powder (nano-
MIP/G;-CP), whereas the second method involved mixingtgrae and a synthesized polymer in
dimethyl formamide (hano-MIPA3CP). The optimal results were obtained by nano/BfCP as
seen from Fig. 3B. The electrode revealed a LOR.®MM, while exhibiting excellent sensitivity. A
carbon nanofiber-epoxy composite electrode wasloesé by Ardelean et al. for the simultaneous
electrochemical detection of tetracycline and fetme in water; the LOD was reported to be 0.385

UM with a sensitivity of 10.62RA pM™ (Ardelean et al., 2017).

4.2.2 Paroxetine: Another SSRI, paroxetine, under the brand namd,Rswiften preferred over other
SSRIs to treat severe anxiety disorders (Fasipel8)20 Oghli et al. described a
polyoxometalate/reduced graphene oxide (rGO) neatlifiencil graphite sensor for the trace detection
of paroxetine (Oghli and Soleymanpour, 2020). Ttheaatage of pencil graphite electrodes (PGES)
over other carbon-based electrodes was derived fin@n low cost, high mechanical stability, low
background current, and a wide potential windowweler, the most significant advantage was the
capacity for the removal of memory effects and dutsib species that caused the electrode fouling,
which could be achieved by removing several miltene of the graphite electrode surface.
Phosphotungstic acid, which facilitates protongfan was combined with rGO and used as a modifier
for the PGE. The developed electrochemical senawed to be viable for the analysis of paroxetine
in urine and serum with excellent performance. itaaber of electrons participating in the oxidation

of paroxetine was determined to be one, and th@eliensfer coefficient was estimated to be 0.34.

4.2.3 Sertraline: Sertraline, sold under the brand name Zoloft, stlaer popular SSRI. A graphene
nanosheet that incorporated MIP as an SPCE wakdtdat for sertraline and demonstrated high
activity for its detection (Khosrokhavar et al.,2B). A novel Ni-levodopa film was deposited on

AuNPs that were bound to enriched MWCNT as thetreleatalyst for the detection of sertraline.
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Synergies between the AuNPs and MWCNT at the nentli®@CE provided a large surface area to
allow more Ni(ll)-LD complexes to be electropolynzed, which promoted the electrochemical
oxidation of sertraline (Shoja et al., 2016), whitwe use of Ni(ll)-Ni(lll) redox couples and levquo

was confirmed to have excellent catalytic activdy the oxidation of organic functional groups such
as amine, carboxylic, and alcohol groups. The melemical oxidation of sertraline involves a two-
electron and two-proton process, which was confiriog the measurements of the peak dependence

with respect to the pH change.

4.24 Venlafaxinee An additional common class of anti-depressantsudel serotonin and
norepinephrine reuptake inhibitors (SNRIs). In casitto the SSRIs, SNRIs are more aggressive; thus,
they are used to treat more severe depressionpé;-e&018). Metal oxides, specifically iron oxide
(Fe&sO4), has gained popularity as an attractive electabgst for the oxidation of various organic
molecules and sensing of biological species (lalgt2011; Li et al., 2015; Sharafeldin et al., 201
Teymourian et al., 2013). Khalilzadeh et al. repdran electrochemical sensor based on iron oxide
nanoparticles deposited on a cellulose nanocrgsigber nanocomposite E2@CNC/Cu) for the
detection of venlafaxine (Khalilzadeh et al., 202Qptably, this electrocatalyst was prepared via a
plant extract RPetasites hybridus leaf), which acted as a stabilizing and reduciggna for copper. This
process has been shown to be environmentally cdmgdKhalilzadeh et al., 2020). The formed
Fe;O,@CNC/Cu electrocatalyst was characterized by hegblution TEM, shown in Figs. 4A, B. The
developed electrochemical sensor employed DPVhiquantitative analysis of venlafaxine in water
samples, with the DPV curves shown in Fig. 4C. Tbeeloped electrochemical sensor showed a
lower detection limit than those previously repdria literature with a satisfactory sensitivity and

linear range.
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4.2.5 TCAs: Tricyclic anti-depressants (TCAs), being some effirst prescribed anti-depressants in
the 1950’s, remain a popular choice even todayr(&eal., 2001). Their structure is composed cehr
variably sized conjoined rings that incorporateiteogen atom in the central ring. Similarly, TCAs
function by blocking the reuptake of serotonin,amnephrine, and acetylcholine at neuroreceptors.
Common TCAs include doxepin (Sinequan), imipramiiefranil), desipramine (Norpramin), and
amoxapine (amoxapine) (Kerr et al.,, 2001). Jankev&lkvinska et al. developed a DNA-based
electrochemical sensor for imipramine. Gold pagetechemical sensors were modified via thiol
labelled oligonucleotide sequences and their camgatgary strands. Interestingly, the DNA modified
sensor exhibited higher performance compared te gald paste and DNA electrodes (Jankowska-
Sliwinska et al., 2015). A bismuth oxide nanotile de@mtaexfoliated graphite electrode was
synthesized via a facile one-pot sono-chemicalh®gis, demonstrating a good linear range (0.02 —
82.3 uM) and an acceptable LOD (6 nM) for the detacf imipramine (Yamuna et al., 2020). While
glassy carbon and SPEs demonstrated good actiwtieard desipramine in biological matrices
(Knihnicki et al., 2013), a palladium nanopartidiecorated rGO electrochemical sensor demonstrated
improved performance for the detection of imipragnim human urine (Cincotto et al., 2017).
Sanghavi et al. employed a titanium dioxide and Arile XAD-2 modified glassy CPE for the
simultaneous detection of imipramine, trimipramiaad desipramine based on adsorptive stripping

voltammetry (Sanghavi and Srivastava, 2013).

4.3 Anti-bacterial drugs

Anti-bacterial drugs (anti-biotics) are widely empéd to fight bacterial infections in human,
animals, and plants. These drugs are extensivedg based on the prevention and cure of the
invasion of bacteria through various mechanismeirlinechanism of action primarily follows four

different pathways that include the inhibition egulation of enzymes present in cell wall synthesis
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nucleic acid metabolism, protein synthesis, and m&mbrane disruption. As anti-biotics have
provided revolutionary solutions as a remedy fdoraad spectrum of infectious diseases from
blisters to tuberculosis, the production of antiisi® and their irresponsible use have increased. Du
to excessive anti-biotics in all types of enviromtse bacteria have developed resistance against
these drugs. These antibiotic-resistant bactetrains upsurge the risk of vital infection, which
leads to increased dosages for patients. Overdesesigger many toxic effects such as allergies,
bone marrow toxicity, carcinogenicity, immunopatigital effects, nephropathy, hepatoxicity, and
reproductive disorders. For the safe monitoringhafse drugs in order to minimize the negative
impacts on the environment and general human headtproved approaches based on new
technologies and materials must be implementeds&ldeugs can be classified according to their
chemical structures and mainly includ&lactam (penicillin), tetracycline okytetracycling,
sulphonamide (sulfamethizole), fluoroquinolonegprpfloxaciny and macrolides (erythromycin).

The electrochemical detection of some of thes&atiaintibiotics are discussed below.

4.3.1 Penicillin: Penicillin is the most used anti-biotic againsapstylococci and streptococci
bacterial infections. An electrochemical detectio@chanism based on the oxidation of penicillin to
penicilloic acid, with the release of carbon diaith the presence of penicillinase enzyme
combined electrochemical transducer with Pt/Au/kteine nanowire array is displayed in Fig. 5,
revealing that the enzymes immobilized on the ldy/Bt-nanowire/Au-NP arrays exhibited high
sensitivity for the detection of penicillin and reatycline. (Li et al., 2019). Penicillins can be
differentiated into five varieties: oxacillin, perilin V, penicillin G, ampicillin, and amoxicillin
Most electrochemical detection techniques were bénalyze one or two types of penicillin (Li et
al., 2015). Interestingly, Feier and co-workerseistigated the electrochemical behaviors of all the

five types of penicillins at a boron-doped diamatectrode (BDDE), showing that all these drug
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molecules can be oxidized at the high potentighanrange from 1.4 to 1.8 V and that the BDDE
could be applied for the electrochemical detectibthose drugs in the real sample analysis. (Feier
et al., 2017).

The modification of a GCE with graphene and poHW«{8thylenedioxythiophene (PEDOT)
combined with AuNPs for the detection of penicidirhibited high sensitivity with a detection limit
of 57 ng L (Zhao et al., 2016). Another electrochemical sessed on the integration of Printex
6L Carbon (P6LC) and CdTe quantum dots (QDs) wittan PEDOT:PSS (poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonate)nfiwas prepared for the determination of
amoxicillin (AMX) as illustrated in Fig. 6A (Wongteal., 2020). Fig. 6B presents the effect of pH
on the electrochemical oxidation of AMX at the paegd sensor; the maximum peak current was
achieved at pH 6.0. The interference study (Fig) 6@monstrated that the developed the QDs-
P6LC-PEDOT:PSS/GCE sensor exhibited high selegtand sensitivity for the detection of AMX.
The electrochemical detection of penicillin G inlkmiia pulsed amperometric detection followed
by HPLC, demonstrated a detection limit ofifd using a gold signal transducer (Kirchmann et al.,
1994). This work improved the detection of penigils in the presence of other penicillin varieties
and antibiotics by approximately a factor of 10.dtial. fabricated a gold-based immunosensors
with anti-penicillin G and a bilayer lipid membrafw the detection of traces of lower penicillin G
at the value established by European Uniopg4™) (Li et al., 2015) Further, the designed sensor
could be used as a sensing platform for the rapigesing of penicillin G. When compared with
conventional HPLC, this sensor proved to be corargrand timesaving.

4.3.2 Tetracycline: Tetracycline (TET) has a wide range of anti-baateactivities against gram-
positive and gram-negative bacteria and is commeniployed in the agricultural sector as a food

additive. Tang et al. designed a sensor for theatien of TET by combining particular DNA
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aptamers and AuNPs with a molybdenum sulfite (Mlashd titanium dioxide (Tig) electrode.
MoS; and TiQ was used as the binder between GCE and AuNPs; spherical structure also
provided a high surface area for the attachme#tudPs (Tang et al., 2018). The proposed sensor
served as an indirect electrochemical detectiorhaaefor TET with a dynamic range from 10 nM
to 50uM and a LOD of 5 nM for a milk sample. In anothesrk; F&O,/AuNPs with chitosan were
fabricated stepwise and tested for the detectiohEdf using CV and EIS. It was applied for food
analysis, showing a recovery of 95.9 % and a standaviation of 1.86 %. The specificity and
stability of the sensors were investigated usinterference antibiotics such as penicillin,
chloramphenicol, erythromycin, and gentamycin atiows concentrations (Liu et al., 2016).
Likewise, MWCNTs/AuNPs were used within a MIP tovd®p a TET sensor. Consequently, the
electrode was designed to have a maximum numbenminted sites with an increased electron
transfer rate. Using CV, the electrode revealedva lOD of 90 nM for TET with the enhanced
electrocatalytic activity of the AuNPs. The seleityi of the sensor was analyzed in the presence of
common interferents (e.g., nafcillin, oxytetracyelj and chloramphenicol), and it was found that
the interference by oxytetracycline was higheraontecast to the other two molecules (Wang et al.,
2011).

4.3.3 Kanamycin: Qin et al. amended a hierarchical nanoporous (HRPLu alloy and thionine
functionalized graphene (GR-TH) as biosensing sate. The aptamer specific to kanamycin was
arranged on an HNP-PtCu/GR-TH/GCE using high-dffimteractions by the amine group of the
aptamer and PtNPs. The sensor presented a coripigterange response within the concentration
range from 0.001 to 100 nM and a low LOD of 0.86 pdi kanamycin (Qin et al., 2016).
Furthermore, the sensor exhibited high selectitotyard kanamycin in the presence of interfering

species (e.g., human chorionic gonadotropin, dop@rand tyrosine) demonstrating its practical
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applicability for the analysis of animal-derivedotb The feasibility of a flexible graphene-based
potentiometric sensor has garnered tremendousctibina for portable/wearable electronics

applications (Yao et al., 2019). These authorszetll a kanamycin aptamer with the sequerice 5
AGATGGGGGTTGAGGCTAAGCCGA-3 integrated within graphene paper for the selective

detection of kanamycin. Upon optimization, the aptesor gave an ultralow detection limit of 30.0
pg L* via the common reversible catalytic reaction o tmalyte (kanamycin) induced by the
DNase |. Moreover, the sensor also demonstrated goactical use and excellent stability in milk
samples.

4.3.4 Chloramphenicol: Chloramphenicol (CAP) is a potential therapeutieragagainst both gram-
positive and gram-negative bacteria. Based on ptiepeof rGO and palladium nanoparticles, an
electrochemical sensor was developed for the aisady< AP (Yi et al., 2019). This nanocomposite
was characterized using a transmission electrorrostope for its structure. Electrochemical
characterization was accomplished using CV, and Dén\fied this sensor to be a straightforward
technique for the detection of real-world sampleshsus honey and tap water. The authors
examined the effects of multiple parameters (exmdlifier amount, accumulation time, scan rate,
and electrolyte pH) and demonstrated enhancedistabelectivity and a wide linear range for the
detection of CAP using the developed electrochensemsor. The reaction mechanism was
proposed to be a two-electron and two-proton teangfocess with the product being the nitroso
derivatives of CAP. Chen et al. had fabricated lanteochemical sensor that involved a mixture of
molybdenum sulfide/polyaniline nanocomposite (M&&NI), which exhibited a linear range
across three orders of magnitude in addition t@mtbmarkable electrochemical advantages (e.qg.,
reproducibility, repeatability, and anti-fouling eevior). As such, its potential was confirmed for

CAP detection under neutral pH (Chen et al., 20Réxently, europium oxide (ED3z) has emerged
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as a promising electrocatalyst for the detectionC#HP. Rajaji et al. demonstrated thihie
EwOs/rGO nanocomposite possessed good electric conductiigymal stability, flexibility, and
large electrochemically available surface area amthnced the reproducibility and sensitivity for
the detection of CAP in honey and fresh milk samRajaji et al., 2019).

4.4 Anti-fungal drugs

Anti-fungal drugs (antimycotics) are employed teatrfungal infections by killing or controlling the
growth of fungi in the host with low toxicity. Thatroduction of anti-fungal drugs can be internal o
external, where the seriousness of fungal infestimnbased on their interactions with the hosts
immune systems. For example, foot fungus is odbbrdtinot harmful; however, fungal infections of
the blood and in tissues can be fatal. This sedisausses and elaborates on polyene, azole, and
allylamine fungicides in various electrochemicahgiag and biosensing applications for real-time

analysis.

4.4.1 Natamycin: Natamycin is the only polyene type of drug apptbf@ the treatment of fungal

keratitis. Aki et al. investigated the electrocheahibehavior of natamycin and reported a DPV
detection of natamycin in commercially availablepsisles using a CPE (Aki et al., 2005). The
proposed sensor exhibited a low LOD of hM; and the analytical results were further validiate

by UV-Vis spectroscopy. Another approach for theéedgon of natamycin was developed by
immobilizing SWCNTs on the poly(L-serine)/GCE suda The electrochemical oxidation of

natamycin at the prepared electrode was elucidateidg CV at various scan rates and
chronocoulometry, revealing that the oxidation psscwas adsorption-controlled. Accumulation at
the open circuit potential for 180 s greatly ina®@ the peak current and further lowered the
detection limit (Ye et al., 2015). Fig. 7 shows thiegrated graphene oxide/MWCNT sensor for the

detection of natamycin, demonstrating strong lineaeep adsorptive stripping voltammetric
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response (A & B), high stability (C) and high sédty (D) (Yang et al., 2018). The modification
of the SPCE with the MWCNT/platinum-doped cadmiumfide nanocomposites was also
designed to investigate the electrochemical detectif natamycin (Yousefi et al., 2018). The
sensor showed a linear relationship between treematin concentration and anodic peak current in
the concentration range from 0.2 to 7™M with a LOD of 0.12uM. The proposed Pt-
CdS/MWCNT/SPCE sensor was further tested with adgenized yogurt drink with the spiking of
known concentration of natamycin, confirming thiaistmethod was reliable for the quantitative

analysis of natamycin in the dairy industry.

4.4.2 Fluconazole: Fluconazole (FLU) is a fluorine attached bis-toi@z which is used as an anti-
fungal agent for vaginal yeast infections Ggndida and recurringCandida infections. It is also
used as a prophylactic therapeutic drug for paigrito have undergone bone marrow transplants.
Gil et al. studied the redox behavior of FLU at Pteelectrode and the GCE surface, revealing a
pH-dependent oxidation process, with a peak culiremease at pH 8 at the anodic peak potential
of ~0.85 V, which involved the loss of a triazoling electron, creating a radical-cation and a
further dimerization step to generate a bis-compgoproduct. The capacity of FLU to strongly
adsorb to the electrode surface might compromiseesanalytical parameters such as sensitivity,
linearity, and reproducibility using the electroafieal technique (Gil et al., 2011). To overcome
this issue, a novel E@,@PA-Ni@Pd/Chitosan nanocomposite modified carbomicidiquid
electrode was prepared for the sensitive detectidfiLU as shown in Fig. 8 (Zad et al., 2018). Fig.
8A and B show the morphology, structure, and cortiposof the prepared nanocomposite. The
multiple regression analysis was employed to ogeénthe experimental condition as illustrated in
Fig. 8C, showing the dependence of the 3D respsosiace of the measured electrochemical

current of FLU on the accumulation time and theapaanticle concentration. Figure 8D displays the
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CV responses of the fabricated sensor to FLU &réifit scan rates varied from 10 to 500 mV s
The developed sensor exhibited a wide linear rdroge 0.01 to 40QuM with a LOD of 3.5 nM; it
was also validated by measuring FLU in serum aimewsamples, showing high selectivity (Zad et
al., 2018).

4.4.3 Ketoconazole: This anti-fungal agent is used as an oral drug wués low toxicity and
versatile distribution throughout the bloodstreamne, saliva, and joint fluids. Peng and co-
workers investigated the electrochemical and adiserproperties of ketoconazole at a GCE using
CV, whereas DPV was employed for the electrochendegection in the presence of possible
interferent molecules, showing high sensitivity aetectivity (Peng et al., 2001). In another study,
the electrochemical analysis of ketoconazole wasdegoted with the simultaneous detection of
ciclopirox olamine (a pyridine anti-fungal agentialhis used in cosmetics) using a BDDE. The
optimal electrochemical oxidation of both drugs wstsdied using SWV, showing a linear
dependence of 0.29 to 3.1®1 for ketoconazole, and from 25.3 to 4@l for ciclopirox olamine.
The pH studies revealed that an alkaline solutias favorable for the electrochemical qualitative
and quantitative analyses of ketoconazole, whilaeatral pH was better for the analysis of
ciclopirox olamine (Mielech-tUkasiewicz and Ragka, 2014).

4.4.4 Tolnaftate: Tolnaftate (TNF) is an anti-fungal agent that hasn used over many decades for
the treatment of different dermatophytes and mieltiiprms of microsporons, which primarily
instigate several infectious tinea conditions (squpedis, and capitis). Disposable SPEs were
employed for the electroanalysis of TNF, offeringensitive and reproducible electrochemical
platform for the detection of TNF and its activedlglysis products. A well explainable irreversible

oxidation was observed at 1.20 V with a linear efigm 0.24 to 3.7@M under different pH
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ranging from 2 to 10. The electrooxidation invohedingle electron transfer with the release of a

water molecule and was proven to be a diffusionrotled process (Khairy and Khorshed, 2020).

4.4.5 Clioquinol: Clioquinol (CQL) is a topical drug used to addregsstinal fungal infections and
subacute myeloid-optic neuropathies. The applicatibtin molybdate (SnMog), nanoplates for
the electrochemical detection of CQL exhibited ioy&d sensitivity, good stability and high
selectivity (Raj Karthik et al., 2017). This sensbrowed a LOD of 14 nM in the presence of a
number of common metal ions, such as 50-fold canagon of C§*, F&*, K*, C&*, N&', CI', Br,
and [; 20-fold concentration of biologically interferirgubstances such as dopamine, uric acid,
ascorbic acid , and glucose; and 20-fold excessamdration of some commonly used drugs in a
mixture, including CAP, acetaminophen, amoxicilliand metronidazole. Likewise, three-
dimensional flower-like cerium vanadate (Ce)Y@as employed for the real-time monitoring of
CQL in biological samples. The electrocatalyticiagt of the CeVQ modified SPCE for the
electrochemical detection of CQL was evaluated Wya@d DPV. This approach also showed a low
oxidation peak potential (+0.47 V) together witlwale linear range 0.02 to 2.15 mM and a low
detection limit of 0.004uM in the presence of the interferent molecules baitiline, 4-
nitrobenzene, nitromethane, methyl parathion, CAB anipramine (Kokulnathan et al., 2019b).
They also proposed another carbon-metal based (EdYélectrochemical sensor for the detection
of CQL with the linear range from 0.005 to 38M and a LOD of 1.0 nM. The successive
utilization of the fabricated electrode for the lgses of the spiked CQL (known concentration) in
human urine samples revealed a recovery range &f ®7105 % for different concentration,
showing that the developed sensor could be usedrious electrochemical sensing application

(Kokulnathan and Chen, 2019).

4.5 Anti-viral drugs
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Anti-viral drugs comprise a group of medicationsittlare used to treat all types of viral-based
infections ranging from flu viruses to human immdaficiency viruses. Most viral drugs are
administered intravenously rather than orally. Twverdosing of anti-viral drugs may make the
body resistant to the treatment of other viral étifens; thus, quantitative and qualitative analysis
critical. In this section, the electrochemical $egof several commonly used anti-viral drugs such
as acyclovir (ACV), ganciclovir (GCV), zanamivir AX/), valacyclovir (VCV), oseltamivir, and
abacavir is highlighted.

4.5.1 Acyclovir: ACV is an intravenous and oral drug for the treattmof many viral infections
such as herpes simplex, hepatitis B virus, andceba zoster virus. The synergy between
MWCNT-dihexadecyl hydrogen phosphate (DHP) enalilesl enhanced direct electrochemical
detection of ACV in a wide linear range from 0.@810.0uM, and a detection limit of 0.08M.
The hollow nanostructured film electrode showedagglement in the electrochemical detection of
ACV by its high electrochemical active surface arBlae proposed sensing platform was applied
for the analysis of a commercially available ACWI&, showing promising practical application.
The voltammetric detection of ACV at a fullerengy@odified GCE delivered remarkable
electrocatalytic activity with an increase of theaf current and a decrease of the peak potential fo
both pharmaceutical and biological samples. The l&DD limit of quantitation (LOQ) were found
to be 0.015 and 0.048M, respectively (Wang et al., 2006). Wang et al.dified a CPE with
polyvinylpyrrolidone (PVP) and a macromolecule aotént (Wang et al., 2013). The PVP-
modified CPE electrode notably increased the oddasignal, compared to an unmodified CPE.
The electrochemical oxidation involved a two-elentand two-proton process with a LOD of 2.5
nM. Several parameters such as pH, accumulatior, temscumulation potential, and the PVP

concentration were optimized for the electrochemitsiection of ACV. To verify accuracy, the
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concentration of ACV used for electrochemical asalywas compared with the HPLC analysis,
showing a good agreement. Recently, a facile @elsémical method was proposed for the
detection of ACV using PGEs with a low LOD of QuBl. The electrochemical oxidation of ACV
on the PGE had a multistep irreversible oxidatioocpss and the final products were radicalic
hydroxy-guanine and oxo-guanine (Dilgin and Karaka3016).

4.5.2 Ganciclovir: GCV is a clinically approved drug for the treatmeaigainst cytomegalovirus,
herpes virus and Epstein-Barr virus. Electrochehmicédation at a GCE was confirmed to be a
simple, rapid, and sensitive approach for the dietecof GCV in serum and pharmaceutical
samples (Uslu et al., 2005). Quantitative evaluati@s accomplished through DPV and SWV at
pH 2.0 in the concentration range between 1.0 @@O0luM. The electrochemical oxidation of
guanine moiety was the key step which led to tleesiase in the peak current, while the interference
molecules could not be oxidized at the potentigb@fV oxidation. In another work, a boron-doped
nanocrystal diamond (BDND) electrode showed exoelerformance for the detection of GCV at
pH 2.5; the peak current at 1.2 V increased liyeatith the increase of the concentration using
DPV. In addition, the BDND sensor exhibited muchhdar stability over GCE, due to fewer oxygen
groups generated during the electrochemical oxadatvhich mitigated fouling (Zhou et al., 2011).
The electrochemical oxidation of GCV is irreversitdlong with a two-electron and two-proton
transfer using Au nanoparticles and MWCNT compgsikgg. 9A illustrates the procedure for the
preparation of the sensor and the structure oMt Fig. 9B displays the bar graph of interference
analysis of target molecule with the other molesyleesent in real samples. Fig. 9B displays the
CVs of 100uM GCV at different electrodes, revealing that theN®s/MIP/MWCNT/GCE had
higher activity for the electrochemical oxidatiom GCV. As seen in Fig. 9C, the imprinted

AuUNPs/MIP/MWCNT/GCE sensor exhibited special redbgn to GCV and high selectivity. The
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LOD and LOQ were found to be 0.0015 and 0.00% respectively, demonstrating high sensitivity
(Gholivand and Karimian, 2015).

4.5.3 Zanamivir: ZAV is a new drug that is used against influenz&l®3N1 and H1N1 viruses.
Although ZAV is a biologically interesting compounitis electrochemical analysis has not been
explored mush as yet due to its being the lateditiad to the anti-viral drug family. Skrzypek
investigated the electrochemical oxidation of ZAWaamercury dropped electrode using square
wave adsorptive stripping voltammetry, revealingttthe electrochemical oxidation process was
pH sensitive and that the maximum peak current eld#ained at a pH of 2.2 (Skrzypek, 2010).
Wahyuni et al. proposed an Au-based sensor foddbection of neuraminidase (NA), which is an
exosialidase enzyme present in some viruses, lmsé#ue electrochemical oxidation of ZAV. The
reason for this is that although NA is not direciidized electrochemically, its attachment to ZAV
shifts the peak potential for the ZAV oxidationoaling for the indirect detection of NA (Wahyuni
et al., 2015).

4.5.4 Valacyclovir and acetaminophen: The use of multiple drugs is a common clinicalctice to
overcome infections and various side effects. lnahse of viral invasion, the application of both
anti-viral and antipyretic drugs can serve as assethe fight against infections. However, forsthi
scenario the regular monitoring of both drugs tuieed. Therefore, the simultaneous and sensitive
detection of VCV and acetaminophen was proposeddbas rGO. Figure 10A and B display the
SEM image of the rGO formed on a GCE and the ED&csp of GO and rGO. Figure 10C
compares the CVs of VCV and acetaminophen recoatiélle GCE and rGO/GCE, revealing the
possibility for the simultaneous detection of VCNdaacetaminophen using the rGO/GCE. Figure
10D shows the strong DPV responses of the rGO/G&€Ehé successive addition of both

acetaminophen and VCV with the LOD of 4.65 nM andl BM, respectively (Adhikari et al.,
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2016). The electrochemical oxidation involves a twoetlen and two-proton process to form 8-
oxovalacyclovir as the final product. The reactwas determined to be irreversible and diffusion-
controlled.

4.6 Anti-cancer drugs

Anti-cancer drugs have their functionality in terwiseliminating cancer cells, shrinking tumours,
preventing cancer from metastasizing and spreadimjyelieving various cancer symptoms. Based on
the aforementioned criteria, various anti-cancagslhave been developed. The continuous production
and regular clinical application of these drugsunegready-to-use qualitative and quantitative ysisl
platforms. This section highlights some recent adea in the electrochemical sensing of anti-cancer

drugs.

4.6.1 Taxol: Taxol is derived from the natural compounds presethe stem bark of the Pacific yew
tree, which is known to be an effective drug agamvsrian cancer, breast cancer, and non-small-cell
lung cancer. An analytical method was designedhferdetermination of Taxol via cathodic stripping
SWV. The detection of Taxol was achieved underliabi@ditions using a mercury drop electrode
with a 0.0278 cm electroactive surface area (Holgado et al., 20B8drts to develop and improve
Taxol sensors have been primarily based on DP\QUB(BES, where Taxol was determined through
its interaction with salmon-sperm double strand®thds-DNA). In the applied potential range from
0.5to 1.3V, the interaction reduced the intensitthe guanine and adenine oxidation signals tfivou
which the Taxol electroanalysis was achieved wilin@ar range from 0.2 to 104M (Taei et al.,
2015). Another study by Tajik et al. modified th@EPsurface with a carbon/metal-oxide/polymer (ds-
DNA-MWCNT-TiO2/ZrO,—~CHITOSAN) nanocomposite. The voltammetric oxidatal Taxol was
increased by the favorable electron transfer ptmgserand high active sites. This synthesized

nanocomposite electrode served as a sensitivde statal selective sensing platform for the detactio
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of Taxol with a linear range from 0.7 nM to 1,8¥ and a low detection limit of 0.01 n(Majik et al.,

2015).

4.6.2 Doxorubicin: Doxorubicin is an anthracycline drug extractedrfi&reptomyces peucetius var.
caesius, which is used in the treatment of various tygdsukemia, as well as lung and breast cancers.
The rapid and sensitive analysis of doxorubicin @gslored using a carbon disk working electrode.
The proposed mechanism behind the electrochematallysis was a pseudo-reversible reaction in an
acetate buffer, which was confirmed by a well-dafinsingle peak that shifted toward negative
potentials as the pH values were increased (Hafth La®, 2004). Clinical and environmental
applications were the final aims in the designhee sensors. For this purpose, Nicole and cowsorker
developed a detection technique for doxorubicingigirtificial single-stranded nucleic acids witle th
capacity to bind with target molecules (aptasen3dm analysis proceeded under a wide concentration
range from 4 to 1000 nM, where the saturation efapatamer adhered gold electrode occurred at 125
nM (Bahner et al., 2018). The simultaneous deteabbtwo different drugs contributes to the cost
effectiveness and time saving aspects of a givesirsg platform. For example, the simultaneous
detection of doxorubicin and another anti-cancegdmethotrexate) was attempted to be developed
for drug analysis with application in biologicalinecal, and pharmaceutical domains. A cyclodextrin
graphene hybrid nanocomposite on a GCE (CD-GN/G®&9 synthesized for the simultaneous
detection of doxorubicin and methotrexate. The paakents of doxorubicin and methotrexate on
the CD-GN/GCE increased by 26.5 and 23.7 fold, eesgely, in comparison to the results
obtained on a bare GCE (Guo et al., 2011). Anoiii¢A/noble metal (DNA/silver) based sensor,
fabricated for the detection of doxorubicin usirdic state voltammetry as depicted in Fig. 11A.
The TEM images of the silver NPs before and afterdonjugation with doxorubicin are presented

in Figure 11B, confirming that the dimension of #hg@ NPs remained the same after conjugation.
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The comparison of voltammetric results measure@l3nM of KCI when a doxorubicin loading per
AgNP of (red line)~17 and (black line)»1 was used in the labeling process, showing that th
sensitivity decreased with the increase of doxainbiloading because of its unfavourable
intercalation (Ting et al., 2009).

4.6.3 Imatinib and flutamide: Imatinib (IMA) is an anti-cancer drug for chromayeloid leukemia
(CML) and gastrointestinal stromal tumors (GISTEhe monitoring of this drug is required in
biological fluids such as blood, cerebrospinaldjuplasma, and urine. On the basis of the above-
mentioned requirements, a dendrimer layered holibve graphene oxide sensor was developed for
the simultaneous microextraction and electrochdmitiection of IMA in biological samples
(Hatamluyi and Es’haghi, 2017). An interferencedgtwas conducted using three anti-cancer drugs
(Nilotinib, Ponatinib, and Dasatinib), which exhédd high selectivity toward the IMA, with a
detection limit of 7.39 nM. SPCEs were used in mgkhe sensor as they are known to enable easy,
fast activating, and low-cost sensors for the dtaivie detection of many drugs (Rodriguez et al.,
2018). For example, the voltammetric detectiorvbA lwas achieved using SPCEs (CNT) and showed
the oxidation behaviour of IMA at a piperazine riaga peak potential of 0.75 V. This electrode
mechanism indicated that the catalytic process imesgersible without further reduction visualised
from the significant increase of current from 0V l1and followed a typical adsorption-controlled
process. Further, this designed electrode was aaohga platinum and gold working electrodes,
where both electrodes failed to reach the efficatyhe SPCEs for the detection of IMA. When
immunocompromised patients are treated, variougsdave administered either orally, muscularly, or
intravenously. In this scenario one drug may sugpties activity of another drug, which might resalt
serious side effects or alterations to dosage mayrdguired. To avoid these complications,

simultaneous drug detection is desirable. The samabus detection of an anti-cancer (IMA) and an
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anti-fungal agent (ltraconazole) was facilitatedngsa metal-oxide/carbon-based electrode (NiO-
ZnO/MWCNT-COOH/GCE). DPV showed that an increasethie oxidation peak current for
itraconazole with a LOD of 4.1 nM and good sentiitiof 2.64pA uM~* cmi. The linearity range

of IMA was 0.015 — 2.QtM with a LOD of 2.4 nM and a sensitivity of 9.6 uM ™ cm?(Chen et
al., 2019). Most recently, Tseng et al. proposegraphene oxide sheet calcium titanium oxide
(GOS/CaTiQ) based nanocatalyst for the electrochemical detedf flutamide, the non-steroidal
antiandrogen used for the treatment of prostateezaand leukemia. Fig. 12A, B and C present the
morphology, structure and composition of the forrm@socatalyst based on the XRD, TEM and
EDX surface characterization. Fig. 12D and E digpae i-t response to flutamide and the
associated calibration plot, showing a wide linearge (0.015 to 1184M), a low LOD (5.7 nM)
and high sensitivity (1.078A pM~*cm ™). The sensor was further tested with human bloudi a
urine samples, confirming the promising applicafionthe anti-cancer drug detection (Tseng et al.,

2020).

5. Conclusion and Outlook

Given the increased demand for rapid, accurate,castieffective techniques for the detection and
quality control of pharmaceutical compounds overl#st decade, considerable interest and significan
progress have been made toward the developmereditated nanomaterial-based electrochemical
sensors and biosensors. A thorough elucidatioheophysicochemical and electronic interactions that
occur at the interfaces between nanomaterials aalytas of interest is necessary for exploiting the
full potential of developed electrochemical sensdisis comprehensive review covers the latest
advances in the development of hanomaterial-basett@hemical sensors for the detection of six

classes of significant pharmaceutical drugs as sanmed in Table 1. The molecular structures of
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these pharmaceutical compounds, as well as themaanals, electrochemical methods employed,
and the associated linear ranges and LOD of rgcdatieloped sensors and biosensors are compared
in the table. Notably, significant progress hasnbeede towards the integration of carbon-based
nanomaterials with metal nanoparticles, quantuns,dotganic functional groups, and conductive
polymers with the aim of creating robust synergetfects to facilitate catalytic reactions withger
analytes. While this approach appears to be progi@ensitivity and LOD were improved in many
cases), it leads to other issues such as foulidghenon-specific adsorption of other speciesciwhi
make the proposed electrochemical sensors moreuttifto apply commercially. Indeed, some
researchers have questioned whether the incompomatticarbon-based nanomaterials such as graphene,
GO, and CNTs generated synergetic effects forldatrechemical detection of analytes. For instance,
in some cases, although a sensor that incorpocatdabn nanomaterials with metal nanoparticles,
organic functional groups, conductive polymerspttier modifications exhibited good performance, it
was not conclusively verified whether the carbonamaaterials or the modified materials themselves,
might produce a comparable signal. Furthermore, ¢hbanced performance observed upon
modification with carbon nanomaterials might simphby due to an increase of the electrochemically
active surface area. Moreover, an intrinsic lacluederstanding regarding GO-based nanomaterials
might cause inaccurate attributions of the senperformance. For example, it was revealed that the
oxygen content (e.g., epoxy, hydroxyl, carboxylindtional groups) was a critical factor that akéelct

the catalysis of organic molecules. A higher oxygentent may increase or decrease the performance
of electrochemical sensors depending on the andiyiis should be taken account when developing
GO/rGO based nanomaterials, as the incorporatiasther modified materials may be of secondary
importance. Notably, while there are various pramgisslectrochemical sensors proposed for each

class of pharmaceutical compounds, there are samndstas to which kind of nanomaterials may be
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more effective. For small molecular pharmaceuticsleh as aspirin, ibuprofen and sertraline,
nanoparticle or organic molecule functionalizedteteles exhibited a low LOD and high-performance.
On the other hand, for large molecular drugs sischaproxen, diclofenac, paroxetine, fluoxetime: a
venlafaxine, carbon nanomaterials or carbon-basedaomposites seem to be more effective. The
large molecules usually have multiple aromaticsjmnghich make the reaction sites of the analyte les
accessible for specific interactions with the sensterfaces. A thorough understanding of the
electrochemical reactions at electrode/electrohtrfaces remains a major challenge for tailothng
design of sensing platforms. Although most proposledtrochemical sensors were tested with real
samples such as urine, blood and other biologicalsf, there is a considerable gap between the lab
tests and the fabrication of sensing devices factgal and commercial applications. Specialized
electrochemistry researchers may not possess itessay expertise to develop fully functional
sensors that integrate sensing elements, transgupengramming, the building of electronic
components, and so on. Therefore, joint effortsifnadustry and multidisciplinary research groups ar
of crucial importance for the development and concrakzation of electrochemical sensors and
biosensors for the effective detection of pharmtécalucompounds. aside from the sensitivity and

selectivity, the costs and stability of electrocieihsensors/biosensors must be carefully evaluated

Currently, chromatographic techniques (e.g., HPWMRLC, GC-MS and LC-MS/MS) and
colorimetric methods have been commonly used inpikels and labs for the analysis of
pharmaceuticals. Although satisfactory results banobtained, expensive instruments and well-
trained personnel are required. In addition, thestaniques are often limited by their portability.
contrast, electrochemical sensors have the adwesitégy overcome the drawbacks of those
conventional techniques. One of the emerging tréntts integrate the electrochemical sensing with

liquid chromatography or mass spectrometry for dfiicient detection of pharmaceuticals. The
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intermediates and products generated from elearoial oxidation/reduction of the analyte may be
further quantified by liquid chromatography or mapgctrometry. In summary, significant progress
has been made towards the development of advarieetioehemical sensors/biosensors for the
detection of pharmaceutical compounds over thedasades. Nanocomposites comprised of carbon
and other nanomaterials such as metal nanopaytodsners, and functionalized nanostructures are a
promising trend to further enhance the sensitiaitg lower the limits of detection for target anadyt
through synergistic effects. MIP has become inang@s popular in recent years, which may be
attributed to more complete understanding of asalynd the nanomaterials employed, through
various experimental data and theoretical commutatiDescriptions of strategies for the development
of these electrochemical sensors, which are tuoedgdecific analytes, aim to provide readers and
scientists with an extensive toolbox for the dedecof a wide array of pharmaceuticals. We hope to
inspire and motivate readers by contributing togkiblishment of a solid understanding of existing
nanomaterials for the sensing of pharmaceuticalsyel as to provide examples of the opportunities
and applications that these devices can creatbhdardvanced sensing of pharmaceutical compounds,

to protect human health and ensure environmerfttlysa
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Scheme and Figures

Scheme 1. lllustration of nanomaterials employed as elatiemical catalyst for the detection for the

detection of pharmaceutical compounds.
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Figurel. (A) SEM image of graphene oxide at 50,000X magaition; (B) CV scans of multiple of
various graphene oxide-based electrodes record@dnmM Kz[Fe(CN)] in 0.2 M KNG; at a scan
rate of 50 mV 8 (N-rGO: nitrogen doped reduced graphene oxide; @§&phene oxide; GCE:
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graphene oxide; TrGO: thermally reduced graphemdgedx(C) DPV curves recorded at different
naproxen concentrations in 0.1 M PBS buffer sotutigth GO/GCE; (D) Calibration curve of

increasing naproxen concentration ranging fronu¥o 1 mM (Qian et al2020).
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Figure4. (A) and (B) High-resolution transmission electraicroscopy (HRTEM) images of
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increasing concentration of venlafaxine (insere: &issociated calibration curve with venlafaxine
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Figure 5. (A) FE-SEM images of Au-Pt multisegmented nanewvarray and single Au nanowire
and single Au-Pt nanowire; (B) AUNPs coated one@nsent after being treated by 3 mM HARCI
solution; (C) The sensing mechanism of penicilleasth penicillin; L-cysteine with tetracycline;
(D) CV scan of Au(L-cysteine) nanowire array segsl®0uM tetracycline and (E) penicillin in 1
mM PBS buffer solution (E) (Li et al2019).

55



CdTeQuantum Printex6L. pepOTPSS

Dots (QDs) Carbon(P6LC)

A J
Y
) Sonication
v '
Dispersion

QDs-P6LC-PEDOT:PSS

= 0 982

10

10 12 14

04 06 08
(E vs. Ag/AgCl) (V)

GCE

QDs-P6LC-PEDOT:PSS/GCE

0 5 0 15 20 25
[AMX] (umol L")
Ascorbic Acid

04 08 12 16

(E vs. Ag/AgCl) (V)

0.0

Figure 6. (A) Representation of preparation of quantum daised sensor; (B) Effect of pH on the
anodic peak current and peak potential of the QDEPBEDOT:PSS/GCE sensor in 0.1 M

phosphate buffer solution; (C) Determination by SWWVAMX in presence of ascorbic acid and

caffeine. Analysis conditions: AMX at different a@ntrations (in a range of 0.90 —241), 20 uM

ascorbic acid. 2@M paracetamol and 10M caffeine in 0.1 M phosphate buffer solution (pl9)6

(A. Wong et al.2020).

56



%3
=]

A T T T : B 80 . r . . r ’ ; .
0: /
o | / -
7%
< a0} 1<
= a S 40} S .
= + =
& ) FRY
= 40l 0 OH £ I H
: : l=- L)
o e
3 XX O 20t o ) J
-60 |- / "
L I Ho N OH ! 0.0 07 14 . 21 23
0k c/(pmol LY 4
_80 1 1 1 1 1 1 1 1
1.0 0.9 0.8 0 7 0.6 0.5 0.4 0 1 2 3 4 5
1
Potential/V ¢/(pmol L)
C 21 T X T T T ¥ T d T D 21 T L T T T T T
18 F - 18 - -

Current/pA
Current/pA

0
0 1 2 3 4 5 0 2 4 6 8 10 12

Renewal/sensor cycles Different samples

Figure 7. (A) The response of different concentration ofanaycin by linear sweep adsorptive

stripping voltammetry; (B) Relationship affor ipa, the inset shows corresponding calibration
curve; (C) Influence of renewal step on ipa detected at 3BDG-MWCNT/GCE; (D) Influence of

different interfering compounds on thga detected at 3DG-MWCNT/GCE (Yang et 2018).

57



cps/eV w
o =
Tat ettt et alan sttty

(—J

4

6

33 % it 7 °
- 05
20 .

28 i 2 3 1

3 10 ‘./ Sas

23 ol . | 2

i 18 4 S 6 7 ] 23

-~ ulll/(mv"’m

- 13
8
3

08 088 096 104
L

01 03 05 07 09 11 13 15 17

E/V

Figure 8. (A) X-rly [TTtly dilplrlivpTirum of yolk—Th[1IF 304@PA-Ni@Pd (I[TTt: th(]
Corr[Ipo dilTICE[); (B) TEL im[TTTlof thClyolk—Th(1l FI304@PA-Ni@Pd; (C)Eff[1t of th(]
(TTumultioItim 11 Td th{[TToprtilllIlo [ TTTtr[tiolJo[1th[13D rlTpol TTIurfl[TTlof thlIm[TTurld
ATtroth(mil1] [urr(1t of FLU; (D) CVCof FLU [t diff(¥(Tt [T rt[Tfrom 10 to 500 mV [
(It diprdiiitof plik Durr[TtCv ) (T etOTd dipTdITTTof Ep villolv (Yang et al.,

2020).

58



Copolymenisation of
oM

MWONT-COOH

GCE

"
POd
e (Y
Q "y »
R Y 14
\\,’\ A, » , C 72 %)
5 - 8 N
N oo )4 6
SRR P
AV o N =)
. ",w REE:
N «
N ( S3

QS N==
NTH T

=

PR A

@ o

. AuNPs-MIPMWCNTS/GCE

Figure 9. (A) Scheme of the fabrication of molecularly inmped polymer structure; (B) CVs of
phosphate buffer solution (pH 3) containing 108 GCV at (a) GCE; (b) MWCNT/GCE;
(NIPP/MWCNT/GC, (d) MIP/MWCNT/GCE, (e) AuNPs/MIP/MWET/GCE and (f)

AuNPs/MIP/MWCNT/GCE in phosphate buffer solutioras rate = 100 mV’s (C) Responses of
AuNPs/MIP/MWCNT/GCE and GCE immersed in the solasicontaining 10@uM of each drug

(Gholivand and Karimiarg015).

59



jL GO

04 os os 10

Evs (Ag/AgCl)/V Evs (Ag/AGCH IV

Figure 10. (A) CEl] im[TTlof GCE followil I ImodifilTtiol Iwith [1[TtrolhImil[Tlly rGO (rGO); (B)
EDX [plTtrum of rGO [Td GO film ol th(][1[Ttrod"] furfl(1T] (C) CV Hurvillof [Jmixturl]of
(ITtimiloph(T] [Td vlTyovir [olutiol] [t th[1rGO/GCE (I'TTrt: GCE); (D) RlIpolTITlof thl]
rGO/GCE to th{ 1l TTTTv [dditiol]of both [TTtimiloph(T][Td v{1lTylovir i[10.1 [1 PBII(pH
7.2) (C & D) (Adhik(ri [t [1, 2016).

60



D) ! O O OO O |
595 88Y M 8L we
!
i i
C..

LEGEND \
) )

( 34
N ‘ § z :

) \ $
Thiol-Modified 6~Mcmpkvl Lmn[lvlcmcnlan I)ummhwm-(un;ugnl«l € 14
DNA Probe hexanol Ag Nanoparticles g

3
0 04

{02 ' 00 02 04 08 08 10
Potential Against Ag/AgCI (V)

Figure 11. (A) Schematic representation of DNA sensor dgualent; (B) TEM images of Ag
nanoparticles (a) before and (b) after conjugatiath doxorubicin. Scale bar = 20 nm; (C)
Comparison of voltammetric results measured inN0.8f KCI when a doxorubicin loading per Ag
nanoparticle of (red line ¥17 and (black line »1 was used in the labeling process (Ting et al.,
2009).

61



>

(002); graphene oxide
(121)

(242)

Intensity (a.u.)
(161)

JCPDS 22-0153

10 20 30 40 50 60 70 80
2 Theta (degrees)

D PSS Nanomolar detection
-604
75 | kk‘ y =-0.0762x + 0.0772
et e oy By R?=0.9995
< L §_-40 : ‘3\‘
< 901 = Yy
c [ o P c 3+
£ £-60 .
& -105 S *’L
-120 Micromolar detection ‘:\/ -80 - * *\*1
bl T = L) d ! ) b L) ¥ l__'___:___'___l—__'___l -100 T T T T T T
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400
Time (s) [Flutamide]uM

Figure 12. (A) XRD analysis of GOS/CaTi#nanocomposite (JCPDS number: 22-0153) and the
crystal structures of the nanocomposite’s orthothioratructure; (B) TEM images of GOS/CatiO
nanomaterial; (C) EDS analysis of GOS/Cad itanocomposite; (D) i-t responses for the low and
high concentrations of flutamide drug in 0.05 M pploate buffer (pH 7.0) at GOS/CatiO
modified GCE (RPM = 1200); (E) The linear plot 8tifamide] (uM) versus cathodic peak currents

(Tseng et al.2020).
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Table. 1. A list of advanced nanomaterials-basedteichemical sensor and biosensor platforms fod#iection of pharmaceutical compounds

Phar maceutical Compound Electrode Method M edium/Sample Linear Range LOD Reference
Naproxen - BDDE DPV 0.1 M LiCIO, 0.5-50.0pM 30.0 nv Suryanarayanan et £2005
O GCE DPV 0.1MPBSpH7 10.0 - 125.uM 0.3uM Stefano et al2014
Na* NiO-CNT-IL/CPE SWv 0.1MPBSpH7 0.75 - 800.uM 0.12uM Beitollahi and Yoonesfa2016
C|> AgNPsGGC-B-CD/G-DVD  DPV 0.1 M PBS pH 0.4-80uM 23.0nNV Tarahomi et al.2019
ZNnOMWCNT/CPE SWv 0.1MPBSpH7 1.0-200uM 0.23uM Tashkhourian et al2014
MWCNT/GCE CA PBS pH 7 10.0 — 200.uM 0.6 uM Montes et al.2014
MWCNT-Gr-IL/CCE DPV PBSpH"~ 0.8—100.0uM 0.13uM Sarhangzadel2015
I buprofen CPE DPV PBS pH 7 0.1-100.uM 0.1uM Brycht et al. 2015
CHs BDDE DPV 0.1 M H,SQ, 20.0 — 1000.uM 5.0uM Lima et al.,2013
CH OH AgZCNF DPV 0.1 M Ng&SC, 0.5-5.0 ppn 0.008 ppr Manea et al.2012
: S CD-PS< Potentiometr  NH; buffer pH ¢ 3.9-1000.0uM 3.34uM Sousa et al2013
HaC Cu;TeQ/GCE DPV 0.1 M ABS pH 4.7 0.02 - 5.quM 0.017uM Mutharani et al.2020
Pretreated SPGE SWV 0.25 M ABS pH 4.7 - 1.3ug cm® Amin et al.,2014
AgZMWCNT DPV 0.1 M NgSC, 9.7-48.4uM 0.08ZzuM Motoc et al.2013
PANI-NF/GCE DPV Ethano 0.2-0.4uM 0.1uM Suresh et al2016
P(L-ASP)/GCE SWV 0.25 M ABS 1.0 - 150.QuM 0.22uM Mekassa et al2018
Aspirin Oy _OH Graphene DPV 0.2MPBSpH7 1.0 -200.uM 0.02uM Patil et al. 2014
oH MIP/SiC,@Au DPV 0.1MPBSpH7 0.001 -0.0uM 0.000sd2uM Deiminiat et al.2017
I BDDE DPV 0.1MPBSpH 2.5 5.0 - 125.0 ppm 1.310 ppm Yi git et al.,2016
Diclofenac 0 Polyaniline/rGC DPV 0.1M HCIO, 5.0—-30.0 ppn 1.1 ppn Mostafavi et al.2018
o o Cu/CTS/IMWCNT/GCE SWv 0.1 MPBSpH 4 0.3 -20uM 21.0 nM Shalauddin et al2017
LY
cl X
Fluoxetine o o BDDE DPV PBS pH 7 0.1-0.9uM 7.0nVM Brycht et al. 2015
i . Graphite/MIP CP DPV Buffer pH 10 0.006 — 1QuM 3.0nM Alizadeh and Azizi2016
. CNPs/GCE DPV Acetonitrile pH 9 1-25uM 0.4uM Mohammadi et al2013
F
Paroxetine o rGO/PWA/PGE DPV Borate buffer pH 7 0.008 — uM 0.9 nM Oghli and Soleymanpou2020
@ BDDE DPV PBS pH 7 0.1-0.9uM 0.38uM Brycht et al. 2015
O
Y
"‘@\ HGI
.
Sertraline Ni (Il)-LD/AUNPMWCNT  DPV 0.1 M NaOF 0.05-5.5uM 95.0 nv Shoja et al.2016
MIP/Gr-SPCE DPV B.R. buffer pH - 0.005-0.08uM 0.002uM Khosrokhavar et al2020
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Phar maceutical Compound Electrode Method M edium/Sample Linear Range LOD Reference
CH; ZnFe0,/SPE DPV 0.1MPBSpH7 0.07 — 300.uM 0.02uM Tajik et al.,2019
OH
CHs
o)
HaC
Venlafaxine | FesO,@CNC/CL DPV 0.1 M PBS pH 0.05-600.0uM 0.01uM Khalilzadeh et al.2020
“N on NAF-CNT-GCE AdsDPV NH; buffer pH 9 3.87 —10000.@M 3.34uM Sanghavi and Srivastavz011
[e)
l HCI
Imipramine DNA-GP DPV 0.17MPBSpH7.5 0.005 - 0.0:M 0.5nM Jankowskdiwinska et al.2015
Q O MIP/Au-NP/ITO DPV 0.1 M PBS pH 2. 5.0 1000.0uM 1.0 NV Xu et al.,2009
NK/\ o “Hel XAD2-TNP-GCPE AdsDPV 0.1MPBSpH®6 0.0013 - 6.2M 0.9nM Sanghavi and Srivastav2013
N
CHs
Desipramine XAD2-TNP-GCPE AdsDPV 0.1 M PBS pH 0.0014-6.9uM 0.4 nVM Sanghavi and Srivastav2013
O " O +Hel BDDE DPV 0.1 M PBS pH 6.9 0.01 -100.uM 0.01uM Ivandini et al. 2002
L~y CHs
H
Amoxicillin TiO,/CMK/AuNPs/Nafion/ CV Milk samples 2.5-133.QuM 0.3uM Pollap et al.2018
NH, |, GCE
N S CB/DPH/GCE SWV Milk samples 2.0-18.8M 0.1uM Deroco et al.2018
0 N AuNPs/PdNPs/ErGO/GCE SWV Milk samples 30.0 - 350.uM 9.0uM Kumar et al.2011
HO o} Ni/CR/CPEs Amperometry  Milk samples 8.0 — 100.uM 5.0uM Ojani et al. 2012
Ho' O QDs-P6LC- SWV Milk samples 0.90 - 6uM 50 nM A. Wong et al.2020
PEDOT:PSS/GCE
Streptomycin (Apt)-CS conjugate/gold CV, DPV Human serum 30 — 1500 nM 15.3 nM Danesh et al2016
electrode
RuO,-modified CPEs Amperometry Pharmaceutical 1.5 -25QuM 1.5nM Leech et al.1990
" o products
Ho Hoﬁ "o, " GR-Fg@O,~AuNPs CV, EIS, Milk 0.05 — 20Qug L* 0.028ug L* Yin et al.,2017
(o]l R 0 v'//o ! YNHZ DPV
) 5 Vou e TRSIN/GCE DPV Honey, peanut, milk. ~ 0.05 —50ug L™ 5.0ng ! Liu et al.,2011
HO HN— Y- Porcine kidney and
FN muscle
mMip- GOX-STR SWV Milk and honey 0.05-20ug L* 10.0 ng [* Liu et al.,2013
Ampicillin NH, |, rGO/SPCE Cv 0.1 M H,SG, 1 —50umol 0.12puM Latif and Merza2016
H
Ne -5 SD-EAS I SWv InM-1mM 1.0nM Yang.,2019
0 j;Nr\)< Pt-CdSMWCNT/SPCE DPV 0.1 M bBO, 0.2 - 70.QuM 0.12uM Wei et al.,2014
0 /’}\OH Co-MOF-on-TPN-COF EIS Human serum, milk, 1.0pgL*—2.0pg L™t 0.217 pg*  Liuetal.,2019
0 river water
Tetracycline Anti-TET/MWCNT/GCE DPV Spiked milk sample 0.01 — pM 5.0 nM Zhou et al.2012
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Phar maceutical Compound Electrode Method M edium/Sample Linear Range LOD Reference
OH 0 HOHO O MWCNT-GNPs/MIP/GCE ~ CV 0.22 - 9M 90.0 nM Wang et al2011
NH, MBJ/Anti-TET/AuNps/GCE  CV Milk sample 0.1nM-1mM 4.0 pM Guo et al2015
3 Au colloids/ME Ccv PBS 2.3-22/M 0.2uM Wang et al.2012
HO
AN PtNPs/c/GCE DPV Human urine sample 9.9 — 44N01 4.3uM Kushikawa et al.2016
Triclosan ol ol MWCNT CV, DPV Toothpaste 0.050-1.75mgt 16.5ug L* Yang et al. 2009
o) CNDs/GCE CV, EIS Toothpaste 10nM-1.0 mM 9.2 nM Dai et al.,2012
CNT/FeO,@PPy/Pd DPV Toothpaste 2.247 - 275.2nM 1.4nM Zheng et al.2018
Cl Cl
PDDA-Gr/PdNPs DPV Tap water samples 9.00 - 20,000 nM 3.5nM Wu et al.,2017
AuNPs/POM/rGO/GCE CV, EIS Wastewater and lake 0.5 -50.0 nM 0.15nM Yola et al.,2015
water
Ciclopirox on Au-In,0;-CS/ABPE CV, SWv PBS pH 7 0.199 —16.22M 6.6 nM H. Ibrahim et al.2018
olamine N__O GCE Amperometry Pharmaceutical drug 2.0-200 mM 1.0 mM Ferreira et al.2012
|
= Boron-doped electrode CV, SWv Water 25.3-419M 6.7 uM Mielech-£Ukasiewicz and
Roginska,2014
Gold microarray electrode Amperometry Pharmaceutical drug 60 —110QuM 3.0uM Ruas De Souza et a2016
Natamycin CPE DPV 2.0-8aM 1.5puM Aki et al., 2005
o] H.Q (EH OH
\mYO SWNT/poly(L-serine)/GCE ~ LSASV 0.2 M ABS 0.06 — Gl 40.0 nM Ye et al.2015
A O 3DG-MWCNT/GCE LSASV 0.050 — 2.5M 10.0 nM Yang et al2018
OO«
U Pt-CdS/MWCNT/SPCE DPV 0.1 M HSO, 0.2-70.0 uyM 0.12 pM Yousefi et 2018
HO" ™" ~OH
NH,
Daclatasvir . o Ni-NPs/IMWCNT/GCE CvV, DPV Tablet and human 0.024 — 30uM 15.8 nM Joghani et al2020
N Ko serum
Nlj/w ! AgNPs/GO/CPE DPV Pharmaceutical 25.0-12,000 nM 1.6 nM Azab and Fekry2017
= formulation and human
Y urine
v
o MnO,-rGO/CPE SWv Human serum and urine 1.0 — 200.0 nM 0.12 nM El-badawy et al.2020
w 0N X i
OYNN/L.,,«) Pencil graphite electrode SWV Plasma 0.20 — QMO 0.06 uM Mohamed et al2020
O AL
L edipasvir _( o BDDE CV, SWv Tablet 05-60.0mg* 0.12mg Lt Allahverdiyeva et al.2020
A o rGO/NSNiFeO,/MHS DPV Tablet and human 0.4-350.Qqug L* 0.1pglL? El-Wekil et al.,2018
HN lasma
\ ,/O p
S /"J‘: e-MnO,-modified graphite  CV, EIS Rat plasma samples ~ 0.025 — 3.6QM 45ugL* Abdel-aal et al.2018
@ o N0 electrod:
HsC GC/(CNT-ILC)/Co Ccv Tablet 0.07 — M 1.86 nmol L Atta et al.,2019
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Phar maceutical Compound Electrode Method M edium/Sample Linear Range LOD Reference
GC/CNT/ILC/rGO/MnG CV, DPV Human serum 0.0070 — 15umol dm’® 0.1 nmol dm® Atta et al.,2019
Valacyclovir CPE CcVv Urine samples 28.0 nM Devarushi et al2018
9 GCE DPV Urine 75.0 - 5,000.uM 1.4uM, Umesh S. Devarusi2013
N
1 [ rGO/CPE CV, SWv Pharmaceutical and 10.0 - 50,000.0 nM 1.1nM Todakar et al.2019
NN 'L \He urine sample
0/\/°W°“3 CPE CV, SWV Pharmaceutical and 50 — 800 nM 1.1 nM Devarushi et al2018
0 CH urine samples
SWCNT/GCE DPV Pharmaceutical and 5-55nM 1.8nM Shah et aP013
blood plasm
Acyclovir o CNT/GCE CV, LSV, EIS Tablet 0.08 — 10 uM 30.0 nM Wgeet al. 2006
N NH SAM/Au CV, SWv Urine 0.01-1puM 10.0 nM Josepldatumar,2011
Q \ N)‘NHz Cu NPs/CPE cv, Tablet 27.0 - 520.0 pM 2.6 uM Heli et &010
HO—I/O N Amperometr'
~ PVP/CPE CV, DPV Tablet, urine, and 10 - 750 nM 2.5nM Wang et a2Q13
human plasma
Flutamide - g-CN4/GCE CV, DPV Water samples 2.0-1208.uM 50.0 nM Kesavan and Che@020
3
H cH GO/GCE CV, LsV Human serum 0.009-1.9 mM 6.0 nM R. Karthik et al.2017a
3
ON 0 Au electrode CV, DPV 0.1 M PBS 100.0 — 600.uM 1.8uM Mehrabi et al.2019
CF3 Nano- Ag/MGCE DPV Pharmaceutical and 10.0 — 1000.uM 9.3uM Ahmadi et al.2015
urine samples 5
Boron-doped carbon SWV Pharmaceutical, blood, 0.9 —42.9 mM 0.2mM Svorc et a2Q17
electrode and urine samples
Nilutamide MWCNT/GCE DPV Tablet and urine 28.0 - 535.uM 1.8nM R. Karthik et al.2017b
sample
9 B-CD-AuNP/GO/SPCE DPV Human urine samples  0.01 — 193WM 0.4 nM Raj Karthik et al.2017
NE
Q Q/\;F) CeV/CNF/GCE DPV Human urine 0.01 - 54QuM 2.0 nM Kokulnathan et al2019a
>£:z gl SWNPs/SPCE DPV Tablet and urine 0.05 - 31aM 2.6 nM Sundaresan et a020
o}
(MWCNTsf-NGI/CTS)-Cu DPV Tablet and blood serum 0.005- 20uM 1.6 nM Akhter et al. 2020
Taxol Pencil Graphite DPV Plasma 0.70-3.0 pM 2.46 nM Gowda and Nandioey2014a
GCE LSASV Urine 1.0-10.0 pM 12.3 nM Gowda and Nandibew2014b
Hemoglobin immobilized  LSASV 0.1 M PBS (pH 7) 14.0-100.0 uM 2.8 uM Zhan@l.,2006
on the DDAB/SWNTs/Gold
electrod:
DNA immobilization onto  DPV 10 mM Tris—HCI buffer 0.12-1.5 yM 12.0 nM Mehdinia et £2008

the azide-terminated
monolayer/Au electroc

solution (pH 7.4)
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Phar maceutical Compound Electrode M ethod Medium/Sample Linear Range LOD Reference

Pencil graphite DPV Tablet 0.2-1.0puM 80.0 nM Tajik et &Q15

Abbreviations: ABS: acetate buffer solutio#§u-1n,0s-CS/ABPE: Au-In,Oz chitosan modified acetylene black paste electradé&yPs/POM/r GO/GCE: Au nanoparticles/polyoxometalate/reduced
graphene oxide nanohybriBDDE: Boron-doped diamond electrodeB/DPH/GCE: Carbon black/dihexadecylphosphate film/glasspoarelectrodeCD-PS: cyclodextrin-based potentiometric
sensorCNT: carbon nanotub&NT/Fe;0,@PPy/Pd: Carbon nanotube/Iron oxide polypyrrole nanocoritpp€0-M OF-on-TPN-COF: Cobalt-based metal-organic frame work and
terephthalonitrile-based covalent organic framewaekform; CPE: Carbon paste electrod&r GO: Electrochemically reduced graphene ox@h&sN4 : Graphitic-carbon nitrideGCE: Glassy carbon
electrode GO: Graphene oxiddy : lonic liquid; M GCE: Modified (with ptert-butylcalix arene and fert-butylcalix arene)mMip- GOX-STR: redox active magnetic molecularly imprinted pogm
glucose-oxidase-labelled streptomycin; MWCNT: Mudll carbon nanotube; (MWCNT{-NGr/CTS)-Cu: Multiwakrbon nanotube nitrogen doped graphene andselmitaith electrodeposited
copper;Ni/CR/CPE: Nickel-curcumin/ carbon paste electrofé¢.-ASP)/GCE :Poly(L-Aspartic Acid) modified glassy carbd®ANI-NF/GCE: Polyaniline nanofiber modified glassy carbon
electrodePDDA-Gr/PdNPs: poly (diallyldimethylammonium chloride) functiolieed graphene/palladium nanoparticl@d)s-P6L C-PEDOT: PSS/GCE: Printex 6L carbon and cadmium telluride
quantum dots within a poly(3,4-ethylenedioxythiop@polystyrene sulfonate filmGO: reduced graphene oxidg5O/NSNiFe,O./MHS: 3D NiFeO,nanospheres and reduced graphene oxide
supported by morpholinium acid sulpha®®CE: Screen printed carbon electro8®GE: Screen-printed graphite electro®yCNT: Single-walled carbon nanotut®VNP: Smy(WO,);
nanoparticlesTRSIN/GCE: three-dimensional redox active organosilica nanogure.
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