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ARTICLE INFO ABSTRACT

Keywords: Thanks to operational simplicity, speediness, possibility of miniaturization and real-time nature, electrochemical
Hepatotoxicity sensing is a supreme alternative for non-electrochemical methodologies in drug quantification. This review,
IshoniaZi,dA highlights different nanotech-based sensory designs for electroanalysis of isoniazid and rifampicin, the most
E;Zizg;:;ysis important medicines for patients with tuberculosis. We first, concisely mention analyses with bare electrodes,
Nanomaterial associated impediments and inspected possible strategies and then critically review the last two decades works

with focus on different nano-scaled electrode modifiers. We organized and described the materials engaged in
several categories: Surfactants modifiers, polymeric modifiers, metallic nanomaterials, carbon based nano-
modifiers (reduced graphene oxide, multi-walled carbon nanotubes, ordered mesoporous carbon) and a large
class of multifarious nano composites-based sensors and biosensors. The main drawbacks and superiorities
associated with each array as well as the current trend in the areas is attempted to discuss. Summary of 79
employed electrochemical approaches for analysis of isoniazid and rifampicin has also been presented.

Electrode modifier

1. Introduction of these two medications in biological fluids as well as in quality control

process of pharmaceutical preparations (Thapliyal et al., 2015).

Tuberculosis (TB), one of the top ten causes of human death, afflict
approximately 10 million people every year. Around 1.3 million HIV-
negative individuals and 374,000 HIV-positive people died from TB in
2016. Based on global tuberculosis report 2017, Treatment regimen
usually administered for patients with susceptible strains, include
isoniazid (INZ), rifampicin (RIF), pyrazinamide (PZM) and ethambutol
(ETB) for 2 months, followed by “continuation phase” (INZ + RIF for 4
months). The two first line anti-tuberculosis drugs, INZ and RIF, are
usually the most prescribed drugs for TB patients as well on the WHO’s
list of essential medicines.

Hepatotoxicity associated with INZ and RIF, can even be more
disastrous than viral hepatitis (Ramappa and Aithal, 2013). To avoid
such lethal adverse effects, development of reliable, simple, rapid and
selective analytical methods is highly crucial for accurate measurement

Because of its operational simplicity, rapidity and real-time detection
possibility, electrochemical sensors could be worthy tools for this pur-
pose. However, bare electrodes exhibited large over-potential and low
sensitivity and selectivity (Lima et al., 2016). Modification of electrodes
with nanomaterials, can greatly improve the electrochemical response
(Jena and Raj, 2010, Asadpour-Zeynali and Mollarasouli, 2017). In this
review, we first present a brief description of INZ and RIF and then
deeply focus in nano-structured electrode modifiers that have been
investigated in the last two decades.

2. General description of INZ and RIF

Isoniazid (isonicotinic acid hydrazide or pyridine-4-carboxylic acid
hydrazide, abbreviated as IZ, INH or INZ), the most prescribed drug in
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tuberculosis, was first synthesized in 1912 (Rozwarski et al., 1998;
Chouchane et al., 2000). INZ is a lipophilic molecule (pK; = 1.8, 3.5 and
10.8 related to hydrazine nitrogen, pyridine nitrogen, and acidic group
respectively) (Lund, 1994), therefore, at acidic pH, charged positively
(Atta et al., 2011a,b).

In liver, INZ is metabolized to its biologically inactive form, acetyl
isoniazid (AcINZ) (El-Yazigi and Raines, 1992). INZ have a peak time
(Tmax) of 1-2h and urinary drug elimination of 75-95 percent (Tha-
pliyal et al., 2015). INZ seems to be activated by a catalase-peroxidase
named KatG in susceptible strains. This reaction leads to formation of
nicotinoyl-NAD complex which can tightly bind to enoyl-acyl carrier
protein reductase (INZ A) and eventually block the fatty acid synthase
(Suarez et al., 2009). Consequently, the drug exerts its mycobacterio-
static activity against slow replicating bacilli through inhibiting the
biosynthesis of mycolic acid, a vital moiety of Mtb cell wall (Winder and
Collins, 1970; Wei et al., 2003; Madan et al., 2005). Besides, in-
terferences with the metabolism of bacterial proteins, nucleic acids,
carbohydrates and lipids have been proposed as mechanisms for
anti-mycobacterial activity of INZ. Bacteriostatic or bactericidal activity
of INZ depends on the concentration of the drug at the site of infection as
well as the susceptibility of the agent (Notterman et al., 1986; Tafazoli
et al., 2008).

In spite of the valuable effects of INZ, it can cause several lethal side
effects. It has been shown that INZ can induce lung tumor formation in
mice (Maru and Bhide, 1982) as well as development of systemic lupus
erythematosus especially after long-term therapy (Rubin, 2005). INZ
induced hepatotoxicity which attributed to its major drug metabolite,
hydrazine (HZN), is frequently seen in patients who intake high doses
(Tafazoli et al., 2008), particularly in slow metabolizers (Ajayi et al.,
2016).

Rifampicin (3-[(4-methyl-l-piperazinyl)imino]methyl rifamycin SV,
AKA rifaldazine or rifampin, abbreviated as R, RA, RF, or RIF) with the
formula of C43Hs5gN7O12, was discovered in 1965, and approved in the
US in 1971 (SANDERS, 1976; Sensi, 1983, Ty et al. 2016). RIF is a
polyketide belonging to ansamycins, which exerts its antibacterial ac-
tivity via inhibiting bacterial DNA-dependent RNA polymerase (Calvori
et al., 1965) through binding to the pocket of the RNA polymerase f
subunit within the DNA/RNA channel (Campbell et al., 2001). RIF is an
amphoteric drug (pK,1 = 1.7 for 4 hydroxyl group and pK,2 = 7.9 based
on 3-piperazine nitrogen) (Asadpour-Zeynali and Mollarasouli, 2017).

It is constantly used to treat tuberculous and non-tuberculous
(Mycobacterium leprae and Mycobacterium kansasii) mycobacterial in-
fections (Gilbert, 2011). It has also been approved for treatment of
asymptomatic carriers of Neisseria meningitides (SANDERS, 1976). RIF
combination therapies is also sometimes used against non-mycobacteria
such as Legionella pneumophila (Varner et al., 2011), methicillin-resistant
Staphylococcus aureus (MRSA) (Forrest and Tamura, 2010) and moreover
as chemoprophylaxis against Brucellosis and also against meningitis
caused by Streptococcus pneumoniae, Haemophilus influenzae Type b and
Neisseria meningitides (Shane, 2006; Mola et al., 2008).

RIF is absorbed rapidly from the gastrointestinal tract. For thera-
peutic drug monitoring (TDM) of RIF, a 2-h post-dose sample is sug-
gested. At this time, Orally administered RIF approaches its peak plasma
concentration (Chawla et al., 2016). Almost all of the drug is metabo-
lized by the liver to its microbiologically active form, deacetylrifampin,
DARIF (El-Yazigi and Raines, 1992) and finally excreted through the
feces (60-65%) and urine (about 30%). About 7% of the administered
RIF is eliminated intact via the urine. The drug has a half-life of
1.5-5.0 h, in healthy individuals. Liver dysfunction can greatly increase
this time (Rana, 2013). RIF is a potent inducer of many of cytochrome
P450 superfamily members (Rana, 2013). As a result, it can remarkably
reduce the effects of many drugs (such as oral contraceptives (Shane,
2006), warfarin (Stockley, 1994) and antiretroviral agents (Control and
Prevention, 2000)) through elevating their metabolic rate (Collins,
1985). For these reason, regular liver function examinations are usually
needed due to RIF associated hepatotoxicity (Chang et al., 1997).

Biosensors and Bioelectronics 146 (2019) 111731
3. Applicability of sensors for INZ and RIF determination

Anti-tubercular medications associated hepatic damage can be more
dangerous than that of acute viral hepatitis (Ramappa and Aithal, 2013).
INZ is supposed to have more toxic effect on liver and co-administration
of this drug with RIF increases the rate of hepatotoxicity (Chang et al.,
2007). Due to their small therapeutic windows, the plasma levels of INZ
and RIF must be tightly and repeatedly controlled by using a reliable tool
to achieve a more effective treatment, avoid adverse reactions and
improve the life quality of patients. Therefore, development of a
low-cost, simple, rapid, selective, sensitive and portable analytical
method is very essential to accurate measurement of INZ and RIF in
biological fluids as well as to use in quality control process of pharma-
ceutical preparations.

Six decades ago, researchers developed some colorimetric tests for
INZ determination with different strategies. Naphthoquinone-mercuric
chloride (N-M) test for example, was based on Schiff’s base formation
between INZ and naphthoquinone and utilized HgCl; for detection of the
resulted product (Gangadharam et al., 1958). High detection limit
(10-50 pg/ml for example in N-M test), however, was the major short-
coming of these tests, even in improved versions (Korrapati et al., 2017).
This drawback necessitates the use of large sample volumes for decisive
determination of the analyte. In the United States Pharmacopeia (USP
41, 2018), HPLC has been declared for the determination of INZ and RIF
in pharmaceuticals. Up to now, many flurimetric, titrimetric, chro-
matographic and spectrometric approaches have been applied to detect
INZ and RIF (Table 1). Although each of these methods have their own
advantages, however, they are mostly laborious, time consuming and
need sophisticated infrastructure, un-portable facilities and multifaceted
pretreatment (extraction and derivatization steps, pH adjustment, add-
ing of diluent or unstable oxidants) by high pure solvent or reagents.
(Nagaraja et al., 1996; Lapa et al., 2000; Zhang et al., 2008). Sensing
methods instead are simple, fast and real-time in nature and generally
deal with transportable instruments which could detect the analyte(s)
with high sensitivity and selectivity without or with minimum pre-
treatment steps.

4. Electroanalysis of INZ and RIF

Several sensing procedures have been reported to date for analysis of
INZ and RIF including mass-sensitive quartz crystal microbalance
(QCM)-based sensors (Bano et al., 2019; Munawar et al., 2019),
chemiluminescence-based sensors (Song et al., 2001; Xiong et al., 2007),
membrane-based optical sensors (Safavi et al., 2008), etc. Based on the
literatures, however, the most popular devices are electrochemical
Sensors.

4.1. Electroanalysis with bare electrodes, related impediments and
possible approaches

In early efforts especially, a number of electrochemical in-
vestigations by unmodified electrodes has been performed for analysis
of INZ and RIF. The examples include adsorptive stripping voltammetry
(AdSV) at hanging mercury drop electrode (HMDE) for the determina-
tion of RIF (Lomillo et al., 2002) and INZ (Ghoneim et al., 2003), use of
carbon paste electrode (CPE) for simultaneous determination of RIF and
INZ by AdSV (Hammam et al., 2004), differential pulse voltammetry
(DPV) with gold electrode for the determination of INZ (Yun Xia and Ya
Hu, 2005), Use of glassy carbon electrode (GCE) for BIA-amperometry of
INZ (Quintino and Angnes, 2006), DPV at HMDE for simultaneous
determination of INZ and RIF (Leandro et al., 2009), use of dropping
mercury electrode (DME) for simultaneous determination of INZ and RIF
by differential pulse polarography (DPP) combined with support vector
regression (SVR) (Asadpour-Zeynali and Soheili-Azad, 2010) and
renewable pencil graphite electrode (PGE) for detection of RIF by dif-
ferential pulse adsorptive stripping voltammetry (DPASV) (Kawde et al.,
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Table 1
Some of non-sensor based methodologies reported for the determination of INZ and RIF.
Method Analyte(s) Sample LOD (ug ml™1) LOQ (pg ml™1) References
Fluorimetry INZ Tablets 0.0343 NR Lapa et al. (2000)
HPLC/UV RIF and related Tablets 0.2 1 Liu et al. (2008)
compounds
PZM Plasma PZM: 0.014 PZM: 0.1 Zhou et al. (2010)
AcINZ AcINZ: 0.009 AcINZ: 0.05
INZ INZ: 0.023 INZ: 0.1
RIF RIF: 0.054 RIF: 0.2
PZM FDC Tablets PZM: 0.13 PZM: 0.40 Wang et al. (2012)
INZ INZ: 0.08 INZ: 0.24
RIF RIF: 0.20 RIF: 0.60
EBH EMB: 0.10 EMB: 0.30
RIF Synthetic mixture: RIF, OFX and RIF: 0.0921 RIF: 0.2790 Shah et al. (2019)
OFX PLGA polymer OFX: 0.0914 OFX: 0.2771
RP-HPTLC/UV PZM FDC Tablets NR NR Shewiyo et al. (2012)
INZ
RIF
EBH
RP-HPLC/UV INZ Plasma INZ: 0.6 INZ: 1.8 Prasanthi et al. (2015)
RIF RIF: 0.13 RIF: 0.4
PZM PZM: 0.5 PZM: 1.6
MLC INZ Urine 0.01 0.03 Mishra et al. (2018)
CFCL-ANNC INZ Tablets INZ: 0.03 NR Li et al. (2005)
RIF RIF: 0.005
GC INZ Serum 1.25 NR Khuhawar and Zardari
HZN (2006)
HPLC-ANN RIF Tablets RIF: 0.133 RIF: 0.200 Glass et al. (2007)
INZ INZ: 0.111 INZ: 0.150
PZM PZM: 0.137 PZM: 0.150
CZE/UV PZM FDC Tablets NR INZ: 2.50 Faria et al. (2010)
INZ RIF: 2.09
RIF PZM: 4.79
EBH ETB: 9.65
FI-CL INZ Tablets 0.0027 NR Song et al. (2017)
UV-Vis INZ Tablets With EPI: 1.500 With EPIL: 4.545 Shetty et al. (2012)
With HPC: 5.150 With HPC: 15.620
Multivariate visible RIF Urine RIF: 60 RIF: 190 Stets et al. (2013)
spectrophotometry INZ INZ: 40 INZ: 130
uv RIF FDC Tablets RIF: 1.653 RIF: 5.007 (Arifa Begum et al.,
INZ INZ: 0.585 INZ: 1.772 2013)
HILIC-MS/MS PZM Plasma NR PZM, RIF and INZ: Zhou et al. (2013)
RIF 0.004
INZ EMB: 0.0005
ETB STM: 0.01
STM
Spectrophotometry INZ Tablet 0.98 NR Zargar et al. (2013)
LC-MS/MS RIF DBS NR RIF: 0.15 Vu et al. (2014)
CLR CLR: 0.05
Titrimetry INZ Tablet NR NR Swamy et al. (2015)
uv RIF Urine Method A (263 nm): Method A: 0.57 Swamy et al. (2018)
0.19 Method B: 0.44
Method B (259 nm):
0.14
Colorimetry INZ Saliva 1.25 NR Korrapati et al. (2017)

Abbreviations: RIF: rifampicin, PZM: pyrazinamide, INZ: isoniazid, AcINZ: acetyl isoniazid, FDC: fixed dose combination, EBH: ethambutol hydrochloride, ETB:
ethambutol, HZN: hydrazine, STM: streptomycin, CLR: clarithromycin, PDXH: pyridoxine hydrochloride, HPLC: high performance liquid chromatography, UV:
ultraviolet spectrophotometry, FDC: fixed dose combination, PLGA: poly (lactic-co-glycolic acid), RP-HPTLC: reversed-phase-high performance thin layer chroma-
tography, RP-HPLC: reversed phase-high-performance liquid chromatography, MLC: micellar liquid chromatography, CFCL-ANNC: continuous-flow chem-
iluminescence with artificial neural network calibration, ANN: artificial neural network, CZE: capillary zone electrophoresis, FI-CL: flow injection chemiluminescence,
UV-Vis: ultraviolet-visible spectrophotometry, EPI: epichlorohydrin, HPC: 4-hydroxyphenacylchloride, HILIC-MS/MS: hydrophilic interaction chromatography

coupled with tandem mass, LC-MS/MS: Liquid chromatography tandem mass spectrometry, DBS: dried blood spots.

2014).

Investigations at bare electrodes, generally present large over-
potential (more than 900 mV at bare GCE for example (Lima et al.,
2016)) and low sensitivity for the oxidation of INZ due to sluggish
electron transfer kinetics (Zare et al., 2009; Cheemalapati et al., 2014a,
b). In addition, many of the above mentioned sensors have been oper-
ated in excessive pH conditions and/or fabricated by elements that can
easily contaminate the environment (Yun Xia and Ya Hu, 2005). The
toxicity of mercury also limits the application of these kinds of electrode
out of laboratory. Some solutions have been presented to address this
problem. For instance, renewable silver amalgam film electrode can be

an alternative for HMDE and DME (Szlosarczyk et al., 2012). Cyclic
renewable mercury film silver based electrode (Hg/AgFE) was first
described by Bas and Kowalski, (2002) and then successfully used for the
determination of several metal ions such as chromium (Bas, 2006),
manganese (Piech et al., 2008), molybdenum (Piech, 2008), selenium
(Piech, 2008), uranium (Piech et al., 2007) and gallium (Piech, 2011).
DPV determination of INZ using Hg/AgFE was reported by Szl6sarczyk
and coworkers in 2012 with nanomolar limit of detection (LOD) and
quantification (LOQ) and good precision (Szlosarczyk et al., 2012).
The use of mediators to catalyze the analyte oxidation is an inex-
pensive and simple way to improve the response at bare electrodes.
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Fig. 1. Structures of rifamycin SV, rifampicin and isoniazid.

Ferrocenyl derivative, (FcM)TMA, as homogeneous mediator has been
shown to catalyze the oxidation of INZ at the bare platinum electrode
drastically (with catalytic rate constant of 3.98 +0.10 x 103 M !s™1).
This catalyst is stable in different supporting electrolyte solutions (Gao
et al., 2006). 1,2-dihydroxyanthraquinone-3-sulfonic acid disodium salt
(Alizarin Red S or ARS) is another mediator which has been effectively
employed for electrochemical sensing of INZ at unmodified GCE (Karimi
et al., 2010). The maximum peak current was observed in pH 6 and in
ARS concentration of 100 mmol L™!. The method presented very good
selectivity in the presence of high concentrations of potential
interferents.

4.2. Electrode modifiers in electrochemical sensing and biosensing
platforms

An effective common approach to overcome the high overpotential
and electrode fouling as well as to enhance analyte adsorption, elec-
trochemical response and selectivity is the modification of working
electrode with an appropriate electrocatalyst accommodated modifier
(Tyszczuk and Korolczuk, 2009; Azad et al., 2015). Electrode modifiers
must be compatible with the chosen electrocatalyst as well as the target
molecules and have little fouling properties. To minimize the fouling
effect, electrode materials and electrolyte should be selected carefully.
Several techniques have been utilized for fabrication and characteriza-
tion of modifier film on the surface of electrodes. Modifications usually
accomplish by drop casting, electrodeposition, and electro-
polymerization methods.

Several electrochemical, morphological and structural character-
ization methods are commonly used for studying the modifiers including
cyclic voltammetry, electrochemical impedance spectroscopy (EIS),
electron microscopy, atomic force microscopy (AFM), X-ray photo-
electron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDS
or EDX), Fourier-transform infrared (FT-IR) spectroscopy, Raman spec-
troscopy (RS), thermogravimetric analysis (TGA), etc. In the following
parts, we tried to describe nearly all types of modifications that have
been worked to date in electrochemical quantification of INZ and RIF.

4.2.1. Surfactants modifiers

Surfactants have been shown to have some advantages for modifi-
cations of different electrodes including decrease of the resistance at
concentrations higher than critical micellar concentration (CMC)
(Albahadily and Mottola, 1987) and increase of response and selectivity
(Gutiérrez-Fernandez et al. 2004).

Cationic (cetyltrimethylammonium chloride or CTAC) and anionic
(sodium dodecyl sulfate or SDS) surfactants were investigated for in situ
modification of CPE at concentrations lower than CMC. These modified
electrodes were compared with unmodified CPE in determination of RIF

and rifamycin SV (Fig. 1) in acidic pH condition. SDS-modified CPE
enhanced the current and selectivity in adsorptive voltammetry of RIF
while CTAC modification led to selective determination of rifamycin SV
in the presence of RIF (Gutiérrez-Fernandez et al. 2004). The next study
was carried out by Atta’s team for electro-oxidation of INZ. They
examined three anionic, three cationic and two nonionic surface-active
agents for in situ modification of CPE. All the explored cationic and
nonionic surfactants where shown to decrease oxidation current signal
except SDS and sodium dodecyl benzene sulfonate (SDBS) which have
been shown to increase the signal (Atta et al., 2011a,b). In the end of
4.2.2 and 4.2.4 we point out two other uses of surfactant in modified
electrodes.

4.2.2. Polymeric modifiers

The first polymer coated electrode in the area was introduced in
2004 by Girousi’s group for the determination of RIF. Their DNA-sensor
showed brilliant LOD (8 x 10715 M) in comparison to bare CPE
(0.25 x 1077 M) (Girousi et al., 2004). Afterward, several organic and
inorganic polymers have been used unaccompanied or in conjunction
with other components.

Polypyrrole (OPPy), is an appropriate material for sensing applica-
tions. Its overoxidized form (OPPy) is a conducting cation permselective
polymer, with anti-fouling and anti-interfering properties (Palmisano
et al., 1995; Majidi et al., 2006). Majidi’s team, successfully applied
OPPy-modified GCE for simultaneous CV-based determination of INZ
and HZN. Multivariate methods were coupled with voltammetry to solve
the problem associated with oxidation peaks overlap of INZ and HZN
(Majidi et al., 2005). In their next effort, they used the sensor for
electro-oxidation and amperometric determination of INZ which led to
large decrease in overpotential (345 mV) in a wide range of pH (Majidi
et al., 2006).

An amperometric sensor for RIF analysis was prepared by immobi-
lization of beta cyclodextrin on the surface of the platinum electrode
using electro-polymerization of OPPy (Lomillo et al., 2005). The ob-
tained values for repeatability and reproducibility of the sensor was
found to be 2.28% and 3.51% respectively. The selectivity of the method
is unclear, because of insufficient interference tests.

Some poly amino acids have also been reported for electrode modi-
fications such as histidine (His) and tyrosine (Tyr). Earlier studies
showed that Screen-printed carbon electrode (SPCE) can be coated by
poly-L-His (PLH) for the determination of ascorbic acid (AA) (YU et al.,
1996) and chromium(VI) (Bergamini et al., 2007). PLH in complex with
copper(Il) has also been applied for biosensing of L-ascorbate (Hasebe
et al., 1998). Bergamini’ team in 2010 used PLH-modified SPCE for the
determination of INZ in urine samples (Bergamini et al., 2010). Despite
the disposability of SPCE, the usability of device was found to be more
than 50 times. Cheemalapati’s research team successfully tested



A. Farokhi-Fard et al.

! O®I\z|®

N o

OH

Eriochrome Black T

Fig. 2. Structure of Eriochrome black T.

electro-polymerized Tyrosine-modified GCE for the determination of
four drugs (an anti-hypertension drug, hydralazine hydrochloride
(HDH) and also three anti-tubercular agents, INZ, PZM and ethambutol
hydrochloride (EBH)) (Cheemalapati et al., 2014a,b). The modified
electrode presented relatively high LOD but appropriate repeatability
and reproducibility (RSD less than 3%).

CV assisted electro-polymerized polyamido sulfonic acid (PASA) has
been investigated for GCE surface modification aimed at INZ determi-
nation (Yang et al., 2008). Acceptable results were obtained in analysis
of pharmaceutical formulations with this electrode. However, the device
was not tested for analysis of human body fluid specimens.

Nafion® (Nf), copolymer of perfluorinated vinyl ether and tetra-
fluoroethylene (TFE), is the first synthetic ionomer (ion containing
polymer) which was discovered in 1960s. Nf is a strong cation exchanger
and a very powerful acid catalyst with great chemical, mechanical and
thermal stability. Nf have been frequently applied as membrane in fuel
cell and electrolysis of sodium chloride solutions despite the develop-
ment of its nonfluorinated counterparts. Nf has also been used in solar
energy, batteries, photocatalysis and electrode modification (Heitner--
Wirguin, 1996; Mauritz and Moore, 2004; Lu et al., 2010). Azad and
Ganesan used an inorganic metal complex for successful oxidation and
sensitive amperometric quantification of INZ. Sulfonate head group of
Nf, were utilized to immobilize Fe (tmphen)%+ on the surface of Nf
coated GCE. This modified electrode was efficiently able to electro-
catalize the oxidation of INZ in 0.1 M NaySO4 with 240 mV decrease in
overpotential (Azad and Ganesan, 2012). Only 6% of the initial signal
was lost after 50 times analysis of INZ. Slow diffusion of INZ and
consequently low sensitivity (0.0025 pA M) and high LOD (13 pM)
were of disadvantages of the sensor. Furthermore, no human sample
examination was performed with the device.

Another extensively studied conducting polymer is Poly (3,4-ethyl-
enedioxythiophene) or PEDOT which has been employed thus far for the
determination of several compounds such as dopamine (DA) (Kumar
et al., 2005) and morphine (Ho et al., 2005). Electrochemical behavior
of INZ at PEDOT-modified platinum electrode in the presence of anionic
(SDS) and cationic (CTAB) surfactants was investigated using CV, LSV
and EIS. PEDOT/PtE was then applied for the purpose of INZ in phar-
maceutical and biological (human urine) samples. In the presence of SDS
or in the absence of CTAB, negative shift of peak potential was observed
by rise of pH, perhaps because of more facile deprotonation. Further
adsorption of INZ, lower charge transfer resistance and higher current
response was observed with SDS in pH 2.3 and with CTAB in pH > 7.4.
Negatively charged SDS film led to faster diffusion of INZ towards the
PEDOT/PtE, electrostatic repulsion of anionic interferents (like AA and
UA) at pH 2.3 and therefore enhanced selectivity (Atta et al., 2011a,b).

Eriochrome black T (EBT) (Fig. 2), is a water-soluble indicator
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commonly used in complexometric titration. Poly EBT (PEBT)-modified
electrodes has been used for voltammetric determination of various
biomolecules such as DA (Chandra et al., 2010) and epinephrine (Yao
et al., 2007). In two different investigations, Asadpour-Zeynali and his
coworker, utilized electrocatalytic activity of PEBT for oxidation and
determination of INZ on the surface of GCE (Asadpour-Zeynali and
Arteshi, 2017) and Pencil Lead Electrode (PLE) (Asadpour-Zeynali and
Arteshi, 2017). Unfortunately, relatively poor LOD was obtained in both
mechanisms in comparison to other reported electrodes.

4.2.3. Metal films and metal-based nanomaterials

Lead film electrodes has been applied for electroanalysis of inorganic
(Korolczuk et al., 2005; Korolczuk and Tyszczuk, 2006) and organic
(Korolczuk and Tyszczuk, 2007; Tyszczuk, 2008) analytes with LODs
lower than those obtained by bismuth film electrode. In a study in 2009,
lead film electrode was employed for AdSV analysis of pharmaceutical
formulations of RIF in pH 5 with low LOD and good selectivity (Tyszczuk
and Korolczuk, 2009). These types of electrodes have several advan-
tages. They are much safer than mercury electrodes, provide fast mea-
surements, can be easily regenerated (Tyszczuk and Korolczuk, 2009)
and are appropriate for use in flow systems (Korolczuk et al., 2005). In
the same year, dysprosium hydroxide nanowires (DyNW)-modified CPE
was prepared by Daneshgar’s research group for square-wave adsorptive
stripping voltammetry (SWAdSV)-based determination of RIF in com-
mercial capsules and spiked human urine samples. Their nano-sensor
exhibited recovery value of 99.9% with RSD value of 0.04 for 7 repli-
cate determinations and sub-nanomolar limit of detection and quanti-
fication (Daneshgar et al., 2009).

Clays are stable layered nanostructures of hydrated aluminum sili-
cate minerals with ion exchange capability which has been frequently
used as electrode modifier for sensing applications (Mousty, 2004). Fe
(dmbpy)3* (where dmbpy is 4,4'-dimethyl-2,2'-bipyridine) was immo-
bilized as electrocatalyst on bentonite clay films. The films showed
stable, reproducible redox current after few initial scans and proficient
catalytic activity towards the electro-oxidation of INZ (more than
150mV decrease in overpotential). This property was consequently
utilized to construct an electrochemical sensor for INZ determination in
pharmaceutical samples. Presence of RIF didn’t alter the oxidation
current in the determination (Azad et al., 2015), but nitrite or arsenite,
might interfere with the analysis.

Metal nanoparticles electrode modifiers have attracted considerable
attentions in last decade owing to excellent catalytic activity. INZ
determination by linear sweep voltammetry (LSV) was reported by
Cheemalapatia’s group using GCE electrochemically modified with
40-300 nm rhodium nanoparticles (RhNPs) (Cheemalapati et al., 2014a,
b). Despite neutral condition workability, good selectivity, repeatability
and reproducibility, the nanosensor displayed relatively high LOD and
low sensitivity (perhaps because of large diameter of particle).

Jena and Raj, for the first time, employed gold nano-particles
(AuNPs) decorated sol-gel based electrodes for simultaneous ampero-
metric determination of INZ and HZN (Jena and Raj, 2010). To make a
stable platform, in the first step, polycrystalline gold electrode (PCGE)
was modified by a 3D silicate network. Aftewards, colloidal AuNPs with
70-100 nm diameter added to the network using a process called
“seeding” (Brown and Natan, 1998) which utilize NHZOH/Au3+ solution
and hydroxylamine for enlargement of colloidal AuNPs. The modifica-
tion decreased the oxidation overpotential of INZ by 450 mV in com-
parison to PCGE and showed excellent  sensitivity
(4.03 £0.01 pA pM’l). However, no interference experiment was per-
formed in their investigations to determine the selectivity of the
Nano-sensor.

A palladium-modified carbon ionic liquid electrode (CILE) was made
by Absalan and his coworkers through electrodeposition of 30-100 nm
palladium nanoparticles (PdNPs) on the surface of CILE (Absalan et al.,
2016). The electrochemical response signal of INZ was greatly improved
and overpotential, was also decreased remarkably (280 mV) due to
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Fig. 3. Schematic illustration of the batch injection cell adapted to FTO elec-
trodes comprising (A) motorized micropipette; (B) output for electrical con-
tactwire; (C) reference electrode; (D) circular magnetic plate over cylindrical
platform; (E) auxiliary electrode; and (F) cell drain. (G) Front and (H) back
views of the FTO electrode. Reprinted with permission from Ref (Martins
et al., 2014).

synergistic effect of CILE as substrate and good properties of PANPs. INZ
showed a well-defined oxidation peak with high current at the modified
electrode. The stability of the sensor was also great. Its initial response
was decreased by only 5% after 40 days storing in the air.

Perhaps due to instability of chemical modifications of electrodes
under strong hydrodynamic state of flow injection analysis (FIA) (Ber-
gamini et al., 2010; Azad et al., 2015; Lima et al., 2016), the reports for
FIA-based electrochemical quantification of INZ are rare (Shah and
Stewart, 1983; Nellaiappan and Kumar 2017). Oliveira’s research group
used silver hexacyanoferrate nanoparticles (AgHCFNPs)-modified SPCE
to construct a disposable FIA-based sensor for amperometric determi-
nation of INZ. A tiny flow cell with effective volume of 95l was
designed for measurements. The sensor presented good accuracy and
precision, high sample frequency (24 injection h™!) and usability (more
than 100 experiments) (de Oliveira et al., 2012).

Batch injection analysis (BIA) is a high producible analytical system
with low reagent consumption and high sample frequency which was
first introduced by Wang and Taha, (1991). In comparison to FIA, BIA
doesn’t show carryover effect and is portable, because the use of BIA cell
and micropipette has eliminated the pumps, valves, tubes, and electro-
lyte reservoir. (Wang and Taha, 1991; Quintino and Angnes, 2004a,b).
BIA is less suitable for long-lasting reactions as the injector is adjacent to
the detector. However, it theoretically can be more suitable for bio-
catalytic sensors and modified electrodes. Due to the wall-jet principle of
BIA, sample zone created above the surface of detector can’t be affected
by surrounding solution (Wang, 1992). BIA associated with amperom-
etry (BIA-AMP) is a powerful technique which has been frequently used
in sensing platforms due to providing unique sharp transient signal of
current (Quintino et al., 2002; Quintino and Angnes, 2004a,b; Ferreira
et al., 2012). High throughput (about 400 h~) BIA-AMP analysis of INZ
was performed for the first time using fluorine-doped tin oxide (FTO)
electrodes modified by nickel hydroxide (Ni(OH)), cobalt hydroxide
(Co(OH)3) and two types of NiCo(OH), nanomaterials with 5-10 nm
diameter (Schematic illustration is represented in Fig. 3) (Martins et al.,
2014). The best sensitivity was obtained from the NiCo(OH), with 75:25
ratio. Since no interference study was done by the researchers, the
selectivity of the proposed method is unidentified.

Bismuth oxide (BizO233) nanorods (50nm x 300-400nm) were
prepared for modification of screen-printed electrode (SPE) through
drop-casting procedure to fabricate a sensitive sensor for simultaneous
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detection of INZ and AC. The nano-sensor was successfully applied for
the determination of these drugs in pharmaceutical tablets and also
three human body fluids (serum, urine and saliva) (Mahmoud et al.,
2017). The modified electrode presented excellent precision (RSD values
for five repetitive measurements of AC and INZ was calculated to be
0.27% and 0.08% respectively) and reproducibility (RSD values for
three distinctly fabricated electrodes was found to be 1.7% and 2.1% for
AC and INZ respectively). But the optimum pH for the determination
was very harsh (pH 2) and in higher pH values, the oxidation peaks of
INZ and AC interfered with together.

LDHs with formula of [M";_M"™ (OH),1** A™,/xmH,0 are nontoxic
positively charged lamellar nanomaterials. M" and M™ signify divalent
and trivalent metals respectively, x= M/ + M) and A" s
interlayer anionic group (Alexa et al., 2011). LDHs have been exploited
in many technical areas owing to high stability, anion exchange capa-
bility and their adsorptive and catalytic properties. Asadpour-Zeynali
and colleagues electrodeposited Fe/Al-NO3-LDH film on the surface of
GCE by chronoamperometry for electrocatalytic reduction and quanti-
fication of INZ (Asadpour-Zeynali et al., 2016). This was one of the rare
reports on the electrocatalytic reduction (in contrast to electrocatalytic
oxidation) of INZ. In their study however, no repeatability, reproduc-
ibility, stability and interference studies were accomplished.

Nickel nanoparticles (NiNPs) has also been used in drug sensing. In
NiNPs-based electrochemical sensors, catalytic oxidation of the analyte
takes place just in very high pH condition which can be detriment for
sensitive species (Neiva et al., 2014; Neiva et al., 2016). Nickel hex-
acyanoferrate (NiHCF) as a redox mediator may be a good substitute. In
recent study by Oliveira and his colleagues, GCE was modified with a
thin layer of irregular shaped NiHCF nanoparticles (~40 nm) and then
tested for voltammetric determination of RIF (de Oliveira et al., 2018).
The selectivity of this sensor, however, was not determined and similar
to NiNPs-based nanosensor, the analysis in this work was taken in an
extreme pH condition (pH 3). In their next work, Oliveira’s group re-
ported the use of copper hexacyanoferrate nanoparticles (CuHCFNPs)
for fabrication of amperometric INZ sensing device (Oliveira et al.,
2018). For that, biochar-modified CPE (BM/CPE) was electrochemically
decorated with 305 + 42 nm CuHCFNPs. The modification heightened
the sensitivity of the sensor by ~4 folds. The sensor was found to be
susceptible to interference of high concentration (1.0 x 10~*M) of RIF
and AA. Nevertheless, it is not problematic, because un-metabolized
form of this molecules does not surpass this concentration.

For the first time, potentiometric electroanalysis of INZ was reported
by Shabani and his associates. Their nanobiosensor comprised of iron
oxide magnetic nanoparticles (Fe304MNPs)-modified CPE and showed
excellent LOD (3.09 x 10713 M) (Shabani et al., 2018).

4.2.4. Carbon based nano-modifiers

Carbon nanomaterials (graphene oxide (GO), reduced graphene
oxide (RGO), carbon nano fibers (CNFs), carbon nanotubes (CNTSs), or-
dered mesoporous carbon (OMC), etc.) have been broadly used in
electroanalysis, alone or in combination with other modifiers (Ratinac
et al., 2011). In the following parts, we first briefly describe the useful
characteristics of each material and then bring up their recent sensing
employments for INZ and RIF determination.

4.2.4.1. Reduced graphene oxide (RGO). Graphene oxide (GO), is a
honeycomb nanostructure with mostly sp?-and some sp>-hybridized
carbon atoms and abundant functional groups (Ratinac et al., 2011). GO
has drawn great considerations owing to its large surface area, strong
mechanical strength and high hydrophilicity (Cheemalapati et al.,
2013). However, GO-based materials usually have relatively low con-
ductivity and catalytic activity. Instead, reduced GO (RGO) has high
electrical conductivity and large surface area (larger than that of carbon
nanotubes) (Yao et al., 2012; Yao et al., 2013; Du et al., 2014; Ren et al.,
2014) and has been widely used for designing different modified



A. Farokhi-Fard et al.

electrodes in electrochemical sensors. In chemical and thermal reduc-
tion, use of carcinogenic and/or toxic chemicals (like hydrazine hydrate
(Stankovich et al., 2007), hydroxylamine (Zhou et al., 2011) and hy-
droquinone (Wang et al., 2008)) or high temperature is usually needed
respectively which can potentially result in toxicity and/or formation of
contaminating species or degradation of components (Hernandez et al.,
2008). Electrochemical approaches, instead, are simple, green and fast
methods for preparation of RGO (Guo et al., 2009). Electrochemically
reduced (electro-reduced) graphene oxide (ERGO) has been recurrently
applied in sensing studies (Palanisamy et al., 2012). The first electro-
chemical determination of INZ based on the ERGO was reported by
Cheemalapati and coworkers (Cheemalapati et al., 2013). Unfortu-
nately, no biological specimen analysis and interference experiment was
done in their work and moreover, their device suffered from relatively
low stability (6% loss of initial signal in less than 1 day).

Gallic acid or GA is a naturally occurring organic acid with formula
of CgHy(OH)3COOH. GA exhibits reducible properties due to OH and
COOH functional groups in its benzene ring. For the first time, Jing Li’s
team used gallic acid reduction process as a green method for prepara-
tion of RGO (Cao et al., 2016). Recently, GA induced RGO was applied to
modify GCE for amperometric determination of INZ (Balasubramanian
et al.,, 2017). The device presented long term stability (only 1.3%
decrease of current response after 3 weeks), satisfactory reproducibility
(RSD value of 3.2% for 5 independently fabricated modified electrodes)
and high selectivity in interference experiments with 50-fold excess
concentrations of 5 different interferents (DA, UA, AA, Glucose and
Sucrose).

High electrical conductivity and surface area of RGO can increase the
background currents so that the determination of trace analyte quantities
becomes challenging (Giiell et al., 2010). Additionally, reduction process
may reduce the electrocatalytic activity, sensitivity and stability (Lim
et al., 2010; Zhang and Yin, 2014). Accordingly, GO with lower oxygen
content (partially reduced GO) can be a valuable nanomaterial. Partial
electro-reduction of GO make it possible to optimize the balance between
conductivity and electron-transfer action capacity (proper number of
functional oxygen groups) (Rastgar and Shahrokhian, 2014). Zhu’s group
synthesized different extents of ERGO films for electroanalysis of INZ
under the control of CV. According to the cycle number of CVs (1, 3, 5, 7,
9, 11, 13, 15) applied for electrochemical reduction of GO, partially
reduced ERGOs (pERGOs) with different degrees of reduction were
formed. GCE coated with ERGO5 showed the maximum current response
towards the oxidation of INZ and presented low background, good
selectivity, anti-fouling activity and acceptable stability (6% decrease in
response value after 15 days measurement) (Zhu et al., 2015).

4.2.4.2. Multi-walled carbon nanotubes (MWCNTs). Thanks to their
particular structure, electrical and electrocatalytic characteristics, CNTs
have been increasingly employed in many areas including analytical
chemistry (Ajayan, 1993; Merkoci, 2006) and fabrication of fast
responsive sensitive sensors (Wang, 2005). Edge-plane-like graphite
sites at the CNTs ends give them particular electrocatalytic activity
which can be improved by further functionalization. The large available
active surface of CNTs resulted from their special geometry (Rivas et al.,
2007; Agiii et al., 2008), can be exploited in electrode modification to
augment the analytical performances through increasing the faraday
currents as well as decrease of background charging current (Rubianes
and Rivas, 2003; Antiochia et al., 2004; Shahrokhian and Amiri, 2007),
response time, electrode fouling and overpotential (Ghica et al., 2009;
Murugesan et al., 2011).

Shahrokhian’s group fabricated a renewable sensor using MWCNTs.
Electrochemical behavior of INZ on the multi-walled carbon nanotube
paste electrode (MWCPE) was compared with the one on the surface of
unmodified conventional CPEs using cyclic voltammetry in pH 4. The
modified electrode then was applied for the determination of INZ by the
DPV. Modification with MWCNTs resulted in decreased background
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current and overpotential (151 mV decrease in overpotential), signifi-
cant improvement in peak currents and also superior selectivity (more
than 450 mV differences in Epa of sulfhydryl containing interferents in
DPV voltammograms) (Shahrokhian and Amiri, 2007). Shahrokhian’s
team, further modified the electrode by thionine immobilization for the
simultaneous determination of AA, acetaminophen (AC) and INZ which
led to negative shifts in anodic peak potentials and high resolution
(Shahrokhian and Asadian, 2010). Different amounts of thionine
immobilized MWCNT (T-MWCNT) was incorporated in the matrix of
CPE (5%, 15% and 20% W/W) to select the finest one. The superlative
results were obtained from 15% (W/W) T-MWCNT based on CV and DPV
experiments on 0.1 mM AA and AC. Further addition of T-MWCNTs led
to increase in background current, decrease in the anodic peak currents
and worsen peak separation. Acceptable stability (just 3.2% decrease in
peak current after 2 weeks keeping in air) and recovery (97.3-102.6%)
was obtained by T-MWCNT-modified electrode. Nevertheless, acidic
(pH 4) operational condition and insufficient interference experiments
were of weaknesses of their work.

Aimed at INZ determination, functionalized MWCNT (f-MWCNT)
was prepared by ultrasonication of purified MWCNT in acid solution to
modify GCE (Chen et al., 2012). Negative groups of f-MWCNTs led to
faster oxidation reaction through easy diffusion of INZ to the surface of
GCE. In comparison to bare GCE and other employed electrode modifiers
(MWCNT, GO and RGO), f-MWCNT showed the maximum peak current
(about 7 times higher than MWCNT) and 400 mV decrease in over-
potential (Chen et al., 2012).

Approaches have been applied for CNTs immobilization on electro-
chemical transducers include dispersion in different solvents or incor-
poration in composite matrices using distinct binder (Li et al., 2006; Kim
et al., 2012; Salimi et al., 2013). Some biopolymers like chitosan (chit)
has been exploited as matrices in combination with other modifiers.
Chitosan, a linear b-1,4-linked polysaccharide (similar to cellulose) is
the structural component of the exoskeleton of crustaceans and the cell
walls of fungi that can be obtained by the partial deacetylation of chitin
(Phillips and Williams, 2009). It possesses many advantages, such as
excellent strong film forming ability with high water permeability, good
adhesion and high mechanical strength. In an investigation by Satya-
narayana and coworkers, a stable composite film of chitosan (as
dispersant) and f-MWCNT was made-up on the surface of GCE to make a
powerful electrochemical nano-sensor for the determination of INZ
(Satyanarayana et al., 2014). SEM images revealed the homogenous
porous architecture of f-MWCNT/chitosan nanocomposite film. The
modifier remarkably enhanced the voltammetric signal response and
greatly lowered the oxidation overpotential of INZ (about 800 mV). The
described modified electrode could be used for the detection of ppb
levels (LOD = 7.5 ng mL™!) of INZ with high selectivity in the presence
of biological interferents. RSD values for repeatability and reproduc-
ibility were determined to be 2.5% and 2.2% respectively.

MWCNT has also been used in combination with CTAB (Buddanavar
et al., 2016). The modification of GCE with MWCNT and CTAB led to
enhancement of the active surface area of the electrode by 3 fold
(0.128 cm? in comparison to 0.0397 cm?). The electrode was then sub-
jected to INZ determination in human urine and plasma. Exhaustive
interferents experiments revealed that the sensor possessed high level of
selectivity.

4.2.4.3. Ordered mesoporous carbon (OMC). OMC is another advanced
carbon material with additional useful features such as adjustable reg-
ular porous architecture, and anti-fouling activity (Ryoo et al., 1999).
Since its discovery (in 1999), OMC has been recurrently used as elec-
trode modifier in electrochemical sensing of different analytes (Hu et al.,
2009; Zheng et al., 2009; Zhang et al., 2014). For the first time,
Nf-OMC-modified GCE was employed for amperometric determination
of INZ in neutral condition and resulted in a large decrease in
over-potential and improved electrochemical response (Ratinac et al.,
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2011). However, determinations were only performed in pharmaceu-
tical preparations rather than biological fluids. In addition, measure-
ments were found to be affected a little by 4-acetamidophenol in
interference study.

4.2.5. Multifarious nanocomposites modifiers

Especially in the last three years, a growing interest has been arisen
toward the fabrication of mixed nanocomposite matrices for nano-
sensing and nano-biosensing of INZ and RIF due to their synergistic ef-
fects on electrochemical and mechanical performance of devices.
Nanocomposite based sensory arrays can be useful to maximize the
selectivity and resolution, especially when multi-analyte detection of
close species is desirable.

4.2.5.1. Nanocomposites of graphene derivatives and polymers. Cysteic
acid (CA) can be obtained from electrochemical oxidation/polymeriza-
tion of L-Cysteine (Zhang et al., 2013a,b). Several CA-modified elec-
trodes have been exploited for electroanalysis of drugs including DA
(Wang et al., 2007) and TP (Brunetti and Desimoni, 2009). Investigation
with GCE modified with CA/GR nanocomposite showed significantly
higher oxidation peak current of INZ than that of unmodified electrode
(Si et al., 2015). Detailed interference studies (with uric acid (UA), AA,
DA, three different salts, two sugars and five amino acids) revealed that
the modified electrode possess high level of selectivity. The down side of
the device, however, was acidic condition requirement for operation.
L-arginine is another amino acid which used in polymeric form for INZ
determination. Poly-L-arginine (PLA) is able to electrostatically interact
with negatively charged groups of GO (Zhang et al., 2013a,b). Chee-
malapati’s group, fabricated a PLA/GO nanocomposite-modified GCE
for simultaneous DPV -based determination of buspirone hydrochloride
(BPH), INZ and PZM in pH 7 (Devadas et al., 2015). Their device was
then successfully employed in quantification of the target analytes in
commercially available tablets as well as real samples (human blood
serum).

The normal range of UA (2,6,8-trihydroxypurine) in urine is
1.49-4.46 mM (Zhang et al., 2004). Due to closeness of the oxidation
peak potentials of INZ and UA (0.58 V and 0.47 V respectively) (Lin and
Jin, 2005; Yang et al., 2008), and therefore overlapping in the oxidation
signals, detecting INZ in the presence of high concentrations of UA
(urine and plasma) can be problematic. Accordingly, developing reliable
method for accurate and simultaneous detection of these two analytes is
of great clinical significance.

Yana and colleagues, designed a Poly (sulfosalicylic acid) (PSA)/
electro-reduced carboxylated graphene (ERCGO)-modified GCE (PSA/
ERCGO/GCE) for simultaneous analysis of INZ and UA in urine samples
in alkaline media (Yan et al.,, 2015). PSA/ERCGO film is charged
negatively at pH 9.0 owing to remained anionic carboxyl groups (COO ™)
of partial electro-reduced CG as well as abundant anionic sulfonic acid
groups (SO3) of PSA. In this condition, INZ and UA showed completely
different ionic behaviors, as INZ (pKa =10.8 (Atta et al., 2011a,b)) is
cationic, while UA (pKa = 3.1 (Simic and Jovanovic, 1989) is anionic).
Even though the sensor was insensitive to AA (perhaps due to the
electrostatic repulsion of AA by the modifier), nonetheless, other po-
tential interferents were not tested to provide better conclusion of its
selectivity.

4.2.5.2. Nanocomposites of graphene oxide and metallic (micro/nano)
particles. Graphene nano-sheets tend to interact with together. It is
possible to overcome this problem through functionalization of gra-
phene with metal nanoparticles (Shao et al., 2010; Tabrizi et al., 2014;
Sun et al., 2015). Guo and colleagues, described AuNPs-RGO film coated
GCE for electrocatalytic determination of INZ. For preparation of the
film, sodium citrate solution was added into ultrasonicated GO/HAuCl,
suspension and after the heat treatment, the final product was utilized
for modification of electrode with the concentration of 1.0 mgmL ™.
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Uniform distribution of AuNPs (10-20 nm) was observed on the entire
surface of RGO sheets by electron microscopy. The electrochemical
oxidation of INZ with decrease in over-voltage is achieved in neutral
media and after three weeks storage, the sensor retained more than 92%
of its initial current response (Guo et al., 2015).

In addition to AuNPs, other metallic particles have also been used for
decoration of GO-modified GCE. Copper micro particles (CuMPs) were
deposited on the surface of GCE pre-modified with GO nanosheets to
achieve irregular electrode surface with large surface area (designated
as CuMPs/GO/GCE). The system reduced the overpotential (120 mV)
and showed anti-interference properties in amperometric detection of
INZ in serum and urine samples (Balamurugan et al., 2017).

GCE was also modified with a stable, uniform and thin layer of
PERGO/Ni(OH),NPs nanohybride for LSV-assisted determination of RIF
(Rastgar and Shahrokhian, 2014). Microscopic characterization of
modifier film discovered even distribution of nickel hydroxide nano-
particles with mean size of 25nm on the surface of RGO layer. The
platform showed satisfactory selectivity and repeatability. However, the
stability was not determined.

Recently, Santhanalakshmi and Rajesh, reported SnO, nanoparticles
(5 + 0.2 nm)-RGO nanocomposite-modified GCE by simultaneous SnCl,
oxidation and GO reduction. The sensor was applied for electrochemical
detection of INZ in pharmaceutical preparations and human urine
samples. The device remarkably reduced the overpotential (610 mV)
and displayed high stability and low LOD (7 nM) (Santhanalkshmi and
Rajesh, 2018). Despite the overall good selectivity, sensitivity to inter-
fering influence of paracetamol was observed in interference analyses.

4.2.5.3. Carbon nanotube-based nanocomposites. MWCNT has also been
employed in conjunction with other nanostructures. Researchers fabri-
cated a microfluidic device for amperometric analysis of hydrazine
compounds by integration of cobalt hexacyanoferrate (CoHCF)
nanoparticle-modified = MWCNT/graphite = composite electrode
(CoHCFNPs/MWCNT/GE) into capillary electrophoresis (Li et al.,
2012). Despite the overall good performance, their device displayed
very low sensitivity.

A similar sensor was also prepared for INZ determination. The device
was comprised of cobalt-iron hybrid hexacyanoferrate nanoparticles
(Co-FeHCFNPs) prepared with various proportions on MWCNT coated
composite ceramic carbon electrode (CCE). The nanocomposite with
Fe®* to Co®" ratio of 1:1 revealed the greatest catalytic activity. The
current signal of the analyte was higher on Co-FeHCFNPs/MWCNT/CCE
than CoHCFNPs/MWCNT/CCE, Co-FeHCFNPs/CCE and PB/MWCNT/
CCE in CV studies. The catalytic activity was also higher in NaCl solu-
tions in comparison to KCl solutions (with the same molar concentra-
tion) as supporting electrolyte (Yu et al., 2013). CV-based stability
testing disclosed very high stability of the device (less than 2% loss of
peak heights following 100 successive cycles).

MWCNT was also utilized for preparation of Gr-f-MWCNT/iron
phthalocyanine (FePc) nano composite on the surface of GCE for INZ
detection in pH 7.4. More than 200 mV reduction in oxidation potential
was achieved using this modifier (Spindola et al., 2017).
Gr-f-MWCNT/FePc/GCE and then successfully applied for analysis of
saliva and simulated serum specimens.

The more recent use of MWCNT was reported by Huang and asso-
ciates. They engaged useful electrical attributes of molybdenum car-
bides (Mo2C) to make a novel RIF sensory device. To this aim, they
heated a mixture of (NH4)Mo07024 @ 4H20, ethylene glycol and MWCNT
at 200°C for 10h. After washing and drying, the resulted product
(MWCNTs—MoO,) was converted to MWCNTs—MoyC composite by
annealing at 800 °C. Prepared composite, then dispersed on the surface
of GCE using of chitosan solution. In comparison to MWCNTs/GCE and
bare GCE, MWCNTs—Mo,C/GCE sensor showed much better responses
(Zou et al., 2018).
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Fig. 4. Preparation and INZ oxidation mechanism of AuNPs@CNF-CHIT/SPE system. Reprinted with permission from Ref. (Nellaiappan and Kumar 2017).

4.2.5.4. Nanocomposites of metallic nanoparticles and conducting poly-
mers. Thanks to their excellent electrocatalytic properties, metal nano-
particles can synergistically improve the characteristics of sensing
matrixes especially in combination with advanced polymers (Hiiger and
Osuch, 2004; Lokesh et al., 2009; Muchindu et al., 2010).

A novel INZ-sensing platform comprised of silver nanoparticles
(AgNPs) incorporated in a synthetic copolymer of methyl methacrylate
(MMA) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS)
(abbreviated as AgNPs/P(MMA-co-AMPS) was designed. Electro-
chemical appearances of INZ in this device was greatly enhanced owing
to interaction of INZ amine group with AgNPs as well as with sulfonic
acid group of the copolymer (Rastogi et al., 2016).

Plentiful amine groups of some polymeric modifier such as poly
melamine (PMel) lead to decreased aggregation and increased sensi-
tivity (through acting as analyte adsorption sites) which can also be
helpful in fabrication of polymer/metal composite through interaction
with metal particles (Sepehri et al., 2017).

In two different investigations, very good electrocatalytic activity
was observed toward the oxidation of RIF (Sepehri et al., 2017) as well,
INZ and EBL (Sepehri et al., 2017) by using of pre-anodized GCE coated
with a nanocomposite film of poly-melamine (PMel) and AuNPs.
Pre-anodized GCE which possesses many activated COOH or OH groups,
was modified by melamine electropolymerization using a mix solution
of HCl and melamine. PMel-modified electrode led to considerable
increment in the peak currents due to more facile oxidation of RIF. More
enhancement in the peak currents and nearly 100 mV negative shifts in
the overpotential was also obtained from PMel/AuNPs nanocomposite
owing to synergistic effects of these two materials (Sepehri et al., 2017).
To prepare PMel/AuNPs layer, electrodeposition method was utilized on
PMel-modified electrode immersed in a mix solution of MH>SO4 and
HAuCly. Using PMel/AuNPs/GCE the potential shift was found to be
390 mV and 290 mV for INZ and EBL respectively (Sepehri et al., 2017).

4.2.5.5. Core-shell nanostructures. Core-shell nanostructures (CSNs) are
combinatorial nanocomposites with many potential applications
extending from food industry to clinic. CSNs are made up of inner (core)
material(s) enclosed completely or partially (in porous CSNs) by outer
layer (shell) or layers (in multi shell CSNs) of nanomaterial(s). Classi-
fications, properties, routes of synthesis, and analytical applications of
these nano structures have recently been reviewed (Kalambate et al.,
2019).

Hollow CSNs, are an interesting type of CSNs in which core segment

is eliminated by various tactics. In hollow mesoporous core-shell
structures, mesoporous shell which provide free transmission of analy-
tes, encapsulated the hollow core, the pooling site of the guest analytes.

Hollow core-shell nanohybrid (~58 nm diameter and 8 nm shell
thickness) of manganese oxide nanoparticles and mesoporous layer of
silica oxide was designed to modify home-made carbon paste micro-
electrode (CPME) (Gan et al., 2015). Mn3Oy4 is an inexpensive naturally
abundant form of manganese oxide with substantial electrocatalytic
activity but poor conductivity (Ko et al., 2014; Gan et al., 2015). The
presence of Mn3Oy4 particles in this nano-composite improved the elec-
tron transfer ability and catalytic activity. This nano-modifier presented
enhanced activity toward the electrocatalytic oxidation of RIF (Gan
et al., 2015), relatively short accumulation time (120 s), and also proper
stability (3.7% signal loss after three weeks storage). Immense experi-
ments with hundreds-fold concentrations of 21 different potential
interferents, revealed the exceptional anti interference ability of the
Mn304@SiO,/CPME nanosensor.

High level of theophylline (1,3-dimethylxanthine or TP, a drug
which is frequently prescribed for patients with asthma and chronic
bronchospasm (Riahi et al., 2005; Ferapontova et al., 2008)) after long
treatment by INZ, can induce gastric and nervous problems (Torrent
et al, 1989; Minton and Henry, 1996). Accordingly, in
co-administration of these drugs, the monitoring of plasma levels by a
suitable and reliable technique is of great importance in clinical chem-
istry. To this, researchers shaped a gold-platinum core-shell nano-
particles (Au@PtNPs)-modified GCE for simultaneous determination of
INZ and TP (Gowthaman et al., 2016). Electroless deposition procedure
was utilized for Au-Pt bimetallic nanoparticle fabrication. The bare
electrode was first immersed in a mix solution of hydrogen tetra-
chloroaurate (HAuCl4) and NH>OH. Following the reduction of Au®t
ions by NH,0H, AuNPs with the mean size of 43 nm and film thickness
of 499 nm were formed on the surface of GCE. The deposited AuNPs,
provided the nucleation center for PtNPs deposition after immersing the
electrode in HyPtClg/NH,OH mix solution. The final Au@PtNPs were
80 nm spheres which formed a film with thickness of 80 nm on the
surface of electrode. Au@PtNPs/GCE was able to selectively determine
INZ in the presence of TP and shifted the potentials of these drugs to-
ward less positive potentials (400 mV decrease) (Gowthaman et al.,
2016).

Two significant nanomaterials are magnetic nanoparticles (MNPs)
and quantum dots (QDs). A mesoporous nano-structures of poly-
vinylpyrrolidone (PVP), CoFeoO4MNPs (18-20 nm) and CdSeQDs was
made up by Asadpour-Zeynali and his coworker for electrocatalytic
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Fig. 5. Metabolism of RIF on the PVP-AgNPs/PANSA/EG-CYP2E1/AuE nanobiosensor. Reprinted with permission from Ref. (Ajayi et al., 2014).

determination of RIF using square-wave adsorptive stripping voltam-
metry (SWASV). PVP prevented the core segment from undesirable re-
actions and allowed control of the size and shape of the particles and
also improved the stability with the help of an organic chelating ligand,
1, 10-phenanthroline. Higher electro-oxidation signal in comparison to
the bare GCE and CoFe;O4MNPs/GCE was observed thanks to
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adsorptive aptitude as well as abundant active sites of the prepared
nanocomposite. The sensor revealed wide LDR, good selectivity and
unprecedented low LOD (4.55 x 107" mol’l), the lowest reported
value for electroanalysis of RIF up to now (Asadpour-Zeynali and Mol-
larasouli, 2017). In spite of the brilliant results, this device however,
needs to be in excessive acidic condition (pH 2) for optimum operation.
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Another magnetic core-shell nanostructure with related architecture
was fabricated using carbon dots (C-dots) and for modification of CPE
for simultaneous analysis of INZ and RIF (Shiri et al., 2017). This plat-
form did not have the problem of acidic operational condition.
Although, the LOD value obtained by this sensor was much higher in
comparison to PVP capped CoFe204MNPs@CdSeQDs-phen/CGE
device.

Another core-shell like structure was introduced for FIA based
measurement of INZ in pharmaceutical formulations. Their design
(Fig. 4), was comprised of SPE modified with AuNPs (10 nm)-decorated
carbon nanofibers-chitosan (Nellaiappan and Kumar 2017). In com-
parison to (as a control), AuNPs@CNF-CHIT/SPE increased the current
by 50 times and reduced the oxidation overpotential significantly (by
700 mV). Low oxidation overpotential, good reproducibility and neutral
pH workability for INZ, highlight the potential applicability of the
proposed technique for routine analysis of INZ in various pharmaceu-
tical formulations. However, no biological sample was tested by the
sensor and furthermore, the presence of DA and RIF showed remarkable
interfering effects on INZ analysis.

4.2.6. Multicomponent nanobio-modifiers

In this part, we describe the recent development of the electro-
chemical nanobiosensors for anti-tubercular drugs quantification. The
common feature of these devices is the involvement of biological (or
biomimetic) recognition element (associated with nanomaterial-based
matrixes) in the analysis to improve the specificity or catalytic activity.

The first RIF electrochemical biosensor, was prepared by immobili-
zation of horseradish peroxidase (HRP) molecules on the surface of
platinum electrode using PPy (Lomillo et al., 2003). Although the device
was successfully applied for analysis of pharmaceutical preparations and
urine samples, however, the LOD of the biosensor was in micromolar
range. The biggest weakness of PPy/HRP/Pt was related to its very short
lifetime which may be attributed to deleterious effect of HyO2 on the
enzyme and PPy.

Electrodeposited nanocomposite of Poly (8-anilino-1-naphthalene
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sulfonic acid) (PANSA), PVP and AgNPs were used by Ajayi’s group to
immobilize ethylene glycol-modified cytochrome P450-2E1 (EG-
CYP2E1) on the surface of gold electrode (AuE). This nanobiosensor
were used for RIF determination in physiological pH, the optimum pH
for CYP2E1 (Ajayi et al., 2014). The mechanism of the redox processes
on this platform has been illustrated in Fig. 5. This team in their next
efforts, successfully applied almost the same device with better stability
for analysis of INZ (Ajayi et al., 2016).

In 2017, Chokkareddy and colleagues, developed a nanobiosensor
involved HRP fixed into nanocomposite of MWCNTs and titanium oxide
nanoparticles (TiO2NPs) to enhance the analytical performance of GCE
toward INZ (Chokkareddy et al., 2017a,b). After 40 and 80 days storing
in 4 °C, the device lost 9% and 13% of its original electrochemical signal
respectively. The sensor showed acceptable selectivity but was not
subjected to analysis of any biological samples. The next nanobiosensor
was fabricated by this group for measurement of RIF using Coenzyme q,
a fat-soluble vitamin involved in cellular electron transport system
(Ernster and Dallner, 1995). Coenzyme q was immobilized in a nano-
composite of MWCNTs and iron oxide nanoparticles (Fe304NPs). Vol-
tammetric experiments with both Coenzyme q/Fe3O4NPs/MWCNTs-
and HRP/TiO;NPs/MWCNTs-modified GCEs showed about 8 fold
increment in anodic peak currents in comparison to bare electrodes
(Chokkareddy et al., 2017a,b). Despite the general weakness of bio-
molecules as electrode modifiers (short life time),
HRP/TiOoNPs/MWCNTs platform exhibited great stability.

Molecularly imprinted polymers (MIPs) are made by polymerization
of matrix monomers in the presence of template molecule and subse-
quent elimination of the template. The process leads to the creation of
recognition sites for specific binding of the target molecule. Thanks to
biomimetic features of MIPs, they can be substitute for biological com-
ponents in biosensors construction. Recently, researchers introduced a
novel dual-template MIP sensor architecture which serves mesoporous
carbon (MC) to improve the characteristics of copper metal organic
framework (Cu-MOF) for simultaneous analysis of INZ and RIF in human
urine and serum samples (Fig. 6) (Rawool and Srivastava, 2019). H and
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immobilized on polypyrrole prelayer, DNA: deoxyribonucleic acid,PPy/p-CD: beta cyclodextrin immobilized into polypyrrole, AdSV: adsorptive stripping voltammetry, DyNW: dysprosium hydroxide nanowires, RGO-Ni

(OH)2NPS: nickel hydroxide nanoparticles/reduced graphene oxide nanocomposite, PVP-AgNPs/PANSA/EG-CYP2E1: nanocomposite of polyvinylpyrrolidone, silver nanoparticles, poly (8-anilino-1-napthalene sulfonic
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N atoms of pyrrole monomers (-NH group) they utilized, could form two
hydrogen bonds with the templates (O atom of C=O group in both
templates and H atom of INZ (-NH) and RIF (-OH) respectively). Their
device revealed sub-nanomolar detection limit and was able to regen-
erate (up to 30 cycles) after each practice using template extraction
procedure.

5. Conclusion

Compared with high cost sophisticated instruments, sensors are
valuable detection tools in developing countries with high incidence of
tuberculosis and low financial resources. In order to achieve an elec-
trochemical sensor with maximum reusability, electrode modification
should be avoided as far as possible (Karimi et al., 2010). Even though in
some occasions, unmodified electrodes exhibited better performance
(for example, FIA-amperometry of INZ with unmodified SPCE revealed
wider LDR and much lower LOD in comparison to nanocomposite coated
electrodes (Table 2)), however, high oxidation overpotential and low
selectivity associated with unmodified electrodes compels the in-
vestigators to search for efficient modifiers. Many of the works reviewed
here, suffered from one or more shortcomings including low stability
and high detection limit and/or harsh acidic/basic condition require-
ment for optimum operation. INZ and RIF are usually co-administrated
and in many areas, formulated in a single dosage forms. This demands
the simultaneous analysis of these medicines. However, there is only a
small number of reports for simultaneous determination of these agents.
Up to now, there is no report of designing immunosensors (using
aptamers, antibodies, etc. as biological recognition elements) and bio-
sensing of the two drugs was limited so far to use of enzymes. Despite the
encouraging results from the recent trend of combining natural bio-
logical/biomimetic elements with advanced metal- and/or carbon-based
nanostructures, fabrication of such expensive complicated constructs
seems to be unaffordable and unmanufacturable, particularly in many of
subjected areas. Given all the above, there is still an unmet need for
developing devices with inexpensive designs and better characteristics.
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