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ABSTRACT 
 

In this work, electrochemical biosensors have been developed and quantified the pyrazinamide, 

isoniazid, rifampicin, ethambutol and streptomycin drugs in various pharmaceutical samples.  

Electrochemical methods are versatile and powerfull analytical technique of immense value in 

the area of pharmaceutical analyses. In addition, due to the similarity in the biological and 

electrochemical reactions, it can be expected that the reduction-oxidation mechanisms occur at 

the electrode surface. The biologically stimulated molecules can be examined by electroanalysis 

and they are also outstanding tools for the detection of pharmaceutical complexes in various 

matrices. Although in the case of a biosensors, the analyte interacts with bioreceptor and the 

resultant output is measured by a specifically designed transducer.  

Additionally, a reliable highly sensitive and novel biosensor was developed by using a glassy 

carbon electrode modified with various nanomaterials. Hence horseradish peroxidase (HRP) - 

Multiwalled carbon nanotubes (MWCNTs)-Titanium oxide nanoparticles (TiO2NPs) fabricated 

glassy carbon electrode (GCE) were used for the determination of isoniazid. Similarly, copper 

oxide nanoparticles (CuONPs)-MWCNTs immobilized with Cytochrome c (Cyt c) on glassy 

carbon electrode were established for the detection of pyrazinamide. Furthermore, iron oxide 

nanoparticles (Fe3O4NPs) and MWCNTs composite were immobilized with Coenzyme q (Coen-

q) on glassy carbon electrode for the detection of rifampicin. In addition, Cyt c immobilized with 

ZnONPs and MWCNTs on glassy carbon electrode for the determination of streptomycin. 

Finally, the glassy carbon electrode fabricated with zinc oxide nanoparticles (ZnONPs) and 

reduced graphene oxide (RGO) nano composite, was further immobilized with HRP to enhance 

the electrochemical performance of the modified electrode for the determination of ethambutol.  
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Electrochemical behaviour of these first line anti TB drugs to the developed biosensors were 

examined by using cyclic voltammetry and differential pulse voltammetry under the optimum 

experimental conditions such as scan rates, pH, accumulation potential, pulse amplitude, 

accumulation time, voltage step time, voltage step and deposition time respectively. The 

prepared biosensors and nanocomposites were characterized by Fourier transform infrared 

spectroscopy (FT-IR), transmission electron microscopy (TEM), thermo gravimetry (TGA) 

and x-ray diffraction (XRD). It was observed that electrochemical methods provided good and 

effective techniques for the determination of isoniazid, pyrazinamide, rifampicin, ethambutol and 

streptomycin. Compared to the other analytical methods, the limit of detection and limit of 

quantifications were found to be 0.0335 μM and 0.1118 μM for isoniazid, 0.0038 μM and 0.0129 

μM for pyrazinamide, 0.032 µM, and 0.413 µM for rifampicin, 0.0214 μM and 0.6713 μM for 

ethambutol, and 0.0028 μM and 0.5628 μM for streptomycin respectively. 
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CHAPTER 1 

INTRODUCTION 

Tuberculosis (TB) is produced by the bacterium “Mycobacterium tuberculosis” (Mtb). Extreme 

cases of TB are pulmonary, which is the maximum common infecting several organisms i.e. the 

main infection site is in the lung. It is estimated that one third of the world’s population are 

infected with the bacterium Mtb and approximately 9.4 million new cases of TB were diagnosed 

globally in 2008 and two million deaths every year. South Africa has a substantial burden of TB 

which is exacerbated by the simultaneous epidemic of human immunodeficiency virus (HIV). 

Molecular methods have been used in developed countries to study the dynamics of the TB 

prevalent. The development of extensively drug resistant (EDR), total drug resistant (TDR) and 

multidrug (MDR) resistant organisms creates a crucial demand to develop a new drug with novel 

mechanisms to be effective against drug resistant strains of Mtb.  

Moreover, the directly observed treatment short course (DOTS) regime which is an 

amalgamation of the drugs i.e. Pyrazinamide (PZM), Isoniazid (INZ), Rifampicin (RIF), 

Ethambutol (ETB) and Streptomycin (STN) has contributed significantly to the decrease in the 

sum of incidences of TB, but the partial implementation of the DOTS movement has been a main 

cause of the high occurrences of the drug resistant strains of Mtb untied with the spread of 

HIV/Aids in TB endemic regions.   
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1.1 Drug 

 

A drug is a chemical that interacts with proteins in the body to affect a physiological function. 

This is the general idea behind all medicine. Once these chemicals are absorbed into the 

systemic circulation they bind with certain proteins and this changes the functioning of the cell 

slightly. For example, anticancer drugs bind to proteins on the surface of cancer cells and this 

stimulates the cells to die. In this case cell death is the physiological action of the drug. 

Moreover, no drugs are exactly interacting with just one category of cell or one type 

of protein and this is what causes side effects.  

 

1.2 Tuberculosis (TB) 

 

Infectious diseases are fatal enemies of the global population and Tuberculosis (TB) is among 

the top ten causes global death. TB is an infection disease caused by Mycobacterium tuberculosis 

(Organization, 2000). In 1882, the microbiologist Robert Koch described the tubercle bacillus, 

shown in Figure 1.1, at a time when one of every seven deaths in Europe was affected by TB. In 

2014, there were an estimated 9.6 million new TB cases: 5.4 million among men, 3.2 million 

among women and 1.0 million among children. There were also 1.5 million TB deaths (1.1 

million among HIV-negative people and 0.4 million among HIV-positive people), of which 

approximately 890 000 were men, 480 000 were women and 140 000 were children. The number 

of TB deaths is unacceptably high: with a timely diagnosis and correct treatment, almost all 

people with TB can be cured.  
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Figure 1.1: Scanning electron micrograph image of Mycobacterium tuberculosis 

(Mycobacterium Tuberculosis stock photos and images) 

It is predicted that around one-third of the world’s population is infected with tuberculosis 

bacillus, and every year eight million people suffer with tuberculosis disease, which yearly kills 

1.8 million worldwide (Vitoria et al., 2009). Moreover, around 80% of TB cases are initiate in 23 

countries; the major occurrence rates are found in Africa and South-East Asia (Raviglione and 

Pio, 2002). India and China only account for an expected 54% of TB cases worldwide (WHO 

2015). Estimated incidence rates are shown in Figure 1.2. TB and human immunodeficiency 

virus/acquired immunodeficiency syndrome (HIV/AIDS) accelerate each other’s evolution and 

prolong synergistic proportions of sickness and mortality. Worldwide, HIV is the robust risk 

issue for the expansion of TB disease, and TB is the foremost opportunistic infection and AIDS-

defining disorder among people living with HIV (Stirling et al., 2008). The TB disorder has get 

worse over the previous two years in Africa owing to the widespread HIV/AIDS, and in Eastern 

Europe in association with multidrug resistance, following deterioration of the health 

infrastructure. TB in humans is caused mainly by Mycobacterium tuberculosis, but also by M. 
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africanum and M. bovis. In addition, these species together with M. canettii, M. microti, and 

additional animal-adapted M. bovis ecotypes make up the M. tuberculosis complex. Furthermore, 

the percentage of TB cases coinfected with HIV was highly prevalent in countries in the WHO 

African Region, and overdid 50% in parts of southern Africa, as shown in Figure 1.3. 

 

 

Figure 1.2: Estimated TB incidence rates, 2014 (WHO 2015) 
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Figure 1.3: Estimated HIV incidence in new and relapse TB cases, 2015 

 

TB usually affects the lungs, but can also affect other parts of the body. TB is generally 

classified into two types: (i) latent TB (ii) active TB. An analysis of latent tuberculosis (LTB), 

also named as latent tuberculosis infection (LTBI) means a patient is infected 

with mycobacterium tuberculosis, but the patient does not have active tuberculosis. In addition, 

active tuberculosis can be contagious while latent tuberculosis is not, and it is not promising to 

get TB from somebody with latent tuberculosis. The highest risk is that nearly 10 % of these 

patients (5% in the first two years after infection and 0.1% per year thereafter) will go on to 

advanced active tuberculosis (Resnikoff et al., 2004). This is mainly precise, and there is extra 
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risk, in specific circumstances such as medication that destroys the immune system. 

Furthermore, the identification and action of people with latent TB is a significant fragment of 

monitoring this disease. Many action procedures are in use to treat latent tuberculosis, which 

normally need to be taken for several months. If the people have active TB, the microorganisms 

are making ill and might be passing TB on to other people. Hence, active TB can be very 

dangerous to our health, but it can also be cured with a course of medication. In active TB, TB 

bacteria overcome the defenses of the immune system and activate to multiply, causing the 

progress from latent TB infection to TB disease (Floyd et al., 2002). Some people develop TB 

disease soon after infection, while others develop TB disease later when their immune system 

becomes weak. The major difference between latent TB and active TB are shown in Table 1.1. 

Utmost contagions are asymptomatic or non-progressive. The maximum collective site of 

infection is the lung (pulmonary TB), where TB infection naturally causes an irregular 

pulmonary penetrate, which undergoes caseation, cavity formation and fibrosis if it evolves. 
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Table 1.1: Comparison between latent TB and active TB   

 

Latent TB Active TB 

TB germs are inactive (asleep) in our body. 

This stage can last for a very long time - even 

years. 

TB germs are reproducing and distributed in 

our body, initiating tissue damage 

• We don't look or feel sick. Your chest x-ray 

generally is normal and it can only be 

identified through a blood test or TB skin test. 

 

We frequently feel sick. Typical symptoms 

include: cough lasting >3 weeks, weight loss, 

night sweats, and fever. A chest x-ray and 

other tests are required to diagnose TB disease. 

We can't spread TB to other people. If the TB germs are in your lungs or voice box, 

We may spread TB to other people by 

coughing, sneezing, talking, or singing. 

Commonly treated by taking one medicine for 

9 months. 

Treated by taking three or four medicines for at 

least 6 months. 

 

Moreover, the aetiology of TB thus makes it very difficult to determine in a specific case what 

precisely produced 'tuberculosis'. Without the bacillus, there can be no disease, but at a time 

when exactly everyone had been infected, the situations which caused the immune system to fail 

can also be said to have brought on 'tuberculosis'. The problem is compounded by the fact that 

adverse environmental conditions during childhood may not manifest themselves in clinical 

diseases until young adulthood. The process of infection, activation and reinfection is still 

imperfectly understood. This complex aetiology renders epidemiological studies of the disease 

highly problematic.  
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1.3 TB in South Africa 

 

South Africa takes the third uppermost burden of TB disease in the world, after India and China, 

with an expected rate of 450 000 cases of active TB in 2013, an increase of 400 % over the last 

15 years (Zumla et al., 2015). Moreover, an estimated 60-73 % of the 450 000 cases have both 

HIV and TB infection. The occurrence of multidrug-resistant (MDR) and extensively drug-

resistant TB are increasing, and South Africa has the second highest number of reported multi-

drug-resistant TB (MDR-TB) cases globally (Baier et al., 2014). TB remains the leading cause of 

death in South Africa, contributing to 12% of deaths in 2009 (Stats, 2014). Epidemiological 

burden details of TB in South Africa is shown in Table 1.2.  

Table 1.2: Epidemiological burden of TB in South Africa 

 

Items Statistical data 

Population 52 776 

TB Mortality 25 

HIV+ TB mortality 64 

TB Prevalence 380 

TB incidence 450 

HIV+ incident TB cases 270 

MDR-TB cases 69 
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Source: District Health Barometer 2013/14   
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Figure 1.4 shows the rate of TB bacterial infections (2013) in SA by region. KwaZulu-Natal 

(KZN), Eastern Cape (EC) and Western Cape (WC) are the three provinces with the highest 

incidence of TB with 922; 782 and 730 cases per 100,000 populations respectively, whereas 

Mpumalanga (MP) at 467 cases per 100,000; Gauteng (GP) at 388/100,000 and Limpopo (LP) 

354/100,000 are the three lowest ranking provinces in terms of TB incidences. 

 

  

 

 

 

 

 

 

     

 

 

 Figure 1.4: Incidence of TB in South Africa by province (2013) 
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Smear-positive TB patients are responsible for the transmission of TB and are then the focus of 

the National TB Control Programme. In addition, the South African rate of new pulmonary 

smear-positive TB was 234.2 per 100 000 in 2012, and different from a high of 364.9 per 100 

000 in the Northern Cape to a low of 120.5 per 100 000 in Limpopo Province (Zumla et al., 

2015). With the exception of 10 districts (Amathole, Chris Hani, Cacadu and Joe Gqabi (EC), 

Harry Gwala, uMgungundlovu and uMkhanyakude (KZN), Frances Baard, Namakwa and Pixley 

ka Seme (NC), Central Karoo and Eden (WC), and Ekurhuleni (GP)), the incidence of new 

pulmonary smear-positive TB decreased in the last five years (2009-2013) (Tzeng et al., 2014). 

Figure1.5 below demonstrates the incidence of new smear positive TB patients by province. 

In addition, the increasing cure rate for new pulmonary smear-positive TB, which was 75.8% in 

2012, is inspiring. But, the poor performance of three boonies is responsible for South Africa 

falling short of the South African National TB Control Programme target of 80 % and the WHO 

target of 85 %. The Eastern Cape, Northern Cape, and North West provinces reported cure rates 

of less than 70 %, and of particularly concern are the 3 worst performing districts (Buffalo City 

(EC), John Taolo Gaetsewe (NC), and Dr Kenneth Kaunda (NW). Dr Kenneth Kaunda is an NHI 

pilot district yet the cure rate plummeted from 69.9% in 2011 to 59.4% in 2012 (HST, 2014a). 

Figure 1.6 shows the new smear positive TB cure rates by province. 
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Source: District Health Barometer 2013/14   
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Figure 1.5: Incidence of new pulmonary smear positive TB in South Africa by province 

(2013) 
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Figure 1 6: New pulmonary smear positive TB cure rate by province (2012) 

 

1.4 Treatment for TB 

 

Many anti-TB drugs act against various populations of bacilli. Bacilli may occur extra-cellularly 

or intra-cellularly. The pH in the intercellular places is usually neutral or alkaline, although it is 

acid intra-cellularly. In addition, most of the TB drugs act utmost in an acid environment; others 

enhanced in a more alkaline pH. Additionally, there are more than twenty drugs existing for TB 

treatment. They are used in different mixtures in various conditions.  
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Hence, most of the TB drugs are simply used for the action of new patients when there is no 

submission of any drug resistance. In many manners, some of the others are only used for the 

treatment of drug resistant TB. Currently, new TB drugs such as bedaquiline and delamanid are 

accessible for the treatment of MDR-TB while the drugs are not available. Generally, the TB 

drugs are classified into two types: first line anti-TB drugs and second line anti-TB drugs. First 

line anti-TB drugs have utmost bacterial action when used for the TB treatment. In addition, the 

amount of drug necessary for a TB patient to take depends on the patient’s body weight.  The 

chemical structures and dosages are shown in Table 1.3. Additionally, almost 90 % of people 

with drug susceptible TB (that is TB which is not drug resistant) can be cured in six months 

using a combination of “first line” TB drugs.  
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Drugs Structures Children/Adult Dosages 

Daily 1×/Week 2×/Week 

 

 

 

 

Isoniazid 

  

Adult (maximum) 

 

 

 

 

 

5 mg/kg (300 

mg) 

 

 

 

 

15 mg/kg (900 mg) 

 

 

  

 

15 mg/kg (900 

mg) 

 

 

  

Children 

(maximum) 

 

10-15 mg/kg 

(300 mg) 

  

— 

 

20-30 mg/kg 

(900 mg) 

 

 

 

Pyrazinamide 

 Adult 

 

 

15-30 mg/kg 

(2.0 g) 

 

— 

 

50 mg/kg (4 g) 

 

 

 

 

Children 

(maximum) 

 

 

15-30 mg/kg 

(2.0 g) 

 

 

— 

 

 

50 mg/kg (4 g) 

 

 

 

 

 

Rifampicin 

  

Adult 

 

 

 

 

10 mg/kg (60 

mg) 

 

 

 

— 

 

 

 

10 mg/kg (600 

mg) 

 

 

 

 

 

Children 

(maximum) 

 

 

 

10–20 mg/kg 

(600 mg) 

 

 

 

— 

 

 

 

10–20 mg/kg 

(600 mg) 
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Ethambutol 

  

Adult 

(maximum) 

 

 

 

Suggested ethambutol dosages are shown in Table 5 

 

 

Children 

(maximum) 

 

 

15–20mg/kg 

daily (1.0 g) 

 

 

— 

 

 

50 mg/kg (4 g) 

 

 

 

 

Streptomycin 

  

Adult 

(maximum) 

 

 

 

D 

 

D 

 

D 

 

 

Children 

(maximum) 

 

 

20–40 

mg/kg/daily (1 

g) 

 

 

— 

 

 

20 mg/kg 

 

 

 

 

 

 

Amikacin 

  

Adult 

(maximum) 

 

 

 

D 

 

D 

 

D 

 

 

 

Children 

(maximum) 

 

 

 

15–30 

mg/kg/daily (1 

g) intravenous or 

intramuscular as 

a single daily 

dose 

 

 

 

— 

 

 

 

15–30 mg/kg   
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kanamycin 

  

Adult 

(maximum) 

 

 

 

 

D 

 

 

 

 

   

D            

 

 

 

 

 

D 

 

 

 

 

 

 

 

Children 

(maximum) 

 

15–30 

mg/kg/daily (1 

g) intravenous or 

intramuscular as 

a single daily 

dose  

 

 

— 

 

15–30 mg/kg   

 

 

 

 

 

 

 

 

Capreomycin 

  

 

Adult 

(maximum) 

 

 

 

 

 

D 

 

 

D 

 

 

D 

 

 

 

Children 

(maximum) 

 

 

 

15–30 

mg/kg/daily (1 

g) as a single 

daily dose 

            

 

 

  — 

 

 

 

15–30 mg/kg   
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p-Amino salicylic 

acid (PAS) 

  

Adult 

 

 

 

 

8–12 g/d in two 

or three doses 

 
 

There are no data 

to support 

intermittent 

administration 

 

There are no 

data to support 

intermittent 

administration 

 

 

 

 

Children 

 

200–300 

mg/kg/d in two 

four divided 

doses 

 

There are no data 

to support 

intermittent 

administration 

 

 

There are no 

data to support 

intermittent 

administration 

 

 

 

 

Levofloxacin 

 

Adult 

 

 

 

 

500–1,000 mg 

daily 

 

 

 

There are no data 

to support 

intermittent 

administration 

 

There are no 

data to support 

intermittent 

administration 

 

 

 

Children  

 

 

C 

 

 

C 

 

 

C 

 

 

 

 

 

Moxifloxacin 

 
 
 
 
 
 
  

 

Adult 

 

 

 

 

 

 

400 mg daily 

 

There are no data 

to support 

intermittent 

administration 

 

 

There are no 

data to support 

intermittent 

administration 
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Children  

 

A 

 

A 

 

A 

 

 

 

Gatifloxacin 

  

Adult 

 

 

 

 

 

 

400 mg daily 

 

There are no data 

to support 

intermittent 

administration 

 

 

 

There are no 

data to support 

intermittent 

administration 

 

 

 

Children  

 

B 

 

B 

 

B 

 

Table 1.3: DosesE of antituberculosis drugs for adults and childrenF 

 

A The long-term (more than several weeks) use of moxifloxacin in children and adolescents has not been approved because of concerns about effects on bone and 

cartilage growth. The optimal dose is not known 

B The long-term (more than several weeks) use of gatifloxacin in children and adolescents has not been approved because of concerns about effects on bone and 

cartilage growth. The optimal dose is not known. 

C The long-term (more than several weeks) use of levofloxacin in children and adolescents has not be approved because of concerns about effects on bone and 

cartilage growth. However, most experts agree that the drug should be considered for children with tuberculosis caused by organisms resistant to both INH and 

RIF. The optimal dose is not known. 
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D Dose: 15 mg/kg per day (1 g), and 10 mg/kg in persons more than 50 years of age (750 mg). Usual dose: 750–1,000 mg administered intramuscularly or 

intravenously, given as a single dose 5–7 days/week and reduced to two or three times per week after the first 2–4 months or after culture conversion, depending 

on the efficacy of the other drugs in the regimen. 

E Dose per weight is based on ideal body weight. Children weighing more than 40 kg should be dosed as adults.  

F For purposes of this document adult dosing begins at age 15 years. 
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Table 1.4: Suggested ethambutol doses, using whole tablets, for adults weighing 40–90 

kilograms 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Based on estimated lean body weight. † Maximum dose regardless of weight. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Weight (kg)*  

40–55 56–75 76–90 

Daily, mg (mg/kg) 1.000 (18.2-25.0) 1.500 (20.0-26.8) 2.000† (22.2-26.3) 

 

Thrice weekly, mg (mg/kg) 

 

1.500 (27.3-37.5) 

 

2.500 (33.3-44.6) 

 

3.000† (33.3-39.5) 

Twice weekly, mg (mg/kg) 2.000 (36.4-50.0) 3.000 (40.0-53.6) 4.000† (44.4-52.6) 
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1.5 Aim 

 

The aim of this study was to develop novel biosensors with potential applications for the 

sensitive detection of first line anti-TB drugs, isoniazid, pyrazinamide, rifampicin, ethambutol 

and streptomycin in various pharmaceutical samples using biosensor based electrochemical 

techniques and integration of its inclusion in next generation bio sensing platforms. The 

objectives of this study are outlined.      

1.6 Objectives 

 

a) Synthesis and characterization of titanium oxide, copper oxide, iron oxide and zinc oxide 

nanomaterials. 

b) Fabrication of glassy carbon electrode with potent electrode modifiers whose 

applicability as electro catalysis agent towards anti-TB drugs investigation. 

c) Optimization of cyclic and differential pulse voltammetric experimental conditions i.e. 

scan rates, deposition time, pH and pulse amplitude.  

d) The performance of the developed electrochemical methods was examined using real 

pharmaceutical samples. 

e) Validation studies including: accuracy, sensitivity, selectivity and precision for the 

developed methods were tested by running standards and their quantification.          

f) The usage of new generation materials like graphene oxide and multiwalled carbon 

nanotubes with enzyme immobilization on glassy carbon electrode gives a new 

dimension to electrochemical investigation and development of biosensors for first line 

anti-TB drugs. 
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1.7 Electrochemical and biosensors techniques 

 

The literature review shown that only spectrometric methods and few electrochemical methods 

are available for the first line anti TB drugs, with no described enzyme immobilized biosensors 

work for first line anti TB drugs. Moreover, in this regard our laboratory (Chokkareddy et al., 

2017) recently reported an enzyme immobilized biosensor for the detection of isoniazid (INZ) in 

various pharmaceutical samples. This biosensor showed good limit of detection and limit of 

quantification values, viz., 0.0335 μM and 0.1118 μM, respectively. In addition, a unique 

cytochrome c immobilized glassy carbon electrode was constructed for the determination of 

pyrazinamide (PZM) in different pharmaceutical samples. From the measured DPV results, the 

limit of detection and limit of quantification of the developed sensor were calculated, and found 

to be 0.0038 μM and 0.0129 μM respectively. Rifampicin was determined by the coenzyme q 

immobilized biosensor and the studied linearity range (2-20 µM) showed a limit of detection of 

0.032 µM, 0.413 µM and limit of quantification of 1.069 µM, 1.258 µM for anodic peaks I and 

peaks II respectively. A novel horseradish peroxidase fabricated nanocomposite electrochemical 

biosensor was described for the detection of ethambutol (ETB) in various pharmaceutical 

samples. Under the optimized conditions, the DPV technique gave good limit of detection and 

limit of quantification values of 0.0214 μM and 0.6713 μM respectively. A facile cytochrome c 

modified nanocomposite electrochemical biosensor was developed for the determination of 

streptomycin (STN) in various pharmaceutical samples. The developed biosensor showed good 

limit of detection and limit of quantification values i.e. 0.0028 μM and 0.5628 μM respectively.    

Finally, to construct the several biosensors with many nanomaterials and biomolecules such as 

graphene oxide, multiwall carbon nanotubes, metal oxide nanoparticles, horseradish peroxidase, 

cytochrome c and coenzyme q were used.  
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1.7.1 Nanomaterials 

 

Nanoscience has the significant potential to develop a sensor, especially electrochemical 

biosensors for food quality. The selectivity, sensitivity and limit of detection ranges are dynamic 

parameters for the development of electrochemical biosensors. Therefore, the selectivity, 

sensitivity of the sensor method essentially depend on the active surface area of the electrode, 

and the area of the electrode which interacts with the analytes. Through increasing the surface 

area of the electrode, many nanomaterials such as graphene oxide, carbon nanotubes, fullerenes 

and metal oxide nanoparticles. These nanoparticles have been introduced to the field of 

electrochemical sensors ad these nanoparticles have gained extensive recognition. In current 

years, a widespread variety of nanoparticles with various properties were useful to the fabrication 

of electrochemical biosensors (Unruh et al., 1996). Nanoparticles show unique physical, 

chemical and electronic properties that are different from those of bulk materials. This is 

partially connected with the fact that surface to volume ratio deviations occur with a change in 

particle size.  A high percentage of surface atoms are present in many size-dependent 

phenomena. High surface area is a significant feature of nanosized and nanoporous materials, 

which can be exploited in numerous potential industrial applications, such as separation science 

and catalytic processing, due to enhanced chemical reactivity (Chikama et al., 2008). 

Nanoparticles can provide larger surface-to-volume ratios due to their small size which have at 

least one dimension 100 nm or less, which increases the performance of the electrochemical 

biosensors. Hence the nanomaterials can be nanoscale in one dimension (e.g. surface films), two 

dimensions (e.g. strands or fibres), or three dimensions (e.g. particles).  
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They can exist in fused, single, aggregated or agglomerated forms with tubular, spherical, and 

irregular shapes. According to Siegel (Chikama et al., 2008), nanostructured materials are 

classified as zero dimensional (0D), one dimensional (1D), two dimensional (2D) and three 

dimensional (3D) nanostructures (Figure1.7). 

 

 

 

 

 

Figure 1.7: Classification of Nanomaterials (A) Zero D spheres and clusters, (B) 1D 

nanofibers, wires, and rods, (C) 2D films, plates, and networks, (D) 3D nanomaterials 

 Many kinds of nanoparticles are used in the modification of biosensors as well as metal 

nanoparticles (Ag, Cu, Au, Pd, Pt and Ru), metal oxide nanoparticles (ZnO, TiO2, CeO2 and 

Al2O3), semiconductor nanoparticles and even combined nanoparticles. Furthermost recent 

studies exhibited that biosensors composed of nanoparticles generated simple and accurate 

measurements, which offer exciting novel chances for the improvement of biosensors. Therefore, 

in this work metal oxide nanoparticles (TiO2, CuO, Fe3O4 and ZnO) were used to fabricate the 

electrodes. 
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1.7.2 Metallic nanoparticles (MNPs) (Ag/Cu NPs) 

 

Metallic nanoparticles have fascinated scientists for a long period and are now heavily used in 

the filed of medical, chemical, engineering and biomedical sciences. It is synthesized in two 

methods i.e. chemical and physical methods (Burda et al., 2005). Moreover, MNPs are prepared 

directly from the parent metals, metal salts are used as initial materials monitored by the 

reduction steps which in the case of chemical methods (Murphy et al., 2008, Dreaden et al., 

2012). The utmost significant aspect of these NPs are for the stabilization and to avoid 

aggregation. Furthermore, the NPs in various cases ligands conjugated with thiol (-SH) and 

amine (-NH2) functional groups were used to co-ordinate the NPs strongly to avoid the formation 

of bulk NPs (Love et al., 2005). Silver nanoparticels (AgNps) were used to deteemined the 

pencillin (Sistani et al., 2014), nitrocompounds (de Lima et al., 2014), quercetin  (Yola et al., 

2014) and caffeic acid (Golabi and Zare, 1999). The copper nanoparticle in the modification of 

sensors to determine the D-amino acid (Lata et al., 2013), neotame (Bathinapatla et al., 2015), 

glucose (Razmi and Mohammad-Rezaei, 2013)  pyrazinamide (Rajasekhar et al., 2017) and 

glycerol (Arévalo et al., 2017). 

 

1.7.3 Metal oxide nanoparticles (TiO2, Fe3O4 and ZnO NPs) 

 

Metal oxide nanoparticles have huge research importance in current years, due to their 

significant properties i.e. high catalytic activity and large surface area. TiO2, Fe3O4 and ZnO NPs 

are semiconductors with a band gap energy of 3.0 eV, 3.33 eV and 3.36 eV at room temperature. 

Metal oxide nanoparticles morphology and size was based on the content of the precursors used 

in the preparation of the nanoparticles (Park and Blackstone, 2010). Initial use of TiO2 NPs for 
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sensor applications was pioneered, Gnanasekaran et al., described a preparation and 

characterization of TiO2 quantum dots for photocatalytic application (Gnanasekaran et al., 2015).  

In this work TiO2 NPs were synthesized from titanium tetra chloride, 25 mL of TiCl4 was made 

up to a 100 mL with deionized water in a volumetric flask, and then placed in an ice cold 

bath. Likewise, 13 g of urea was dissolved in another 250 mL volumetric flask with deionized 

water. The urea solution was then slowly added to the contents of TiCl4, and then subjected to 

heating at 110 °C on a hot plate, with a magnetic stirrer for about 30 min. After the 

completion of the reaction, a white colloidal solution was obtained. The colloidal solution was 

then centrifuged at 1000 revolutions per minute for 15 min. After centrifugation of the 

product, the residue was washed repeatedly with deionized water, and then dried at 60 °C for 

3-4 h. The newly formed TiO2NPs were then stored in the refrigerator at 4 °C, for further use.  

Iron oxide nanoparticles are widespread in nature and it is present in the lithosphere and 

hydrosphere (as pollutants) in the atmosphere. Many methods have been used to synthesize iron 

oxide nanoparticles and include coprecipitation, polyol method, sonolyis and flow-injection 

methods (Fievet et al., 1989). ZnO NPs have significant properties such as larger surface area 

and higher catalytic activities. The size and morphology of ZnO NPs depends on the content of 

the precursors used in the synthesis of these NPs. Furthermore, ZnO NPs have many sensor 

applications, Srinivas Rao et al., reported a synthesis and characterization of the ZnO NPs. In 

this study ZnO NPs were synthesized from ZnCl2, 8.17 g of ZnCl2 (0.4 M) was dissolved in 150 

ml ethanol. This solution was kept under constant stirring using the magnetic stirrer to 

completely dissolve the zinc chloride for 45 min. In another vessel 4.48 g (0.8 M) of KOH was 

dissolved in 100 ml of ethanol and it gave an aqueous ethanol solution of KOH. The complete 
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dissolution of ZnCl2 was taken into a beaker and the 0.8 M KOH solution was added dropwise 

under constant magnetic stirring for 2 h. The beaker was sealed and the solutions were then 

allowed to settle for overnight. The solution was then separated carefully and centrifuged for 5 

min, and thereafter the precipitate was removed. Furthermore, the precipitated ZnO nanoparticles 

were washed with deionized water several times and dried at 50 °C in an oven. Due to the drying 

the Zn (OH)2 is completely converted in to ZnO (Rao and Rao, 2015). Balgobind et al., reported 

a biosensor, based on that ZnO NPs was used for the determination of aspartame in food and 

beverage samples (Balgobind et al., 2016).      

1.7.4 Carbon nanotubes 

 

 

Carbon nano tubes (CNTs) are discovered in the year 1991, and these incredible structures have 

unique chemical, fascinating electronic, magenetic and mechanical properties. CNTs are as the 

name implies hollow tubes that generally have a diameter in nano range and length in  µm range 

made out of carbon (Monthioux and Flahaut, 2007). Moreover, CNTs show good metallic, semi 

conducting and have largest elastic modules with a hollow core (Ajayan and Zhou, 2001). The 

primary methdod to produce CNTs was with an arc discharge process but today many techniques 

to produce CNTs exist with varying physical properties as a result. Nowadays CNTs are 

prepared by chemical vapor deposition (CVD), and laser evaporation methods. CNTs are 

classified into two types: singlewalled carbon nanotubes (SWCNTs) and multiwalled carbon 

nanotubes (MWCNTs). SWCNTs was made by developing of a single graphite sheet into a tube 

which results in a cylindrical nano structure with a large aspect ratio, and these have up to 1000 

GPa in tensile strength (Yu et al., 2000). Graphene layers that create the CNTs can be rolled in 
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different angles, so called chiral angles, which affect properties such as conductivity. MWCNTs 

have several graphene sheets with inter layer spacing of 3.4 Å, as shown in Figure1.8.  

         

                    A                                                                                                      B 

 

 

 

 

 

 

 

 

 

Figure 1.8: Structures of carbon nanotubes 

 

In addition MWCNTs are thought to be conductive and for this reason it is very probable that 

one of their many layers has been conducting at chiral angles (Pugno, 2006). Due to their unique 

properties, CNTs are used as nanomaterials in various fields. MWCNTs have a unique physical 

and chemical properties i.e. large surface area in the 3D arrangements, high electrical 

conductivity, significant mechanical strength, and possess  interesting electrochemical properties 

which can be used for the preparation of electrochemical sensors (CNTs-ECS). Furthermore, 

CNTs based electrochamical sensors show good limits of detection, high sensitivty, low over 

voltage and rapid electrode kinetics. Hence, in this study MWCNTs were used for the 

Multiwalled carbon nanotubes  Singlewalled carbon nanotubes  
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construction of elctrochemical biosensors for the detection of isoniazide (INZ), pyrazinamide 

(PZM), rifampicin (RIF) and streptomycin (STN). 

 

1.7.5 Graphene oxide (GO) 

 

Graphene was first identified in 2004 by Prof. Novoselov and Prof. Geim in Manchester (UK), to 

whom the Nobel Prize was then assigned in 2010 for their studies on the structure and properties 

of graphene. Graphene oxide (GO) is a superior electrode material for biosensors and 

electrochemical sensors due to its nano scaled dimensions and unique properties, such as high 

electrical conductivity (550 S cm−1), good electrochemical stability and high surface to volume 

ratio with theoretical specific surface area of 2630 m2 g−1, the GO has been the object of several 

studies for many different applications. GO has both sp2 - and sp3 -hybridized carbon atoms in 

the hexagonal ring-based carbon networks. The generally accepted model, described by Lerf and 

Klinowski, was a nonstoichiometric structure (Figure 1.9) in which the carbon plane is 

decorated with hydroxyl and epoxy (1,2-ether) functional groups. GO is highly hydrophilic 

because of the rich oxygen containing groups (hydroxyl, carboxyl, carbonyl and epoxide groups) 

on basal planes and edges of carbon atoms (Benvidi et al., 2017, Liu et al., 2015). The large 

surface area and high electrical conductivity of GO usually causes an increase of background 

currents which become the primary limiting factor for trace analyte detection. GO and metal 

oxides nanoparticles showed good catalytic properties, which make them suitable for acting as 

electronic wires to enhance the electron transfer between the analyte and electrode surfaces. 

Furthermore, it was described that some carbon materials including MWCNTs, SWCNTs and 

fullerenes which might be isolated in water the aid of GO through  π-π interactions (JiaJ, 2014, 
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Man et al., 2014). Hence, in this work GO was used for the fabrication of electrochemical 

biosensors for the detection of ETB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Chemical structure of graphene oxide 

 

 

1.7.6 Horseradish peroxidase (HRP) 

 

Horseradish peroxidase enzyme (HRP) found in horseradish (Armoracia rusticana ) is a robust 

perennial herb cultivated in extreme sections of the world mostly for the cooking value of its 

roots. HRP containes 308 amino acid resdues and the sequence of order was explained by 

Welinder in 1976 (Veitch, 2004). HRP contains the elementary isoenzyme having a molecular 

weight of 44 kDa. HRP is a extremely water soluble heme protein, with a solubility of H2O of 

not less than 100 µg/mL or more than 10 mg/mL solutions. In addition, HRP contains with other 

hemes peroxidases which are brightly coloured specially below the near-ultraviolet light regieon 

(Hu et al., 2008).  
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This property of heme peroxidases make them suitable for attaching to “transparent” proteins so 

that they can be seen under various wavelengths. HRP definitely one of the most suitable and 

significant enzymes used in a wide-ranging variety of bioassays. It is also regularly used for 

secondary determination of reagents in various biotechnological applications, as well as 

immunohistochemical analysis (Lee et al., 2008) and enzyme-linked immunosorbent assays 

(ELISAs) (Bertrand et al., 2004), blot analysis (Prusiner et al., 1990), in-situ hybridization 

(Conte-Perales et al., 2011), immuno sensors (Lee et al., 2008), electrochemical sensors, and 

DNA biosensors. Furthermore, the reduced form of HRP can be chemically reoxidized by H2O2. 

Generally, direct electron transfer among HRP and an electrode is difficult because the active 

sites of HRP are extremely buried in a thick protein shell, and because the huge distance between 

the active sites and the electrode surface will slow down the electron transfer process. Electron 

transfer via a mediator i.e. metal oxide nanoparticles and nanoparticles, though is more effective 

for establishing an electrical connection between the redox centers and the electrode. The three 

dimensional and chemical structures are shown in Figure 1.10. 

 

 

 

 

 

 

 

 

Figure 1.10: Three dimensional and chemical structures of horseradish peroxidase 
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HRP shows more affinity for coupling with the nanocomposite for electrochemical 

transduction due to the presence of amino groups in the HRP enzyme. In addition, HRP has 

good catalyzing properties, as well as a strong oxygenation nature for oxidization of a wide 

variety of organic substrates (Ahirwal and Mitra, 2009) . Furthermore, HRP immobilized with 

a nanocomposite results in the formation of a biosensor with high stability and good 

efficiency. Therefore, HRP was used for the construction of a biosensor based on HRP-

TiO2NPs-MWCNTs modified glassy carbon electrode for detection of isoniazid.  

 

1.7.7 Coenzyme Q 

 

 

Coenzyme Q (Co en-q) also known as ubiquinone-10, 2,3-dimethoxy-5-methyl- 6-decaprenyl-1, 

4-benzoquinone, Co Q10, was first isolated, characterized by Festenstein in 1955 and it was 

recognized in 1957 by Crane that this multiple functional in mitochondrial respiratory chain. The 

complex structure of Co en-q was determined by Wolf in 1958 (Festenstein et al., 1955, Wolf et 

al., 1958). Co en-q is a fat-soluble vitamin with a solubilty of  ≥ 1mg/mL (solubility ≥95%) and 

dissolution rate. It is readily soluble in organic solvents and lipids but essentially insoluble in 

water. The structures of Co en-q are shown in Figure 1.11. 
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Figure 1.11: Three dimensional and chemical structures of Coenzyme q 

 

Co en-q is a physiologically significant composite with applications as an antioxidant in the 

treatment of cardiovascular disorders such as hypertension, angina pectoris, and congestive heart 

failure. In the early period, the idea of Co en-q spreading and synthesis was attributed 

exclusively to the inner mitochondrial membrane. This appeared to be sensible, then the only 

known function at this time was transferring electrons from complexes I and II to complex III in 

the mitochondrial electron transfer system (Mitchell, 1975). In addition, the biological functions 

of Co en-q serve an important role in energy biosynthesis in the form of ATP, stabilization of 

mitochondrial enzymatic complexes, free radical detoxification, binding to the permeability 

conversion pore, and the function of mitochondrial uncoupling proteins. Additionally, the 

electrochemical properties of Co en-q has attracted attention due to its participation in a variety 

of antioxidant reactions (Schultz and Chan, 2001). This facilitates the fast transfer of electrons 

from RIF to the electrode surface and leads to the enrichment of electroactivity of the fabricated 

sensor. Furthermore, it also generates electrophilic sites which increase the sensitivity and limits 
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of detection of the fabricated electrode. Hence, Co en-q was used as a biomolecule to construct  

Co en-q-Fe3O4NPs-MWCNTs on the glassy electrode for determination of rifampicin. 

 

1.7.8 Cytochrome c 

 

Cytochrome c (Cyt c) is a low mass, water soluble protien related with the inner membrane of 

the mitochondrion. Cyt c is a extremely conserved with a molecular weight of approximately  

12 kDa protein containing of a single 104 amino acid peptide with a single heme group, which is 

covalently attached to Cys14 and Cys17 (Cai et al., 1998). The solubility of Cyt c is approximately 

100 g/L.  Cyt c is a vital link in the electron transport chain through which cells achieve the 

controlled "burning" of glucose and capture abundant quantities of that released energy by 

storage in ATP, the cells main energy distribution molecule (Hüttemann et al., 2011). It transfers 

one electron among various electron transport complexes fixed in the internal membrane 

(Dormeshkin et al., 2016). The major role of cytochrome c is to transfer electrons from complex 

III (QH2-cytochrome c reductase) to complex IV (cytochrome c oxidase) in the respiratory chain 

and occurs in the mitochondria of vertebrates (Tafani et al., 2002, Zhao et al., 2003). Cyt c 

enzyme structures are shown in Figure 1.12.  
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Figure 1.12: Three dimensional and chemical structures of Cytochrome c 

 

The Cyt c reacts with several organic and inorganic radicals (Koppenol and Butler, 1984) and 

due its unique electron transfer property, it can be used as a potential biomaterial to construct an 

electrochemical biosensor. It generally carries an electron and is responsible for a redox 

mechanism in cellbiology as well. Hence, cytochrome c was also used as one of the electrode 

coating materials in the present investigation to determine the PZM and  in order to increase the 

electrochemical sensing ability of the developed biosensor. 
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CHAPTER 2 

 

LITERATURE REVIEW 
 

This chapter deals with an in-depth literature review of the anti-tuberculosis (TB) drugs, 

isoniazid (INZ), pyrazinamide (PZM), rifampicin (RIF), ethambutol (ETB) and streptomycin 

(STN). The electroanalytical chemistry has played an important role in the different scientific 

areas and industrially based research, such as the analytical determination of anti TB drugs 

mechanisms with the background electrolyte. 

2.1 Electrochemical detection of isoniazid and mechanism action of isoniazid 

 

Isoniazid is a synthetic derivative of nicotinic acid compound also known as 

isonicotinylhydrazide and it was first prepared in 1912. The pyridine ring and the hydrazine 

group are essential components of isoniazid chemical structure (Figure2.1). Isoniazid act as an 

antibiotic and it has many anti-microbial properties. The anti TB activity of this complex was 

first described in 1952 during the search for more potent products of nicotinamide. Isoniazid is 

the one of the most widely used first line anti TB agents, the activation of isoniazid produces 

oxygen derivative free radicals (hydrogen peroxide, superoxide and peroxynitrite) and organic 

free radicals that prevent the formation of mycolic acids of the bacterial cell wall, causing DNA 

damage and successively the death of the bacillus (Timmins and Deretic, 2006, Johnsson et al., 

1995). While its mechanism of action is still unclear, isoniazid appears to block the production of 

mycolic acids, major components of the mycobacterial cell wall (Bernardes-Génisson et al., 

2013). This agent is only active against actively developing mycobacteria because, as a pro-drug, 

it requires activation in subject to the mycobacterial species. The stimulated form of isoniazid is 
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a covalent complex with an inh-A (Acyl carrier protein) and KasA, a β-ketoacyl carrier protein 

synthetase (Suarez et al., 2009, Timmins et al., 2004), which easily blocks the mycolic acid 

synthesis and kills the mycobacterium tuberculosis as shown in Figure 2.2. 

 

 

 

 

 

 Figure 2.1: Chemical structure of isoniazid  

 

Figure 2.2: Isoniazid prodrug mechanism with DNA  
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Bergamini et al., 2010 have developed a very sensitive voltammetric method based on screen 

printed carbon electrode (SCE) modified with poly-L-histidine for the determination of isoniazid 

in human urine. The limit of detection was found to be 2.5 × 10-7 mol L-1 for square wave 

voltammetry (SWV), 5.0 × 10-7 mol L-1 for linear sweep voltammetry (LSV) and 1.7 × 10-7 mol 

L-1 for differential pulse voltammetry (DPV) (Bergamini et al., 2010). Yan et al., 2015 described 

the use of a glassy carbon electrode fabricated with poly (sulfosalicylic acid) (PSA) and 

carboxylated graphene (CG) nanocomposite for the simultaneous electrochemical analysis of 

INZ and uric acid (UA). For the mixture containing isoniazid and UA, the peak potentials were 

separated from each other. The DPV peak currents at PSA/CG/GCE responded linearly to the 

INZ concentration from 0.05-15 μM and UA concentration from 0.02-15 μM respectively with 

the detection limits of 12 nM for both INZ and UA (Yan et al., 2015). 

 

 Shahrokhian et al., 2007 studied the electrochemical response of isoniazid by cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) at a carbon paste electrode 

modified by multiwall carbon nanotubes (MWCNTs). In the potential range between 0.0 to 1.30 

V (vs. Ag/AgCl), the isoniazid showed a peak at 0.84 V. Under the optimized conditions, the 

DPV potential ramp of 0.0-1.0 V was applied with the concentration range of 1×10-6-1×10-3 M 

and the detection limit was found to be 5×10-7 M (Shahrokhian and Amiri, 2007). A novel 

efficient electrocatalytic oxidation and selective determination of isoniazid by Fe (tmphen)3
2+ 

exchanged Nafion modified electrode was established by Azad and coworkers. The GC/Nf/Fe 

(tmphen)3
2+ electrode, is very sensitive for isoniazid and it showed well defined oxidation peak, 

which can be used as electrochemical signal for isoniazid determination. The developed sensor 

showed a very low detection limit of 13 μM and wide linear range from 50-20,000 μM (Azad 
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and Ganesan, 2012). The electrochemical behaviour of isoniazid was investigated at a Fe/Al 

layered double hydroxide fabricated on glassy carbon electrode. Isoniazid showed a poor 

electrochemical response at the bare GCE; however, a Fe/Al‑layered double hydroxide fabricated 

on a glassy carbon electrode can directly enhance the electrochemical response of isoniazid when 

applying CV and DPV without any mediator. The DPV current has a linear relationship with the 

isoniazid concentration in the range of 4.9-650.0 μM, with a correlation coefficient of 0.993. The 

limit of detection was found to be 4 μM (Asadpour-Zeynali et al., 2016). Zhu et al., 2015 studied 

the electrocatalytic response of the electrochemically reduced graphene oxide (ERGO) modified 

glassy carbon electrode towards isoniazid by CV and DPV.  Compared with a bare glassy carbon 

electrode, the peak current had obviously increased, and the peak potentials were shifted. Under 

the optimum parameters, the DPV peak current is linear to the concentration of isoniazid in the 

range of 0.09-100 μM, and the limit of detection is 15 nM (Zhu et al., 2015). 

 

Dass et al., 2014 have developed a graphene oxide (GO) and poly-L-arginine (PAG) modified 

glassy carbon electrode for the voltammetric determination of isoniazid, pyrazinamide and 

buspirone hydrochloride (BPH) simultaneously. The fabricated electrode showed an effective 

catalytic reaction to the oxidation of isoniazid, pyrazinamide, and BPH with good stability and 

reproducibility. The limit of detection values were found to be 2.59, 3.28 and 3.54 μM, for INZ, 

PYZ and BPH respectively (Devadas et al., 2014). The electrochemical behaviour of isoniazid on 

Fe/Al-layered double hydroxide (Fe/Al-LDH) modified glassy carbon electrode was studied by 

Asadpour-Zeynali and coworkers. The Fe/Al-LDH coated electrode showed excellent 

electrocatalytic reduction activity for isoniazid. The calibration curve is linear in the ranges of 

4.9-770 μM and 4.9-650 μM with limit of detections of 7.0 and 4.0 μM for amperometric 
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techniques, and differential pulse voltammetry, respectively (Asadpour-Zeynali et al., 2015). A 

novel Au nanoparticle decorated silicate network for the amperometric sensing of isoniazid has 

been constructed by Jena and coworkers. The Au nanoparticles are chemo absorbed onto the 

thiol functional groups of the silicate network and their size was enlarged by hydroxylamine 

seeding. The silicate network was highly sensitive (4.03 ± 0.01 nA/nM) and it linearly responds 

to the isoniazid up to the concentration of 0.1-1mM and the limit of detection was found to be 

0.1 nM (Jena and Raj, 2010).  

 

You et al., 1999 have established a sensitive sensor for the detection of methyl hydrazine, 

isoniazid and hydrazine by capillary electrophoresis with a 4-pyridyl hydroquinone self-

assembled micro disk platinum electrode. The reaction for methyl hydrazine, isoniazid and 

hydrazine are linear over 3 orders, detected concentration and magnitude of 0.2-400 mM, 0.5 

mM-2 mM, and 0.2-400 mM with correlation coefficients of 0.9991, 0.9982, and 0.9998, 

respectively. The modified electrode shows highly stable catalytic capability for the analytes 

which can be detected even at 0.0 V in capillary electrophoresis (CE)/electrochemical detection 

(EC)  (You et al., 1999). Xia et al., 2005 have reported a gold electrode for the electrochemical 

determination of isoniazid by using cyclic and differential pulse voltammetry. An irreversible 

anodic peak appeared at 20.3V vs SCE of isoniazid in 0.5 M NaOH (Yun Xia and Ya Hu, 2005).  

The electrochemical performance and detection of isoniazid at carbon ionic liquid electrode 

fabricated with palladium nanoparticles was carried out by Absalan and coworkers. 

Electrocatalytic oxidation of isoniazid at this electrode was studied in phosphate buffer solution 

using cyclic voltammetry. The linear relationship between anodic peak current and isoniazid 

concentration in the ranges of 5.0 × 10-6 to 1.0 × 10-6 mol L-1 isoniazid with a detection limit of 
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4.7 × 10-6 mol L-1. The fabricated electrode revealed good properties like enhanced sensitivity, 

stability and reproducibility (Absalan et al., 2016). 

 

A novel voltammetric technique was established for the detection of isoniazid using nafion 

ordered mesoporous carbon modified electrode by Yan and coworkers. Under the optimized 

experimental conditions, the peak current was linear to the concentration of isoniazid 1.0 × 10-6 

M to 3.7 × 10-4 M at + 0.20 V vs. Ag/AgCl. The fabricated sensor has shown good sensitivity 

0.031 µM and the limit of detection 8.4 × 10-8 M (Yan et al., 2011). Cheemalapati et al., 2013 

have reported an electrochemically reduced graphene oxide (ERGO) fabricated on glassy carbon 

electrode for the voltammetric sensing of isoniazid. The ERGO modified GCE has greater 

electrocatalytic activity towards isoniazid than GO and bare GCE. The linear range for isoniazid 

has been found to be 2 µM to 70 µM with a limit of detection of 0.17 µM and the sensitivity of 

the proposed sensor towards isoniazid was found as 3.987 µA µM-1cm-2 (Cheemalapati et al., 

2013). Chen et al., 2012 developed functionalized multiwalled carbon nanotubes (f-MWCNTs) 

fabricated on glassy carbon electrode for the amperometric determination of isoniazid. The f-

MWCNTs film fabricated GCE showed good peak current for isoniazid among the various 

carbon nanomaterials, which is approximately 7.11 times greater than that obtained with only 

MWCNTs film (Chen et al., 2012). A screen-printed carbon electrode (SPCE) fabricated with 

silver hexacynaoferrates (NPAg-HCF), as flow injection analysis was developed for the 

detection of isoniazid by P.R. de Oliveira and coworkers. The catalytic response for the 

SPCE/NPAg-HCF electrode observed for isoniazid determination, was confirmed by the increase 

in the current of the Ag3K[FeII(CN)6]/ Ag3[FeIII(CN)6] redox couple at the electrode surface 

which was proportionally related to the INZ concentration. The linear concentration range 
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obtained in this study was 5.0 × 10-6 to 5.0 × 10-4 mol L-1 with a detection limit of 2.6 µ mol L-1 

(Oliveira et al., 2012). 

 

Miloglu et al., 2016 have developed a voltammetric sensor based on poly (3, 4-

ethylenedioxythiophene)-modified gold electrode for the determination of isoniazid. The 

electrocatalytic performance measurements of this composite electrode toward oxidation of 

isoniazid exhibited an increase of 4-folds in oxidation peak densities, compared to the bare gold 

electrode. The variation of concentration of isoniazid also showed good linear relationship with 

the oxidation peak current in the range of 0.05-2 μM, with correlation coefficient of 0.9998 

(Demirkaya-Miloglu et al., 2016). Lima et al., 2016 have proposed a novel electrochemical 

method for the detection of isoniazid based on 2, 3-dichloro-5, 6-dicyano-p-benzoquinone and 

reduced graphene oxide immobilized in Nafion membrane. Under the optimized conditions the 

fabricated sensor showed a wide linear range for isoniazid from 0.5 to 380 µmol L-1 with 

correlation coefficient of 0.999 (Lima et al., 2016). A gold-platinum core shell nanoparticle 

modified glassy carbon electrode was fabricated and the electrochemical behaviour of isoniazid 

was studied using CV and DPV by Gowthaman and coworkers. Compared with bare GCE, the 

Au/PtNPs/GCE exhibit good enhancement effects on the electrochemical oxidation of isoniazid. 

The amperometric current response was increased linearly while increasing the concentration of 

INZ from 50 × 10-9 to 100 × 10-6 M with a correlation coefficient of 0.998, and the limit of 

detection was found to be 26 × 10-9 M (Gowthaman et al., 2016). 
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A rapid and sensitive voltammetric sensor based on the oxidation of isoniazid was developed 

using poly (amidosulfonic acid) fabricated on glassy carbon electrode by Yang and coworkers. 

The oxidation of isoniazid gave a well-defined, pH dependent peak. The linear relationship 

between anodic peak current and isoniazid concentration in the range of 5.0 × 10-8-1.0 × 10-5 M 

and limit of detection 1.0 × 10-8 M was obtained (Yang et al., 2008). Thionine immobilized on 

multiwalled carbon nano tubes involving a carbon paste electrode was successfully used for the 

simultaneous determination of ascorbic acid (AA) and acetaminophen (AC) in the presence of 

isoniazid by Shahrokhian and coworkers. The electrochemical response of AA, AC and isoniazid 

were investigated by cyclic voltammetry and differential pulse voltammetry. The 

electrochemical response of the fabricated electrode was analyzed by observing the CV at 

various potential sweep rates. The calibration curves for AA, AC and isoniazid ranged from 1.0 

× 10-6 to 1.0 × 10-4, 1.0 × 10-7 to 1.0 × 10-4 and 1.0 × 10-6 to 1.0 × 10-4 M respectively  

(Shahrokhian and Asadian, 2010). 

 

The voltammetric behaviour of INZ in presence of surface active agents at poly (3, 4-

ethylenedioxy thiophene) (PEDOT) fabricated electrode was studied by CV, LSV and EIS by 

Atta and coworkers. The presence of surfactant in the medium plays a key role in the 

electrostatic attraction and repulsion of isoniazid towards the polymeric surface at different pH 

values. The linear response obtained for isoniazid was in the range of 0.1 to 8 µmol L-1 and 10 to 

100 μmol L-1 with correlation coefficients of 0.999 and 0.998, detection limits 32 nmol L-1 and 

45 nmol L-1, respectively (Atta et al., 2011). Majidi et al., 2006 have developed a voltammetric 

method for the detection of isoniazid using overoxidizied polypyrrole (OPPy) fabricated GCE. 

The OPPy modified GCE showed good catalytic activity towards the oxidation of isoniazid and 
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overall four electrons are involved in this electro oxidation. The diffusion coefficient of 3.6 ×10-6 

cm2 s-1 for isoniazid was also estimated using chronoamperometry study. It has been shown that 

using the OPPy-modified electrode, isoniazid can be determined by amperometry technique with 

limit of detection of 3.15 × 10-6 M (Majidi et al., 2006). Electrochemical behaviour of isoniazid 

at the mercury film silver based electrode was investigated by Szlosarczyk and coworkers. 

Compared with bare GCE, the mercury film silver based electrode remarkably enhanced the 

anodic peak current of isoniazid. The calibration graph obtained is linear from 5 nM up to 500 

nM and the limit of detection is 4.1 nM (Szlósarczyk et al., 2012). 

 

Yao et al., 1999 developed a simple ion-selective piezoelectric (ISP) sensor for the determination 

of isoniazid in body fluids. The concentration range obtained from 6×10-8 to 2×10-7 and the 

percent recovery was 98% to 102% respectively (Yao et al., 1999). Milan-Segovia et al., 2007 

reported a high-performance liquid chromatography (HPLC) method for simultaneous 

determination of isoniazid and acetylisoniazid (AcINZ). The effluent was monitored by UV 

detection at 290 nm and the concentration range obtained was 0.5-15 µg mL-1. The limit of 

detection for isoniazid and AcINZ were 0.24 and 0.12 µg mL-1 respectively (Milán-Segovia et 

al., 2007). Xiaomeng et al., 2011developed a HPLC method for the determination of isoniazid 

and isonicotinic acid and the UV detection wavelength was set at 261 nm. The linear 

concentration ranges from 10-1000 µg/mL-1 and 2-24 µg/mL-1 respectively, the average 

recoveries were 99.57% and 98.96% respectively (Xiaomeng et al., 2011). Dutt et al., 1964 

reported a spectrophotometric method for the determination of isoniazid in excess p-amino 

salicylate with the recovery ranging from 100% to 109 % for INZ (Dutt and Chua, 1964). Stets et 

al., 2013 simultaneously determined isoniazid and RIF in urine and various pharmaceutical 
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samples. The concentration ranged from 8 to 57 mgL-1 for RIF and 1.5 to 7 mgL-1 for isoniazid 

with the recoveries ranging from 92 to 119% (Stets et al., 2013). Shetty et al., 2012 reported a 

spectrophotometric determination isoniazid. The linear range obtained was from 2-22 µg mL-1, 

with the detection limit of 1.5 µgmL-1 (Shetty et al., 2012). Swamy et al., 2014 reported an 

HPLC/UV method for the determination of isoniazid in the presence of the Folin-Ciocalteu 

reagent in Na2CO3. The concentration ranged from 0.5-10 µgmL-1 and the limit of detection and 

limit of quantification achieved with this method was 0.03 and 0.09 µgmL-1 (Swamy et al., 

2014). Sabitha et al., 2010 reported a reverse phase high performance liquid chromatography 

(RP-HPLC) method for the determination of isoniazid in plasma. The average recovery rate was 

99.21% with a relative standard deviation of 3.74% (Sabitha et al., 2010). 

 

Wen et al., 2014 developed a spectrophotometric determination of isoniazid in various 

pharmaceutical samples by Silicomolybdenum blue. The concentration range from 1.968 to 

27.55 µg/mL and correlation coefficient was 0.9995 (Wen and Tu, 2014). Khuhawar et al., 2016 

reported a capillary gas chromatographic determination of isoniazid in various pharmaceuticals 

and blood by precolumn derivatization with trifluoroacetylacetone. The linear calibration ranges 

for isoniazid were determined to be 2.5-25 µg/mL, with a detection limit of  62.5 pg, respectively 

(Khuhawar and Zardari, 2006). Cao et al., 2012 developed a liquid chromatography-mass 

spectrometry (LC-MS/MS) method for the simultaneous analysis of isoniazid and acetylisoniazid 

in human plasma with recoveries ranging from 73.58% to 103.86% (Cao et al., 2012). Pinzauti et 

al., 1974 reported a potentiometric determination for isoniazid, phenelzine and dihydralaine in 

the presence of chloramine-T with recovery percentage are 100.05 ± 0.44 % (Pinzauti et al., 

1974). 
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Ali Karimi et al., 2009 proposed a method for the simultaneous spectrophotometric 

determination of isoniazid and hydrazine using an H-point standard addition method and partial 

least squares. The concentration ranged from 0.5-3.0 µg/mL-1 and the limit of detection was 

found to be 0.06 µg/mL-1 (Karimi et al., 2009). Scardi et al., 1957 reported a new colorimetric 

method for the determination of isoniazid in biological fluids with the recoveries of 99.5% to 

102% (Scardi and Bonavita, 1957). Almani et al., 2013 developed a spectrophotometric 

determination of isoniazid from pharmaceutical samples using natural aldehyde with 

concentration ranging from 0.5-2.5 µg/mL, and the relative standard deviation was 0.2%-1.5% 

(Almani et al., 2013).   

 

Satyanarayana et al., 2014 developed a voltammetric sensor based on MWCNTs-chitosan nano 

composites. The concentration ranges obtained were from 0.014-0.411 µg/mL-1 and the limit of 

detection was found to be 7.5 ng mL-1 (Satyanarayana et al., 2014). Iriminescu et al., 2016b 

reported a simultaneous determination of isoniazid and drifampicin (DRIF) by using the micellar 

electro kinetic chromatography technique. The concentration ranged from 5 – 100 µg/mL with 

the limit of detection and limit of quantification 4.59 and 15.32 µg/mL for isoniazid and 4.47 and 

14.91 µg/mL for DRIF, respectively (Iriminescu et al., 2016b). Demirkaya-Miloglua et al., 2016 

developed a new voltammetric method for the determination of isoniazid by using the poly (3, 4-

ethylenedioxythiophene) (PEDOT) modified gold electrode. In this study concentration range 

was found to be 0.05-2 µM, with a limit of detection and limit of quantification of 0.014 µM and 

0.043 µM respectively (Demirkaya-Miloglu et al., 2016). Asadpour-Zeynali et al., 2017 

developed a voltammetric sensor for the detection of isoniazid at a poly eriochrome black T 

(EBT) modified GCE. The linear concentration range obtained for the developed sensor was in 
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the range 8.0 × 10-6 to 1.18 ×10-3 M and 2.90 × 10-5 to 1.67 × 10-3 M with a limit of detection of 

6.0 µM and 16.4 µM respectively (Asadpour-Zeynali and Baghalabadi, 2017). Smith et al., 1999 

reported a HPLC method for the simultaneous determination of isoniazid, RIF and PZM from 

plasma with detection limits of 0.05 µg and the recovery percentages are 90% for RIF, PZM and 

70% for INZ respectively (Smith et al., 1999). Guermouche and Guermouche, 2004 developed a 

solid-phase extraction and HPLC technique for the determination of isoniazid and 

acetylisoniazid (AcINZ) in serum, and the recoveries ranged from 87.2 to 96.1% for isoniazid 

and 87.2 to 93.7% for AcINZ (Guermouche and Guermouche, 2004). Florence Oga et al., 2010 

determined isoniazid in various pharmaceutical samples using HPLC and UV methods  with 

recoveries ranging from 97.4% to 106% (Oga and Enoche, 2010). 

 

Hassan AL-Ameri et al., 2010 have developed a highly sensitive electrochemical method for 

determination of isoniazid in various pharmaceuticals. A sensitive linear voltammetric response 

for isoniazid was obtained in the concentration range of 0.05-0.40 µg.mL-1 with a limit of 

detection and quantification of 0.05 and 0.12 µg.mL-1 (S.A. Hassan 2010). Mahjoub et al., 2016 

reported a HPLC method for the simultaneous determination of the isoniazid, PZM in plasma 

using C18 column and the recoveries obtained were 91% (RSD 3.64%) for PZM and 96.28% 

(5.4%) for isoniazid respectively (Mahjoub et al., 2016). Agbokponto et al., 2014 reported a (LC-

MS/MS) method for the determination of isoniazid and the recoveries ranged from 92.8% to 

108.8% (Agbokponto et al., 2014). Zheng et al., 2001 developed a new flow-injection electro 

generated chemiluminescence (ECL) for the determination of isoniazid by using the luminol. 

The concentration range of 4.0 × 10-8 to 8.0 × 10-6 mol/L and with a limit of detection of 2.8 × 

10-8 mol/L (Zheng et al., 2001).     
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Barsoum et al., 2008 described a HPLC method for the simultaneous determination of isoniazid 

and RIF from pharmaceutical samples and biological fluids. The recovery average was 99.86% 

for isoniazid and 99.02% for RIF (Barsoum et al., 2008). Gowda et al., 2002 developed a 

spectrophotometric method for the determination of isoniazid in pharmaceutical formulation with 

recovery percentages of 101.53% (Gowda et al., 2002). Agbokponto et al., 2014 developed a 

sensitive liquid chromatography coupled with mass spectrometry for the determination of 

isoniazid in biological samples, with detection limits of 5 ng/mL (Agbokponto et al., 2014). Hsu 

and Ho, 1989 described a HPLC method for the simultaneous determination of isoniazid and 

AcINZ in a rabbit blood. The recovery percentages are 97.6  2.7 for INZ and 104.6  3.6 

respectively (Hsu and Ho, 1989). 

 

Bhandari et al., 2012 reported a HPLC method for the detection of isoniazid in rat plasma, brain, 

liver and kidney. The concentration range from 250 ng/mL to 25,000 ng/mL and the limit of 

detection was 150 ng/mL and limit of quantification was 200 ng/mL respectively (Bhandari, 

2012). Hakkimane et al., 2017 described a RP-HPLC method for the determination of isoniazid 

and simultaneous determination of anti-tuberculosis drug isoniazid and RIF, with a detection 

limit and limit quantification of 0.03 g/mL and 0.12 g/mL respectively (Hakkimane and Guru, 

2017).  

 

A survey of the reported literature for the separation and detection of isoniazid in various 

pharmaceutical samples show that most of the analytical work has been performed with high-

performance liquid chromatography (HPLC). Bhandarl et al., reported an enhanced HPLC 

method for the quantitative determination of isoniazid with average recovery of 92% and the 



Chapter 2: Literature Review 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs            Page 49 
 

limit of detection was found to be 150 ng/mL (Bhandari, 2012). Seifart et al., reported 

simultaneous preparative HPLC extraction method for the analysis of isoniazid, acetylisoniazid 

and hydrazine in pharmaceuticals. The linear calibration curves in the range 10-400 ng/mL for 

hydrazine and 1-25 µg/mL for the isoniazid and acetylisoniazid (Seifart et al., 1995). Khuhawar 

et al., 2002 reported HPLC method for the detection of isoniazid, PZM, RIF and separated in 

YMC-ODS column. The detection limits were 0.11 ng, 0.2 ng and 13 ng/injection (5μL) for INZ, 

PZM and RIF respectively (Khuhawar and Rind, 2002).  
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2.2 Electrochemical detection of pyrazinamide and mechanism action of pyrazinamide 

 

Pyrazinamide (PZM) is a nicotinamide equivalent compound and illustrated in Figure 2.3. It 

generally acts as a bacteriostatic agent. Pyrazinamide was first chemically manufactured in 1936 

but its anti-tuberculosis nature was not predictable untill 1952 (Dalmer et al., 1934). 

Pyrazinamide action against mycobacteria was conducted in animal models only, after that 

succeeding synthesis of nicotinamide analogs and direct testing in the mouse model TB infection 

without in vitro testing leads to the identification of pyrazinamide as a most active agent (Yeager 

et al., 1952). Pyrazinamide was mainly used as a second line TB drug for the resistance of 

mycobacterium tuberculosis, due its hepatic toxicity caused by high dosage of pyrazinamide. In 

1970s McDermott and colleagues worked on the impressive mouse studies and they confirmed 

high sterilizing activity of pyrazinamide in combination with INZ (Dessau et al., 1952). The 

mechanism action of pyrazinamide is unknown, pyrazinamide and its analog, 5-chloro-PZM is 

believed to prevent the fatty acid synthetase I (FASI) enzyme of mycobacterium tuberculosis 

(Zimhony et al., 2000, Ngo et al., 2007). Pyrazinamide diffuses into the granuloma of 

mycobacterium tuberculosis, where the TB enzyme pyrazinamidase (PZase) converts PZM to the 

active form pyrazinoic acid. Pyrazinamide was more active in acidic nature (pH 5-6), the 

pyrazinoic acid gradually leaks out and changes to the protonated conjugate acid (Zhang et al., 

1999, Heifets et al., 2000). The protonated conjugate acid easily diffuses the mycobacterium 

tuberculosis and accumulates the bacteria. Pyrazinoic acid also binds to the ribosomal protein S1 

(RpsA) and inhibits the translation, which  easily describes the ability of the drug to kill latent 

mycobacteria (Shi et al.,  2011) as illustrated in (Figure 2.4). 
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Figure 2.3: Chemical structure of pyrazinamide 

 

 

Figure 2.4: Mechanism of action of pyrazinamide 
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Pyrazinamide enters tubercle bacilli by passive diffusion, where it is converted to POA by 

PZase/nicotinamidase encoded by the pncA gene. POA then reaches the cell surface through 

passive diffusion and a weak (deficient) efflux mechanism. At acid pH, the protonated POA 

(HPOA) enters the cell in a pH-dependent manner by passive diffusion and then accumulates to 

high levels intracellularly, and then kills by multiple mechanisms including disruption of 

membrane energy production, inhibition of trans-translation, possibly inhibition of pantothenate 

and CoA biosynthesis, and other as yet unidentified mechanisms. 

 

Multiwalled carbon nanotubes (MWCNTs) and graphene oxide (GO) hybrid nanocomposite on a 

glassy carbon electrode were successfully used for the selective determination of pyrazinamide 

(PZM) by Mani and coworkers. The oxidation potential of pyrazinamide is shifted to less 

negative potentials due to the high catalytic activity of MWCNTs and GO. The DPV technique 

has been followed for the detection of pyrazinamide in the potential range of -0.4 to -1.2 V and 

the following parameters of 50 mV for pulse amplitude, 0.05 ms for pulse width and 200 ms for 

pulse period was used for this (Mani et al.,) study. The fabricated electrode shown a good 

linearity range for pyrazinamide from 37.5-1800 μM range with a concentration coefficient of 

equation R2 to 0.990. The low detection limit (S/N = 3) for pyrazinamide was found to be 5.54 

μM (Mani et al., 2015). A rapid, sensitive and simple electrochemical method was investigated 

by Cheemalapati et al., 2014a for the determination of pyrazinamide at poly-L-

methionine/reduced graphene oxide modified electrode by differential pulse voltammetry in 

human blood plasma and urine samples. The electrocatalytic response of analyte at 

PMET/ERGO/GCE film was measured using both cyclic voltammetry and differential pulse 

voltammetry. The prepared PMET/ERGO/GCE film exhibits excellent DPV response towards 
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pyrazinamide and the reduction peak current increased linearly with respect to pyrazinamide 

concentration in the linear range between 0.4 μM to 1129 μM with a sensitivity of 0.266 μA μM-

1 cm-2 (Cheemalapati et al., 2014a). The electrochemical response of pyrazinamide at the 

graphene-zinc oxide nanocomposite fabricated carbon paste electrode (GNS-ZnO-CPE) has been 

investigated by Kalambate and coworkers, using cyclic voltammetry by sweeping potential from 

-0.3 to -1.3 V. Under the optimized parameters, the oxidation peak current was linear to the 

pyrazinamide concentration over the range of 1.5 × 10-7 to 4.0 × 10-4 M, with a detection limit of 

4.31 × 10-8 M (Kalambate et al., 2016).  

 

A ploy (glycine) fabricated glassy carbon electrode was constructed by Ferraz and coworkers et 

al., and used as a highly sensitive tool for the determination of pyrazinamide (PZM) at trace 

level. It has been shown that from cyclic voltammetry and differential pulse voltammetry, poly 

(Gly)/GCE results in a redox reaction of pyrazinamide in 0.1 mol L-1 phosphate buffer solution at 

pH 7.5, and produces a sharp anodic peak at – 0.85 V, with cathodic peak at -0.8 V respectively. 

Square wave voltammetry optimized conditions showed a linear response of pyrazinamide 

concentrations in the range from 0.47 to 6.15 μmol L-1, with a detection limit of 0.035 μmol L-

1and a limit of quantification of 0.12 μmol L-1 (Ferraz et al., 2016). Dass et al., 2014 developed a 

high sensing graphene oxide (GO)/poly-arginine-modified (PAG) electrode for the simultaneous 

electrochemical determination of buspirone (BPH), isoniazid (INZ) and pyrazinamide (PZM) 

drugs. The proposed GO/PAG/GCE sensor has a wide linear range of 20 to 1400 μM for INZ, 25 

to 900 μM for BPH and 25 to 1600 μM for PZM, respectively. The low limit of detection values 

was found as 2.59, 3.54 and 3.28 μM respectively, for INZ, BPH and PZM (Devadas et al., 

2014). 
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A novel voltammetric sensor was modified by Bergamini and coworkers, which was based on 

screen printed carbon electrode (SPCE) fabricated with poly-L-histidine. The electrochemical 

behaviour of the SPCE was studied by linear sweep (LSV), cyclic, square-wave (SWV), 

differential pulse (DPV) voltammetry and electrochemical impedance spectroscopy. The limit of 

detection of 1.0 × 10-7 mol L-1, 2.5 × 10-7 mol L-1 and 5.0 × 10-7 mol L-1 were estimated from 

DPV, SWV and LSV determination respectively (Bergamini et al., 2013). Mani et al., 2015 

developed a simple electrochemical method for detection of pyrazinamide by using the cyclic 

voltammetry and differential pulse voltammetry. The bare GCE was fabricated with multiwalled 

carbon nanotubes (MWCNTs)/graphene oxide (GO) composite. The response of pyrazinamide is 

linear over the concentration range from 37.5-1800 µM, with the limit of detection found to be 

5.54 µM. The fabricated electrode has shown good stability and sensitivity of 0.038 µA µM -1 

cm -2 (Mani et al., 2015).  

 

Sidwaba et al., 2014 reported that a novel biosensor for the detection of pyrazinamide was 

prepared with nanocomposites of multiwalled carbon nanotubes (MWCNTs), polyanilino 

(PANI) and cytochrome P450 3A4 (CYP3A4) electrochemically deposited on a glassy carbon 

electrode. The biosensor showed good sensitivity of 7.80 µA/µg mL-1 pyrazinamide and the 

linear range was 4.92-160 ng/mL (Sidwaba et al., 2014). Chenna et al., 2011 reported a 

spectrophotometric determination of pyrazinamide in various pharmaceuticals. PZM has 

absorbance maximum at 269 nm and the linearity range was found to be 2-16 µg/mL (Chenna et 

al., 2011). Prasanthi et al., 2015 developed a HPLC method for the simultaneous estimation of 

pyrazinamide, INZ and RIF in human plasma. The limits of detection and limit of quantification 

for pyrazinamide were found to be 0.5 and 1.6 µg/ml, for INZ 0.6 and 1.8 µg/mL, and for RIF 
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0.13 and 0.4 µg/mL respectively (Prasanthi et al., 2015). Glass et al., 2007 reported a HPLC 

method for the simultaneous determination of pyrazinamide, isoniazid and rifampicin in fixed 

dose combination using artificial neural networks. The correlation coefficient was 0.9998 for 

pyrazinamide, 0.9999 for both isoniazid and rifampicin respectively (Glass et al., 2007). Conte et 

al., 2000 described a HPLC method for the determination of pyrazinamide in human plasma, 

Bronchoalveolar Lavage Fluid (BLF), and Alveolar Cells (AC) and the recoveries of 95.3% – 

108.9% respectively (Conte et al., 2000) . 

 

Kaka reported a HPLC method for the determination of pyrazinamide in rat plasma with a limit 

of detection of 0.5 µg/mL (Kaka et al., 1994). Krishna et al., 2012 developed an HPLC/MS 

technique for the analysis of pyrazinamide in human plasma samples. The linear over the range 

of 0.935 µg/mL to 60.408 µg/mL with a precision of < 9.86% (Krishna et al., 2012). Chellini et 

al., 2015 developed a HPLC method for the simultaneous determination of pyrazinamide, 

rifampicin, ethambutol and isoniazid. ETB detection was performed at 210 nm and RIF, INZ and 

PZM were detected at 238 nm and the correlation coefficient was 0.9911 for RIF, 0.9936 for 

INZ, 0.9915 for PZM and 0.9906 for ETB respectively (Chellini et al., 2015). Revankar et al., 

reported a facile and sensitive HPLC method for the analysis of pyrazinamide in human plasma. 

The concentration range of 2000-5000 ng and the limit of detection was found to be 0.2 mg 

(Revankar et al., 1994). A fast isocratic HPLC method was reported by Mehmedagic and 

coworkers, for the analysis of pyrazinamide in rat urine with a LOD of 300 µg/L for PZM 

(Mehmedagic et al., 1997). 
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Brouard et al., 1985 reported an HPLC method for the analysis of pyrazinamide in biological 

fluids. The concentration ranged from 50-800 µg/mL with recoveries ranging from 91% and 

92%, respectively (Brouard et al., 1985). An improved HPLC/MS method was reported by Wu et 

al., by evaluating pyrazinamide from the rat blood, brain and bile. The concentration ranges from 

0.5-10 µg mL-1 and the recovery percentages ranging from 13.3 ± 0.9 to 80.6 ± 1.5% 

respectively (Wu et al., 2004). Allen et al., 1953 developed a UV method for the determination 

of pyrazinamide in blood and urine and an the absorption wave length of 460 µm (Allen et al., 

1953). Khuhawar et al., 2005 developed an HPLC method for the determination of INZ, 

pyrazinamide, and indomethacin (IM) in pharmaceutical preparations. The linear calibration 

plots were obtained between 6.2 and 30.8 µg mL-1, between 10.7 and 64.08 µg mL-1 for (IM) and 

1.4 and 5.5 µg mL-1 for INZ (Khuhawar et al., 2005). 

 

Dhal et al., 2009 developed a new validation RP-HPLC method for simultaneous determination 

of pyrazinamide, isoniazid, and rifampicin and pyridoxine hydrochloride in pharmaceutical 

formulations. The limit of detection and limit of quantification were 0.036, 0.063, 0.059, 0.043 

µg mL-1 and 0.11, 0.19, 0.018 and 0.13 µg mL-1 for pyrazinamide, INZ, RIF and pyridoxine 

hydrochloride respectively (Dhal and Sharma, 2009). Kurniati et al., 2016 developed a 

simultaneous determination for pyrazinamide, INZ, ETB and RIF in 4FDC tablets by FTIR 

spectrophotometry in combination with multivariate calibration. The optimized wavenumber 

range for the detection of 1714-2756 cm-1, 433-873 cm-1, 1552-2970 cm-1 and 433-1552 cm-1 for 

RIF (Kurniati et al., 2016). 
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Maaboud et al., 2013 developed a novel spectrofluorometric determination of pyrazinamide, 

INZ, ETB and RIF in their pure and pharmaceutical dosage forms by quenching effect on the 

fluorescence of NBS-phenothiazine product. The limit of detections were 0.029, 6.39 × 10-3, 

0.139 and 0.180 µg mL-1 respectively in pharmaceuticals (Mohamed et al., 2013). Salfinger et 

al., 1988 developed a radiometric method for the determination of pyrazinamide MICs for 

mycobacterium tuberculosis at different pHs (Salfinger and Heifets, 1988). Reena et al., 2013 

reported an calorimetric method by using the vitro drug susceptibility testing of pyrazinamide, in 

this method the drug susceptibility tests are routinely performed before initiating multidrug drug 

resistant tuberculosis treatment (Reena and Shanthi et al., 2013). 

 

Muchlisyam et al., 2002 reported a second derivative spectrophotometric method for the 

detection of pyrazinamide, rifampicin and isoniazid in combined pharmaceutical forms. The 

recovery percentages for pyrazinamide obtained was 99.84 % with relative standard deviation 

(RSD) = 1.39%, RIF was 100.95% with RSD = 0.415% and INZ returned 99.88% with RSD 

1.318% (Muchlisyam et al., 2002). Martin et al., 2006 reported a new rapid and simple 

colorimetric method for the determination of pyrazinamide resistance in mycobacterium 

tuberculosis using nicotinamide (Martin et al., 2006). Simioni et al., 2017 have reported a 

nondiamond based voltammetric sensor for the detection of pyrazinamide and linear 

concentration range from 7.9 × 10-7 to 4.9 × 10-5 mol L-1, with a limit of detection of 2.2 × 10-7 

mol L-1 (Simioni et al., 2017). Zosiwe, 2015 developed an electrochemical sensor for the 

determination of pyrazinamide at a Cytochrome P450 2E1/Nickel-poly (propylene imine) 

composite fabricated on a platinum electrode. The linear range for pyrazinamide was from 0.01 

nM to 0.12 nM with a detection limit of 0.00114 nM (Zosiwe, 2015). 
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Rote and Sharma, 1997 developed a simple method for the simultaneous detection of 

pyrazinamide, isoniazid and rifampicin by using a first derivative techniques on UV 

spectrophotometry. The UV adsorption of the pyrazinamide, isoniazid and rifampicin was 268.8 

nm, 262.2 nm and 254 nm respectively (Rote and Sharma, 1997). Calleri et al., 2002 reported a 

simple RP-LC method for the simultaneous determination of pyrazinamide, INZ and RIF in 

various pharmaceuticals. The recovery percentages are 98.51% for PZM, 98.55% for INZ and 

98.56% for RIF respectively (Calleri et al., 2002). Zhifeng et al., 2010 developed a sensitive 

HPLC method for the determination of pyrazinamide, INZ, RIF and Acetylisoniazid (AcINZ) 

simultaneously with the detection limits of 0.014, 0.023, 0.054 and 0.009 µg mL-1 for PZM, INZ, 

RIF and AcINZ respectively (Zhifeng et al., 2010).  

 

Pullan et al., 2016 developed a method related to the influence of the growth rate on 

pyrazinamide action in mycobacterium tuberculosis insights for early bacterial activity. Three 

different phases of drug responses could be distinguished for both slow growing (69.3 h MGT) 

and fast growing (23.1 h MGT) bacilli (Pullan et al., 2016). Mulyani et al., 2016 reported a 

HPLC and UV methods for the determination of pyrazinamide in human plasma with the limit of 

quantification and limit of detection values are 27.672 and 2.532 μg/mL, respectively (Mulyani 

et al., 2016). Lacroix et al., 1988 reported HPLC techniques for the detection of pyrazinamide 

and Allopurinol (AL). In this method the pharmacokinetics of pyrazinamide and its metabolites 

were studied in six healthy human volunteers, in a cross-over design, after a single oral dose of 

pyrazinamide alone and, in a second trial, after the same dose together with all (Lacroix et al., 

1988). 
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Allana et al., 2017 reported a polymorphism in the pyrazinamide and pncA gene. The results 

were found to be 96% of extensively drug resistant, 70% pncA gene multidrug resistant 

mycobacterium tuberculosis isolates from Georgia and South Africa (Allana et al., 2017). 

Sturkenboom et al., 2015b reported a LC-MS/MS for the quantification of pyrazinamide, 

isoniazid and ethambutol in various serum samples. The linear calibration curves in the range of 

2-80 mg/L for PZM and 0.2-8 mg/L for INZ and ETB respectively (Sturkenboom et al., 2015b). 
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2.3 Electrochemical detection of rifampicin and mechanism action of rifampicin 

 

Rifamycins are a family of antibiotics, with the first agent rifamycin V synthesized in 1957 in the 

Dow- lepetit research laboratories (Milan, Italy) from the soil mold amycolaptis rifamycinica. 

Most of these are new species produced a new class of molecules with high antibiotic activity, 

except rifamycin B which has a practically inactive nature for some of the bacterial infections 

(Sensi, 1983). In 1959, to obtain more stable semisynthetic products, a new molecule with high 

efficiency and excellent tolerability was produced and named as rifampicin.  Rifampin was 

released in 1967 and is the most commonly used rifampicin in dermatology. Rifampicin has a 

critical structure, it has flat naphthalene rings and several of the OH groups are essential for 

activity (Figure 2.5). The mechanism action of rifamycins inhibit the enzyme RNA polymerase 

and prevents the RNA syntheses which in turn prevents the protein synthesis (Zumla et al., 2014, 

Lönnroth et al., 2015). RIF is a bacterial drug that kills growing, metabolically active bacilli, as 

well as bacilli in the inactive phase, during which metabolism is reduced. When RIF is used in 

combination with pyrazinamide, tuberculosis treatment duration can be reduced to six months. 

Moreover, the rifampicin inhibits gram-positive bacteria and it mainly works by binding non-

covalently to DNA and RNA polymerase. The DNA dependent and RNA polymerase in 

eukaryotic cells are unaffected, since the drug binds to a peptide chain not present in the 

mammalian RNA polymerase (Levin and Hatfull, 1993, Wehrli, 1983). The mechanism action is 

illustrated in Figure 2.6.  
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Figure 2.5: Chemical structure of rifampicin 

 

 

 

Figure 2.6: Mechanism of action of rifampicin 
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The electrochemical behaviour of rifampicin (RIF) on the cyclodextrin based sensor was 

fabricated on platinum electrode (pyrrole electropolymerization) and investigated by Lomillo and 

coworkers (Lomillo et al., 2015). RIF was deposited on the surface of the modified electrode 

through complex formation and quantified amperometrically. The linear range of three 

calibrations were made with 10 additions comprising 50 µL each of a 6.0 × 10-4 mol L-1 and the 

average limit of detection was found to be 1.69 × 10-6 mol L-1 (Alonso Lomillo et al., 2005). A 

chemically amplified cytochrome P450-2E1 coated on gold electrode was prepared by Ajayi and 

coworkers, for electrochemical determination of rifampicin. The electrochemical behaviour of 

RIF on Au/PVP-AgNPs/PANSA/EG-CYP2E1 fabricated gold electrode was explored using 

cyclic voltammetry, differential pulse voltammetry, electron impedance spectroscopy and steady 

state amperomerty under aerobic conditions. The linear range 2-14 µM and detection limit was 

estimated to be 0.05 µM, while a sensitivity of 1.4 µA/µM was determined from the calibration 

curve (Ajayi et al., 2014).   

 

Hassan et al., 1997 described a novel potentiometric membrane sensor for the potassium ion 

based on the use of rifampicin as a neutral ionophore. The linear and stable potential response 

with near Nernstian slope of 56.7 ± 0.2 mV decade−1 are obtained over the concentration range 1 

× 10−1 −3 × 10−5 M K+. The detection limit is 0.3 μg ml−1 K+, the response time is 10–30 s and 

the working pH range is 4–11 (Hassan et al., 1997). Oswald et al., 2011 developed a LC-MS/MS 

method for the simultaneous determination of clarithromycin, rifampicin and their main 

metabolites in horse plasma. The validation studies were performed at low and high 

concentration ranges for all analytes, and the results were found to be 2.5-25 for the low and 25-

250 ng/mL in pharmaceuticals (Oswald et al., 2011). Mansilla et al., 2001 developed a classical 
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partial least squares and modification for the novel hybrid linear analysis regarding the 

simulations spectrophotometric determination of rifampicin, pyrazinamide and isoniazid. The 

concentrations ranges were 0-15 mg/mL for the rifampicin, pyrazinamide and 0-10 mg/mL for 

isoniazid. The limit of detection was found to be 0.40, 0.45 mg/mL for rifampicin, pyrazinamide 

and 0.91 mg/mL for isoniazid (Espinosa-Mansilla et al., 2001). Girousi el al., 2004 developed a 

DNA fabricated carbon paste electrode for the determination of RIF by using the cyclic 

voltammetry and differential pulse voltammetry. The limit of detection was found to be 0.25 × 

10-7 M (Girousi et al., 2004).   

 

Liang et al., 2007 reported a method for the analysis of rifampicin with 

electrochemiluminescense (ECL) in various pharmaceutical samples and human urine. The ECL 

intensity was linear with RIF concentration in the range of 1.0 × 10-7 to 4.0 × 10-5 mol L-1 and 

limit of detection was found to be 3.9 × 10-8 mol L-1 (Liang et al., 2007).  

 

A horseradish peroxidase enzyme based biosensors was developed for the determination of RIF 

by Lomillo and coworkers, the concentrations ranged from 5.88 to 54.07 µmol dm-3 and the limit 

of detection was found to be 5.06 × 10-6 µmol dm-3 (Alonso Lomillo et al., 2003). Oldfield et al., 

1986 developed a HPLC method for the measurement of rifampicin and 25-desacetylrifamicin in 

biological fluids. The rifampicin concentration ranges from 1.8 to 10.7 mg/L (Oldfield et al., 

1986). Rastgar et al., 2014 developed a method for the determination of rifampicin by using the 

nickel hydroxide nanoparticles and reduced graphene oxide nanosheets film on the GCE. The 

fabricated electrode showed two oxidation peaks at 0.08 V and 0.069 V. The linear dynamic 

range was obtained from 0.006 to 10.0 µmol L-1 and 0.04 to 10 µmol L-1, with a limit of 
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detection of 4.16 nmol L-1 and 2.34 nmol L-1 considering peaks I and II, respectively (Rastgar 

and Shahrokhian, 2014). De Velde et al., 2009 proposed a method for the simultaneous 

determination of rifampicin and clarithromycin in human plasma by using the HPLC-MS 

technique. The calibration curves were linear in the range of 0.10 to 10 mg/L for clarithromycin 

and 0.20 to 5.0 mg/L for rifampicin (de Velde et al., 2009). Zeynali et al., 2010 proposed a 

method for the simultaneous detection of rifampicin and INZ by using the differential pulse 

polarography. The calibration graph was linear in the range of 6 ×10-8–10-4 M and 10-7 to 10-4 M 

for INZ and RIF (Asadpour-Zeynali and Soheili-Azad, 2010). Hammam et al., 2004 developed 

an electrochemical determination of isoniazid and rifampicin by using the cyclic voltammetry 

and square wave voltammetry. The limit of detection and limit of quantification was found to be 

5 × 10-8 and 1.7 × 10-7 M for rifampicin and 6.1 × 10-8 and 1.7 × 10-7 M for INZ (Hammam et al., 

2004).   

Benetton et al., 1998 reported a visible spectrophotometric and first derivative UV 

spectrophotometric determination of rifampicin and INZ in various pharmaceutical samples. The 

absorbance of the rifampicin was at 475 nm and the recoveries were 99.03% for RIF and 

100.01% for INZ (Benetton et al., 1998). Mohamed et al., 2005 reported an UV 

spectrophotometric method for the determination of rifampicin and INZ with the concentration 

ranges from 2.5 to 12.5 µg/mL and 5 to 25 µg/mL with good linearity and the limit of detection 

was found to be 0.70 and 0.26 µg/mL for INZ and rifampicin respectively (Mohamed et al., 

2005). Walash et al., 1993 reported a spectrophotometric determination of rifampicin in the 

presence of 3-formyl rifampicin and rifamoin quinone. The percentage recoveries ranged from 

99.33 ± 0.63 % to 100.2 ± 0.44% (Walash et al., 1993). Hahn et al., 2001 reported an 

electrochemical determination of rifampicin by using the differential pulse polarography 
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technique. The rifampicin concentration ranged from 1.0 × 10-7 M to 2.0 × 10-7 M yielded a 

straight line with a correlation coefficient of 0.9996 and the detection limit was found to be 1.0× 

10-8 M (Hahn and Shin et al., 2001). Sriram Siddhartha et al., 2012 reported a HPLC method for 

the determination of rifampicin in human plasma. The linearity range was 0.31-25.48 µg/mL and 

recovery percentages are 90.07 % (Siddhartha et al., 2012). liu et al., 2008 reported a HPLC 

method using a C18 column which was developed for the detection of rifampicin, rifamycin SV 

(SV), 3-formylrifamycin SV (3-FR), rifampicin quinone (RQ) and rifampicin N-oxide (RNO). 

The limit of quantification was 0.2 μg/mL, limit of detection was 1 μg/mL and the recovery 

percentages ranging 99.7% to 100.5% (Liu et al., 2008). 

Calleja et al., 2004 reported an HPLC method for the determination of rifampicin in human 

plasma and tissues. The average recoveries were found to be 83% and 95%, with relative 

standard deviation (RSD) were below 15% (Calleja et al., 2004). Gowda et al., 2014 described an 

HPLC method for the determination of rifampicin in urine and plasma. The linear concentration 

ranged from 2.5 to 80 µg mL-1 for urine and 0.25 to 15 µg mL-1 for plasma. The limit of 

quantification were found to be 1.0 and 2.5 µg mL-1, limit of detection was 0.1 and 0.25 µg mL-1 

for plasma and urine respectively (Gowda and Nandibewoor, 2014). Tatarczak et al., 2005 

reported an HPLC method for the determination of rifampicin in complex pharmaceutical 

preparations and serum with the average recoveries of 91.4% and 98.97% respectively 

(Tatarczak et al., 2005). Louveau et al., 2016 described an HPLC method coupled with UV 

detector for the detection of rifampicin in human plasma, rifampicin was identified at a 

wavelength of 335 nm with a lower limit of quantification of 0.05 mg/L in human plasma 

(Louveau et al., 2016). Yong et al., 2008 developed a new chemiluminescence technique for the 

detection of rifampicin by Peroxomonosulfate-Cobalt (II) and obtained detection limit of 7 × 10-9 
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g/mL and the relative standard deviation was 2.7% for 6 × 10-9 g/mL for rifampicin (Ma et al., 

2008). Shah el al., 1992 reported a HPLC method for the determination of rifampicin and 

isoniazid with the detection being obtained at 254 nm (Shah et al., 1992). Allanson et al., 2007 

developed a HPLC-UV method for the determination of rifampicin in human plasma and blood 

spots. The limit of quantification obtained was 1.5 μg/mL in blood spots and 0.5 μg/mL in 

plasma (Allanson et al., 2007). Goicoechea et al., 1999 reported an multivariate 

spectrophotometric determination of rifampicin, pyrazinamide and isoniazid in various tablet 

preparations with the recoveries are 99.9% for rifampicin, 100.4% for pyrazinamide and 104.7% 

for isoniazid respectively (Goicoechea and Olivieri, 1999). 

Panchagnula et al., 1999 reported an HPLC method for the determination of rifampicin and its 

metabolites in the presence of PZM and INZ. The metabolite values were found to be 86% and 

79% in urine and plasma respectively (Panchagnula et al., 1999). Benetton et al., 1998 developed 

a first derivative UV spectrophotometric method for the detection of rifampicin and INZ with 

recovery percentages of 99.03% for rifampicin and 100.01% for INZ (Benetton et al., 1998). 

Argekar et al., 1996 reported an HPLC method for the determination of rifampicin, pyrazinamide 

and isoniazid with the average recovery percentages of 97.98% for RIF, 100.01% for PZM and 

101.74% for INZ respectively (Argekar et al., 1996). Swart et al., 1992 reported an HPLC 

method for the determination of rifampicin in plasma. The calibration curves were linear at least 

20 µg/mL and the limit of quantification was 0.16 µg/mL(Swart and Papgis, 1992). Finkel at al., 

1971 reported a fluorometric and microbiological array for the determination of rifampicin in 

serum levels in dogs. The maximum fluorescence was measured at 480 nm, with an excitation 

wavelength of 370 nm,  and the limit of detection was found to be 0.1 µg/mL (Finkel et al., 

1971). 
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Li et al., 2005 developed flow chemiluminescence with artificial neural network calibration 

method for the determination of rifampicin and isoniazid with the limit of detection 0.005 

µg/mL-1 for RIF, 0.03 µg/mL-1 for INZ respectively (Li et al., 2005). Kisa et al., 2003 reported 

FASTPlaqueTB-RIF for determination of rifampicin resistance in Mycobacterium tuberculosis 

complex isolates with the accuracy of 94.3% (Kisa et al., 2003). Kumari et al., 2015 developed 

an RP-HPLC method for the determination rifampicin and isoniazid in various pharmaceutical 

formulations with recovery percentages of 99.56 % for RIF and 99.83 % for INZ. The limit of 

quantification was 1.75 µg/mL for both INZ and RIF, and the limit of detection was 0.5 µg/mL 

for both RIF, INZ respectively (Kumari et al., 2015). 

Daneshgar et al., 2009 have developed dysprosium hydroxide nanowires modified electrode for 

the determination of rifampicin in human urine and capsules by adsorptive square wave 

voltammetry. The limit of detections were 5.0 × 10-10 M and 8.0 × 10-10 M respectively 

(Daneshgar et al., 2009). Marta Boffito et al., 2002 reported a HPLC method for the 

simultaneous detection of rifampicin and Efavirenz (EFA) in plasma with recoveries of 96% for 

RIF and 97.5% for EFA (Boffito et al., 2002). Shah et al., 2015 developed chemometric assisted 

spectrophotometric methods for the simultaneous determination of rifampicin and Piperine (PIP) 

in bulk and capsule with recovery percentages of 101.31% for  RIF and 98.57% for PIP 

respectively (Shah et al., 2015). Jansson et al., 2014 reported an a comparison of two assays for 

molecular determination of rifampicin resistance in clinical samples from patients with Buruli 

Ulcer Disease, with a lower limit of detection of 100 to 200 copies of the targeted sequence 

(Jansson et al., 2014). 
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Umapathi et al., 2010 developed RP-HPLC method for the determination of rifampin quinone 

(RIF Q) and hydrazone with the recoveries of 99.95% for RIF Q and 99.39% for hydra zone 

(Umapathi et al., 2010). Ravi Shankar et al., 1998 developed a method for the detection of 

rifampicin bulk and marketed samples by simple UV method with the obtained recovery 

percentages from 98 to 100% (Ravi Shankar 1998). Iriminescu et al., 2016a reported a micellar 

electronic chromatography  method for the simultaneous determination of rifampicin and 

isoniazid, with the limit of detection 4.59 µg/mL for INZ and 4.47 µg/mL for RIF (Iriminescu et 

al., 2016a). Mariana Tilinca et al., 2017 reported an UV method for the determination of 

rifampicin and isoniazid, the determinations were made at 263 nm for RIF and 290 nm for INZ 

respectively (Tilinca et al., 2017). 

Chatterjee et al., 2015 reported a fluorescence method for the detection of residual rifampicin in 

urine via quenching of gold nanoclusters, and the obtained  sensitivity range from 0.5 to 

823 µg/mL, with the limit of detection of 70 ng/mL (Chatterjee et al., 2015). Tian Gan et al., 

2015 have developed a sensitive sensor for the determination of rifampicin using a hollow 

manganese oxide mesoporous silica oxide (Mn3O4 SiO2) core-shell nanohybrid as sensitive 

material and the limit of detection was evaluated to be 10.8 nM (Gan et al., 2015). Khamar et al., 

2012 reported a spectrophotometric method for the simultaneous determination of rifampicin 

Piperine (PIPE) in their combined capsule dosage, and the recoveries ranged from 98.36% to 

99.23% for RIF, 98.91% to 99.53% for PIPE (Khamar and Patel, 2012). Liu wei et al., 2002 

reported a chemiluminescence method for the determination of rifampicin with the detection 

limit of 7 × 108 g/mL (Wei et al., 2002). Lutfullah et al., 2011 developed a UV method for the 

determination rifampicin in soil samples and the limit of detection obtained was 0.20 µg/mL-1 

(Sharma et al., 2011). 
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Lachau et al., 1992 developed a UV method for the determination of rifampicin in human 

albumin and serum. The RIF bound and unbound fractions were determined at 473.5 nm and 

475.8 nm respectively (Lachau et al., 1992). Balbao et al., 2010 reported a stir bar-sorptive 

extraction and high-performance liquid chromatography-UV detection (SBSE/HPLC-UV) 

method for therapeutic drug monitoring of rifampicin in plasma samples with the recoveries 

ranging from 75%-80% (Balbao et al., 2010). Fathalla et al., 2013 developed a micellar HPLC 

method for the simultaneous determination of rifampicin and linezolid (LNZ) with the resulting 

limits of detection of 0.65 and 1.40 µg/mL-1 (Fathalla et al., 2013). Anusha et al., 2014 reported a 

RP-HPLC method for the determination of rifampicin and isoniazid with a recovery of 101% for 

RIF, 100% for INZ and the detection limit of 9.58 µM for RIF, 2.88 µM for INZ (Anusha and 

Sreedevi et al., 2014). Negi et al., 2009 described a RPO B gene for the detection of rifampicin 

resistance by SSCP and  Sensitivity, specificity were calculated as 90.90% and 100% 

respectively (Negi et al., 2009).   
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2.4 Electrochemical detection of ethambutol (ETB) and mechanism action of ETB 

 

Ethambutol (ETB) has been shown to enhance therapeutic activity in experimental tuberculosis 

infection in guinea pigs and monkeys (Karlson, 1961a, Karlson, 1961b). Discovered in 1961, 

ethambutol is an antibacteriostatic agent that is most usually used in combination with additional 

drugs in the treatment of tuberculosis. Ethambutol also used as part of a combination regimen in 

the therapy of Mycobacterium avium complex (MAC), Mycobacterium bovis (MB) and 

Mycobacterium marinum (MM) infections in patients with concomitant infection with human 

immunodeficiency virus (HIV) (Namdar et al., 2005, Forbes et al., 1962). The chemical structure 

of ethambutol is showed in Figure 2.7. The mechanistic action of ethambutol is not clear but it is 

bacteriostatic against actively growing tuberculosis bacilli. It works by blocking the formation of 

the cell wall, mycolic acids attach to the 5-hydroxyl groups of D-arabinose residues of 

arabinogalactan and mycolyl-arabinogalactan-peptidoglycan complex in the cell wall (Shi et al., 

2007, Ramakrishnan et al., 1972). Ethambutol interrupts arabinogalactan synthesis by inhibiting 

the enzyme arabinosyl transferase. Due to the disruption of the arabinogalactan synthesis, the 

formation of this complex is prevented and leads to increased permeability of the cell wall 

(Musser, 1995, Ramaswamy et al., 2000). The mechanistic action of ethambutol is generally 

bactericidal, and the drug can penetrate the human cell membranes to exert its fatalistic effect. 

The mechanism action showed in Figure 2.8.  
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Figure 2.7: Chemical structure of ethambutol 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Mechanism of action of ethambutol 
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Da Silv et al., 2010 reported a capillary electrophoresis (CE) method for the separation of 

ethambutol (ETB) and its main products. The concentration range studied was from 100 to 500 

µmol/L, and the detection limit was found to be 23.5 and 78.3 µmol/L, the sensitivity was 1.26 × 

10-4 V min µmol/L (da Silva et al., 2010). Gupta et al., 2003 developed potentiometric sensor 

based on plasticizer in poly (vinyl chloride) (PVC) for the determination of ethambutol. The 

concentration ranges from 7.94 × 10-6-1.0 × 10-1 M with a slope of 29.9 ± 0.2 mV (Gupta et al., 

2003). Couto et al., 2016 described a voltammetric sensor for the determination of ethambutol 

based on the nafion and MWCNTs. Several concentrations of ethambutol were analyzed at the 

surface of   Nafion/MWCNT-SPCEs and the calibration curve over a range of 0.028 to 0.28 

mg/µL was obtained, and the detection limit was found to be 8.4 × 10-4 mg/µL and 2.8 × 10-2 

mg/µL respectively (Couto and Quinaz, 2016). 

 

Perantoni et al., 2011 reported a flow injection analysis of ethambutol using the graphite-paraffin 

composite electrode. The linear response for the technique was extended up to a 1.5 mmol/L-1 

ethambutol solution with a detection limit of 0.1 mmol/L-1 (Bellei Perantoni et al., 2011). Ngece 

et al., 2011 developed a biosensor for the determination of ethambutol based on the silver 

nanoparticles (AgONPs), poly (8-anilino-1-napthalene Sulphonic acid) (PANSA) and 

cytochrome P450-2E1 (CYP2E1). The concentration ranges from 2-12 µM and the limit of 

detection was found to be 0.7 µM and the sensitivity was 1.125 µA/µM (Ngece et al., 2011). 

Shao et al., 2008 developed an electrochemical method for the detection of ethambutol using a 

glassy carbon electrode fabricated with MWCNTs. The concentration of ethambutol in the range 

8.0× 10-6 to 2.5×10-4 mol L-1 and the limit of detection was found to be 7.6 × 10-7 mol L-1 (Shao 

et al., 2008).     
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Mohamed et al., 2015 described a UV method for the quantification of ethambutol with a 

detection limit of 0.82, 2.64 and 15.5 µg mL-1 at 250, 348 and 521nm respectively (Mohamed et 

al., 2015). Lima et al., 2015 developed an electrochemical method for the determination of 

ethambutol in aqueous medium using a gold microelectrode. The concentration range from 5.0 × 

10-5 to 2.0 × 10-3 mol L-1 and the limit of detection and limit of quantification was found to be 

4.73× 10-5 mol L-1 and 1.57 × 10-4 mol L-1 respectively (Lima et al., 2015). Rageh et al., 2015 

reported a UV method for simultaneous determination of the ethambutol, isoniazid, rifampicin 

and pyrazinamide. ETB was determined by UV detection at 250 nm, and then INZ, RIF and 

PZM were derivatised and detected at 270 nm. The correlation coefficients ranged from 0.991- 

0.9998 with a detection limit of 18.14 to 94.34 ng/band for all the drugs (Rageh et al., 2015).  

 

Cheemalapati et al., 2014b developed a voltammetric sensor for the simultaneous determination 

of ethambutol, isoniazid, pyrazinamide and hydralazine hydrochloride (HDH). The concentration 

range 10 – 150 µM of each analyte and the limit of detection was found to be 9.61, 6.93, 5.13 

and 5.66 µM and the limit of quantification was found to be 29.15, 21.05, 15.56 and 17.18 µM 

respectively (Cheemalapati et al., 2014b). Song et al., 2007 reported a HPLC/MS method for 

simultaneous determination of the first line anti TB drugs using C18 reverse phase column, and 

the limit of detection and limit of quantification was found to be 0.01-0.5 µg/mL and 0.05-1.0 

µg/mL respectively (Song et al., 2007). The HPLC technique was used by M. Yan and 

coworkers, for the determination of ethambutol, the linear concentrations were obtained in the 

range of 20-120 µg/mL and the limit of detection and limit of quantification was found to be 0.2 

µg/mL and 1 µg/mL respectively. The average recovery of the samples at three levels is 99.8% 

(Yan et al., 2007).     
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Gurumurthy el al., 2004 developed a HPLC method for the determination of ethambutol in 

various pharmaceutical samples and biological fluids. The concentration ranged from 50-400 

µg/ml and the limit of detection was found to be 25 µg/mL (Gurumurthy et al., 2004). Chenevier 

et al., 1998a proposed a HPLC/UV method for the determination of ethambutol in plasma. The 

quantification of ETB in plasma was achieved at 200 nm and the limit of detection was found to 

be 0.2 µg/mL (Chenevier et al., 1998a). Breda et al., 1996 developed a HPLC method for the 

determination of ethambutol in human plasma and urine. The concentration ranged from 10-1500 

ng/mL for plasma and 10-500 µg/mL for urine. The limit of quantification was found to be 10 

ng/mL for plasma and 10 µg/mL for urine (Breda et al., 1996).   

 

Conte et al., 2002 determined ethambutol in human plasma, bronchoalveolar lavage (BAL) fluid 

and alveolar cells (AC) by HPLC-MS detection with detection limits of 0.05 µg/mL for plasma 

and 0.005 µg/mL for the BAL and AC (Conte et al., 2002). Jiang et al., 2002 reported a 

HPLC/UV method for the determination of ethambutol and achieved a limit of detection 0.0006 

mg/mL and limit of quantification 6 µg/mL (Jiang et al., 2002). Shewiyo et al., 2012 reported a 

reversed phase high performance thin layer chromatography (RP-HPTLC) method for the 

simultaneous determination of ethambutol, isoniazid, pyrazinamide and rifampicin. The 

ethambutol was derivatized and detected at a VIS wavelength of 450 nm, whilst INZ, PZM and 

RIF were detected at 280 nm (Shewiyo et al., 2012). De Oliveira Neves et al., 2012 developed a 

near infrared spectroscopy (NIRS) and HPLC methods for the simultaneous determination of 

ethambutol, isoniazid, rifampicin and pyrazinamide. The NIRS range was 1100-2500 nm for all 

analytes and the correlation coefficient for the HPLC determination versus predicted values 

(NIRS) ranged from 0.88 to 0.98 (de Oliveira Neves et al., 2012).  
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Chen et al., 2005 reported a liquid chromatography (LC) and MS methods for simultaneous 

determination of the ethambutol and isoniazid in human plasma. The linear concentration range 

of 10.0-5000 ng/mL was obtained for each analyte using 100 µL plasma. The recoveries were in 

the range of 53.2 to 4298 ng/mL for INZ and 54.5 to 4689 ng/mL (Chen et al., 2005). Ragonese 

et al., 2002 reported a CE method for determination of ethambutol in various pharmaceutical 

samples. The concentration ranges from 25 mbar for 3 S to 50 mbar for 10 S and the coefficient 

of variation obtained was 0.82% (Ragonese et al., 2002). The HPLC technique was used by 

Ayyappan and coworkers, for the simultaneous determination of ethambutol and isoniazid. The 

detection wave length was 254 nm and the linear concentration range obtained  was 0.25-1500 

µg/mL, the limit of detection was found to be 0.083 µg/mL (Ayyappan et al., 2011). 

  

Cheneviera et al., 1998b reported a HPLC method for the determination of ethambutol in plasma. 

Intra- and inter-day variabilities were lower than 5.2 and 7.6%, respectively. The limit of 

quantitation achieved was observed as 0.2 μg/mL (Chenevier et al., 1998b). Jadaun et al., 2007 

developed a method for the determination of ethambutol MICs for mycobacterium tuberculosis 

(MTB) and mycobacterium avium isolates. MTB showed 96.7% sensitivity, 98.0% accuracy and 

100% specificity (Jadaun et al., 2007). Mack et al., 1981 described a gas chromatographic-mass 

spectrophotometric method for the determination of ethambutol in human plasma, with detection 

limits of 36 ng (Holdiness et al., 1981). Ying Wu et al., 2011 developed a fluorescent probe 

method for the detection of ethambutol with detection limit of 1.7 ng mL-1 (Wu et al., 2011). 

Ming yan et al., 2007 reported a HPLC method for the determination of ETB-HCL with the 

recovery percentage of 99.8% (Yan et al., 2007). 
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Sayanna et al., 2010 developed a spectrophotometric method for the determination of ethambutol 

in pure and pharmaceutical samples using triphenyl methane dynes with a limit of detction of 

0.51 µg mL-1 (Sayanna et al., 2010). Tabak et al., 1988 developed a gas chromatography method 

for the determination of ethambutol in air by using fluorophore. Ethambutol was quantified at 

levels as low as 12.5 µg/mL of extract (Tabak et al., 1988). Devani et al., 1990 reported a 

spectrophotometric method for the detection of ethambutol and beers law was obeyed in the 

range 1-14 mg/mL with the relative standard deviation (RSD) 0.43% (Devani and Shah, 1990). 

Suzuki et al., 1991 described a HPLC method for the determination of ethambutol in plasma and 

the determined range was 0.18-18 nmol/mL, with a relative standard deviation of 1.88-3.39% 

(Suzuki et al., 1991).  

 

Sampath et al., 2011 developed a LCMS/MS method for the determination of ethambutol in 

human plasma with recovery of 100% (Sampath et al., 2011). Faria et al., 2011 reported a 

spectrophotometry method for the analysis of ethambutol by copper complexation in various 

pharmaceuticals with the recovery range of 100.9%-104.0%, and the detection limit of 0.8 mgL-1 

(Adriana et al., 2011). Gupta et al., 2006 reported simultaneous determination of ethambutol and 

isoniazid resistance in clinical isolates of mycobacterium tuberculosis. 44.21, 24.73 and 14.21% 

of isolates were resistant to ethambutol at concentrations of 2, 4 and 6 µg/mL respectively 

(Gupta et al., 2006). Sivaram et al., 2015 described ultra-fast liquid chromatography – mass 

spectrometry method (UFLC-MS) method for the determination of ethambutol in human plasma, 

with a detection limit of 5.78 ng/mL (Sivaram et al., 2015). Sturkenboom et al., 2015a developed 

a LC-MS/MS method for the simultaneous determination of ethambutol, pyrazinamide and 
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isoniazid in serum, and obtained linear calibration curves in the range of 0.2-8 mg/L for ETB, 

INZ and 2-80 mg/L for PZM respectively (Sturkenboom et al., 2015a). 
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2.5 Electrochemical detection of streptomycin (STN) and mechanism action of STN   

 

Streptomycin was first discovered by Albert Schatz in the year of 1943. It is a water-soluble 

aminoglycoside produced from the soil actinomycete Streptomyces griseus. It is mainly 

presented in the form of a sulphate salt of streptomycin (Syal et al., 2013). The chemical term of 

streptomycin sulphate is D-Streptamine, O-2-deoxy-2-(methylamino)-α-L-glucopyranosyl-

(1→2)-O-5-deoxy-3-C-formyl-α-L-lyxofuranosyl-(1→4)-N,N1-bis(aminoiminomethyl)-,sulphate 

(2:3) (salt). The molecular formula for streptomycin sulphate is (C21H39N7O12)2-3H2SO4 and the 

molecular weight is 1457.41 g mol-1. Streptomycin was the primary antibiotic cure for TB, in 

1952 Waksman has received the Nobel Prize for his discovery of streptomycin, the antibiotic 

active against TB. Furthermore, streptomycin is protein synthesis inhibitor and it binds to the 

small 16S rRNA of the 30S subunit of the bacterial ribosome, interfering with the binding of 

formyl-methionyl-tRNA to the 30S subunit. The microbial mechanism effects of the 

streptomycin was not fully understood (Cooksey et al., 1996).The chemical structure is shown in 

Figure 2.9.   

 

 

 

 

 

 

Figure 2.9: Chemical structure of streptomycin 
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In addition that the streptomycin causes a structural conversion which interferes with the 

recognition site of codon-anticodon interaction resulting in misreading of the genetic message 

conceded by messenger RNA (mRNA) (Spies et al., 2008, Bartlett et al., 2000). The mechanism 

of inhibition of protein synthesis by streptomycin is schematically shown in Figure 2.10.  

 

 

 

 

 

 

 

 

Figure 2.10: Schematic illustration of protein synthesis inhibition by streptomycin 

(Adapted from- Streptomycin: Discovery, Structure and Mechanism, Antibiotics) 

 

Ototoxicity and nephrotoxicity are related with streptomycin administration. Vestibular 

dysfunction is more mutual than hearing damage. Renal toxicity occurs less frequently than with 

kanamycin or capreomycin. Hearing and renal function must be observed in patients receiving 

streptomycin.  In addition, some low-level streptomycin resistance seems to be produced by 
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increased efflux as efflux pump inhibitors caused increased sensitivity to streptomycin, while the 

exact mechanism remains to be identified (Spies et al., 2008). 

Boxer et., 1947 developed a calorimetric sensor for the determination of streptomycin in urine 

and broth and recovery percentages ranging from 76.5 to 87.5 % respectively (Boxer et al., 

1947). Baxter et., 2001 reported an optical immunobiosensor for the detection of streptomycin in 

whole milk, with a detection limit of 4.1 ng/mL (Baxter et al., 2001). Yin et al., 2016 described 

an electrochemical aptasensor for the highly sensitive determination of streptomycin. Under the 

optimized conditions, the variations in the signals were linear with the concentration of STN in the 

range of 0.05-300 ng mL−1. In this study  with a low detection limit of 0.036 ng mL−1 was observed 

(Yin et al., 2016). Hanko et al., 2007 reported an anion-exchange chromatography with 

electrochemical detection method for simultaneous determination of streptomycin and 

dihydrostreptomycin (DSTN). The linear range for STN was 1.5-106 µM (20 µL), with R2 = 

0.9976, and the limit of detection and limit of quantification were 0.6 and 2 pmol STN 

respectively (Rohrer et al., 2007). 

Hanko et al., 2010 described a high performance anion-exchange chromatography with pulsed 

amperometric detection  (HPAE – PAD) method for the determination of streptomycin and the 

recoveries were in the 82.6 ± 0.6% (n=4) and 92.9 ± 0.6% (n=4) for the 10 and 41 µM 

concentrations respectively (Hanko and Rohrer et al., 2010). Que et al., 2013 reported an 

electrochemical method for the determination streptomycin with a limit of detection of 7.0 pg 

mL-1 and recoveries ranging from 82 – 124.2 % (Que et al., 2013). Fedorchuk et al., 2005 

reported a voltammetry technique for the simultaneous determination of streptomycin and 

azithromycin in various pharmaceutical samples. The linear concentration range from 5.0 to 50.0 
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µg/L with the limit of detection of 3.2 × 10–11 M for STN and 1.84 × 10–10 M for Azithromycin 

respectively (Fedorchuk et al., 2005). 

Wen et al., 2017 have developed a sensitive voltammetric sensor for the determination of 

streptomycin using a glassy carbon electrode modified with electro polymerized poly (pyrrole- 3- 

carboxy acid) and electrochemically reduced graphene oxide. Under optimized conditions, the 

sensor for streptomycin shows two linear ranges that cover the 2 to 80, and the 80 to 1000 nM 

concentration range and the limit of detection was found to be 0.5 nM (Wen et al., 2017). 

Ramezani et al., 2017 reported an optical and electrochemical aptasensor for the sensitive 

detection of streptomycin in blood serum and milk samples. The designed electrochemical 

aptasensor showed high selectivity towards STN with a limit of detection as low as 11.4 nM 

(Ramezani et al., 2017). Liu et al., 2013 developed an electrochemical method for the 

determination of streptomycin residues in various food samples. The catalytic currents increased 

linearly with the STN concentration in the range of 0.05-20 ng mL-1, with a detection limit of 10 

pg mL-1 (Liu et al., 2013).   

Danesh et al., 2016 described a novel electrochemical aptasensor for the sensitive determination 

of streptomycin, based on exonuclease I (Exo I), complimentary strand of aptamer (CS), arch-

shape structure of aptamer (Apt)-CS conjugate and gold electrode. The designed electrochemical 

aptasensor showed high selectivity toward streptomycin with a limit of detection as low as 

11.4 nM (Mohammad Danesh et al., 2016). Leech et al., 1990 have reported ruthenium oxide 

modified glassy carbon electrode for detection of STN and relative antibiotics in various 

samples. Standard calibration graphs for streptomycin and neomycin yielded slopes of 4.43 and 

0.08 nA µM-1 over the linear ranges of 1.5 × 10-6-2.5 ×10-4 and 1 x 10-5-2 × 10-3 M, respectively. 
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The detection limits of 1.5, 6.0 and 10 µM were found for STN, novobiocin and neomycin, 

respectively (Leech et al., 1990). 

Liu et al., 2011 reported a facile and simple electrochemical immunoassay for ultrasensitive 

detection of streptomycin residues in various food samples. The linear range from 0.05 – 50 ng 

mL-1 and with a detection limit of 5 pg mL-1 (Liu et al., 2011). Emrani et al., 2016 developed a 

colorimetric and fluorescence quenching aptasensors for the determination of streptomycin in 

blood serum and milk samples based on double stranded DNA and gold nanoparticles. The 

concentration ranged from 0 to 4000 nM for both samples with a detection limit of 73.1 nM and 

47.6 nM respectively (Emrani et al., 2016). Wang et al., 1986described a voltammetric sensor for 

the determination of streptomycin residues and related antibiotics and with a detection limits of 7 

× 10-10 M for STN, 2.5 × 10-9 M for novobiocin and 1.3 × 10-8 M erythromycin respectively 

(Wang and Mahmoud, 1986).   

Adams et al., 2000 reported a LC method for the determination of streptomycin and the 

concentration rages from 0.5 to 10 % with a detection limit of 0.100 µg and limit of 

quantification of 0.250 µg (Adams et al., 2000). Amen et al., 1995 reported a spectrophotometric 

method for the determination of streptomycin in various samples with a detection limit of 0.1 

µg/mL (Aman et al., 1995). Horie et al., 2001 developed a liquid chromatography-electrospray 

mass spectrometry (LC-ESI-MS) for the determination of streptomycin and dihydro-

streptomycin. The recoveries of streptomycin and dihydrostreptomycin from swine and bovine 

muscle fortified at 0.2 µg/g were 73.2 to 82.6 %, and the detection limits were 0.01 µg/g for both 

drugs (Horie et al., 2001). Huang et al., 2014 reported HPLC-MS method for the determination 

of streptomycin. The average recovery percentages ranges from 76.8 % to 100.3 % and with a 

limit of detection 5 µg/kg, and limit of quantification 10 µg/kg respectively (Huang et al., 2014). 



Chapter 2: Literature Review 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs            Page 83 
 

Arrowood et al., 1991 reported a gas chromatography method for the determination of 

streptomycin in various pharmaceutical formulations and the relative standard deviation was ± 

1.3 % (Arrowood et al., 1991). Nese et al., 1959 reported a method for the detection of 

streptomycin in various parts of the TB lungs (Nese and Omland, 1959). Bohm et al., 2012 

reported a LC-MS/MS method for the determination of streptomycin and dihydrostreptomycin in 

honey samples. The recoveries ranges from 97% to 101 % with  RSD values of 16.4 and 20.8 % 

respectively (Bohm et al., 2012). Bohm et al., 2010 developed a LC-MS/MS method for the 

detection of streptomycin in apple samples. The average recovery rate was 101-105 % with 

relative standard deviation of 4.1-11.4 % and the limit of quantification was found to be 2 µg/kg-

1 (Bohm et al., 2010).  

Kurosawa et al., 1985 used a HPLC technique for the detection of streptomycin in serum 

samples. STN was added to serum at the level of 20.0 µg/mL and its concentration was 

determined to be 18.9 µg/mL with the coefficient of variation of 2.07 % (n = 5) (Kurosawa et al., 

1985). Granja et al., 2009 developed a LC-MS method for the detection of streptomycin in honey 

samples. The recoveries of streptomycin from honey fortified at 2.5, 10, 15 and 20 μg kg−1 levels 

are around 100 %. The detection limit and detection capability of streptomycin was 

3 μg kg−1 and 4.7 μg kg−1 respectively (Granja et al., 2009). Kowalski et al., 1999 developed a 

capillary electrophoresis method for the determination of streptomycin in egg yolk. The average 

recovery percentages are 71.8 % ± 6.6 % with the relative standard deviation ranging from 

2.0 μg g−1 to 13.9 7 μg g−1 respectively (Kowalski et al., 1999). Edrington et al., 2002 reported a 

determination of MICs of streptomycin for resistant salmonella isolates in swine and poultry 

using a micro-broth dilution system, MIC testing was carried out with the sensititre susceptibility 

system for streptomycin, which uses a microwell concentration gradient of 16 to 800 μg/mL. 
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Results indicated that >80 % of the swine isolates had MICs of ≤ 64 μg/mL, while 51 % of 

poultry isolates exhibited MICs of ≥128 μg/mL (Edrington et al., 2002). 1974 Hurtubise et al., 

developed an atomic adsorption spectrophotometry for the detection of streptomycin in disodium 

edetate dihydrate. The average percent recovery ranged from 94 % to 100 %, with a detection 

limit of 4 μg/g respectively (Hurtubise, 1974). Ghoulipour et al., 2011 described an ion 

exchange-high-performance thin-layer chromatography (IE-HPTLC) for the determination and 

separation of streptomycin in various biological fluids. The recovery percentages are 97.9 % and 

the relative standard deviation was < 0.94 %. The limit of detection and limit of quantification 

were found to be 2.4 and 12 ng respectively (Ghoulipour et al., 2011). 

Do et al., 2015 developed a liquid chromatograph tandem mass spectrometer (LC-ESI-MS/MS) 

method for the determination of streptomycin in kiwi fruit. The average streptomycin recoveries 

(6 replicates each sample) were in the range of 94.8%-110.6% with relative standard deviations 

of < 10%. The linearity of the concentration range of 0.01-5.0 mg/kg using a matrix-matched 

calibration gave R2 = 0.9995. The limit of quantification was found to be 0.01 mg/kg (Do et al., 

2015). Edder et al., 1999 reported a solid phase extraction and LC method for the detection 

streptomycin in various food samples. The analytical recoveries were 86-94 %, with relative 

standard deviation of 0.4-3.5 % (n = 2 or 3) (Edder et al., 1999). Pramer et al., 1962 reported a 

determination of streptomycin in soil and the effect of soil colloidal material on its activity and 

with the recovery percentages are 100 % (Pramer and Starkey, 1962). Olitzki et al., 1952 

described the most probable numbers (MPN) method for the determination streptomycin – fast 

cells in brucella cultures and their variability in growing and ageing cultures. The method 

showed that there exist differences in the numbers of resistant cells in different strains, and that 

in cultures originating from the same colony variations occur (Olitzki et al., 1952). Gerhardt et 
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al., 1994 developed a LC method for the determination of streptomycin and dihydrostreptomycin 

in animal tissue. The recoveries were 61.1% (coefficient of variation 7.3%) for STN and 55.3% 

(coefficient of variation, 8.2%) for dihydrostreptomycin. The detection limits were 10 ppb for 

STN and 20 ppb for dihydrostreptomycin (Gerhardt et al., 1994). Maria et al., 2002 developed a 

simple and rapid HPLC method for the simultaneous determination of benzylpenicillin 

potassium, streptomycin sulphate and related substances in Ascomicin in a veterinary use 

ointment. The recovery percentages are 99.1-101.8 % for benzylpenicillin potassium and 98.0 – 

100.6 % for streptomycin sulphate (Maria et al., 2002). 

Wang et al., 2013 reported a highly reliable and accurate indirect competitive enzyme-linked 

immunosorbent assay (icELISA) for the detection of streptomycin in animal-derived foods. The 

recoveries for all samples at five levels (15, 30, 120, 300, 600 ng g-1) ranged from 71.32 % to 

106.94 %. The coefficients of variation of intra- and inter-assays were below 14% and the limit 

of detection was found to be 0.24 ng mL-1 (Wang et al., 2013). Duda et al., 1973 described a 

spectrophotometric method for the determination of streptomycin and the absorbance was 

measured at 415 nm against a blank run with water instead of sample. The molar extinction 

coefficient of streptomycin was 17.6 × 103 in the assay (Duda et al., 1973). Drummond et al., 

1951 reported the effect of heat on streptomycin and paraaminosalicylic acid (PAS) in TB 

culture medium and recoveries obtained when the concentration of streptomycin was 1000 

mg/mL. Averaged 95.1±7 .1 % for 12 samples, and 95.6±4.9 % for 11 samples for a 

concentration of 500 mg/mL. The recoveries of PAS added to the liquid medium were carried 

out using dilutions of 0.5, 1.0 and 10.0 mg/% PAS. On a series of seven determinations, the 

mean percentage recoveries were 94.1± 4.9 % for the 0.5 mg/% concentration, 97.0 ± 5.0 % for a 

series of twelve of the 1.0 mg/% concentration and 99.2 ± 48 % for a series of 6 determination of 
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the 10.0 mg/% concentration (Drummond et al., 1951). Verma et al., 2012 developed a 

colorimetric method for evaluating streptomycin sulphate loaded with solid lipid nanoparticles 

(STN-SLNs) and the total drug content and entrapment efficiency of STRS-SLNs was estimated 

to be 89.0 % ± 1.2 % and 60.0 % ± 2.1 % (n=6) respectively. In addition the method was also 

evaluated for determining streptomycin in spiked human plasma samples with mean recovery of 

89.1% ± 4.7 (Verma et al., 2012). 

Cara et al., 2013 reported a thermal degradation of streptomycin residues in honey samples by 

using the HPLC method and the average recovery percentages were 9.06 to 98.12 % (Cara et al., 

2013). Siddiqui et al., 2014 developed kinetic spectrophotometric method for the quantitate 

analysis of streptomycin and the limit of detection of initial rate method and fixed time method 

was obtained to be 0.011 µM and 0.50 µM, respectively while limit of quantitation upon 

calculation came out to be 0.032 µM and 1.5 µM for initial rate and fixed time absorbance 

difference methods, respectively (Raza Siddiqui et al., 2014). Mitic et al., 2006 reported the 

determination of streptomycin in a pharmaceutical sample based on its degradation by hydrogen 

peroxide in the presence of copper (II). The calibration graph is linear in the ranges 1.94-15.48 

µg/cm3 and 0.15-1.94 µg/cm3 (Mitic et al., 2006). Demirci et al., 2013 reported a structural basis 

for streptomycin induced misreading of the genetic code and the crystal structures display a 

significant local distortion of 16S ribosomal RNA induced by streptomycin, including the 

crucial bases A1492 and A1493 that participate directly in codon recognition (Demirci et al., 

2013). Frugeri et al., 2014 developed a spectrophotometric flow injection analysis for the 

detection of streptomycin in veterinary sample. The linear range of 60 up to 1000 mg L-1, the 

limit of detection was found to be 18 mg L-1 and sampling rate of 36 readings per hour (Frugeri 

et al., 2014). Mao et al., 2013 described a synchronous fluorescence determination of 
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streptomycin in biological fluids with CdTe/CdSe quantum dots as fluorescence probe. The good 

linear relationship between the fluorescence intensity and the streptomycin concentration was 

obtained in the range 1.0 to 10 µmol L-1, with a correlation coefficient of 0.9971 and the 

detection limit was found to be 25 nmol L-1 for STN (Mao et al., 2013). Benveniste et al., 1970  

developed an enzymatic adenylylation of streptomycin and spectinomycin by R-Factor-resistant 

escherichia coli (Benveniste et al., 1970). 

Ullah et al., 2012 described a simple and rapid HPLC method for the estimation of streptomycin 

sulphate. The flow rate was 1.0 mL/min; the separation was done by using C-18 column and 

detected by UV-Visible detector at 240 nm. The retention time was within 2.62-2.63 min. 

Standard curves were linear over the concentration range of 0.01 to 2 µg/L and the extraction 

recovery of STN was within 96 and 103 % (Ashad et al., 2012). Kurosawa et al., 1985 reported a 

HPLC method for the determination of streptomycin in serum samples and the concentration 

range are 5-50 µg/mL. STN was added to serum at the level of 20.0 pg/mL and its concentration 

was determined to be 18.9 pg/mL with a coefficient of variation of 2.07 % (n = 5) (Kurosawa et 

al., 1985). Whall et al., 1981 developed a HPLC method for the determination of streptomycin 

and dihydrostreptomycin and the method employs a microparticulate reversed-phase column 

(PBondapak Cis, LiChrosorb RP-18 or Ultrasphere Ion Pair), and a mobile phase composed of 

0.02 M sodium hexanesulfonate and 0.025 M tribasic sodium phosphate in acetonitrile-water 

(8:92, v/v) at pH 6.0 with detection by ultraviolet absorbance at 195 nm (Whall et al., 1981). 

Kubo et al., 1986 reported a reversed phase ion pairing liquid chromatography for the 

determination of streptomycin in different serum samples and the recovery percentages are 100.0 

± 0.3 % (Kubo et al., 1986). Granados et al., 2007 reported an HPLC method for the 

determination of streptomycin and its putative ototoxic derivative, streptidine, in blood serum 
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samples. The average recovery of streptomycin and streptidine was ≥ 91.5 %, and the linearity 

was R2 ≥ 0.99. The intraday and interday precisions were ≤ 9.7 and ≤1 0.6 %, respectively 

(Granados and Meza, 2007). 

Okayama et al., 1988 developed a HPLC method for the detection of streptomycin in meat using 

ninhydrin as a postcolumn labelling agent and the average recovery of streptomycin added to 

chicken meat at the level of 2 μg/g was 66.7 %. The detection limit of STN was 0.5 μg/g 

(Okayama et al., 1988). Hormazhal et al., 1995 described a new HPLC ion paring and 

postcolumn derivatization method for the determination of dihydrostreptomycin in various milk 

samples. The lower limit of quantification was 25 ng/mL and the limit of detection close to 15 

ng/mL. The recovery of dihydrostreptomycin sulphate varying from 82.6 to 82.8 % (Hormazábal 

and Yndestad, 1995). Abbasi et al., 1998 reported an HPLC method for the determination of 

dihydrostreptomycin in kidney, muscle and milk samples. The fluorescence response was linear 

from 25-2000 µg L-1 of injected analyte. The detection limits were 10 µg kg-1 for milk and 15 µg 

kg-1 for muscle and kidney and the analyte recoveries were on average 93% for milk, 70% for 

kidney and 75% for muscle (Abbasi and Hellenäs, 1998). 

De Oliveria et al., 2009 developed a new LC – atmospheric pressure chemical ionization (APCI)-

tandem mass spectrometry (MS–MS) for the determination of streptomycin and 

dihydrostreptomycin residues in various milk samples. The method presented adequate linearity 

with correlation coefficients above 0.99 for both analytes in the dynamic range of 50–400 µg/kg, 

and average accuracies between 84-110 %. The limit of detection and limit of quantifications 

were, respectively, 25 µg/kg and 50 µg/kg for both analytes (de Oliveira et al., 2009). Horie et 

al., 2004 reported a liquid chromatography–electrospray ionization‐mass spectrometry (LC/ESI‐

MS) method for the simultaneous determination of streptomycin and dihydrostreptomycin in 
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honey samples. The recoveries of both drugs from honey fortified at a level of 0.1 µg/g was 

85.8–89.1%, with high precision. The limits of quantification of the drugs in honey were 

0.01 µg/g (signal‐to‐noise ratio >10) (Horie et al., 2004). 
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CHAPTER 3 

MATERIALS AND METHODS 

 

All materials and methods used in the investigations is outlined in this chapter. The general 

method for the synthesis of nanomaterials and also fabrication of the electrodes is also described. 

Moreover, this chapter deals with the preparation of general reagents and use of instrumentation, 

followed by the general procedure for the analysis of the pharmaceutical formulations and real 

samples.  

3.1 Instrumentation 

 

Voltammetric measurements were carried out with a 797 VA Computrace system with version 

1.3.1 software from Metrohm (Herisau, Switzerland). A three-electrode system comprised of a 

platinum wire which served as a counter electrode, Ag/AgCl (3.0 M KCl) acted as a reference 

electrode and the fabricated GCE was used as the working electrode. All solutions were filtered 

before analysis using a 0.45 μM pore size cellulose acetate filter medium. All the solutions 

examined by electrochemistry were primarily purged with nitrogen gas for 15 minutes. A 

combined Thermo Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

1SF model 1346 with STARe software version 9.20 (Mettler Toledo, Columbus, Ohio, USA) 

instrument was used for the thermogravimetric characterization of the bio nanocomposite. The 

morphologies and characterizations were done with transmission electron microscopy (TEM) 

model JEM 2100 equipped with a Lab6 emitter, Max Oxford instrument for TEM analysis 

(JEOL Inc., Peabody USA). Fourier transformation infrared (FTIR) characterization was 

performed on a Varian 800 FTIR scimitar series (by SMM instruments, Durban, South Africa). 
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The X-ray diffractions were performed with a Philips PW1710 X-Ray Diffraction Spectrometer 

(XRD). An ultrasonic bath (Labcon model 5019 U) was used to prepare nanomaterial 

suspensions. A (CRISON digital micro pH 2000) pH meter was used for the preparation of the 

buffer solutions. Deionized water was provided by the Aqua MAXTM-basic 360 system. 

3.1.1  Reagents 

 

Sodium hydroxide, sulphuric acid, disodium hydrogen phosphate, sodium dihydrogen phosphate, 

titanium tetra chloride, urea, N, N-dimethyl formamide (DMF), copper (II) chloride 

pentahydrate, copper sulphate, ethanol (99.9%), FeCl2.4H2O, zinc chloride, uric acid, glucose, 

sodium chloride, glutamic acid, folic acid, sucrose, potassium bromide, ferrous sulphate, nickel 

nitrate, potassium sulphate, potassium hydroxide and acetic acid were purchased from Capital 

Lab Supplies (Durban, South Africa). Pure analytical grade of isoniazid, pyrazinamide, 

rifampicin, ethambutol, streptomycin and MWCNTs (O.D.-L 6-9 nm-5 μM) were purchased 

from Sigma Aldrich (Durban, South Africa). The 99.9% purity of nitrogen gas was supplied by 

AFROX (Durban, South Africa). Deionized water was produced from an aqua MAXTM-basic 

360 series water purification system supplied by Trilab Support (Durban, South Africa). Alumina 

powder ≤ 3 μM was supplied by Metrohm (Durban, South Africa). All reagents and samples 

were prepared with deionized water filled in vials using disposable syringes and filtering through 

a 0.45-µm pore size, with 25-mm diameter syringe filters containing cellulose acetate as filter 

medium (supplied from Anatech Instruments (Pty) Ltd. Durban, SA) before analysis.  
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3.1.2  Preparation of stock and standard solutions  

 

A stock solution of Isoniazid (INZ 1 M) was prepared by weighing an appropriate amount in a 

10 mL volumetric flask and diluted with deionized water. 0.1 mM pyrazinamide standard 

solution was prepared quantitatively by weighing an equivalent amount in a 10 mL volumetric 

flask and diluted with deionized water. 1 M Rifampicin stock solution was prepared in a 10 mL 

volumetric flask by dissolving an equivalent amount in deionized water. 0.1 mM Ethambutol 

standard solution was made by dissolving an appropriate amount in a 10 mL volumetric flask 

and diluted with deionized water. A stock solution of streptomycin (STN 1 M) was prepared by 

balancing an appropriate amount in a 10 mL volumetric flask and diluted with deionized water.  

Bovine heart Cytochrome C, Horseradish peroxidase and Co enzyme Q were prepared as, 0.066 

g of each Cyt C, HRP and Co en-q dissolved in 10 mL volumetric flask with 0.1 M phosphate 

buffer solution respectively. A 0.1 M phosphate buffer solution was prepared by dissolving a 

desirable amount of disodium hydrogen orthophosphate and sodium dihydrogen phosphate with 

suitable amount of deionized water in 250 mL volumetric flask and the desired pH was adjusted 

with 0.02 M H2SO4 or 0.1 M NaOH. All the working standard, stock and buffer solutions were 

kept in to the refrigerator at 4 ºC for stability. 
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3.2 Preparation methods for nanocomposites 

 

3.2.1  Preparation and modification of glassy carbon electrode with HRP-TiO2NPs 

MWCNTs for isoniazid analysis 

The method for the synthesis of TiO2NPs was modified from the previously reported method 

(Strushkevich et al., 2011). 25 mL of TiCl4 was made up to a 100 mL volumetric flask with 

deionized water, in an ice cold bath. Likewise, 13 g of urea was dissolved in another 250 mL 

volumetric flask with deionized water. The urea solution was then slowly added on to the 

contents of TiCl4, and then subjected to heating at 110 °C on a hot plate, with magnetic stirrer for 

about 30 min. After the completion of the reaction, a white colloidal solution was obtained. The 

colloidal solution was centrifuged at 1000 revolutions per minute with rotational centrifugal 

force for 15 min. After centrifugation of the product, the residue was washed repeatedly with 

deionized water, and then dried at 60 °C for 3-4 hours. The newly formed TiO2NPs was then 

stored in the refrigerator at 4 °C, for further use. Prior to modification, the bare GCE was 

polished with alumina slurry on a wet polished cloth and then further washed with deionized 

water followed by electrochemical cleaning by cycling at a potential range of - 0.1 to + 0.7 V for 

20 cycles in acidified distilled water. This process allowed the removal of any chemisorbed or 

physisorbed materials from the surface of the electrode. A total of 5 mg of MWCNTs was 

dissolved in 5 mL of DMF and thereafter kept for ultrasonification for about 30 min at 50 °C. 

The suspension was used for the modification of the GCE. Further, 10 mg of MWCNTs and 10 

mg of TiO2NPs were dissolved in 10 mL of N, N-dimethyl formamide (DMF) followed by 

ultrasonification for about 1 h, to form a stable black suspension of MWCNTs-TiO2NPs. This 

was then used for the modification of the GCE. The MWCNT modified GCE and MWCNT-

TiO2NPs modified GCE were prepared by dropping 5 µL of MWCNT suspension onto the 
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cleaned electrode, which was then dried for 10 min at 50 °C (Bhajanthri et al., 2016). The HRP 

enzyme was immobilized on the MWCNT-TiO2NPs nanocomposite fabricated on the surface of 

GCE. The MWCNT-TiO2NPs-HRP-GCE sensor was fabricated by dropping 5 µL of the HRP 

solution onto the surface of the MWCNT-TiO2NPs-GCE. The modified electrode was dried and 

then stored in the refrigerator at 4 °C (Hua et al., 2011). The fabricated electrode was now ready 

for use. 

3.2.2  Preparation and modification of glassy carbon electrode with Cyt c-CuONPs-

MWCNTs for pyrazinamide analysis 

The CuONPs were synthesized according to the previous report (Aparna et al., 2012) with slight 

modification. 1.59 g of CuSO4 was dissolved in 150 mL of deionized water to prepare 0.2 M 

CuSO4. This initially appeared as a green coloured solution, and to this 1 mL of acetic acid was 

added. In another vessel 8 g of NaOH was dissolved in 25 mL of deionized water to get 8 M 

NaOH. In a dropwise manner, NaOH was added to the CuSO4 solution with continuous stirring 

and was subjected to heating at 90 οC. This gave a black coloured precipitate immediately. The 

precipitate was then centrifuged, repeatedly washed 4 to 5 times with deionized water and oven 

dried at 60 οC for 3 hours. This powder was further used for the characterization of CuONPs. 

The bare GCE surface was initially treated with alumina slurry on a wet polishing pad and 

washed with deionized water, followed by ultra-sonication with an equal amount of ethanol and 

deionized water for about 15 min. There after the GCE was followed by electrochemical 

cleaning procedure with cycling at a potential range of – 1.4 to 0.1 V for 20 cycles in deionized 

water with 2 to 5 drops of concentrated nitric acid. This process allowed the removal of any 

chemisorbed or physisorbed materials from the electrode surface. 0.25 g of MWCNTs were then 

dispersed into 5 mL of DMF, the resulting mixture was sonicated for 30 min at 50 οC, to give a 
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black suspension. The resulting mixture was used for the coating of MWCNTS on the GCE. 

Equal quantities (0.30 g) of pure MWCNTs and CuONPs were dispersed into a 10 mL of DMF, 

the resulting mixture was sonicated for 60 min at 50 οC resulting in the formation of a black 

suspension. Thereafter, the GCE was immobilized in two different stages. In the first stage 5 μL 

of CuONPs-MWCNTs paste was coated on the surface of the bare GCE and dried at 50 ºC for 15 

min, whilst in the second stage the modified GCE was cooled at room temperature and then 

dipped in to the 1 mg mL-1 Cyt c solution for 7-10 h at 4 ºC (Bathinapatla et al., 2015). It was 

then dried at room temperature for another 10 min. Cyt c was successfully adsorbed on the 

surface of MWCNTs-CuONPs coating, as a result fully fabricated Cyt c-CuONPs-MWCNTs-

GCE was formed.  

3.2.3  Preparation and modification glassy carbon electrode with Co en-q-Fe3O4NPs-

MWCNTs for rifampicin analysis 

According to previous literature (Kahani and Yagini, 2014) with slight modification, 1.21 g (0.03 

M) of FeCl2.4H2O was dissolved in a 250 mL volumetric flask with deionized water. The 4 g (1 

M) NaOH was dissolved in another 100 mL volumetric flask with deionized water. Further, 150 

mL of FeCl2.4H2O was taken into the 500 mL beaker and then slowly added to 50 mL of the 1 M 

NaOH and then subjected to heating at 100 οC on a hot plate for about 30 min, with continuous 

stirring. After the completion of the reaction the reaction mixture turned into a black coloured 

precipitate from the original wine red colour.  The precipitate was then washed several times 

with deionized water and filtered with Whatman-1 filter paper and thereafter dried at 50 οC for 2 

hours. The newly formed Fe3O4NPs were kept in a refrigerator for further use. Prior to use, the 

GCE was polished with an alumina slurry to obtain a mirror like surface, there after washed with 

deionized water and sonicated with ethanol and deionized water (50:50) to remove the alumina 
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particles on electrode surface. It was finally rinsed with deionized water and dried in an oven. 

0.10 mg of MWCNTs was dissolved in 4 mL of N, N-dimethyl formamide (DMF) and then 

subjected to ultra-sonication for 30 min, finally resulting in a black suspension. This suspension 

was used for the modification of GCE. Thereafter, 0.20 mg Fe3O4 and 0.20 mg of MWCNTs 

were dispersed into 5 mL of N, N-dimethyl formamide (DMF) and ultra-sonicated for 1 hour to 

give a black suspension. The resulting dispersion (5 μL Fe3O4-MWCNTs) was dropped to the 

surface of the GCE and then kept for drying in an oven at 50 οC for about 10 min (Wang et al., 

2016). The electrode was then cooled to room temperature and thereafter 2 μL of Co en-q 

enzyme was added, and the coated electrode then left undisturbed at 4 οC for about 15 min for 

the complete enzyme immobilization process to occur, finally resulting in the Co en-q-

Fe3O4NPs-MWCNTs-GCE. 

3.2.4 Preparation and modification glassy carbon electrode with HRP-ZnONPs-RGO for 

ethambutol analysis 

ZnONPs was prepared according to the previous report (Rao and Rao, 2015) with slight 

modification 8.17 g of ZnCl2 (0.4 M) was dissolved in 150 mL ethanol. This solution was kept 

under constant stirring using the magnetic stirrer for 45 min to completely dissolve the zinc 

chloride. In another vessel 4.48 g (0.8 M) of KOH was dissolved in 100 mL of ethanol to give an 

aqueous ethanolic solution of KOH. The completely dissolved ZnCl2 solution was put into a 

beaker and the 0.8 M KOH solution was added dropwise under a constant magnetic stirrer for 2 

h. The beaker was then sealed and the solution allowed to settle overnight. The solution was then 

separated carefully and centrifuged for 5 min, and thereafter the precipitate was removed. 

Furthermore, the precipitated ZnO nanoparticles were washed with deionized water several times 

and oven dried at 50 °C. Due to the drying, the Zn(OH)2 was completely converted in to ZnO. 
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The bare GCE was carefully polished to a mirror like finish with 0.3 μM alumina powder. It was 

then rinsed with deionized water, followed by successive sonication in 1:1 ethanol and deionized 

water for 15 min respectively. For preparing HRP-ZnONPs-RGO-GCE, 30 mg ZnONPs and 30 

mg RGO were dispersed into 15 mL of N, N-dimethyl formamide (DMF) followed by ultra-

sonication for about 90 min, resulting in a homogeneous suspension of ZnONPs-RGO. 5.0 μL of 

ZnONPs-RGO suspension was coated onto the surface of the GCE and dried in the oven at 50 οC 

for 10 min (Balgobind et al., 2016). Thereafter ZnONPs-RGO-GCE was dipped into HRP 

solution for 1 h and kept undisturbed at 4°C for about 30 min in order to fully complete enzyme 

immobilization, and then allowed to dry in ambient temperature for 10 min. The resulting 

electrode was noted as HRP-ZnONPs-RGO-GCE. For comparison, a similar procedure was used 

to prepare the ZnONPs-RGO-GCE and RGO-GCE. Finally, HRP-ZnONPs-RGO-GCE was used 

for the electrochemical measurements. 

3.2.5 Preparation and modification glassy carbon electrode with Cyt c-ZnONPs-

MWCNTs for streptomycin analysis 

ZnONPs was prepared according to the previous report (Rao and Rao, 2015) with slight 

modification and 8.17 g of ZnCl2 (0.4 M) was dissolved in 150 mL ethanol. This solution was 

kept under constant stirring using the magnetic stirrer to completely dissolve the zinc chloride for 

45 min. In another vessel 4.48 g (0.8 M) of KOH was dissolved in 100 mL of ethanol to give an 

aqueous ethanol solution of KOH. The complete dissolution of ZnCl2 was allowed to occur in a 

beaker and the 0.8 M KOH solution was then added dropwise under constant magnetic stirring 

for 2 hours. The beaker was now sealed and the solution was allowed to settle overnight. The 

solution was then separated carefully by centrifuging for 5 min, and thereafter the precipitate was 

removed. Furthermore, the precipitated of ZnO nanoparticles were washed with deionized water 
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several times, and then oven dried at 50 °C. Due to the drying the Zn(OH)2 was completely 

converted in to ZnO. A glassy carbon electrode (GCE, 3 mm diameter, Metrohm) was polished 

with 0.3 μM aluminium slurry and rinsed thoroughly with deionized water. The GCE electrode 

was individually washed by ultrasonic agitation for 5 min in ethanol and then deionized water. 

The electrode was then dried under nitrogen gas flow. Thereafter, 0.20 mg of MWCNTs was 

dissolved in 5 mL of N, N-dimethyl formamide (DMF) and then kept for ultra-sonication for 60 

min, resulting in the formation of black suspension, which was used for the fabrication of the 

GCE. In addition, 0.40 mg ZnONPs and 0.40 mg of MWCNTs was dispersed into 20 mL of 

DMF by ultra-sonication for 1 hour to give a black suspension. Then, 10 μL ZnONPs-MWCNTs 

was dropped on to the polished electrode and kept for drying in an oven at 50 οC for about 15 

min. The prepared ZnONPs-MWCNTs-GCE was cooled to room temperature and stored at 4 °C 

in refrigerator before use. In the determination process, the sensor was dipped in Cyt c enzyme 

solution for 20 min. 30 µL 0.6 mg/mL Cyt c was subsequently dropped on the electrode surface 

for 30 min incubation time. The electrode was then dried at ambient temperature for 15 min to 

obtain the fabricated electrode Cyt c-ZnONPs-MWCNTs-GCE. 
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3.3 Preparation of drug sample solutions   

 

3.3.1 Isoniazid solution 

 

Commercially-available INZ tablets (100 mg) were purchased from the local pharmacy. The 

samples (tablets) were used to evaluate the realistic performance of the MWCNT-TiO2NPs-

HRP-GCE. Ten tablets were taken into a mortar and crushed to a fine powder with pestle. A 0.1 

mM INZ tablet sample solution was prepared by dissolving the appropriate amount of powder 

sample in a 10 mL volumetric flask and adding 10 mL of phosphate buffer solution. Finally, real 

sample analysis was carried out with 0.1 mM INZ by the DPV technique via the standard 

addition method. 

3.3.2 Pyrazinamide solution 

 

The proposed electrochemical sensor was used to examine its performance towards the 

determination of pyrazinamide (PZM) in real pharmaceutical formulated samples. PZM tablets 

(400 mg and 500 mg) were purchased from the local pharmacy. Randomly 15 tablets of PZM 

were selected, accurately weighed and finely grounded with mortar and pestle. An appropriate 

quantity of PZM was then weighed and carefully transferred into a 50 mL volumetric flask, 

along with 40 mL of 0.1 M phosphate buffer solution (pH 7.0) followed by 30 min ultra-

sonication. In this analysis, quantitative determination of pharmaceutical samples was carried out 

by the standard addition method via the DPV technique. 

3.3.3 Rifampicin solution 

 

Tablet samples containing rifampicin (RIF) were purchased from the local pharmacy (Ebsar-2 

Ds, R-Cin 600). The fabricated sensor was tested to determine the RIF concentration in 
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commercialized tablets via following procedure. 5-10 tablets were weighed and ground as a 

finely powdered sample. A 50 mg tablet sample was transferred into a 100 mL volumetric flask 

and dissolved in phosphate buffer solution. The resulting mixture was sonicated for 40 min. The 

analyses were performed via the standard addition method in DPV technique. 

3.3.4 Ethambutol solution 

 

Commercially available tablets (fifteen), each containing 300 mg and 500 mg of ethambutol 

(ETB), were completely powdered with mortar and pestle. Average weight of five tablets was 

determined transferred into a 50 mL standardized volumetric flask, to which 50 mL of deionized 

water was added and ultra-sonicated for 60 min. The resulting mixture was successively filtrated 

with Whatman (No 1) filter paper and the concentration of the samples was diluted and made 

equal to the working concentration range. The concentration of ETB in the pharmaceutical 

formulations were determined by the DPV, using the calibration curve plot. 

3.3.5 Streptomycin solution 

 

The detection of streptomycin in commercially accessible formulation: tablet 1 containing 300 

mg streptomycin per tablet, tablet 2 and 3 containing 500 mg streptomycin per tablet. The 

pharmaceutical samples were made by the following process: 

 Five tablets were crushed in a mortar pestle and to the usual weight for tablet, and then the mass 

of homogeneous powder was transferred into a 25 mL volumetric flask, and diluted with 

phosphate buffer (pH 7.0). The obtained solution was submitted to ultra-sonication for 60 min, in 

order to complete the dissolution, and then filtered with Whatman Filter Paper No.1. 

Furthermore, an appropriate aliquot amount of the solution was added to the supporting 

electrolyte in the voltammetric cell and analyzed directly by differential pulse voltammetry.      



Chapter 3: Materials and Methods 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 101 
 

3.4 Electrochemical measurements for biosensors 

 

10 mL of the 0.1 M of phosphate buffer solution with pH 7.0 was added into the electrochemical 

cell in which the bare electrode or fabricated electrode was immersed prior to the 

electrochemical measurements. The cell was purged with nitrogen gas for 5 min to remove 

dissolved oxygen. To optimize the back ground current readings, several cyclic sweeps were 

carried out. The analyte sample was added into the electrochemical cell and stirred at 1000 rpm. 

An aliquot of the analyte solutions was introduced into the electrochemical cell, and the pre-

concentration time, stirring was stopped and a 10 s equilibration period was allowed for the 

solution to become inert. The cyclic voltammetry and differential pulse voltammetry were 

recorded using the bare or the fabricated working electrode by scanning the potential towards the 

positive direction, and sweeping was done at an optimum scan rate of 0.01 Vs-1 in DPV mode. 

After each measurement, the working electrode was removed from the system and rinsed with 

deionized water. 
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CHAPTER 4 

THEORETICAL FRAME WORK OF ELECTROCHEMICAL 

BIOSENSORS 

 

4.1 Electrochemistry in combination with corresponding biosensor techniques 

 

A biosensor is an analytical device, comprise two components: a bioreceptor and a trans-ducer. 

The main principle of a biosensor, the analytical device which translates a biological response 

into an electrical signal (Figure 4.1). Biosensors are extremely valuable devices for determining 

a wide spectrum of analytes including gases, ions, organic compounds and bacteria. 

 

 

Figure 4.1: Conceptual diagram of the biosensing principle 
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The initial experiment to mark the origin of biosensors was carried out by Leland C. Clark in the 

1960s (Clark and Lyons, 1962). Biosensors have been widely used in two primary areas such as 

environmental monitoring and biological sensing with a wide variety of applications. A 

biosensor typically operates a bio-recognition site (e.g., an enzyme, a protein, an antibody), 

electronic system which contain a signal amplifier, display and processor (Shah and Wilkins, 

2003). A transducer should be able to convert the biorecognition into a quantifiable signal, and is 

classified in to three sections (1) optical measurements (2) electrochemical and (3) mass-

sensitive measurements. The significant part of a biosensor is the transducer which makes use of 

a physical change accompanying the reaction illustrated in Figure 4.2. 

 

 

Figure 4.2: Schematic illustration showing the main components of a biosensor. The 

biocatalyst (a) converts the substrate to a product. This reaction is determined by the 

transducer (b) which converts it to an electrical signal. The output from the transducer is 

amplified (c), processed (d) and displayed (e) (Sabr, 2016)  
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4.2 Bioreceptor  

 

The bioreceptor is a biomolecule that identifies the target analyte whereas the transducer 

converts the recognition event into a measurable signal. Moreover, many types of bioreceptors 

are used nowadays and the main types include enzyme bioreceptors and cellular bioreceptors. 

4.2.1 Enzyme bioreceptor  

Enzymes are macromolecular biological substances generally used as bioreceptors based on their 

precise binding abilities as well as their catalytic activity. Additionally, most enzymes are used to 

make building blocks of body such as amino acids and proteins (Yaghi et al., 1998). These 

enzymes require another chemical component called a cofactor, which are either organic 

compounds (heme and flavin) or inorganic ions (Cu2+, Zn2+, Ni2+, Fe2+) and a coenzyme (ATP, 

NADPH and NADH). Finally, enzymes provide good catalytic activity and allow for much lower 

detection limits than would be obtained with common binding techniques (Sherigara et al., 

2003). In this present work, horseradish peroxidase, cytochrome c and coenzyme q enzymes 

were used as enzyme bioreceptors to construct the enzyme based biosensor for the determination 

of first line anti TB drugs. 

4.3 Interfacial electrochemistry 

 

Current improvements in the arena of material science and characterization techniques have 

blossomed ‘Electrochemistry’ as a multidisciplinary branch acquired from Physics, Biology, 

Chemistry and Chemical Engineering. Furthermore, the conversion of Electrochemistry from 

18th century to the present stage is attributed to the thermodynamic, kinetic and quantum 

mechanical study possible at the ‘surface’ mutually to the experimentalist and theoretician. 

Electrochemistry is the branch of chemistry that employs electrochemical methods to get 
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information related to the amounts, environments of chemical species and properties (Bard and 

Faulkner, 2001). Electrochemical determination is another extensively used transduction 

technique in biosensors and associated to optical techniques, it is very sensitive, shows sufficient 

selectivity, good accuracy, and precision and easy to operate (Rüdel et al., 1996, Tobalina et al., 

1999). 

According to Isaac Maurits Kolthoff electroanalytical chemistry is defined as the application of 

electrochemistry to analytical chemistry. It is better to study electroanalytical chemistry as that 

area of analytical chemistry and electrochemistry in which the electrode is used as a probe, to 

measure approximately that directly or indirectly involves the electrode (Plambeck, 1982). 

Electroanalytical methods are one of the best known analytical techniques due to the following 

advantages: 

a) Relatively low cost of equipment and wide spectrum of analytes (especially drug samples) 

b) Low detection, determination limits and high sensitivity.  

c) Possibility of furnishing results in real time or close to real time.  

d) Selectivity resulting from the choice of electrode material  

e) Relative simplicity, rapidity.  

f) Application as miniaturized sensors where other sensors may not be useful. 
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4.4 Classification of electroanalytical methods 

 

Electroanalytical chemistry involves a group of quantitative analytical techniques that are based 

upon the electrical properties of the solution (Kissinger and Heineman, 1996). There are 

basically three types of electroanalytical measurements: 

1) Coulometry  

2) Potentiometry  

3) Amperomerty and Voltammetry 

4.4.1 Coulometry 

 

Coulometry is an electroanalytical method for measuring an unknown concentration of an 

analyte in solution by totally changing the analyte quantitively from one oxidation state to 

another oxidation state. Coulometry is classified into two methods: controlled-potential 

coulometry, in which we apply a constant potential to the electrochemical cell, and controlled-

current coulometry, in which we pass a constant current through the electrochemical cell 

(Figure4.3) (Kauffmann and Vire, 1993).  
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Figure 4.3: Schematic of a coulometric cell used for coulometric titration (Chemicool, 2017) 

 

Coulometric study is an application of Faraday’s first law of electrolysis and the extent of the 

chemical reaction at an electrode is directly proportional to the amount of electricity passing 

through the electrode (Lingane, 1958). During an electrolysis process, the total charge Q, in 

coulombs, passing through the electrochemical cell is proportional to the absolute amount of 

analyte by Faraday’s law 

                                                                  Q = nFNA                                                                                                                      (4.1) 

where n is the number of electrons per mole of analyte, F is Faraday’s constant (96487 C mol–1), 

and NA is the moles of analyte. A coulomb is equivalent to an ampere per sec, and when passing 

a constant current i, the total charge is 

 Q = i te      (4.2) 
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where te is the electrolysis time. If the current varies with time, as it does in controlled-potential 

coulometry, then the total charge is (Figure 4.4) 

                                                                        Q =∫ і (𝑡)𝑑𝑡
𝐭𝐞

0
                                                             (4.3) 

 

 

Figure 4.4: Current versus time for a controlled-potential coulometric analysis. The 

measured current is shown by the red curve. The integrated area under the curve is the 

total charge (Harvey, 2017) 

4.4.2 Potentiometry 

 

In the potentiometry method, the potential of an electrochemical cell is measured below the static 

circumstances because no current flows while measuring solutions potential and its composition 

remains unaffected. In potentiometry the data on a composition of the sample is obtained through 

the potential appearing among two electrodes (Figure 4.5) and the current path between the two 

electrodes can be of  high resistance (Andreescu and Marty, 2006).  In the year of 1889, the 

Nernst equation was developed and helped in connecting an electrochemical cells potential to the 

concentration of electroactive species in the cell. Potentiometric determinations are based upon 
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measurements of electrochemical cells under zero current, where the Nernst equation governs the 

operation of potentiometry.    

                                     E cell = E0cell – (RT/nF) InQ                                                                       (4.4) 

where, E cell = cell potential under non-standard conditions (V) 

E0
cell = cell potential under standard conditions  

R = universal gas constant (8.341 J mol-K) 

T = temperature (K) 

n = no of moles of electrons exchanged in the electrochemical reaction (mol) 

F = Faraday constant 96500 Coulombs/mol   

Q = reaction quotient 
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Figure 4.5: Schematic illustration of an electrochemical cell used for potentiometric 

measurement (Harvey, 2002) 

 

Potentiometric analysis is classified into two analytical techniques: direct potentiometry and 

potentiometric titrations. In direct potentiometry, the cell potential is determined and correlated 

to the activity or concentration of the different chemical species. In potentiometric titration, the 

variation in cell potential is observed as a function of the volume of reagent added (Wang, 2002). 

4.4.3 Voltammetry/Amperometry 

 

The polarography method was established in 1922 by the Czechoslovakia chemist Jaroslav 

Heyrovsky and he received the Noble Prize in 1959. From his development of polarography, 

voltammetry was also developed and now it becomes one of the important branches in the field 

of electroanalysis. The primary voltammetric techniques experienced many difficulties, making 
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them less ideal for repetitive analytical use (Lubert and Kalcher, 2010). However, in the 1960s 

and 1970s substantial advances were made in all areas of voltammetry (methodology, 

instrumentation and theory), which improved the sensitivity and extended the range of analytical 

methods. The mutual characteristic of all voltammetric techniques is that, they include the 

application of a potential (E) to an electrode and then monitoring the resulting current (i) flowing 

through the electrochemical cell. In various cases, the applied potential is varied, or the current is 

monitored over a period of time (t). Hence, all voltammetric methods can be defined as function 

of E, i, and t. They are measured as active methods because the applied potential forces a 

modification in the concentration of an electroactive types at the electrode surface by 

electrochemically oxidizing or reducing it (Galus, 2015). The analytical advantages of the 

several voltammetric methods contain outstanding sensitivity with a very large useful linear 

concentration range for both organic and inorganic species. The techniques normally used are 

voltammetry, potentiometry, coulometry, polarography and conductometry (Eggins, 2008, 

Ronkainen et al., 2010, Heyrovský, 1956). The sensitivity limits of common electroanalytical 

techniques are shown in the Table 4.1. Moreover, the literature survey for the last 25 years 

shows that polarography and voltammetry have been used in the inorganic, physical, and organic 

field, mostly for the pharmaceutical and biological applications. Voltammetric techniques are 

also useful for the determination of compounds of pharmaceuticals and, when coupled with 

HPLC, they are active tools for the analysis of complex mixtures. Amperometry is also a 

voltammetric technique, which is based on the measurement of current at a fixed operating 

potential. If this potential is suitably selected then the magnitude of current is directly 

proportional to the concentration (Scholz, 2011). The electrochemical sensors use amperometric 

measurements for the current resulting from the reduction or oxidation of an electroactive 
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species in a biochemical reaction. In this study, amperometric devices were used to measure the 

current-voltage relation and is outlined below. 

Table 4.1: Sensitivity limits of electroanalytical methods 

 

 

 

 

 

 

 

Serial 

number  

Techniques Sensitivity limits/M 

   

1 AC polarography, Thin layer coulometry 10-4 to 10-5 

2 Chronocoulometry, Classical polarography 10-5 to 10-6 

3 Derivative polarography, Square wave 

polarography, Linear sweep voltammetry, 

Chemical stripping analysis 

10-6 to 10-7 

4 Differential pulse polarography, 

Amperometry, Conductivity 

10-7 to 10-8 

5 Anodic stripping with hanging mercury 

drop electrodes 

10-8 to 10-9 

6 Anodic stripping with thin film electrodes 

or solid electrodes 

10-9 to 10-10 
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4.4.3.1 Voltammetric methods and theoretical characteristics 

   

Many voltammetric techniques are produced commercially for the determination of definite 

species that are of curiosity in industry and research. The methods used in the voltammetry were 

illustrious from each other by the potential function that is applied to the working electrode to 

drive the electrochemical reaction, and by the material used as the working electrode. The 

voltammetric techniques are classified into many types, some of these are listed below: 

➢ Staircase Voltammetry (SV) 

➢ Linear Sweep Voltammetry (LSV) 

➢ Cathodic Stripping Voltammetry (CSV) 

➢ Square Wave Voltammetry (SWV) 

➢ Normal Pulse Voltammetry (NPV) 

➢ Anodic Stripping Voltammetry (ASV) 

➢ Fast Scan Cyclic Voltammetry (FSCV) 

➢ Cyclic Voltammetry (CV) 

➢ Differential Pulse Voltammetry (DPV) 

Staircase Voltammetry (SV) was introduced about thirty years ago as a digital counterpart to 

the widely used Linear Sweep Voltammetry. In SV, the potential sweep is a sequence of steps 

and the current was measured at the end of each potential change (Markovic et al., 1997).  
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Linear Sweep Voltammetry (LSV) is a voltammetric technique where the current at working 

electrode is measured while the potential among the working electrode and reference electrode is 

swept linearly in time. LSV involves applying a linear potential sweep to the working electrode 

(modified electrode) while monitoring at the same time the current flowing in the circuit. Here 

the signal generator produces a voltage step from Ei to Ef and a potentiostat spread on this 

potential wave to the electrode under study. Finally, the scan direction can be negative or 

positive and in principle, the sweep rate can possess at any constant value. 

                          Sweep rate = dE/dt                                                                                           (4.5) 

 

Cathodic Stripping Voltammetry (CSV) is a voltammetric method for the quantification of 

specific ion species and metal species form their reduction current. CSV was parallel to the trace 

analysis process of anodic stripping voltammetry, except that for the electroplating step, the 

potential is held at an oxidizing potential, and the oxidized species are stripped from the 

electrode by sweeping the potential positively (Yaacob et al., 2014, Hrabánková et al., 1969). 

Furthermore, the stripping step can be also linear, square wave, staircase or pulse. 

Square Wave Voltammetry (SWV) was introduced by Barker in the year of 1957. SWV is 

superimposed on the potential staircase sweep and SWV employs scan rate up to 1 V/sec or 

faster, allowing much quicker determinations (Author, 1957). Reduction or oxidation of species 

is registered as a peak or through in the current signal at the potential at which the species begins 

to be oxidized or reduced (Christie et al., 1977). In the SWV method, the peak potential occurs at 

the E1/2 of the redox couple because the current is symmetrical around the potential. 
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In Normal Pulse Voltammetry (NPV) the cell current resulting from a series of ever large 

potential pulse are compared with the current at a constant 'baseline' voltage. The potential is 

varied using pulses of increasing amplitude and the current is tested after each voltage pulse 

(Aoki and Osteryoung, 1980). Another type of pulse voltammetry is square wave voltammetry, 

which can measured a different type of differential pulse voltammetry in which equivalent time 

is consumed at the potential of the ramped baseline, and potential of the superimposed pulse. 

Anodic Stripping Voltammetry (ASV) technique was used for the quantitative determination 

of specific ionic species. The increasing use of the ASV method is due to its ability to 

simultaneously determine some elements at concentration levels ranging down to the tiny parts 

per billion range with relatively inexpensive instrumentation (Švancara et al., 2010). The analyte 

concentration is electroplated on the working electrode during an oxidized from the electrode 

during the stripping step and deposition step. The current is measured during the stripping step 

(Barón-Jaimez et al., 2013). The oxidation of the species is registered as a peak in the current 

signal at the potential at which the species begins to be oxidized. The stripping step can be also 

square wave staircase, linear, or pulse. 

Fast Scan Cyclic Voltammetry (FSCV) was established by Julian Millar and colleagues in 

London in the early 1980s. FSCV is a linear sweep voltammetric method in which the 

background subtracted voltammogram gives additional information about the electroanlyzed 

species with high scan rate up to 1 × 106 Vs-1 (Alkire et al., 2008, Holze, 2009). It is a 

comparatively fast technique which has been accelerated by many orders of magnitude to 

provide progressive resolution in subsecond time   typically recorded every 100 ms, but the fast 

scan rate decreases the signal to noise ratio. 
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Cyclic Voltammetry (CV) was primary reported in 1938 and theoretically defined by Radies 

and later it has been established for the estimation of charge transfer mechanisms. CV is a very 

important amperometric technique that allows one to scan the potential of working electrode 

either in cathodic or anodic directions and observe peaks due to reduction or oxidation of the 

reactions. The electrode system in CV is dictated by the nature of the medium as well as the 

process being calculated. CV is a simple voltammetric method and provides a great deal 

information about electrochemical behaviour of the analyte. Moreover, in recent years several 

voltammetric methods has been established for the measurement of electrode reactions. The 

unique features of CV are its ability to produce a potentially reactive species and then to study it 

directly by reversal, so providing an electrochemical overview for a reaction system. 

The main advantages of cyclic voltammetry are:  

➢ The wide applicability of electrode materials and relatively low-cost instrumentation. 

➢ Greater flexibility in setting up scan limits and reversal conditions and highly developed 

theory. 

➢ An essential ability for highlighting the chemical conditions between various 

electroactive species present in the voltammogram.  

➢ A direct estimation of electrode reversibility is provided, because the potentials at which 

oxidation and reduction occur are observed directly within range. 

➢ A wide variety of five orders of magnitude in scan rates is possible.  

Cyclic voltammetry responses can be calculated in three ways depending on the analyte response 

of such reversible, irreversible and quasi reversible reactions. 
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(i) Cyclic Voltammetry with reversible system  

The system is defined as “reversible” when the electrode kinetics is considerable faster than the 

rate of diffusion. The Nernst equation is the ultimate boundary condition for a reversible 

reaction: 

                                                                
[𝑂𝑥]𝑥=0

[𝑅𝑒𝑑]𝑥=0
  = exp [

𝑛𝐹

𝑅𝑇
 (𝐸 − 𝐸0)]                                          (4.6)                                                                            

This equation (4.7) can be rewritten as 

 

                                                        E = 𝐸0 + 
𝑅𝑇

𝑛𝐹
 ln 

[𝑂𝑥]𝑥=0

[𝑅𝑒𝑑]𝑥=0
                                               (4.7) 

 

Where [X]x=0 is the concentration of analyte at the electrode surface 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: A reversible system. The arrow shows the direction of the initial scan (Basi, 

2017) 
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Figure 4.6 indicates that the electron transfer mechanism is reversible i.e. the system primarily 

undergoes oxidation followed by reduction. The equation for peak current in linear sweep 

voltammetry at 298 K is (Eqn 4.8) 

                                                             𝑖𝑝𝑎 = 2.69 𝑥105𝐴𝐶0𝑛3/2𝐷𝑅
1/2𝑣1/2                                     (4.8) 

Where 𝑖𝑝𝑎the anodic peak current in amperes, A is the surface area of the electrode in cm2, C0 is 

the concentration in mol cm-3, n is the number of electrons transferred, DR is the diffusion 

coefficient in cm2 s-1, and V is the scan rate in V s-1. 

Peak potential of Ep is given below (Eqn 4.9) 

 

                                                            Ep = E0 – 1.109 
𝑅𝑇

𝑛𝐹
                                                 (4.9) 

 

If the peak is broad, the peak potential could be difficult to analyse, hence sometimes it is easy to 

calculate the potential at ip/2, named half-peak potential, E p/2 can be calculated using Eqn 4.10 

Ep/2 = E0 + 1.109 
𝑅𝑇

𝑛𝐹
 

 

 

                                                ⸫           Ep - Ep/2 = 2.20 
𝑅𝑇

𝑛𝐹
                                               (4.10) 

 

Moreover, the peak potential (Ep) is independent of the scan rate (ν) and the peak current (ip) is 

proportional to ν1/2. 
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 (ii)       Cyclic voltammetry with irreversible systems 

 The system is defined as “irreversible” when the electrode kinetics are slower than the rate of 

diffusion. For an irreversible system (those with slow electron exchange), the individual peaks 

are reduced in size and widely separated. Figure 4.7 shows a characteristic response where the 

peak extreme clearly shifts with the applied voltammetric scan rate. Totally irreversible systems 

are quantitatively characterized by a shift in the peak potential with scan rates. The shape of the 

voltammogram mostly depends upon the mechanism of the electrode process. Cyclic 

voltammetry can provide information about the number of electrons transferred in each peak. 

The analytical criteria for two important systems are discussed and others are presented in Table 

4.2.  
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Table 4.2: Analytical criteria for the charge transfer reactions 

 

System Analytical criteria 

(a) Reversible  

Ox + ne
-

Red  

Ep is independent of; Eo = (Ep
a – Ep

c)/2 

Ep
c- Ep

a = (59/n) mV at 25o C and is independent of ν; 

ip/ν1/2 is independent of ν; ip
a/ip

c is unity and 

independent of ν  

Wave shape is independent of ν 

(b) Quasi reversible 

Ox + ne
-

Red(low ν) 

Ox + ne
-

Red (high ν) 

Ep shifts with v 

Ep
c – Ep

a may approach (60/n) mV at low ν but 

increases as ν increases ip/ν
1/2 is nearly only for α = 0.5 

(c) Irreversible 

Ox + ne
-

Red  

No current response in reverse scan  

Ep shifts cathodically by (30/αn) mV per ten-fold 

increase in ν 

The wave shape is determined by α and is independent 

of ν 

(d) Preceding reversible chemical  

      reaction

Z
kf

kb

Ox
ne

-

Red

 

Ep shifts anodically with an increase in ν  

ip/ ν
1/2 decreases as ν increases 

(e) Following reversible chemical    

      reaction 

Ox + ne
- Red

kf

kb  

Ep shifts cathodically with an increase in ν 

ip/ ν1/2 virtually constant with ν 

ip
a/ ip

c decreases from unity as ν increases 

(f) Charge transfer with catalytic  

     regeneration 

Ox + ne
- Red + Z

kc
 

Ep shifts anodically by a maximum of (60/n) mV 

ip/ ν1/2 increases at low values of ν and becomes 

independent in higher ν 

ip
a/ ip

c is unity 

(g) Following irreversible  

      dimerization reaction 

Ox + ne
- Red  

2Red Z
kd

 

Ep shifts cathodically by (20/n) mV per tenfold increase 

in ν and per tenfold decrease in initial concentration, 

C*
ox  

ip/ ν1/2 decreases a maximum of 20% from low to high ν 

 ip
a/ ip

c increases with ν and decreases as C*
ox increases. 
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Furthermore, the Nernstian boundary condition is replaced by a kinetic boundary condition when 

equilibrium is not engaged at the electrode surface as shown in Eqn 4.11 

                                              
𝑖

𝐹𝐴
  = D0 [

∂ 𝐶0(x,t)

𝜕𝑥
]x=0 =kf (t) C0 (0, t)                                        (4.11) 

Where kf is the rate constant for reduction  

 

 

 

 

 

 

 

 

Figure 4.7: An electrochemically-irreversible voltammogram. The numerical values 

illustrated are dimensionless values of current and potential. The arrow indicates the 

direction of the initial scan (Chokkareddy, 2017) 
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In irreversible systems, the peak potential appears at higher potentials, accurately beyond E0 

value, due to the small amounts. Hence, a bigger overpotential is being requested to lead the 

reduction. The peak current for irreversible systems (at 298 K) is given by Eqn 4.12, 

 

                                                         𝑖𝑝𝑎 = 2.99 𝑥105𝐴𝐶0𝛼1/2𝐷𝑅
1/2𝑣1/2                                      (4.12) 

 

Where 𝑖𝑝𝑎the anodic peak current in amperes, A is the surface area of the electrode in cm2, C0 is 

the concentration in mol cm-3, n is the number of electrons transferred, DR is the diffusion 

coefficient in cm2 s-1, and V is the scan rate in V s-1. 

The peak potential for irreversible system is given below  

                                                        Ep = E0 - 
𝑅𝑇

∝𝐹
 [0.780 +  ln  

𝐷0
1/2

𝑘0
+ (

∝𝐹𝜈

𝑅𝑇
)1/2]                               (4.13) 

                                                         Ep – Ep/2 = 
1.857 𝑅𝑇

𝛼𝐹
                                                                           (4.14)       

Accordingly, for a totally irreversible system, Ep depends on the scan rate, variably (for 

reduction) in a negative direction by 30 mV at 298 K (or 1.15RT/αF) for each tenfold increase in 

the scan rate (v).  
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(iii) Cyclic voltammetry with quasi-reversible systems   

Quasi-reversible system was developed by Matsuda and Aybe for reactions that show electron-

transfer kinetic limitations. These systems are transitional state between reversible and 

irreversible systems as shown in Figure 4.8. 

Used for the one-step, one electron case,  

Ox + e
-

Red

Kf

Kb  

The resultant boundary condition is given by Eqn (4.15)                      

D0 = 〈
∂ 𝐶0(x,t)

𝜕𝑥
〉x=0 = k0 e-af [E(t) – E0] {C0 (0, t) – CR (0, t) 𝒆𝒇[E(t) – E0]}                                         (4.15)  
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Figure 4.8: Cyclic voltammogram of a quasi-reversible system. The numerical values 

shown are dimensionless values of current and potential. The arrow indicates the direction 

of the initial scan (Song, 2016) 

 

Current is given by Eqn 4.16 

                                                          i = FAD01/2C0 𝑓 1/2 ν1/2⁄ Ψ (E)                                                   (4.16) 

Where, 𝑓 = 𝐹/𝑅𝑇, Ψ (E) is a function of the quasi-reversible system, A is the area in cm2, D0 is 

the diffusion coefficient in cm2s-1, C0 is the concentration in mol cm-3 and ν is the scan rate in Vs-

1. 

Δ = 
𝑘0

𝐷01/2(
𝐹1/2

𝑅𝑇
)𝜈1/2
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When Δ >10, the behaviour approaches that of a reversible system.  

The values of ip, Ep and Ep/2 depends on Δ and α. The peak current is given by 

ip = ip (rev) K (Δ, α) 

Where, ip (rev): is the reversible ip value. For a quasi-reversible reaction, ip is not proportional to 

ν1/2. The peak potential is given by an integral equation which is solved using numerical 

methods. A Nernstian, quasi-reversible, or totally irreversible behaviour depends on the Δ and on 

the scan rate employed. 

Electrochemical cell contains of the sample dissolved in a solvent, an ionic electrolyte, and three 

electrodes: working electrode (WE), reference electrode (RE) and counter electrode (CE). The 

main working principle of cyclic voltammetry is that the applied potential is measured against 

the RE, while the CE closes the electrical circuit for the current to flow. Furthermore, the 

obtained measurements are plotted as current vs voltage, also known as a voltammogram and 

also ascertain a meaningful chemical reaction. Hence, the critical influence of the scan rate is 

very significant because the extent of a scan must provide appropriate time for a specific 

chemical reaction. Additionally, the varying scan rates showed equivalent results and also varied 

for example, with an increase in the scan rate the oxidation and reduction peak potentials slowly 

move to the right and left sides with a steady increase and decrease in the oxidation and 

reduction peak currents. The developed biosensors depend mainly on the size and shape of the 

voltammogram for a given compound, and depends not only on the scan rates and the electrode 

surface, but also depends on the catalyst (enzymes or nano materials) concentration. 
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Differential pulse voltammetry/polarography is the most commonly used voltammetric 

technique and it is equivalent to normal pulse voltammetry in that the potential is also scanned 

with a series of pulses. It is similarly well appropriated for reversible and irreversible systems 

and showed high sensitivity. The digital instruments indicate staircase shaped signals and 

increase through the direct potential, to which small square wave pulses with a constant potential 

(pulse amplitude) are useful in periodic series. The DPV varies from normal pulse voltammetry 

(NPV) because each potential pulse is fixed, of small amplitude (10 to 100 mV), and is 

superimposed on a slowly shifting base potential. In the pulse mode current is measured at two 

points for each pulse, the first point just before the application of the pulse and the second at the 

end of the pulse time. The difference amongst the current measurements is plotted against the 

through potential and produces peak-shaped polarograms, as the difference in current is the 

largest for the potential modifications around the half-wave potential as shown in Figure 4.9. 

According to the Ilkovich equation 

                                                                      ip = 
𝑛2𝐹2

4𝑅𝑇
 𝐴𝐶0∆EA√

𝐷

𝜋𝑡𝑝
                                                      (4.17) 

In reversible electrode processes, the peak height ip in the DP polarograms is proportional to the 

analyte concentration Ca and is determined by the amplitude Δ EA of the square wave pulses as 

well as by the pulse time tp among other factors (Gumede, 2008). Moreover, the detection limit 

for determinations by differential pulse voltammetry is like that for square wave polarography at 

about 10-7 - 10-8 mol/L; but, the decrease in sensitivity resulting from irreversibility is lower. 
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Figure 4.9: A typical DPV measurement process whereby the current is measured twice at 

each mercury drop, before each pulse and at the end of the pulse time. The difference 

between the measurements is plotted against the direct potential and produces peak-shaped 

polarograms, as the change in current is the largest for the potential alterations in the 

region of the half-wave potential. Typical current-potential curve expected for a DPV 

measurement (Kerman, 2007) 

4.4.4 Three electrode system 

 

Figure 4.10 shows the three-electrode system. Here the working electrode or modified electrode 

is used to study the redox reactions of the compounds. Reference electrode, whose high potential 

stability is constant enough so that it can be occupied as the reference standard against which the 

potentials of the additional electrodes present in the cell can be measured. There are various 

reference electrodes that are used, the simplest is when the reference electrode is used as a half 
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cell to develop an electrochemical cell. Generally used reference electrodes are the silver-silver 

chloride electrode (Ag/AgCl/4M KCl, e = 0.222 V) or the calomel electrode (Hg/HgCl/KCl). 

Auxiliary or counter electrode, which serves as a basis for electrons so that current can be passed 

from the external circuit through the cell.  The regular material for cell construction is Pyrex 

glass for reasons both of prominence and general chemical inertness. The working electrode can 

be provided the transduction component in the biochemical reaction, while the counter electrode 

creates a connection to the electrolytic solution therefore that a current can be applied to the 

working electrode. These electrodes would be chemically and conductively stable. Hence, gold, 

platinum, carbon (e.g. graphite) and silicon composites are generally used, depending on the 

analyte. 

 

 

 

 

 

 

 

 

Figure 4.10: A typical electrochemical cell consists of three electrode systems (Roy, 2017) 
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4.4.4.1 Metal electrodes (Au and Pt) 

Metal electrodes are the critical interface between a stimulating or measuring device, and the 

entity to be measured or stimulated. Electricity flows through wires by electron flow. It flows 

through tissue or fluid by ion flow, and to produce an ion from an electron, a chemical reaction is 

necessary. Nobel metals like gold and platinum have generally been used as electrode substrates. 

Noble metal electrodes can offer very promising electron transfer kinetics and an extensive 

anodic potential range and cathodic potential window of these electrodes is usually controlled 

due to the low hydrogen overvoltage. Furthermore, the establishment of surface oxide or 

adsorbed hydrogen layers may lead to high background currents, which powerfully move the 

kinetics of the electrode reaction. To avoid this problem, a pulse potential cycle must be done 

before the electrochemical experiments (Johnson and LaCourse, 1990). Figure 4.11 shows the 

gold and platinum electrode. 

 

 

 

 

 

 

Figure 4.11: Gold electrode and platinum electrode 
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Gold electrodes act equally to platinum, but have limited usefulness in the positive potential 

range due to the oxidation of its surface. They has been very useful, but the modification 

electrodes containing surface structures known as self-assembled monolayers (SAMs) (Baś et al., 

2006). Further metals, such as nickel, silver and copper are also used as electrode materials due 

to the specific applications, such as the determination of carbohydrates or amino acids in basic 

medium (copper and nickel) and of sulphur or cyanide compounds (silver). In addition, many 

alloy electrodes like platinum–ruthenium and nickel–titanium electrodes have also been 

described, which are frequently used for the preparation of fuel cells, due to their bifunctional 

catalytic mechanism. 

4.4.4.2 Carbon electrodes 

 

The carbon compounds have been widely used as electrode substrates to make several electrodes. 

Due to the soft properties of carbon, such as wide-ranging potential window, rich surface 

chemistry, low background current and comparative chemical inertness these electrode surfaces 

can easily be renewable for electron exchange. Carbon is a passive electrode material, carbon is 

useful for both oxidation and reduction in both aqueous and nonaqueous solutions. Many forms 

of carbon have been used to make suitable electrodes including pyrolytic graphite (a high 

density, highly oriented form of graphite), spectroscopic-grade graphite (usually impregnated 

with ceresin or paraffin wax), graphite isolated in epoxy resin or silicone rubber carbon paste 

(spectroscopic-grade graphite mulled in sufficient Nujol to form a stiff paste), and vitreous or 

glassy carbon electrode. 
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4.4.4.3 Vitreous or glassy carbon electrode 

 

Vitreous carbon can also be formed as a foam. It is then called reticulated vitreous carbon 

(RVC). This foam was first established in the year of 1960s as a thermally insulating, 

microporous glassy carbon electrode material (Figure 4.12). Glassy carbon is an electrically 

conductive and gas impermeable material, highly resistant to chemical attack and obtainable in 

pure state. From the previous studies, it was realised that glassy carbon electrode materials 

synthesized at high heat-treatment and shows good electrochemical activity. Glassy carbon 

electrode is prepared by controlled heating program of a pre-modeled polymeric (phenol-

formaldehyde) resin body up to 3000 °C.  

 

 

 

 

 

 

Figure 4.12: Glassy carbon electrode 

 

The structure of glassy carbon involves thin, tangled ribbons of cross-linked graphite-like sheets. 

Because of its high density and small pore size, no saturated procedure is required. Moreover, a 

surface pre-treatment is frequently employed to create active and reproducible glassy-carbon 
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electrodes and to improve their analytical performance, glassy carbon electrode is polished using 

alumina in the form of polishing cloth or powder, which stimulates it in electron transfer 

reactions. The electrode should then be rinsed with deionized water before use. This behaviour 

has been thoroughly examined using electrochemical as well as other microscopic techniques  

Glassy carbon electrode advantages  

➢ High resistivity to heat and chemicals  

➢ Excellent thermal and electrical conductivity  

➢ Little or no contamination on its fine impermeable structure 

➢ Absolute gas impermeability like glass and light weight and high mechanical strength 

4.4.4.4 Rotating disc electrode (RDE) 

 

The partial anodic potential of mercury electrodes has excluded their utility for monitoring 

oxidizable compounds. Hence, solid electrodes with extended anodic potential windows have 

attracted substantial analytical interest (Figure 4.13). Of the various different solid materials that 

can be used as working electrodes, the ones most often used are platinum, carbon and gold. 

Nickel, Silver and copper can also be used for specific applications. The solid electrodes can be 

rotating or stationary, generally in a planar disk configuration. Such electrodes contains of a 

short cylindrical rod of the electrode material surrounded in a tightly fitting tube of an shielding 

material (Teflon, KelF etc.) It is critical to avoid crevices among the sleeve and the electrode 

materials, and thus to avoid solution creeping (and an increase in background response). 

Electrical interaction is made at the final face and the RDE provides an effective and 
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reproducible mass transport and hence the analytical measurement can be made with precision 

and high sensitivity. 

 

 

 

 

 

 

 

Figure 4.13: Graphical illustration device of rotating disc electrode (University of 

Cambridge, 2017) 

4.4.4.5 Chemically modified electrodes (CMEs) 

 

An active area of investigation in electrochemistry is the development of electrodes formed by 

chemical modification of many conductive substrates. Such electrodes have been tailored to 

accomplish a wide-range of functions. The deliberate modification of electrode surfaces can thus 

meet the needs of several electro-analytical problems, and may form the basis for new analytical 

application and different sensing devices (Msagati and Ngila, 2003). Moreover, there are many 

ways in which CMEs can advantage analytical applications. These include acceleration of 

preferential accumulation, electron-transfer reactions. Such steps can impart higher sensitivity, 

selectivity, or stability to electrochemical devices. Several significant applications, such as 
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precise release of drugs, electrochromic devices, electro combination, and corrosion protection, 

should also benefit from the rational design of electrode surfaces. One of the utmost significant 

properties of CMEs is their capability to catalyze the oxidation or reduction of solute types that 

exhibits high over voltages at unmodified surfaces. Thus, CMEs play a vital role in reducing the 

high overvoltage essential for the voltammetric detection of analyte without its main 

interferences. Moreover, the most important analytical use for such electrodes is as analytical 

sensors selective for specific species or functional groups. Many substrates such as Multiwalled 

Carbon Nanotubes (MWCTs), Reduced graphene oxide (RGO), Titanium oxide nanoparticles 

(TiO2NPs), Iron oxide nanoparticles (Fe3O4NPs) Polymer films, Metalloporphyrins, Calixarenes 

etc. are used for the modification of electrode surfaces. For the present investigation, the 

modification methods adopted are MWCTs, RGO based modification, and TiO2NPs based 

modification and enzyme immobilization. 

4.5 Supporting electrolyte 

 

The supporting electrolyte is an inert soluble ionic salt added to the solvent, usually in 10-fold or 

100- fold excess over the concentration of the species being calculated. The inertness meant here 

is the ability to avoid oxidation or reduction at the indicating or reference electrode, while the 

electrochemical measurements are being made. Additionally, there are three functions of the 

supporting electrolyte. Firstly, it transmits most of the ionic current of the cell since its 

concentration is much higher than that of the other species in solution. Thus, it helps to complete 

the circuit of the electrochemical cell and retain the cell resistance at a low value. Secondly, it 

keeps a constant ionic strength. This is essential because the structure of the interphase region 

should not change significantly if a reaction arises here.  
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A stable structure is formed on the electrolyte side by adding a high concentration of an inert 

salt. Thirdly, migration current detected is reduced by the presence of excess of ions that are not 

electrochemically active at the potentials in use, because they can carry an ionic current without 

permitting its change into electronic, and hence net or measured, current at the electrodes. 
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CHAPTER 5 

RESULTS AND DISCUSSION 
 

Electrochemical characterization and detection of isoniazid, pyrazinamide, rifampicin, 

ethambutol and streptomycin 

This chapter deals with the results initiate from the experimental part of the electrochemical 

work. The experimental work is mainly divided into two sections, viz., nanocomposite 

electrochemical sensor for the determination of the isoniazid, pyrazinamide, rifampicin and 

ethambutol, and the development of horseradish peroxidase (HRP) based biosensor for the 

determination of isoniazid (INZ) and streptomycin (STN), cytochrome c (Cyt c) modified 

biosensor for the detection of pyrazinamide (PZM) and streptomycin (STN), coenzyme q (Co en-

q) based biosensors for the determination of  rifampicin (RIF), as well as HRP based biosensor 

for the detection of  ethambutol (ETB) are discussed. 

5.1 Nanocomposite voltammetric sensor for the determination of isoniazid 

 

In this work HRP was immobilized on the glassy carbon electrode using titanium oxide 

nanoparticles (TiO2NPs) and anchored with multiwalled carbon nanotubes (MWCNTs). 

MWCNTs facilitate the electron transfer among the electroactive species and electrode, while N, 

N dimethyl formamide was used as a dispersing reagent for the carbon nanotubes (Ra et al., 

2005). Furthermore, TiO2NPs were added onto the MWCNTs and immobilized with HRP to 

produce other electro catalytic sites and substantially increase the sensitivity, and limit of 

detection of the fabricated electrode. To the best of our knowledge this is the first 

electrochemical attempt using MWCNT-TiO2NPs-HRP-GCE for the determination of isoniazid.          
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5.1.1 Characterization of the MWCNT-TiO2NPs-HRP-GCE 

 

The MWCNT-TiO2NPs-HRP-GCE was characterized using FT-IR, X-ray diffraction (XRD), 

transmission electron microscopy (TEM), and thermogravimetry (TGA) techniques. FT-IR was 

performed to assess characteristic stretching variations for synthesized TiO2NPs. Figure 5.1A 

reveals the presence of a sharp peak at 523 cm−1 indicating the presence of Ti-O stretching 

vibrations. A well-defined sharp peak appeared at 1403 cm−1, indicating the Ti-O-Ti stretching 

vibrations. The peak at 1163 cm−1 is responsible for C-O stretching (Azad and Ganesan, 2012). 

 

 

Figure 5.1: (A) Fourier transform infrared spectroscopic (FT-IR) characterization of 

titanium oxide nanoparticles (TiO2NPs). (B) X-ray diffraction (XRD) image of TiO2NPs 
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 In addition, peaks at 3132 cm−1 were attributed to the presence of O-H stretching. Figure 5.1B 

shows the XRD data, with Miller indices (101,110, and 111) attributed to the body-centred cubic, 

crystalline nature of the TiO2NPs. The broad diffraction peaks are an indication of the nano-size 

of the crystalline compound. The experimental XRD pattern obtained agrees with the 2θ peak at 

25.4° and confirms the TiO2 anatase structure (Asadpour-Zeynali et al., 2016). The strong 

diffractions at 25° and 48° were also attributed to TiO2NPs in the anatase phase (You et al., 

1999). The above evidence confirmed the presence of synthesized TiO2NPs.  

Figure 5.2A is the TEM image of the TiO2NPs, which clearly indicates the spherical shape 

geometry of TiO2NPs with an average diameter of 25 nm. Figure 5.2B shows TEM of pure 

MWCNTs as having tubular network-like structures. Figure 5.2C clearly shows the adherence of 

TiO2NPs on the surface of the MWCNTs. Figure 5.2D shows the thermogravimetric curves of 

pure MWCNTs, TiO2NPs and MWCNTs-TiO2NPs. The TGA curve of MWCNTs (black line in 

Figure 5.2D denoted by i) exhibited definite mass loss at 570 °C, which may possibly be due to 

the carbon oxidation. The TGA curve of TiO2NPs which one showed nearly flat characteristics 

with minor mass loss observed before 100 °C, and this may be due to loss of water, whereas at 

400 °C this may signify loss of nitrogen content. The TGA curve of MWCNTs-TiO2NPs also 

showed slight mass loss in two stages around at 100 °C and 250 °C, respectively; this may be 

due to the evaporation of the solvent. Beyond this temperature, the composite was highly stable 

due to the dispersion of TiO2NPs on the surface of MWCNTs. The graphical illustration of the 

electrochemical oxidation of INZ at HRP-TiO2NPs-MWCNTs-GCE is shown in Scheme 5.1. 
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Figure 5.2: (A) Transmission electron microscopy (TEM) image of TiO2NPs (B) Pure 

multiwalled carbon nanotubes (MWCNTs) (C) MWCNTs-TiO2NPs (D) Thermogravimetry 

(TGA) curves for: (i) MWCNTs; (ii) MWCNTs-TiO2NPs; and (iii) TiO2NPs 
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Scheme 5.1: Graphical illustration of electrochemical oxidation of isoniazid at HRP-

TiO2NPs-MWCNTs-GCE 

 

5.1.2 Method Optimization  

 

The effect of pH played an important role in the electrochemical signal amplification of 

isoniazid. The effect of pH with peak current was studied in the range of 3.0–10.0. As the pH 

increases, peak currents gradually increase until pH 7, and then decrease beyond pH 7. The 

changes in the anodic peak currents and peak potentials responses were monitored by varying the 
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pH (Figure 5.3B). According to the obtained results from Figure 5.3B, the anodic peak current 

of INZ reaches a maximum at pH 7, and decreases beyond pH 7. Due to this observation, a pH of 

7 was selected as optimum for the entire study. In addition, the effect of deposition time was also 

monitored from 30 to 150 s (Figure 5.3C). Based on the results obtained, deposition time with 

120 s was selected as optimum deposition time for the present study. Further, the most effective 

parameter, notably, scan rate, was examined in the range of 0.1 to 1.0 V·s−1. The results obtained 

showed that 0.9 V·s−1 was the optimum potential scan rate. The effect of incubation temperature 

was also tested with the activity of HRP immobilized on the surface of the MWCNT-TiO2NPs-

GCE. The anodic peak current response was observed with different incubation temperatures 

ranging from 5 to 50 °C (Figure 5.3D). The fabricated MWCNT-TiO2NPs-HRP-GCE showed 

maximum peak currents at 30 °C. Therefore, 30 °C was selected as the optimum temperature for 

the experiment. At 5-30 °C the increase in current responses of the modified sensor was due to 

the increase in the activation energy of the reaction. Higher than 30 °C, the current responses 

were decreased due to enzyme denaturation. The enzyme reaction rate increases as the 

incubation temperature increases up to an optimum temperature, and after that the enzyme 

activity declines rapidly. Moreover, the immobilized enzyme shows no changes at the optimum 

temperature when compared with free enzyme. The enzyme incubation time is also an important 

parameter in the method optimization, and was monitored from 5 to 25 min at room temperature, 

whilst the corresponding current responses were measured. Figure 5.4 shows the current 

responses gradually increased with sustained enzyme incubation time. The enzyme-fabricated 

electrode showed good peak current response at 15 min. Based on the current response and 

adsorption equilibrium of the enzyme, 15 min was selected as the optimum incubation time for 



Chapter 5: Results and Discussion 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 142 
 

the entire study. After 15 min, the current response gradually decreased with prolonged 

incubation time. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: (A) Cyclic voltammograms of 0.1 mM isoniazid (INZ) with: (1) a bare glassy 

carbon electrode (GCE); (2) MWCNT-GCE; (3) MWCNT-TiO2NPs-GCE; and (4) 

MWCNT-TiO2NPs-horseradish peroxide (HRP)-GCE. (B) Peak potential and peak 

currents response with pH at 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0. respectively (C) Peak 
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current responses vs. different deposition times of 30, 60, 90, 120 and 150 s. (D) Effect of 

temperature on the current response of the MWCNT-TiO2NPs-HRP-GCE 

 

 

 

 

 

 

 

 

 

Figure 5.4: The effect of the enzyme incubation time on the current responses of the 

modified electrode 

5.1.3 Electrochemical Behaviour of INZ on the MWCNT-TiO2NPs-HRP-GCE 

 

The MWCNT-TiO2NPs-HRP-GCE was electrochemically analysed by CV and DPV techniques. 

The modified electrode surface area calculation was justified by using the Randles–Sevick (Chen 

et al., 2012) as in the following equation: (5.1). 

 

where  𝑖𝑝𝑎 is the anodic peak current, A is the surface area of the electrode, C0 is the 

concentration of INZ, n is the number of electrons transferred, DR is the diffusion coefficient, 

 𝑖𝑝𝑎 = 2.69 × 105𝐴𝐶0𝑛3/2𝐷𝑅
1/2𝑣1/2  (5.1) 
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and 𝑣 is the scan rate. Based on Equation (5.1), the MWCNT-TiO2NPs-HRP-GCE and GCE 

surface areas were calculated and found to be 19.32 and 3.14 mm2, respectively. This indicated 

that the MWCNT-TiO2NPs-HRP-GCE sensor was exhibiting approximately a six-fold increase 

in surface area over the GCE. This implies that the fabricated sensor provides a high surface area 

for INZ to undergo electrochemical oxidation (Devadas et al., 2015a) (Scheme 5.2). 

 

 

 

 

 

 

Scheme 5.2: Electrochemical oxidation mechanism of INZ with the MWCNT-TiO2NPs-

HRP-GCE 

The electrochemical sensing ability of the MWCNT-TiO2NPs-HRP-GCE was compared with the 

bare GCE, MWCNTs and MWCNTs-TiO2NPs (Figure 5.3A). The potential scale was monitored 

in the range of −0.1 to +0.7 V for the appearance of anodic peak. The GCE exhibited a much 

lower current of 25 µA, while the MWCNT-GCE and MWCNT-TiO2NPs-GCE showed good 

current responses of 56 µA and 110 µA, respectively. The final MWCNT-TiO2NPs-HRP-GCE 

showed much greater peak current response of 200 µA (Figure 5.5A). Figure 5.5B shows the 

linear relationship between log 𝑖𝑝𝑎 and log v, and it is suggested the diffusion of INZ at the 

surface of the MWCNT-TiO2NPs-HRP-GCE can be expressed by the following equation (5.2).  
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log 𝑖𝑝𝑎 = 0.7841 log v + 1.5351                                          (5.1) 

Figure 5.5C shows that the oxidation of INZ at the MWCNTs-TiO2NPs-HRP-GCE is similar to 

the diffusion-controlled process owing to the linear relationship between anodic peak current and 

the square root of the scan rate. The fitted regression line can be expressed as іpa = 0.2642 υ1/2 + 

0.2891; R2 = 0.9822. This clearly indicates the outstanding performance of the MWCNT-TiO2NPs-

HRP-GCE compared to the other three electrodes. 
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Figure 5.5: (A) Cyclic voltammograms of 0.1 mM of INZ at scan rates of 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6, 0.7, 0.8 and 0.9 V·s−1. (B) Graph of (log anodic peak current) versus log (scan rate) 

for 0.1 mM INZ in 0.1 M phosphate buffer solution (PBS; pH 7.0) with different scan rates 

for the MWCNT-TiO2NPs-HRP-GCE. (C) Linear plot of (anodic peak current) against the 

square root of the scan rate (n = 5, average standard deviation) 
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5.1.4 Quantitative Analysis of INZ 

 

DPV was carried out with a 0.5 to 5 μM solution of INZ, via the standard addition method. The 

MWCNT-TiO2NPs-HRP-GCE gave a well-defined anodic peak at 0.2 V (vs. Ag/AgCl) with the 

optimized working parameters (scan rate of 0.09 V s−1, deposition time 120 s, pulse amplitude 

0.050 V, voltage step 0.00935 V, voltage step time 0.1 s and pulse time 0.040 s). It was shown 

that as the concentration of INZ was increased, the anodic peak currents gradually increased 

(Figure 5.6).  

A calibration graph was plotted for the concentration of INZ against anodic peak currents. The 

obtained regression equation (іpa =12.22 c + 0.375) showed a good correlation coefficient of R2 = 

0.998 for DPV. The limit of detection (LOD) and limit of quantification (LOQ) were calculated 

based on signal to noise ratios by using the Equations (5.3) and (5.4). In terms of the instrument 

signal, it is important in determining the smallest signal that is distinguishable from the 

background (baseline) noise. 

LOD = (3 × SD/Slope) (5.2) 

LOQ = (10 × SD/Slope) (5.3) 

where SD is the standard deviation of the peak currents for three different runs and slope of the 

calibration curve. The limit of detection and limit of quantification for INZ is 0.0335 μM and 

0.1118 μM, respectively. The comparison of the current fabricated sensor method with the 

previous methods (Chen et al., 2012, Azad et al., 2015, Cheemalapati et al., 2014a, Wei et al., 

2016, Gnanasekaran et al., 2015, Thamaphat et al., 2008, Absalan et al., 2016, Ghoneim et al., 

2003, Yun Xia and Ya Hu, 2005) used in the determination of INZ is listed in Table 5.1. It is 
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evident that the current method reported showed lower LOD and LOQ values for the 

determination of INZ compared to previous reports. 

 

 

 

 

 

 

 

 

 

Figure 5.6: Differential pulse voltammetric (DPV) response of 0.5 to 5 μM INZ with the 

MWCNT-TiO2NPs-HRP-GCE at pH 7.0, scan rate: 0.09 V s−1, deposition time: 120 s, pulse 

amplitude: 0.050 V and pulse time: 0.040 s. (Inset calibration plot) (n = 5, average SD) 
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Table 5.1: Comparison of some characteristics of previously reported modified electrodes 

with the current MWCNT-TiO2NPs-HRP-GCE study 

Electrode Technique 
Detection 

Limits/(μM) 

Linear 

Range/(μM) 

Buffer and 

pH 
References 

Nf/Fe/GCE a CV 13.00  50–20,000 
Na2SO4 

(9) 

(Bergamini et 

al., 2010) 

LDH/GCE b DPV 4.00 4.9–770 BR (9) 
(Yun Xia and 

Ya Hu, 2005) 

4-pyridyl 

hydroquinone 

SAM/platinum 

electrode c 

CV 20.0  - PBS (7.2) 
(Absalan et al., 

2016) 

poly-L-

histidine/SPE d 
DPV 0.50  - PBS (7) 

(Ghoneim et 

al., 2003) 

Gold electrode 
e 

DPV 0.09 - 
NaOH 

(13.6) 

(Cheemalapati 

et al., 2013) 

PdNP/CPE f CV 0.47  - PBS (7) 
(Chen et al., 

2012) 

Hanging 

mercury drop 

electrode g 

SWADCS 1.18  - BR (5.5) 
(Cheemalapati 

et al., 2014a) 

GO/GCE h LSV 0.17 2–70 PBS (7) 
(Azad et al., 

2015) 

F-

MWCNT/GC

E i 

CV 0.27  1–70 AB (4) 
(Wei et al., 

2016) 

Rh/GCE j CV 13.00  70–130 PBS (7) 
(Gnanasekaran 

et al., 2015) 

Bentonite 

clay/GCE k 
LSV 0.80  - 

Na2SO4 

(13.5) 

(Thamaphat et 

al., 2008) 

MWCNT-

TiO2NPs-

HRP-GCE 

DPV 0.03  0.5–5 PBS (7) Present work 

 

a Nf/Fe/GCE—Nafion on iron-coated GCE; b LDH/GCE—layered double hydroxide-coated 

GCE; c 4-pyridyl hydroquinone SAM/platinum electrode-4-pyridyl hydroquinone self-

assembled monolayer-coated platinum electrode; d poly-L-histidine/Screen printed electrode 

(SPE)-poly-L-histidine coated on a SPE ; f PdNP/CPE—palladium nanoparticle-coated CPE; h 

GO/GCE—graphene oxide-coated GCE; i F-MWCNT/GCE—functionalized multi-wall carbon 

nanotube-coated GCE; j Rh/GCE—rhodium nanoparticle-coated GCE; k bentonite clay/GCE—

bentonite clay-modified GCE; SWADCS—square-wave adsorptive anodic stripping 
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voltammetry; LSV—linear sweep voltammetry; CPE—carbon paste electrode; SPE—screen-

printed electrode; CV—cyclic voltammetry; PBS—phosphate buffer solution. 

 

5.1.5 Repeatability and Stability  

 

The repeatability efficiency of the proposed sensor was examined with 0.1 mM INZ solution 

using DPV under the optimized parameters. After each determination, the used fabricated 

electrode underwent five to six sweeps in 0.1 M phosphate buffer solution (pH 7.0), to remove 

any adsorbents and yield a reproducible electrode surface. The peak current response of INZ was 

determined with five electrodes under the same conditions. From the five parallel determinations, 

the Relative Standard Deviation (RSD) of INZ determination was found to be 4.12%. Based on 

the results, the proposed sensor showed good repeatability. The long-term stability of the sensor 

was tested after 80 days. When not used, the sensor was stored at 4 °C. The stability studies were 

carried out with the MWCNT-TiO2NPs-HRP-GCE for the detection of INZ. This study was 

carried out in two batches. In the first batch, the stability of the modified electrode was observed 

from day 1 to day 40, in terms of electrochemical signalling. It was observed that for 40 days, the 

average electrochemical signal was found to be 91%. In the second batch, the stability study was 

carried out for an additional 40 days with the same materials and electrode. Interestingly, it was 

now observed that the electrochemical signal was found to be 87%. This implies only 4 % of the 

electrochemical signal decreased. These results indicate that the fabricated electrode showed 

good repeatability and long-term stability. 
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5.1.6 Interference Studies 

 

To evaluate the selectivity ability of the developed sensor, interference studies were also 

performed for INZ with coexisting compounds like uric acid, glucose, and ascorbic acid. In this 

analysis, the peak current for INZ was recorded (Ip1). The excess amount of the potential 

interferent species was added to the mixture and DPV was recorded (Ip2). The tolerance limit 

was defined as the maximum concentration of the interfering components that caused an error 

less then ±5% (Ip1/Ip2 = 95–105%). In addition, the influence of some common ions such as 

Fe3+, Al3+, Cl−, Na+, and K+ were studied and the results obtained indicated that these ions have no 

significant influence on the determination of INZ (Table 5.2).  

 

Table 5.2: The influences of some anions, cations and important biological substances on 

the peak current of 0.1 mM INZ with the MWCNT-TiO2NPs-HRP-GCE 

Interferents Concentration/(µM) Signal Change (%) 

Ascorbic acid 250 4.03 

Uric acid 250 1.24 

Glucose 500 0.34 

Fe3+ 500 0.81 

Al3+ 500 1.27 

Cl− 500 0.67 

Na+ 500 2.01 

K+ 500 1.35 
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5.1.7 Real Sample Analysis 

 

Commercially-available INZ tablets (100 mg) were purchased from the local pharmacy. The 

samples (tablets) were used to evaluate the realistic performance of the MWCNT-TiO2NPs-

HRP-GCE. Approximately ten tablets were taken into a mortar and crushed to fine powder with 

pestle. A 0.1 mM INZ tablet sample solution was prepared by dissolving the appropriate amount 

of powder sample in a 10 mL volumetric flask and adding 10 mL of PBS. Finally, real sample 

analysis was carried out with 0.1 mM INZ by the DPV technique via the standard addition 

method. The results with respect to the analytical performances of the MWCNT-TiO2NPs-HRP-

GCE obtained were then tabulated (Table 5.3). The two pharmaceutical samples showed good 

RSD values (1.69 and 1.98) with an excellent percentage of recovery (99.2% and 98.9%). This 

indicates that the developed sensor exhibited good recovery capability towards INZ in various 

pharmaceutical samples. 

Table 5 3: Determination of INZ in various pharmaceutical samples using the developed 

sensor (n = 5) 

Declared 

Amount 

Tablet (mg) 

Found 

(mg) 

Recovery 

(%) 

Relative 

Standard 

Deviation 

(RSD) (%) 

Added 

(mg) 

Found 

(mg) 

Recovery 

(%) 

RSD 

(%) 

Sample 1  

(100 mg) 
99.2 99.2 1.69 20 19.3 96.5 0.32 

Sample 2  

(100 mg) 
98.9 98.9 1.98. 10  9.5  95.0  0.79  
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5.2 Development of Cyt c-CuONPs-MWCNTs fabricated glassy carbon electrode for 

the detection of PZM 

In this present work cytochrome c (Cyt c) immobilized on copper oxide nanoparticles (CuONPs) 

decorated multiwalled carbon nanotubes (MWCNTs) were explored to in terms of fabrication on 

glassy carbon electrode. Physically MWCNTs contain several layers of graphite superimposed 

and rolled in on themselves to form a tubular shape and high surface area. Cyt c is generally used 

to modify the electrodes to promote direct electron transfer for biosensors and bio fuel cells 

(Zhao et al., 2012). The presence of CuONPs on the surface of MWCNTs gave a higher surface 

to volume ratio to immobilize higher quantity of Cyt c on the electrode surface. Furthermore, Cyt 

c was strongly adsorbed onto the surface of the fabricated electrode and showed an enzyme-like 

activity of the redox reaction of PZM. Finally, CuONPs-MWCNTs nanocomposite were applied 

for the detection of PZM and showed good sensitivity and detection limits.  

5.2.1 Characterization of Cyt c-CuONPs-MWCNTs-GCE 

  

The Cyt c-CuONPs-MWCNTs-GCE hybrid electrode was characterized by TEM, TGA, XRD 

and FTIR. FT-IR spectra were recorded for the CuONPs in the range of 400-4000 cm-1 (Figure 

5.7A). The two characteristic bands observed at 509 cm-1 and 604 cm-1 can be assigned to the 

CuONPs (Kshirsagar et al., 2015). For the range from 605-660 cm-1 no other IR active mode was 

observed in CuONPs (Ramesh et al., 2012). Moreover, the peak at 871 cm-1 was responsible for 

=C-H bending, 1122 cm-1 for C-O stretching, 1629 cm-1 for C = C stretching, 2195 cm-1 for –C ≡ 

C – stretching, and 3396 cm-1 for O-H stretching vibrations respectively (Dodoo-Arhin et al., 

2012). The XRD scan for the CuONPs is shown in (Figure 5.7B). The XRD peaks confirmed 

that the formation of CuONPs from each precursor was in a monoclinic phase, no other impurity 

peaks were observed in the XRD pattern. According to previous literature the XRD pattern 
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exhibits two main diffractions at 2θ = 36.6º (110) and 2θ = 38.8º (111) and these were ascribed 

to the formation of the CuONPs in face centered cubic (FCC) and monoclinic crystal lattice 

respectively (Morales et al., 2004, Ethiraj and Kang, 2012). 

 

Figure 5.7: (A) FT-IR characterization of CuO NPs (B) XRD image of CuO NPs 

 

Figure 5.8A-D shows the transmission electron microscopic images of pure MWCNTs, CuONPs 

and CuONPs-MWCNTs. Figure 5.8A shows the morphological structure of pure MWCNTs 

with tube like structure whilst Figure 5.8B shows the CuONPs which are almost spherical in 

shape and have average diameters varying between 3-7 nm. Figure 5.8C indicates the TEM 

image of MWCNTs decorated with CuONPs. The CuONPs and MWCNTs nano composites 

stability and thermal behavior was investigated by thermo gravimetric analysis (TGA). Figure 

5.8D show the TGA curves for MWCNTs (i), CuONPs (ii) and CuONPs-MWCNTs (iii). 

MWCNTs showed one major decrement in the mass around 570 °C. The TGA curve of CuONPs 

shows loss of mass in two steps. In the first step it loses minor mass at 100 °C due to evaporation 
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of water, whereas in the second step mass losses occur at above 400 °C and can be attributed to 

the removal of organic moieties. Finally, the CuONPs decorated on the MWCNTs show different 

TGA curves, and it loses minor mass at below 600 °C, due to the evaporation of some organic 

moieties (Seifart et al., 1995, Gou et al., 2008). 
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Figure 5.8: (A) TEM image Pure MWCNTs (B) CuONPs (C) CuONPs-MWCNTs (D) TGA 

curves for (i) MWCNTs, (ii) CuONPs and (iii) CuONPs-MWCNTs 
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5.2.2 Electrochemical behaviour of PZM at Cyt c-CuONPs-MWCNTs-GCE 

 

The   electrochemical behavior of PZM was evaluated with 0.1 M PBS (pH 7.0) at different 

electrodes. PZM generally undergoes an electrochemical reduction reaction at the electrode 

surface and converts pyrazinamide to pyrazinoic acid (Nxusani et al., 2012). In this reaction, two 

electrons and three protons are involved in the hydroxylation process. They are responsible for 

the generation of reduction peaks at the electrode surface, (Figure 5.9). The graphical 

representation of electrochemical redox mechanism of PZM at Cyt c-CuONPs -MWCNTs-GCE 

is illustrated in Scheme 5.3. 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Proposed electrochemical reaction of PZM at Cyt c-CuONPs-MWCNTs-GCE 
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Scheme 5.3: Graphical representation of electrochemical redox mechanism of PZM at Cyt 

c-CuONPs -MWCNTs-GCE 
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The Cyt c-CuONPs-MWCNTs-GCE demonstrated the good current response against PZM. The 

increasing anodic and cathodic currents for the different modified electrodes were calculated by 

using the Randles-Sevick equation (Bhajanthri et al., 2016).     

                                                      ipa = 2.69 x 105A C0 n
3/2 DR

1/2 𝑣1/2                                    (5.5) 

In the Randles-Sevick equation ipa is the anodic peak current, C0 is the concentration of PZM, A 

is the surface area of electrode, n is the number of electrons transferred, DR is the diffusion 

coefficient and ν is the scan rate. The bare GCE anodic peak currents were used to calculate DR. 

Further the surface area of the Cyt c-CuONPs-MWCNTs-GCE was calculated by using the 

diffusion coefficient value. The surface area of Cyt c-CuONPs-MWCNTs-GCE was calculated 

and found to be 15.23 mm2, and for the bare GCE it was 3.14 mm2. The obtained results reveal 

that the Cyt c-CuONPs-MWCNTs nanocomposite provides larger surface area on the GCE, and 

allows more PZM molecules to take part in the reduction mechanism. Cyt c is strongly adsorbed 

on the MWCNTs-CuONPs-GCE surface and it forms a monolayer. The Cyt c had two active 

sites, these active sites are capable of electron transfer. Among the two active sites of Cyt c, one 

binds with MWCNTs-CuONPs-GCE and the second active site binds with the PZM (Friedrich et 

al., 2004). 

Figure 5.10A clearly shows the obtained CV curves for bare GCE, MWCNTs-GCE, MWCNTs-

CuONPs-GCE and Cyt c-CuONPs-MWCNTs-GCE at an optimum scan rate of 50 mV s-1. The 

CV measurements were done in the potential range of -1.4 to 0.1 V for all the electrodes. At the 

bare GCE, the anodic and cathodic peaks were obtained at the potentials of -0.75 V and -0.78 V 

with minor 25 μA currents responses. Under identical conditions, MWCNTs-GCE and CuONPs-

MWCNTs show corresponding anodic and cathodic peaks at the potentials of -0.78 V, -0.81 V 

and -0.77 V, -0.80 V with modest currents of 145 μA and 780 μA respectively. Cyt c-CuONPs-
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MWCNTs-GCE show corresponding peaks at -0.77 V and -0.80 V with extraordinary higher 

current responses (1600 μA). At ambient temperature Cyt c is stable and the denaturation 

temperature for Cyt c is 68.4 °C (Bagelova et al., 1997). Comparing all the fabricated electrodes 

and bare GCE, the Cyt c-CuONPs-MWCNTs-GCE showed the highest electrochemical 

responses towards PZM (Figure 5.10D). 

 

 

 

 

 



Chapter 5: Results and Discussion 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 161 
 

 

 

Figure 5.10: (A) Cyclic Voltammograms of 0.1 mM PZM at bare (i) GCE, (ii) MWCNTs-

GCE (iii) CuONPs-MWCNTs-GCE, and (iv) Cyt c-CuONPs-MWCNTs-GCE. (B) Peak 

potential and current response with respect to change in pH (3-10) with 0.1 mM PZM. (C) 

Various deposition times (30, 60, 90, 120,150 and 180 s) on peak current. (D) Cyclic 

Voltammograms of PZM at various scan rates from inner to outer (10, 20, 30, 40, 50, 60, 

70, 80, 90 and 100 V s-1.)  

 



Chapter 5: Results and Discussion 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 162 
 

5.2.3 Method Optimization 

 

 pH is the most significant factor that plays a key role in the determination of the analyte of 

interest chiefly in electrochemical investigations. In order to optimize the pH for the present 

study, various buffer solutions with pH ranges 3-10 were examined. Figure 5.10B clearly shows 

the effect of pH on the peak currents and potentials of PZM. The anodic peak currents gradually 

increase with the increase in the pH 3-10. Moreover, the maximum peak current response was 

observed at pH 7, after that the peak currents are decreased because the electrode surface has 

become saturated. Hence the pH 7.0 was taken as optimum value for the duration of the 

experimental work. 

The deposition time was studied for the range (Figure 5.10C) 30-180 sec. The peak currents 

increase steadily with increase in the deposition time from 30 s to 120 s.  A longer deposition 

time was favoured for the adsorption of a higher number of PZM molecules on the electrode 

surface. After 120 s the peak currents were decreased, because the electrode surface was now 

saturated.  Hence a deposition time of 120 s was used for further analysis. The effect of the scan 

rate was studied further in order to investigate the nature of the surface coated electrode. The CV 

experiment was performed with PZM at a concentration of 0.1 mM and the redox 

electrochemical responses were investigated between 10 to 150 mV s-1. The anodic peak currents 

and cathodic peak currents increase linearly with the square root of the scan rates, and the 

diffusion controlled oxidation and reduction process occur at Cyt c-CuONPs-MWCNTs-GCE. 

The dependence of the anodic peak currents and cathodic peak currents ratios on the scan rate is 

different from unity, and this ratio was increased as the scan rate was increased. Based on these 

results, a scan rate of 50 mV s-1 was chosen as optimum, and used in this work. 
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5.2.4 Quantitative analysis of pyrazinamide 

 

The DPV method was employed with Cyt c-CuONPs-MWCNTs-GCE for quantification of 

PZM. The working parameters viz., pulse time 0.045 s, potential range -1.1 to -0.6 V, and pulse 

amplitude 0.055 V, were used for this study. The Cyt c-CuONPs-MWCNTs-GCE fabricated 

electrode shows one reduction peak at -0.80 V with higher currents at pH 7.0. The peak currents 

for PZM increases linearly with an increase in the concentration of PZM (3 to 30 µM) as shown 

in Figure 5.11. The calibration curve obtained by plotting peak current verses concentration of 

PZM is shown as an insert in Figure 5.11. The linear equation and correlation coefficient was 

found to be ipa =2.249 c + 2.930 (R2 = 0.994). Furthermore, the limit of detection (LOD) and 

limit of quantification (LOQ) was calculated according to the ratio of (3σ)/b and (10σ)/b 

respectively, where b is the slope of the calibration curve, and sigma is the standard deviation 

values from the five voltammetric runs for the blank electrode. The LOD and LOQ were found 

to be 0.0038 μM and 0.0129 μM respectively. Furthermore, the LOD and LOQ values were 

compared with the previous reports (Table 5.4), and reveal the high performance of the 

developed sensor towards PZM. 
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Table 5.4: Comparison of electrochemical performance of the developed sensor with 

previous reports   

Electrode  Method  LOD Buffer & pH References 

SPCE/EPH DPV& SWV 68 μM PBS (1.0) (Bergamini et 

al., 2013) 

GO/PAG/GCE CV & DPV 3.28 μM PBS (7.0) (Devadas et 

al., 2015b) 

PMET/ERGO/GCE CV & DPV 0.16 µM PBS, (7.0) (Cheemalapati 

et al., 2014b) 

Poly(Gly)/GCE CV & DPV 0.035 μM 

 

 

PBS (7.5) (Simioni et al., 

2017) 

GNS/ZnO/CPE CV & DPV 0.0431 µM BRS (7.0) (Kalambate et 

al., 2016) 

Poly (L-Cys)/GCE CV& SWV 0.113 μM BRS (1.0) (Ferraz et al., 

2016) 

PARS/ GCE CV & DPV 1.2 μM HAc-NaA c 

(4.5) 

 

Cyt c-CuONPs-

MWCNTs-GCE 

CV & DPV 0.0038 μM PBS (7.0) This work 

 

 

SPCE/EPH: screen printed electrode modified with poly-histidine prepared by histidine 

monomer electro polymerization; GO/PAG/GCE: graphene oxide and poly arginine poly-L-

methionine modified GCE; GCE: glassy carbon electrode; CPE: carbon paste electrode; 

PMET/ERGO/GCE: poly L-methionine and reduced graphene oxide modified GCE; Poly 

(Gly)/GCE: poly L methionine modified GCE; GNS/ZnO/CPE: graphene zinc oxide modified 

CPE; Poly (L-Cys)/GCE: Poly-L-cysteine (Poly(L-Cys)) modified glassy carbon electrode; 

PARS/ GCE: A poly-alizarin red S modified glassy carbon electrode: Cyt c-CuONPs-MWCNTs-

GCE: cytochrome c enzyme, copper dioxide, multi wall carbon nanotubes modified GCE. 
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Figure 5.11: DPV response of 3 to 30 μM of PZM at Cyt c-CuONPs-MWCNTs-GCE at pH 

7.0; scan rate 0.015 V s-1; deposition time 120 s; pulse amplitude 0.055 V; and pulse time: 

0.045 s. (Insert calibration plot) 
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5.2.5 Application to real pharmaceutical samples  

 

The real sample analysis is a most significant application to determine electrochemical behavior 

of the fabricated electrode towards the analyte. The commercial pharmaceutical samples were 

used to determine the electrochemical performance of the Cyt c-CuONPs-MWCNTs-GCE 

sensor. The obtained DPV results clearly shows the electrochemical enrichment of the PZM 

reduction peak. The developed sensor showed good percentages of recovery rates viz., 99.5 % 

and 98.2 % respectively, for the two different pharmaceutical samples. The recovery percentages 

are very close to the official monograph of PZM. (Not less than 90 % and not more than 110 % 

of PZM are contained in real labeled samples) (Jeba et al., 2015). The results are summarized in 

Table 5.5. 

In order to evaluate the selectivity of the proposed sensor, interference studies were performed 

with the real pharmaceutical samples (Antib-4 and Rimstar 4-Fdc). These tablets have some 

common interferents like isoniazid, rifampicin and ethambutol in its composition. The maximum 

concentration of the interfering substance caused an error of less than ±5% towards the 

determination of PZM. This indicates the extremely high selectivity of the developed sensor 

towards the determination of PZM in real pharmaceuticals.  
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Table 5.5: Determination of PZM in different pharmaceutical samples using proposed 

sensor (n = 6) 

          *n= average determinations 

 

5.2.6 Stability and reproducibility of Cyt c-CuONPs-MWCNTs-GCE  

           

 The stability and reproducibility of the Cyt c-CuONPs-MWCNTs-GCE were studied by using 

CV and DPV measurements with 0.1 mM PZM. The developed sensor was investigated by 

keeping the electrode in PBS (pH 7.0) for 15 days and then the CV was recorded and compared 

to the previous CV results. Based on the obtained results, the peak current decreased by 1.35 % 

for Cyt c-CuONPs-MWCNTs-GCE after 15 days. This indicates stability of the proposed sensor. 

The reproducibility of Cyt c-CuONPs-MWCNTs-GCE was measured by performing the analysis 

at different time intervals (10-50 days). The fabricated sensor was stored in the refrigerator at 4 

οC, and after ten days the initial response of Cyt c-CuONPs-MWCNTs-GCE was 94 %, whilst 

after 50 days it decreases to 89.32 %. According to the results obtained, the fabricated electrode 

exhibits high stability and reproducibility.   

 

 

Tablet 

Sample (mg) 

Found 

(mg) 

Recovery 

(%) 

 

Added  

(mg) 

Found  

(mg) 

Recovery 

(%) 

 
Sample1 (400 mg) 398.2 99.5 50 49.1 98.2 

Sample 2 (500 mg) 491.3 98.2 50 48.4 96.8 
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5.3 Investigation of rifampicin (RIF) using Co en-q-Fe3O4NPs-MWCNTs-GCE 

 

An electrochemical method has been developed for the voltammetric determination of RIF, at a 

glassy carbon electrode in the presence of MWCNTs and coenzyme q. MWCNTs are endowed 

with exceptionally high material properties, very close to their theoretical limits. A combination 

of these impressive properties enables a whole new variety of useful and beneficial applications. 

MWCNTs are polymers of pure carbon and can be reacted and manipulated using the rich 

chemistry of carbon. This provides opportunity to modify the structure and to improve solubility 

and dispersion, allowing innovative applications in various materials. Co en-q is a fat soluble, 

vitamin-like quinone present in the cell membranes, regulates metabolic pathways via redox 

signaling. Furthermore, Cyt c-CuONPs-MWCNTs-GCE shows high sensitivity and 

reproducibility in sensing of RIF. 

5.3.1 Co en-q-Fe3O4NPs-MWCNTs-GCE characterization 

 

The FTIR spectra of the Fe3O4NPs are shown in Figure. 5.12A. From the FTIR spectrum the 

band appeared at 580 cm-1 the peak associated with Fe-O presenting the tetrahedral side which 

can be attributed to Fe3O4 (Ahmad et al., 2009). The Fe3O4NPS can be seen by a strong 

absorption band at around 669 cm-1 which corresponds to the Fe-O absorption. The band at 1400 

cm-1 indicates –C-H bending vibrations. The intense band at 1631 cm-1 is attributed to stretching 

of OH mode of H2O (Shalaby et al., 2014). On the other hand, the peak at 2363 cm-1 showed 

strong stretching of O=C=O. The peak at 3438 cm-1 is attributed to the stretching vibrations of 

OH arising from hydroxyl groups from the water on Fe3O4NPs (Yan et al., 2016). Figure. 5.12B 

shows the x-ray diffraction pattern of the Fe3O4NPs. The Fe3O4NPs showed six specific peaks at 

30.03ο, 35.52 ο, 43.02 ο, 53.6 ο, 68.25 ο and 76.32 ο, corresponding to (220), (311), (400), (511), 
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(440) and (622) respectively. The above strong diffraction intensities of the Fe3O4NPs reveals a 

the cubic spinal structure (Silva et al., 2013).  

 

Figure 5.12: (A) FT-IR characterization of Fe3O4NPs. (B) XRD Image of Fe3O4NPs 

 

Fe3O4NPs shows a very high intensive peak at 35.52 ο (311) indicating that the nanoparticles are 

ultrafine in nature, single cubic phase and small crystallie size. Based on the Debye-Scherer 

formula (Ashour et al., 2016), the size of the Fe3O4NPs was also calculated and found to be 

approximately 15 nm in diameter.                                                                           

                                     dhkl = 
0.9 𝜆

𝛽 𝐶𝑜𝑠 𝜃
                                                                               (5.6) 

where β is the full width at half maximum value of XRD diffraction lines, λ is the wave length 

and θ is the half diffraction angle of 2θ. Figure. 5.13A denotes TEM image of the synthesized 

Fe3O4NPS. These nanoparticles are in rod like geometry and they are aggregated like a bunch. 



Chapter 5: Results and Discussion 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 170 
 

 

 

Figure 5.13: (A) TEM image Fe3O4NPs (B) Pure MWCNTs (C) MWCNTs-Fe3O4NPs (D) 

TGA curves for (i) MWCNTs (ii) Fe3O4NPs-MWCNTs and (iii) Fe3O4NPs 

Figure. 5.13B clearly shows the tubular network like structure of MWCNTs. The Figure. 5.13C 

reveals the adherence of Fe3O4NPS on the surface of the MWCNTs. Furthermore, the thermo 

gravimetric analysis of the MWCNTs, Fe3O4NPs-MWCNTs and Fe3O4NPs are shown in Figure. 

5.13D. The thermograms for pure MWCNTs are shown with definite mass losses at 570 °C due 
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to the carbon oxidation (black line Figure. 5.13D). The Fe3O4NPs-MWCNTs shows that the 

mass losses at below 300 °C due to the loss of residual water in the sample (Arsalani et al., 

2010). On the other hand, the Fe3O4NPs loses minor mass at below 300 °C due to the 

evaporation of water. At 600 to 800 °C there is no significant mass loss, and this implies that 

there is only iron oxide at this range of temperature (Zhou et al., 2010).  

5.3.2 Electrochemical behavior of fabricated electrodes  

 

Figure. 5.14A shows the electrochemical behaviors of RIF on bare GCE (black line), MWCNTs-

GCE (red line), Fe3O4-MWCNTs-GCE (blue line) and Co en-q-Fe3O4-MWCNTs-GCE (green 

line), investigated by cyclic voltammetry. The cyclic voltammograms of RIF showed two anodic 

peaks at + 0.1 V and + 0.7 V potentials. The bare GCE showed very low anodic peak currents 28 

MWCNTsthewhereasµA, - FeandGCE 3O4-MWCNTs- µA75showedGCE   150and

µA  currents respectively. The Co en-q-Fe3O4-MWCNTs-GCE showed the higher peak currents 

(220µA) than the remaining modified electrodes (Figure. 5.14B). It can be concluded that the Co 

en-q has actively participated in the high electron transfer between the RIF molecule and 

fabricated electrode. Moreover, a graph drawn between log V and log Іpa shows a linear 

relationship and can be expressed as Іpa = 0.6782 log V+ 2.6128 (R2 = 0.9815, Figure. 5.14C). 

Simultaneously a graph was drawn between the anodic peak currents and square root of the scan 

rate (ν1/2), and the resulting linear equation can be express as Іpa = 0.2515 ν1/2 + 0.298 (R2 = 

0.9878) (Figure. 5.14D). The results confirm that the diffusion controlled mechanism is usual 

for the overall electrochemical reaction of RIF at the fabricated electrode surface (Nicholson and 

Shain, 1964, Streeter et al., 2008, Xiao et al., 2009). According to these results, an improved 

electrocatalytic effect of RIF at the fabricated electrodes is due to the increased surface to 

volume ratio and electronic conductivity. The fabricated electrode surface area was calculated by 
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Randles-Sevick equation (Bhajanthri et al., 2016). The graphical illustration of electrochemical 

mechanism of RIF at Co en-q-Fe3O4-MWCNTs-GCE. 

                      Іpa = 2.69×105 A C0 n
3/2DR ν1/2                                                              (5.7) 

Figure 5.14: (A) Cyclic voltammograms of 0.1 mM RIF in 0.1M PBS (pH 7.5) (i) GCE, (ii) 

MWCNTs, (iii) MWCNTs-Fe3O4NPs-GCE, (iv) Co en-q-MWCNTs-Fe3O4NPs-GCE. (B) 

Cyclic voltammograms of 0.1mM RIF at scan rates 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 

0.08 0.09, and 0.1V s-1. (C) Linear relationship of log (Ipa) and log (ν) (D) The relationship 

between anodic peak currents (Ipa) vs square root of scan rate 
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Scheme 5.4: Graphical representation of electrochemical redox mechanism of RIF at Co 

en-q-Fe3O4-MWCNTs-GCE 

where Іpa denotes the anodic peak current, A the electrode area (A is surface area electrode, re is 

the radius of the rotating disc electrode, (A= πre
2)), Cο is the concentration of RIF, n is the 

number of electrons involved in the reaction, DR is the analyte diffusion coefficient (cm2/s), ν is 

scan rate (V s-1). From the above equation, the fabricated electrode and GCE surface area was 

estimated to be 10.03 and 3.14 mm2 respectively. The increased surface area and the presence of 
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adsorptive sites in Co en-q resulting in the significant increase of the anodic currents. This is due 

to the high density of active sites and the ketonic functional group in Co en-q, accelerating the 

electron transfer between fabricated electrode and RIF. Based on the obtained results this 

indicates that the Co en-q-Fe3O4-MWCNTs-GCE sensor surface area was approximately three 

times greater than the GCE surface, which is responsible for the high electrochemical oxidation 

of RIF (Scheme 5.5).  

 

 

Scheme 5.5: Schematic illustration of the electro oxidation reaction of RIF leading to 

rifampicin quinone formation  

5.3.3 Effect of Co en-q concentration on the sensor response  

 

The CV study was performed in order to determine the optimum concentration of Co en-q within 

the range of 1.2 to 14 µg mL-1. The anodic peak currents were gradually increasing with the 

increase in concentrations Co en-q, from 1.2 to 6 µg mL-1 (Figure. 5.15). Beyond the 

concentration 6 µg mL-1 the current response decreased gradually. This is due to the steric 
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hindrance of more accumulation of enzyme on the surface of the electrode, leading to inhibition 

of the electronic communication between RIF and the fabricated electrode. The concentration of 

Co en-q was (6 µg mL-1) selected as optimum for the present study. 

 

 

 

 

 

 

 

Figure 5.15: Effect of the Co en-q concentration on the response of the Co en-q-Fe3O4-

MWCNTs GCE in 0.1 mM of RIF with PBS (pH 7.5) at ambient temperature  

5.3.4 Influence of pH, scan rates and deposition time  

 

The electrochemical oxidation of RIF basically depends upon the range of the supporting 

electrolyte pH, because it effects of the responses of peak currents and peak potentials. Figure. 

5.16A shows the electrochemical sensing abilities of modified electrode in the pH ranges from 

2.5 to 9.5. The RIF gave well-defined anodic peak with high current response at pH 7.5, beyond 

pH 7.5 the peak current responses gradually decreased. According to these results pH 7.5 was 

choosen as optimum pH.  Additionally, the relationship between peak potentials and pH values 

were plotted and shown in Figure. 5.16B. 
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The linear regression equation obtained in Figure. 5.16B, Ep (V) = - 0.0688 pH + 0.8579 with 

correlation coefficient with R2 = 0.9877 was approximately equal to the previously reported 

regression equation Ep (V) = -0.0591 pH + 0.3296 with R2 = 0.9897 (Asadpour-Zeynali and 

Mollarasouli, 2017, Rastgar and Shahrokhian, 2014). Based on the above results it is evident that 

two electrons were involved in electrode oxidation process. Figure. 5.14B shows the effect of 

scan rates ranges from 0.01 to 0.1 mVs-1 on the current response of RIF at the fabricated 

electrode. It can be seen that by increasing the scan rates, the anodic peak currents increase 

linearly with maximum peak current 0.1 m V s-1. Thus 0.1 m V s-1 was used as an optimum scan 

rate for this study. It was possible to calculate current efficiency of RIF at electrode deposition 

process based on the polarization curves (Figure. 5.16C). The effect of deposition time was also 

monitored from 30 to 150 s at scan rate of 0.1 mV s-1 at pH 7.5 resulted in a deposition potential 

of -0.187 V. The current responses were maximum at 90 s, thus it is preferred as optimum 

deposition time for the entire study (Figure. 5.16D). 
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Figure 5.16: (A) Peak potential and peak currents response with pH ranges 2.5, 3.5, 4.5, 5.5, 

6.5, 7.5, 8.5, and 9.5. (B) Peak potentials and pH (C) Polarization curve of Co en-q- Fe3O4-

MWCNTs-GCE. (D) Peak current responses vs different deposition time ranges 30, 60, 90, 

120 and 150 s  
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5.3.5 Determination of sensitivity of the developed sensor 

 

DPV was used to evaluate the sensitivity of the fabricated sensor towards RIF. The working 

method parameters (scan rate 0.1 V s-1, deposition time 90 s, pulse amplitude 0.050 mV and 

pulse time 0.040 s) were employed for the differential pulse voltammetric determination. The 

peak current responses on the concentration of RIF were obtained in the linear range 2 to 20 μM. 

The calibration curves are linear over the concentration ranges from 2 to 20 μM for DPV. The 

calibration curve was then plotted for the concentration of RIF versus peak currents (Figure. 

5.17).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: DPV recorded at Co en-q-Fe3O4NPs-MWCNTs-GCE at different 

concentrations of RIF (2–20 μM), inset: plot show for linear dependence of Ipa versus RIF. 

(Conditions for DPV pH: 7.5, accumulation time: 90 s, accumulation potential: 0.1Vs-1, 

pulse amplitude: 0.050 V, pulse time 0.040 s) 
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Table 5.6: Comparison of some characteristics of modified electrodes with Co en-q-

Fe3O4NPs-MWCNTs-GCE 

Electrode Technique LOD/ 

(µM) 

Linear 

Range/ 

(µM) 

Buffer/

pH 

Reference 

β-CD/PPY/Pt1 CA 1.69 10-50 PBS;7.

06 

(Lomillo et 

al., 2005) 

AgNPs/PANSA/EGCYP2E12 CV; DPV 0.05 2 - 14 PBS;7.

4 

(Ajayi et 

al., 2014) 

CPE3 SWAdASV 0.05 0.1-6 PBS;7 (Pumera, 

2009) 

Ni(OH)2–RGO–GCE4 LSV 2.34 0.004–10 PBS;7 (Lomillo et 

al., 2003) 

Co en-q- Fe3O4NPs-

MWCNTs-GCE5 

CV; DPV 0.032 2-20 PBS;7 This work 

 

β-CD/PPY/Pt- ß-cyclodextrin-polypyrrole coated on platinum electrode; Au/PVP-

AgNPs/PANSA/EG-CYP2E1- Polyvinyl pyrrolidone/silver nanoparticles/poly (8-anilino-1-

naphthalene sulphonicacid); CPE-Carbon paste electrode; Ni(OH)2–RGO–GCE- Nickel 

hydroxide nanoparticles-reduced graphene oxide nanosheets coated on glassy carbon electrode; 

Coenzyme q/ Fe3O4NPs/MWCNTs/GCE-Coenzyme q- Fe3O4 nanoparticles-multiwall carbon 

nanotubes coated on GCE; CA-chronoamperometry; CV-Cyclic voltammetry; DPV- Differential 

pulse polarography; SWAdASV- Square-wave adsorptive anodic stripping voltammetry; LSV-

Linear sweep voltammetry; PBS-Phosphate buffer solution.  

 

The linear regression equation can be expressed as Іpa = 5.929 CRIF (μM) + 5.147 with correlation 

coefficient [(R2 = 0.998) and Іpa = 3.079 CRIF (μM) + 2.420 with correlation coefficient (R2 = 

0.997)] was determined by DPV. The limit of detection (LOD) and limit of quantization (LOQ) 

were calculated based on signal to noise ratios, by using the following equations: 
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                                      LOD = 
𝟑𝑺𝑩

𝒃
                                                                                (5.8) 

                                      LOQ = 
𝟏𝟎𝑺𝑩

𝒃
                                                                              (5.9) 

where SB is the standard deviation of the blank solution for three different runs, and b is the slope 

of the calibration curve. The limit of detection and limit of quantification was found to be 0.032 

µM, 0.413 µM and 1.069 µM, 1.258 µM for anodic peak I and peak II respectively. The results 

obtained indicated that the Co en-q-Fe3O4NPs-MWCNTs-GCE was an excellent biosensor for 

the sensitive determination of RIF. Compared to previous reports sensors comparison table 

(Table 5.6).    

5.3.6 Interference studies  

 

The interference effect of the Co en-q-Fe3O4NPs-MWCNTs-GCE with 0.1 mM RIF was 

evaluated in the presence of some organic, inorganic, and some other foreign interfering 

molecules through DPV method. The inorganic interference ions like SO4-2, Br-, NO3
-, Ni2+, 

Fe3+and K+ do not interfere with electrochemical response of RIF. The real samples were also 

investigated with the possible interference of these pharmaceutical samples with RIF peaks. In 

addition, the organic interference like glutamic acid, uric acid and folic acid do not interfere with 

the current response (≤6%) when present in 0.1 mM concentration of RIF. Based on the current 

results, the fabricated electrode was successfully used for the quantification of RIF in PBS (pH 

7.5) and the results of this study are summarized in Table 5.7. 
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Table 5.7: Effects of interferents on the anodic peak current responses for 0.1mM RIF at 

Co en-q- Fe3O4NPs-MWCNTs-GCE based electrochemical sensor 

Interference species Interferents/molar ratio of RIF Responses ratio (%) 

SO4
-2 200 < 1.05 

400 < 2.09 

Br- 200 < 0.9 

400 < 1.06 

NO3
- 200 < 1.35 

400 < 2.49 

Ni2+ 200 < 0.85 

400 < 1.79 

Fe3+ 200 < 1.02 

400 < 2.89 

K+ 200 < 0.95 

400 < 2.01 

Glutamic acid 200 < 1.05 

400 < 2.09 

Uric acid 200 < 1.25 

400 < 2.49 

Folic acid 200 < 1.09 

400 < 3.01 
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5.3.7 Analytical performances of the modified sensor 

 

The repeatability of the fabricated sensor performance was calculated by using the anodic 

currents generated by the various analyte concentrations taken 10 times in a day. In the following 

day responses of 10 different preparations of electrodes in 0.1 M RIF solution were again tested. 

It was found that the repeatability decreased less than 5% to original current responses. In order 

to investigate the stability of Co en-q-Fe3O4NPs-MWCNTs-GCE, the CV peak currents were 

measured in PBS with 0.1 M RIF, and was tested after 50 days. The current responses of the 

final biosensor remained at 80.25% of the initial response after 40 days as indicated in Figure 

5.18.  

 

 

 

 

 

 

 

 

 

Figure 5.18: Stability for Co en-q-Fe3O4NPs-MWCNTs-GCE 
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5.4  Development of HRP-ZnONPs-RGO-GCE modified glassy carbon electrode for the 

determination of ethambutol (ETB) 

In this study zinc oxide nanoparticles (ZnONPs), reduced graphene oxide (RGO) nanocomposite 

immobilized with horseradish peroxidase (HRP) on glassy carbon electrode. RGO is a single-to-

few-atoms-thick planar sheet of carbon atoms arranged in a honeycomb two-dimensional lattice. 

It shows good electrical, thermal, optical properties and biocompatible properties. ZnO-RGO 

nanocomposite provides higher surface area, exhibited and enhanced electron responses in the 

fabricated electrode. Furthermore, HRP was strongly adsorbed on the surface of modified 

electrode and showed an enzyme activity for the electrochemical reaction of ETB. Hence, the 

exceptional properties of HRP-ZnONPs-RGO nano composite enhance electron transfer for the 

electro catalytic reaction of ETB and this nanocomposite was applied for the determination of 

ETB and found to exhibit good sensitivity with low detection limits. 

 

5.4.1 Morphological and structural characterization of HRP-ZnONPs-RGO-GCE 

 

Figure 5.19A shows the TEM image of ZnONPs, which are nearly spherical and monodispersed. 

TEM studies were carried out to find the exact particle size of ZnONPs. The TEM image shows 

that the particles diameter is approximately 35 nm and matched with XRD data (AbdElhady, 

2012, Taunk et al., 2015). The obtained Figure 5.19B shows the TEM image of RGO, the sheets 

consist of few layers, each fixed with a wrinkled structure due to sheet folding (Ortolani et al., 

2012, Zhang and Feng, 2010). Figure 5.19C shows the TEM of the ZnONPs-RGO, which 

clearly shows the ZnO nanoparticles agglomerated and distribute homogeneously on the RGO 

sheet. Our study revealed that such a complex lends itself as a potential precursor for ZnONPs 

synthesis through thermal decomposition.  TGA analyses of the ZnONPs, RGO and ZnONPs-
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RGO were carried out from room temperature to 800 °C. Figure 5.19D revealed the TGA curves 

for a typical precursor, at 200 °C the ZnONPs losses high rate of mass due to the evaporation of 

water absorbed on the surface (Mohamed et al., 2015), and the maximum mass losses occurs at 

375 °C also indicating a high rate of degradation of ethyl alcohol into volatile combustible 

products (Khalil et al., 2014). RGO exhibits one clear step of weight losses below 150 °C, and 

this relates to the losses of water molecules (Loryuenyong et al., 2013). Furthermore, the 

ZnONPs-RGO shows minor weight losses below 100 °C due to the release of moisture, and a 

reliable loss of weight at 200 °C may be attributed to desorption of moisture and solvents 

(Becheri et al., 2008).  
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Figure 5.19: (A) TEM image of Pure ZnONPs (B) RGO (C) ZnONPs-RGO (D) TGA curves 

for (i) RGO (ii) ZnONPs (iii) ZnONPs-RGO 
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FT-IR studies were carried out in order to determine the purity and nature of the metal oxide 

nanoparticles. The metal oxide nanoparticles generally give adsorption bands in the fingerprint 

region below 1000 cm-1 arising from inter atomic vibrations. ZnONPs mainly show adsorption 

bands at 440 – 500 cm-1 which are indicative of Zn-O stretching (Becheri et al., 2008). The peaks 

at 2350 and 3450 cm-1 specify the presence of C = O and – OH residues, which may be due to 

the atmospheric moisture and CO2 respectively (Becheri et al., 2008, Zak et al., 2011). The peaks 

which are located at 2937 and 2885 cm-1 are due to the symmetric and asymmetric C-H bonds 

respectively (Zak et al., 2011). The XRD pattern of the synthesized ZnONPs are shown in 

Figure 5.20.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: XRD image of ZnONPs 
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The diffraction peaks are located at 32.85° (100), 38.23° (002), 42.36° (101), 47.62° (102), 

56.35° (110), and 64.38° (200) respectively. Moreover, the peak intensity is narrow and sharp, it 

conforms the quality of the ZnONPs with excellent crystallinity. The diffraction peaks of the 

ZnONPs obtained correspond to the specific hexagonal wurtzite structure (Khalil et al., 2014, 

Talam et al., 2012). The crystallites undergo a reorientation with the (002) orientation being 

favoured, while the (100) peak intensity decreases. The nanoparticles sizes also calculated by 

using the Debye-Scherer formula.    

                                           𝑑 =
0.89𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                 (5.10) 

where 0.89 is Scherer’s constant, d is the average grain size, θ is the Bragg diffraction angle, λ is 

the wave length of X-rays and β is the full width at half maximum of the diffraction peak 

corresponding to plane (101). 

 

5.4.2 Electrochemical characterization and effect of deposition time   

 

The electrochemical behaviour of ETB on the bare GCE, RGO-GCE, ZnO-RGO-GCE and HRP-

ZnONPs-RGO-GCE are shown in Figure 5.21A. The CV is used to examine the electron 

transmission process of the fabricated electrode. The CV performance of 0.1 mM ETB in 0.1 M 

PBS (pH 7.0) in the positive scan direction shows a quasi-reversible pair corresponding to redox 

reactions. The bare GCE shows an oxidation peak at -0.12 V and reduction peak -0.22 V with a 

redox peak separation of 14 µA, which may be attributed to the poor electrochemical activity on 

the bare GCE (Curve i). RGO-GCE and ZnO-RGO-GCE also show a reversible anodic and 

cathodic peak at -0.12 V and -0.22 V with 25 µA and 85 µA currents respectively. On the other 

hand, the HRP-ZnONPs-RGO-GCE gave rise to a sharp redox peak with a peak current of 130 
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µA. Moreover, the fabricated electrode provides an extremely large enhancement of the anodic 

and cathodic currents as observed. The kinetics of electron transfer for ETB improves 

remarkably at the fabricated electrode, here the HRP enzyme act as a good electron transfer 

agent between the electrode and analyte. Figure 5.21D shows the effect of deposition time from 

30 - 150 s. The anodic and cathodic peak currents are increased proportionally with the time 

between 30 to 150 s. In addition, that the sensitivity was improved to provide a longer deposition 

time, and also increases the upper detection limits, due to the electrode surface becoming 

saturation in the high concentration region were observed. When the deposition time became 

longer than 60 s, the peak currents decrease gradually and this might be due to the working 

electrode surface saturation. Due to the consideration of increased sensitivity the optimized 

deposition time of 60 s was used throughout this experiment. 
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Figure 5.21: (A) Cyclic Voltammograms of 0.1mM ETB at bare (i) GCE, (ii) RGO-GCE 

(iii) ZnO NPs-RGO-GCE, and (iv) HRP-ZnONPs-RGO-GCE. (B) Peak potential and 

current response with respect to change in pH (3-9) with 0.1 mM ETB. (C) The plot of peak 

potential (Ep) of anodic wave versus pH (pH 3-9). (D) Various deposition times (30, 60, 90, 

120, and 150 s) on peak current 
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5.4.3 Effect of pH on the electrochemical behavior of ETB at HRP-ZnONPs-RGO-GCE 

 

The electrochemical redox reaction was influenced by protons in the electrode reaction process 

of ETB, and the effects of solution pH was investigated. The effect of pH on the current 

responses of HRP-ZnONPs-RGO-GCE towards 0.1 mM of ETB was investigated within the pH 

range of 3.0 to 9.0. Figure 5.21B shows that the oxidation peak currents are gradually increasing 

with the increased pH from 3.0 to 7.0. The phenomenon was attributed to the high concentration 

of protons in the solution. The anodic peak current of ETB reaches a maximum at pH 7.0. Figure 

5.21C shows the peak potential Epc shifts to higher negative potential when the pH is increased 

and obtained correlation coefficient is R2 = 0.993.  The HRP-ZnONPs-RGO-GCE showed 

electron transfer accompanied by an equal number of protons in the electrode reaction. 

   

5.4.4 Effect of enzyme incubation time 

 

The enzyme incubation time of the HRP-ZnONPs-RGO-GCE is an important parameter for the 

determination of ETB. The enzyme incubation time was investigated in the range from 5 to 25 

min at room temperature, and then the corresponding response of currents were measured by the 

DPV. Figure 5.22 shows that the current response increased gradually with prolonged incubation 

time and the maximum is attained at 15 min. When 15 min exceed, the peak current response 

gradually decreased with prolonged incubation time. This suggests that the fabricated electrode 

reached saturation point.      
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Figure 5.22: Effect of incubation time on the response of HRP-ZnONPs-RGO-GCE 

 

5.4.5 Effect of scan rate variation on the electrochemical behaviour of ETB at HRP-

ZnONPs-RGO-GCE 

Figure 5.23A shows the effect of scan rate on the peak current and peak potential of ETB at 

HRP-ZnONPs-RGO-GCE. For this investigation, the electrochemical reaction of ETB at the 

HRP-ZnONPs-RGO-GCE was studied using cyclic voltammetry, at relatively low scan rate from 

0.01 to 0.1 V s-1, in the presence of 0.1 mM of PBS (pH 7.0). The anodic and cathodic peak 

currents of ETB at final sensor was proportional to the square root of the scan rate (see Figure 

5.23B), which indicates a diffusion controlled electrochemical reaction at HRP-ZnONPs-RGO-

GCE.  
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Figure 5.23: (A) Cyclic voltammograms 0.1 mM ETB on surface of HRP-ZnONPs-RGO-

GCE at various scan rates; (1) 0.01, (2) 0.02, (3) 0.03, (4) 0.04, (5) 0.05, (6) 0.06, (7) 0.07, (8) 

0.08, (9) 0.09 and (10) 0.1 mV s−1 in PBS buffer of pH 7.0. (B) Dependence of anodic and 

cathodic peak current on scan rate. (C) Variation of peak potential vs logarithm of the scan 

rates from 0.01 to 0.1 mV s−1 

 



Chapter 5: Results and Discussion 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 193 
 

The results indicate that the anodic and cathodic peak current increased with an increase in the 

scan rate. The regression equations are Ipa (μA) = 2273 + 13.01 v (R2 = 0.9861) and Ipc (μA) = – 

2093.3 + 11.43 v (R2 = 0.9841), indicating electrochemical oxidation and reduction process of 

ETB at the HRP-ZnONPs-RGO-GCE. Based on the above results, it could be reasonably 

assumed that ETB was firstly absorbed on the surface of the electrode and then the electrode 

reaction occurs. Moreover, based on the laviron (Gowda and Nandibewoor, 2014) model, the 

electron transfer coefficient α, and the apparent heterogeneous charge transfer rate constant ks, 

can be estimated from cyclic voltammetry using the deviation of the anodic and cathodic peak 

potentials as a function of the logarithm of scan rates. At high scan rates, this theory calculated a 

linear dependence of Epvs and log v which can be used for the determination of kinetic parameters 

like α and ks from the slope intercept plots shown in Figure 5.23B. The graph drawn for EP 

against log ν from CV of ETB at HRP-ZnONPs-RGO-GCE in PBS (pH 7.0) is shown in Figure 

5.23C. From the graph values versus log ν was give slightly curved lines with a slope. Based on 

the slope the cathodic peak equal to −2.3RT/αnF, and anodic peak equal to 2.3RT/ (1 − α) nF. 

The two peak values are substituted in the equation (5.11), the charge transfer coefficient α was 

found to be 0.63 and the electron transfer constant was estimated to be ks = 2.93 s−1.    

                                                                                                                                                                  

    log ks = 𝛼 log(1 − 𝛼) + (1 − 𝛼) − log (
𝑅𝑇

𝑛𝐹𝑣
) − 𝛼(1 − 𝛼) (

𝑛𝐹∆𝐸𝑝

2.3𝑅𝑇
)               (5.11)                                           

 

where ΔEP is (EPa − EPc), α is the transfer coefficient, ν is the potential scan rate (V s−1), ks is the 

heterogeneous electron transfer rate constant (s−1) and R indicate gas constant and T is 

temperature in kelvin. The electrochemical mechanism is indicated in scheme 5.6. 
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Scheme 5.6: Fabrication of GCE with nanocomposite and electrochemical mechanism for 

ETB 
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5.4.6 Reproducibility and stability studies 

 

The electro chemical oxidation and reduction reactions of ETB at the HRP-ZnONPs-RGO-GCE 

were studied using the CV and DPV technique to evaluate the repeatability and reproducibility as 

these are critical parameters for the biosensor performance. Moreover, the reproducibility of the 

HRP-ZnONPs-RGO-GCE was estimated under the optimal experimental conditions based on 

current responses given by the 0.1 mM ETB which are three modified electrodes. The three 

electrodes are fabricated independently, the relative standard deviation (RSDs) was found to be 

2.83 % of the HRP-ZnONPs-RGO-GCE. The repeatability of the biosensor was also examined 

by monitoring the current response to 0.1 mM ETB for five times. The RSD was 1.93 %, 

indicating a remarkable reproducibility of this fabricated electrode.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24: Stability of HRP-ZnONPs-RGO-GCE. Each data point of graph is based on 

measuring the DPV response of 0.1 mM of ETB in 0.1 M PBS at pH 7.0  
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In order to investigate the HRP-ZnONPs-RGO-GCE long term storage stability, the current 

response of 0.1 mM ETB was measured during a period of 20 days. The fabricated electrode was 

stored in 0.1 M PBS (pH 7.0) at 4 °C when not in use. Figure 5.24 shows the stability response 

of the HRP-ZnONPs-RGO-GCE, where i0 is the current response of the modified HRP-ZnONPs-

RGO-GCE, i is the current response at any storage time, (i-i0) is the change in the current 

response at any storage time. Initially the HRP-ZnONPs-RGO-GCE showed a good stability for 

five days, the current response being 84 %. Thereafter, an activity of 72 % was observed after 15 

days and only 12 % of the current response decreased after 15 days. Based on the results the 

biosensor showed good long-term stability.   

   

5.4.7 Calibration plots and detection limit 

 

In order to develop a voltammetric procedure for the determination of ETB DPV technique was 

chosen, DPV is a rapid and effective electroanalytical technique with more advantages such as 

low detection limits, good sensitivity and selectivity against background currents, DPV was the 

chosen technique. The current – voltage analytical curve for the HRP-ZnONPs-RGO-GCE, and 

quantitative analysis of the 0.1 M concentration of ETB were performed by DPV, under the 

optimized experimental conditions. Moreover, with successive additions of the ETB, the peak 

currents increased linearly with increasing the concentration of ETB and the corresponding 

calibration curve is presented as an insert in the respective voltammograms shown in Figure 

5.25. The calibration curves are linear over concentration ranges from 2 to 32 µM for DPV. 

Using HRP-ZnONPs-RGO-GCE the detection of ETB in the potential range of -0.5 to 0.0 V 

under optimal parameters of 0.052 V for pulse amplitude, 0.041 s for pulse time, scan rate of 

0.015 V s-1 and deposition time 60 s was used for this study. It gave a well-defined peak at -0.2 V 
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(vs. Ag/AgCl) with good linearity and the linear regression equation was expressed as R2 = 

0.9818. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25: DPVs of HRP-ZnONPs-RGO-GCE obtained in a linear range of 2 to 32 µM of 

ETB in PBS (pH 7.0) at 0.015 mV s-1 scan rate. Insert plot shows the linear dependence of 

Ipa vs. [ETB]  

The limit of detection (LOD) and limit of quantization (LOQ) was calculated by using the signal 

to noise method. A signal to noise ratio of three is generally accepted for estimating LOD and 

signal to noise ratio of ten is used for estimating LOQ.      

                                                            DL =
F×SD

b
                                                                                     (5.12) 
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where DL is corresponded to 3 or 10 times of the noise level, F is the factor of 3.3 and 10 for 

DL, SD is the standard deviation of the blank, b is the slope of the regression curve. The limit of 

detection (LOD) and limit of quantification (LOQ) is 0.0214 µM and 0.6713 µM respectively. 

HRP-ZnONPs-RGO-GCE was compared with some other electrodes reported for ETB 

determination (Table 5.8). The HRP-ZnONPs-RGO-GCE showed better LOD and LOQ values 

for ETB than the previously reported sensors. 
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Table 5.8: Comparison of some characteristics of modified electrodes with HRP-ZnONPs-

RGO-GCE 

 

FIA- Flow Injection Analysis, CE-Capillary electrophoresis, Au/PVP-Ag-PANSA/CYP2E1c- A 

silver Nanoparticle/Poly (8-Anilino-1-Naphthalene Sulphonic Acid), CV-Cyclic voltammetry, 

DPV-differential pulse voltammetry, Tyr/GCE-Tyrosine modified on glassy carbon electrode, 

SWV-Square wave voltammetry, Nafion/MWCNT-SPCEf-Nafion/multiwall carbon nanotubes 

modified screen printed carbon electrode, HRP/ZnONPs/RGO/GCE-Harsh radish peroxidase, 

zinc oxide, reduced graphene oxide modified glassy carbon electrode.    

 

 

 

Electrode Technique Detection 
Limit/μM 

 Buffer & pH    Reference 

Carbon electrode a FIA 100  NaOH (12) (Bellei 

Perantoni et al., 

2011) 

Platinum electrode b CE 24.2  Sodium tetra borate 

(8.03) 

(Ngece et al., 

2011) 

Au-PVP-Ag-

PANSA-CYP2E1 c 

CV&DPV 0.7  PBS (7) (da Silva et al., 

2010) 

Tyr-GCE d CV&DPV 9.61  PBS (7) (Cheemalapati 

et al., 2014c) 

Gold microelectrode e CV&SWV 4.73  Acetate (4.5) (Lima et al., 

2016) 

Nafion-MWCNT-

SPCE f 

CV&SWV 8.4  CPBS (7.4) (Couto and 

Quinaz, 2016) 

HRP-ZnONPs-RGO-

GCE 

CV&DPV 0.0214  PBS (7) This Work 

                 



Chapter 5: Results and Discussion 

Fabrication of sensors for the sensitive electrochemical detection of anti-tuberculosis drugs          Page 200 
 

5.4.8 Interference studies  

 

In order to evaluate the interference from the various reductive species existent in real samples, 

DPV was used with 0.1 mM ETB. The interference concentrations were added higher than those 

normally present in the real samples. Some of the organic compounds such as ascorbic acid, 

sucrose, glucose and some of the common ions such as Ca2+, K+, Cl-, Ag+, Br-, Na+ and SO3
2- had 

no influence on the determination of ETB. The tolerable interference concentration was taken as 

the measured signal variation which was approximately ±3. After the addition of varying 

concentration of each interferent the results are presented in Table 5.9. According to these 

results, they show that this HRP-ZnONPs-RGO-GCE has negligible interference effect for the 

determination of ETB. 
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Table 5.9: The influences of some anions, cations and important biological substances on 

the peak current of 0.1 mM ETB at HRP-ZnONPs-RGO-GCE 

 

5.4.9 Determination of ETB in pharmaceutical formulation 

 

The real pharmaceutical sample preparations were described in the above section. In order to test 

the applicability of the proposed biosensor for the investigation of real pharmaceutical samples, 

the analysis of the ETB tablets (300 and 500 mg/tablet) were carried out by differential pulse 

voltammetry and the results are summarized in Table 5.10. The recovery percentages are varied 

in the ranged of 98.5–99.6%, which can be considered to be substantial, and these recovery 

Interferents Concentration of 

interferents/µM 

Change in current 

responses/% 

Ascorbic acid 50 -2.06 

100 -3.96 

Sucrose 50 -1.32 

100 -2.03 

Glucose 50 -1.28 

100 -2.62 

Ca2+ 50 -0.36 

100 -0.65 

K+ 50 -0.64 

100 -1.02 

Cl- 50 -1.20 

100 -2.01 

Ag+ 50 -0.86 

100 -1.54 

Br- 50 -0.56 

100 -1.26 

Na+ 50 -0.21 

100 -0.5 

SO3
2- 50 -0.76 

100 -1.36 
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percentages are very close to the official monograph of ETB (A.M.I. Rageh et al., 2016). (Not 

less than 98 % and not more than 105 % of ETB are contained in real labeled samples).   

 

Table 5.10: Determination of ETB in various pharmaceutical samples using HRP-ZnONPs-

RGO-GCE (n=5) 

 

 

Declared 

amount 

tablet (mg) 

Found  

   (mg) 

Recovery 

(%) 

 

RSD  

(%) 

Added  

(mg) 

Found  

(mg) 

Recovery 

(%) 

 

RSD  

(%) 

Sample 1 

(300 mg) 

298.7 99.5 1.79 50 49.3 98.6 0.42 

 

 

Sample 2 

(500 mg) 

498.2 99.6 1.98      100     98.5      98.5   0.89 

     n: average determination 

 

 

5.4.10 Precision and accuracy 

 

The proposed electrochemical biosensor repeatability (intra-day precision) was estimated by 

associating the standard deviations found from the peak area measurements. The standard 

deviation values varied from 0.58 to 0.98 for intra-day precision. Inter-day precision analysis 

was performed on five consecutive days and the obtained standard deviations were from 1.12 to 

1.16, which show good precision for the proposed method. The standard deviation value 

obtained in this analytical technique compare very favourably with that obtained in the reference 

material (A.M.I. Rageh et al., 2016). Accuracy was estimated as a percentage of relative error 
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between the calculated mean concentration and added (spiked) concentration for ETB (Bias %). 

The values are shown in Table 5.11.  

Table 5.11: Precision and accuracy study for the commercial dosage forms (n=5) 

 

                                a Mean ± standard error. 
                                b Precision%: Relative standard deviation (RSD). 
                                c Bias %: [(found-added)/added] ×100%. 
 
 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Added/µM 

Inter-day Intra-day 

Tablet 

(Rimstar 4-

Fdc brand) 

 

        

Founda/ µM Precisionb/ (%) Accuracyc/ (%) Founda/ µM Precisionb/ (%) Accuracyc/ (%)  

3 2.98±0.03 0.58 0.66 3±0.03 1.12 0  

5 5.01±0.04 0.76 0.20 4.98±0.04 1.14 0.40  

8 7.97±0.06 0.98 0.37 8.02±0.06 1.16 0.25  
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5.5 Development of Cyt c-ZnONPs-MWCNTs fabricated on glassy carbon electrode for 

the detection of streptomycin (STN) 

In this work cytochrome c (Cyt c) enzyme was used in the fabrication of the glassy carbon 

electrode with zinc oxide nanoparticles (ZnONPs) on the multiwalled carbon nanotubes 

(MWCNTs). MWCNTs enabled the electron transfer among the electroactive species and the 

electrode, while DMF was used as a dissolving reagent for the MWCNTs. In addition, the 

MWCNTs were anchored with ZnONPs to produce the extra electro catalytic sites, MWCNTs-

ZnONPs nanocomposite enriched the thermal stability and activity of Cyt c over a wide pH 

range. Furthermore, Cyt c was strongly adsorbed on the surface of the fabricated electrode and 

showed an enzyme immobilization activity for electrochemical reduction of STN. Therefore, the 

unique properties of Cyt c-ZnONPs-MWCNTs nano composites improve the electron transfer 

for the electro catalytic reduction of STN, compared either with ZnONPs or MWCNTs. 

Likewise, the Cyt c-ZnONPs-MWCNTs nanocomposite substantially improved the detection of 

STN, and also showed good limit of detection, limit of quantification and sensitivity.   

5.5.1 Morphological and structural characterization of Cyt c-ZnONPs-MWCNTs-GCE 

 

Figure 5.26A show the TEM image of ZnONPs, which are nearly spherical and monodispersed. 

TEM studies were carried out to find the exact particle size of ZnONPs. The TEM image shows 

that the particles diameter is approximately 7 - 12  nm and matched with XRD data (AbdElhady 

et al., 2012, Taunk et al., 2015). The morphological structure of MWCNTs where the crystalline 

tubular structure of nanotubes is indicated in Figure 5. 26B, with the nanotubes having clear 

inner channels. Figure 5. 26C shows the TEM images of MWCNTs decorated with ZnONPs, 

which clearly show the ZnO nanoparticles agglomerated and distribute homogeneously on the 
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MWCNTs. Our study revealed that such a complex lends itself as a potential precursor for 

ZnONPs synthesis through thermal decomposition.  

 

 

Figure 5.26: TEM images for (A) ZnONPs (B) pure MWCNTs (C) ZnONPs decorated on 

MWCNTs (D) TGA curves for (i) MWCNTs (ii) ZnONPs (iii) MWCNTs-ZnONPs  
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TGA analyses of the ZnONPs, MWCNTs and ZnONPs-MWCNTs were conducted from room 

temperature to 800 °C. Figure 5. 26D reveals the TGA curves for a typical precursor, at 200 °C 

the ZnONPs loses a high rate of mass due to the evaporation of water absorbed on the surface 

(Mohamed et al., 2015), and the maximum mass losses occurs at 375 °C also indicating a high 

rate of degradation of ethyl alcohol into volatile combustible products (Khalil et al., 2014). The 

thermograms for pure MWCNTs are shown with definite mass losses at 570 °C and are due to 

the carbon oxidation (black line Figure 5. 26D). Furthermore, the ZnONPs-MWCNTs shows 

minor weight losses below 100 °C due to the release of moisture and a reliable loss of weight at 

200 °C. This may be attributed to desorption of moisture and solvents (Becheri et al., 2008). FT-

IR studies were carried out in order to determine the purity and nature of the metal oxide 

nanoparticles. The metal oxide nanoparticles generally give adsorption bands in fingerprint 

regions below 1000 cm-1, arising from inter atomic vibrations. ZnONPs mainly shows adsorption 

bands at 440 – 500 cm-1 which suggest Zn-O stretching (Becheri et al., 2008).  The peaks at 2350 

and 3450 cm-1 specify the presence of C = O and – OH residues, which may be due to the 

atmospheric moisture and CO2 respectively (Becheri et al., 2008, Zak et al., 2011). The peaks 

which are located at 2937 and 2885 cm-1 are due to the symmetric and asymmetric C-H bonds 

respectively (Zak et al., 2011). The XRD pattern of the synthesized ZnONPs are already 

discussed in section 5.4.1.  

 

5.5.2 Electrochemical characterization of the modified electrode 

 

The elctrochemical response of the STN at bare electrode and amended electodes was examined 

by cyclic voltammmetry and differntial pulse voltammetry in 0.1 M PBS at pH 7.0. STN showed 

anodic and cathodic peaks in 0.1 M PBS at pH 7.0, and the potential window from -0.2 to 0.6 V. 
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Moreover, for all electrochemical assays with STN, the buffer solution was purged with nitrogen 

gas flow in order to remove the interference of the oxygen reduction reaction. Figure 5.27 shows 

the cyclic voltammogramms of  0.1 mM STN at the bare GCE (curve i), MWCNTs-GCE (curve 

ii), ZnONPs-MWCNTs-GCE (curve iii) and Cyt c-ZnONPs-MWCNTs-GCE (curve iv) 

separately. In addition all modified electrodes showed quasi-reversable redox peaks with various 

currents. The Cyt c-ZnONPs-MWCNTs-GCE (185 µA) showed greater electrochemical 

responses than that of GCE (12 µA), MWCNTs-GCE (27 µA) and ZnONPs-MWCNTs-GCE (92 

µA), which might be sensibly attributed to the extraordinary electron transfer among the STN 

and electrode surface. Therefore, Cyt c-ZnONPs-MWCNTs-GCE was selected as the 

electrochemical biosensor for the studying the electrochemical behaviour of STN in the 

following experiments.  

   

5.5.3 Effect of pH 

 

The effect of pH on working electrolyte in the determination of STN (0.1mM) is significant for 

the performance of the electrochemical biosensor. Hence, the effect of pH in the range of 3 to 10 

was examined by the cyclic voltammetry, as shown in Figure 5.27B. The peak current intensities 

increased by the raising the pH values from 3 to 10, and it reaches a maximum at pH 7.0. In 

addition, increase the pH value the current responses are gradually decreased. Therefore, PBS of 

pH 7.0 was selected as the optimal pH, and was used for the subsequent experiment. Moreover, 

if the pH is increased the peak potentials are move towards the negative potential values 

indicating the participation of the H+ ions in the electrode reactions. The linear regression 

equation was found to be EP = 0.0963pH + 0.483 (R2 = 0.9974). The resultant slope of the plots 
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in the pH range 3 to 10 also demonstrates that the number of electrons and protons are equal in 

the electrochemical redox reaction of STN, as previously reported.  

 

Figure 5.27: (A) Cyclic voltammograms of STN (0.1 mM) at bare GCE (i), MWCNTs-GCE 

(ii), ZnONPs-MWCNTs-GCE (iii) and Cyt c-ZnONPs-MWCNTs-GCE (iv) in 0.1 M PBS 

(pH 7.0).  (B) Cyclic voltammograms of STN (0.1 mM) in different pH of solutions: (3.0, 

4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0). (C) The plot of peak potential (Ep) of anodic wave 

versus pH (pH 3-9). (D) Various deposition times (30, 60, 90, 120, and 150 s) on peak 

current 
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5.5.4 Deposition time  

 

Due to the adsorptive nature of STN at the electrode surface, cyclic voltammetry and differential 

pulse voltammetry methods were selected as a sensitive technique for the detection of STN. 

Deposition of STN successfully increases the electrochemical response. Moreover, the effect of 

deposition time on the CV signal of 0.1 mM STN was examined. In addition, with increasing 

deposition time from 30 to 90 s, the peak currents are gradually increased as shown in Figure 5. 

27D. However, at 90 s the peak current is at a maximum thereafter the peak currents gradually 

decrease, due to the saturation of the electrode surface. Therefore, 90 s was chosen as the 

optimized deposition time for entire study.          

5.5.5 Influence of scan rates variation 

 

The effect of the potential scan rate on electrochemical properties of the Cyt c-ZnONPs-

MWCNTs-GCE was investigated in 0.1 mM PBS (pH) by using the cyclic voltammetry (see 

Figure 5.28A). Initially the redox peaks of STN increased steadily with the increase of the 

potential scan rates from 0.01 to 0.1 mV s-1, resulting two in linear relationships amongst the 

peak currents and the scan rates. Figure 5. 28B shows the various scan rates from 0.01 to 0.1 mV 

s-1 solution of STN indicating, a linear dependence of the redox reaction up on the scan rate (𝑣) 

was observed and demonstrates an adsorption controlled procedure. Figure 5. 28C displays the 

plots of logarithm (of peak currents) and logarithm (of scan rates) and it gives straight lines with 

slopes of 1.283 and 1.269 for both peak currents respectively. Moreover, the values of the slope 

are very close to the theoretical value of the 1.12, which stands estimated for an ideal adsorption 

controlled electrochemical reaction, thus confirming the above results. In addition, with the scan 

rates increasing the anodic peak potential (Epa) change to the positive direction and the cathodic 
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peak potential (Epc) moved to negative direction. Therefore, the peak to peak separation (Ep) was 

somewhat increased and this behaviour demonstrates that the electrochemical process is quasi 

reversible. In order to determine the electrochemical limitations, difference of the peak potentials 

with logarithm of scan rates at high scan rate was further plotted according to the Laviron 

equation 5.15 (Gowda and Nandibewoor, 2014).                 

                                                             𝐸𝑝𝑎 =  𝐸0 −  
2.3 𝑅𝑇

𝛼 𝑛𝐹
 𝑙𝑜𝑔𝑣                                             (5.13) 

                                                                  𝐸𝑝𝑐 =  𝐸0 +  
2.3 𝑅𝑇

(1−𝛼) 𝑛𝐹
 𝑙𝑜𝑔𝑣                                     (5.14) 

        log ks = 𝛼 log(1 − 𝛼) + (1 − 𝛼) − log (
𝑅𝑇…….

𝑛𝐹𝑣
) − 𝛼(1 − 𝛼) (

𝑛𝐹∆𝐸𝑝
………
2.3𝑅𝑇

)            (5.15) 

where 𝛼 the electron transfer coefficient, ks is the apparent electron transfer rate constant, n is the 

number of electron transfer, R is the universal gas constant, T is the temperature and ∆ Ep is the 

peak to peak separation, i.e. Epa - Epc. The fabrication procedure for the proposed electrochemical 

biosensor is illustrated in scheme 5.7.  
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Figure 5.28: (A) CV responses of the modified electrode in PBS buffer solution (pH 7) at 

scan rates (inner to outer) 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 and 0.1mV s-1. (B) 

The plot of anodic and cathodic peak current vs. scan rate (C) is the variation of anodic 

and cathodic potential vs. logarithm of scan rate. 
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Scheme 5.7: Schematic illustration of the STN electrochemical biosensor based on Cyt c-

ZnONPs-MWCNTs nanocomposite 
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5.5.6 Optimization of incubation time of Cyt c 

 

In order to optimize enzyme incubation, time is one of the most significant parameter. For the 

determination of STN it was monitored from 5 to 20 min at ambient temperature as shown in 

Figure 5.29. In addition, it was initially found that various incubation times of STN produced a 

visible difference in the decrease of peak currents. The results show that the peak current 

response steadily increased with prolonged incubation time and achieved equilibrium at 10 min, 

after 10 min the peak currents gradually decreased due to the saturation of the electrode surface. 

Therefore, 10 min was chosen as the incubation time for the determination of STN.  

 

 

 

 

 

 

 

 

Figure 5.29: Effect of incubation time on the response of HRP-ZnONPs-RGO-GCE 
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5.5.7 Reproducibility and stability of the biosensor  

 

To investigate the applicability of the proposed electrode the repeatability, stability and 

reproducibility of the electrochemical biosensor optimized experimental conditions were chosen. 

In order to examine the reproducibility of the electrode preparation process, six modified 

electrodes constructed on the same fabrication procedure were prepared and used for the 

detection of 0.1 mM STN solution by the DPV technique. Hence, from six parallel 

determinations, the relative standard deviation (RSD) for the determination of STN was 

calculated and found to be 2.86 %, which showed good sensor-to-sensor reproducibility. 

Furthermore, the repeatability of the proposed electrochemical biosensor was examined by 

detection of 0.1 mM STN and variation coefficient of 3.12 % was observed for six successive 

assays. The peak current response of the Cyt c-ZnONPs-MWCNTs-GCE still remained up to 

96.8 % of its initial value, after 10 successive assays (RSD 2.21 %). In addition, the stability of 

the proposed electrochemical biosensor was investigated by its voltammetric response peak 

current to 0.1 mM STN over 30 days. The activity of the sensor retained about 93 % of its initial 

peak current response in the first 15 days. Moreover, after 15 days the electrochemical biosensor 

responses gradually decreased. The Cyt c-ZnONPs-MWCNTs-GCE showed 89 % of the initial 

performance even after 30 days, indicating that the proposed electrochemical biosensor showed 

good long term stability. Hence, the results illustrate that the Cyt c-ZnONPs-MWCNTs-GCE has 

shown good repeatability, long term stability and reproducibility. 
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5.5.8 Calibration curve for electrochemical detection of STN 

 

Due to higher peak current sensitivity and superior peak separation, differential pulse 

voltammetry technique was used for the sensitive detection of STN at the Cyt c-ZnONPs-

MWCNTs-GCE. Under the optimal experimental settings (accumulation potential 0.18 V, 

accumulation time 60 s, voltage step time 0.38 s, pulse amplitude 0.051 V, scan rate 0.0 12 V s-1, 

voltage step 0.21 V, 0.1 M phosphate buffer and pH 7.0) DPV technique was used for the 

sensitive detection of STN. Furthermore, a sequence of DPVs were recorded at several 

concentrations of STN to determine its calibration curve. The response of the Cyt c-ZnONPs-

MWCNTs-GCE to STN were found to increase with increasing STN concentrations. Figure 5.30 

displays DPV curves recorded on the Cyt c-ZnONPs-MWCNTs-GCE using different STN 

concentrations in the range of 0.2 μM to 2.2 μM. In addition, repeated measurements exposed 

passivation of the electrode, possibly by products of the electrode reaction or adsorption of the 

analyte onto the electrode surface, resulting in shifting the peaks toward more positive potentials. 

The linear regression equation was Ipa (µA) = 48.724 C + 6.6471 (R2 = 0.9904) with 0.0028 µM 

of LOD and 0.0562 µM of LOQ at signal to noise ratio of 3. Therefore, this electrochemical 

biosensor is appreciated and effective for the detection of STN in pharmaceutical samples.  
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Figure 5.30: DPV curves recorded on Cyt c-ZnONPs-MWCNTs-GCE with the successive 

addition of STN from 0.2 to 2.2 μM. Insert the calibration plot of the concentration of STN 

peak current on Cyt c-ZnONPs-MWCNTs-GCE 
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5.5.9 Interference studies  

 

 Under optimized conditions to determine the selectivity of Cyt c-ZnONPs-MWCNTs-GCE, the 

interference effects of the many interfering substances i.e. organic substances and inorganic 

substances on the determination of STN were investigated. The developed biosensor was 

employed in 0.1 µM STN solutions mixed with various interference substances with different 

concentrations for competing reactions for 15 min. This was followed by using differential pulse 

voltammetry to detect the interfering ions in 10 mL of 0.1 mM PBS at pH 7. The concentrations 

of various interferences substances and the signal changes are shown in Table 5. 12. Moreover, 

the tolerance limit was defined as the maximum concentration of interference substances which 

can cause an error ± 4% in the determination of STN. These results indicated that the proposed 

biosensor possessed good anti-interference abilities for the determination of STN.    
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Table 5.12: The influences of some inorganic salts and important biological substances on 

the peak current of 0.1 µM streptomycin at Cyt c-ZnONPs-MWCNTs-GCE 

 

 

 

 

 

 

 

Interferents Concentration/µM Signal change/% 

NaCl 500 1.88 

AgNO3 500 1.95 

CaCl2 250 0.93 

NaSO4 500 1.86 

Sucrose 500 0.25 

Glucose 500 0.29 

Urea 250 2.2 

Ascorbic acid 250 3.89 

Dopamine 250 1.20 

Citric acid 250 1.61 
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5.5.10 Analytical application for the proposed sensor 

 

In order to examine the applicability of the proposed electrochemical biosensor, Cyt c-ZnONPs-

MWCNTs-GCE was utilised to determine the STN content in various pharmaceutical tablet 

samples by using the DPV techniquie. The real sample preparation was explained under section 

3.3 in Chapter 3. Moreover, for real sample analysis an appropiate amount was directly dissloved 

in deionised water, followed by serial dilution of 10 mL phosphate buffer solution (pH 7.0). 

Three tablet samples were analyzed using three independently prepared electrodes. Moreover, 

each sample was detected five times and the detection value was the average of five results. The 

recovery was in the range 95 to 105 %, and the results are summarized and listed in Table 5.13. 

Satisfactory recoveries for real samples confirmed that the proposed electrochemical biosensor 

held great potential for reliable and sensitive application in the field of pharmaceutical analysis.  

 

Table 5.13: Determination of STN in various pharmaceutical samples using Cyt c-ZnONPs-

MWCNTs-GCE (n=5) 

 

Tablet samples Added/µM Found/µM Recovery/% RSD/% 

Tablet 1 10 9.5 95 0.75 

Tablet 2 15 14.89 99 1.95 

Tablet 3 20 21.01 105 1.82 
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CHAPTER 6 
 

SUMMARY AND CONCLUSIONS 

 

Pharmaceutical analysis by electrochemical techniques is quite a promising field as the study can 

be complete by simple techniques which are extremely selective and sensitive. Micromolar limits 

of detection with microelectrodes makes them a good platform suitable for drug analyses. The 

advances in material science further enhance the field of electrochemistry for various analysis. 

The development of sensitive and precise methods for the quantitative determination of anti-

tuberculosis drugs is a challenging task for scientists. The main purpose of this study was to 

develop electrochemical biosensor methods for detection of first line anti TB drugs such as 

isoniazid (INZ), pyrazinamide (PZM), rifampicin (RIF), ethambutol (ETB) and streptomycin 

(STN). Many analytical methodologies were established and validated for their potential use in 

the determination of high concentration of anti TB drugs. Furthermore, nanomaterials in 

combination with electro analytical methods resulted in high performance biosensors being 

established for the sensitive detection of INZ, PZM, RIF, ETB and STN. 

The prime focus of the dissertation was to modify the voltammetric sensors for anti TB drugs 

and their applications to real samples. The glassy carbon electrode was used as a probe for the 

present investigations. The efficiency of this electrode as a sensor for pharmaceutical analysis 

can be enhanced by modifying its surface chemically with metal oxide nanoparticles, nanotubes 

and enzyme etc. This will contribute to chemically modified electrodes (CME) in the field of 

electrochemical sensor technology. The primary objective towards the overall goal of this project 

involved the determination of INZ, PZM, RIF, ETB and STN by using voltammetric techniques. 
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A facile MWCNT-TiO2NPs-HRP-GCE biosensor was successfully developed for the 

determination of INZ in different pharmaceuticals samples. The issue of high detection limits 

of the reported electrochemical methods were the rhodium modified glassy carbon electrode 

(Cheemalapati et al., 2014). The linearity ranges from 70 – 1300 µM with the detection limit 

of 13 µM. Our results showed that the present method is a fast, efficient method for the 

quantification of INZ in various pharmaceuticals. The synthesized nanoparticles and 

developed sensor were characterized with TGA, TEM, XRD, and FT-IR. The electrochemical 

sensing abilities of INZ with different electrodes, viz., bare GCE, MWCNT-GCE, MWCNT-

TiO2NPs-GCE and MWCNT-TiO2NPs-HRP-GCE were successfully compared using cyclic 

voltammetry studies. The developed sensor showed fast electron transfer capability, good 

electronic conductivity, and large electroactive surface area. The CV results obtained reveal 

outstanding electrochemical sensing performance of the enzyme-induced sensor with an 

increase (approximately 8-fold) of anodic peak currents. In the DPV technique, the calibration 

plot gave a good correlation coefficient of R2 = 0.998 with LOD and LOQ values of 0.0335 

μM and 0.1118 μM, respectively. This clearly indicates the developed sensor showed a high 

capability for detecting the INZ in μM concentration without any interferences. In addition, 

the fabricated sensor exhibited good repeatability and long-term stability, with negligible 

current variations. Moreover, the real sample analysis gave satisfactory results with good 

percentages of recovery.  

Furthermore, combining the unique properties of the fabricated material such as high surface 

area, increased electrocatalytic activity and greater adsorptive properties, a Cyt c-CuONPs-

MWCNTs-GCE was developed for the determination of PZM. In the present work, the 

developed sensor also showed good catalytic activity towards PZM, due to the increased 
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electrochemical sensing mechanism for PZM. The modified electrode was successfully 

characterized by the TEM, FT-IR, TGA and XRD techniques. The CV results obtained showed 

well-defined anodic and cathodic peaks at the peak potentials -0.77 V and -0.80 V respectively, 

and also revealed good electrocatalytic activity of Cyt c-CuONPs-MWCNTs-GCE towards 

PZM. From the measured DPV results, the limit of detection (LOD) and limit of quantification 

(LOQ) of the developed sensor were calculated, and found to be 0.0038 μM and 0.0129 μM 

respectively. The fabricated biosensor exhibited enhanced peak currents. The proposed biosensor 

also showed excellent sensitivity, selectivity and low detection limits. In addition, the developed 

sensor was applied for the determination of PZM in real pharmaceutical samples, which reflect 

good recovery percentages. It is evident that the proposed method will possibly serve as a 

standard protocol for the determination of PZM in various pharmaceutical samples. 

In the third part of this study, a novel and facile electrochemical method for the modification of 

GCE with MWCNTs, MWCNTs-Fe3O4NPs and Co en-q for the determination of RIF. The 

resulting MWCNTs, MWCNTs-Fe3O4NPs have been successfully characterized by using FT-IR, 

XRD and TEM. The electrochemical behaviour of RIF on the bare GCE and modified Co en-q- 

Fe3O4-MWCNTs-GCE were observed using cyclic voltammetry. The obtained cyclic 

voltammetry results indicate the outstanding electrochemical sensing performance of the 

biosensor, with an increase (approximately 8-fold) of anodic peak currents. The RIF shows two 

anodic peaks at + 0.10 V and + 0.72 V in the phosphate buffer solution at pH 7.5. This indicates 

the high electrochemical response ability of the developed biosensor towards the oxidation of 

RIF compared to GCE, MWCNTs-GCE, MWCNTs-Fe3O4NPs-GCE. Under the optimal 

experimental conditions, the anodic peak currents of RIF increased linearly within the 

concentration range 2-20 µM bearing the correlation coefficients of R2 = 0.998, and R2 = 0.997 
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respectively. The LOD and LOQs were calculated and found to be 0.032 µM, 0.413 µM and 

1.069 µM, 1.258 µM for peak I and peak II respectively. This also reveals the high sensitivity 

and selectivity of the fabricated biosensor without significant interference from interferents. The 

biosensor exhibited good reproducibility and stability as well as successful analytical application. 

The proposed biosensor was certainly adequate for the determination of RIF in the commercial 

pharmaceutical sample. 

In the fourth part of this work, the potential scan up to high potential was proposed to improve 

the electrocatalytical activity of modified HRP-ZnONPs-RGO-GCE towards the electrochemical 

redox reaction of ETB. The morphological characterization of the developed sensor was studied 

by FT-IR, TEM, XRD and TGA techniques. This method has been developed for the detection of 

ETB in various pharmaceutical samples. The HRP-ZnONPs-RGO-GCE showed an oxidation 

peak at -0.2 V and a reduction peak at -0.22 V in CV. Statistical analysis proved that the 

biosensor showed good repeatability, selectivity and sensitivity for the determination of the ETB 

in various pharmaceutical samples. The ZnONPs-RGO nanocomposite provides an appropriate 

environment for HRP enzyme attachment, and promotes the rapid catalytic action, moreover it is 

facilitated by the electron transfer between the active sites of enzyme and electrode surface. The 

HRP-ZnONPs-RGO-GCE was significantly improved by the electrochemical oxidation and 

reduction signals of ETB compared with the ZnONPs-RGO nanocomposite, GCE and RGO. The 

proposed biosensor exhibits the low limit of detection 0. 0214 μM, and limit of quantification 

0.6713 μM respectively. Based on the detection limit, sensitivity, and stability of the proposed 

HRP-ZnONPs-RGO-GCE could be used for monitoring ETB in biological and pharmaceutical 

samples, as one of the reliable routine laboratory analytical methods.  
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In last part of this work, electrochemical behaviour of STN were examined and presented. STN 

was electrochemically energetic in the pH range at 3.0 – 10.0, but the peak currents of STN were 

higher at pH 7. Furthermore, GCE was fabricated with MWCNTs which enhanced the response 

of STN. However, by the addition of ZnONPs to the MWCNTs to form a nanocomposite 

electrode, and then immobilizing composite electrode with Cyt c, resulted in the electrochemical 

biosensor showed significantly higher peak currents, and the response of the STN was 

appreciably increased. Moreover, this also lead to an expansion of the novel electrode and 

proposed that the metal oxide nanocomposite electrodes when immobilized with biomolecules 

can fruitfully be used for analytical application of STN with simplicity, time saving and reduced 

costs. Hence, a novel electroanalytical technique for the determination of STN was proposed 

synchronously with varied linear range from 2 to 10 µM, and the detection limit and limit of 

quantifications was found to be 0.0028 µM and 0.5628 µM respectively (S/N=5). After the 

experimental limitations affecting the response sensitivity of the biosensor were optimized in 

detail, the resulting biosensor not only exhibited high sensitivity and selectivity for STN, but also 

showed much better reproducibility and repeatability.  

The development of chemically modified electrode based voltammetric sensors remain an 

exciting and developing the area of analytical research. The main principle of this work is 

reducing the detection limits to true trace levels, and there are significant advances in the area of 

material, active mechanism design, and clearly the results of the present study are extremely 

promising and fruitful.      
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APPENDICES  
Definitions  

Accuracy:   

The degree to which the result of a measurement, calculation or specification conforms to the 

standard value. 

Bias:   

The change between the expectation of the test results and a known reference value.  

Calibration curve:   

In analytical chemistry, a calibration curve, also identified as a standard curve, is a common 

technique for determining the concentration of an analyte in an unknown sample by relating the 

unknown to a set of standard samples of known concentration.  

Interference:  

An interference is a substance, other than the assayed quantifiable, that can be measured by the 

chosen analytical method or that can prevent the assayed material from being measured.  

Limit of detection:   

The final content that can be measured with reasonable statistical certainty.  

Limit of quantitation:   

The content equal to or greater than the lowest concentration point on the calibration curve.  

Precision:   

The familiarity of agreement amid independent test results obtained under stipulated    

conditions.  

Sensitivity:   

The change in the response of a measuring instrument divided by the corresponding change the 

stimulus.  
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Specificity or selectivity:   

The ability of a method to measure only what it is intended to measure.  

Stability:  

Ability of a material to persist unchanged a period of time under the expected conditions of 

storage and use.  

Recovery:  

Yield of a preconcentration or extraction for an analyte divided by the amount of analyte initially  

present in the original sample.  

Repeatability:   

Precision under repeatability situations, i.e. conditions where independent test results are found 

with the same technique on identical test items in the same laboratory by the same operator using 

the same equipment within short intervals of time.  

Reproducibility:   

Precision under reproducibility conditions, i.e. conditions where test results are attained with the 

same technique on identical test items in various laboratories with different operators using 

different equipment.  

Relative standard deviation:  

Relative standard deviation is a quantity of precision in data analysis. Relative standard deviation  

is measured by dividing the standard deviation of a series of values by the average of the values.  

Reproducibility standard deviation:   

The standard deviation of test results obtained under reproducibility conditions  
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Robustness:   

The robustness of an analytical procedure is a measure of its capacity to remain unaffected by 

small, but considered variations in technique parameters and offers an indication of its reliability 

during normal usage.  

Validation:   

Confirmation by examination and provision of objective evidence that the specific requirements 

for a definite intended use are fulfilled. 
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Abstract: In this present work, a glassy carbon electrode (GCE) was modified primarily with
multiwalled carbon nanotubes (MWCNTs) and a composite of MWCNTs and titanium oxide
nanoparticles (TiO2NPs). The enzyme horseradish peroxidase (HRP) was immobilized to enhance
the sensing ability of GCE. The proposed biosensor was used for the sensitive determination
of isoniazid (INZ) in various pharmaceutical samples. The electrochemical behaviour of the
developed MWCNT-TiO2NPs-HRP-GCE biosensor was studied by using cyclic voltammetry (CV)
and differential pulse voltammetric (DPV) techniques. Fourier transform infrared spectroscopy
(FT-IR), X-ray diffraction (XRD), thermogravimetry (TGA) and transmission electron microscopy
(TEM) techniques were used to characterize the developed sensor. Phosphate buffer solution (PBS)
with pH 7 was used as supporting electrolyte in the present investigation. The cyclic voltammetric
results revealed that the increment of anodic peak currents for the enzyme-induced sensor was almost
8-fold greater than that of a bare GCE. The DPV technique exhibited good limit of detection and limit
of quantification values, viz., 0.0335 µM and 0.1118 µM, respectively. Moreover, the developed sensor
showed long-lasting stability and repeatability without any interferents. This strongly indicates that
the fabricated sensor shows outstanding electrochemical performance towards INZ, with excellent
selectivity and sensitivity. The developed sensor was successfully applied to pharmaceutical samples
and gave good percentages of recoveries.

Keywords: enzyme-based biosensor; isoniazid; cyclic voltammetry; differential pulse voltammetry;
pharmaceutical samples

1. Introduction

Pyridine-4-carboxylic acid hydrazide (INZ) is commonly used in chemotherapy for pulmonary
tuberculosis along with pyrazinamide, rifampicin and ethambutol [1]. However, regular overdoses of
INZ cause hepatotoxicity and may lead to death [2]. The World Health Organization (WHO) suggested
that a daily dose of INZ per adult should be 4–6 mg/kg of their body weight [3]. INZ possesses
both bacteriostatic and bactericidal action to interfere with the metabolism of nucleic acids, bacterial
proteins, carbohydrates, and lipids. Hence, INZ plays a vital role in the therapeutic treatment of
tuberculosis disease. Therefore, there is scope to develop a simple, rapid and robust method for the
sensitive determination of INZ in various pharmaceutical samples. As per previous literature reports,
INZ was analysed by using high performance liquid chromatography [4], capillary electrophoresis [5],
fluorimetry [6], titrimetry [7,8], chemiluminescence [9] and electrochemical methods [10]. Electrochemical
methods showed superior advantages like rapid, low-cost instrumentation, less time-consuming analyses
and simple sample preparation, with reduced chemical consumption [11].
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In electrochemical methods, the modification electrode results in the enhanced of sensitivity
of the electrode. Various types of electrode coating agents like gold and platinum core shell
nanoparticles [12], thionine-immobilized multi-walled carbon nanotubes [13], mercury film silver [14],
poly3,4-ethylenedioxy thiophene films [15], modified multiwalled carbon nanotubes [16], and graphene
oxide poly arginine [17] have been used for the determination of INZ. However, the above mentioned
methods showed a lack of fast electron-transferring ability. Hence, there is a need to search for
new nanocomposites, which exhibit good sensitivity with fast electron-transferring ability for the
determination of INZ. Multiwalled carbon nanotubes (MWCNTs) exhibit larger surface area and
high electronic conductivity by nature, resulting in good conductivity. MWCNTs are used in
various batteries, supercapacitor electronics, and sensors [18]. TiO2NPs possess more advantageous
characteristics like low cost, nontoxicity, long-term stability, and multi-functionality. Therefore, they
are widely used as antiseptics, in anti-bacterial compositions, and as catalysts to promote various
electrochemical reactions [19]. MWCNTs are combined with TiO2NPs and formed as an innovative
class of carbon-based functional nanomaterials with good electrical, optical and catalyst properties [20].
The enzyme horseradish peroxidase (HRP) shows greater affinity for coupling with the nanocomposite
for electrochemical transduction due to the presence of amino groups in the HRP enzyme. In addition,
HRP has good catalysing properties, as well as a strong oxygenation nature for oxidization of a wide
variety of organic substrates [21]. Moreover, HRP immobilized with a nanocomposite results in the
formation of a biosensor with high stability and good efficiency.

The present work is designed and based on the fabrication of GCE with new generation
nano-structured composites like the MWCNT-TiO2NPs-HRP composite for the sensitive determination
of INZ. Furthermore, the modified sensor was applied to pharmaceutical samples to evaluate the
realistic performance of the proposed sensor.

2. Experimental

2.1. Apparatus

The 797 VA Computrace (Metrohm, Herisau, Switzerland) with 1.3.1 software was used for the
electrochemical investigations of INZ. A conventional three-electrode system with a glassy carbon
electrode (GCE) or modified electrode was used as a working electrode, whilst a Ag/AgCl (3 M
KCl) reference electrode and platinum wire were used as an auxiliary electrode. A Crison micro
pH 2000 digital meter was used to prepare the supporting electrolyte. A Varian 800 Scimitar Fourier
transform infrared spectroscopy (FT-IR) (SMM Instruments. Durban, South Africa) was used for the
FT-IR characterization. A Transmission electron microscopy (TEM) JEM 2100 with a Lab 6 emitter
(Max oxford instrument, JEOL Inc., Peabody, MA, USA) was employed for the study of surface
morphology of the nanoparticles and biosensor. A Labcon 5019U ultra sonicator (Lasec, Durban,
South Africa) was used for the ultrasonification of reagents. A Thermo Gravimetric Analysis (TGA)
Differential Scanning Calorimetry (DSC) 1SF model 1346 (Columbus, OH, USA) with a STARe software
version 9.20 (Mettler Toledo) instrument was used for the thermogravimetric characterization of the
nanocomposite and the biosensor.

2.2. Chemicals and Reagents

All the regents used in this experiment were analytical reagent grade. Isoniazid and MWCNTs
(Outer diameter (O.D).-L 6–9 nm–5 µM, catalogue number 724,769) were purchased from Sigma Aldrich
(Durban, South Africa). The MWCNTs were prepared using chemical vapour deposition with cobalt,
and molybdenum as a catalyst. Sodium dihydrogen orthophosphate, disodium hydrogen phosphate,
sodium hydroxide, sulphuric acid, titanium tetra chloride, urea and N, N-dimethyl formamide (DMF)
were purchased from Capital lab suppliers (Durban, South Africa). Alumina powder (3.0 µM) was
purchased from Metrohm. The stock solution of 1 M INZ was prepared by dissolving the appropriate
amount in a 50-mL volumetric flask. Upon serial dilution, working standard solution was also prepared.
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All the working standard solutions were prepared with deionized water, and kept in a refrigerator at
4 ◦C to ensure stability. According to the previous literature [22] with slight modification, 25 mL of
TiCl4 was made up to a 100 mL volumetric flask with deionized water, in an ice cold bath. Likewise,
13 g of urea was dissolved in another 250-mL volumetric flask with deionized water. The urea solution
was then slowly added to the contents of TiCl4, and then subjected to heating at 110 ◦C on a hot plate,
with a magnetic stirrer for about 30 min. After the completion of the reaction, a white colloidal solution
was obtained. The colloidal solution was centrifuged at 1000 revolutions per minute with rotational
centrifugal force for 15 min. After centrifugation of the product, the residue was washed repeatedly
with deionized water, and then dried at 60 ◦C for 3–4 h. The newly formed TiO2NPs were then stored
in the refrigerator at 4 ◦C, for further use. A stock solution of INZ (1 M) was prepared by dissolving an
appropriate amount in a 50-mL volumetric flask. Upon serial dilution, working standard solutions
were made. Phosphate buffer solution (PBS) of 0.1 M with pH 7.0 was used as a supporting electrolyte
throughout the experiment.

2.3. Fabrication of Nanocomposite Electrode

Prior to modification, the bare GCE was polished to a mirror-like surface with alumina slurry
on a wet polished cloth and then further washed with deionized water. A total of 5 mg of MWCNTs
was dissolved in 5 mL of DMF and thereafter kept for ultrasonification for about 30 min at 50 ◦C.
The suspension was used for the modification of the GCE. Further, 10 mg of MWCNTs and 10 mg of
TiO2NPs were dissolved in 10 mL of N,N-dimethyl formamide (DMF) followed by ultrasonification
for about 1 h, to form a stable black suspension of MWCNTs-TiO2NPs. This was then used for the
modification of the GCE. The MWCNT modified GCE and MWCNT-TiO2NPs modified GCE was
prepared by dropping 5 µL of MWCNT suspension onto the cleaned electrode, which was then dried
at 50 ◦C for 10 min.

2.4. Preparation of the MWCNT-TiO2NPs-HRP-GCE Enzyme Electrode

The HRP enzyme was immobilized on the MWCNT-TiO2NPs nanocomposite fabricated on the
surface of GCE. The MWCNT-TiO2NPs-HRP-GCE sensor was fabricated by dropping 5 µL of the HRP
solution onto the surface of the MWCNT-TiO2NPs-GCE. The modified electrode was dried and then
stored in the refrigerator at 4 ◦C [23].

2.5. Electrochemical Measurements with the MWCNT-TiO2NPs-HRP-GCE

A total of 10 mL of the 0.1 M of PBS with pH 7.0 was added into the electrochemical cell in
which the working electrode was immersed prior to the electrochemical measurements. The cell
was purged with nitrogen gas for 5 min to remove the content of dissolved oxygen. To optimize the
background current readings, several cyclic sweeps were carried out. The INZ sample was added
into the electrochemical cell and stirred at 1000 rpm with a deposition time of 120 s, and equilibrating
time of 5 s, and the sweeping was done at an optimum scan rate of 0.09 V·s−1 in differential pulse
voltammetric (DPV) mode.

3. Results and Discussion

3.1. Characterization of the MWCNT-TiO2NPs-HRP-GCE

The MWCNT-TiO2NPs-HRP-GCE was characterized using FT-IR, X-ray diffraction (XRD),
transmission electron microscopy (TEM), and thermogravimetry (TGA). FT-IR was performed to
assess characteristic stretching variations for synthesized TiO2NPs. Figure 1A reveals the presence of
a sharp peak at 523 cm−1 indicating the presence of Ti-O stretching vibrations. A well-defined sharp
peak appeared at 1403 cm−1, indicating the Ti-O-Ti stretching vibrations. The peak at 1163 cm−1 is
responsible for C-O stretching [24]. In addition, peaks at 3132 cm−1 were attributed to the presence of
O-H stretching. Figure 1B shows the XRD data, with Miller indices (101,110, and 111) attributed to the
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body-centred cubic, crystalline nature of the TiO2NPs. The broad diffraction peaks are an indication of
the nano-size of crystalline compound. The experimental XRD pattern agrees with the 2θ peak at 25.4◦

and confirms the TiO2 anatase structure [25]. The strong diffractions at 25◦ and 48◦ were also attributed
to TiO2NPs in the anatase phase [26]. The above evidence confirmed the synthesized TiO2NPs.
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Figure 2A is the TEM image of the TiO2NPs, which clearly indicates the spherical shape geometry
of TiO2NPs with an average diameter of 25 nm. Figure 2B shows TEM of pure MWCNTs as having
tubular network-like structure. Figure 2C clearly shows the adherence of TiO2NPs on the surface
of the MWCNTs. Figure 2D shows the thermogravimetric curves of pure MWCNTs, TiO2NPs and
MWCNTs-TiO2NPs. The TGA curve of MWCNTs (black line in Figure 2D) exhibited definite mass
loss at 570 ◦C, which may possibly be due to the carbon oxidation. The TGA curve of TiO2NPs
showed nearly flat characteristics with minor mass loss observed before 100 ◦C, and this may be
due to loss of water, whereas at 400 ◦C this may signify loss of nitrogen content. The TGA curve
of MWCNTs-TiO2NPs also showed slight mass loss in two stages around at 100 ◦C and 250 ◦C,
respectively; this may be due to the evaporation of solvent. Beyond that temperature, the composite
was highly stable due to the dispersion of TiO2NPs on the surface of MWCNTs.
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3.2. Method Optimization

The effect of pH played an important role in the electrochemical signal amplification of INZ.
The effect of pH with peak current was studied in the range of 3.0–10.0. As the pH increases, peak
currents gradually increase until pH 7, and then decrease beyond pH 7. The changes in the anodic peak
currents and peak potentials responses were monitored by varying the pH (Figure 3B). According to
the obtained results from Figure 3B, the anodic peak current of INZ reaches a maximum at pH 7, and
decreases beyond 7. Due to this observation, a pH of 7 was selected as optimum for the entire study.
In addition, the effect of deposition time was also monitored from 30 to 150 s (Figure 3C). Based on the
obtained results, deposition time with 120 s was selected as optimum deposition time for the present
study. Further, the most effective parameter, notably, scan rate, was examined in the range of 0.1 to
1.0 V·s−1. The obtained results showed that 0.9 V·s−1 was the optimum potential scan rate. The effect
of incubation temperature was also tested with the activity of HRP immobilized on the surface of the
MWCNT-TiO2NPs-GCE. The anodic peak current response was observed with different incubated
temperatures ranging from 5 to 50 ◦C (Figure 3D). The fabricated MWCNT-TiO2NPs-HRP-GCE showed
maximum peak currents at 30 ◦C. Therefore, 30 ◦C was selected as the optimum temperature for the
successful experiment. At 5–30 ◦C the increase in current responses of the modified sensor was due to
the increase in the activation energy of the reaction. After 30 ◦C, the current responses were decreased
due to enzyme denaturation. The enzyme reaction rate increases as the incubation temperature
increases up to an optimum temperature, and after that the enzyme activity declines rapidly. Moreover,
the immobilized enzyme shows no changes in the optimum temperature when compared with free
enzyme. The enzyme incubation time is also an important parameter in the method optimization,
which was monitored from 5 to 25 min at room temperature, and the corresponding current responses
were measured. Figure S1 showed the current responses gradually increased with sustained enzyme
incubation time. The enzyme-fabricated electrode showed good peak current response at 15 min.
Based on the current response and adsorption equilibrium of the enzyme, 15 min was selected as the
optimum incubation time for the entire study. After 15 min the current response gradually decreased
with prolonged incubation time.
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Figure 3. (A) Cyclic voltammograms of 0.1 mM isoniazid (INZ) with: (1) a bare glassy carbon electrode
(GCE); (2) MWCNT-GCE; (3) MWCNT-TiO2NPs-GCE; and (4) MWCNT-TiO2NPs-horseradish peroxide
(HRP)-GCE. (B) Peak potential and peak currents response with pH at 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and
10.0. respectively (C) Peak current responses vs. different deposition times of 30, 60, 90, 120 and 150 s.
(D) Effect of temperature on the current response of the MWCNT-TiO2NPs-HRP-GCE.
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3.3. Electrochemical Behavior of INZ on the MWCNT-TiO2NPs-HRP-GCE

The MWCNT-TiO2NPs-HRP-GCE was electrochemically analysed by CV and DPV techniques.
The modified electrode surface area calculation was justified by using the Randles–Sevick [27]
Equation (1).

ipa = 2.69 × 105 AC0n3/2DR
1/2v1/2 (1)

where ipa is the anodic peak current, A is the surface area of the electrode, C0 is the concentration of
INZ, n is the number of electrons transferred, DR is the diffusion coefficient, and V is the scan rate.
Based on Equation (1), the MWCNT-TiO2NPs-HRP-GCE and GCE surface areas were calculated and
found to be 19.32 and 3.14 mm2, respectively. This indicated that the MWCNT-TiO2NPs-HRP-GCE
sensor was exhibiting approximately a six times larger surface area than the GCE. This implies that
the fabricated sensor provides a high surface area for INZ to undergo electrochemical oxidation [28]
(Scheme 1).
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Scheme 1. Electrochemical oxidation mechanism of INZ with the MWCNT-TiO2NPs-HRP-GCE.

The electrochemical sensing ability of the MWCNT-TiO2NPs-HRP-GCE was compared with the
bare GCE, MWCNTs and MWCNTs-TiO2NPs (Figure 3A). The potentials scale was monitored in
the range of −0.1 to +0.7 V for the appearance of anodic peak. The GCE exhibited a much lower
current of 25 µA, while the MWCNT-GCE and MWCNT-TiO2NPs-GCE showed moderate current
responses of 56 µA and 110 µA, respectively (Figure S2). The final MWCNT-TiO2NPs-HRP-GCE
showed much greater peak current responses with 200 µA (Figure 4A). Figure 4B shows the linear
relationship between log ipa and log v, and it is suggested the diffusion of INZ at the surface of the
MWCNT-TiO2NPs-HRP-GCE can be expressed by the following Equation (2).

log ipa = 0.7841 log v + 1.5351 (2)

Figure 4C shows that the oxidation of INZ at the MWCNTs-TiO2NPs-HRP-GCE is similar to the
diffusion-controlled process owing to the linear relationship between anodic peak current and the
square root of the scan rate. The fitted regression line can be expressed as ipa = 0.2642 υ1/2 + 0.2891;
R2 = 0.9822. This clearly indicates the outstanding performance of the MWCNT-TiO2NPs-HRP-GCE
compared to the other three electrodes.
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3.4. Quantitative Analysis of INZ

DPV was carried out with a 0.5 to 5 µM of INZ, via the standard addition method. The MWCNT-
TiO2NPs-HRP-GCE gave a well-defined anodic peak at 0.2 V (vs. Ag/AgCl) with the optimized
working parameters (scan rate of 0.09 V·s−1, deposition time 120 s, pulse amplitude 0.050 V, voltage
step 0.00935 V, voltage step time 0.1 s and pulse time 0.040 s). It was shown that as the concentration
of INZ was increased, the anodic peak currents were gradually increased (Figure 5).

A calibration graph was plotted for the concentration of INZ against anodic peak currents.
The obtained regression equation (ipa =12.22 c + 0.375) showed a good correlation coefficient of
R2 = 0.998 for DPV. The limit of detection (LOD) and limit of quantification (LOQ) were calculated
based on signal to noise ratios by using the Equations (3) and (4). In terms of the instrument signal,
we are interested in determining the smallest signal that is distinguishable from the background
(baseline) noise.

LOD = (3 × SD/Slope) (3)

LOQ = (10 × SD/Slope) (4)

where SD is the standard deviation of the peak currents for three different runs and slope of the
calibration curve. The limit of detection and limit of quantification for INZ is 0.0335 µM and 0.1118 µM,
respectively. The comparison of current fabricated sensor method with previous methods (27–37) used
in the determination of INZ is listed in Table 1. This indicates our method showed lower LOD and
LOQ values for the determination of INZ compared to previous reports.
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Figure 5. Differential pulse voltammetric (DPV) response of 0.5 to 5 µM INZ with the
MWCNT-TiO2NPs-HRP-GCE at pH 7.0, scan rate: 0.09 V·s−1, deposition time: 120 s, pulse amplitude:
0.050 V and pulse time: 0.040 s. (Inset calibration plot) (n = 5, average SD).

Table 1. Comparison of some characteristics of the previously reported modified electrodes with the
MWCNT-TiO2NPs-HRP-GCE.

Electrode Technique Detection
Limits/(µM)

Linear
Range/(µM) Buffer and pH References

Nf/Fe/GCE a CV 13.00 50–20,000 Na2SO4 (9) [29]

LDH/GCE b DPV 4.00 4.9–770 BR (9) [30]

4-pyridyl hydroquinone
SAM/platinum electrode c CV 20.0 - PBS (7.2) [31]

poly-L-histidine/SPE d DPV 0.50 - PBS (7) [32]

Gold electrode e DPV 0.09 - NaOH (13.6) [33]

PdNP/CPE f CV 0.47 - PBS (7) [27]

Hanging mercury drop
electrode g SWADCS 1.18 - BR (5.5) [34]

GO/GCE h LSV 0.17 2–70 PBS (7) [35]

F-MWCNT/GCE i CV 0.27 1–70 AB (4) [36]

Rh/GCE j CV 13.00 70–130 PBS (7) [37]

Bentonite clay/GCE k LSV 0.80 - Na2SO4 (13.5) [38]

MWCNT-TiO2NPs-HRP-GCE DPV 0.03 0.5–5 PBS (7) Present work
a Nf/Fe/GCE—Nafion on iron-coated GCE; b LDH/GCE—layered double hydroxide-coated GCE; c 4-pyridyl
hydroquinone SAM/platinum electrode-4-pyridyl hydroquinone self-assembled monolayer-coated platinum electrode;
d poly-L-histidine/Screen printed electrode (SPE)-poly-L-histidine coated on a SPE ; f PdNP/CPE—palladium
nanoparticle-coated CPE; h GO/GCE—graphene oxide-coated GCE; i F-MWCNT/GCE—functionalized multi-wall
carbon nanotube-coated GCE; j Rh/GCE—rhodium nanoparticle-coated GCE; k bentonite clay/GCE—bentonite
clay-modified GCE; SWADCS—square-wave adsorptive anodic stripping voltammetry; LSV—linear sweep
voltammetry; CPE—carbon paste electrode; SPE—screen-printed electrode; CV—cyclic voltammetry;
PBS—phosphate buffer solution.
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3.5. Repeatability and Stability

The repeatability efficiency of the proposed sensor was examined with 0.1 mM INZ solution DPV
under the optimized parameters. After each determination the used fabricated electrode underwent
five to six sweeps in 0.1 M PBS (pH 7.0), to remove any adsorbents and yield a reproducible electrode
surface. The peak current response of INZ was determined with five electrodes under the same
conditions. From the five parallel determinations, the Relative Standard Deviation (RSD) of INZ
determination was found to be 4.12%. Based on the results, the proposed sensor showed good
repeatability. The long-term stability of the sensor was tested after 80 days. When not used, the sensor
was stored at 4 ◦C. The stability studies were carried out with the MWCNT-TiO2NPs-HRP-GCE for
the detection of INZ. This study was carried out in two batches. In the first batch, the stability of the
modified electrode was observed from day 1 to day 40, in terms of electrochemical signalling. It was
observed that for 40 days, the average electrochemical signal was found to be 91%. In the second batch,
the stability study was carried out for an additional 40 days with the same materials and electrode.
Interestingly, it was now observed that the electrochemical signal was found to be 87%. This implies
only 4.39% of the electrochemical signal decreased. These results indicate that the fabricated electrode
showed good repeatability and long-term stability.

3.6. Interference Studies

To evaluate the selectivity ability of developed sensor, interference studies were also performed
for INZ with coexisting compounds like uric acid, glucose, and ascorbic acid. In this analysis, the
peak current of INZ was recorded (Ip1). The excess amount of the potential interferent species was
added to the mixture and DPV was recorded (Ip2). The tolerance limit was defined as the maximum
concentration of the interfering components that caused an error less then ±5% (Ip1/Ip2 = 95–105%).
In addition, the influence of some common ions such as Fe3+, Al3+, Cl−, Na+, and K+ were studied and
the results indicated that these ions have no significant influence on the determination of INZ (Table 2).

Table 2. The influences of some anions, cations and important biological substances on the peak current
of 0.1 mM INZ with the MWCNT-TiO2NPs-HRP-GCE.

Interferents Concentration/(µM) Signal Change (%)

Ascorbic acid 250 4.03
Uric acid 250 1.24
Glucose 500 0.34

Fe3+ 500 0.81
Al3+ 500 1.27
Cl− 500 0.67
Na+ 500 2.01
K+ 500 1.35

3.7. Real Sample Analysis

Commercially-available INZ tablets (100 mg) were purchased from the local pharmacy. The samples
(tablets) were used to evaluate the realistic performance of the MWCNT-TiO2NPs-HRP-GCE.
Approximately ten tablets were taken into a mortar and crushed to fine powder with pestle. A 0.1 mM
INZ tablet sample solution was prepared by dissolving the appropriate amount of powder sample in
a 10 mL volumetric flask and adding 10 mL of PBS. Finally, real sample analysis was carried out with
0.1 mM INZ by the DPV technique via the standard addition method. The results with respect to the
analytical performances of the MWCNT-TiO2NPs-HRP-GCE obtained were then tabulated (Table 3).
The two pharmaceutical samples showed good RSD values (1.69 and 1.98) with an excellent percentage
of recovery (99.2% and 98.9%). This indicates that the developed sensor exhibited good recovery
capability towards INZ in various pharmaceutical samples.
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Table 3. Determination of INZ in various pharmaceutical samples using the developed sensor (n = 5).

Declared
Amount Tablet

(mg)

Found
(mg)

Recovery
(%)

Relative Standard
Deviation (RSD)

(%)

Added
(mg)

Found
(mg)

Recovery
(%) RSD (%)

Sample 1
(100 mg) 99.2 99.2 1.69 20 19.3 96.5 0.32

Sample 2
(100 mg) 98.9 98.9 1.98. 10 9.5 95.0 0.79

n: average determinations.

4. Conclusions

A facile MWCNT-TiO2NPs-HRP-GCE biosensor was successfully developed for the determination
of INZ in different pharmaceuticals samples. The synthesized nanoparticles and developed
sensor were characterized with TGA, TEM, XRD, and FT-IR. The electrochemical sensing
abilities of INZ with different electrodes, viz., bare GCE, MWCNT-GCE, MWCNT-TiO2NPs-GCE
and MWCNT-TiO2NPs-HRP-GCE were successfully compared using cyclic voltammetry studies.
The developed sensor showed fast electron transfer capability, good electronic conductivity, and large
electroactive surface area. The CV results obtained reveal the outstanding electrochemical sensing
performance of the enzyme-induced sensor with an increase (approximately 8-fold) of anodic peak
currents. In the DPV technique, the calibration plot gave a good correlation coefficient of R2 = 0.998
with LOD and LOQ values of 0.0335 µM and 0.1118 µM, respectively. This clearly indicates the
developed sensor showed a high capability for detecting the INZ in µM concentration without any
interferences. In addition, the fabricated sensor exhibited good repeatability and long-term stability,
with negligible current variations. Moreover, the real sample analysis gave satisfactory results with
good percentages of recoveries. The devolved sensor may have scope for use in the pharmaceutical
industries in the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/7/2/21,
Figure S1: The effect of the enzyme incubation time on the current responses of modified electrode. Figure S2:
Cyclic Voltammograms of INZ with (A) Bare GCE, (B) MWCNTs-GCE, (C) MWCNTs-TiO2NPs-GCE at various
scan rates ranges 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 V·s−1
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Abstract: Background: A simple and novel electrochemical sensor was developed for the determination of pyrazi-

namide (PZM) in various pharmaceutical samples. The sensor was developed by modifying the glassy carbon elec-

trode (GCE) in 3 different stages; GCE modified with multi walled carbon nano tubes MWCNTs (GCE/MWCNTs), 

further it was coated with copper oxide nanoparticles (CuONPs). Finally Cytochrome c (Cyt c) was immobilized on 

the surface of the pre-coated electrode. Cyclic voltammry and differential pulse voltammetric techniques were em-

ployed for the electrochemical investigations. The CV results obtained showed well-defined anodic and cathodic 

peaks at the peak potentials -0.77 V and -0.80 V respectively, and also revealed good electrocatalytic activity of Cyt 

c/CuONPs/MWCNTs/GCE towards PZM. From the measured DPV results, the limit of detection and limit of quanti-

fication of the developed sensor were calculated, and found to be 0.0038 μM and 0.0129 μM respectively. Further-

more, the proposed sensor was successfully applied to the analysis of PZM in the various commercial pharmaceutical 

samples. 

Pyrazinamide (PZM) is an antimycobacterial and a chief component of multidrug therapy for tuberculosis (TB). It is 

crucial for the prevention or treatment of TB infections. PZM has become an important component of short-term (6 

months) multiple-drug therapy for tuberculosis. Owing to the high medical significance of PZM, it is necessary to 

develop a simple and rapid methodology for the analysis of PZM in various pharmaceutical is crucial. Ectrochemical 

methods with modified sensors have been exhibiting greater advantages in the current progressive scientific world. 

In the present manuscript a novel high sensitive electrochemical sensor was developed for the determination of PZM 

in various pharmaceutical samples. The developed sensor shows realistic behaviour towards pharmaceutical samples 

which is successfully monitored and tabulated in the present work. 

Methodology: Voltammetric measurements were carried out with 797 VA Computrace system with version 1.3.1 

software from Metrohm (Switzerland). PZM stock and standard solutions were made with 0.1 M phosphate buffer 

solution (PBS). The CuONPs were synthesized according to the previous report with slight modification. Electrode 

modification was performed in three different stages with MWCNTs, CuONPs and Cyt c to develop the finalized 

sensor. 10 ml of the PBS (pH 7) was introduced into the electrochemical cell. Thereafter a bare and modified GCE 

was dipped into the electrochemical cell followed by purging nitrogen gas for about 10 min and then the CV/DPV 

experiment was performed. An aliquot of the PZM solution was then introduced into the electrochemical cell, at 

1000 rpm of rotating disc speed and the optimized pre-concentration potential was fixed for the voltammetric meas-

urements. The cyclic and differential pulses voltammograms were monitored at the scan rate of 0.1 V s-1 with the 

potentials increasing towards the positive direction. In addition the real pharmaceutical samples were also analysed 

via standard addition method. 

Results: Infrared spectroscopy and X-ray diffraction study characterization reveals the confirmation of formed 

CuONPs. Transmission electron microscopic studies confirmed the surface characterization of finalized sensor. 

Additionally, thermogravimetric analyses support the confirmation of the formed nanocomposite coated on the sur-

face of GCE. Randles-Sevick equation reveals the high surface area of the modified sensor. This indicates the devel-

opment of a suitable platform for electrochemical redox mechanism of PZM on the surface of the final sensor. The 

utmost electrochemical parameters like pH, scan rate, and deposition time were optimized. The developed sensor 

showed enhanced electrochemical sensing peak currents in cyclic voltammetry. The differential pulse voltammetry 

showed the linear range 3-30 μM with good LOD and LOQ of 0.0038 μM and 0.0129 μM respectively. The devel-

oped sensor showed good percentages of recovery viz., 99.5% and 98.2% respectively. 

Conclusion: In the present work the developed sensor showed good catalytic activity towards PZM, due to the in-

creased electrochemical sensing mechanism for PZM. The modified electrode was successfully characterized by the 

TEM, FT-IR, TGA and XRD techniques. The fabricated sensor showed enhanced peak currents and low detection 

limits with PZM. The proposed sensor showed excellent sensitivity, selectivity and low detection limits. In addition 

the developed sensor was applied for the determination of PZM in real pharmaceutical samples, and reflects good 

recovery percentages. It is evident that the proposed method will serve as a standard protocol for the determination of 

PZM in various pharmaceutical samples, and would be of great help to pharmaceutical industries in the future.

Keywords: An electrochemical sensor, pyrazinamide, cyclic voltammetry, different pulse voltammetry, pharmaceutical samples. 
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1. INTRODUCTION 

Tuberculosis (TB) is a deadly disease generally caused 
by the bacterium 

“
Mycobacterium tuberculosis” [1]. TB af-
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fects almost one third of the world’s population, and after 
2006 the death rate was slightly decreased [2]. Pyrazine-2-
carboxamide is commercially known as pyrazinamide (PZM) 
and it is the most significant drug amongst all the first line 
anti tuberculosis drugs. A combination of isoniazid, rifam-
picin and ethambutol was prescribed to TB patients along 
with PZM in order to cure the disease [3, 4]. Its use has 
shortened the time of the treatment, however the regular in-
take of PZM drug causes more side effects such as liver in-
jury, anorexia, nausea, vomiting, fever, sideroblastic anemia 
and severe hepatic damages [5-7]. To minimize side effects 
and control the PZM dosages in biological fluids, several 
analytical methodologies have been developed. They are 
capillary electrophoresis [8], UV–visible methods [9], 
square-wave polarography methods [10], chromatographic 
methods [11, 12], spectrophotometry [13], fluorimetry [14] 
and electrochemical methods [15]. Electrochemical methods 
have great advantages like high sensitivity, less expensive 
instrumentation costs and simple methodologies, compared 
to other methods. Electrochemical method investigations via 
bare glassy carbon electrode (GCE) show less sensitivity and 
selectivity in the field of pharmaceutical formulations. 

In the past two decades chemically modified electrodes 
have been widely used in sensor development, since they 
show larger surface area with easy electron transferable na-
ture [16]. The electrode is generally modified with basic 
electrode coating materials like graphene oxide (GO) and 
multi walled carbon nano tubes (MWCNTs). These coating 
materials exhibit excellent electrical and thermal conductiv-
ity [17]. MWCNTs possess very high tensile strength, high 
flexibility and elasticity [18]. These properties make 
MWCNT a suitable modifier for the coating of different 
working electrodes [19]. Hence MWCNTs was used as a 
basic electrode coating material in this present investigation. 
Furthermore, metal oxides nano particles such as CuO, ZnO, 
TiO2, MnO2, and Fe3O4NPs are also widely used as one of 
the coating materials in electrochemical sensors, due to its 
low cost, high abundance, greater electrical conductivity, and 
easy synthetic procedures [20]. Among all other nano mate-
rials, CuONPs exhibit good electrochemical response, are 
non-toxic, have a large surface area and show excellent de-
gree of biocompatibility [21]. Due to the numerous advan-
tages of CuONPs, it was incorporated as one of the fabricat-
ing materials [22-24] in the present developed sensor. Cyto-
chrome c is a low mass, highly stabled heme as a prosthetic 
moiety containing conjugated protein. The major role of cy-
tochrome c is to transfer electrons from complex III (QH2-
cytochrome c reductase) to complex IV (cytochrome c oxi-
dase) in the respiratory chain and occurs in the mitochondria 
of vertebrates [25, 27]. It generally carries an electron and is 
responsible for a redox mechanism in cell biology as well 
[26]. Therefore, cytochrome c was also used as one of the 
electrode coating materials in the present investigation in 
order to increase the electrochemical sensing ability of the 
developed sensor. 

2. EXPERIMENTAL 

2.1. Apparatus 

Voltammetric measurements were carried out with 797 
VA Computrace system with version 1.3.1 software from 

Metrohm (Switzerland). A three-electrode system comprised 
of a platinum wire which served as a counter electrode, 
Ag/AgCl (3.0 M KCl) acted as a reference electrode and the 
Cytochrome c/CuONPs/MWCNTs/GCE was used as a work-
ing electrode. The thermo gravimetric analysis of the 
CuONPs/MWCNTs hybrid was performed with TGA 
(TGA/DCS1SF/1346 model by METTLER TOLEDO) and 
the transition electron microscopic characterization was done 
with TEM model (JEM 2100 equipped with a Lab6 emitter, 
Max Oxford instrument). Fourier transformation infrared 
(FTIR) characterization was performed by a Varian 800 
FTIR scimitar series (by SMM instruments). An ultrasonic 
bath (Labcon model 5019 U) was used to prepare modifier 
suspensions. A (CRISON digital micro pH 2000) pH meter 
was used for the preparation of the buffer solutions. Deion-
ized water was provided by the Aqua Max TM Basic 360 
system. 

2.2. Chemicals 

Pyrazinamide, di sodium hydrogen orthophosphate, so-
dium di hydrogen phosphate, sodium hydroxide, copper (II) 
chloride pentahydrate and MWCNTs (O.D.-L 6-9 nm-5 μM) 
were purchased from Sigma Aldrich. Ethanol (99.9%), sul-
phuric Acid, and N, N-dimethyl formamide (DMF) were 
purchased from Capital Lab Supplies (Durban, South Af-
rica).  

2.3. Preparation of Working Standard Solutions  

An analytical reagent grade pyrazinamide (PZM) was 
used in the present investigation. The stock and standard 
solutions were made by dissolving an appropriate quantity of 
PZM with the desired volume. A 0.1 M phosphate buffer 
solution (PBS) was prepared from the mixture of di sodium 
hydrogen orthophosphate and sodium di hydrogen phos-
phate, and the desired pH was adjusted with 0.02 M H2SO4 
or 0.1 M NaOH.  

The CuONPs were synthesized according to the previous 
report with slight modification [28], 1.59 g of CuSO4 was 
dissolved in 150 mL of deionized water to prepare 0.2 M 
CuSO4. This initially appeared as a green coloured solution, 
and to this 1 mL of acetic acid was added. In another vessel 
8 g of NaOH was dissolved in 25 mL of deionized water to 
get 8 M NaOH. In a drop, wise manner, NaOH was added to 
the contents of CuSO4 with continuous stirring, and was sub-
jected to heating at 90 C. This gave a black coloured pre-
cipitate immediately. The precipitate was then centrifuged, 
repeatedly washed 4 to 5 times with deionized water and 
oven dried at 60 C

 
for 3 hours. This powder was further 

used for the characterization of CuONPs.  

2.4. Fabrication of Cyt c/CuONPs/MWCNTs/GCE  

The bare GCE surface was initially treated with alumina 
slurry on a wet polishing pad and washed with deionized 
water, followed by ultra-sonication with an equal amount of 
ethanol and deionized water for about 15 min. 0.25 g of 
MWCNTs were then dispersed into 5 mL of DMF, the re-
sulting mixture was sonicated for 30 min at 50 C, to give a 
black suspension. The resulting mixture was used for the 
coating of MWCNTS on the GCE. Equal quantities (0.30 g) 
of pure MWCNTs and CuONPs were dispersed into a 10 mL 
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of DMF, the resulting mixture was sonicated for 60 min at 
50 C resulting in black suspension. Thereafter, the GCE was 
immobilized in two different stages. In first stage 5 μL of 
CuONPs/MWCNTs paste was coated on the surface of the 
bare GCE and dried at 50 

º
C for 15 min, whilst in the second 

stage the modified GCE was cooled at room temperature and 
then dipped in to the 1 mg mL

-1
 Cyt c solution for 7-10 h at 4

 

º
C. It was then dried at room temperature for another 10 min. 
Cyt c was successfully adsorbed on the surface of 
MWCNTs/CuONPs coating. 

2.5. Voltammetric Measurements with Cyt c/CuONPs/ 

MWCNTs/GCE  

10 mL of the PBS (pH 7) was introduced into the electro-
chemical cell. Thereafter a bare and modified GCE was 
dipped into the electrochemical cell followed by purging 
nitrogen gas for about 10 min and then the CV/DPV experi-
ment was performed. An aliquot of the PZM solution was 
then introduced into the electrochemical cell, at 1000 rpm 
revolution of rotating disc speed and the optimized pre-
concentration potential was fixed for the voltammetric meas-
urements. The cyclic and differential pulses voltammograms 
were monitored at the scan rate of 0.1 V s

-1 
with the poten-

tials increasing towards the positive direction. 

2.6. Pharmaceutical Samples 

The proposed electrochemical sensor was used to exam-
ine its performance towards the determination of PZM in real 
pharmaceutical formulated samples. PZM tablets (400 mg 
and 500 mg) were purchased from the local pharmacy. Ran-
domly 15 tablets of PZM were selected, accurately weighed 
and finely grounded with mortar and pestle. An appropriate 
quantity of PZM was then weighed and carefully transferred 
into a 50 mL volumetric flask, along with 40 mL of 0.1 M 
PBS (pH 7.0) followed by 30 min ultra-sonication. In this 
analysis, quantitative determination of pharmaceutical sam-
ples was carried out by the standard addition method via the 
DPV technique. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of Cyt c/CuONPs/MWCNTs/GCE  

The Cyt c/CuONPs/MWCNTs/GCE hybrid electrode was 
characterized by TEM, TGA, XRD and FTIR. FT-IR spectra 
were recorded for the CuONPs in the range of 400-4000 cm

-1
 

(Fig. 1A). The two characteristic bands observed at 509 cm
-1

 
and 604 cm

-1
 can be assigned to the CuONPs [29]. For the 

range from 605-660 cm
-1

 no other IR active mode was ob-
served in CuONPs [30]. Moreover, the peak at 871 cm

-1 
was 

responsible for
 
=C-H bending, 1122 cm

-1
 for C-O stretching, 

1629 cm
-1

 for C = C stretching, 2195 cm
-1

 for –C  C – 
stretching, and 3396 cm

-1 
for O-H stretching vibrations re-

spectively [31]. The XRD pattern for the CuONPs is shown 
in (Fig. 1B). The XRD peaks confirmed that the formation of 
CuONPs from each precursor was in monoclinic phase, no 
other impurity peaks was observed in the XRD pattern. Ac-
cording to previous literature the XRD pattern exhibits two 
main diffractions at 2  = 36.6 (110) and 2  = 38.8 (111) and 
these were ascribed to the formation of the CuONPs in face 
centered cubic (FCC) and monoclinic crystal lattice [32, 33]. 

 

Fig. (1). (A) FT-IR characterization of CuO NPs (B) XRD image of 

CuO NPs. 

 

Figure 2A-D shows the transmission electron micro-
scopic images of pure MWCNTs, CuONPs and CuONPs-
MWCNTs.  

 

 

Fig. (2). (A) TEM image Pure MWCNTs (B) CuONPs (C) 

CuONPs-MWCNTs (D) TGA curves for (i) MWCNTs, (ii) 

CuONPs and (iii) CuONPs/MWCNTs. 

 

Figure 2A shows the morphological structure of pure 

MWCNTs with tube like structure. Figure 2B shows the 

CuONPs which are almost spherical shape and have average 

diameters varying between 3-7 nm. Figure 2C indicates the 

TEM image of MWCNTs decorated with CuONPs. The 

CuONPs and MWCNTs nano composites stability and ther-

mal behavior was investigated by the thermo gravimetric 

analysis (TGA). Figure 2D show the TGA curves for 

MWCNTs (i), CuONPs (ii) and CuONPs/MWCNTs (iii). 

MWCNTs showed one major decrement in the mass around 

570 °C. The TGA curve of CuONPs shows loss of mass in 

two steps. In the first step it loses minor mass at 100 °C due 

to evaporation of water, whereas in the second step mass 

losses occur at above 400 °C and can be attributed to the 

removal of organic moieties. Finally the CuONPs decorated 

on the MWCNTs show different TGA curves, and it loses 

minor mass at below 600 °C, due to the evaporation of some 

organic moieties [34].  
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3.2. Electrochemical Behavior of PZM at Cyt 
c/CuONPs/MWCNTs/GCE 

The electrochemical behavior of PZM was evaluated 
with 0.1 M PBS (pH 7.0) at different electrodes. PZM gener-
ally undergoes an electrochemical reduction reaction at the 
electrode surface and converts pyrazinamide to pyrazinoic 
acid [35]. In this reaction, two electrons and three protons 
are involved in the hydroxylation process. They are respon-
sible for the generation of reduction peaks at the electrode 
surface, (Fig. 3). 

The Cyt c/CuONPs/MWCNTs/GCE demonstrated the 
good current response against PZM. The increasing anodic 
and cathodic currents for the different modified electrodes 
were calculated by using the Randles-Sevick equation [36].  

 

In the Randles-Sevick equation ipa is the anodic peak cur-
rent, C0 is the concentration of PZM, A is the surface area of 
electrode, n is the number of electrons transferred, DR is the 
diffusion coefficient and  is the scan rate. The bare GCE 
anodic peak currents were used to calculate DR. Further the 
surface area of the Cyt c/CuONPs/MWCNTs/GCE was cal-
culated by using the diffusion coefficient value. The surface 
area of Cyt c/CuONPs/MWCNTs/GCE was calculated and 
found to be 15.23 mm

2
, and for the bare GCE it was 3.14 

mm
2
. The obtained results reveal that the Cyt 

c/CuONPs/MWCNTs nanocomposite provides larger surface 
area on the GCE, and allows more PZM molecules to take 
part in the reduction mechanism. Cyt c is strongly adsorbed 
on the MWCNTs/CuONPs/GCE surface and it forms mono-
layer. The Cyt c had two active sites, these active sites are 
capable of electron transfer. Among the two active sites of 
Cyt c, one binds with MWCNTs/CuONPs/GCE and the sec-
ond active site binds with the PZM [37]. 

Figure 4A clearly shows the obtained CV curves for bare 
GCE, MWCNTs/GCE, MWCNTs/CuONPs/GCE and Cyt 

c/CuONPs/MWCNTs/GCE at an optimum scan rate of 50 
mV s

-1
. The CV measurements were done in the potential 

range of -1.4 to 0.1 V for all the electrodes. At the bare GCE, 
the anodic and cathodic peaks were obtained at the potentials 
of -0.75 V and -0.78 V with minor 25 μA currents responses. 
Under identical conditions, MWCNTs/GCE and CuONPs/ 
MWCNTs show corresponding anodic and cathodic peaks at 
the potentials of -0.78 V, -0.81 V and -0.77 V, -0.80 V with 
modest currents of 145 μA and 780 μA respectively. Cyt 
c/CuONPs/MWCNTs/GCE show corresponding peaks at -
0.77 V and -0.80 V with extraordinary higher current re-
sponses (1600 μA). At ambient temperature Cyt c is stable 
and the denaturation temperature for Cyt c is 68.4 °C [38]. 
Comparing all the fabricated electrodes and bare GCE, the 
Cyt c/CuONPs/MWCNTs/GCE showed the highest electro-
chemical responses towards PZM (Fig. 4D). 

3.3. Method Optimization 

pH is the most significant factor that plays a key role in 
the determination of the analyte of interest chiefly in electro-
chemical investigations. In order to optimize the pH for the 
present study, various buffer solutions with pH ranges 3-10 
were examined. Figure 4B clearly shows the effect of pH on 
the peak currents and potentials of PZM. The anodic peak 
currents gradually increase with the increase in the pH 3-10. 
Moreover, the maximum peak current response was ob-
served at pH 7, after that the peak currents are decreased 
because the electrode surface has become saturated. Hence 
the pH 7.0 was taken as optimum for duration of the experi-
mental work. 

The deposition time was studied for 30-180 sec. The 
peak currents increase with increase in the deposition time 
from 30 s to 120 s. A longer deposition time was favoured 
for the adsorption of a higher number of PZM molecules on 
the electrode surface. After 120 s the peak currents were 
decreased, because the electrode surface was now saturated. 
Hence a deposition time of 120 s was used for further analy-

 

Fig. (3). Proposed electrochemical reaction of PZM at Cyt c/CuONPs/MWCNTs/GCE. 
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sis (Fig. 4C). The effect of scan rate was studied in order to 
investigate the nature of the surface coated electrode. The 
CV experiment was performed with PZM at a concentration 
of 0.1 mM and the redox electrochemical responses were 
investigated between 10 to 150 mV s

-1
. The anodic peak cur-

rents and cathodic peak currents increase linearly with the 
square root of the scan rates, and the diffusion controlled 
oxidation and reduction process occur at Cyt c/CuONPs/ 
MWCNTs/GCE. The dependence of the anodic peak cur-
rents and cathodic peak currents ratios on the scan rate is 
different from unity, and this ratio was increased as the scan 
rate was increased. Based on these results, a scan rate of 50 
mV s

-1
 was chosen as optimum, and used in this work. 

3.6. Quantitative Analysis of PZM 

The DPV method was employed with Cyt 
c/CuONPs/MWCNTs/GCE for the quantification of PZM. 
The working parameters viz., pulse time 0.045 s, potential 
range -1.1 to -0.6 V, pulse amplitude 0.055 V, were used for 
this study. The Cyt c/CuONPs/MWCNTs/GCE fabricated 
electrode shows one reduction peak at -0.80 V with higher 
currents at pH 7.0. The peak currents for PZM increase line-
arly with an increase in the concentration of PZM (3 to 30 

M) as shown in Fig. (5). The calibration curve obtained by 
plotting peak current verses concentration of PZM as shown 
as an insert in Fig. (5). The linear equation and correlation 
coefficient was found to be ipa =2.249 c + 2.930 (R

2 
= 0.994). 

Furthermore, the limit of detection and limit of quantification 
were calculated according to the ratio of 3 /b and 10 /b 
respectively, where b is the slope of the calibration curve and 
sigma is the standard deviation values from the five voltam-
metric runs for the blank electrode. The LOD and LOQ were 
found to be 0.0038 μM and 0.0129 μM respectively. Fur-

thermore, the LOD and LOQ values were compared with the 
previous reports (Table 1), and reveal the high performance 
of the developed sensor towards PZM. 

 

Fig. (5). DPV response of 3 to 30 μM of PZM at Cyt c/CuO 

NPs/MWCNTs/GCE at pH 7.0; scan rate 0.015 V s
-1

; deposition 

time 120 s; pulse amplitude 0.055 V; and pulse time: 0.045 s. (Inset 
calibration plot) 

3.7. Applications to Real Pharmaceutical Samples  

The real sample analysis is a most significant application 
to determine electrochemical behavior of the fabricated elec-
trode towards the analyte. The commercial pharmaceutical 
samples were used to determine the electrochemical per-
formance of the Cyt c/CuONPs/MWCNTs/GCE sensor. The 
obtained DPV results clearly show the electrochemical en-
richment of the PZM reduction peak. The developed sensor 
showed good percentages of recovery viz., 99.5 % and 98.2 

 

Fig. (4). (A) Cyclic Voltammograms of 0.1 mM PZM at bare (i) GCE, (ii) MWCNTs/GCE (iii) CuO NPs/MWCNTs/GCE, and (iv) Cyt 

c/CuO NPs/MWCNTs/GCE. (B) Peak potential and current response with respect to change in pH (3-10) with 0.1 mM PZM. (C) Various 

deposition times (30, 60, 90, 120,150 and 180 s) on peak current. (D) Cyclic Voltammograms of PZM at various scan rates from inner to 
outer (10,20,30,40,50,60,70,80,90 and 100 V s

-1
). 
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% respectively, for the two different pharmaceutical samples. 
The recovery percentages are very close to the official 
monograph of PZM. (Not less than 90 % and not more than 
110 % of PZM are contained in real labeled samples) [39]. 
The results are summarized in the Table 2. 

In order to evaluate the selectivity of the proposed sensor, 
interference studies were performed with the real pharma-
ceutical samples (Antib-4 and Rimstar 4-Fdc). These tablets 
have some common interferents like isoniazid, rifampicin 
and ethambutol in its composition. The maximum concentra-
tion of the interfering substance caused an error of less than 
±5% towards the determination of PZM. This indicates the 
extremely high selectivity of the developed sensor towards 
the determination of PZM in real pharmaceuticals.  

3.8. Stability and reproducibility of Cyt c/CuONPs/ 
MWCNTs/GCE  

The stability and reproducibility of the Cyt c/CuONPs/ 
MWCNTs/GCE were studied by using CV and DPV meas-
urements with 0.1 mM PZM. The developed sensor was in-
vestigated by keeping the electrode in PBS (pH 7.0) for 15 
days and then the CV was recorded and compared to the 
previous CV results. Based on the obtained results, the peak 
current decreased by 1.35 % for Cyt c/CuONPs/MWCNTs/ 
GCE after 15 days. This indicates the stability of the pro-
posed sensor. The reproducibility of Cyt c/CuONPs/ 
MWCNTs/GCE was measured by performing the analysis at 
different time intervals (10-50 days). The fabricated sensor 
was stored in the refrigerator at 4 C, and after ten days the 

initial response of Cyt c/CuONPs/MWCNTs/GCE was 94 %, 
and after 50 days it decreases to 89.32 %. According to the 
results obtained the fabricated electrode exhibits high stabil-
ity and reproducibility.  

CONCLUSION 

Combining unique properties of the fabricated materials 
such as high surface area, increased electrocatalytic activity 
and greater adsorptive properties, a Cyt c/CuONPs/ 
MWCNTs/GCE was developed for the determination of 
PZM. In the present work, the developed sensor showed a 
good catalytic activity towards PZM, due to the increased 
electrochemical sensing mechanism for PZM. The modified 
electrode was successfully characterized by the TEM, FT-IR, 
TGA and XRD techniques. The fabricated sensor showed 
enhanced peak currents and low detection limits with PZM. 
The proposed sensor showed excellent sensitivity, selectivity 
and low detection limits. In addition, the developed sensor 
was applied for the determination of PZM in real pharmaceu-
tical samples, which reflect good recovery percentages. It is 
evident that the proposed method will serve as a standard 
protocol for the determination of PZM in various pharma-
ceutical samples and would be of great help to pharmaceuti-
cal industries in the future. 

ETHICS APPROVAL AND CONSENT TO PARTICI-
PATE 

Not applicable. 

Table 1. Comparison of electrochemical performance of the developed sensor with previous reports.  

Electrode  Method  LOD Buffer & pH Ref 

SPCE/EPH DPV& SWV 68 μM PBS (1.0) [40] 

GO/PAG/GCE CV & DPV 3.28 μM PBS (7.0) [41] 

PMET/ERGO/GCE CV & DPV 0.16 M PBS, (7.0) [42] 

Poly(Gly)/GCE CV & DPV 0.035 μM PBS (7.5) [43] 

GNS/ZnO/CPE CV & DPV 0.0431 M BRS (7.0) [44] 

Poly (L-Cys)/GCE CV& SWV 0.113 μM BRS (1.0) [45] 

PARS/ GCE CV & DPV 1.2 μM HAc-NaA c (4.5) [46] 

Cyt c/CuO NPs / MWCNTs /GCE CV & DPV 0.0038 μM PBS (7.0) This work 

SPCE/EPH: screen printed electrode modified with poly-histidine prepared by histidine monomer electro polymerization; GO/PAG/GCE: graphene oxide and poly arginine poly-L-
methionine modified GCE; GCE: glassy carbon electrode; CPE: carbon paste electrode; PMET/ERGO/GCE: poly L methionine and reduced graphene oxide modified GCE; Poly 
(Gly)/GCE: poly L methionine modified GCE; GNS/ZnO/CPE: graphene zinc oxide modified CPE; Poly (L-Cys)/GCE: Poly L-cysteine (Poly(L-Cys)) modified glassy carbon 

electrode; PARS/ GCE: A poly-alizarin red S modified glassy carbon electrode: Cyt c/CuO NPs/MWCNTs/GCE: cytochrome c enzyme, copper dioxide, multi wall carbon nanotubes 
modified GCE. 

 

Table 2. Determination of PZM in different pharmaceutical samples using proposed sensor (n = 6). 

Tablet Sample (mg) Found (mg) Recovery (%) Added (mg) Found (mg) Recovery (%) 

Sample1 (400 mg) 398.2 99.5 50 49.1 98.2 

Sample 2 (500 mg) 491.3 98.2  50 48.4  96.8 

*n= average determinations 
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The present work involves the fabrication of glassy carbon electrode (GCE) with iron oxide 

nanoparticles (Fe3O4NPs) and multiwalled carbon nanotubes (MWCNTs) composite. Further it was 

immobilized with Coenzyme q (Co en-q/ Fe3O4NPs/MWCNTs/GCE) to enhance the electrochemical 

performance of the modified electrode for the determination of rifampicin (RIF). The designed sensor 

was successfully characterized by Fourier transform infrared spectroscopy (FT-IR), transmission 

electron microscopy (TEM), thermo gravimetry (TGA) and x-ray diffraction (XRD) studies. The 

electrochemical oxidation of RIF has been studied by cyclic voltammetry (CV) and differential pulse 

voltammetric techniques (DPV). The enzyme immobilized sensor surface area was calculated and 

found to be 10.03 mm
2
. This larger surface area was responsible for the oxidation of more number of 

RIF molecules on the surface of sensor. The RIF shows two anodic peaks at + 0.10 V and + 0.72 V in 

phosphate buffer solution (PBS) pH 7.5. The cyclic voltammetric measurements reveals that the 

developed sensor exhibited an enhanced electrochemical platform with an approximately eight-fold 

increment in the anodic peak currents.   Under the optimized conditions, a good linear relationship was 

observed between peak currents and RIF concentration. The studied linearity range (2 – 20 µM) 

showed a limit of detection (LOD) of 0.032 µM, 0.413 µM and limit of quantification (LOQ) of 1.069 

µM, 1.258 µM for anodic peaks I and peaks II respectively. The proposed sensor showed longstanding 

stability and high reproducibility. The method was successfully applied for the determination of RIF in 

pharmaceutical tablets without any sample pre-treatment.  

 

 

Keywords: Biosensor, Rifampicin, voltammetry, Co en-q, pharmaceutical samples  

 

1. INTRODUCTION 

Infectious diseases are fatal enemies of the global population. Tuberculosis (TB) is an infection 

disease caused by Mycobacterium tuberculosis. However, TB is found in every country of the world, 

and in 2012, the largest number of new cases was reported in Asia and African countries, accounting 

for 80% of new cases globally. In order to prevent TB, rifampicin (3-[(4-methyl-1-piperazinyl) imino] 

http://www.electrochemsci.org/
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methyl rifamycin) has been prescribed as a single combination with first line anti TB drugs (isoniazid, 

pyrazinamide and ethambutol) at fixed dosages [1, 2]. The over dosage of RIF produces many side 

effects such as headaches, kidney damages, nausea, vomiting and liver diseases [3]. A literature survey 

reveals that several analytical methods, such as high-performance liquid chromatography [4-6], UV-

Visible spectro photometric method [7], capillary electrophoresis [8], fluorimetry [9] and 

electroanalytical methods have been employed for the determination of RIF. However, most of the 

methods are expensive, complicated, require sample pretreatment, and expert knowledge of 

electrochemical methods. In electrochemical methods, cyclic voltammetry, differential pulse 

voltammetric techniques were majorly used in RIF analysis. The electrochemical method involving 

modified electrodes are receiving more attentions from researchers for the analysis of pharmaceutical 

samples. According to the literature survey, DNA-modified carbon paste electrodes [10], cyclodextrin 

based sensors [11], cytochrome P450-2E1 metabolised nano biosensors [12], HRP-based biosensors 

[13] have been reported  for RIF analysis. However, the above mentioned electrode fabrication and the 

methodologies involves complexity and need highly sophisticated laboratory equipment and condition. 

Currently, MWCNTs are widely used as an electrode coating material, due to the favourable 

specialized properties. It possess large specific surface area, good adsorption properties, 

electrochemical bond expansion, catalytic activities as well as good chemical and thermal stability 

[14]. They can be modified and functionalized there by making it suitable for anchoring the 

nanoparticles on the external surface and improving the sensitivity of the electrochemical response 

[15]. Metal oxide nanoparticles have numerous advantages such as high electron conductivity, 

biodegradability, low cost and simple preparation methods. Owing to these advantages of metal oxide 

nano particles, they are extensively used as anchoring electrochemical substances in modified sensors. 

In recent years, many metal oxide nanoparticles (CuO2, TiO2, Fe3O4, ZnO, and Ag2O) have been used 

in biosensors for the fabrication of electrodes. Among these Fe3O4 nanoparticles has unique properties 

such as smaller particle size with larger surface area, provide enhanced selectivity and sensitivity for 

this method, and facilitate the electron transfer process at the electrode and without interference [16, 

17]. Fe3O4 generally conjugates with enzymes it considers as biologically and electro catalytically 

active [18]. The Co en-q is a fat-soluble vitamin and functions as an antioxidant.  Its performs as an 

electron transporter in the electron transport chain [19]. This facilitates the fast transfer of electrons 

from RIF to the electrode surface and leads to the enrichment of electroactivity of the fabricated 

sensor. Additionally, it generates the electrophilic site which increase the sensitivity and limits of 

detection of the fabricated electrode. In the present work GCE was coated with MWCNTs, it was 

further capped with Fe3O4NPs and finally immobilized with Co en-q for the determination of RIF. The 

aim of this work is to explore the potentialities of the biosensor and develop a novel, rapid and 

accurate voltammetric method for the determination of RIF in various pharmaceutical formulations. A 

voltammetric sensor was optimized by testing with many methods of electrode coating, and the best 

results were the use of Co en-q/ Fe3O4NPs/MWCNTs/GCE.  
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2. EXPERIMENTAL 

2.1. Materials  

Multiwalled carbon nanotubes (O.D. × 6-9 nm, 95% Carbon) and pure analytical grade of 

Rifampicin and Coenzyme-Q (95%) were purchased from Sigma Aldrich. N, N-dimethylformamide, 

sodium hydroxide, disodium hydrogen phosphate, sodium dihydrogen orthophosphate, sulfuric acid, 

ethanol, potassium bromide, iron (II) sulphate, nickel nitrate, acetic acid, folic acid, uric acid and iron 

(II) chloride tetrahydrate, were purchased from Capital Lab Suppliers (Durban, South Africa).  

 

2.2. Instrumentation 

Voltammetric measurements were performed with a 797VA Computrace from Metrohm 

(Herisau, Switzerland) equipped with the computrace 1.31 software. A glassy carbon electrode (3.0 

mm diameter) or modified Co en-q/ Fe3O4NPs/MWCNTs/GCE as a working electrode, Ag/AgCl 

(saturated with KCl) reference electrode and platinum wire counter electrode were used for the 

electrochemical study. A digital pH meter (CRISON model 2000) was used for preparing the buffer 

solutions. The FT-IR spectra were recorded on Varian 800 FTIR Scimitar series spectrometer. 

Transmission electron microscope (TEM) images were obtained on a JEM 2100 LaB6 field emission 

transmission electron microscope. The TGA was performed with TGA/DSC1SF/1346 model, supplied 

with STAR
e
 software version 9.20 (Mettler Toledo). The entire experiment was carried out at room 

temperature. The working stock, standard and supporting electrolytic solutions were kept in the 

refrigerator at 4 
ο
C.   

 

2.3. Reagents 

According to previous literature [20] with slight modification, 1.21 g (0.03 M) of  FeCl2.4H2O 

was dissolved in a 250 ml volumetric flask with deionized water. The 4 g (1 M) NaOH was dissolved 

in another 100 ml volumetric flask with deionized water. Further, 150 ml of FeCl2.4H2O was taken 

into the 500 ml beaker and then slowly added 50 ml of 1M NaOH and subjected to heating at 100 
ο
C 

on a hot plate for about 30 min with continuous stirring.  After the completion of the reaction the 

reaction mixture turns into black colour precipitate from the original wine red colour.  The precipitate 

was then washed several times with deionized water and filtered with Whatman-1 filter paper and then 

dried at 50 
ο
C for 2 h. The newly formed Fe3O4NPs was kept in refrigerator for further use.  

 

2.4. Preparation of Co en-q/ Fe3O4NPs/MWCNTs/GCE 

Prior to use, the GCE was polished with an alumina slurry to obtain a mirror like surface, there 

after washed with deionized water and sonicated with ethanol and deionized water (50:50) to remove 

the alumina particles on electrode surface. It was finally rinsed with deionized water and dried in an 

oven. 0.10 mg of MWCNTs was dissolved in 4 ml of N, N-dimethyl formamide (DMF) and then kept 
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for ultra-sonication for 30 min, finally resulting in a black suspension, which was used for the 

modification of GCE.   

Afterwards, 0.20 mg Fe3O4 and 0.20 mg of MWCNTs was dispersed into 5 ml of N, N-

dimethyl formamide (DMF) by ultra-sonication for 1 h to give a black suspension. The resulting 

dispersion (5 μL Fe3O4/MWCNTs) was dropped on the surface of GCE and kept for drying in an oven 

at 50 
ο
C for about 10 min. The electrode was then cooled to room temperature and thereafter 2 μL of 

Co en-q enzyme was added, and coated electrode left undisturbed at 4 
ο
C for about 15 min for the 

complete enzyme immobilization process to occur, finally resulting in the Co en-q/ 

Fe3O4NPs/MWCNTs/GCE. 

 

2.5. Preparation of tablet samples 

Tablet samples containing RIF were purchased from the local pharmacy (Ebsar-2 Ds, R-Cin 

600). The fabricated sensor was tested to determine the RIF in commercialized tablets via following 

procedure. Approximately 5-10 tablets were weighed and ground as a finely powdered sample. A 50 

mg tablet sample was transferred into a 100 ml volumetric flask and dissolved in PBS. The resulting 

mixture was sonicated for 40 min. The analyses were performed via the standard addition method in 

DPV technique. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Co en-q/ Fe3O4NPs/MWCNTs/GCE characterization 

 
 

Figure 1. (A) FT-IR characterization of Fe3O4NPs. (B) XRD Image of Fe3O4NPs. 

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

9194 

The FTIR spectra of the Fe3O4NPs are showed in fig. 1A. From the FTIR spectrum the band 

appeared at 580 cm
-1

 the peak associated with Fe-O presenting the tetrahedral side which can be 

attributed to Fe3O4 [21].The Fe3O4NPS can be seen by strong absorption band at around 669 cm
-1

 

which corresponds to the Fe-O absorption. The band at 1400 cm
-1 

indicates –C-H bending vibrations.  

 

 
 

Figure 2. (A) TEM image Fe3O4NPs (B) Pure MWCNTs (C) MWCNTs- Fe3O4NPs (D) TGA curves 

for (i) MWCNTs (ii) Fe3O4NPs /MWCNTs and (iii) Fe3O4NPs  

 

The intense band at 1631 cm
-1 

is attributed to stretching of OH mode of H2O [22]. On the other 

hand the peak at 2363 cm
-1

 showed strong stretching of O=C=O. The peak at 3438 cm
-1

 is attributed to 

the stretching vibrations of OH arising from hydroxyl groups from the water on Fe3O4NPs [23]. Fig. 

1B shown the x-ray diffraction pattern of the Fe3O4NPs. The Fe3O4NPs showed six specific peaks at 

30.03
ο
, 35.52

 ο
, 43.02

 ο
, 53.6

 ο
, 68.25

 ο
 and 76.32

 ο
, corresponding to (220), (311), (400), (511), (440) 

and (622) respectively. The above strong diffraction intensities of the Fe3O4NPs reveals a the cubic 

spinal structure [24]. Fe3O4NPs shows a very high intensive peak at 35.52
 ο 

(311) indicating that the 

nanoparticles are ultrafine in nature, single cubic phase and small crystallite size. Based on the Debye-

Scherer formula [25], the size of the Fe3O4NPs was also calculated and found to be approximately 15 

nm in diameter.                                                                           



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

9195 

                                     dhkl =                                                    (1) 

Where β is the full width at half maximum value of XRD diffraction lines, λ is the wave length 

and θ is the half diffraction angle of 2θ.  

Fig. 2A indicates TEM image of the synthesized Fe3O4NPS. These nanoparticles are in rod like 

geometry and they are aggregated like a bunch. 

The fig. 2B clearly shown the tubular network like structure of MWCNTs. The fig. 2C shown 

reveals the adherence of Fe3O4NPS on the surface of the MWCNTs. Furthermore, the thermo 

gravimetric analysis of the MWCNTs, Fe3O4NPs/MWCNTs and Fe3O4NPs are shown in fig 2D. The 

thermograms for pure MWCNTs are shown with definite mass losses at 570 °C due to the carbon 

oxidation (black line fig. 2D). The Fe3O4NPs/MWCNTs shows that the mass losses at below 300 °C 

due to the loss of residual water in the sample [26]. On the other hand, the Fe3O4NPs losses minor 

mass at below 300 °C due to the evaporation of water. At 600 to 800 °C there is no significant mass 

loss, and this implies that there is only iron oxide at this range of temperature [27].  

 

3.2. Electrochemical behavior of fabricated electrodes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) Cyclic voltammograms of 0.1 mM RIF in 0.1M PBS (pH 7.5) (i) GCE, (ii) MWCNTs, 

(iii) MWCNTs/Fe3O4NPs/GCE, (iv) Co en-q/MWCNTs/Fe3O4NPs/GCE. (B) Cyclic 

voltammograms of 0.1mM RIF at scan rates 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08 0.09, 

and 0.1V s
-1

. (C) Linear relationship of log (Ipa) and log (ν) (D) The relationship between 

anodic peak currents (Ipa) vs square root of scan rate. 
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Fig. 3A shows the electrochemical behaviors of RIF on bare GCE (black line), MWCNTs/GCE 

(red line), Fe3O4/MWCNTs/GCE (blue line) and Co en-q/ Fe3O4/MWCNTs/GCE (green line), 

investigated by the cyclic voltammetry. 

The cyclic voltammograms of RIF gave two anodic peaks at + 0.1 V and + 0.7 V potentials. 

The bare GCE showed very low anodic peak currents 28 µA, whereas the MWCNTs/GCE and 

Fe3O4/MWCNTs/GCE showed 75 µA  and 150 µA currents respectively (S Fig. 1). The Co en-q/ 

Fe3O4/MWCNTs/GCE showed the higher peak currents (220µA) than the remaining modified 

electrodes (fig. 3B). It can be concluded that the Co en-q has actively participated in the high electron 

transfer between the RIF molecule and fabricated electrode. Moreover, a graph drawn between log V 

and log Іpa shows a linear relationship and can be expressed as Іpa = 0.6782 log V+ 2.6128 (R
2
 = 

0.9815 fig. 3C). Simultaneously a graph was drawn between the anodic peak currents and square root 

of the scan rate (ν
1/2

), and the resulting linear equation can be express as Іpa = 0.2515 ν
1/2 

+ 0.298 (R
2
 = 

0.9878) (fig. 3D). The results confirmed that the diffusion controlled mechanism is usual for the 

overall electrochemical reaction of RIF at the fabricated electrode surface [28-30]. According to these 

results an improved electrocatalytic effect of RIF at the fabricated electrodes is due to the increased 

surface to volume ratio and electronic conductivity. The fabricated electrode surface area was 

calculated by Randles-Sevick equation [31].  

                             

                           Іpa = 2.69×10
5
 A C0 n

3/2
DR ν

1/2
                                             (2)

 

 

Where Іpa denotes the anodic peak current, A the electrode area (A is surface area electrode, re 

is the radius of the rotating disc electrode, (A= πre
2
)), Cο is the concentration of RIF, n is the number of 

electrons involved in the reaction, DR is the analyte diffusion coefficient (cm
2
/s), ν is scan rate (V s

-1
). 

From the above equation the fabricated electrode and GCE surface area was estimated to be10.03 and 

3.14 mm
2
 respectively. The increased surface area and the presence of adsorptive sites in Co en-q 

resulting in the significant increase the anodic currents. Due to the high density of active sites and 

ketonic functional group in Co en-q, accelerating the electron transfer between fabricated electrode and 

RIF. Based on the obtained results indicates the Co en-q/ Fe3O4/MWCNTs/GCE sensor surface area 

was approximately three times greater than the GCE surface. Which is responsible for the high 

electrochemical oxidation of RIF (Scheme 1).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Schematic illustration of the electro oxidation reaction of RIF leading to rifampicin                         

quinone formation. 
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3.3. Effect of Co en-q concentration on the sensor response  

The CV study was performed in order to determine the optimum concentration of Co en-q 

within the range of 1.2 to 14 µg mL
-1

. The anodic peak currents were gradually increasing with the 

increase in concentrations Co en-q, from 1.2 to 6 µg mL
-1

 (Fig. 4). Beyond the concentration 6 µg mL
-1

 

the current response decreased gradually. This is due to the steric hindrance of more accumulation of 

enzyme on the surface of the electrode, leading to inhibition of the electronic communication between 

RIF and the fabricated electrode. The concentration of Co en-q was (6 µg mL
-1

) selected as optimum 

for the present study. 

 

 
Figure 4.  Effect of the Co en-q concentration on the response of the Co en-q/ Fe3O4/MWCNTs/GCE 

in 0.1 mM of RIF with PBS (pH 7.5) at ambient temperature.  

 

3.4. Influence of pH, scan rates and deposition time  

The electrochemical oxidation of RIF basically depends upon the range of the supporting 

electrolyte pH, because it affects of the responses of peak currents and peak potentials. Fig. 5A shows 

the electrochemical sensing abilities of modified electrode in the pH ranges from 2.5 to 9.5. The RIF 

gave well-defined anodic peak with high current response at pH 7.5, beyond pH 7.5 the peak current 

responses gradually decreased. According to these results pH 7.5 was choosen as optimum pH.  

Additionally, the relationship between peak potentials and pH values were plotted and shown in fig 

5B. 

 The linear regression equation obtained in fig. 5B, Ep (V) = - 0.0688 pH + 0.8579 with 

correlation coefficient with R
2 

= 0.9877 was approximately equal to the previously reported regression 

equation Ep (V) = -0.0591 pH + 0.3296 with R
2
 = 0.9897[32, 33]. Based on the above results it is 

evident that two electrons were involved in electrode oxidation process. Fig. 3B shows the effect of 

scan rates ranges from 0.01 to 0.1 mVs
-1

 on the current response of RIF at the fabricated electrode. It 

can be seen that by increasing the scan rates, the anodic peak currents increase linearly with maximum 

peak current 0.1 m V s
-1

. Thus 0.1 m V s
-1

 was used as an optimum scan rate for this study. It was 
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possible to calculate current efficiency of RIF at electrode deposition process based on the polarization 

curves (Fig.5C). The effect of deposition time was also monitored from 30 to 150 s at scan rate of 0.1 

mV s
-1

 at pH 7.5 resulted in a deposition potential of -0.187 V. The current responses were maximum 

at 90 s, thus it is preferred as optimum deposition time for the entire study (Fig. 5C). 

 

 
 

Figure 5. (A)  Peak potential and peak currents response with pH ranges 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 

and 9.5. (B) Peak potentials and pH (C) Polarization curve of Co en-q/ Fe3O4/MWCNTs/GCE. 

(D) Peak current responses vs different deposition time ranges 30, 60, 90, 120 and 150 s.  

 

3.5. Determination of sensitivity of the developed sensor 

DPV was used to evaluate the sensitivity of the fabricated sensor towards RIF. The working 

method parameters (scan rate 0.1 V s
-1

, deposition time 90 s, pulse amplitude 0.050 mV and pulse time 

0.040 s) were employed for the differential pulse voltammetric determination. The peak current 

responses on the concentration of RIF were obtained in the linear range 2 to 20 μM. The calibration 
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curves were linear over the concentration ranges from 2 to 20 μM for DPV. The calibration curve was 

then plotted for the concentration of RIF versus peak currents (Fig. 6).  

 

 
 

Figure 6. DPV recorded at Co en-q/Fe3O4NPs/MWCNTs/GCE at different concentrations of RIF (2–

20 μM), inset: plot show for linear dependence of Ipa versus RIF. (Conditions for DPV pH: 7.5, 

accumulation time: 90 s, accumulation potential: 0.1Vs
-1

, pulse amplitude: 0.050 V, pulse time 

0.040 s). 

 

Table 1. Comparison of some characteristics of the previously reported modified electrodes with Co 

en-q/ Fe3O4NPs/MWCNTs/GCE. 

 

Electrode Technique LOD/ 

(µM) 
Linear Range/ 

(µM) 
Buffer/ 

pH 

Ref 

β-CD/PPY/Pt
1
 CA 1.69 10-50 PBS;7.06 [11] 

AgNPs/PANSA/EGCYP2E1
2
 CV;DPV 0.05 2 - 14 PBS;7.4 [12] 

CPE
3
 SWAdASV 0.05 0.1-6 PBS;7 [34] 

Ni(OH)2–RGO–GCE
4
 LSV 2.34 0.004–10 PBS;7 [13] 

Co en-q/ 

Fe3O4NPs/MWCNTs/GCE
5
 

CV; DPV 0.032 2-20 PBS;7 This 

work 

β-CD/PPY/Pt- ß-cyclodextrin-polypyrrole coated on platinum electrode; Au/PVP-AgNPs/PANSA/EG-

CYP2E1- Polyvinyl pyrrolidone/silver nanoparticles/poly (8-anilino-1-naphthalene sulphonicacid); 

CPE-Carbon paste electrode; Ni(OH)2–RGO–GCE- Nickel hydroxide nanoparticles-reduced graphene 

oxide nanosheets coated on glassy carbon electrode; Coenzyme q/ Fe3O4NPs/MWCNTs/GCE-

Coenzyme q- Fe3O4 nanoparticles-multiwall carbon nanotubes coated on GCE; CA-

chronoamperometry; CV-Cyclic voltammetry; DPV- Differential pulse polarography; SWAdASV- 

Square-wave adsorptive anodic stripping voltammetry; LSV-Linear sweep voltammetry; PBS-

Phosphate buffer solution.  
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The linear regression equation can be expressed as Іpa = 5.929 CRIF (μM) + 5.147 with 

correlation coefficient [(R
2
 = 0.998) and Іpa = 3.079 CRIF (μM) + 2.420 with correlation coefficient (R

2 

= 0.997)] was determined by DPV. The limit of detection (LOD) and limit of quantization (LOQ) was 

calculated based on signal to noise ratios, by using the following equations. 

                                         LOD =                                                          (3) 

                                         LOQ =                                                        (4) 

Where SB is the standard deviation of the blank solution for three different runs, and b is the 

slope of the calibration curve. The limit of detection and limit of quantification was found to be 0.032 

µM, 0.413 µM and 1.069 µM, 1.258 µM for anodic peak I and peak II respectively. The results 

obtained indicated that the Co en-q/ Fe3O4NPs/MWCNTs/GCE was an excellent biosensor for the 

sensitive determination of RIF. Compared to previous reports sensors comparison table (Table 1).    

 

3.6. Interference study  

Table 2. Effects of interferents on the anodic peak current responses for 0.1mM RIF at Co en-q/ 

Fe3O4NPs/MWCNTs/GCE based electrochemical sensor. 

 

Interference species Interferents/molar ratio of RIF Responses ratio (%) 

SO4
-2

 200 < 1.05 

400 < 2.09 

Br
-
 200 < 0.9 

400 < 1.06 

NO3
-
 200 < 1.35 

400 < 2.49 

Ni
2+

 200 < 0.85 

400 < 1.79 

Fe
3+

 200 < 1.02 

400 < 2.89 

K
+
 200 < 0.95 

400 < 2.01 

Glutamic acid 200 < 1.05 

400 < 2.09 

Uric acid 200 < 1.25 

400 < 2.49 

Folic acid 200 < 1.09 

400 < 3.01 

 

The interference effect of the Co en-q/ Fe3O4NPs/MWCNTs/GCE with 0.1 mM RIF was 

evaluated in the presence of some organic, inorganic, and some other foreign interfering molecules 

through DPV method. The inorganic interference ions like SO4
-2

, Br
-
, NO3

-
, Ni

2+
, Fe

3+
and K

+
 do not 

interfere with electrochemical response of RIF. The real samples were also investigated with the 

possible interference of these pharmaceutical samples with RIF peaks (The real pharmaceutical sample 

preparations and brands are mentioned in section 2.5). In addition, the organic interference like 
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glutamic acid, uric acid and folic acid do not interfere with the current response (≤6%) when present in 

0.1 mM concentration of RIF. Based on the current results, the fabricated electrode was successfully 

used for the quantification of RIF in PBS (pH 7.5) and the results of this study are summarized in 

Table 2. 

 

3.7. Analytical performances of the modified sensor 

The repeatability of the fabricated sensor performance was calculated by using the anodic 

currents generated by the various analyte concentrations taken 10 times in a day. In the following day 

responses of 10 different preparations of electrodes in 0.1 M RIF solution were again tested. It was 

found that the repeatability decreased less than 5% to original current responses. In order to investigate 

the stability of Co en-q/ Fe3O4NPs/MWCNTs/GCE was measured by the CV peak currents in PBS 

with 0.1 M RIF was tested after 50 days. The current responses of the final biosensor remained at 

80.25% of the initial response after 40 days as indicated in S Fig. 2A.  

 

 

 

4. CONCLUSION 

The present study demonstrated a simple and facile method for the modification of GCE with 

MWCNTs/Fe3O4NPs and Co en-q for the determination of RIF. The resulting MWCNTs, 

MWCNTs/Fe3O4NPs have been successfully characterized by using FT-IR, XRD and TEM. The 

electrochemical behaviour of RIF on the bare GCE and modified Co en-q/ Fe3O4/MWCNTs/GCE were 

observed using cyclic voltammetry. The obtained cyclic voltammetry results indicate the outstanding 

electrochemical sensing performance of the biosensor, with an increase (approximately eight-folds) of 

anodic peak currents. This indicates the high electrochemical response ability of developed biosensor 

towards the oxidation of RIF compared to the previous electrodes. Under the optimal experimental 

conditions, the anodic peak currents of RIF increased linearly within the concentration range 2-20 µM 

bearing the correlation coefficients of R
2
 = 0.998, and R

2
 = 0.997 respectively. The LOD and LOQs 

were calculated and found to be 0.032 µM, 0.413 µM and 1.069 µM, 1.258 µM for peak I and peak II 

respectively. This also reveals the high sensitivity and selectivity of the fabricated biosensor without 

interferents. The biosensor exhibited good reproducibility and stability as well as the successful 

analytical applications. The proposed biosensor was certainly adequate for the determination of RIF in 

the commercial pharmaceutical sample.   

 

 

 

 

 

 

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

9202 

SUPPLEMENTARY INFORMATION  

 
 

S Figure 1. Cyclic Voltammograms of RIF with (A) Bare GCE, (B) MWCNTs/GCE, (C) 

Fe3O4NPs/MWCNTs/GCE at various scan rates ranges 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 
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Abstract: In this present work, a glassy carbon electrode (GCE) was modified primarily with
multiwalled carbon nanotubes (MWCNTs) and a composite of MWCNTs and titanium oxide
nanoparticles (TiO2NPs). The enzyme horseradish peroxidase (HRP) was immobilized to enhance
the sensing ability of GCE. The proposed biosensor was used for the sensitive determination
of isoniazid (INZ) in various pharmaceutical samples. The electrochemical behaviour of the
developed MWCNT-TiO2NPs-HRP-GCE biosensor was studied by using cyclic voltammetry (CV)
and differential pulse voltammetric (DPV) techniques. Fourier transform infrared spectroscopy
(FT-IR), X-ray diffraction (XRD), thermogravimetry (TGA) and transmission electron microscopy
(TEM) techniques were used to characterize the developed sensor. Phosphate buffer solution (PBS)
with pH 7 was used as supporting electrolyte in the present investigation. The cyclic voltammetric
results revealed that the increment of anodic peak currents for the enzyme-induced sensor was almost
8-fold greater than that of a bare GCE. The DPV technique exhibited good limit of detection and limit
of quantification values, viz., 0.0335 µM and 0.1118 µM, respectively. Moreover, the developed sensor
showed long-lasting stability and repeatability without any interferents. This strongly indicates that
the fabricated sensor shows outstanding electrochemical performance towards INZ, with excellent
selectivity and sensitivity. The developed sensor was successfully applied to pharmaceutical samples
and gave good percentages of recoveries.


Keywords: enzyme-based biosensor; isoniazid; cyclic voltammetry; differential pulse voltammetry;
pharmaceutical samples


1. Introduction


Pyridine-4-carboxylic acid hydrazide (INZ) is commonly used in chemotherapy for pulmonary
tuberculosis along with pyrazinamide, rifampicin and ethambutol [1]. However, regular overdoses of
INZ cause hepatotoxicity and may lead to death [2]. The World Health Organization (WHO) suggested
that a daily dose of INZ per adult should be 4–6 mg/kg of their body weight [3]. INZ possesses
both bacteriostatic and bactericidal action to interfere with the metabolism of nucleic acids, bacterial
proteins, carbohydrates, and lipids. Hence, INZ plays a vital role in the therapeutic treatment of
tuberculosis disease. Therefore, there is scope to develop a simple, rapid and robust method for the
sensitive determination of INZ in various pharmaceutical samples. As per previous literature reports,
INZ was analysed by using high performance liquid chromatography [4], capillary electrophoresis [5],
fluorimetry [6], titrimetry [7,8], chemiluminescence [9] and electrochemical methods [10]. Electrochemical
methods showed superior advantages like rapid, low-cost instrumentation, less time-consuming analyses
and simple sample preparation, with reduced chemical consumption [11].
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In electrochemical methods, the modification electrode results in the enhanced of sensitivity
of the electrode. Various types of electrode coating agents like gold and platinum core shell
nanoparticles [12], thionine-immobilized multi-walled carbon nanotubes [13], mercury film silver [14],
poly3,4-ethylenedioxy thiophene films [15], modified multiwalled carbon nanotubes [16], and graphene
oxide poly arginine [17] have been used for the determination of INZ. However, the above mentioned
methods showed a lack of fast electron-transferring ability. Hence, there is a need to search for
new nanocomposites, which exhibit good sensitivity with fast electron-transferring ability for the
determination of INZ. Multiwalled carbon nanotubes (MWCNTs) exhibit larger surface area and
high electronic conductivity by nature, resulting in good conductivity. MWCNTs are used in
various batteries, supercapacitor electronics, and sensors [18]. TiO2NPs possess more advantageous
characteristics like low cost, nontoxicity, long-term stability, and multi-functionality. Therefore, they
are widely used as antiseptics, in anti-bacterial compositions, and as catalysts to promote various
electrochemical reactions [19]. MWCNTs are combined with TiO2NPs and formed as an innovative
class of carbon-based functional nanomaterials with good electrical, optical and catalyst properties [20].
The enzyme horseradish peroxidase (HRP) shows greater affinity for coupling with the nanocomposite
for electrochemical transduction due to the presence of amino groups in the HRP enzyme. In addition,
HRP has good catalysing properties, as well as a strong oxygenation nature for oxidization of a wide
variety of organic substrates [21]. Moreover, HRP immobilized with a nanocomposite results in the
formation of a biosensor with high stability and good efficiency.


The present work is designed and based on the fabrication of GCE with new generation
nano-structured composites like the MWCNT-TiO2NPs-HRP composite for the sensitive determination
of INZ. Furthermore, the modified sensor was applied to pharmaceutical samples to evaluate the
realistic performance of the proposed sensor.


2. Experimental


2.1. Apparatus


The 797 VA Computrace (Metrohm, Herisau, Switzerland) with 1.3.1 software was used for the
electrochemical investigations of INZ. A conventional three-electrode system with a glassy carbon
electrode (GCE) or modified electrode was used as a working electrode, whilst a Ag/AgCl (3 M
KCl) reference electrode and platinum wire were used as an auxiliary electrode. A Crison micro
pH 2000 digital meter was used to prepare the supporting electrolyte. A Varian 800 Scimitar Fourier
transform infrared spectroscopy (FT-IR) (SMM Instruments. Durban, South Africa) was used for the
FT-IR characterization. A Transmission electron microscopy (TEM) JEM 2100 with a Lab 6 emitter
(Max oxford instrument, JEOL Inc., Peabody, MA, USA) was employed for the study of surface
morphology of the nanoparticles and biosensor. A Labcon 5019U ultra sonicator (Lasec, Durban,
South Africa) was used for the ultrasonification of reagents. A Thermo Gravimetric Analysis (TGA)
Differential Scanning Calorimetry (DSC) 1SF model 1346 (Columbus, OH, USA) with a STARe software
version 9.20 (Mettler Toledo) instrument was used for the thermogravimetric characterization of the
nanocomposite and the biosensor.


2.2. Chemicals and Reagents


All the regents used in this experiment were analytical reagent grade. Isoniazid and MWCNTs
(Outer diameter (O.D).-L 6–9 nm–5 µM, catalogue number 724,769) were purchased from Sigma Aldrich
(Durban, South Africa). The MWCNTs were prepared using chemical vapour deposition with cobalt,
and molybdenum as a catalyst. Sodium dihydrogen orthophosphate, disodium hydrogen phosphate,
sodium hydroxide, sulphuric acid, titanium tetra chloride, urea and N, N-dimethyl formamide (DMF)
were purchased from Capital lab suppliers (Durban, South Africa). Alumina powder (3.0 µM) was
purchased from Metrohm. The stock solution of 1 M INZ was prepared by dissolving the appropriate
amount in a 50-mL volumetric flask. Upon serial dilution, working standard solution was also prepared.
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All the working standard solutions were prepared with deionized water, and kept in a refrigerator at
4 ◦C to ensure stability. According to the previous literature [22] with slight modification, 25 mL of
TiCl4 was made up to a 100 mL volumetric flask with deionized water, in an ice cold bath. Likewise,
13 g of urea was dissolved in another 250-mL volumetric flask with deionized water. The urea solution
was then slowly added to the contents of TiCl4, and then subjected to heating at 110 ◦C on a hot plate,
with a magnetic stirrer for about 30 min. After the completion of the reaction, a white colloidal solution
was obtained. The colloidal solution was centrifuged at 1000 revolutions per minute with rotational
centrifugal force for 15 min. After centrifugation of the product, the residue was washed repeatedly
with deionized water, and then dried at 60 ◦C for 3–4 h. The newly formed TiO2NPs were then stored
in the refrigerator at 4 ◦C, for further use. A stock solution of INZ (1 M) was prepared by dissolving an
appropriate amount in a 50-mL volumetric flask. Upon serial dilution, working standard solutions
were made. Phosphate buffer solution (PBS) of 0.1 M with pH 7.0 was used as a supporting electrolyte
throughout the experiment.


2.3. Fabrication of Nanocomposite Electrode


Prior to modification, the bare GCE was polished to a mirror-like surface with alumina slurry
on a wet polished cloth and then further washed with deionized water. A total of 5 mg of MWCNTs
was dissolved in 5 mL of DMF and thereafter kept for ultrasonification for about 30 min at 50 ◦C.
The suspension was used for the modification of the GCE. Further, 10 mg of MWCNTs and 10 mg of
TiO2NPs were dissolved in 10 mL of N,N-dimethyl formamide (DMF) followed by ultrasonification
for about 1 h, to form a stable black suspension of MWCNTs-TiO2NPs. This was then used for the
modification of the GCE. The MWCNT modified GCE and MWCNT-TiO2NPs modified GCE was
prepared by dropping 5 µL of MWCNT suspension onto the cleaned electrode, which was then dried
at 50 ◦C for 10 min.


2.4. Preparation of the MWCNT-TiO2NPs-HRP-GCE Enzyme Electrode


The HRP enzyme was immobilized on the MWCNT-TiO2NPs nanocomposite fabricated on the
surface of GCE. The MWCNT-TiO2NPs-HRP-GCE sensor was fabricated by dropping 5 µL of the HRP
solution onto the surface of the MWCNT-TiO2NPs-GCE. The modified electrode was dried and then
stored in the refrigerator at 4 ◦C [23].


2.5. Electrochemical Measurements with the MWCNT-TiO2NPs-HRP-GCE


A total of 10 mL of the 0.1 M of PBS with pH 7.0 was added into the electrochemical cell in
which the working electrode was immersed prior to the electrochemical measurements. The cell
was purged with nitrogen gas for 5 min to remove the content of dissolved oxygen. To optimize the
background current readings, several cyclic sweeps were carried out. The INZ sample was added
into the electrochemical cell and stirred at 1000 rpm with a deposition time of 120 s, and equilibrating
time of 5 s, and the sweeping was done at an optimum scan rate of 0.09 V·s−1 in differential pulse
voltammetric (DPV) mode.


3. Results and Discussion


3.1. Characterization of the MWCNT-TiO2NPs-HRP-GCE


The MWCNT-TiO2NPs-HRP-GCE was characterized using FT-IR, X-ray diffraction (XRD),
transmission electron microscopy (TEM), and thermogravimetry (TGA). FT-IR was performed to
assess characteristic stretching variations for synthesized TiO2NPs. Figure 1A reveals the presence of
a sharp peak at 523 cm−1 indicating the presence of Ti-O stretching vibrations. A well-defined sharp
peak appeared at 1403 cm−1, indicating the Ti-O-Ti stretching vibrations. The peak at 1163 cm−1 is
responsible for C-O stretching [24]. In addition, peaks at 3132 cm−1 were attributed to the presence of
O-H stretching. Figure 1B shows the XRD data, with Miller indices (101,110, and 111) attributed to the
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body-centred cubic, crystalline nature of the TiO2NPs. The broad diffraction peaks are an indication of
the nano-size of crystalline compound. The experimental XRD pattern agrees with the 2θ peak at 25.4◦


and confirms the TiO2 anatase structure [25]. The strong diffractions at 25◦ and 48◦ were also attributed
to TiO2NPs in the anatase phase [26]. The above evidence confirmed the synthesized TiO2NPs.
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nanoparticles (TiO2NPs). (B) X-ray diffraction (XRD) image of TiO2NPs.


Figure 2A is the TEM image of the TiO2NPs, which clearly indicates the spherical shape geometry
of TiO2NPs with an average diameter of 25 nm. Figure 2B shows TEM of pure MWCNTs as having
tubular network-like structure. Figure 2C clearly shows the adherence of TiO2NPs on the surface
of the MWCNTs. Figure 2D shows the thermogravimetric curves of pure MWCNTs, TiO2NPs and
MWCNTs-TiO2NPs. The TGA curve of MWCNTs (black line in Figure 2D) exhibited definite mass
loss at 570 ◦C, which may possibly be due to the carbon oxidation. The TGA curve of TiO2NPs
showed nearly flat characteristics with minor mass loss observed before 100 ◦C, and this may be
due to loss of water, whereas at 400 ◦C this may signify loss of nitrogen content. The TGA curve
of MWCNTs-TiO2NPs also showed slight mass loss in two stages around at 100 ◦C and 250 ◦C,
respectively; this may be due to the evaporation of solvent. Beyond that temperature, the composite
was highly stable due to the dispersion of TiO2NPs on the surface of MWCNTs.
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3.2. Method Optimization


The effect of pH played an important role in the electrochemical signal amplification of INZ.
The effect of pH with peak current was studied in the range of 3.0–10.0. As the pH increases, peak
currents gradually increase until pH 7, and then decrease beyond pH 7. The changes in the anodic peak
currents and peak potentials responses were monitored by varying the pH (Figure 3B). According to
the obtained results from Figure 3B, the anodic peak current of INZ reaches a maximum at pH 7, and
decreases beyond 7. Due to this observation, a pH of 7 was selected as optimum for the entire study.
In addition, the effect of deposition time was also monitored from 30 to 150 s (Figure 3C). Based on the
obtained results, deposition time with 120 s was selected as optimum deposition time for the present
study. Further, the most effective parameter, notably, scan rate, was examined in the range of 0.1 to
1.0 V·s−1. The obtained results showed that 0.9 V·s−1 was the optimum potential scan rate. The effect
of incubation temperature was also tested with the activity of HRP immobilized on the surface of the
MWCNT-TiO2NPs-GCE. The anodic peak current response was observed with different incubated
temperatures ranging from 5 to 50 ◦C (Figure 3D). The fabricated MWCNT-TiO2NPs-HRP-GCE showed
maximum peak currents at 30 ◦C. Therefore, 30 ◦C was selected as the optimum temperature for the
successful experiment. At 5–30 ◦C the increase in current responses of the modified sensor was due to
the increase in the activation energy of the reaction. After 30 ◦C, the current responses were decreased
due to enzyme denaturation. The enzyme reaction rate increases as the incubation temperature
increases up to an optimum temperature, and after that the enzyme activity declines rapidly. Moreover,
the immobilized enzyme shows no changes in the optimum temperature when compared with free
enzyme. The enzyme incubation time is also an important parameter in the method optimization,
which was monitored from 5 to 25 min at room temperature, and the corresponding current responses
were measured. Figure S1 showed the current responses gradually increased with sustained enzyme
incubation time. The enzyme-fabricated electrode showed good peak current response at 15 min.
Based on the current response and adsorption equilibrium of the enzyme, 15 min was selected as the
optimum incubation time for the entire study. After 15 min the current response gradually decreased
with prolonged incubation time.
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Figure 3. (A) Cyclic voltammograms of 0.1 mM isoniazid (INZ) with: (1) a bare glassy carbon electrode
(GCE); (2) MWCNT-GCE; (3) MWCNT-TiO2NPs-GCE; and (4) MWCNT-TiO2NPs-horseradish peroxide
(HRP)-GCE. (B) Peak potential and peak currents response with pH at 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and
10.0. respectively (C) Peak current responses vs. different deposition times of 30, 60, 90, 120 and 150 s.
(D) Effect of temperature on the current response of the MWCNT-TiO2NPs-HRP-GCE.
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3.3. Electrochemical Behavior of INZ on the MWCNT-TiO2NPs-HRP-GCE


The MWCNT-TiO2NPs-HRP-GCE was electrochemically analysed by CV and DPV techniques.
The modified electrode surface area calculation was justified by using the Randles–Sevick [27]
Equation (1).


ipa = 2.69 × 105 AC0n3/2DR
1/2v1/2 (1)


where ipa is the anodic peak current, A is the surface area of the electrode, C0 is the concentration of
INZ, n is the number of electrons transferred, DR is the diffusion coefficient, and V is the scan rate.
Based on Equation (1), the MWCNT-TiO2NPs-HRP-GCE and GCE surface areas were calculated and
found to be 19.32 and 3.14 mm2, respectively. This indicated that the MWCNT-TiO2NPs-HRP-GCE
sensor was exhibiting approximately a six times larger surface area than the GCE. This implies that
the fabricated sensor provides a high surface area for INZ to undergo electrochemical oxidation [28]
(Scheme 1).
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Scheme 1. Electrochemical oxidation mechanism of INZ with the MWCNT-TiO2NPs-HRP-GCE.


The electrochemical sensing ability of the MWCNT-TiO2NPs-HRP-GCE was compared with the
bare GCE, MWCNTs and MWCNTs-TiO2NPs (Figure 3A). The potentials scale was monitored in
the range of −0.1 to +0.7 V for the appearance of anodic peak. The GCE exhibited a much lower
current of 25 µA, while the MWCNT-GCE and MWCNT-TiO2NPs-GCE showed moderate current
responses of 56 µA and 110 µA, respectively (Figure S2). The final MWCNT-TiO2NPs-HRP-GCE
showed much greater peak current responses with 200 µA (Figure 4A). Figure 4B shows the linear
relationship between log ipa and log v, and it is suggested the diffusion of INZ at the surface of the
MWCNT-TiO2NPs-HRP-GCE can be expressed by the following Equation (2).


log ipa = 0.7841 log v + 1.5351 (2)


Figure 4C shows that the oxidation of INZ at the MWCNTs-TiO2NPs-HRP-GCE is similar to the
diffusion-controlled process owing to the linear relationship between anodic peak current and the
square root of the scan rate. The fitted regression line can be expressed as ipa = 0.2642 υ1/2 + 0.2891;
R2 = 0.9822. This clearly indicates the outstanding performance of the MWCNT-TiO2NPs-HRP-GCE
compared to the other three electrodes.







Biosensors 2017, 7, 21 7 of 12
Biosensors 2017, 7, 21  7 of 12 


 


Figure 4. (A) Cyclic voltammograms of 0.1 mM of INZ at scan rates of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 
and 0.9 V·s−1. (B) Graph of (log anodic peak current) versus log (scan rate) for 0.1 mM INZ in 0.1 M 
phosphate buffer solution (PBS; pH 7.0) with different scan rates for the MWCNT-TiO2NPs-HRP-
GCE. (C) Linear plot of (anodic peak current) against the square root of the scan rate (n = 5, average 
standard deviation). 


3.4. Quantitative Analysis of INZ 


DPV was carried out with a 0.5 to 5 μM of INZ, via the standard addition method. The MWCNT-
TiO2NPs-HRP-GCE gave a well-defined anodic peak at 0.2 V (vs. Ag/AgCl) with the optimized 
working parameters (scan rate of 0.09 V s−1, deposition time 120 s, pulse amplitude 0.050 V, voltage 
step 0.00935 V, voltage step time 0.1 s and pulse time 0.040 s). It was shown that as the concentration 
of INZ was increased, the anodic peak currents were gradually increased (Figure 5).  


A calibration graph was plotted for the concentration of INZ against anodic peak currents. The 
obtained regression equation (іpa =12.22 c + 0.375) showed a good correlation coefficient of R2 = 0.998 
for DPV. The limit of detection (LOD) and limit of quantification (LOQ) were calculated based on 
signal to noise ratios by using the Equations (3) and (4). In terms of the instrument signal, we are 
interested in determining the smallest signal that is distinguishable from the background (baseline) 
noise. 


LOD = (3 × SD/Slope) (3) 


LOQ = (10 × SD/Slope) (4) 


where SD is the standard deviation of the peak currents for three different runs and slope of the 
calibration curve. The limit of detection and limit of quantification for INZ is 0.0335 μM and 0.1118 
μM, respectively. The comparison of current fabricated sensor method with previous methods (27–
37) used in the determination of INZ is listed in Table 1. This indicates our method showed lower 
LOD and LOQ values for the determination of INZ compared to previous reports. 


Figure 4. (A) Cyclic voltammograms of 0.1 mM of INZ at scan rates of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8
and 0.9 V·s−1. (B) Graph of (log anodic peak current) versus log (scan rate) for 0.1 mM INZ in 0.1 M
phosphate buffer solution (PBS; pH 7.0) with different scan rates for the MWCNT-TiO2NPs-HRP-GCE.
(C) Linear plot of (anodic peak current) against the square root of the scan rate (n = 5, average
standard deviation).


3.4. Quantitative Analysis of INZ


DPV was carried out with a 0.5 to 5 µM of INZ, via the standard addition method. The MWCNT-
TiO2NPs-HRP-GCE gave a well-defined anodic peak at 0.2 V (vs. Ag/AgCl) with the optimized
working parameters (scan rate of 0.09 V·s−1, deposition time 120 s, pulse amplitude 0.050 V, voltage
step 0.00935 V, voltage step time 0.1 s and pulse time 0.040 s). It was shown that as the concentration
of INZ was increased, the anodic peak currents were gradually increased (Figure 5).


A calibration graph was plotted for the concentration of INZ against anodic peak currents.
The obtained regression equation (ipa =12.22 c + 0.375) showed a good correlation coefficient of
R2 = 0.998 for DPV. The limit of detection (LOD) and limit of quantification (LOQ) were calculated
based on signal to noise ratios by using the Equations (3) and (4). In terms of the instrument signal,
we are interested in determining the smallest signal that is distinguishable from the background
(baseline) noise.


LOD = (3 × SD/Slope) (3)


LOQ = (10 × SD/Slope) (4)


where SD is the standard deviation of the peak currents for three different runs and slope of the
calibration curve. The limit of detection and limit of quantification for INZ is 0.0335 µM and 0.1118 µM,
respectively. The comparison of current fabricated sensor method with previous methods (27–37) used
in the determination of INZ is listed in Table 1. This indicates our method showed lower LOD and
LOQ values for the determination of INZ compared to previous reports.
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Figure 5. Differential pulse voltammetric (DPV) response of 0.5 to 5 µM INZ with the
MWCNT-TiO2NPs-HRP-GCE at pH 7.0, scan rate: 0.09 V·s−1, deposition time: 120 s, pulse amplitude:
0.050 V and pulse time: 0.040 s. (Inset calibration plot) (n = 5, average SD).


Table 1. Comparison of some characteristics of the previously reported modified electrodes with the
MWCNT-TiO2NPs-HRP-GCE.


Electrode Technique Detection
Limits/(µM)


Linear
Range/(µM) Buffer and pH References


Nf/Fe/GCE a CV 13.00 50–20,000 Na2SO4 (9) [29]


LDH/GCE b DPV 4.00 4.9–770 BR (9) [30]


4-pyridyl hydroquinone
SAM/platinum electrode c CV 20.0 - PBS (7.2) [31]


poly-L-histidine/SPE d DPV 0.50 - PBS (7) [32]


Gold electrode e DPV 0.09 - NaOH (13.6) [33]


PdNP/CPE f CV 0.47 - PBS (7) [27]


Hanging mercury drop
electrode g SWADCS 1.18 - BR (5.5) [34]


GO/GCE h LSV 0.17 2–70 PBS (7) [35]


F-MWCNT/GCE i CV 0.27 1–70 AB (4) [36]


Rh/GCE j CV 13.00 70–130 PBS (7) [37]


Bentonite clay/GCE k LSV 0.80 - Na2SO4 (13.5) [38]


MWCNT-TiO2NPs-HRP-GCE DPV 0.03 0.5–5 PBS (7) Present work
a Nf/Fe/GCE—Nafion on iron-coated GCE; b LDH/GCE—layered double hydroxide-coated GCE; c 4-pyridyl
hydroquinone SAM/platinum electrode-4-pyridyl hydroquinone self-assembled monolayer-coated platinum electrode;
d poly-L-histidine/Screen printed electrode (SPE)-poly-L-histidine coated on a SPE ; f PdNP/CPE—palladium
nanoparticle-coated CPE; h GO/GCE—graphene oxide-coated GCE; i F-MWCNT/GCE—functionalized multi-wall
carbon nanotube-coated GCE; j Rh/GCE—rhodium nanoparticle-coated GCE; k bentonite clay/GCE—bentonite
clay-modified GCE; SWADCS—square-wave adsorptive anodic stripping voltammetry; LSV—linear sweep
voltammetry; CPE—carbon paste electrode; SPE—screen-printed electrode; CV—cyclic voltammetry;
PBS—phosphate buffer solution.
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3.5. Repeatability and Stability


The repeatability efficiency of the proposed sensor was examined with 0.1 mM INZ solution DPV
under the optimized parameters. After each determination the used fabricated electrode underwent
five to six sweeps in 0.1 M PBS (pH 7.0), to remove any adsorbents and yield a reproducible electrode
surface. The peak current response of INZ was determined with five electrodes under the same
conditions. From the five parallel determinations, the Relative Standard Deviation (RSD) of INZ
determination was found to be 4.12%. Based on the results, the proposed sensor showed good
repeatability. The long-term stability of the sensor was tested after 80 days. When not used, the sensor
was stored at 4 ◦C. The stability studies were carried out with the MWCNT-TiO2NPs-HRP-GCE for
the detection of INZ. This study was carried out in two batches. In the first batch, the stability of the
modified electrode was observed from day 1 to day 40, in terms of electrochemical signalling. It was
observed that for 40 days, the average electrochemical signal was found to be 91%. In the second batch,
the stability study was carried out for an additional 40 days with the same materials and electrode.
Interestingly, it was now observed that the electrochemical signal was found to be 87%. This implies
only 4.39% of the electrochemical signal decreased. These results indicate that the fabricated electrode
showed good repeatability and long-term stability.


3.6. Interference Studies


To evaluate the selectivity ability of developed sensor, interference studies were also performed
for INZ with coexisting compounds like uric acid, glucose, and ascorbic acid. In this analysis, the
peak current of INZ was recorded (Ip1). The excess amount of the potential interferent species was
added to the mixture and DPV was recorded (Ip2). The tolerance limit was defined as the maximum
concentration of the interfering components that caused an error less then ±5% (Ip1/Ip2 = 95–105%).
In addition, the influence of some common ions such as Fe3+, Al3+, Cl−, Na+, and K+ were studied and
the results indicated that these ions have no significant influence on the determination of INZ (Table 2).


Table 2. The influences of some anions, cations and important biological substances on the peak current
of 0.1 mM INZ with the MWCNT-TiO2NPs-HRP-GCE.


Interferents Concentration/(µM) Signal Change (%)


Ascorbic acid 250 4.03
Uric acid 250 1.24
Glucose 500 0.34


Fe3+ 500 0.81
Al3+ 500 1.27
Cl− 500 0.67
Na+ 500 2.01
K+ 500 1.35


3.7. Real Sample Analysis


Commercially-available INZ tablets (100 mg) were purchased from the local pharmacy. The samples
(tablets) were used to evaluate the realistic performance of the MWCNT-TiO2NPs-HRP-GCE.
Approximately ten tablets were taken into a mortar and crushed to fine powder with pestle. A 0.1 mM
INZ tablet sample solution was prepared by dissolving the appropriate amount of powder sample in
a 10 mL volumetric flask and adding 10 mL of PBS. Finally, real sample analysis was carried out with
0.1 mM INZ by the DPV technique via the standard addition method. The results with respect to the
analytical performances of the MWCNT-TiO2NPs-HRP-GCE obtained were then tabulated (Table 3).
The two pharmaceutical samples showed good RSD values (1.69 and 1.98) with an excellent percentage
of recovery (99.2% and 98.9%). This indicates that the developed sensor exhibited good recovery
capability towards INZ in various pharmaceutical samples.
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Table 3. Determination of INZ in various pharmaceutical samples using the developed sensor (n = 5).


Declared
Amount Tablet


(mg)


Found
(mg)


Recovery
(%)


Relative Standard
Deviation (RSD)


(%)


Added
(mg)


Found
(mg)


Recovery
(%) RSD (%)


Sample 1
(100 mg) 99.2 99.2 1.69 20 19.3 96.5 0.32


Sample 2
(100 mg) 98.9 98.9 1.98. 10 9.5 95.0 0.79


n: average determinations.


4. Conclusions


A facile MWCNT-TiO2NPs-HRP-GCE biosensor was successfully developed for the determination
of INZ in different pharmaceuticals samples. The synthesized nanoparticles and developed
sensor were characterized with TGA, TEM, XRD, and FT-IR. The electrochemical sensing
abilities of INZ with different electrodes, viz., bare GCE, MWCNT-GCE, MWCNT-TiO2NPs-GCE
and MWCNT-TiO2NPs-HRP-GCE were successfully compared using cyclic voltammetry studies.
The developed sensor showed fast electron transfer capability, good electronic conductivity, and large
electroactive surface area. The CV results obtained reveal the outstanding electrochemical sensing
performance of the enzyme-induced sensor with an increase (approximately 8-fold) of anodic peak
currents. In the DPV technique, the calibration plot gave a good correlation coefficient of R2 = 0.998
with LOD and LOQ values of 0.0335 µM and 0.1118 µM, respectively. This clearly indicates the
developed sensor showed a high capability for detecting the INZ in µM concentration without any
interferences. In addition, the fabricated sensor exhibited good repeatability and long-term stability,
with negligible current variations. Moreover, the real sample analysis gave satisfactory results with
good percentages of recoveries. The devolved sensor may have scope for use in the pharmaceutical
industries in the near future.


Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/7/2/21,
Figure S1: The effect of the enzyme incubation time on the current responses of modified electrode. Figure S2:
Cyclic Voltammograms of INZ with (A) Bare GCE, (B) MWCNTs-GCE, (C) MWCNTs-TiO2NPs-GCE at various
scan rates ranges 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 V·s−1
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