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ABSTRACT 

 Recent foodborne outbreaks in multiple locations necessitate the continuous 

development of highly sensitive and specific biosensors that offer rapid and sensitive 

detection of foodborne pathogens. The emergence of electrochemical aptasensor which 

is a compact analytical device with a combination of an aptamer as the biorecognition 

element integrated on the transducer surface created a breakthrough in the detection of 

foodborne bacterial pathogens. Graphene has emerged as a promising nanomaterial for 

reliable detection of pathogenic bacteria due to its exceptional properties such as high 

electrical conductivity, large surface to volume ratio, high mechanical strength and its 

unique interactions with DNA bases of the aptamer. However, the large surface area and 

strong interfacial interaction caused by van der Waals force of graphene result in severe 

aggregation in the composite matrix. These reduce the analytical performance, overall 

conductivity and electron transfer rate in aqueous conditions. The challenges identified 

in the process of fabrication of graphene-based aptasensor can be addressed through 

surface modification of graphene with electrochemically active material. As such, the 

present thesis sought to synthesize the novel reduced graphene oxide (rGO)-organic 

dye/metal oxide/polymer nanocomposite materials which were then coated on glassy 

carbon electrode (GCE) for the rapid, sensitive and selective detection of test organism, 

Salmonella enterica serovar Typhimurium. The strategy of using these nanocomposite 

materials is driven by the synergistic effect between the rGO and nanoparticles which 

essentially boosts the overall electrochemical activity and sensing performance of the 

sensors. The rGO and rGO-nanocomposites were synthesized using novel and one-pot 

simple chemical reduction method by using a minimal amount of reducing agent 

(hydrazine) which could minimize the defects created on graphene sheet and reduces the 

overall production cost. The electrochemical properties of the graphene-nanocomposites 

modified electrode were studied using electrochemical characterization techniques. 
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Moreover, the interaction of the label-free single-stranded aptamer S. Typhimurium was 

monitored by differential pulse voltammetry analysis and this aptasensor showed high 

sensitivity and selectivity for whole-cell bacteria detection. Under optimum conditions, 

this aptasensor exhibited a linear range of detection from 108 to 101 cfu mL−1 with good 

linearity and a detection limit of 101 cfu mL−1. Furthermore, the developed aptasensor 

was evaluated with other strains of Salmonella and non-Salmonella bacteria. The results 

obtained showed good specificity and selectivity, respectively. The fabricated rGO-

nanocomposite aptasensor was also exposed to artificially S. Typhimurium spiked 

chicken food samples. The results demonstrated that rGO-nanocomposite aptasensor 

possess a high potential to be adapted for the effective and rapid detection of a specific 

whole-cell foodborne pathogen by an electrochemical approach. Furthermore, the 

mechanism involving the interaction of the biorecognition element and bacterial target on 

the rGO-nanocomposite was also studied to understand the underlying detection strategy 

which will serve as guidance for the design, optimization and operation of graphene-based 

biosensors for future applications. 

Keywords: Aptasensor, foodborne pathogen, reduced graphene oxide, rGO-

nanocomposite, S. Typhimurium 
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ABSTRAK 

 Berekoran dengan kejadian kes-kes wabak bawaan makanan yang menular di 

pelbagai lokasi baru-baru ini menyebabkan penyeldikkan berterusan untuk pembangunan 

alat pengesan patogen bawaan makanan yang sangat sensitif dan spesifik. Kemunculan 

aptasensor elektrokimia yang merupakan peranti analitik padat dengan kombinasi 

aptamer sebagai elemen biorekognisi yang terintegrasi pada permukaan transducer 

mejadi pencipataan yang penting dalam proses pengesanan patogen bakteria. Grafin pula 

telah muncul sebagai salah satu bahan nano yang penting untuk mengesan bakteria 

patogen kerana sifat-sifatnya yang luar biasa seperti kekonduksian elektrik yang tinggi, 

permukaan besar kepada nisbah isipadu, kekuatan mekanikal yang tinggi, dan interaksi 

uniknya dengan pangkalan asid nukleik yang terdapat pada aptamer. Walau 

bagaimanapun, permukaan yang luas dan interaksi pada ruang hubung kait yang kuat pada 

grafin yang disebabkan oleh daya van der Waals menyebabkan agregasi teruk dalam 

matriks komposit. Ini mengurangkan prestasi analisis, konduktiviti keseluruhan dan kadar 

pemindahan elektron. Cabaran yang dikenal pasti dalam proses fabrikasi aptasensor 

berasaskan grafin dapat ditangani melalui pengubahsuaian permukaanya dengan bahan 

aktif elektrokimia. Oleh itu, dalam tesis ini kami berusaha untuk mensintesis grafin oksida 

terturun (rGO) dengan bahan organik, bahan oksida atau polimer nano nanokomposit 

yang kemudiannya dilapisi pada elektrod karbon (GCE) untuk pengesan organisma, 

Salmonella enterica serovar Typhimurium dalam masa yang singkat, sensitif, dan 

selektif. Strategi menggunakan bahan-bahan nanokomposit ini didorong oleh kesan 

sinergi antara rGO dan nanopartikel yang pada dasarnya meningkatkan aktiviti 

elektrokimia secara keseluruhan dan prestasi mengesan oleh sensor. rGO dan rGO-

nanokomposit telah disintesis dengan menggunakan kaedah penurunan kimia yang 

mudah dan murah dalam satu pot dengan menggunakan ejen pengurangan (hidrazin) 

dalam jumlah kecil supaya ia dapat meminimumkan kerosakkan permukaaan grafin. 
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Sifat-sifat elektrokimia daripada elektrod grafin yang diubahsuai dengan nanopartikel 

telah dikaji dengan menggunakan teknik pencirian elektrokimia. Lebih-lebih lagi, 

interaksi oleh aptamer dengan S. Typhimurium juga telah dipantau dengan kaedah 

voltammetri denyut pembeza dan aptasensor ini menunjukkan sensitiviti dan selektiviti 

yang tinggi untuk pengesanan bakteria. Pada keadaan yang optimum, aptasensor ini 

mempamerkan keluk kalibrasi adalah linear untuk kepekatan bacteria yang berlainan iaitu 

dari 108 hingga 101 cfu mL-1 dengan had pengesanan 101 cfu mL-1. Selain itu, aptasensor 

yang dibangunkan juga telah diselidik dengan spesis and jenis Salmonella yang lain. 

Keputusan hasil daripda penyelikkan tersebut menunjukkan kekhususan dan selektiviti 

yang baik. Aptasensor rGO-nanokomposit juga telah didedahkan kepada sampel makanan 

ayam yang mengandungi S. Typhimurium. Hasilnya menunjukkan bahawa aptasensor 

rGO-nanokomposit mempunyai potensi tinggi untuk disesuaikan untuk pengesanan 

bakteria yang unggul dan cepat dengan teknik pendekatan elektrokimia. Selain itu, 

mekanisme yang melibatkan interaksi elemen biorekognisi dan sasaran bakteria pada 

permukaaan rGO-nanokomposit juga dikaji untuk memahami strategi pengesanan yang 

akan menjadi panduan bagi reka bentuk, pengoptimuman dan operasi biosensor 

berasaskan grafin untuk aplikasi masa hadapan. 

Kata kunci: Aptasensor, patogen bawaan makanan, grafin oksida terturun, rGO-

nanokomposit, S. Typhimurium 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Foodborne illness remains a major concern worldwide due to its negative impact 

on public health and the world's economy in terms of medical expenses and loss of 

productivity. The World Health Organization (WHO) reported 1.7 billion global episodes 

of the diarrheal disease annually which associated with 1.87 million deaths predominately 

in Africa and Southeast Asia (Troeger et al., 2018). The most prevalent gastroenteritis-

causing bacteria in Asian countries (e.g. Japan, Korea, Singapore and Thailand) is 

nontyphoidal Salmonella enterica (Sinwat et al., 2016). In Malaysia, the major 

Salmonella serovars responsible for the foodborne outbreaks are Salmonella enterica 

serovar Enteritidis and ser. Typhimurium (Ngoi, Teh, Chai, & Thong, 2015; Thung et al., 

2016) mostly due to poor hygiene in food handling and sanitation practices (Salleh, Lani, 

Abdullah, Chilek, & Hassan, 2017). Hence, the development of rapid, cost-effective and 

sensitive detection techniques for the presence of foodborne pathogens is crucial to ensure 

safe food supply and to reduce the outbreaks of foodborne disease especially, those 

caused by Salmonella enterica (Law, Ab Mutalib, Chan, & Lee, 2015). 

The existing traditional culture methods of detecting foodborne pathogens require 

days (48 h to 72 h) to confirm the presence of target pathogens due to the need for pre-

enrichment of the food matrix and extensive culture plating procedures (López-Campos, 

Martínez-Suárez, Aguado-Urda, & López-Alonso, 2012). Thus, molecular-based 

methods such as Polymerase Chain Reaction (PCR) and real-time PCR were employed 

to complement the traditional time-consuming culture methods (Priyanka, Patil, & 

Dwarakanath, 2016). PCR is an effective tool for the detection of Salmonella which 

involves rapid exponential amplification of a DNA fragment or sequence of interest 
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(Heymans et al., 2018). However, the PCR approach is a qualitative analysis leading to 

insufficient cell number quantitation and false-positive results due to nonspecific 

amplification of DNA (Kralik & Ricchi, 2017). To rectify these issues, real-time PCR 

was applied to quantify DNA in real-time but it is laborious and requires costly reagents 

coupled with PCR-inhibitory effects in complex food matrixes (Lopes, Albuquerque, & 

Maciel, 2018). The existing methods used for the detection and identification of 

foodborne pathogens are costly and time-consuming since they involve a multi-step 

process (DNA extraction is often needed) and require specialized equipment along with 

trained users (Law, Ab Mutalib, Chan, & Lee, 2015).  

Electrochemical aptasensors are analytical devices that consist of aptamer 

immobilized on a working electrode targeting an analyte of interest and a transduction 

element for converting the recognition process into an amperometric, potentiometric or 

impedimetric signal. The intrinsic specificity and high affinity accompanied by high 

stability of RNA/DNA single-stranded aptamers are novel detection probe in electronic 

biosensing platforms (Abbaspour, Norouz-Sarvestani, Noori, & Soltani, 2015). The 

electrochemical approach coupled with aptamer is also able to detect whole-cell bacteria 

because the outer membrane of bacteria itself is composed of conductive layers of 

macromolecules with electrochemical active groups that can react with the free ions in 

the electrolyte (Becerro, Paredes, & Arana, 2015). Advances in the electrochemical 

aptasensor help to overcome drawbacks of traditional culture and molecular methods by 

providing rapid, sensitive, specific, cost-effective and direct detection of whole-cell 

bacteria in food matrixes. 

Recently, graphene and its derivatives-based nanocomposites have been popularly 

adapted for the development of highly sensitive electrochemical aptasensors. They offer 

diverse advantages in electrochemical sensing of foodborne pathogens especially by 
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providing high performance in terms of field-effect mobility and sensitivity (Angione et 

al., 2011). Excellent physico-chemical properties of graphene and its derivates such as 

high conductivity (∼1,000 S cm-1) (Chen et al., 2016), large specific surface area (400-

700 m2 g-1) (Raza, 2012), biocompatibility (Huang et al., 2019), great mechanical strength 

(∼130 G Pa) (Xia et al., 2015) and the presence of versatile functional groups such as –

OH, –COOH and –CHO which aids the interaction with biomolecules make it a suitable 

material for the development of electrochemical biosensors (Krishnan, Singh, Singh, 

Meyyappan, & Nalwa, 2019). Moreover, graphene is also composed of hexagonally 

arrayed sp2-bonded carbon atoms which facilitate its surface modifications through non-

covalent interaction such as π–π stacking or hydrogen bonding between graphene 

derivatives and biomolecules for electroanalytical sensing applications (Adhikari, 

Govindhan, & Chen, 2015).  

The main challenge in fabrication of graphene-based biosensors is the aggregation 

of the graphene layer caused by the strong van der Waals interaction decreases its surface 

area, conductivity (slow electron transfer) and hinders the overall electrochemical activity 

(Ke & Wang, 2016). Besides, the electrocatalytic activity of pure graphene is low and 

immobilization of biomolecules can be difficult due to the presence limited number of 

oxygen-bearing groups in chemically reduced graphene (Mazánek et al., 2019; Yin, Kim, 

Choi, & Lee, 2013). Thus, most researchers used chemical modification strategy to 

functionalize or conjugate graphene with active materials such as, metal/metal oxide, 

organic materials (e.g. amino acids, surfactants, organic dyes) and polymer (chitosan, 

polyaniline, polypyrrole, Nafion) to enhance their electrochemical properties, electrical 

conductivity, surface area and sensitivity that lead too high signal-to-noise ratio (Chang 

& Baek, 2016; Khan et al., 2015; Liu et al., 2018). 
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The synergistic effect between graphene and nanocomposites helps to completely 

exfoliate graphene sheets and increases its dispersibility in solution state which increases 

its surface area accompanied with good biocompatibility to aid the immobilization of 

bioreceptor on its surface. Moreover, the nanocomposites on graphene’s surface enhance 

a smoother and rapid electron flow which can increase its overall conductivity. This 

research was focused on the fabrication of simple and cost-effective different 

combinations of graphene-based nanocomposites as an effective sensing platform for 

achieving sensitive, selective, rapid and low-cost aptasensor for electrochemical detection 

of foodborne pathogens.  

 
1.2 Problem statement 

 Despite good progress in developing a graphene-based electrochemical biosensor 

for the detection of foodborne pathogens, it holds several challenges in the fabrication 

process for an electrochemical biosensor such as: 

▪ Poor electrocatalytic properties and slow heterogeneous electron transfer on the 

surface of pure graphene led to the low sensitivity and high detection limit. 

▪ Aggregation of pure graphene in water decreases the active surface area which 

limits the immobilization of aptamer and hinders the regeneration of redox 

species. 

▪ The presence of lesser oxygen-bearing groups on the surface of graphene making 

the immobilization process more challenging. 

▪ The use of enzymes and antibodies are costly and their vulnerabilities towards 

pH, temperature, humidity and toxic chemicals prompted the instability of the 

electrode. 
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▪ The slow response times during the analysis has lowered the sensitivity of the 

electrode and further limits its application in the real-time monitoring of 

biological processes. 

 Therefore, the fundamental research in finding the suitable material for modifying 

the graphene material, immobilization of suitable bioreceptors for whole-cell bacteria 

detection and identifying suitable analytical technique needs to be proposed by 

considering the simple preparation method, low cost of production, high conductivity, 

good biocompatibility, large active surface area, excellent selectivity and specificity. 

 
1.3 Objectives of the study 

 The primary focus of the research is to explore the potential of novel graphene 

derivative, rGO nanocomposites based on the organic dye and metal oxides for the 

development of a highly sensitive and selective electrochemical aptasensor for the whole-

cell bacterial detection. The specific objectives of this study are:  

1) To develop an easy and cost-effective method in synthesizing rGO and rGO-

nanocomposites to be used for biosensor applications. 

2) To study the electrochemical properties of rGO and rGO-nanocomposites as an active 

material platform for biosensors. 

3) To investigate and optimize the electrochemical detection of the whole-cell Salmonella 

bacteria using the rGO-nanocomposite electrodes. 

4) To investigate the interaction of aptamer with bacterial cells on the surface of rGO-

nanocomposites.  
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1.4 Scope of the study 

The combination of graphene-based nanocomposite and aptamer biorecognition 

element with the electrochemical analytical tool for the detection of whole-cell bacteria 

which eliminates the need for DNA extraction was not common due to the expensive cost 

of production and difficult probe immobilization process. This problem provides a 

motivation to explore for potential solutions of bacterial detection in biosensors field of 

study. Moreover, the application of graphene with organic dye, metal oxide and polymer 

nanocomposites in the field of bacterial detection using electrochemical aptasensor is 

novel.  

The selection of organic dye, metal oxide nanoparticle and polymer to be 

combined with graphene is driven by its excellent physical and chemical properties, 

which is capable to enhance the electroactive surface area and improving the 

electrocatalytic features of the electrode. The synergistic effect between these 

nanocomposite helps to improve its dispersibility in aqueous solution and enhances 

overall sensitivity and selectivity of the sensor.  

Several factors have been considered in realizing the objectives of this study 

including, the use of the simple technique to synthesize the nanocomposites materials, 

minimum use of raw material, effective sensing technique and validation of the proposed 

sensor electrode in term of its capability of the detection in real food samples, 

reproducibility and stability. 

The rGO and rGO-nanocomposites were synthesized using a simple chemical 

reduction method by using a minimal amount of reducing agent (hydrazine). The 

chemical and physical properties of the materials were analyzed using Fourier transform 

infrared spectroscopy (FTIR), X-ray diffraction (XRD), Raman spectroscopy, 

photoluminescence (PL) spectroscopy, Field emission scanning electron microscopy 
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(FESEM) and Transmission Electron Microscopy (TEM). The electrochemical properties 

of the graphene-nanocomposites modified electrode were studied using electrochemical 

characterization techniques i.e. cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS). Moreover, the electrochemical detection of the whole-cell 

Salmonella and non-Salmonella bacteria were also studied using Differential Pulse 

Voltammetry (DPV).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  Figure 1.1. Flowchart of the research studies. 

Chemical Reduction Method 

Salmonella sensor 

Aptamer Immobilization  

Ascorbic 
Acid 

Sensor 

rGO

rGO (6h) rGO (12h) rGO (24h)

rGO-AP

rGO-AP 
(0.002M)

rGO-AP 
(0.005M)

rGO-AP 
(0.01M)

rGO-TiO2

rGO-TiO2
(0.2M)

rGO-TiO2
(0.4M)

rGO-TiO2
(0.6M)

rGO-Nf

rGO-Nf 
(0.002M)

rGO-Nf 
(0.005M)

rGO-Nf 
(0.01M)Univ

ers
iti 

Mala
ya



   

8 
 

CHAPTER 2 

 

LITERATURE REVIEW 

2.1 Foodborne pathogens 

More than 250 different types of bacterial foodborne illness and 90% of foodborne 

disease outbreaks worldwide (Kibret & Abera, 2012). Microbial pathogens such as 

Escherichia coli (especially O157:H7 strain), Salmonella enterica (non-typhoidal 

serotypes), Campylobacter jejuni, Listeria monocytogenes, Bacillus cereus and Shigella 

spp., Vibrio cholerae, Salmonella Typhi and Salmonella Paratyphi are the most 

pronounced foodborne pathogens with known high case-fatality ratios  which have led to 

33 million Disability Adjusted Life Years (DALYs) including approximately 230,000 

deaths of worldwide human population (Havelaar et al., 2015).  Approximately, 54% of 

the total burden was attributed to diarrheal disease agents, particularly to non-typhoidal 

S. enterica which was responsible for 4.0 million DALYs. Six diarrheal disease agents 

such as norovirus, Campylobacter spp., pathogenic Escherichia coli, V. cholerae and 

Shigella spp.) caused a foodborne burden of 1–3 million DALYs individually.  

2.1.1 Foodborne illness  

World health organization (WHO) defined foodborne disease is an infectious 

illness caused by the ingestion of adulterated foods or water. There are two main types of 

foodborne illness namely intoxication and infection which initiate diseases caused by the 

consumption of bacterial toxins and direct consumption of viable pathogens present in 

food products (Bintsis, 2017). Food poisoning resulted from the ingestion of 

contaminated food and drinks will be manifested in the form of severe gastrointestinal 

disease in humans. Foodborne diseases remain as one of the important global issues of 

great magnitude in terms of human life treat and economic burden. Foodborne diseases 
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are also the major cause of morbidity and mortality of the human population in both 

developed and developing nations (Scharff, 2012). Thus, WHO proposed Foodborne 

Illness Disability Adjusted Life Years (DALYs) calculations to assess the safety of food 

systems by quantifying the harmful health outcomes which include foodborne illnesses, 

foodborne disease burden and cases reported as food poisoning (Organization, 2015). 

DALYs are calculated by adding the number of years lived with a disability (YLD) with 

the number of years of lost life (YLL) due to a given foodborne illness. 

 

 

 

 

 

 

 

 

Figure 2.1. The relative contribution of YLL and YLD to the total burden of disease 

caused by foodborne hazards in 2010 adapted from (Havelaar et al., 2015). 

 
In 2010, WHO reported the global estimates and regional comparison on the 

impact of foodborne diseases on the human population. The relative contribution of 

mortality (measured as YLL) and morbidity (measured as YLD) to the total burden of 

disease varied widely between hazards as shown in Figure 2.1. According to the 

statistical analysis, the highest foodborne illness burden was borne by Africa with 2500 

DALYs per 200000 of population and most importantly, in Southeast Asia about 1400 
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DALYs per 200000 of the population were recorded (Havelaar et al., 2015). In Malaysia, 

the incidence and mortality rates due to food poisoning were reported as 47.34 and 0.01, 

respectively per 100,000 populations (R. New, 2017). Although the recorded mortality 

rate is low, the number of food poisoning cases especially among school-aged children 

rose to an alarming level (R. New, 2017).  

Besides fatality, foodborne diseases also cause a high economic burden across 

countries (Hoffmann & Scallan, 2017). The economics loses can be categorized into 

direct cost and indirect cost. Direct cost includes medical expenditures associated with 

disease diagnosis, treatment and management whereas, indirect cost included loss of 

productivity due to illness or death (McLinden, Sargeant, Thomas, Papadopoulos, & 

Fazil, 2014) or the economic impact due to decreased income from the tourism and export 

business (Lee, 2017). In United States, Australia and New Zealand foodborne illness costs 

US$10-83 billion, US$1.3 billion and US$86 million, respectively per year as compared 

to Europe which is about US$173 million (Lake, Cressey, Campbell, & Oakley, 2010; 

McLinden et al., 2014; McPherson, Kirk, Raupach, Combs, & Butler, 2011; Nyachuba, 

2010). In Asian countries such as India and Indonesia, the economic losses associated 

with foodborne illness achieved US$28 billion and US$78 million, respectively 

(Kristkova, 2017; Rahayu et al., 2016). 

This problem remains a major threat to the socioeconomic status of all nations due 

to prevailing poor knowledge of sanitation, improper food handling approaches, improper 

agricultural practices, lower safety standards and weak enforcement of food safety laws 

(Kibret & Abera, 2012). To prevent ongoing transmissions of diseases and loss of human 

life, the reliable and rapid detection of foodborne pathogens is required because 

diagnosing and treating foodborne diseases have been life-and-death situations in 

healthcare settings (Zhao, Lin, Wang, & Oh, 2014).  
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2.1.2 Salmonella serovars and salmonellosis 

Salmonella (Figure 2.2) is a flagellated enteric rod-shaped, facultative anaerobe 

and Gram-negative bacteria that classified under the family of Enterobacteriaceae. 

Salmonella is the most predominant cause of foodborne gastroenteritis worldwide 

(Humphries & Linscott, 2015). It can be commonly isolated from poultry, eggs, beef, 

milk products, fruits, vegetables and seafood (Carrasco, Morales-Rueda, & García-

Gimeno, 2012). Salmonella serovars are classified into the host-restricted (Salmonella 

Typhi, Salmonella Paratyphi A, B, C and Salmonella Pullorum), host-adapted 

(Salmonella Choleraesuis and Salmonella Typhisuis) and broad-host-range (Salmonella 

Typhimurium and Salmonella Enteritidis) serovars (Jajere, 2019). The two most 

important serotypes of Salmonella that cause foodborne illness especially gastroenteritis 

disease in humans are S. Typhimurium and S. Enteritidis (Eng et al., 2015). Salmonella 

serovars capable of adapting to extreme environmental conditions (Finn, Condell, 

McClure, Amézquita, & Fanning, 2013). For example, Salmonella can grow at a 

temperature between 5-47 °C with an optimum temperature of 35-37 °C. They are 

sensitive to heat and can be killed at a temperature of 70 °C or higher. Salmonella grows 

in a pH range of 4.5 to 9.5 with an optimum between pH 6.5 and 7.5. 

Figure 2.2. Scanning electron microscopy images of S. Typhimurium bacteria grown on 

human gallstones (Galkina et al., 2011) 
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Salmonellosis resulting from a foodborne infection/intoxication is a significant 

health problem in humans. The annual global burden of non-typhoid Salmonella-

mediated gastroenteritis has been estimated as high as 93.8 million cases with 155,000 

deaths (Majowicz et al., 2010). This pathogen is transmitted to its host through a fecal-

oral route facilitated by unhygienic and poor sanitation conditions. Salmonella evades 

and exploits the host immune systems to promote its colonization and replication in the 

inflamed gut mucosa that leads to gastrointestinal diseases (Winter et al., 2010). 

Salmonellosis is a primary cause of mortality in human especially in under-developed 

countries (Marzel et al., 2016). However, in developed countries, the occurrence of 

Salmonellosis is less fatal, but it causes significant economic burden due to healthcare 

and social-related cost (Tennant, MacLennan, Simon, Martin, & Khan, 2016). Among the 

other diarrheal disease agents, non-typhoidal S. enterica serovars which consist of 2600 

serovars is the leading cause of foodborne disease in countries such as Africa, South-East 

and Eastern Mediterranean (R. New, 2017). It accounts for 4.07 million DALYs per 

100,000 of the worldwide population which is about 12% burden of foodborne disease 

(Havelaar et al., 2015). Salmonella Enteritidis was the most common serotype in Asia, 

Latin America and Europe, accounting for 38%, 31% and 87% of the clinical isolates, 

respectively (Eng et al., 2015). In Africa, S. Enteritidis and S. Typhimurium were the two 

most common serotypes reported, occurring in 26% and 25% of the isolates, respectively. 

2.2 Existing method for the detection of foodborne pathogen  

There are several conventional strategies for bacterial isolation and detection in 

food samples. The main process in microbial testing of food samples involves (1) 

homogenization of the contaminated food sample in a buffer, (2) pre-enrichment in 

appropriate media, (3) selective enrichment in selective media to revive sub-lethally 

injured  bacterial cells to a detectable level and (4) isolation of bacterial colonies using 

selective agars (Rohde, Hammerl, Appel, Dieckmann, & Al Dahouk, 2015). The 
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presumed positive colonies of microbes further confirmed or identified through 

biochemical and serological tests. 

Over the years, microbiologists and researchers have devised many molecular 

methods for microbial identification and characterization. Immunological and nucleic 

acid-based methods are some of the examples of the advances in bacterial detection tools 

used in the early 90s (Mandal, Biswas, Choi, & Pal, 2011). These techniques help to 

complement the culture methods which pose a limited impact on outbreak control and 

decision-making efforts as they are not able to provide rapid results within 24h. 

Immunological or antibody-based assays detect foodborne pathogens through 

specific interactions between the target antigen and diagnostic antibody without the need 

for culturing steps. There are two commonly used immunoassays for foodborne pathogen 

detections which are enzyme-linked immunosorbent assays (ELISAs) and lateral flow 

immunoassays (LFIs). Both ELISAs and LFIs are operated by colorimetric detection of 

bacteria involving enzyme-mediated interactions with the target pathogens that create 

color changes proportional to the concentration of the pathogens present. ELISA is a 

biochemical technique that involves the immobilization of a capture antibody on a solid 

matrix that is responsible to capture antigens from an enriched culture. ELISA is the most 

widely used antibody assay to detect and quantify foodborne pathogens. When a test 

sample is introduced onto the surface of the ELISA plate, the target antigen will bind to 

the immobilized enzyme to form the antigen-antibody complex. The observed color 

change indicates the presence of antigens which implies positive detection of the targeted 

pathogen. The detection limit of this method varies from 104 - 105 cfu mL-1 depending on 

the antibody and the affinity to its epitopes (López-Campos, Martínez-Suárez, Aguado-

Urda, & López-Alonso, 2012). This method is not cost-effective as it requires specialized 

equipment and trained personnel, thus more cost-effective and simple methods such as 
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LFI are developed for more rapid on-site detection of foodborne pathogens (Zhao et al., 

2014). LFI utilizes a simple dipstick coated with colored particle labeled antibodies or 

antigens. Once the filtrate of food homogenate is introduced into the system, it travels via 

capillary action and mixes with the conjugate resulting in visualization of colors 

approximately between two to 10 min after the introduction of the sample. The most 

challenging issue in the analysis of food samples through immunoassays is a separation 

of the target organism from the food matrix debris (Kim, Taitt, Ligler, & Anderson, 2010). 

Moreover, all immunological assays still suffer from lack of specificity due to the 

presence of common ubiquitous epitopes present in the bacterial species, despite the 

emergence of many monoclonal, polyclonal and recombinant antibodies to overcome 

these limitations (Sousa & Pereira, 2013).  

Nucleic acid-based techniques, most notably PCR-based detection is highly 

specific in pathogen detection (Law, Ab Mutalib, Chan, & Lee, 2014). The invention of 

PCR in 1985 by Kary B. Mullis has revolutionized the implementation of molecular 

methods in foodborne pathogen detection. The general principle of PCR is a process of 

in-vitro enzymatic synthesis and amplification of DNA sequences with thermo-resistant 

DNA polymerases. The invention of the automated duplication of a target DNA sequence 

in a short amount of time made PCR as a widely used method in the field of microbiology. 

There are many variations of PCR but only multiplex and real-time PCR (quantitative-

PCR) have been adopted in food safety monitoring with an improved detection limit of 

102 – 104 cfu mL-1 (Wang & Salazar, 2016). Multiplex PCR is capable of amplifying more 

than one target genes of the same or different pathogens simultaneously whereas, real-

time PCR enables concurrent detection and quantification of the target sequence in real-

time with the aid of fluorescence technology. Although these methods are far more 

advantageous in terms of cost and time than a simple PCR method, it still requires some 

improvements to enable the detection of pathogens present in food samples due to the 
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presence of food-inhibitors that affect the PCR reaction by degrading the target nucleic 

acid or inhibiting the polymerase enzymes activity (Schrader, Schielke, Ellerbroek, & 

Johne, 2012). However, the problem involving the removal of inhibitory substances from 

food matrixes is often rectified by coupling PCR-based techniques with IMS. In IMS, 

super-paramagnetic beads coated with specific ligand complementary to the target 

microbes were utilized to capture viable bacterial targets up to 101 cfu mL-1 within 2.5 h 

from the heterogeneous suspension and concentrate bacterial cells from complex food 

matrices (Laube, Cortes, Llagostera, Alegret, & Pividori, 2014). IMS coupled with PCR 

capable to speed up the detection process and gives a useful sample for PCR with little or 

no non-specific DNA and interfering factors. 

 Loop-mediated isothermal amplification (LAMP) is another novel nucleic acid 

amplification method that provides a rapid, sensitive and specific detection of foodborne 

pathogens. LAMP involves auto-cycling strand displacement DNA synthesis that is 

carried out under isothermal conditions. This method utilizes two inner primers and two 

outer primers to amplify six specific regions of target DNA which will result in the final 

product of cauliflower-like DNA structures. LAMP capable to produce a huge number of 

amplified products within 60 min assay time which is usually 103-fold or higher as 

compared to simple PCR and these amplified amplicons can be detected by agarose gel 

electrophoresis or SYBR Green I dye (Zhao et al., 2014). The development of real-time 

LAMP also favors the real-time monitoring of turbidity or fluorescence of the reaction 

mixture which eliminates the need for staining and gel electrophoresis. The summary of 

all the methods used for bacterial detection is discussed in Table 2.1. 

For the aforementioned modern techniques, low sensitivity (without pre-

enrichment) is the major limitation as the techniques may not be sensitive enough to 

detect pathogenic microorganisms in food samples without further processing steps. 
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Typically, the concentration of foodborne pathogens in food samples is less than 102 cfu 

mL-1 (López-Campos et al., 2012). Consequently, these methods are unfavorable for 

direct detection of the pathogen in food matrixes and also require time-consuming pre-

enrichments of microbial cultures prior to analysis in order to achieve lower detection 

limit or high sensitivity.  
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Table 2.1: Summary of conventional and modern analytical methods used for bacterial detection. 

Method Foodborne pathogen LOD Assay time Ref 
ELISA 
 
 

E. coli O157:H7 6.8 X 102 to 6.8 X 103 cfu mL-1 3h (Shen et al., 2014) 
Vibrio parahaemolyticus 103 cfu mL-1 16h* (Kumar et al., 2011) 

LFI Vibrio cholera 5.0 X 105 to 106 cfu mL-1 15 min (Chaivisuthangkura, Pengsuk, 
Longyant, & Sithigorngul, 2013) 102 to 101 cfu mL-1 12h * 

Staphylococcus aureus 3.0 X 100 cfu mL-1 2 h (Chen, 2014) 
Multiplex-PCR Salmonella spp., Salmonella Enteritidis 103 cfu/mL 24 h (Pinto et al., 2011) 

Salmonella spp 1.0 X 102 cfu/reaction Not stated (Xu et al., 2019) 

Listeria monocytogenes, Cronobacter 
sakazakii, Staphylococcus aureus and 
Salmonella spp 

102 cfu mL-1 <7 h (Qin et al., 2020) 

Real-time PCR L. monocytogenes and E. coli O157:H7 1.0 X 101 cfu g-1 4h* (Kawasaki et al., 2010) 

Salmonella typhi 10-6 cfu mL-1 24 h* (Nurjayadi et al., 2019) 

LAMP Salmonella spp. and Shigella spp. 1.0 X 100 cfu mL-1 <20 h (Shao, Zhu, Jin, & Chen, 2011) 
Vibrio vulnificus 2.5 X 103 cfu mL-1 8 h (Han, Wang, & Ge, 2011) 
V. parahaemolyticus 1.0 X 101 cfu/reaction 16 h (Wang, Shi, Su, Ye, & Zhong, 

2013) 
Salmonella spp 6.7 X 100 cfu mL-1 45 min (Mei et al., 2019) 

  * With pre-enrichment Univ
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2.3 Biosensor for foodborne pathogen detection  

 There is a consensus for the application of sanitation measures in the food supply 

chain to curb the presence of non-typhoidal serovars and a multitude of medical tools and 

approaches have been developed for a point of care. However, the existing methods of 

detection are slow, costly, laborious and require sophisticated instruments operating in 

centralized laboratories. Thus, the food analysis should be done rapidly on-site with high 

sensitivity and without the need for laboratory equipment for sample processing. The 

continuous occurrence of foodborne outbreaks has created a demand for the development 

of easy to use, cost-effective, highly selective and sensitive electronic devices that enable 

direct detection and rapid analysis of microbial manifestation in food products 

(Billington, Hudson, & D'Sa, 2014). Biosensor-based technologies have met those 

requirements and created a breakthrough in the detection of foodborne pathogens (Turner, 

2013).    

2.3.1 Definition of biosensor  

A biosensor is a self-contained integrated device that provides analytical 

information (quantitative or semi-quantitative) based on the interaction between target 

analytes with bioreceptors immobilized on an electrochemical transducer. The electrical 

signal produced during the analyte-bioreceptor interaction is proportional to its 

concentration. The mechanisms of bacterial detection using biosensors involve a 

chemical or physical translation and transduction of biological information into a digital 

signal. This biological information is the result of the interactions between recognition 

elements (antibodies, enzymes, nucleic acids, bacteria and viruses) with biological 

targets. Typically, recognition elements will be immobilized onto a transducer surface via 

adsorption, entrapment, cross-linking, encapsulation or covalent binding (Luz, Iost, & 

Crespilho, 2013). Depending on the principle of signal transduction, various types of 
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transducers such as mass-based, optical and electrochemical sensors are used to change 

the biological event into a measurable signal (Bhalla, Jolly, Formisano, & Estrela, 2016). 

The general working principle of a biosensor is summarized in Figure 2.3.  

 

Figure 2.3. The overall working principle of biosensors 

Biosensors also can be categorized into direct (label-free) and indirect (labeled) 

detection systems. In a direct detection system, physical changes induced by the 

interaction of target analyte are measured directly in real-time and no label is required 

whereas, in indirect detection systems, the product of biochemical reactions is detected 

via a label by the sensor. Specificity is a key element in the process of designing a 

biosensor. The bioreceptor serves as a binding site for the target analyte to produce a 

change in signal and the selection of the bioreceptor largely contributes to the specificity 

of a biosensor. Enzymes, antibodies and nucleic acids are the most commonly used 

bioreceptors in biosensor applications (Figure 2.4).  

Among many transducer types, electrochemical biosensors are very promising 

due to their low cost, rapid response, high sensitivity, ease of use, high signal-to-noise 

ratio, flexibility in employing recognition elements, low interference with food matrices 

and instrumental simplicity (Ronkainen, Halsall, & Heineman, 2010; Tothill, 2011) 

Technological advancements have allowed for the miniaturization of electrochemical 

biosensors and offered an excellent tool for identifying and quantifying foodborne 
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pathogens present in various food matrices with a low detection limit in the range of 101 

cfu mL-1 (Abdalhai et al., 2015). 

 

 

 

 

 

 

Figure 2.4. Examples of different types of bioreceptors used in electrochemical sensors 

 
2.3.2 Electrochemical biosensors as a promising analytical tool for bacterial 

detection 

In a typical biosensing process, biological interactions are transduced as a 

mechanical, electrical, or optical signal. Specifically, electrochemical biosensors offer 

numerous advantages in the medical and biotechnology fields by offering direct 

transformation of a biological recognition to a readable electrical signal (Grieshaber, 

MacKenzie, Voeroes, & Reimhult, 2008). This electrochemical approach has a potential 

to be applied in biosensor for whole-cell bacteria detection because the outer membrane 

of bacteria itself is composed of conductive layers of macromolecules with 

electrochemical active groups that can react with the free ions in the electrolyte (Becerro 

et al., 2015). An electrochemical cell consists of three electrodes: the working (WE), the 

reference (RE) and the counter (CE) electrodes arranged in an electrolyte (ionic solution) 

as shown in Figure 2.5. In the presence of the targeted analyte, the redox reaction will be 
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blocked at the working electrode and the potential that drives the reaction is measured 

between the WE and RE. To complete the circuit, the CE performs the second electrode 

reaction proportional to the rate of reaction at the working electrode. This makes the 

quantification of targets at the WE possible. 

An electrochemical biosensor is one of the popular approaches that has been 

adapted for the detection of foodborne pathogens. Electrochemical biosensors have some 

advantages over other analytical systems such as the ability to work with turbid samples, 

low fabrication cost, instrumental sensitivity and offer easy miniaturization. 

Electrochemical biosensors are categorized according to the parameters measured by the 

device, namely amperometric (current), potentiometric (potential or charge 

accumulation), impedimetric (impedance) and conductometric (conductivity). 

 

 

 

 

 

 

Figure 2.5. Three-electrode system of the electrochemical cell and a simple redox 

process. O=oxidized species, R=reduced species, -e=electrons, kO and kR represents the 

oxidation and reduction reaction rate constant, respectively (Mahe, 2015). 
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2.3.2.1 Potentiometric biosensors 

Potentiometric biosensors measure the changes in pH or ion concentration that 

occur during the interaction of an analyte with the working electrode (an ion-selective 

electrode or ISE). One of the advantages of potentiometric sensors is that redox probes 

are not required to measure the interaction between the target analyte and biorecognition 

elements. Moreover, this system is capable to perform the continuous measurement and 

possess a wider detection range of ions ranging from 10−6 to 10−1 mol L-1 (Hernandez & 

Ozalp, 2012). The apparatus is inexpensive, portable, and it is well suited for in situ 

measurements. However, the lack of overall sensitivity and interference from the sample 

matrix are the main disadvantage of this system.  

2.3.2.2 Amperometric biosensors 

Amperometric is a well-exploited electrochemical method for foodborne 

pathogen detection due to its superior sensitivity compared to potentiometric analysis 

(Alahi & Mukhopadhyay, 2017). The biological recognition element applied in 

amperometric food analysis varies from enzymes, antigen/antibody, bacteriophages, 

cellular structures/cells, to nucleic acids/DNA and biomimetic bases (Cinti, Volpe, 

Piermarini, Delibato, & Palleschi, 2017). An amperometric biosensor consists of three 

electrodes namely working electrode, reference electrode (which controls the potential of 

working electrode) and an auxiliary electrode which helps to measure the current flow. 

The working principle of this system mainly involves the measurement of variations in 

current because of biochemical oxidation and reduction of electroactive species. Usually, 

a constant potential that facilitates the electron transfer reaction is applied to the system 

and the current is recorded. The observed current is a direct indicator of the rate of 

electron transfer and hence also reflects the amount of target analyte present in the sample. 

The electrons may be transferred either from the analyte to the working electrode or from 
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the electrode to the analyte depending on whether the working electrode is functioning as 

an anode or cathode, respectively (Bănică, 2012). Moreover, the rate of electron flow 

(current) is greatly influenced by the concentration of target analyte diffusing to the 

surface of the working electrode. Many researchers have reported amperometric detection 

for various foodborne pathogens such as E. coli O157:H7 (Singh, Poshtiban, & Evoy, 

2013), Salmonella (Liu, Chai, & Yao, 2013), L. monocytogenes (Cheng et al., 2014) and 

C. jejuni (Yang, Kirsch, & Simonian, 2013).   

2.3.2.3 Impedimetric and conductometric biosensors 

Impedimetric and conductometric biosensors are the most powerful 

electrochemical analytical systems for the detection of foodborne pathogens. The 

impedimetric detection system measures the conductance, capacitance and impedance of 

the analyte-containing medium as well as changes in the electron transfer properties on 

the electrode surface. It uses a technique called electrochemical impedance spectroscopy 

(EIS), which involves an alternating current (AC) applied across the electrodes. This 

causes electron buildup and discharge processes to occur at the electrode surface and in 

the electrolyte. By changing the frequency of the sinusoidal current, the electron-transfer 

and capacitance properties of the electrodes interacting with the analyte can be studied. 

During a bio-recognition event, conductance and capacitance increases while impedance 

decreases across a working electrode surface (Ramli et al., 2017). The changes in 

conductance and impedance are dependent on the analyte concentration. Moreover, the 

changes in voltage allow the evolution of interfacial capacitance, conductance and 

resistance. Both impedimetric and conductometric techniques are important for a rapid 

and automated detection system which leads to the miniaturization of the device. These 

techniques are mostly applicable for measuring the biorecognition involving 

DNA/nucleic acid hybridization, antibody-antigen reactions and enzyme reactions 

(Bahadır & Sezgintürk, 2014). The measurement of changes in the electrical properties 
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of bacterial cells also makes the whole-cell as an attractive analyte for detection (Ahmed, 

Rushworth, Hirst, & Millner, 2014). Several analytical devices are developed based on 

conductance and impedance technology for food-borne pathogens detection, however, 

impedimetric measurement is widely studied for culture-independent bacterial detection 

due to its high sensitivity regardless of the sample matrix, label-free, cost-effective and 

high-throughput device (Joung et al., 2013). The applications of conductometric 

biosensors are limited in food analysis due to poor sensitivity caused by the variable ionic 

background of the food matrix and require high ionic strength media for better detection 

(Thévenot, Toth, Durst, & Wilson, 2001). Moreover, the selectivity of conductometric 

biosensors is relatively poor because all charge carriers could result in the change of 

conductivity (Grieshaber et al., 2008). 

In recent years, the integration of impedance and biological recognition 

technology has gained increasing attention in the field of foodborne pathogen detection. 

The changes in impedance are a consequence of the interaction of the analyte with the 

bioreceptors. This interaction will cause a change in capacitance and electron transfer 

resistance on the surface of the working electrode and the impedance increases as the 

amount of analyte binding to the bioreceptor increases (Bahadır & Sezgintürk, 2014). 

Impedimetric sensors usually use antibodies as bioreceptors however, whole-bacterial 

cells can also be used for direct detection of food samples (Bahadir & Sezginturk, 2016). 

EIS is the mostly used impedimetric biosensors technique because it can monitor the 

physico-chemical changes resulting from the interaction of the analyte with the 

bioreceptor immobilized on the transducer. These include the information on charge 

transfer from the solution to the electrode surface, the resistance of the solution, diffusion 

rate of species to and from the bulk solution and also its formation of double-layer 

capacitance (Lvovich, 2015). The overall sensitivity of the impedimetric biosensor can 
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be improved using interdigitated array microelectrode which allows the miniaturization 

of the impedimetric biosensors into a chip form.  

2.3.3 Electrochemical aptasensor for bacterial detection  

Aptasensor is a class of electrochemical biosensor which utilizes DNA or RNA 

aptamer as a biological recognition element. Aptamers are an artificial nucleic acids DNA 

or RNA generated from combinatorial libraries of oligonucleotides that undergo a 

selection methodology to bind with high affinity and specificity to analytes of interest. 

This selection methodology is termed as SELEX (systematic evolution of ligands by 

exponential enrichment). SELEX methods have the advantage of selecting multiple 

aptamers that could potentially bind to different targets on a single cell in their native 

conformation as illustrated in Figure 2.6. Among SELEX technologies, whole-cell 

SELEX is a method developed and modified for creating aptamers that bind to live 

bacteria (Medley, Bamrungsap, Tan, & Smith, 2011). Typical whole-cell SELEX process 

involves: (1) screening of random nucleic acid bound to target bacteria, (2) repeated 

separation and exponential amplification of the oligonucleotide and (3) cloning and 

sequencing of the specific binding molecules ultimately identified (Moon, Kim, Park, 

Lim, & Mo, 2015). Aptamers selected through whole-cell SELEX bind to the surface 

molecule of live bacteria more effectively with little cross-reactivity to non-target bacteria 

(Dwivedi, Smiley, & Jaykus, 2013). Univ
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Figure 2.6. Schematic presentation of a typical aptamer selection process for whole 

bacterial cells (Huang Po-Jung, Liu, & Liu, 2013). 

The intrinsic specificity and high affinity accompanied by high stability of 

RNA/DNA single-stranded aptamers rendered them particularly interesting candidates 

for novel detection probe in the diagnosis of pathogens using electronic biosensing 

platforms (Abbaspour, Norouz-Sarvestani, Noori, & Soltani, 2015). The interaction of 

the aptamer and its targets is based on their definite three-dimensional conformation 

(Chang et al., 2013; Zhang et al., 2015), thus aptamers have higher specificity enabling 

the discrimination of homologous targets with few DNA bases or amino acid mismatches 

(Davydova et al., 2016; Ye et al., 2012). Unlike antibodies, aptamers are produced 

through chemical synthesis with extreme accuracy and reproducibility which increases 

the stability of aptamer in extreme conditions (e.g. high temperatures, various pH). 

Chemically synthesized aptamers also has the ability to recover its native active 

conformation after thermal denaturation as compared to other existing biological 
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recognition elements which has limited shelf life and suffer from irreversible denaturation 

(Meirinho, Dias, Peres, & Rodrigues, 2015).  

The biosensing event in aptasensor consists of three important steps as shown in 

Figure 2.7. In some special cases, additional steps are needed to amplify and quantify the 

signal produced from the bio-recognition event.  

 

Figure 2.7. Schematic diagram of crucial steps in aptasensing 

2.3.3.1 Immobilization of aptamer on electrodes surface 

An essential step in aptasensing is the aptamer immobilization onto an electrode 

surface. There are many available strategies for a high orientation and stable 

immobilization of aptamers without losing their biophysical characteristics and 

minimizes non-specific binding events (Radi, 2011). Aptamers can be physically 

adsorbed on the surface, covalently attached to functional groups or immobilized by 

streptavidin-biotin interaction (Rhouati, Catanante, Nunes, Hayat, & Marty, 2016).  

Physical adsorption involves ionic interactions between the negatively charged 

aptamers and positively charged nanomaterials covering electrodes surface without the 

need for any aptamer modifications (Hughes & Walsh, 2017). This method is simple, 

rapid and cost-effective because it does not require any reagents or special nucleic acid 

modifications to aid the adsorption. However, the aptamer orientation on the electrode’s 

Aptamer immobilization onto the electrodes surface

Apatmer biorecognition of the target

Detection and signal amplification
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surface is random and weak causing easy desorption of aptamer during the exposure to 

buffers or reagents when performing the detection assays (Nimse, Song, Sonawane, 

Sayyed, & Kim, 2014). Aptamer also can be strongly immobilized onto the electrode’s 

surface using chemical binding called covalent modification. Covalent attachment 

involves interaction between functional groups found on the surface of the electrode and 

chemical groups (e.g. –thiol, –amine) at the ends of chemically modified aptamers 

(Roushani & Shahdost-Fard, 2016). This type of interaction offers good stability and high 

binding strength thus improves the overall biorecognition efficiency. The time-

consuming and costly aptamer modification process are the notable drawbacks of this 

technique. In the immobilization by streptavidin-biotin interactions, streptavidin is first 

linked to the solid surface then the biotinylated aptamers form a complex of streptavidin-

biotin. Streptavidin is a tetrameric protein that has four identical binding sites for biotin 

that has a very high affinity to the streptavidin binding sites (Nimse et al., 2014). 

2.4 Carbon nanomaterials in biosensor 

A great effort has been channeled into the development of highly sensitive and 

selective biosensors worldwide over the past decade. Advancements in the field of 

nanotechnology have made a profound influence on biosensor development and 

application due to its fascinating properties such as high surface area, mechanical 

properties and high thermal and electric conductivity (Abu-Salah, Alrokyan, Khan, & 

Ansari, 2010). At the nanoscale, unique physico-chemical changes occur to nanomaterials 

due to surface effect and quantum effect (Zhu, 2017). As the surface to volume ratio 

increases, the interface of recognition element increases and results in the overall 

improvement of biosensor’s sensitivity. Most importantly, the quantum confinement 

phenomenon in nanomaterials leads to the rise in the bandgap energy with decreasing 

size. This causes the electrical and optical properties of nanomaterials to become size and 

shape-dependent and this size-tunable property is a crucial point for biosensing devices 
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(Poulsen & Hansen, 2017). Owing to their intriguing high electrical conductivity, 

chemical stability, biocompatibility and promising mechanical strength accompanied by 

the capacity to hybridize into sp, sp2 and sp3 configurations with narrow gaps between 

2s and 2p electron shells, carbon-based nanomaterial leads to the sensitive detection of 

biological compounds (Chatterjee & Chen, 2012; Revin & John, 2012) .  

Most carbon nanomaterials, especially the planar and tubular geometries of 

graphene and CNTs, respectively possess a comparable Debye length, λD to the 

dimensions of these nanostructures. Debye length, λD can be defined as a measure of 

electric field penetration into the bulk electrolyte. This will result in the change of 

electrical properties of the nanomaterial upon the binding of the analytes and also induces 

physio-chemical changes in the transduction material (Ramnani, Saucedo, & 

Mulchandani, 2016). Moreover, these changes will permit the label-free detection of 

analytes with higher sensitivities and lower detection limits (Reiner-Rozman, Larisika, 

Nowak, & Knoll, 2015). These superior properties of graphene and CNT allow a wide 

range of applications in microelectronics through its incorporation in biosensor device 

fabrication processes. Moreover, the usage of graphene/CNTs in the biosensing field has 

been greatly extended by modifying the physico-chemical properties through surface 

modification. 

2.4.1 Graphene nanomaterial as a suitable transducer in biosensor 

To date, the use of graphene nanomaterials in the development of biosensors has 

received great attention. Graphene is a 2D planar sheet that exists in a honeycomb lattice 

structure with zero-bandgap semiconductor and serves as a basic building block for 

graphite and graphitic materials of all dimensions (Shao et al., 2010). Graphene can be 

stacked together to form 3D graphite, rolled-up to 1D CNTs or wrapped into 0D fullerenes 

as shown in Figure 2.8. The fullerene carbon allotropes are a fundamental building block 
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of the crystalline phase with sixty carbon atoms completely bonded in an icosahedral 

symmetry that forms a spherical structure. In a 1D structure, carbon atoms are arranged 

in tubular-like structures as CNTs whereas, in 2D structure, carbon atoms form a 

monolayer packed into honeycomb lattice called graphene (Zhang, Rajaraman, Liu, & 

Ramakrishna, 2014). Graphite which exists in 3D is another form of the carbon atom that 

arranged like stacks of graphene layers coupled by van der Waals forces of attraction 

(Georgakilas, Perman, Tucek, & Zboril, 2015). 

 

 

 

 

 

Figure 2.8. The different dimension of carbon nanomaterials which consist of (A) 0D 

fullerenes, (B) 1D CNT, (C) 2D graphene and (D) 3D graphite. 

The carbon atoms in graphene are sp2 hybridized which consist of one s-orbital 

and two p-orbitals that hybridize together to form a honeycomb lattice structure (Zhang, 

Rajaraman, et al., 2014). Hence, the pz (π-orbitals) regulates the conductivity or charge 

mobility of graphene through the formation of delocalized π systems. In detail, the s, px 

and py orbitals of carbon form a σ-bond between neighboring carbon atoms leaving the pz 

orbital unhybridized as shown in Figure 2.9. This pz orbital on each carbon atom overlaps 

with neighboring carbon atoms to form a π-bond (valence energy band), causing the 

delocalization of excess π-orbitals to form a conduction energy band (Allen, Tung, & 

Kaner, 2010). This atomic structure of graphene largely contributes to its exceptional 
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mechanical strength (130 GPa), excellent electrical conductivity (6000 S cm-1) due to the 

fast electron transportation (Sang, Shin, Kim, & Yu, 2019).  

 

 

 

 

 

 

 

Figure 2.9. Schematic diagram of carbon atom hybridization in graphene 

Besides, graphene also possesses several extraordinary properties including large 

surface area (2630 m2 g-1), superior thermal conductivity (~3000 W/mK) and most 

importantly good biocompatibility (Gurunathan & Kim, 2016). Thus, graphene materials 

have great potential for the development of highly sensitive and selective biosensors 

(Qing et al., 2014). Besides the physico-chemical properties, biocompatibility is another 

important selection criterion. The high surface area of graphene enables the smooth 

interaction with biological molecules such as enzymes, nucleic acid, aptamer, protein, 

antibody, virus and bacterial cell (Li et al., 2016; Notley, Crawford, & Ivanova, 2013). 

The honeycomb lattice structures also favor non-covalent forces, such as hydrogen 

bonding, π–π stacking, electrostatic forces, van der Waals forces and hydrophobic 

interactions with biomolecules (Li et al., 2016; Yang, Asiri, Tang, Du, & Lin, 2013).  

Graphene can be exfoliated and oxidized to form graphene oxide (GO) to produce 

stable dispersion in water due to the presence of the hydroxyl, carboxyl and epoxide 

functional groups (Chang, Zhou, Christensen, Heideman, & Chen, 2014). After reduction, 

GO is transformed into reduced graphene oxide (rGO) with some residual oxygen and 

Univ
ers

iti 
Mala

ya



   

32 
 

structural defects yielding high thermal conductivity (Pumera, 2011). The enriched 

oxygen functional groups of GO endow it with the ability to immobilize the biomolecules 

through covalent binding which is greatly influenced by the C/O ratio. Generally, high 

C/O ratios promote stronger binding to biomolecules than low C/O ratio (Hong, An, 

Compton, & Nguyen, 2012). Besides the interaction with biomolecules, these functional 

groups also facilitate the production of graphene-based composites.  

Graphene has been successfully used as a transducer material in impedimetric, 

amperometric and conductometric sensors for the detection of pathogenic bacteria. 

Graphene has many interesting properties that make it a valuable material in biosensing. 

For instance, the fluorescence quenching properties of GO was used in a 

PDMS/paper/glass hybrid microfluidic biochip for the simultaneous detection of Staph. 

aureus and S. enterica (Zuo, Li, Dominguez, & Ye, 2013). Graphene has also been found 

to be an excellent host for ssDNA, aptamers and antibodies owing to the surface 

functional groups being able to participate in the covalent immobilization of the 

biorecognition elements. The electroconductive properties of graphene are affected by 

factors such as a number of layers, the substrate, adsorbed impurities, flatness, defects, 

size of the sheet, edge types and functionalization (Yang, Ratinac, et al., 2010). The 

tunable properties of graphene are widely exploited to cater to the specifications of each 

designed sensor. 

2.4.1.1 Synthesis of graphene and graphene-based nanocomposites 

There are many physical and chemical methods adapted to produce graphene, 

graphene-derivatives and graphene-based nanocomposites. There are two types of 

strategies for the preparation of graphene namely top-down and bottom-up methods 

(Figure 2.10) (Tour, 2014). The top-down method involves breaking down large piece 

graphene sheets or graphite into smaller pieces whereas, bottom-up methods build 
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graphene layer by using small molecules as starting materials. Mechanical cleavage 

technique (Yi & Shen, 2015) and acidic oxidation of graphite and followed up by 

reduction process (Huang, Lim, Chia, Yarmo, & Muhamad, 2011; Pei & Cheng, 2012) 

are the strategies involved in top-down approaches. Graphene also can be fabricated using 

chemical vapor deposition (Mattevi, Kim, & Chhowalla, 2011), arc discharge and 

epitaxial growth on silicon carbide (SiC) wafer (Kusunoki, Norimatsu, Bao, Morita, & 

Starke, 2015) in bottom-up techniques.  

 

 

 

 

 

 

 

 

 

Figure 2.10. Schematic representation of the methods used for the synthesis of graphene 

(Khan et al., 2015). 

Researchers utilize mechanical exfoliation of layered compounds to produce 

graphene layer samples. In 2004, Geim’s group (Novoselov et al., 2004) reported the 

exfoliation of graphene monolayers onto 300 nm silicon dioxide substrate using graphite 

as the starting material. This method uses cellophane tape to successively remove layers 
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from graphite flakes. A thin and transparent graphene layer can be obtained, and its 

quality can be preserved because this method introduces minimal defects to the sheets 

(Van Noorden, 2012). However, the major drawback mechanical exfoliation method is 

the inconsistency in the number of graphene layers produced and the production on a 

large scale is difficult using this approach. Moreover, graphene can be synthesized using 

chemical synthesis. In this method, intercalating agents were introduced between basal 

planes of graphite layers. Firstly, the simplified Hummer’s method should be employed 

to the graphite to weaken the van der Waals forces of graphite. By introducing oxygen 

functional groups, graphite can be completely exfoliated into graphene oxide (GO) in 

aqueous media (Huang, Lim, et al., 2011). However, the oxygen-bearing groups of GO 

act as an insulator which disrupts the π-conjugation leading to a decrease in electron 

mobility and overall conductivity. Thus, the graphitic π-network of GO can be restored 

by using several reducing agents which include sodium borohydride, NaBH4 and 

hydrazine hydrate (Xu, Yuan, & Wang, 2014). These agents are capable to remove most 

of the oxygen-containing groups of GO and produce reduced graphene oxide (rGO) with 

partially recovered graphene-conjugated structure. The whole idea is to intercalate the 

water molecules between the graphite sheets to increase the interlayer distance of graphite 

sheets that weakens the van der Waals interaction between the graphite sheets. 

Electrostatic repulsion of the graphite layer will result in the exfoliation of GO caused by 

the low van der Waals interaction which might produce a monolayer, bilayer or few-layer 

graphene layer. The brown color of GO will turn to black and precipitate easily during 

the reaction that can be explained by the less hydrophilicity resulted from the loss of the 

oxygen functional group. The usage of chemical agents can be extremely toxic and 

hazardous to humans but chemicals especially hydrazine can be used in a very small 

quantity for mass production of rGO (Surajit et al., 2012). In addition, there are many 

environmentally friendly methods available which uses green and natural reducing agents 
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such as amino acids, garlic (Ikhsan et al., 2015), vitamin C (Fernández-Merino et al., 

2010) and glucose (Zhu, Guo, Fang, & Dong, 2010).  

Epitaxial growth refers to the growth of a crystalline layer on a crystalline 

substrate, silicon carbide (SiC) (Wang et al., 2016). Graphene can be synthesized by 

heating SiC at high temperatures (> 1,000 °C) in a vacuum or in an argon atmosphere 

condition (Curtin et al., 2011). Heating in an extreme temperatures and low pressure 

causes the decomposition and migration of silicon atoms leaving rearranged carbon atoms 

which forms few layers of graphene (Wang et al., 2016). Furthermore, graphene grown 

on SiC substrate, a wide bandgap semiconductor is suitable for many optoelectronic 

applications (Kusunoki et al., 2015). This method favors large scale production of 

graphene but a high production cost and difficulties in controlling the thickness of 

epitaxial graphene which is very crucial for electronic performance are the major 

drawbacks (Norimatsu & Kusunoki, 2014). Finally, chemical vapor deposition (CVD) 

has been widely used to produce monolayer or few-layer graphene. CVD growth 

techniques are widely employed to grow graphene due to their high compatibility with 

the current complementary metal-oxide semiconductor (CMOS) technology. There are 

various types of CVD processes: thermal (T-CVD), plasma enhanced (PECVD), catalytic 

(Cat-CVD) and etc. (Losurdo, Giangregorio, Capezzuto, & Bruno, 2011; Othman et al., 

2015; Stojanović, Woehrl, & Buck, 2012). The types of CVD process to be employed 

depends on the production cost, graphene quality, thickness and the structure needed. 

Transition metals such as nickel (Ni), copper (Cu), ruthenium (Ru) and gold (Au) have 

been used as metal substrate but Cu is the most commonly studied metal (Mattevi et al., 

2011). In general, the formation of graphene by CVD technique was carried out by 

introducing carbon sources such as methane (CH4) diluted with hydrogen (H2) to be 

dissociated at a high temperature of 900-1,000 °C or by plasma means (Mattevi et al., 
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2011). The carbon sources will then decompose to produce active carbon species to be 

deposited as a graphene layer. 

All types of production methods produce graphene with surface defects and 

oxygen-bearing groups but these defects favor further surface modification with chemical 

or biomolecules (Pumera, 2011). The chemical modification of graphene is important to 

prevent aggregation in water and after pre-functionalization, its surface can be easily 

modified.  

2.4.1.2 Graphene-based nanocomposite for enhanced sensing properties    

rGO contains oxygen-containing functional groups and a certain number of 

defects. This defect allows rapid electron transfer as compared to pristine graphene 

(Gupta & Irihamye, 2015). Thus, rGO is the most suitable material to be exploited for the 

fabrication of electrochemical sensors. The presence of oxygen-bearing groups on rGO 

also facilitates the adsorption and pre-concentration of redox species or targeted analytes 

and effectively catalyst redox reaction during the electrochemical process (Gupta & 

Irihamye, 2015). On the other hand, agglomeration of rGO in most solvents limits its 

usage in electrochemical sensing applications (Pandikumar, Thien, et al., 2014). The 

agglomeration happens due to the reformation of π-π stacking interactions and strong van 

der Waals forces of attraction when dispersed in any solvents (Ambrosi et al., 2016). The 

aggregation of graphene makes the graphene-based working electrode fabrication process 

difficult because a homogeneously dispersed thin film of graphene is often needed for an 

improved electron transfer (Suvarnaphaet & Pechprasarn, 2017). Most importantly, the 

agglomeration of graphene reduces the overall active surface area available for the 

interaction with bio-recognition elements (Tien, Huang, Yang, Wang, & Ma, 2011). 

Therefore, many types of research have been extensively developed for the synthesis of 

graphene-based nanocomposites for better sensing properties (Jin, Nackashi, Lu, Kittrell, 
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& Tour, 2010; Ramos Ferrer, Mace, Thomas, & Jeon, 2017). Graphene-based 

nanocomposites significantly improvise graphene’s catalytic properties, 

biocompatibility, electrical and electrochemical properties (Artiles, Rout, & Fisher, 2011; 

Bich Ha & Van Hieu, 2016; Dhand, Rhee, Ju Kim, & Ho Jung, 2013). To date, many 

graphene-based nanocomposites coupled with nanomaterials such as metal/metal oxides, 

polymers and organic dyes have been successfully synthesized (Bai, Chen, & Shiu, 2013; 

Lu et al., 2010; Shan et al., 2010). The presence of reactive oxygen groups of rGO 

facilitates the functionalization of graphene with nanocomposite and functional 

molecules (McCallion, Burthem, Rees-Unwin, Golovanov, & Pluen, 2016; Yang, Asiri, 

et al., 2013). Chemical reduction methods were often employed for the preparation of 

nanocomposites because of its capability to produce a high yield of product and facile 

decoration of nanostructure materials on the graphene surface (Yin, Shah, Chhowalla, & 

Lee, 2015). The integration of nanocomposites with graphene usually happens through 

chemical bonding between the functional group of composite’s molecules and carbon-

based structure or by forming electrostatic interactions, π-π or/and van der Waals forces 

of attractions (Bhattacharya, 2016; Georgakilas et al., 2012).  

A variety of inorganic nanoparticles and metal/metal oxides have been utilized for 

the synthesis of graphene nanoparticles nanocomposite. These include metals such as, Au 

(Thavanathan, Huang, & Thong, 2014), Ag (Tien et al., 2011), Pt (Kurt, Durmus, & 

Durmus, 2016), Pd (Kurt et al., 2016), Fe (Zhang, Sun, et al., 2016), Sn (Hidong, 

Otgonbayar, Altaibaatar, & Jae, 2016), Cu (Sevim et al., 2016) and Co (Hatamie et al., 

2016), as well as metal oxides such as Fe2O3 (Radhakrishnan, Krishnamoorthy, Sekar, 

Wilson, & Kim, 2014), TiO2 (Morales-Torres, Pastrana-Martínez, Figueiredo, Faria, & 

Silva, 2012), ZnO (Marlinda et al., 2012), Cu2O (Zhang, Hu, Guan, & Luo, 2016), NiO 

(Jiang et al., 2013), SnO2 (Nurzulaikha et al., 2015), Co3O4 (Shahid et al., 2015), MnO2 

(Yu, Hu, et al., 2011) and Al2O3 (Zheng et al., 2014). The incorporation of inorganic 
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nanoparticles enhances the electronic conduction of graphene due to the synergistic effect 

between graphene and inorganic nanoparticles which elevates its overall 

biocompatibility, electrical and electronic properties (Khan et al., 2015). Besides that, 

metal/metal oxides also act as a stabilizer to prevent the aggregation of graphene sheets.   

The combination of polymers with graphene for the preparation of 

electrochemical sensors opens up exciting areas of research due to their mechanical 

stability, biocompatibility, improved redox behavior and excellent selectivity with 

enhanced sensitivity (Salavagione, Diez-Pascual, Lazaro, Vera, & Gomez-Fatou, 2014). 

The graphene-polymer nanocomposites have been popularly produced using “grafting to” 

or “grafting from” routes which involve the synthesis of a polymer with the aid of reactive 

groups or radical precursor that is attached to the surface of graphene and growing 

polymers on graphene’s surface via in-situ polymerizations of monomers, respectively. 

Besides, graphene-polymer composites also can be produced via covalent or non-covalent 

functionalization (Layek & Nandi, 2013). Covalent functionalization involves the 

interaction between oxygen-containing groups of graphene and the functional groups of 

the polymers such as –NH2 and –OH. For instance, GO-polyvinyl alcohol composite was 

prepared using esterification reaction between –COOH groups of GO and the –OH groups 

in polyvinyl alcohol (Layek & Nandi, 2013). Hence, the non-covalent functionalization 

of graphene-polymers utilizes π-π stacking or electrostatic interaction (Bai et al., 2013). 

Polyethylene glycol, polyvinyl alcohol, polyvinyl pyrrolidone, polyaniline and chitosan 

are the most commonly used polymers to be grafted on graphene (Teodorescu & Bercea, 

2015; Vikas, 2014; Yang, Tu, Li, Shang, & Tao, 2010).  

The utilization of graphene-based organic dye nanocomposite serves as a novel 

approach in the fabrication of electrochemical sensors (Bai et al., 2013). The usage of 

organic dyes offers a label-free detection of biological targets (Guo, Guo, & Dong, 2013). 
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The organic dyes usually consist of a planar aromatic structure that can interact non-

covalently with the graphene sheet through π-π stacking. The synergistic non-covalent 

charge transfer and π-π stacking forces of attraction between graphene and electroactive 

dyes improve the overall electrochemical properties and solubility of graphene in the 

water besides preserving its intrinsic properties (Guo, Guo, et al., 2013). For instance, 

Zhu et al. (Zhu, Luo, & Wang, 2012) developed a thionine-graphene nanocomposite 

modified gold electrode for electrochemical detection of DNA. Moreover, Guo et al. also 

reported the graphene nanosheets functionalized with two individual different aromatic 

organic dyes, Orange II and Azophloxine for electrochemical detection of protein and 

viral DNA, respectively (Guo, Guo, et al., 2013; Guo, Han, Guo, & Dong, 2013).  

The key importance of production graphene-based nanocomposites is to prevent 

its aggregation in solvents that helps to increase the overall surface area of the 

nanocomposite for the adsorption of a wider range of bio-recognition elements (Perreault, 

Fonseca de Faria, & Elimelech, 2015). The reaction between graphene and 

nanocomposites converts the carbon atoms from sp2 to sp3 hybridization and introduces 

a vast number of functional groups on the surface of graphene such as, -OH, -COOH, -

NO2, -C≡C and etc. feasible for further linkage or modification with biomolecules 

(Bekyarova et al., 2009) as shown in Figure 2.11.  
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Figure 2.11. Graphene-based nanocomposites can be functionalized with DNA’s, avidin-

biotin, aptamers, peptides, bacteria, cell, protein and small molecules through chemical 

conjugation or physical adsorption for biosensing applications (Wang, Li, Wang, Li, & 

Lin, 2011). 

 
2.5 Integration of graphene-based nanocomposites and aptamers in biosensors for 

foodborne bacteria detection 

2.5.1 Interaction of aptamer with targeted bacterial cell. 

There are many reports on the interaction of aptamer with bacterial DNA for an 

effective electrochemical detection (Akbari, Buntat, Afroozeh, Zeinalinezhad, & 

Nikoukar, 2015; Akhavan, Ghaderi, & Rahighi, 2012; Ma et al., 2014). However, the 

extraction of bacterial DNA can be time-consuming and hinders the rapid, direct and on-

site detection of pathogens present in food matrixes (Ahmed et al., 2014; Fang, Wu, Lu, 

& Zeng, 2014; Yun & K., 2016). Thus, significant research efforts are now focused to 

tailor the aptamers that can directly bind to whole-cell bacteria (Urmann, Arshavsky-

Graham, Walter, Scheper, & Segal, 2016; Zelada-Guillen, Sebastian-Avila, Blondeau, 

Univ
ers

iti 
Mala

ya



   

41 
 

Riu, & Rius, 2012). The surface antigens found on the cell envelopes of whole bacteria 

such as proteins, glycoproteins, lipopolysaccharides and peptidoglycan can act as targets 

for biorecognition (Ahmed et al., 2014). Thus, aptamers can be tailored to specifically 

bind on surface antigens. Aptamers that recognize bacterial cells have been used in 

biosensors devices allowing specific and rapid detection. In the presence of the bacterial 

cell, aptamer binds to its surface antigen through non-covalent interactions and undergo 

three-dimensional (3D) conformational changes (Sun et al., 2014). The presence of stem-

loops in the predicted secondary structures aptamers plays a vital role in the interaction 

of aptamers with their ligands in the bacterial cell wall (Marton, Cleto, Krieger, & 

Cardoso, 2016). The encapsulation of the targeted bacterial cells with an aptamer 

(aptamer-target complex) happens through stacking, shape complementarity, electrostatic 

interactions and hydrogen bonding as shown in Figure 2.12. Aptamers also bind to their 

target analytes by two different recognition events; (a) binding to their ligands and (b) 

binding to their Watson-Crick complementary strand (Abe & Ikebukuro, 2011; 

Zavyalova & Kopylov, 2018). The utilization of SELEX system enables the selection of 

aptamer that binds bacteria with high specificity and affinity (in the nanomolar or 

picomolar ranges) (Dong, Xu, Yong, Chu, & Wang, 2014). 

 

 

 

 

 

Figure 2.12. Schematic view of the aptamer molecular recognition principle (Reinemann 

& Strehlitz, 2014) 
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 However, there are only a few reports on the aptamers developed against whole-

cell targets. For instance, Marton et al. have isolated four different types of aptamers that 

specifically bind to E. coli cells (ATCC generic strain 25922) through the SELEX process 

(Marton et al., 2016). For the detection of Salmonella, Joshi et al. (Joshi et al., 2009) have 

reported DNA aptamers for outer membrane protein (OmpC) of S. Typhimurium. This 

study was also verified by Zifruddin and Thong (2018). This finding enables the detection 

of foodborne pathogens directly from complex food and environmental samples 

2.5.2 Graphene-based nanocomposite electrochemical aptasensor for foodborne 

pathogen detection.  

In recent years, graphene-based nanocomposite has been widely applied in 

impedimetric biosensors as a transducer material. Impedimetric and conductometric 

biosensors measure the conductivity of the solution/medium or analyses the electron 

transfer at the electrode-electrolyte interface which can be expressed as an impedimetric 

response. Graphene-based nanocomposite has been found to provide added values such 

as (1) efficient electron-transfer properties, (2) alternative flexible solid substrate, (3) 

reinforced mechanical strength, (4) functionalized surface for easy immobilization of 

biorecognition element and (5) increases the binding affinity between metal nanoparticles 

and solid substrate.  

A Salmonella aptasensor was prepared on a glassy carbon electrode modified with 

GO and gold nanoparticles by non-covalent immobilization of thiolated ssDNA specific 

to Salmonella outer membrane proteins (Ma et al., 2014). The ssDNA sequence used in 

the reported study was previously reported (Joshi et al., 2009). The sensor quantified 

Salmonella based on the resistance between the electrode and electrolyte. The impedance 

increases with increasing bacterial concentration as more bacterial cells bind to the 

electrode surface. This detection system was reported to produce a detection limit of 3.0 
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X 100 cfu mL-1 and the low detection limit was attributed to the binding specificity of the 

aptamer and the electron-transfer ability of the GO and gold nanoparticle composite. In 

another study, a gold nanoparticle and reduced graphene oxide (Au-NP/rGO) 

nanocomposite was utilized as an electroconductive immobilization matrix for the 

immobilization of thiolated aptamers specific to Staph. aureus (Jia et al., 2014). The Au-

NP/rGO/glassy carbon sensor was utilized to quantify Staph. aureus in the concentration 

range from 100 to 106 cfu mL-1 and gave a detection limit of 101 cfu mL-1. The authors 

attributed the increase in sensitivity and stability of the Au-NP/rGO/glassy carbon 

biosensor to the binding affinity between GCE and rGO, in comparison to direct 

deposition of Au-NP on bare glassy carbon electrode. Hybrid carbon nanomaterials have 

also been considered as an alternative sensing platform. The hybridization of carbon 

nanomaterials, for instance, CNTs and graphene may enhance the detection performance 

by combining the desirable qualities of both materials. For instance, an amino-modified 

aptamer specific to Salmonella was attached to a reduced GO and MWCNT 

nanocomposite using EDC-NHS chemistry (Jia et al., 2016). This Salmonella aptasensor 

demonstrated a detection limit of 2.5 X 101 cfu mL-1. The authors attributed the wrapping 

of MWCNTs with reduced GO improved the electrochemical performance of the 

composite due to synergistic effects between MWCNT and reduced GO. The potential 

application of graphene-based biosensors for bacterial detection was discussed in Table 

2.2. 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) are common 

analytical techniques used to measure the changes in current or potential, although square 

wave voltammetry has also been considered for the evaluation due to its sensitivity. 

Amperometric detection has been used in the detection of DNA (genosensors) as well as 

for whole-cell bacteria. Many researchers have developed electrochemical label-free 

aptasensors for instance, the detection of S. Typhimurium was carried out with an 

Univ
ers

iti 
Mala

ya



   

44 
 

aptasensor prepared using reduced GO-chitosan (rGO-CHI) composite as the conductive 

substrate (Dinshaw et al., 2017). The aptamer was functionalized with a thiol group and 

immobilized on rGO-CHI using glutaraldehyde as the crosslinker. This aptasensor 

demonstrated a detection limit of 101 cfu mL-1 in raw chicken samples spiked with S. 

Typhimurium. In the selectivity test, the aptasensor was found to specifically detect S. 

Typhimurium and did not give any response to non-Salmonella bacteria (Staph. aureus, 

Klebsiella pneumoniae and E. coli).  

2.5 Summary 

In this chapter, the synthesis, fabrication and recent studies of graphene and 

graphene-based nanomaterials with possible applications in foodborne pathogen 

detections were reported. The utilization of different biorecognition elements such as 

antibody, DNA, and enzymes with their advantages and disadvantages were also 

discussed. Overall, the type of sensor selected will depend on the type of application.  

The development of graphene based electrochemical biosensors is vital for rapid 

and sensitive detections for foodborne pathogens in food safety field. Despite the 

excellent sensitivity and specificity of the traditional methods of detecting bioagents 

involves tedious process and multi-step procedures that limits their execution at point -

of-care. Moreover, the detection of low concentration targets in complex biological media 

can be challenging. Graphene is a most commonly exploited 2D materials with 

outstanding physio-chemical properties such as large surface area, zero-bandgap 

semiconductor, high tensile strength, biocompatible, and ultra-high charge mobility. The 

synthesis method of graphene and graphene-based nanomaterials is important in the 

electrochemistry of the biosensing applications. A well-maintained graphene property 

throughout the synthesis and fabrication process preserves its electronic properties, 

biocompatibility and increases the active sites for biomolecule immobilization and 
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recognition. The integration of graphene in electronic biosensors giving an ultra-high 

sensitivity and rapid detection of foodborne pathogens which is very promising. Besides 

detection limit, the economical and facile approach for sensor design and fabrication is 

another important element in the field of biosensing.  

Although graphene is an excellent material in the field of biosensing for foodborne 

pathogen detection, better understanding of the physics and chemistry at the surface of 

graphene is crucial to ensure proper orientation of biorecognition elements which gives 

highly sensitive detection. In addition, cost-effective and reproducible production and 

miniaturization of compact electrochemical biosensors is an emergent need for a reliable 

diagnostic purpose. Cost-effective biosensors increase their availability in rural areas for 

emergency uses and miniaturization of the sensing device allow rapid and on-site 

detection of foodborne pathogens. These factors limit the translation of biosensors into 

industrial production and commercialization. Methods for producing reproducible sensor 

batches and scaling-up to mass production, as well as integration of biosensors into 

automated and miniaturized systems are yet to be developed. However, the toxicity and 

biocompatibility need to be evaluated for a guaranteed performance and safety of the 

sensors. 
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Table 2.2: Overview of the evaluation and properties of graphene-based aptasensors for foodborne pathogen detection 

Analyte Sensor 
type 

Biorecognition 
element 

Immobilizatio
n technique 

Transducer 
material 

Detection 
mode 

Detection limit Ref. 

Staph. aureus Aptasenso
r 

Staph. aureus 
binding aptamer 

Non-covalent 
binding 

rGO-gold 
nanoparticles 

Impedimetry 1.0 X 101 cfu 
mL-1 

(Jia et al., 
2014) 

Salmonella Aptasenso
r 

Thiolated 
ssDNA specific 
to Salmonella 

Non-covalent 
binding 

GO-gold 
nanoparticles 

Impedimetry 3.0 X 100 cfu 
mL-1 

(Ma et al., 
2014) 

Salmonella 
ATCC 50761 

Aptasenso
r 

Amino-
modified 
aptamer specific 
to Salmonella 

EDC-NHS rGO-MWCNT 
nanocomposite 

Impedimetry 2.5 X 101 cfu 
mL-1 

(Jia et al., 
2016) 

Staphylococc
us aureus. 

Aptasenso
r 

Staph. aureus 
binding aptamer 

Non-covalent 
binding 

rGO Potentiometry 1.0 X 100 cfu 
mL-1 

(Hernánde
z et al., 
2014) 

Salmonella 
Typhimurium 

Aptasenso
r 

Thiol-modified 
Salmonella 
aptamer 

Non-covalent 
binding 

rGO-chitosan 
nanocomposite 

Amperometry 1.0 X 101 cfu 
mL-1 

(Dinshaw 
et al., 
2017) 

Salmonella 
Typhimurium 

Aptasenso
r 

Aptamer-gold 
nanoparticles  

Covalent rGO- UiO-67 metal Amperometry 5.0 X 100 cfu 
mL-1 

(Dai et al., 
2019) 

Salmonella 
Typhimurium 

Aptasenso
r 

Salmonella 
aptamer 

Non-covalent 
binding 

rGO-carbon 
nanotube 

Amperometry 1.0 X 101 cfu 
mL-1 

(Appaturi 
et al., 
2020) 

Cronobacter 
sakazakii 

Aptasenso
r 

C. sakazakii 
aptamer 

Non-covalent 
binding 

rGO Amperometry 7.0 X 100 cfu 
mL-1 

(Peng et 
al., 2019) 

Salmonella 
spp 

Aptasenso
r 

invA specific 
apatmer 

Covalent rGO-polypyrrole Amperometry 8.0 X 100 cfu 
mL-1 

(Ye et al., 
2019) 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

 

3.1 Reagents and chemicals  

The reagents and chemicals used in this work are summarized in Table 3.1. The 

chemicals and reagents were used with the mentioned purity (%) and sources. 

Table 3.1: List of reagents and chemicals 

Chemicals Formula Purity (%) Brand 
Graphite flakes  - 90 Ashbury Inc 
Sulfuric acid  H2SO4 95∼97 Merck 
Phosphoric acid  H3PO4 85 Merck 
Hydrazine hydrate N2H4 80 Sigma-Aldrich 
Hydrochloric acid  HCl 37 Merck 
Ammonia solution  NH3 25 Merck 
Hydrogen peroxide  H2O2 30 SYSTERM 

Potassium permanganate  KMnO4 - R&M 
Chemicals 

L (+)-Ascorbic acid  C6H8O6 99 Sigma-Aldrich 
Azophloxine (AP) C18H13N3Na2O8S2 - Sigma-Aldrich 
Titanium (IV) isopropoxide 
(TTIP) Ti [OCH(CH3)2]4 97 Sigma-Aldrich 

Potassium chloride KCl 99 Sigma-Aldrich 
10X Phosphate buffer 
solution (PBS) - - Biowest 

Tris-Hydrochloride (Tris–
HCl) 

NH2C(CH2OH)3. 
HCl - Sigma-Aldrich 

Sodium chloride NaCl 99.5 Sigma-Aldrich 
Magnesium chloride MgCl2 98 Sigma-Aldrich 
Potassium Ferricyanide K3Fe (CN)6 97 Sigma-Aldrich 
Triethanolamine (TEA) (HOCH2CH2)3N 99 Sigma-Aldrich 
Nafion C9HF17O5S - Ion-Power Inc. 
Luria-Bertani (LB) Agar - - Thermo-Fisher 

Brilliance Salmonella AgarTM - - Thermo-Fisher 
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3.1.1 Aptamer preparation and bacterial culturing  

DNA aptamer sequences were purchased from First Base (Malaysia) adapted from 

Joshi et al. (5’-TATGGCGGCGTCACCCGACGGGGACTTGACATTATGACAG-3’) 

(Joshi et al., 2009). This DNA oligomers were dissolved in 37 µL of deionized distilled 

water to obtain the stock concentration of 100 µM. The bacterial cultures used in this 

study were obtained from the culture collection of the Biomedical Science Laboratory, 

University of Malaya, Malaysia. S. Typhimurium, Escherichia coli, Shigella dysenteriae, 

V.  cholerae, Staphylococcus aureus and K. pneumoniae are the bacterial cultures used. 

The cultures were kept viable in LB agar plants and slants. All the bacterial cultures were 

checked for purity according to standard microbiological procedures before use. 

3.2 Sample preparation 

3.2.1 Preparation of Graphene Oxide (GO) 

In the present study, GO was prepared from graphite powder using the modified 

Hummer’s method (Hummers & Offeman, 1958) as illustrated in Figure 3.1. Briefly, 150 

mL of an acid mixture consisting of 115.5 mL of H2SO4 and 35.5 mL of H3PO4 was 

prepared. Then, 5 mg of graphite powder was added into the mixture with continuous 

stirring in an ice bath for 1 h. Next, 30 mg of KMnO4 was added gradually and the mixture 

solution was left to oxidize whilst being continuously stirred for 3 days to obtain a 

yellowish-brown paste. This paste was then diluted with 250 mL of distilled water 

containing 10 mL of H2O2 followed by centrifugation. The pH of the solution was 

optimized by continuous washing and centrifuging the paste with 1 M HCl for three times 

and water for six times to obtain GO dispersion in light brown color. The solution was 

centrifuged at 12,000 rpm for 10 min to obtained GO with neutral pH. 
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Figure 3.1. Schematic representation for the synthesis of GO using simplified Hummers’ 

method. 

3.2.2 Preparation of rGO and rGO-nanocomposites 

The rGO and rGO-nanocomposites were synthesized using a chemical reduction 

method using hydrazine hydrate (N2H4) as a reducing agent. Minimal volume of N2H4 

was used to mass-produce the materials to cope with the toxicity problem caused by this 

reducing agent. The whole process of rGO preparation was schematically depicted in 

Figure 3.2.  

3.2.2.1 Synthesis of rGO 

The rGO was prepared as follows. Briefly, 12.5 mg of GO was dispersed in 10 

mL of distilled water (1.25 mg mL-1) and sonicated for 1 h. Then, 100 µL of NH3 solution 

was added to the GO solution and stirred for 10 min to adjust the pH. After that, 10 µL 

was added to the reaction mixture and shake vigorously. Finally, the GO mixture was 

refluxed at 80 °C. Three samples were prepared with different reduction durations (6, 12 

and 24 h) and labeled as rGO (6 h), rGO (12 h) and rGO (24 h). The final product was 
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obtained through filtration with a nylon membrane (0.22 µm). The rGO powder obtained 

by filtration can be readily dispersed in ethanol by ultra-sonication to obtain a series of 

concentrations ranging from 1 mg mL-1 to 8 mg mL-1.  

 

Figure 3.2. The overall process of the rGO preparation from Graphite. 

3.2.2.2 Synthesis of rGO-AP nanocomposite 

The protocol for the rGO-AP synthesis was adapted from Guo et al. (Guo, Guo, 

et al., 2013). Firstly, 10 mg of AP powder was dissolved in 10 mL of homogenous stable 

GO dispersion (1.25 mg mL-1) in water. This suspension was stirred for 30 min at room 

temperature. Then, 100 µL of ammonia solution was added to the mixture for pH 

adjustment. The reduction of GO was aided by the addition of 10 µL of hydrazine solution 

into the mixture. After vigorous shaking for several min, the mixture was refluxed for 12 

h at 80 °C followed by filtration of the product with a nylon membrane (0.22 µm). The 

preparation procedure was repeated to obtain different content of AP dye in the composite 

material to understand the effect of AP dye concentration on its electrochemical property. 

The final products (nanocomposites) were labeled as rGO-AP@0.002M, rGO-

AP@0.005M and rGO-AP@0.01M. The rGO-AP nanocomposite obtained by filtration 

can be readily dispersed in water by ultra-sonication to obtain a series of concentrations 

ranging from 1 mg mL-1 to 8 mg mL-1.  
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3.2.2.3 Synthesis of rGO-Titanium dioxide (TiO2) nanocomposite 

rGO-TiO2 was synthesized using a similar chemical reduction method. Firstly, 

750 µL of TTIP was added into 375 µL of TEA to produce Titanium (IV) ionic (Ti4
+) 

solution. To form rGO-TiO2, 12.5 mg of GO was dispersed in 10 mL of distilled water 

(1.25 mg mL-1) for 1 h using an ultrasound bath sonicator. After that, 1 mL of Ti4
+ solution 

was added to the nanocomposite, and the resultant mixture was stirred for 1 h at room 

temperature. Then, 100 µL of ammonia solution was added to the mixture for pH 

adjustment followed by the addition of 10 µL of hydrazine solution to aid the reduction 

of GO functionalized with TiO2. After vigorous shaking for several min, the mixture was 

refluxed for 12 h at 80 °C. The product was then filtered using a nylon membrane (0.22 

µm) to obtain rGO-TiO2 nanocomposite. The preparation procedure was repeated to 

obtain a different concentration of TiO2 in the composite material to understand the effect 

of TiO2 concentration on its electrochemical property. The final product obtained was 

labeled as rGO-TiO2@0.2M, rGO-TiO2@0.4M and rGO-TiO2@0.6M. The product 

obtained was then dispersed in water by ultra-sonication to obtain a series of 

concentrations ranging from 1 mg mL-1 to 9 mg mL-1. 

3.2.2.4 Synthesis of rGO-Nafion (Nf) nanocomposite 

Firstly, to synthesize rGO-Nf, 10 mg of Nafion powder was added to the 10 mL 

of homogenous stable GO dispersion (1.25 mg mL-1) in water and stirred for 30 min at 

room temperature. Then, 100 µL of ammonia solution was added to the mixture for pH 

adjustment. The reduction of GO was aided by the addition of 10 µL of hydrazine solution 

into the mixture. After vigorous shaking for several min, the mixture was refluxed for 12 

h at 80 °C followed by filtration of the product with a nylon membrane (0.22 µm). The 

preparation procedure was repeated to obtain a different concentration of Nf in the 

composite material to understand the effect of Nf concentration on its electrochemical 
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property. The final products (nanocomposites) were labeled as rGO-Nf@0.002M, rGO-

Nf@0.005M and rGO-Nf@0.01M. The rGO-Nf nanocomposite obtained by filtration can 

be readily dispersed in water by ultra-sonication to obtain a series of concentration 

ranging from 1 mg mL-1 to 8 mg mL-1.  

3.3 Characterization techniques 

 The rGO and rGO nanocomposites samples synthesized were characterized using 

different methods to study and understand the physico-chemical and their applications. 

3.3.1 Fourier transform infrared (FTIR) spectroscopy 

FTIR spectroscopy is a useful analytical technique to identify the types of bonding 

present within the sample. FTIR spectroscopy involves the transmission of infrared (IR) 

radiation through the sample, whereby frequencies that are resonant to the chemical bond 

within the sample will be absorbed. Therefore, the FTIR spectrum represents the 

molecular transmission of the sample. In this study, FTIR spectroscopy (Bruker IFS 

66V/S, USA) was used to determine the successful functionalization of the formations of 

rGO and its nanocomposites. The sample was mixed with using potassium bromide (KBr) 

pellets at a weight ratio of sample: KBr = 1:10. All the samples were run in the spectral 

region range of 400-4000 cm-1. 

3.3.2 X-ray diffraction (XRD) 

 The crystallographic information of the sample in this work was determined using 

XRD testing, Siemens D5000 with monochromatic Cu Kα radiation (λ = 1.5406 Å) at a 

scan rate of 0.02° s-1 operated at 40 kV and 40 mA scanning from 5°-80°. PAN analytical 

X’pert Highscore software was used to analyze the atomic structure. 
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3.3.3 Raman and Photoluminescence (PL) spectroscopy  

 Raman spectroscopy is a powerful technique for the characterization of carbon-

based materials. Photons from the laser light will hit the sample surface and undergo 

absorption, reflection, or scattering and provides us information including rotational, 

vibrational and frequency transitions of the samples. In this study, Raman spectra were 

obtained using a Renishaw inVia Raman microscope, UK with a laser emitting at 514 nm. 

The measurement was carried out in a scan region ranging from 100-3000 cm-1. The 

samples with concentration 1 mg/mL were drop cast on a cleaned glass slide and dried in 

an oven overnight before Raman characterization. A similar procedure was repeated for 

the PL analysis except the lens was changed to 325 nm. The bandgap energy of the 

materials was calculated using Planck’s Equation: 

𝐸 (𝑒𝑉) = ℎ × 𝐶 ÷ 𝜆 

where, E= energy, λ = wavelength, h = Plank’s constant (6.63 × 10-34 J·s), C = speed of 

light 3.0 x 108 m/s. 

3.3.4 Electron microscopy 

Surface structure and morphology of as-prepared samples were characterized 

using a scanning electron microscope (SEM, FEI, Quanta FEG 650) at a working distance 

around 5 mm and a transmission electron microscope (TEM, Carl Zeiss, LEO LIBRA 

120). The powder samples were placed on a carbon tape attached to the stub, which was 

used as the substrates for FESEM characterization. For TEM, the samples were drop-

casted on a copper grid and dried in an oven overnight before the characterization.  

3.4 Electrochemical cell set-up  

The electrochemical measurements were carried out at room temperature by using 

a PGSTAT302N electrochemical workstation supplied by Metrohm AG, Switzerland and 
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controlled by Nova Autolab software. A conventional three-electrode electrochemical 

cell was used, consisting of a platinum wire as counter electrode, silver/silver chloride 

(Ag/AgCl) as a reference electrode and glassy carbon electrode (GCE, dia. 3mm) as a 

working electrode (WE). The platinum working electrode is responsible to apply current 

to the electrolyte solution to balance the charge added or removed at the working 

electrode whereas, Ag/AgCl was used to measure the potential of the working electrode. 

All electrochemical studies were carried out by flowing N2 gas atmosphere. PBS 10X 

(137 mM of Sodium chloride, 2.7 mM of potassium chloride and 10 mM of phosphate 

buffer, pH 7.4 at 25 °C), tris-hydrochloric acid buffer (20 mM L-1 of Tris–HCl, 0.1 mol 

L-1 of sodium chloride and 5 mM L-1 of magnesium chloride, pH 7.4 at 25 °C) or Zobell’s 

solution [3mM Potassium Ferricyanide, K3Fe(CN)6 and 0.1 M Potassium Chloride, KCl] 

were used as an electrolyte depending on the different analytical techniques involved. A 

schematic diagram showing the electrochemical cell setup was presented in Figure 3.3. 

 

Figure 3.3. Schematic representation of the electrochemical cell setup. 

 
From the calibration plot of the current response versus the concentration of a 

targeted analyte, the values for a limit of detection (LOD) and Limit of Quantification 

(LOQ) were calculated. LOD can be described as the lowest concentration of an analyte 

is a sample that can be detected and LOQ is the lowest concentration of an analyte in a 

Univ
ers

iti 
Mala

ya



   

55 

sample that can be determined with acceptable precision and accuracy under the stated 

conditions of the test. The LOD and LOQ were estimated based on Equations (1) and (2) 

as follows: 

(1) 𝐿𝑖𝑚𝑖𝑡 𝑜𝑓 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 (𝐿𝑂𝐷) =
𝐹𝜎

𝑚
 

(2) 𝐿𝑖𝑚𝑖𝑡 𝑜𝑓 𝑄𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (𝐿𝑂𝑄) =
𝐹𝜎

𝑚
 

where F is the signal-to-noise ratio 3 and 10 for LOD and LOQ, respectively, σ is the 

residual standard deviation and m is the slope of the regression line. 

3.5 Fabrication of the electrodes 

The rGO and rGO-based nanocomposite materials were fabricated on the surface 

of the GCE (WE) to study their electrochemical properties using the electrochemical 

analytical method.  

3.5.1 Preparation of rGO modified electrodes. 

Prior to each experiment, the GCE was carefully polished with 0.05 μm alumina 

powder, followed by rinsing thoroughly with distilled water and the electrode was 

sonicated in acetone/ethanol (1:1, v/v) mixture for 3 min and rinsed again with distilled 

water. The electrodes were dried at room temperature. After the cleaning process, 10 µL 

of rGO solution ranging from different concentrations (1 to 10 mg mL-1) were dropped 

cast onto the surface of GCE electrodes and air-dried to form rGO/GCE.  

3.5.2 Preparation of rGO-based nanocomposite modified electrodes 

The GCE was carefully polished with 0.05 μm alumina powder, followed by 

rinsing thoroughly with distilled water and the electrode was sonicated in acetone/ethanol 

(1:1, v/v) mixture for 3 min and rinsed again with distilled water. The electrodes were 

dried at room temperature. After the cleaning process, 10 µL of rGO-nanocomposites 
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(AP, TiO2, Fe3O4) solution ranging from different concentrations (1 to 10 mg mL-1) were 

dropped cast onto the surface of GCE electrodes and air-dried to form rGO-

nanocomposite/GCE.  

3.6 Electrochemical sensing techniques 

 There are many sensing techniques that can be employed in an electrochemical 

sensor to detect targeted analyte even at low concentration. In this study, voltammetric 

and impedimetric techniques involving cyclic voltammetry (CV), differential pulse 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) techniques. A 

suitable type of analytical technique was chosen based on its sensitivity for the detection 

of analytes at the surface of WE. 

 

3.6.1 Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) 

CV and EIS were used to understand the electrochemical behavior of the rGO and 

rGO-nanocomposite modified electrodes. CV was applied to study a reversible redox 

couple reaction which involves potential sweep at the WE immersed in an electrolyte 

solution that results in measurable currents. During the potential sweeps, a forward and 

reserve scan at a fixed potential will measure the oxidation and reduction current peaks. 

The overall conductivity of the WE can be accessed through the CV. In this study, the 

CV was conducted in Zobell’s solution at a scan rate of 100 mV.s-1 and the potential scan 

was cycled at different ranges depending on the type of fabricated electrodes. The half-

reaction of Zobell’s solution takes place at WE as follow:  

𝐹𝑒(𝐶𝑁)6
3− + 𝑒 → 𝐹𝑒(𝐶𝑁)6

4−  

A series of scan rates were used to measure redox peaks to ensure surface-

confined redox reaction at the WE. Surface-confined reactions are considered as a charge 
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transfer reaction in which both the reactant and the product are strongly adsorbed on the 

electrode surface.   

EIS is used to monitor the impedance change at the electrode-solution interface 

due to a change in electrical properties at the electrode surface. In this study, EIS 

measurements were performed within the frequency range of 0.1–103 Hz with a single 

sine wave type at room temperature. The resistance of the electrolyte solution (Rs), 

Warburg impedance (Zw) and charge transfer resistance (Rct) of the electrical circuit 

were modeled using the Nova software. The EIS measurement was also done using 

Zobell’s solution. The Randles equivalent circuit model employed as illustrated below 

(Figure 3.4): 

 

Figure 3.4. The Randles equivalent circuit model (left) and Nyquist plot of EIS (right). 

where RS is the resistance of the solution, Rct is the electron transfer resistance 

and a Warburg element (Zw) was connected to a capacitor (Cdl) in a parallel circuit. The 

expression for Zw is composed of a real and an imaginary part measured at different 

frequencies which can be reflected using the Nyquist plot.  

3.6.2 Differential Pulse Voltammetry (DPV) 

DPV is one of the pulse voltammetry techniques that are highly sensitive to detect 

analytes at very low concentrations. DPV is also more sensitive towards oxidation or 

reduction currents (faradaic currents) since it permits discriminating charging 
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(capacitance) current. In this technique, the end of the current of the pulse (I1) and just 

before pulse application (I2) is measured, using pulses superimposed on a slowly changing 

base potential at changing amplitude (10 to 100mV). The difference between the two 

currents (ΔI = I2−I1) is plotted against base potential and leads to a voltammogram with a 

peak-shaped waveform as shown in Figure 3.5.  

 

 

 
Figure 3.5. The voltammogram obtained through DPV measurement 

 
The Ep is referring to the target analyte’s peak position. The height of the peak (IP, 

faradaic response current peak) is directly proportional to the concentration of the analyte. 

The sensitivity and lowest detection limit can be achieved by optimizing several 

parameters including the modulation amplitude, step potential and step width. In this 

study, the following parameters were applied for the DPV measurements, pulse 

amplitude: 0.025 V, pulse width: 0.05 s and pulse period: 0.05 s. 

3.7 The analytical performance of the rGO/GCE and rGO-nanocomposites/GCE 

electrodes 

The relationship between the different types of materials and sensor performance 

was investigated. The electrochemical determination of targeted analytes was studied 
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using the amperometric technique. The parameters that affect the sensing performance of 

the electrodes were optimized to exhibit a good sensitivity and become highly stable and 

reproducible for the repetitive experiments. The schematic diagram of the fabrication and 

electrochemical detection of rGO-nanocomposites electrodes as illustrated in Figure 3.6 

to Figure 3.8.  

3.7.1 Electrochemical detection of Ascorbic Acid (AA) 

The electrochemical properties of the rGO/GCE modified electrodes were 

characterized by using CV and electrochemical impedance spectroscopy (EIS). CV 

curves were recorded for the different modified electrodes in the presence of AA to 

determine the best sensor electrode for the electrochemical detection of AA. The CV 

characteristics of bare GCE, GO/GCE and three different rGO/GCE modified electrodes 

were recorded in a 0.1 M PBS (pH 6.5) solution containing 100 μM AA at a scan rate of 

100 mV/s. The most conductive rGO/GCE electrodes were chosen to study the sensitivity 

test using DPV in 10X PBS (pH 7.0). The electrode was tested against different types of 

AA concentrations ranging from (10 μM to 100 μM).  In this study, possible interferences 

from some co-existing compounds such as lactose, fructose, sucrose and hydrogen 

peroxide were chosen to evaluate.  

3.7.2 Electrochemical detection of the bacteria 

The GCE was cleaned with 0.05 µm alumina powder and sonicated with acetone 

and water prior to use. Then, 10 µL of different concentration of the rGO-nanocomposites 

solution was dropped onto the surface of GCE and allowed to dry in room temperature to 

form rGO-nanocomposite/GCE. To develop an optimized sensing platform, 1-10 µL of 

aptamer (ssDNA) concentrations ranging from 1 to 20 µmol L-1 was loaded on the rGO-

nanocomposite/GCE platform to study the optimal volume and concentration of aptamer. 

Univ
ers

iti 
Mala

ya



   

60 

The electrodes were then air-dried to obtain ssDNA/rGO-nanocomposite/GCE. This 

sensing platform was stored at 4 °C until use.  

 

Figure 3.6. Schematic diagram of the approach for the fabrication of rGO-AP and 

electrochemical detection of bacteria. 

 

Figure 3.7. Schematic diagram of the approach for the fabrication of rGO-TiO2 and 

electrochemical detection of bacteria 
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Figure 3.8. Schematic diagram of the approach for the fabrication of rGO-Nf and 

electrochemical detection of bacteria 

3.7.2.1 Sensitivity and selectivity test 

To study the sensitivity and detection limit of the sensing platform, DPV study 

was conducted in Zobell’s or Tris-HCL solutions depending on the sensing platform 

involved, with controlled instrumental parameters (pulse amplitude: 0.025 V, pulse 

width: 0.05 s and pulse period: 0.05 s). The ssDNA/ rGO-nanocomposites/GCE 

electrodes were incubated for 5 min with serially diluted S. Typhimurium (STM) 

suspensions of different concentrations ranging from 108 –101 cfu mL-1 for varying 

duration (1 min to 20 min). The selectivity of aptamer was also studied with different 

types of non-Salmonella bacteria at a concentration of 102 cfu mL-1 namely V. cholerae, 

Sh. dysenteriae, E. coli, K. pneumoniae and Staph. aureus. The DPV was collected for all 

types of bacteria. 

3.7.2.2 Real food sample analysis  

For the evaluation with food sample, raw chicken meat was artificially spiked with 

S. Typhimurium cultures (∼107–108 cfu mL-1) and then homogenized in Buffer Peptone 
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Water (BPW) (1:10, w/v) followed by incubation for 4 h at room temperature. Then, an 

aliquot of the homogenate was serially diluted in Tris-HCl buffer to obtain a bacterial 

suspension range of 104–101 cfu mL-1 and confirmed by viable plate count. The developed 

sensing bio-electrodes were incubated in the diluted bacterial suspension for 5 min 

followed by electrochemical detection. Food homogenates from non-spiked chicken meat 

were used as negative controls. All the tests were repeated three times to ensure the 

reproducibility of the results. The results obtained from sensitivity test were validated by 

PCR using oligonucleotides primers targeting the outer membrane protein C (ompC) of 

Salmonella as previously described by Alvarez et al. (Alvarez et al., 2004). The PCR 

reagents (25 µL) consisted of 1× green GoTaq Flexi Buffer, 1.5 mmol L-1 magnesium 

chloride (MgCl2), 280 µmol L-1 deoxynucleotide triphosphate (dNTP) mix, 0.4 µmol L-1 

of each primer pair, 1 U Taq DNA polymerase (Promega, Madison, USA) and 

approximately 100 ng of bacterial genomic DNA. The PCR assay was carried out in a 

thermal cycler using the following conditions: initial denaturation at 95 °C for 2 min; 

followed by 35 cycles of 95°C for 1 min, 55 °C for 1 min and 72 °C for 2 min; with a 

final extension step of 72 °C for 5 min and then held at 4 °C.  

3.8 Statistical analysis 

Analysis of variance (ANOVA) was used for all statistical analyses. Means, error 

bars and standard deviations were calculated based on triplicate tests. Differences 

between variables were tested for significance using a one-way analysis of variance 

(ANOVA) and significantly different means (p < 0.05) are separated using Tukey’s 

Honestly Significant Differences (HSD) test. 

3.9 Reproducibility and shelf-life studies 

The reproducibility of the rGO/GCE and rGO-nanocomposite/GCE modified 

electrode was evaluated by recording the CV curves at a series of freshly prepared five 
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electrodes in an electrolyte. DI water was used to rinse the electrode surface after each 

measurement. The shelf-life of the developed sensor was investigated by CV for a period 

of 8 weeks. The electrodes were stored at 4 ºC in a refrigerator when it was not in use. 

3.10 Validation of the experimental results with PCR reaction.  

The results obtained from the sensitivity test were validated by PCR using 

oligonucleotides primers targeting the outer membrane protein C (ompC) of Salmonella 

as previously described by Alvarez et al. (Alvarez et al., 2004). The PCR reagents (25 

µL) consisted of 1× green GoTaq Flexi Buffer, 1.5 mmol L-1 magnesium chloride 

(MgCl2), 280 µmol L-1 deoxynucleoside triphosphate (dNTP) mix, 0.4 µmol L-1 of each 

primer pair, 1 U Taq DNA polymerase (Promega, Madison, USA) and approximately 100 

ng of bacterial genomic DNA. The PCR assay was carried out in a thermal cycler using 

the following conditions: initial denaturation at 95 °C for 2 min; followed by 35 cycles of 

95°C for 1 min, 55 °C for 1 min and 72 °C for 2 min; with a final extension step of 72 °C 

for 5 min and then held at 4 °C.  

For the selectivity and specificity test, biotin-streptavidin magnetic beads coupled 

with aptamer were used. The assay was carried out by seeding 1 mL each serial dilution 

pure culture of the bacteria sample with 250 µL aliquot of the aptamer-coupled magnetic 

beads. The aptamer-coupled magnetic beads are pulled down using the magnetic particle 

concentrator for Eppendorf microtubes for 30 seconds, and the magnetic beads are 

washed four times with 1X PBS-5% Tween 20 (200µL) buffer. The pellet was eluted 

using 100µL of the nuclease-free water. The eluted pellet was subjected to a boiling 

method for cell lysis and DNA extraction. The PCR was carried using specific primers 

for each non-Salmonella bacteria (SArpoB for S. aureus, phoA for E. coli, ShigHI for 

Shigella spp, vatpA for Vibrio spp and for 16sRNA E. coli) and ompC primer was used 

for other Salmonella bacteria.  
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CHAPTER 4 

CONDUCTIVITY MEASUREMENT OF REDUCED GRAPHENE OXIDE 

MODIFIED ELECTRODE FOR ELECTROCHEMICAL DETECTION OF 

ASCORBIC ACID: A PRELIMINARY STUDY 

 

4.1 Overview  

A variety of materials such as metal, semiconductor nanoparticles (Yin et al., 

2011), carbon nanotubes (Bhattacharya, 2016) and organic conjugated polymer 

(Mulchandani & Wang, 1996) have been reported to possess potential as electrochemical 

sensors. However, the advantages conferred by the physical, optical and electrochemical 

properties of graphene have contributed to its wide applications in the fabrication of 

ultrasensitive and selective electrochemical biosensor devices. Fascinating properties of 

graphene, such as large surface area which is about 2630 m2/g (Reina et al., 2009), high 

conductivity (Li et al., 2009) and high electrocatalytic activity (Wang, Wan, & Zhang, 

2010) makes it a suitable material for the fabrication of sensors. In terms of 

biocompatibility and ease of surface functionalization, GO can be more promising than 

rGO but the non-conductive nature of GO due to the presence of saturated sp3 bonds and 

the high density of electronegative oxygen atoms bonded to carbon insulates the electrical 

conductivity of GO (Pei & Cheng, 2012). Thus, graphene can be engineered with minimal 

structural defects to increase the overall conductivity by restoring the sp2 carbon networks 

through the migration of heteroatoms, oxidation and reduction via chemical modification 

using low-cost fabrication techniques (Chua & Pumera, 2014). Hydrazine hydrate is the 

most commonly used reducing agent which aids the removal of the chemical linkages 

inside the interlayers of GO to produce highly hydrophobic and aggregated rGO 

(Suvarnaphaet & Pechprasarn, 2017). This chemical reduction method can be 
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advantageous due to the cost-effective and simple process for the mass production of rGO 

(Hirata, Gotou, Horiuchi, Fujiwara, & Ohba, 2004). Moreover, chemically derived 

graphene forms highly stable colloids with good mechanical strength (Lee, Kim, & Ahn, 

2015; Suvarnaphaet & Pechprasarn, 2017). Graphene nanomaterials are the leading 

material that has been widely explored and used for the detection of biological compounds 

or biomolecules in the field of biosensing (Ng, Qiu, Ding, Lu, & Wu, 2017; Peng & 

Weng, 2017; Piccinini et al., 2017). Graphene-based materials used in biosensing for two 

main purposes. Firstly, it initiates the charge-biomolecule interactions at π-π domains. 

The electrostatic forces and charge exchange on the rGO surface leading to electrical 

variations. Secondly, surface defects or disorders created on the rGO surface during the 

chemical reduction eases the process of immobilization of biomolecules (Suvarnaphaet 

& Pechprasarn, 2017). The overall schematic of the chemical reduction of rGO is 

illustrated in Figure 4.1. 

 

 

 

 

 

 

 

 

 

Figure 4.1. The overall schematic of rGO chemical reduction process 

Recently, researchers have found that the reduction duration of GO has a certain 

influence on the properties of rGO, most importantly on its electrical conductivity and 

catalysis activity (Ramli, Hanim, Muda, Mat Isa, & Jamlos, 2015). The heating of 
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graphene usually causes defects on the graphene’s surface which restores aromatic 

graphene structure and useful in modifying the graphene properties for specific 

applications (Pei & Cheng, 2012). A controlled number of defects introduces holes on the 

graphene sheet improvising their electronic properties because the vacancy defect density 

gives graphene a metallic property (Jafri et al., 2010). However, the surface defects 

created on the graphene should be within a tolerable amount. Excessive amount of 

structural defects will lead to a decrease in conductivity resulting from formations of 

scattering centers (Wu, Yang, et al., 2014). The scattering centers will prevent graphene 

from forming the hexagonal sp2 carbon structure. The defect also causes a bandgap in the 

graphene electronic structure which limits the electron’s mobility and destroys the 

mechanical strength of graphene (Yan et al., 2013). Besides conductivity, the prolonged 

reduction will result in a decrease of biocompatibility and chances of surface 

functionalization of rGO due to the complete removal of oxygen-containing functional 

groups that aid in surface modifications (Gurunathan & Kim, 2016; Monteserín, Blanco, 

Aranzabe, Aranzabe, & Vilas, 2017). The presence of some residual oxygen functional 

groups on rGO surface will help to induce the pseudocapacitive effects (electrochemical 

reduction and oxidation) and promote good wettability of the electrodes caused by faster 

electrolyte permeability (Chen, Zhang, Zhang, Yu, & Ma, 2011; Mao, Zhang, On Chan, 

& Wu, 2012). Moreover, these residual functional groups promote the dispersibility of 

hydrophobic rGO in an aqueous medium to ease the electrode fabrication process 

(Rajagopalan & Chung, 2014). The biocompatibility of the rGO can be also preserved by 

maintaining a certain degree of oxygen groups which serve as interaction sites for 

biomolecules immobilization (Dong & Qi, 2015). Thus, to recover the electrical 

conductivity of rGO, the reduction degree of GO sheets should be carefully optimized by 

controlling the process duration to produce good quality products. There are many studies 

reported the effect of reduction durations on the conductivity of graphene. For instance, 
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an efficient active material of rGO for the fabrication of supercapacitor electrodes is 

prepared by chemical reduction with hydrazine (Rajagopalan & Chung, 2014). They 

concluded the reduction time increased the overall performance and conductivity of rGO 

electrodes by accelerating the faradaic reactions and faster wetting. Similarly, Radzi 

Hanifah et al. (Radzi Hanifah et al., 2015) reported the effect of reduction time towards 

the physico-chemical properties of rGO in terms of structural, thermal and electrical 

conductivity using sodium oxalate as a reducing agent.  

AA is a hexenoic sugar acid with two dissociable protons. It is well known for its 

radical scavenging capacity and powerful antioxidant property. This molecule can be 

electrochemically detected with a label-free rGO modified electrode with high sensitivity. 

The electrochemical biosensor has a series of advantages such as high sensitivity towards 

electroactive species, rapid, accurate response and most importantly it is portable and 

inexpensive compared to other existing biosensors. Chemically reduced graphene poses 

a larger surface area which enhances the adsorption capacity of graphene layers for the 

AA analyte thereby increasing the sensitivity of the graphene electrode. During the 

oxidation process, the π-π interaction of the graphene plane with conjugated hexenoic 

acid-lactone in the AA molecule plays a key role in the detection process (Dong-Fang, 

Chang-Sheng, Guo, Li, & Dong-Xue, 2010). As a result, an obvious oxidation peak can 

be observed. The electrochemical detection of AA using rGO electrodes can be highly 

selective even in the presence of interfering species. There are many studies have been 

reported for the detection of AA using rGO modified electrodes (Ghanbari & Bonyadi, 

2018; Kim, Bong, et al., 2010; Sun, Lee, Yang, & Wu, 2011). The electrochemical 

detection of the AA at the surface of the rGO electrode is elucidated in Figure 4.2. 
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Figure 4.2. The electrochemical detection of the AA 

In the present study, the conductivity of rGO synthesized at different duration of 

reduction time can be studied by performing the electrochemical detection of AA. A 

selective and sensitive electrochemical sensing platform based on a chemically reduced 

rGO modified electrode was fabricated for the detection of AA in the presence of other 

interferences. The experimental parameters such as the effect of scan rate, different 

reduction duration and loading amount of rGO on the electrode on electrocatalytic 

performance were investigated. The degree of defects on the surface of rGO solely 

dependent on the duration of the reduction process. This defect determines the surface 

area, conductivity, C/O ratio and heterogeneous electron transfer rate of rGO which 

affects the overall electrochemical properties. Thus, in this study, the rGO modified 

electrodes produced at different reduction time were employed as an active sensing 

material to study its conductivity, electrochemical properties, sensitivity and selectivity 

toward AA detection. This approach will help to identify the optimal duration of the 

chemical reduction process that produces the best performing and good quality rGO. 

Overall, an optimized rGO modified electrode could make them a suitable candidate for 

the detection of a wide range of biomolecules in the field of biosensing. 
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4.2 Structural characterization of rGO nanomaterial.  

Fourier transform infrared spectroscopy (FTIR) was employed to confirm the 

formation of rGO at different reduction durations. Figure 4.3 (A) shows the FTIR spectra 

of GO, rGO@6h, rGO@12h and rGO@24h. Theoretically, GO has several essential 

acute peaks that can be detected by FTIR such as C=O stretching at 1730 cm-1, C–O–C 

stretching at 1214 cm-1 and C–O stretching at 1100 cm-1. Similar results were obtained in 

this experiment thus, the presence of oxygen molecules (O) on GO was confirmed. 

Furthermore, a broad and intense band of a hydroxyl group (–OH) at 3300 cm-1 was 

observed from the FTIR pattern. Interestingly, a broadening of the transmittance value 

was also observed indicating the increased diffusion rate of oxygen molecules into the 

graphite flakes to form a carbonyl group, carboxylic group and an epoxy group in the GO 

sample.  

However, after the chemical reduction, all the essential characteristic peaks of 

rGO samples were weakened and some hydroxyl functional groups were drastically 

dropped or disappeared as compared with GO sample. This phenomenon clearly 

illustrates that the oxygen functional groups such as C=O stretching, C–O–C stretching, 

C–O stretching, and hydroxyl groups were mostly removed to form rGO during the 

chemical reduction aided by hydrazine. In addition, the C=C conjugation at 1525 cm-1 

was detected on rGO sample due to the sp2 hybridization.  

Meanwhile, a disappearance of the peak intensity of the –OH group in the rGO 

sample at 3300 cm-1 was also observed and it approached zero when the GO is fully 

reduced to rGO. The rGO@12h formed at the duration of 12 h of reduction process was 

selected for optimum hydroxyl groups elimination from the carbon basal plane. The 

structure configuration which includes disorders and defects in carbon-based materials 

can be studied using Raman spectroscopy. The Raman of GO and rGO samples at 
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different reduction time were shown in Figure 4.3 (B). The Raman spectra for GO and 

rGO manifest the successful reduction of GO to rGO relative to the changes in intensity 

of two important peaks, D and G. Raman spectra for GO and rGO shows two significant 

in-phase vibrations at 1349 cm-1 (D-band) and 1593 cm-1 (G-band) for rGO and at 1352 

cm-1 (D-band) and 1602 cm-1 (G-band) for GO. The D-band indicates the presence of a 

disorder or structural defects in the sp2-hybridized carbon system whereas, the G band 

obeys the first-order scattering of E2g phonons due to the presence of sp2-hybridized 

carbon. The ID/IG ratio was used to measure structural disorder that occurs during the 

removal of oxygen groups attached to GO and the size of sp2 ring clusters in a sp3/sp2 

hybrid network of carbon atoms. 

As compared to GO, the chemically reduced rGO exhibits stronger D band in the 

Raman spectra with higher a ID/IG ratio due to the structural defects created on graphene 

sheets. The defects were caused by the distortion of bonds and increased the formation of 

smaller size sp2 graphitic domains owing to the reduction process. However, a prominent 

G band proves the crystallinity of the sample is preserved. The ID/IG ratio increased with 

increasing reduction time. This is due to the removal of oxygen groups which causes 

structural defects and a decrease in the average size of the sp2 domains resulting from the 

reduction process (Mehrali et al., 2014).  

The surface defects created during the reduction process to produce rGO favors 

the charge-separation mechanism and improves the signal-to-ratio which results in 

enhanced transducer efficiency. However, the increased number of structural defects 

especially for rGO@24h decreases the conductivity of graphene sheets due to the 

presence of scattering centers and high bandgap in graphene electronic structure (Yan et 

al., 2013). Thus, optimized reaction time is crucial to preserve the conductivity of rGO.  
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 The atomic structures and interlayer spacings of the rGO were studied using X-

ray diffraction (XRD). The XRD patterns of GO and rGO samples were shown in Figure 

4.3 (C). The XRD pattern of GO shows a sharp and intense diffraction peak at 2θ = 10.3° 

(due to 002 crystalline plane). This peak reflects the intercalation of water molecules and 

the formation of oxygen-containing functional groups between the layers of graphite. 

After the chemical reduction, the peak at 10.3° decreases and new broad peak appeared 

at 2θ = 28.4° for rGO. This is due to the removal of oxygen-containing functional groups. 

 

 

 

 

 

A 
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Figure 4.3, continued.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. (A). FTIR spectra obtained for the GO, rGO@6h, rGO@12h and rGO@24h 

nanomaterial. (B) Raman spectra obtained for the GO, rGO@6h, rGO@12h and 

rGO@24h nanomaterial. (C) The XRD patterns of GO and rGO. 

B 
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4.3 Morphological characterization of rGO nanomaterial 

The morphology and structural characteristics of GO and rGO samples at different 

reduction times were studied using SEM and TEM. Figure 4.4 (A) shows the SEM 

images of GO and rGO samples. The GO samples contain a few layers of crumpled sheets. 

The GO sheets closely restacked due to the presence of oxygen-containing functional 

groups (-OH, -COOH and -H2O molecules) and exhibit uniform wavy wrinkles on the 

surfaces. For chemical reduction of 6h, the morphology of rGO@6h still exhibits 

agglomerated form with a rough and cracked surface due to the insufficient reaction time 

to remove the oxygen functional groups that attached at the edge and basal plane of the 

graphene layer. However, at 12h the rGO@12 shows a wrinkled layer overlapping with 

each other neatly. This exfoliation of graphene layers will help the electrolyte ions to 

percolate between the layers hence increases the electrochemical performance 

(Sekharappa, Kishore, Penki, & Munichandraiah, 2014). The morphology of rGO@24 h 

showed a disordered, crumpled and smaller layer of graphene due to the increased 

reduction time.  

Figure 4.4 (B) shows the TEM images of GO and rGO samples. The GO 

morphology exhibits a wavy wrinkle-like structure on its surface and stacked with a few 

layers. After the reduction of GO, rGO exhibits a typical sheet-like structure with a size 

of less than 10 nm. A single layer of rGO can be obtained with fewer wrinkles and folding. 

The carbon skeleton is well preserved even after the chemical reduction process. The 

distribution of rGO sheets varies with different periods of reduction time. The rGO@6h 

shows more stacking of graphene layers compared to rGO@12h due to insufficient 

reaction time. Moreover, rGO@24h exhibits more agglomeration and stacking of 

graphene sheets as compared to others due to the presence of a higher level of surface 

defects as confirmed with Raman spectra which indicated the highest ID/IG ratio.  
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Whereas, the TEM for rGO@12h sample shows a thin layer of graphene sheets with 2.24 

nm of thickness suggesting the possibility for more facile movement of electrolyte ions 

(Muthoosamy et al., 2015). 

 

Figure 4.4. (A) SEM image obtained for the (a) GO, (b) rGO@6h, (c) rGO@12h and (d) 

rGO@24h nanomaterial. (B) TEM image obtained for the (a) GO, (b) rGO@6h, (c) 

rGO@12h with 2.24 thickness of layer and (d) rGO@24h nanomaterial. 

A 

B 
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4.4 Electrochemical characterization of rGO modified GCE electrode 

The electrochemical properties of the rGO modified GCE electrodes were 

investigated by using CV, EIS and DPV. Appendix A1 shows the cyclic voltammogram 

of rGO reduced at different reaction time in Zobell’s solution at a scan rate of 100 mV/s. 

The CV plot for the GO, rGO@6h/GCE, rGO@12h/GCE and rGO@24h/GCE shows a 

quasi-reversible redox reaction with maximum peak current density at 0.3 V. The redox 

peak current increased in the order of rGO@6h/GCE < rGO@24h/GCE < 

rGO@12h/GCE and the GO/GCE exhibits the lowest conductivity due to the presence of 

oxygen functional groups that serves as an electrical insulator (Punckt et al., 2013). The 

rGO@12h/GCE achieved the smallest peak-peak separation (ΔEp) as compared to 

rGO@6h and rGO@24h which is about 210 mV, 270mV and 300 mV, respectively. This 

peak-peak to separation indicates the quasi-reversible redox reaction. Reversibility shows 

the electron transfer kinetics are fast enough to balance the oxidation and reduction 

reactions. The highest peak current and smallest peak-peak separation were achieved by 

rGO@12h/GCE modified electrode which indicates enhanced electrode transfer rate and 

high conductivity (Lee, Choi, & Hong, 2013). The highest conductivity of the 

rGO@12h/GCE is due to the large surface area of the well-exfoliated graphene sheets as 

supported by the rGO samples characterization results (SEM and TEM).  

Figure 4.5 (A) shows the Nyquist plot recorded for GO/GCE electrode and three 

other rGO modified electrodes.  The diameter of the semicircle represents the charge 

transfer resistance (Rct) through the graphene sheets (Jiang et al., 2014). GCE electrode 

exhibits the largest semicircle at the high-frequency range and followed by GO/GCE 

modified electrode. The diameter of semicircle changes drastically for rGO modified 

electrodes. The Nyquist plot for rGO@6h/GCE showed a decrease in the diameter of 

semicircle followed by rGO@24h/GCE as compared to bare GCE and GO/GCE.  This is 

attributed to the enhanced electrode transfer on the surface of conductive graphene sheets 
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which provide better electrical contact as compared to others. The semicircle of 

rGO@12h/GCE was the smallest in the diameter with Rct values close to zero due to its 

capability to accelerate the electron transfer between the redox probe and the electrode 

surface at a higher rate (Xi & Ming, 2012). The Randles equivalent circuit was used for 

fitting the impedance (inset of Figure 4.5 (B)). This circuit consists of Rs (resistance of 

the solution), Ret (electron transfer resistance), W (Warburg element) and a CPE (constant 

phase element).  

Figure 4.5 (B) shows the Bode plots of the phase angle versus frequency for the 

bare GCE, rGO@6h/GCE, rGO@24h/GCE and rGO@12h/GCE electrodes. Bare GCE 

electrode showed a sharp peak at the highest frequency that indicating higher Rct value. 

However, the peak shifted to a lower frequency following the order of 

rGO@12h/GCE<rGO@24h/GCE <rGO@6h/GCE. This shows the lowering of the 

charge transfer resistance and increasing electrical conductivity. The values of the 

corresponding electron recombination lifetime, τn for rGO@6h/GCE, rGO@12h/GCE 

and rGO@24h/GCE were calculated as 178, 238 and 450 ms, respectively. These results 

demonstrate that rGO-Nf (16 h) has the longest electron recombination lifetime, which 

shows its application potential in electrocatalysis (Yeh et al., 2012). 
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Figure 4.5, continued 

 

Figure 4.5. (A) Nyquist plots for bare GCE, rGO/GCE, rGO@6h, rGO@12h and 

rGO@24h nanomaterial at different reduction time (Inset shows the electrical equivalent 

circuit that fit the Nyquist plot of GC/rGO-Nf (16 h)), respectively. (B) Bode plots 

obtained for different modified electrodes. 

4.5 Electrochemical detection of AA  

4.5.1 Electrocatalytic oxidation of AA  

The CV curves for rGO modified electrodes were recorded in the presence of AA 

to determine the best rGO (synthesized at various reaction time) nanomaterial-based 

sensor electrodes for the electrochemical detection of AA. The CV curves of bare GCE, 

GO/GCE, rGO@6h/GCE, rGO@12h/GCE and rGO@24h/GCE modified electrodes 

were recorded in a 0.1 M PBS (pH 6.5) solution containing 100 μM AA at a scan rate of 

100 mV/s and the results were shown in Appendix A2. Among all the electrodes that 

showing a pair of redox peaks at the potential of 0.2V, rGO@12h/GCE electrode 

exhibited excellent electrochemical response towards the oxidation of AA with the 

highest conductivity. The ΔEp calculated for rGO@12h/GCE also showed the lowest 

B 

- 
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value which is 173 mV as compared to the other electrodes further confirms the enhanced 

electrocatalytic activity contributed by rapid electron transfer process on the surface of 

the modified electrode. Thus, the rGO@12h/GCE was chosen as the sensing electrode to 

further study the AA sensing. 

The schematic of an electrocatalytic mechanism is shown in Figure 4.6 to 

understand the electrochemical reaction process that occurs on the surface of the 

rGO/GCE electrode. The AA can be rapidly oxidized to DHA (dehydroascorbic acid) and 

it is an irreversible redox reaction due to the presence of two hydroxyl groups on its 

structure. Electrocatalytic oxidation only produces the anodic oxidation peak due to the 

donation of the electrons to the modified electrode (Huang, Chen, et al., 2011). The 

current response occurs due to the π-π stacking interaction between AA and graphene 

surface that accelerates the electron transfer on the surface of the graphene sheet (Dong-

Fang et al., 2010). The rGO@12h/GCE modified electrode showed the highest current 

response toward the oxidation of AA as compared to the other modified electrodes due to 

the rapid electron transfer at the electrode/electrolyte interface. Moreover, the large 

surface area of rGO@12h also provides more electroactive sites for the adsorption of AA 

molecules. This will lead to an overall improvement of the electrical conductivity and 

electrochemical performance of this nanomaterial.  

 
Figure 4.6. Schematic representation of detection of AA on the surface of 

rGO@12h/GCE electrode. 
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4.5.2 Optimization studies  

The fabricated rGO synthesized at different reduction durations was optimized to 

obtain maximum sensing condition. All the results obtained from optimization studies 

were presented in Appendix A. Three important parameters have been optimized in this 

study. Firstly, the redox behavior of AA at different concentrations was studied using CV 

at a scan rate of 100 mV/s and DPV in 0.1 M PBS (pH 6.5). The electrochemical 

performance of rGO@12h/GCE modified electrode exposed to different concentrations 

of AA was investigated as shown in Appendix A3 (A). In the CV plot, the peak currents 

were observed to increase linearly with increasing concentrations of AA from 10 to 100 

μM. The linear relationship of electrochemical detection is depicted as follows 

(Appendix A3 (B)):   

I = 0.412 (±0.02) uM [AA] + 39.468 (±0.81) 

with the correlation coefficient of R2 = 0.95, where I is the current density (Am-2) and uM 

[AA] is the logarithm of the AA concentration.  

Secondly, the effect of various scan rates (10 to 100 mV/s) on the electrochemical 

performance of the rGO@12h/GCE modified electrode for AA detection was studied. 

Appendix A4 (A) shows the CV obtained at different scan rates. This redox process is 

surface-confined. The anodic peak shifted positively with good linearity between the peak 

current at increasing scan rate as shown in Appendix A4 (B). The anodic and cathodic 

peak currents exhibited linear equations of I = 0.099 (±0.01) V + 0.882 (±0.09) and I = -

0.096 (±0.03) V + -1.053 (±0.11) with correlation coefficient of R2 = 0.972 and 0.984, 

respectively. This proves that the direct electron transfer between the rGO@12h/GCE and 

AA was controlled by an adsorption process (Dessie et al., 2014).  

Finally, the loading amount of rGO@12h on the GCE electrode was optimized to 

obtain optimal sensor performance. The CV of different amount of rGO@12h loaded onto 
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the electrode are shown in Appendix A5 (A) and (B). The current density was observed 

to increase with increasing loading amount (from 1 to 7mg/mL) of rGO@12h and 

achieved maximum current at 7mg/mL. The increasing amount of rGO@12h of GCE 

increases the overall active surface area for AA oxidation. However, the peak current 

reduced drastically at loading amount more than 7mg/mL.  This is due to a blockage 

caused by a thick layer formed on the surface of the electrode that inhibits the electron 

from reaching the electrode and thus lowering its sensitivity. Thus, 7mg/mL of rGO@12h 

was used as an optimum loading amount throughout the study. 

 

4.2.3 Reproducibility and shelf life of the modified electrode.  

The reproducibility of the rGO@12h/GCE modified electrode in the Zobell’s 

solution was evaluated by recording the CV curves of five freshly prepared electrodes 

(Appendix A6 (A)). The result revealed that the modified electrode showed good 

reproducibility with a relative standard deviation (RSD) of 3.92 %. The shelf life of the 

prepared electrode was investigated by measuring the current density up to 21 days 

(Appendix A6 (B)). The electrode exhibited approximately 95% recovery with a 10% 

loss of the signal on day 21. This result clearly indicates that the rGO@12h is a promising 

nanomaterial with good stability to use for fabrications of the electrode.  
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4.6 Summary  

In conclusion, a stable rGO nanomaterial was formed through a simple chemical 

reduction of GO using a reducing agent. The TEM study showed successful production 

of nanosized rGO sheets with an average size of ~2.24 nm. The effect of the chemical 

reduction reaction time on the formation of rGO nanomaterials was studied and the results 

revealed that rGO produced at 12h (rGO@12h) of reaction time formed more uniformly 

with the excellent electrochemical property as compared to rGO@6h and rGO@24h that 

tend to agglomerate and possess low conductivity. Under optimized conditions, 

rGO@12h/GCE modified electrode exhibited excellent electrochemical detection of AA 

with a lower detection limit of about 1.64 µM. This proves that the rGO@12h 

nanomaterial achieved an optimal degree of reduction with low surface defects which 

contributes to the increased electrocatalytic activity and improved the sensing 

performance. This result indicated that, the chemical reduction time in producing rGO is 

important to obtain conductive material with good electrochemical property, thus the 

reduction time of rGO was maintained to 12h throughout this research. Moreover, the 

synthesized rGO@12h nanomaterial also showed good reproducibility and high stability 

which possess great potential for biosensor applications. 

 

 

 

 

 

 

 

 

 

Univ
ers

iti 
Mala

ya



   

82 

CHAPTER 5 

REDUCED GRAPHENE OXIDE-NANOCOMPOSITE MODIFIED 

ELECTRODE FOR ELECTROCHEMICAL DETECTION OF THE 

FOODBORNE PATHOGEN 

 

5.1 Reduced Graphene Oxide-Azophloxine nanocomposite electrochemical 

aptasensor for Salmonella enterica detection.  

5.1.1 Overview 

A novel and simple strategy using a new conductive layer consisting of rGO- 

Azophloxine (AP) nanocomposite as the sensing platform for the detection of the 

foodborne pathogen. S. Typhimurium was used as the test organism in this study. The 

rGO concentration was fixed but the AP dye concentration that modified the graphene 

surface was optimized to obtain the best sensing performance.  

The GO with abundant oxygen groups can be easily functionalized with AP dye 

to form GO-AP composite via simple non-covalent π-π interactions and non-covalent 

coupling reactions. Non-covalent functionalization is advantageous compared to covalent 

modifications because the functional groups will be introduced into graphene without 

affecting its structure and electronic network so that the novel properties of graphene are 

retained (Bai & Shen, 2012). The structure of the AP dye is shown in Figure 5.1. A single 

AP molecule possesses two hydrophilic sulfonates (–SO3-) functional groups. Previous 

studies have shown that the dispersibility of GO in aqueous solutions increased when GO 

was functionalized with –SO3--containing compounds e.g. sulfonic acid and 4-

hydrazinobenzenesulfonic acid (Qiao, Xu, Qiu, Xiao, & Zhu, 2016; Yeo et al., 2014). 

Hence, the aromatic AP dye applied in this study could effectively exfoliate or solubilize 

GO nanosheets in water due to the presence of polar −SO3- functional group. With the aid 
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of hydrazine, the GO-AP can be reduced (12h of reduction time) to rGO nanosheets 

functionalized with negatively charged electroactive dye AP via π-π stacking interaction 

(rGO-AP). The electrostatic repulsion caused by the negative charge on the rGO-AP 

surface and the hydrophobic aromatic backbone of AP dye stacked on the rGO surface 

also function to overcome the aggregation of rGO in aqueous solutions (Guo, Han, et al., 

2013; Schlierf et al., 2013). Moreover, the water-soluble rGO-AP nanocomposite formed 

a stable thin film on GCE by drop-casting and DNA aptamer can immobilize on the rGO-

AP/GCE easily through π-π interactions between nucleotide bases of DNA and rGO-AP 

surface (Wang, Xu, et al., 2012) which is denoted as ssDNA/rGO-AP/GCE.  

 

Figure 5.1. The chemical structure of Azophloxine dye 

The novelty of this study is the chemical doping of rGO with electroactive AP dye 

enriches its free charge-carrier density, thus potentially enhancing its solubility in 

hydrophilic medium and electrical conductivity. It also eliminates the complex and 

expensive process of labeling and modification of aptamers. In addition, this 

electrochemical biosensor was designed by using label-free aptamers as linkers that 

specific to an outer membrane protein of S. Typhimurium. This approach is a promising, 

cost-effective approach and allows the rapid detection of food-borne pathogens in the 

food matrix. Nevertheless, there have been only a few studies on the development of rGO-
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organic dye nanocomposites as biosensors and their potential as aptasensors has not been 

fully explored. 

5.1.2 Structural and morphological characterization of rGO-AP nanocomposite.  

FTIR spectra were used to identify the functional groups present in the rGO-AP 

film. Figure 5.2 (A) shows the FTIR spectra of AP, rGO, rGO-AP@0.002M, rGO-

AP@0.005M and rGO-AP@0.01M. In the rGO sample, all the peaks corresponding to 

oxygen-containing groups were weakened and disappeared. These phenomena clearly 

illustrated that oxygen functional groups such as C=O stretching, C–O–C stretching, C–

O stretching, and hydroxyl groups were mostly removed and became rGO during the 

chemical reduction process using hydrazine. In addition, the C=C conjugation at 1560 

cm-1 was detected on the rGO sample due to the sp2 hybridization. Meanwhile, a 

disappearance of the peak intensity of the O–H group in the rGO sample at 3300 cm-1 was 

observed and approached zero when the AP was fully attached to the rGO. The main 

reason might be attributed to the implementation of the rGO formation process for easy 

elimination of hydroxyl groups from the carbon basal plane and simple transformation to 

rGO monolayer during the attachment of the AP stage. Besides, the AP spectra also 

exhibited ring vibrations at 521, 600 and 694 cm-1 from the FTIR pattern which is in 

agreement with a previous report (Guo, Guo, et al., 2013). For three rGO-AP spectra, it 

could be noticed that all the ring vibrations of AP were visible at 533, 600 and 734 cm-1. 

Interestingly, C-O/O-H stretching of rGO was found within the rGO-AP nanocomposite 

sample at 1025 and 1166 cm-1 followed by the bending vibration of C-H/O-H stretching 

at 1429 cm-1. In addition, the presence of significant C=O stretching vibration (1560 cm-

1), C-H stretching vibration (2855 cm-1) and N-H stretching vibration (3700 cm-1) further 

to infer that the attachment of AP dyes on rGO sheet. The intensity of the AP dye 

characteristic peaks in the rGO-AP nanocomposite varies with the increasing 

concentration of the AP dye.  
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The Raman spectroscopy helps to characterize disorder and defects in carbon-

based materials. Figure 5.2 (B) shows Raman scattering spectra of AP, rGO, rGO-

AP@0.002M, rGO-AP@0.005M and rGO-AP@0.01M. In three nanocomposites, the 

broad D at G band observed at around 1350 and 1590, respectively which is the signature 

peaks of carbon. rGO shows two significant in-phase vibrations in 1349 (D-band) and 

1593 (G-band) for rGO and. The D-band indicates the presence of a disorder or structural 

defects in sp2-hybridized carbon systems whereas, the G band obeys the first-order 

scattering of E2g phonons due to the presence of sp2-hybridized carbon. The ID/IG ratio 

was used to measure structural disorder occurs during the removal of oxygen groups 

attached to GO and size of sp2 ring clusters in a sp3/sp2 hybrid network of carbon atoms. 

The ID/IG ratio of rGO is about 0.96. The surface functionalization of rGO with AP dye 

causes a decrease in the ID/IG ratio. The presence of lower intensities D and G band after 

the functionalization indicates the recovery of conjugated graphitic domains of 

functionalized graphene surface with lesser defects and preserved the crystalline 

structure. Interestingly, the three rGO-AP nanocomposites spectra not only exhibits the 

G and D band, but also contain the bands of AP such as band N=N stretching vibrations 

(1406 cm-1) of azo compound,  C–N symmetric stretch (1111 to 1208 cm-1), very strong 

aromatic quadrant stretch (1594 cm-1), azo-benzene ring vibration (1489 cm-1), phenyl-N 

vibration (1280 cm-1), C-C stretching (1208 cm-1) and a weak band of  -SO3 groups (1172 

cm-1) indicating the successful attachment of AP with rGO (Cesaratto, Centeno, 

Lombardi, Shibayama, & Leona, 2017; Vandenabeele, Moens, Edwards, & Dams, 2000). 

However, the ID/IG ratio of rGO-AP@4µM, rGO-AP@8µM and rGO-AP@12µM were 

different and increases with increasing concentration of AP dye. This is because the 

surface functionalization of AP on the rGO surface leads to an increase in the surface 

defects on the nanocomposite materials. 
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The X-ray diffraction (XRD) analysis was performed to confirm the formation of 

the rGO-AP nanocomposite. The XRD patterns of rGO and rGO-AP were shown in 

Figure 5.2 (C). The rGO-AP showed a broad characteristic peak at 26° which 

corresponds to the (002) crystalline plane (Khan et al.,2015). These results indicate the 

presence of rGO in the nanocomposite. Moreover, XRD also exhibited some peaks at 13° 

which were assigned to the crystalline scattering of the AP dye that relates to the presence 

of thiazole ring (Bauman, Fan, & Haase, 1989). These peaks confirm the formation of 

rGO-AP.  
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Figure 5.2, continued. 

 

         
 

 

 

Figure 5.2 (A). The FTIR spectra of AP, rGO, rGO-AP@0.002M, rGO-AP@0.005M and 

rGO-AP@0.01M. (B) Raman spectra of AP, rGO, rGO-AP@0.002M, rGO-AP@0.005M 

and rGO-AP@0.01M. (C) The XRD spectra of rGO and rGO-AP. 
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The structure and morphology of the rGO-AP nanocomposite functionalized with 

different concentrations of AP were investigated by SEM and TEM. Figure 5.3 (A) shows 

the SEM image of (a) rGO, (b) rGO-AP@0.002M, (c) rGO-AP@0.005M and (d) rGO-

AP@0.01M. The rGO appeared with less stacking and rich in the wrinkled structure of 

few-layer rGO nanosheets with irregular folding (Choi, Kim, Han, Kim, & Gurunathan, 

2016). The well-formed AP nanoparticles covering the surface of rGO can be observed 

in three nanocomposites. A sheet-like morphology of rGO-AP distributed uniformly 

throughout the surface was observed in SEM micrographs. The synthesized rGO-AP 

composite showed tissue-like layers under 50 µm magnification.  

Figure 5.3 (B) shows the TEM images of the rGO and three rGO-AP 

nanocomposites. The TEM image of (b) rGO-AP@0.002M showed no obvious difference 

as compared to TEM of rGO because the concentration of the AP dye loaded on the 

graphene surface might be too less. But, rGO-AP@0.005M and (d) rGO-AP@0.01M 

exhibited a uniform nanocomposite structure with some multiple folds of rGO nanosheets 

and the globular structure was distributed throughout the nanosheets which imply the 

presence of AP dye on the rGO surface. However, rGO-AP@0.01M showed densely 

decorated AP on the rGO surface. This could create more defects on the graphene sheet 

due to the creation of many nucleation sites that allow nanoparticle attachment (Torres-

Mendieta et al., 2016). A higher degree of defects affects the delocalization of π-electron 

in graphene and hence reduces its electrical conductivity (Kumar et al., 2018). Whereas, 

the TEM of rGO-AP@0.005M shows a uniform distribution of AP on graphene sheets 

corresponding to the boxed area under higher magnification. The average thickness of the 

rGO-AP@0.005M sheet measured using TEM was about 10 nm. The SEM data were 

consistent with the TEM images and confirm the successful functionalization of AP dye 

molecules on the rGO surface.  
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Figure 5.3 (A). The SEM of (a) rGO, (b) rGO-AP@0.002M, (c) rGO-AP@0.005M and 

(d) rGO-AP@0.01M. (B) The TEM of (a) rGO, (b) rGO-AP@0.002M, (c) rGO-

AP@0.005M and (d) rGO-AP@0.01M. The inset in (b) shows the rGO-AP@0.005M in 

high magnification with 10.09 nm thickness.  
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5.1.3 Electrochemical characterization of rGO-AP modified GCE electrode 

The electrochemical behavior of the rGO-AP nanocomposite modified GCE 

electrodes was investigated and compared. The CV and EIS analytical techniques were 

used to electrochemically characterize rGO-AP@0.002M/GCE, rGO-AP@0.005M/GCE 

and rGO-AP@0.01M/GCE electrodes. Figure 5.4 (A) shows the comparative CV 

behavior of the bare GCE, rGO/GCE and three rGO-AP nanocomposite modified 

electrodes in 0.1M PBS (6.5) at scan rate 100 mV/s. All the CV plots exhibited a well-

defined reversible redox peak.  The rGO-AP@0.002M/GCE exhibited the lowest 

conductivity because of insufficient concentration of AP led to low kinetics of electron 

transfer. Whereas, the rGO-AP@0.005M/GCE showed the highest current response due 

to the enhanced and rapid electron transfer at the electrode-electrolyte interface. However, 

at the highest concentration of AP, the current response of rGO-AP@0.01M/GCE 

decreases as compared to rGO-AP@0.005M/GCE. This is due to the high level of surface 

defects created by the AP dye’s functional groups within the carbon lattice on the 

functionalized graphene. Optimal levels of defects on the graphene surface were proved 

to increase the overall conductivity of the material due to its metallic behavior around the 

vacancy defects (Jafri et al., 2010). However, excessive amount of defects drastically 

affect the overall electron transfer kinetics and reduces the electrochemical activity of 

graphene-based electrodes (Punckt, Pope Michael, Liu, Lin, & Aksay Ilhan, 2010).  

The charge transfer resistance of the rGO-AP was also studied using EIS in 

Zobell’s solution. Figure 5.4 (B) shows the Nyquist plot of Bare GCE, rGO/GCE and 

rGO-AP nanocomposite modified electrodes. The diameter of the semicircle reflects the 

charge transfer resistance (Rct) value of the electrodes and the inclined straight-line 

attributes to the impedance created by the diffusion of the ions through the graphene 

sheets (Yusoff et al., 2015). The largest semicircle is shown by the bare GCE and 

followed by rGO/GCE. When the rGO is functionalized with AP, the Rct value and 
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diameter of the circle decreases drastically. The decrease in Rct value represents increased 

electron transfer kinetics and decreased charge transfer resistance. The Rct value 

decreased in following the order of bare GCE > rGO/GCE > rGO-AP@0.002M/GCE > 

rGO-AP@0.01M/GCE > rGO-AP@0.005M/GCE. Among the three nanocomposites, 

rGO-AP@0.005M/GCE possesses the lowest Rct value. The inset shows the 

electrochemical equivalent circuit rGO-AP@0.005M/GCE which consists of electrolyte 

resistance (Rs), charge transfer resistance (Rp), Warburg impedance (Zw) and constant 

phase element (CPE). The CPE depicts the non-ideal capacitance of the surface layer, 

while Zw accounts for the diffusion of ions from the bulk electrolyte to the electrode 

interface. 
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Figure 5.4, continued.  

 

 

 

 

 

 

 

 

Figure 5.4. (A) CV and (B) Nyquist plots for bare GCE, rGO/GCE, rGO-

AP@0.2M/GCE, rGO-AP@0.4M/GCE and rGO-AP@0.6M/GCE electrodes. 

 

5.1.4 Electrochemical detection of Salmonella using rGO-AP nanocomposite 

modified electrode 

5.1.4.1 Optimization of rGO-AP@0.005M/GCE 

To obtain maximum sensing condition of rGO-AP@0.005M/GCE platform, three 

important parameters have been optimized in this study, namely rGO-AP@0.005M 

loading, the concentration of aptamer and the effect of various scan rate. The effect of the 

rGO-AP@0.005M amount loaded on GCE plays an important role to achieve the 

maximum number of electrochemical signals as shown in Appendix B1 (A). The current 

density increased from 8 A m-2 to 17 A m-2 with the increasing rGO-AP@0.005M loading 

and achieved maximum peak current at 3 mg mL-1. This could be due to the formation of 

a thicker film of rGO-AP@0.005M nanocomposite (> 3 mg mL-1) which blocked the 
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electrical conductivity (Guo, Guo, & Dong, 2013). The stock solution of the aptamer was 

diluted serially and then tested. The optimum current density was obtained for aptamer 

concentration of 5 µmol L-1 which is shown in Appendix B1 (B). At higher 

concentrations of aptamer, the peak current dropped drastically due to the electrostatic 

repulsion created by negatively charged DNA molecules (Liu, Tuleouva, Ramanculov, & 

Revzin, 2010). The incubation time with the bacterial suspension was also investigated. 

As shown in Appendix B1 (C), the electrochemical signal achieved a maximum current 

after 5 min incubation time with the bacterial cell suspension. The peak current decreased 

dramatically after 5 min of incubation which may be due to the saturation effect caused 

by bacterial cells blocking the current flow, leading to the decrease in electron transfer 

efficiency. Finally, the effect of various scan rate (10-100 mV/s) on the conductivity of 

the working electrode was investigated using CV. Appendix B1 (D) shows that the peak 

current increased with increasing scan rates which indicates increased electron transfer. 

A linear relationship (I = 0.164V + 6.447, R2=0.993) could be depicted from the peak 

currents obtained at various scan rates as shown in Appendix B1 (E), showing the redox 

process is surface-confined. 

 
5.1.4.2 Electrochemical analysis of rGO-AP@0.005M/GCE 

CV study was used to study the conductivity of rGO-AP@0.005M/GCE under 

optimized conditions. Figure 5.5 (A) shows the cyclic voltammograms of bare GCE, 

rGO/GCE, rGO-AP@0.005M/GCE and ssDNA/rGO-AP@0.005M/GCE electrodes in 

10X PBS (pH 7.0) at the scan rate of 100 mV s-1. Redox peaks were absent in bare GCE 

and rGO/GCE, but a pair of redox peaks were observed for rGO-AP@0.005M/GCE 

electrode which proved the redox reaction of AP dyes on the rGO surface. The AP dye 

has an innate electroactive property, thus its attachment on the rGO surface will increase 

the overall conductivity of the sensing platform. This AP dye also enhances a smoother 
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flow of electrons on the rGO surface (transducer) to the electrolyte attributing increased 

in peak current (Guo, Guo, et al., 2013). However, subsequently, the increase in peak 

current was observed for ssDNA/rGO-AP@0.005M/GCE electrode after the aptamer 

immobilization due to the doping effect (direct charge transfer) between the adsorbed 

aptamer and rGO. Moreover, the high electron transferability nature of rGO 

(Grumezescu, 2016) also decreases the charge transfer resistance after the DNA 

hybridization and increases the overall ionic conductance of the sensing platform 

(Johnson, Johnson, & Klein, 2008; Wang, Xu, et al., 2012).   

Figure 5.5 (B) shows the DPV signals of bare GCE, rGO/GCE, rGO-

AP@0.005M/GCE, ssDNA/rGO-AP@0.005M/GCE and STM/ssDNA/rGO-

AP@0.005M/GCE electrodes in Tris-HCl buffer. The AP dye oxidized at -0.08 V 

indicating the interaction between ssDNA and bacterial cell. The oxidation peak was 

absent in bare GCE electrode whereas, upon the functionalization of AP dye on rGO 

surface (rGO-AP@0.005M/GCE), a sharp increase in peak current was observed. The 

oxidation peak current at -0.08 V further increased with the immobilization of aptamer 

on the sensing platform (ssDNA/rGO-AP@0.005M/GCE) due to the specific interaction 

of nucleobases of ssDNA with rGO-AP@0.005M, increasing the electron flow across the 

electrolyte and contributing to higher peak current.  However, binding of the target 

bacteria with respective aptamers caused a dramatic decline in peak current of the sensing 

platform STM/ssDNA/rGO-AP@0.005M/GCE, indicating the hybridization event on 

rGO-AP@rGO-AP@0.005M/GCE sensing platform. The attachment of bacterial cells on 

the electrode surface will block the electron transfer process from the redox species (AP 

dye) resulting in the increase in resistance and subsequent decrease in current. The results 

obtained from the DPV analysis were consistent with the CV studies. 
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Figure 5.5 (A) CV of bare GCE, rGO/GCE, rGO-AP@0.005M/GCE and ssDNA/rGO-

AP@0.005M/GCE electrodes in 10X PBS (pH 7.0) at the scan rate of 100 mV s-1. (B) 

DPV signal of bare GCE, rGO-AP@0.005M/GCE, STM/ssDNA/rGO-

AP@0.005M/GCE and ssDNA/rGO-AP@0.005M/GCE electrodes in Tris-HCl buffer, 

pH 7.4. 
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5.1.4.3 Electrochemical detection of bacterial cells using ssDNA/rGO-

AP@0.005M/GCE  

 The sensitivity and selectivity of the fabricated electrodes were conducted using 

DPV detection technique in Tris-HCL buffer with controlled instrumental parameters 

(pulse amplitude: 0.025 V, pulse width: 0.05 s and pulse period: 0.05 s). The ssDNA/rGO-

AP@0.005M/GCE electrode was incubated for 5 min in serially diluted S. Typhimurium 

(STM) suspensions ranging from 101 –108 cfu mL-1 for selectivity test and to different 

types of non-Salmonella bacteria namely V. cholerae, Sh. dysenteriae, E. coli, K. 

pneumoniae and Staph. Aureus at concentration of 102 cfu mL-1 for selectivity test, 

respectively. After the incubation, the electrodes proceeded to DPV measurements.  

In the sensitivity test, the changes in the DPV signal of the working electrodes in 

the presence and absence of bacterial cells were investigated. Figure 5.6 (A) shows the 

sensitivity test of ssDNA/rGO-AP@0.005M/GCE electrode to different concentrations of 

bacteria cell suspensions. The DPV signal was obtained using Tris-HCl buffer. As shown 

in Figure 5.6 (A), the highest oxidation peak was obtained for the ssDNA/rGO-

AP@0.005M/GCE as compared to the rGO-AP@0.005M/GCE and this indicates the 

hybridization event of the aptamer on rGO surface. However, when the sensing platforms 

were incubated in Tris-HCl buffer solutions containing a different concentration of S. 

Typhimurium for 5 min, the peak current decreased dramatically. This can be due to the 

conformational change between the aptamer and bacterial cell causing a decrease in 

adsorption of aptamer on the rGO surface, resulting in changes in the charge transfer 

(Gedi & Kim, 2014; Liu, Morris, Macazo, Schoukroun-Barnes, & White, 2014). 

Moreover, the attachment of bacterial cells on the sensing electrode surface will block the 

electron transfer process from the redox molecule (AP) due to steric hindrance created by 

the bulky negatively charged bacterial cell, leading to an increase in electron transfer 

resistance and contributing to lower oxidation peak current (Labib et al., 2012). The 
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natural properties of the bacterial cell membrane which is its membrane capacitance 

(0.5−1.3 μF cm2) and membrane resistance (102−105 Ω cm2) contribute to the steric 

hindrance (Pethig, 1985; Wang, Ye, & Ying, 2012). 

The peak current increased with the increasing complementary target 

concentration, exhibiting a limit of detection up to 101 cfu mL-1. The logarithm 

relationship between the target bacterial concentration and oxidation peak current is 

plotted (Figure 5.6 (B)) and the linear relationship is described as: 

I = 0.10 (±0.01) log c + 1.35 (±0.15) 

With the correlation coefficient of R2 = 0.98, where I is the current density (A m-

2) and log c is the logarithm of the target bacterial cell concentration. The increase in peak 

current was proportional to the increase in target cell concentration due to the conductivity 

of the bacterial cell membrane and cytoplasm. The conductivity of the bacterial cell 

membrane is approximately 10−7 S m-1 whereas, the conductivity of the interior of a cell 

can be as high as 1 S m1 due to the presence of charged molecules in the cytoplasm (Pethig 

& Markx, 1997). When the concentrations of bacterial cells increased, the number of cells 

packed densely on the electrode surface increased. This will lead to the formation of a 

conductive channel by the negatively charged bacterial cell membranes and increases the 

current flow (Setterington & Alocilja, 2012). Similarly, the increase in conductance of 

rGO was also due to the change in the electron or hole density created by the high 

negativity walls of the bacteria on the p-type rGO surface (Akbari, Buntat, Afroozeh, 

Zeinalinezhad, & Nikoukar, 2015).  

The selectivity to determine aptasensor’s ability in distinguishing the S. 

Typhimurium and the non-Salmonella bacterial cell was also studied. The selectivity test 

is shown in Figure 5.6 (C). The DPV data showed that the aptamer was only specific for 

S. Typhimurium as compared to other foodborne bacteria namely E. coli, Sh. dysenteriae, 
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V. cholerae and K. pneumoniae. The redox peaks were visible in all bacterial cultures due 

to the presence of electroactive dye AP and conductivity of their cell membranes. 

However, all the current peaks except for S. Typhimurium were below the detection limit 

of the biosensor.  

Overall, the comparison of the performances of a well-established DNA based 

method of detection and aptasensor is summarized in Table 5.1. This comparison shows 

that the developed rGO-AP aptasensor exhibits high sensitivity with improved detection 

limits and allows the rapid detection of Salmonella. 
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Figure 5.6, continued. 

  

 

Figure 5.6. (A) DPV of ssDNA/rGO-AP@0.005M/GCE, (b) 108 cfu mL-1, (c) 106 cfu 

mL-1 (d) 104 cfu mL-1, (e) 102 cfu mL-1, (f) 101 cfu mL-1 and (g) rGO-AP@0.005M/GCE 

in Tris-HCl buffer, pH 7.4. (B) A linear relationship between the current density and cell 

concentration (logarithm). (C) DPV of S. Typhimurium, E. coli, V. cholerae, K. 

pneumoniae and Sh. dysenteriae in Tris-HCl buffer, pH 7.4.
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Table 5.1. The comparison of biosensor developed in this study with other detection methods 

 
Method used Targeted bacteria Limit of detection Assay time Detectable range in food Ref 

Multiplex-PCR Salmonella spp. 103 cfu mL-1 3 h 103 cfu mL-1 (Wang, Li, & Mustaphai, 2007) 

Quantitative 

PCR 

Salmonella enterica 5×102 cfu mL-1 3 h 7×102 cfu mL-1 (Wolffs, Glencross, Thibaudeau, 

& Griffiths, 2006) 

LAMP Salmonella spp. 102 cfu mL-1 3 h 6.1×103 cfu mL-1 (Chen, Wang, Beaulieu, Stein, & 

Ge, 2011) 

NASBA S.  Enteritidis 101 cfu mL-1 18 h 101 cfu/25 g (D'Souza & Jaykus, 2003) 

Immunoassay S. Typhimurium 103 cfu mL-1 2 h 103 cfu mL-1 (Wu, Li, et al., 2014) 

Amperometric 

aptasensor 

S. Typhimurium 101 cfu mL-1 10 min 101 cfu mL-1 This work 
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5.1.4.4 Evaluation of the ssDNA/rGO-AP@0.005M/GCE in a food sample. 

This aptasensor system was tested with chicken meat homogenates (n=6) that 

contaminated with S. Typhimurium. The DPV signals were recorded in Tris-HCl buffer. 

The measured DPV signal exhibited increased peak currents corresponding to the 

increase in target cells as shown in Figure 5.7. This aptasensor could detect bacterial 

concentration ranging from 101 to104 cfu mL-1 present natural food sample. However, 2 

out of 6 samples did not show any current response indicating the absence of S. 

Typhimurium in the food sample. As shown in Table 5.2, the reading exhibited a similar 

response with the linear relationship between the current density and cell concentration 

of ssDNA/rGO-AP@0.005M/GCE sensing platform tested in pure bacterial cultures. 

There was no significant difference (P > 0.05, T-test analysis) between the current density 

obtained from different concentrations of bacteria from cell culture suspension and from 

the food homogenates of the spiked sample.  

 

 

 

 

 

 

 

 

 

Figure 5.7. DPV of spiked chicken food samples with different concentrations of bacteria 

recorded in Tris-HCl buffer, pH 7.4. 
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Table 5.2. Detection response (Mean ± S.D) (n=3) obtained with bacterial suspensions 

and spiked food sample 

Cell concentration, log c 

(cfu mL-1) 

Current Density (A m-2) 

Pure Cultures Food Sample 

101 1.44±0.06a 1.43±0.05a 

102 1.60±0.10a 1.60±0.08a 

104 1.73± 0.12a 1.72±0.06a 

 a: Differences between alphabets indicate a significant difference between different test condition (ANOVA, Turkey HSD test, 

p<0.05) 

 
5.1.4.5 Reproducibility and stability of the rGO-AP@0.005M/GCE. 

The reproducibility of the aptasensor was investigated by parallel measurements 

of the conductivity 10X PBS buffer. The results obtained were presented in Figure 5.8. 

The relative standard deviation (RSD) was 1.28% (n=3), revealing acceptable 

reproducibility for the detection of bacteria. This aptasensor also showed good stability 

up to 28 days with an decreased in current response by 3.1% when stored in ultrapure 

water at 4 ◦C. 
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Figure 5.8, continued. 

 

Figure 5.8. (A) CV curves of five different rGO-AP@0.005M/GCE modified electrodes 

and (B) histogram of shelf life of rGO-AP@0.005M/GCE electrode up to 28 days 

recorded in 10X PBS at a scan rate of 100 mV/s. 
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5.2 Reduced Graphene Oxide-Titanium dioxide nanocomposite electrochemical 

aptasensor for Salmonella enterica detection.  

 

5.2.1 Overview  

In the past, various types of nanoparticles such as metals and metal oxides were 

employed to improve the overall analytical performance of biosensors (Justino, Rocha-

Santos, Cardoso, & Duarte, 2013). Recently, graphene-based nanomaterials have 

progressed into becoming a potential material in the electrochemical biosensing field. It 

is noteworthy that the research on the incorporation of rGO with metal oxides 

nanoparticles has been intensified to enhance the electronic property, catalytic activity 

and to increase overall surface area (Bai & Shen, 2012; Guo & Dong, 2011; Wang, Zhai, 

Wang, & Dong, 2011). Anatase TiO2 is one such metal oxide that possesses desirable 

characteristics such as excellent electrochemical properties, good biocompatibility, low 

toxicity, high stability and strong oxidizing power (Zhang, Li, Cui, & Lin, 2010). 

Moreover, TiO2 has the capability to adhere to biomolecules and facilitates electron 

transfer between biomolecules and transducer (Solanki, Kaushik, Agrawal, & Malhotra, 

2011). In the biosensing field, the rGO-TiO2 composites have been adapted for the 

detection of foodborne pathogens through electrochemical immunosensing. For instance, 

Solanki et al. (Solanki et al., 2014) have developed rGO-TiO2 nanocomposite 

electrochemical immunosensor for the detection of Vibrio cholerae using horse-radish 

peroxidase-conjugated antibodies with a detection limit of 0.12 nmol L-1. Although 

electrochemical properties of this nanocomposite are widely studied, there is limited 

research on the application of this material as an electrochemical aptasensing device for 

foodborne pathogens (Wang, Ao, Wang, Hou, & Qian, 2012; Zhang et al., 2017).  

In this research, the one-pot chemical synthesis of rGO-TiO2 nanocomposite using 

graphene oxide (GO) and Titanium isopropoxide (TTIP) is proposed. The rGO 
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concentration was fixed but the TiO2 concentration functionalized on the graphene surface 

was optimized to obtain best sensing performance. To the best of our knowledge, rGO-

TiO2 nanocomposite has not been implemented as an electrochemical aptasensor to detect 

whole-cell Salmonella enterica. Hence, this study introduced the electrochemical 

detection system using label-free single-stranded deoxyribonucleic acid (ssDNA) 

aptamer specific to Salmonella enterica. Coupling rGO functionalized with TiO2 

nanoparticles and aptamer has led to the successful and novel detection of the whole-cell 

foodborne pathogen. Due to the excellent electrochemical properties of TiO2, it is widely 

used for the construction of biosensors. Nevertheless, its high bandgap (~3.2 eV) results 

in low conductivity of this material (Lee, You, & Park, 2012; Liu et al., 2008; Solanki et 

al., 2014). Thus, TiO2 was incorporated with rGO in this study to improve the overall 

electrical conductivity. The chemical reduction of GO to rGO restores sp2-hybridized 

carbon networks and its synergetic effect with TiO2 improves the electronic properties 

and biocompatibility (Pei & Cheng, 2012; Tang, Li, & Zeng, 2015; Wu, Zhou, et al., 

2012). The metal oxides anchored on rGO also prevent the agglomeration and re-stacking 

of rGO sheets owing to the van der Waals forces thereby, increasing the total surface area 

leading to high electrochemical activity (Fan et al., 2011; Pandikumar, Soon How, et al., 

2014).  

The GO-TiO2 was formed using covalent bonds and reduced to rGO-TiO2 

chemically using hydrazine for better electronic, electrochemical and biochemical 

properties (Chang et al., 2012; Solanki et al., 2014; Wang, Zhai, Wang, & Dong, 2011). 

This nanocomposite was deposited by drop-casting onto a GCE electrode to form the 

rGO-TiO2/GCE platform. GO interacts with TTIP with the aid of nucleation sites of the 

functional groups such as –COOH and –OH (Chang et al., 2012). These negatively 

charged functional groups attract the positively charged Ti4
+ through esterification to 

form O=C–O–Ti bonds, resulting in the growth of TiO2 nanoparticles on the rGO sheets 
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during the reduction process (Xiang, Yu, & Jaroniec, 2011, 2012). In the presence of the 

DNA aptamer (ssDNA/rGO-TiO2/GCE), its phosphate group (P＝O) interacts with Ti-O 

to form P-O-Ti-O (Zhang, Wang, et al., 2014; Zhu, Wang, Zhang, Sun, & Yao, 2007). 

Non-covalent interactions between DNA bases and graphitic domains of rGO further 

enhance the adsorption of DNA onto the nanocomposite (Lu, Huang, Liu, Ying, & Liu, 

2016). When a target bacterium is introduced into the system, this aptamer binds 

specifically to the outer membrane protein of Salmonella cells and formed aptamer-

bacteria complex (STM/ssDNA/rGO-TiO2/GCE) that inhibits the electron kinetics at the 

electrode interface.    

 
5.2.2 Structural and morphological characterization of rGO-TiO2 nanocomposite.  

The chemical properties of the rGO-TiO2 nanocomposite were studied using FTIR 

as shown in Figure 5.9 (A). The FTIR spectrum of rGO showed an intense peak at 1630 

cm-1 due to the sp2 hybridization of carbon atoms resulting from the reduction of GO by 

hydrazine. The FTIR spectrum for TiO2 showed an essential characteristic peak at 3408 

cm-1 (stretching vibrations of O-H bond). The peaks at 846 cm-1 and 653cm-1 also 

indicated Ti-O vibrations in TiO2 lattice (Alam & Cameron, 2002). The three rGO-TiO2 

nanocomposites with different concentration of TiO2 had both essential characteristic 

peaks of rGO and TiO2. The oxygen-containing functional groups were decreased 

dramatically and the skeletal vibration peak of the rGO sheets was present at 1630 cm-1. In 

addition, a broad peak of Ti–O–C also appeared around 638 cm−1 which further indicated the 

formation of rGO and TiO2 nanocomposite (Raja et al., 2017).  However, the intensity of the 

peak varies between the rGO-TiO2@0.2M, rGO-TiO2@0.4M and rGO-TiO2@0.6M due 

to the different concentration of TiO2 decorated on the graphene surface.  
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Raman spectroscopy is a non-destructive technique that elucidates the vibration 

bands and particle size of the rGO-TiO2 nanocomposites. Figure 5.9 (B) shows Raman 

scattering spectra of the rGO, TiO2, rGO-TiO2@0.2M, rGO-TiO2@0.4M and rGO-

TiO2@0.6M. The spectrum of rGO exhibited two significant in-phase vibrations at 1349 

cm−1 (D band) and 1593 cm-1 (G band) representing the presence of structural defects in 

the sp2-hybridized carbon system and first-order scattering of E2g phonons of sp2 carbon 

atoms. In addition, the TiO2 spectrum showed anatase-vibration peaks centered at 196, 

394, 536 and 637 cm-1 which belong to Eg, B1g, A1g and Eg modes, respectively. The Eg 

peaks are attributed to the symmetric stretching vibration of O–Ti–O bonds. Furthermore, 

B1g and A1g peaks are ascribed to the symmetric and asymmetric bending vibrations of 

O-TiO. Whereas, the rGO-TiO2 nanocomposites showed both important characteristic 

peaks of rGO and TiO2. The presence of D and G bands at 1313 and 1601 cm−1, 

respectively and four main peaks of TiO2 indicate successful incorporation of these two 

materials. Moreover, the formation rGO-TiO2@0.2M, rGO-TiO2@0.4M and rGO-

TiO2@0.6M increased the ID/IG peak intensity ratio from 0.96 (rGO) to 1.01, 1.41 and 

2.06, respectively due to the decreased in-plane sp2 domain sizes resulting from the 

introduction of oxygen-containing groups and increased defects in its graphitic domains 

(Tan, Ong, Chai, & Mohamed, 2013). This phenomenon demonstrated that the chemical 

interaction between the surface of the hydroxy group of TiO2 and the functional group of 

GO was successfully materialized via a simple chemical reduction method.  The 

difference in ID/IG peak intensity ratio explains the degree of defects created on the surface 

of graphene. The rGO-TiO2@0.4M showed an optimum level of surface defects as 

compared to others.  

The XRD analysis was used to determine the crystallographic structure of the 

synthesized rGO and rGO-TiO2. The high-angle powder XRD patterns of rGO and rGO-

TiO2 nanocomposite is shown in Figure 5.9 (C). The XRD peak of rGO-TiO2 showed the 

Univ
ers

iti 
Mala

ya



   

108 
 

reflection at 25.5° (101), 37.9° (004), 48.5° (200), 54.4° (105) and 63.2° (204). All the 

peaks were corresponding to the anatase phase of Titania. The diffraction peaks of rGO 

were not distinguishable in XRD patterns of the rGO-TiO2 nanocomposite. This is due to 

the lower crystallinity degree of rGO as compared to TiO2 results in the shielding of the 

rGO peaks (Liu, Duan, et al., 2014; Sakulpaisan et al., 2016). The strong 101 plane 

reflections of TiO2 also masked the weak and broad characteristic peak of rGO at 2θ ~ 25° 

(Kumar, Kumar, & Reddy, 2015).  
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Figure 5.9, continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 (A) The FTIR spectra of rGO, TiO2, rGO-TiO2@0.2M, rGO-TiO2@0.4M and 

rGO-TiO2@0.6M. (B) The Raman spectra of rGO, TiO2, rGO-TiO2@0.2M, rGO-

TiO2@0.4M and rGO-TiO2@0.6M. (C) The XRD spectra of rGO and rGO-TiO2. 
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 The morphological characteristic of the rGO-TiO2 nanocomposite was studied 

using SEM and TEM imaging. Figure 5.10 (A) shows the SEM image of (a) rGO, (b) 

rGO-TiO2@0.2M, (c) rGO-TiO2@0.4M and (d) rGO-TiO2@0.6M. From SEM imaging, 

the folded and wrinkled rGO nanosheets can be seen. The well-formed TiO2 nanoparticles 

covering the surface of rGO can be observed in three nanocomposites indicating the 

deposition of TiO2 nanoparticles on rGO nanosheet.  

Figure 5.10 (B) shows TEM micrographs of the rGO and three rGO-TiO2 

nanocomposites. The morphology of rGO-TiO2 remains the same despite the increase in 

TiO2 concentration. The presence of dark color spherical-like structures on a semi-

transparent rGO nanosheet could be observed in rGO-TiO2@0.4M and rGO-TiO2@0.6M 

but not in rGO-TiO2@0.2M may be due to the low concentration of TiO2 nanoparticles. 

This image clearly showed that the TiO2 nanoparticles are uniformly and closely 

embedded in the spherical shape on the rGO nanosheets.  
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Figure 5.10, continued. 

Figure 5.10 (A). SEM images of (a) rGO, (b) rGO-TiO2@0.2M, (c) rGO-TiO2@0.4M 

and (d) rGO-TiO2@0.6M. (B) TEM image of (a) rGO, (b) rGO-TiO2@0.2M, (c) rGO-

TiO2@0.4M and (d) rGO-TiO2@0.6M 

 
5.2.3 Electrochemical characterization of rGO-TiO2 modified GCE electrode 

 

The electrochemical behavior of the rGO-TiO2 nanocomposite modified GCE 

electrodes was investigated and compared using CV (Appendix C1) and DPV as shown 

in Figure 5.11.  Both CV and DPV reveals the differences in electrochemical behavior 

of the rGO/GCE, rGO-TiO2@0.2M/GCE, rGO-TiO2@0.4M/GCE and rGO-

TiO2@0.6M/GCE in Zobell’s solution at scan rate 100 mV/s. All the CV plots exhibited 

a well-defined reversible redox peak. The rGO/GCE recorded the lowest current response. 

The rGO-TiO2@0.4M/GCE exhibited the highest current response which indicates rapid 

electron transfer at the electrode-electrolyte interface due to the good electrical 
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communication between electrode and electrolyte. The highest redox current response 

indicates the electrochemical reversibility of the oxidation and reduction of [Fe (CN)6]3-

/4- ions was greatly improved because of the effective surface area provided by rGO-

TiO2@0.4M/GCE.  

The DPV plot for blank GCE, rGO/GCE, rGO-TiO2@0.2M/GCE, rGO-

TiO2@0.4M/GCE and rGO-TiO2@0.6M/GCE in Zobell’s solution as shown in Figure 

5.11. This plot shows a drastic increase in the charge transfer rate upon employing the 

rGO-TiO2/GCE modified electrode. This is due to the presence of TiO2 induced better 

electrical conductivity between the electrode and electrolyte interface (How, Pandikumar, 

Ming, & Ngee, 2014). The lowest peak current was exhibited by bare GCE and followed 

by rGO/GCE. The current density value was drastically increased upon decorating rGO 

sheets with TiO2 nanoparticles. Among the three nanocomposites, rGO-

TiO2@0.4M/GCE electrode possesses the highest peak current and proves to have better 

electrochemical behavior. The current density at the electrode/electrolyte interface 

decreased in following the order of: bare GCE < rGO/GCE < rGO-TiO2@0.2M/GCE < 

rGO-TiO2@0.6M/GCE < rGO-TiO2@0.4M/GCE.  

 

Figure 5.11. The DPV plot of blank GCE, rGO/GCE, rGO-TiO2@0.2M/GCE, rGO-

TiO2@0.4M/GCE and rGO-TiO2@0.6M/GCE in Zobell’s solution at scan rate 100 mV/s. 
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5.2.4 Electrochemical detection of Salmonella using rGO-TiO2 nanocomposite-

modified electrode 

5.2.4.1 Optimization of rGO-TiO2@0.4M/GCE 

 
 To optimize the electrochemical performance of the fabricated electrodes, the 

effect of rGO-TiO2@0.4M loading (mg mL-1), aptamer concentrations (µmol L-1) and 

scan rates (mVs-1) on the sensing performance were studied. Firstly, the effect of rGO-

TiO2@0.4M concentrations was studied by loading the electrodes with different 

concentrations of a rGO-TiO2@0.4M solution. As shown in Appendix C2 (A), a 

maximum current density of 22 Am-2 was recorded with the loading of 3 mg mL-1 rGO-

TiO2@0.4M solution. At concentrations higher than 3 mg mL-1, the measured current 

density was reduced to below 13 Am-2. The current density decreased with increasing 

rGO-TiO2@0.4M loading could be attributed to the formation of a thicker film of 

nanocomposite which blocked the accessibility of the redox probe to the electrode surface 

and led to the limited electron transfer process (Guo, Guo, et al., 2013).  

Secondly, the effect of aptamer concentrations on current density was studied by 

incubating electrodes in different concentrations of aptamer solution. Based on the results 

in Appendix C2 (B), the highest current density was observed using an aptamer 

concentration of 5 µmol L-1. At concentrations of aptamer > 5 µmol L-1, the current 

density decreased gradually due to saturation of negatively-charged aptamer which forms 

an electrostatic barrier on the surface of the electrode (Liu, Tuleouva, Ramanculov, & 

Revzin, 2010).  

Lastly, the effect of scan rates on the sensor performance was also studied by 

measuring the peak current at different scan rates ranging from 10 to 100 mVs-1 using 

CV. Appendix C2 (C) shows that the peak current increased with increasing scan rates 

Univ
ers

iti 
Mala

ya



   

114 
 

which indicates enhanced electron transfer. A linear relationship (I = 0.213V + 1.591, 

R2=0.983) could be depicted from the peak currents obtained at various scan rates 

(Appendix C2 (D)), showing the redox process is surface-confined (Jia et al., 2016). 

 
5.2.4.2 Electrochemical analysis of rGO-TiO2@0.4M/GCE  

The electrochemical behavior of rGO-TiO2@0.4M/GCE nanocomposite was 

investigated with CV performed in Zobell’s solution. Appendix C3 shows the CV that 

illustrates the changes in electrical conductivity in accordance with each stage of the 

electrode fabrication process and the detection of bacterial targets. The typical redox peak 

of the bare GCE electrode was depicted in line d. A prominent increase in current density 

could be observed after the coating rGO-TiO2@0.4M on the electrode (line a) as 

compared to rGO (line c). A well-defined redox peak at +0.3 V was observed for rGO-

TiO2@0.4M/GCE. The increase in peak current for rGO-TiO2@0.4M/GCE is attributed 

to the incorporation of TiO2 with rGO that provides a high surface area, enhanced electron 

mobility and excellent electrical conductivity. However, the immobilization of aptamer 

onto the electrode (line b) caused the peak current to decrease as electron transfer to the 

bioactive material was reduced. In detail, the attachment of aptamer on the rGO-

TiO2@0.4M/GCE leads to electrostatic repulsion or steric hindrance between the 

negatively charged aptamer and the redox probe [Fe(CN)6]3-/4- leading to inhibition of 

electron transfer process (Jia et al., 2016; Park & Park, 2009).   

Similar results were observed in the electrochemical impedance Nyquist plot. The 

semicircle diameter observed in the Nyquist plot reflects the electron transfer resistance. 

In Figure 5.12, bare GCE exhibited a larger charge transfer resistance (Rct) as shown by 

the semicircle with large diameter (line a). After the coating of rGO-TiO2@0.4M 

nanocomposite onto bare GCE (line e), the Rct decreased drastically due to the effective 

electron transfer between the coated material and electrode interface. After the attachment 
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of aptamer (line d), the Rct increases with decreasing electron transfer rate due to the 

hindrance created by the electron exchange of redox probes at the electrolyte-electrode 

interface. In the presence of Salmonella cells (line c), the diameter of the EIS semicircle 

increased as compared to ssDNA/rGO-TiO2@0.4M/GCE. This is because the electron 

transfer was blocked by the formation of aptamer-bacteria complexes. This reduces the 

accessibility of the redox probe to the electrode and increases the charge transfer 

resistance leading to low conductivity (Park & Park, 2009). The EIS result was consistent 

with CV and the measurement of Rct showed more sensitive results than the conductivity 

test.  

 

 

 

 

 

 

 

 

Figure 5.12. The Nyquist plots of (a) bare GCE, (b) rGO/GCE, (c) STM/ssDNA/rGO-

TiO2@0.4M/GCE, (d) ssDNA/rGO-TiO2@0.4M/GCE and (e) rGO-TiO2@0.4M/GCE 

electrodes in Zobell’s solution (pH 7.0). 
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5.2.4.3 Electrochemical detection of bacterial cells using ssDNA/rGO-

TiO2@0.4M/GCE 

The sensitivity of the aptasensor (Figure 5.13 (A)) for bacterial detection was also 

investigated using DPV in Zobell’s solution. The ssDNA/rGO-TiO2@0.4M/GCE was 

incubated with different concentrations of S. Typhimurium suspension and the DPV was 

measured at pulse amplitude: 0.025 V, pulse width: 0.05 s and pulse period: 0.05 s. The 

peak currents were observed to reduce with decreasing bacterial concentrations. The 

aptamer adsorbed on the rGO-TiO2@0.4M/GCE surface complexes with targeted 

bacterial cells, causing a barrier for electron mobility and inhibiting electron transfer. This 

phenomenon subsequently results in a decrease of DPV signals (Reich, Stoltenburg, 

Strehlitz, Frense, & Beckmann, 2017).  The overall changes in charge transfer are linear 

with respect to the concentration of bacterial targets. The logarithm relationship between 

the bacterial concentration and peak current is plotted as shown in Figure 5.13 (B). The 

linear relationship is described as follows: 

I= 0.19 (± 0.02) log c + 0.59 (± 0.04) 

with the correlation coefficient of R2 = 0.98, where I is the current density (A m−2) and 

log c is the logarithm of the bacterial cell concentration. As the bacterial concentration 

increases, the charge transfer resistance decreases. When a bacterial cell is in contact with 

rGO, the negatively charged lipopolysaccharides of Gram-negative Salmonella cell wall 

induces hole density on the surface of rGO (Huang, Lim, et al., 2011; Mohanty & Berry, 

2008), causing a decrease in charge transfer resistance. The interference of negative 

charges of the bacterial cell wall with p-type rGO creates holes and causes electrostatic 

gating effect leading to negative potential gating which increased the hole density on rGO 

surface (Mohanty & Berry, 2008). The overall conductivity of rGO increased due to its 

higher levels of hole density. As the number of bacteria increases, more holes are being 
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created due to the large negative charge interfacing on the surface of rGO resulting in an 

increase of the current proportional to the bacterial concentration (Huang, Lim, et al., 

2011; Mohanty & Berry, 2008).  

 The selectivity of the aptasensor was further investigated and the results are shown 

in Figure 5.13 (C). For the selectivity test, the peak currents of non-Salmonella bacteria 

were measured. The results showed differences in conductance between Salmonella as 

compared with other bacteria. Although DPV oxidation signals are recorded for all non-

Salmonella bacteria, the individual peak current was still lower than the detection limit 

of our rGO-TiO2@0.4M/GCE aptasensor. This indicates that the developed aptasensor is 

highly selective for Salmonella with strong discrimination against other non-Salmonella 

bacteria. 

The performance of the developed rGO-TiO2 aptasensor was compared with 

established DNA-based methods and electrochemical biosensors for pathogen detection, 

as summarized in Table 5.3. This comparison shows the developed rGO-TiO2 aptasensor 

exhibited high sensitivity with improved detection limit and allows the rapid detection of 

Salmonella. 
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Figure 5.13, continued. 

 

 

Figure 5.13. Electrochemical detection of bacterial cells using the fabricated electrodes. 

(A) DPV of (a) rGO-TiO2@0.4M/GCE, (b) ssDNA/rGO- TiO2@0.4M/GCE, (c) 108 cfu 

mL−1, (d) 106 cfu mL−1 (e) 104 cfu mL−1, (f) 102 cfu mL−1 and (g) 101 cfu mL−1 in Zobell 

solution (pH 7.0). (B) Linear relationship between the current density and cell 

concentration (logarithm). (C). Graph of peak currents obtained for (a) S. Typhimurium, 

(b) E. coli, (c) V. cholerae, (d) K. pneumoniae, (e) Sh. Dysenteriae and (f) Staph. aureus 

in Zobell’s solution (pH 7.0). Data are expressed as mean ± standard deviation (n = 3).
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Table 5.3. Comparison of various bacterial detection techniques with the current study 

Detection methods Sensing Platform Targeted bacteria Limit of detection Assay time Ref 

Multiplex-PCR - Salmonella spp. 103 cfu ml-1 3h (Wang et al., 2007) 

Immunological assay - S. Typhimurium 103 cfu ml-1 2h (Wu, Li, et al., 2014) 

Electrochemical 

genosensor 

GO-iron oxide-chitosan 

nanocomposite 

E. coli 1 × 10−14 M (DNA 

target) 

1h (Tiwari, Singh, Pandey, & 

Sumana, 2015) 

Electrochemical 

immunosensor 

Graphene-copper (II) 

oxide-cysteine 

E. coli O157:H7 101 cfu ml-1* - (Pandey et al., 2017) 

Electrochemical 

immunosensor 

rGO–TiO2 V. cholerae 0.12 nmol L-1 

(target antigen) 

- (Solanki et al., 2014) 

Amperometric 

aptasensor 

rGO-TiO2 S. Typhimurium 101 cfu ml-1 10 min This work 

           *The detection limit was higher for food sample.
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5.2.4.4 Evaluation of the ssDNA/rGO-TiO2@0.4M/GCE in food sample 

Out of seven chicken meat samples tested (FS 1 to FS 7), six samples showed a 

positive electrochemical response with increasing peak current proportional to 

Salmonella concentration (Figure 5.14). One meat sample produced a negligible current, 

indicating the absence of Salmonella. The CV results were validated by the culture 

method. All the six chicken meat samples had a positive Salmonella growth on the 

selective medium Brilliance Salmonella agarTM while one meat sample had no growth on 

the selective medium. This aptasensor could detect Salmonella concentration ranging 

from 101 to 103 cfu mL−1 in the chicken meat samples. Furthermore, as depicted in Table 

5.4, the bacterial concentration of food samples obtained from the electrochemical 

detection was comparable to the Salmonella count on the selective agar plates. 

 
 

 

 

 

 

 

 

 

 

Figure 5.14. DPV signal obtained for food samples tested with the fabricated electrodes. 

(a) FS 1, (b) FS 2, (c) FS 3, (d) FS 4, (e) FS 5, (f) FS 6 and (g) FS 7. 
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Table 5.4. The comparison between measured concentration and enumeration of S. 

Typhimurium from the food samples. Data are expressed as mean ± standard deviation. 

Chicken meat 
sample 

Measured concentration 
using aptasensor (cfu mL−1) 

S. Typhimurium concentration 
from plate count (cfu mL−1) 

FS 1 103 (9.1±1.45) X 103 

FS 2 103 (1.5±0.53) X 103 

FS 3 102 (8.4±1.32) X 102 

FS 4 102 (7.7±0.95) X 102 

FS 5 101 (9.1±0.11) X 101 

FS 6 101 (7.0±0.28) X 101 

FS 7 Not detected - 
 
 

5.2.4.5 Reproducibility and stability of ssDNA/rGO-TiO2@0.4M/GCE 

The reproducibility of the aptasensor was also investigated by measuring the 

current response of rGO-TiO2/GCE for five different electrodes. Under optimal 

conditions, the RSD obtained for the oxidation peak was 3.5% (n = 5) which indicated 

the modified aptasensor has acceptable reproducibility. This aptasensor also showed good 

stability up to 20 days with a 10% decrease in signal observed after 30 days, when stored 

in ultrapure water at 4 °C. All the data were presented in Figure 5.15. 
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Figure 5.15. (A) Histogram of shelf life of rGO-TiO2@0.4M/GCE electrode up to 28 

days recorded in Zobell’s solution at a scan rate of 100 mV/s and (B) CV curves of five 

different rGO-TiO2@0.4M/GCE modified electrodes. 
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5.3 Reduced Graphene Oxide-Nafion (rGO-Nf) nanocomposite electrochemical 

aptasensor for Salmonella enterica detection.  

 

5.3.1 Overview 

Conducting polymer (intrinsically conducting polymers (ICPs) is a part of 

electroactive biomaterials that poses high electron affinity, electronic conductivity, 

thermal stability and good mechanical strength. The conductivity (about 105 S/cm) of 

polymers owing to the π-electron along the polymer backbone renders them a 

semiconducting property (Balint, Cassidy, & Cartmell, 2014).  This unique characteristic 

of the ICP favors their adaptation in electrochemical biosensor application. ICPs such as 

poly(3,4-ethylene dioxythiophene), polythiophene, poly(p-phenylenevinylene), 

polyaniline, polyacetylene and polypyrrole (Srinivas, Peng, Barker, & Travas-Sejdic, 

2012) are frequently used in sensors applications. Nafion (Nf) (Figure 5.16) is the most 

widely used cation exchange conducting polymer for electrochemical applications due to 

its remarkable proton conductivity and stability (Yusoff, 2019). Nafion consists of a 

polytetrafluoroethylene (PTFE) backbone with perfluoroalkyl ether chains terminating in 

sulfonic acid groups.  

 

Figure 5.16. The chemical structure of Nafion  
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Proton conducting polymers including Nafion can be easily synthesized using 

chemical and electrochemical methods which offer stable and reproducible dispersion in 

solvents. The main advantage of ICPs which makes them a promising candidate in 

biomedical applications is the high affinity towards biomolecules (Nigovic, Sadikovic, & 

Sertic, 2014).  Polymers bind to the biological molecules through adsorption and 

entrapment. The adsorption of biomolecules by polymers occurs through static 

interactions between the polymer matrix and the surface charge whereas, entrapment of 

biomolecules happens though trapping the biomolecule inside the polymer (Ahuja, Mir, 

Kumar, & Rajesh, 2007). The cationic properties of Nafion bind to the negatively-charged 

DNA aptamer (Branch et al., 2017) via electrostatic interaction to form a polyplex. The 

binding of the polymers at a high affinity with biomolecule give rise to excellent signal 

transduction during molecular detection, allowing highly sensitive detection (Tuncel, 

2011). The conductivity and electrochemical activity of the polymer towards molecular 

interaction with biomolecules render them opportunities for sensor application (Zhou, 

Fang, & Ramasamy, 2019).  

Besides enabling immobilization of biomolecules on its surface, conducting 

polymers also act as an excellent electron promoter in aqueous solutions (Singh, 2012). 

Researchers have shown that combining carbon nanostructures such as graphene with 

Nafion results in a significant improvement of the graphene’s electrochemical 

performance and conductivity (Rasouli, Naji, & Hosseini, 2017). This is because the low 

capacitance of graphene can be improved by compositing with other conducting polymers 

(Gao, 2017). Electrically conductive graphene-polymer nanocomposites can be prepared 

by solution-phase mixing of the exfoliated graphite oxide with the polymer solution, 

followed by chemical reduction (Potts, Dreyer, Bielawski, & Ruoff, 2011). All the 

functional atoms of graphene can be found on the surface of its sheet-like structure and 

their molecular interaction via π-π stacking. Therefore, electron transport through 
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graphene is rapid and highly sensitive to adsorbed molecules (Chen, Tang, Wang, Liu, & 

Luo, 2011). The synergistic effect between graphene and Nafion also offers great 

mechanical strength and enhanced biocompatibility. Moreover, the presence of 

perfluoroalkyl backbones in Nafion provides a high hydrophobicity property serving as 

an effective matrix to disperse graphene in an aqueous solution (Yin et al., 2010). This 

will solve the graphene’s restacking and agglomeration problem and enable uniform 

coating of the nanocomposite on the electrode’s surface.  

In the field of electrochemical biosensing of bacteria, the adaptation of polymers 

coated working electrode has been widely explored. For instance, Sheikhzadeh, Chamsaz, 

Turner, Jager, and Beni (2016) reported a gold- polypyrrole-based polymer-modified 

impedimetric immunosensor for the detection of S. Typhimurium using strain-specific 

aptamer. This system offers a promising detection limit in both pure culture and real food 

sample (apple juice) with a detection limit of 3X 100 cfu/mL and 102–106 cfu/mL, 

respectively. The intrinsic variation of the electrical properties of the polymeric surface 

of polypyrrole used in this system offers a label-free detection of bacteria without the 

need for redox probes. The usage of natural biopolymers such as chitosan for the 

electrochemical detection of bacteria is more prominent as compared to conducting 

polymers because its thickness, surface charge and chemical groups can be flexibly tuned 

for enhanced electrochemical performance (Ahmed et al., 2014). To the extent of our 

knowledge, there is little research focused on the rGO-Nf nanocomposite materials for 

the electrochemical detection of bacteria. Thus, this study is focused on the development 

of selective and sensitive electrochemical sensing rGO-Nf nanocomposite platform. The 

experimental parameters such as the effects of nafion concentration, scan rate, loading 

volume of material and aptamer concentration on electrocatalytic performance were 

investigated. The sensitivity and selectivity of this rGO-Nf nanocomposite based 

aptasensor were also studied. This highly conductive, sensitivity and selectivity of the 
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rGO-Nf nanocomposite modified aptasensor could be a promising candidate for the 

electrochemical detection of bacteria cells responsible for foodborne illness.  

 
5.3.2 Structural and morphological characterization of rGO-Nf nanocomposite.  

 The FTIR technique was used to study the interfacial interactions between rGO 

and Nafion polymer as shown in Figure 5.17 (A). The FTIR spectra of rGO and rGO-

Nafion nanocomposites were elucidated. The removal of various oxygen-containing 

functional groups in rGO can be seen prominently which causes a drastic decrease in its 

intensities. The broad O–H peak (3400 cm), C=O (1720cm) and O–H(1400cm) 

disappeared after the chemical reduction. The C=C at the 1580cm band was completely 

restored in rGO. The spectra of three rGO–Nf nanocomposites showed all the 

characteristic bands of both rGO and Nafion. The nanocomposites showed a COC–

symmetric stretching bands at 965 and 980 cm-1. Moreover, the presence of S–O 

stretching of SO3H at 1056 cm was also prominent in the nanocomposites with increasing 

intensity proportional to the Nafion concentration. The presence of  S–O stretching is 

attributed to the hydrogen bonding between the sulfonate moieties of the Nafion polymer 

and the dispersed rGO which enhances electron conductivity (Jung, Jeon, Sridhar, & Oh, 

2011).  

Figure 5.17 (B) shows Raman scattering spectra of the rGO and rGO-Nf 

nanocomposites. The representative peaks of graphene which is D and G band were 

observed in the nanocomposites. The ID/IG band ratio for rGO-Nf nanocomposites 

differs as evidence for the occurrence of chemical doping (p-type doping) on carbon 

materials (Aragaw, su, Rick, & Hwang, 2013). The ID/IG band ratio increases from 0.96 

(rGO) to 0.98, 1.24 and 1.56, respectively. The CF2 and sulfonic acid groups of Nafion 

introduce holes on carbon surface which shifts the Fermi level rGO to the valence band 

which inevitably increases the conductivity of the rGO-Nf nanocomposites(Liu, Gao, 
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Sun, Wang, & Zhang, 2009; Poh et al., 2012). As the concentration of Nafion increases, 

the holes created on the rGO surface increases and causes an increase in conductivity.  

Figure 5.17 (C) shows the XRD of the rGO and rGO-Nf nanocomposites. The 

results reveal that both the characteristic peak of rGO and Nafion were present in the 

composite material. The composite appears with 2 distinctive peaks at 15° and 26° which 

corresponds to the AP and rGO, respectively. The sharp peak at 15° was related to the 

crystalline scattering of the polyfluorocarbon chains belongs to Nafion and broad peak at 

26°corresponds to (002) planes of graphite-like structure on rGO (Ozden, Ercelik, 

Ozdemir, Devrim, & Colpan, 2017).  
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Figure 5.17, continued. 

 

 

Figure 5.17. (A) FTIR spectra of rGO, rGO-Nf@0.002M, rGO-Nf@0.005M and rGO-

Nf@0.01M. (B) Raman spectra of rGO, rGO-Nf@0.002M, rGO-Nf@0.005M and rGO-

Nf@0.01M. (C) The XRD spectra of rGO and rGO-Nf. 

B 

C 
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 The morphological characteristic of the rGO-Nf nanocomposites were studied 

using TEM and SEM. Figure 5.18 (A) shows the SEM of the materials. Wavy wrinkles 

and sheet-like structure of rGO can be observed through SEM. In the presence of Nafion, 

the polymer introduces more crumples and make the rGO surface rougher which is visible 

in the SEM image. This proves the successful formation of the rGO-Nafion 

nanocomposite. However, there is no obvious difference in the morphology of three rGO-

Nafion nanocomposites.  

 Figure 5.18 (B) shows the TEM images of the rGO and rGO-Nf nanocomposites. 

The rGO exhibits wrinkled transparent flakes of the ultra-thin film along with a few thin 

ripples within the sheets. Whereas, the rGO-Nf nanocomposites exhibit a rough surface 

with an increase in the thickness of the layer due to the deposition of Nafion polymer. 

The coverage of polymers on the surface of rGO increases with the increasing 

concentration of Nafion.  
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Figure 5.18, continued. 

Figure 5.18 (A). SEM of (a) rGO, (b) rGO-Nf@0.002M, (c) rGO-Nf@0.005M and (d) 

rGO-Nf@0.01M. (B). TEM of (a) rGO, (b) rGO-Nf@0.002M, (c) rGO-Nf@0.005M and 

(d) rGO-Nf@0.01M. 

 
5.3.3 Electrochemical characterization of rGO-Nf/GCE  

The electrochemical performance of the rGO-Nf modified electrodes was 

characterized by using CV and electrochemical impedance spectroscopy (EIS) as shown 

in Appendix D1 and Figure 5.19, respectively.  Both the CV and EIS plots were obtained 

for rGO-Nf nanocomposites synthesized with different concentrations of Nafion in 

Zobell’s solution.  

The CV plot for bare GCE, rGO/GCE and all three electrodes (rGO-

Nf@0.002M/GCE, rGO-Nf@0.005M/GCE and rGO-Nf@0.01M/GCE) exhibits a quasi-

B 
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reversible redox reaction peak (Appendix D1). Bare GCE exhibited the lowest peak 

current but after the coating with rGO, the peak current increases due to the conductive 

nature of rGO due to the removal of electron insulating groups during the chemical 

reduction process. The highest redox peak current was obtained for rGO-

Nf@0.005M/GCE followed by rGO-Nf@0.01M/GCE and rGO-Nf@0.002M/GCE with 

peak-to-peak separations of 99 mV, 150 mV and 170 mV, respectively. The peak current 

increases with increasing concentration of Nafion because the higher amount of Nafion 

gives rise to a conductive platform by offering a large surface area that promotes rapid 

electron transfer rate (Lee et al., 2013). However, the peak current decreased at higher 

concentration of Nafion due to the high resistance created on the surface of electrode 

resulting from the increased membrane thickness.   

Figure 5.19 shows the Nyquist plot for rGO-Nf modified electrodes. For all plots, 

the existence of one semicircle in the high-frequency range can be seen. The diameter of 

the semicircle reflects the charge transfer resistance (Rct) and the inclined straight line 

represents the impedance of the diffusion of the ions on the graphene’s surface (Jiang et 

al., 2014). The bare GCE shows the largest diameter of the semicircle and followed by 

rGO/GCE. However, the coating of rGO-Nf nanocomposite on the electrode’s surface 

decreases the diameter of the semicircle. The rGO-Nf@0.005M/GCE exhibits the lowest 

charge transfer resistance as compared to other electrodes. This proves the cationic Nafion 

coating on the graphene sheets effectively facilitates the electron transfer between the 

negatively charged electrochemical probe [Fe(CN)6]3−/4− and graphene (Xi & Ming, 

2012). The synergistic effects exerted by the functional groups of rGO and the electron-

withdrawing groups of Nafion causes a significant improvement in both protonation and 

electron conductivity (Li, Gittleson, Carmo, Sekol, & Taylor, 2012). The electron-

withdrawing groups of Nafion, –CF2 and –SO3 change the electron density of the 

graphene plane through p-type doping which shifts the Fermi level to the valence band 
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(Aragaw, Su, Rick, & Hwang, 2013). This transition will inevitably increase the 

conductivity of the rGO in the nanocomposite. The equivalent electrical circuit used for 

fitting the impedance spectra was shown in the inset of Figure 5.19.  

 

 

 

 

 

 

 

 

Figure 5.19. The Nyquist plots for bare GCE, rGO-Nf@0.002M, rGO-Nf@0.005M and 

rGO-Nf@0.01M. 

5.3.4 Electrochemical detection of Salmonella using rGO-Nf nanocomposite-

modified electrode. 

5.3.3.1 Optimization of rGO-Nf@0.005M/GCE 

 The optimization of parameters such as the effect of rGO-Nf loading and aptamer 

concentration was investigated to achieve optimal sensing performance. The CV 

measurement of the fabricated electrode was carried out using Zobell solution at a scan 

rate of 100 mVs-1.  Firstly, the effect of rGO-Nf@0.005M loading on the GCE electrode 

was optimized by loading different amounts of rGO-Nf@0.005M ranging from 1 mg mL-

1 to 13 mg mL-1 (Appendix D2 (A)). The current density of rGO-Nf@0.005M/GCE 
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electrode increased with an increasing amount of rGO-Nf@0.005M/GCE and achieved 

maximum current density at the amount of 7 mg mL-1. The current density started to 

decrease as the amount of rGO-Nf@0.005M/GCE more than 7 mg mL-1 due to the 

formation of think layer on electrode surface that reduces the electron transfer from the 

electrolyte to the electrode (Guo, Guo, et al., 2013).  

 Then, the effect of aptamer concentration on the sensing performance of the 

electrodes was also optimized (Appendix D2 (B)). The fabricated electrodes were 

exposed to different concentration of the aptamer ranging from 1 µmol L-1 to 15 µmol L-

1. The optimum current density was obtained for aptamer concentration of 5 µmol L-1. 

When the aptamer concentration more than 5 µmol L-1 loaded on the electrode, the current 

density decreased dramatically. This is attributed to the steric hindrance and strong 

electrostatic repulsion between the aptamers created by the presence of a high quantity of 

negatively charged ssDNA on the electrode surface (Urmann, Modrejewski, Scheper, & 

Walter Johanna, 2017). 

 The effect of increasing scan rate (10 to 100 mVs-1) on the electrochemical 

performance of the rGO-Nf@0.005M/GCE was investigated (Appendix D2 (C)). 

Increasing scan rate means an increase in the charging current and reduction in the 

response time but the actual capacitance is constant for a material. The anodic peak was 

positively shifted with an increase in the scan rate and exhibited good linearity. 

 
5.3.3.2 Electrochemical analysis of rGO-Nf@0.005M/GCE 

The CV and EIS were recorded as shown in Appendix D3 and Figure 5.20 to 

study the electrochemical behavior of rGO-Nf@0.005M/GCE after the immobilization of 

biorecognition element (aptamer). In both CV and EIS plots, rGO-Nf@0.005M/GCE 

showed the highest peak current and lowest electron transfer resistance. This is due to the 

increased in electron transfer rate at the electrode’s interface promoted by the coating of 
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cationic Nafion polymer as described previously. However, after the immobilization of 

the aptamer on the electrode’s surface, a drastic decrease in both conductivity and charge 

transfer resistance can be observed. The electrostatic attraction between positively 

charged cationic polymers and negatively charged DNA enables strong anchoring of the 

aptamer on the surface of the electrode (Mady, Awad, El-Guendy, & A. Elsayed, 2011). 

The presence of rGO-Nf/aptamer complex (polyplex) will create a barrier for the 

diffusion of the electrochemical probe [Fe(CN)6]3−/4− at the electrode interface which 

caused a decrease in the conductivity of the ssDNA/rGO-Nf@0.005M/GCE. When the 

ssDNA/rGO-Nf@0.005M/GCE electrode is exposed to the bacterial cells, the peak 

current further decreased. The negatively charged cell membrane repels the negatively 

charged redox probe [Fe (CN)6]3−/4−, which inhibits the diffusion on the redox molecules 

on the graphene’s surface and this phenomenon further decreases the peak current and 

increases the charge transfer resistance.  

  

 

 

 

 

 

 

Figure 5.20. The Nyquist plot of bare GCE, rGO-Nf@0.005M/GCE, STM/ssDNA/rGO-

Nf@0.005M/GCE and ssDNA/rGO-Nf@0.005M/GCE electrodes in Tris-HCl buffer. 
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5.3.3.3 Electrochemical detection of bacterial cells using ssDNA/rGO-

Nf@0.005M/GCE 

 The selectivity test was conducted in 0.1 M PBS solution to study the efficiency 

of the fabricated electrode in detecting the bacterial cells and the limit was identified too. 

The redox behavior of ssDNA/rGO-Nf@0.005M/GCE at different concentrations of 

bacteria ranging from 108 to 101 cfu/mL was investigated by using DPV in 0.1 M PBS 

(pH 6.5) as shown in Figure 5.21 (A). The results obtained through DPV agreed with the 

CV and EIS data. Similarly, the ssDNA/rGO-Nf@0.005M/GCE peak current decreased 

due to the blockage of the electron-transfer of redox probe. The electron-withdrawing 

groups in Nafion make the rGO-Nf more electrophilic and positively charged. This will 

promote the electrostatic interaction with a negatively charged DNA aptamer. When the 

bacterial cells introduced to the system, the peak currents were observed to increase 

linearly with the increasing bacterial concentrations as shown. This is attributed to the 

formation of a stem-loop structure by aptamer upon the binding to its targeted cell. The 

conformational changes between the aptamer-bacterial complex decrease the coverage of 

aptamer on the electrode surface which enhances the rate of electron transfer rate. The 

conformational changes between the aptamer and bacterial cell bring the negatively 

charged Salmonella cells closer to the rGO-Nf surface and induce holes in the graphene, 

causing an increase in conductivity (Mohanty & Berry, 2008). The increase in peak 

current upon the binding of bacterial cells is proportional to the concentration of bacterial 

targets. The peak current was plotted with the logarithm of the target bacterial 

concentration as shown in Figure 5.21 (B) and the relationship can be described as: 

I= 0.15 (± 0.03) log c + 0.94 (± 0.05) 

with the correlation coefficient of R2 = 0.98, where I is the current density (A m−2) and 

log c is the logarithm of the cell concentration. The binding of the bacterial targets affects 
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the interfacial electron-transfer kinetics and increases the conductivity of the surface-

bound aptamer–bacteria constructs. When the number of bacteria increases, the 

negatively charged lipopolysaccharides on its cell wall contributes to more negative 

charges. These strong negative charges induce more holes on the surface of graphene and 

increase the current proportional to the concentration of the bacterial targets bound on the 

electrode surface (Thiha et al., 2018). 

The selectivity of the aptasensor was also studied by exposing the fabricated 

electrodes to different types of non-Salmonella bacteria (Escherichia coli, Shigella 

dysenteriae, V.  cholerae, Staph. aureus and Klebsiella pneumoniae). Figure 5.21 (C) 

shows, the no drastic changes in the conductivity of the electrode exposed to non-

Salmonella bacteria as compared to the Salmonella bacteria. This result indicates, the 

fabricated aptasensor exhibits high selectivity towards Salmonella bacterial detection.  
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Figure 5.21, continued. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 5.21 (A) DPV of ssDNA/rGO-Nf@0.005M/GCE, (b) 108 cfu mL-1, (c) 106 cfu 

mL-1 (d) 104 cfu mL-1, (e) 102 cfu mL-1, (f) 101 cfu mL-1 and (g) rGO-Nf@0.005M/GCE 

in Tris-HCl buffer, pH 7.4. (B) A linear relationship between the current density and cell 

concentration (logarithm). C). DPV of (a) S. Typhimurium, (b) E. coli, (c) V. cholerae, 

(d) K. pneumoniae, (e) Sh. dysenteriae and (f) Staph. aureus in Tris-HCl buffer, pH 7.4. 

B 
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5.3.3.4 Evaluation of the ssDNA/rGO-Nf@0.005M/GCE 

The performance of the aptasensor for the detection of Salmonella bacteria that 

were naturally found in contaminated food samples was also studied. The sensor was 

tested on chicken meat samples obtained from the markets (n=5). Figure 5.22 shows that 

the detection of Salmonella present in food samples was possible because the current 

density obtained for all food samples tested was correlated to the linear regression 

obtained for the sensitivity test.  

 

 

Figure 5.22 DPV of spiked chicken food samples with different concentrations of 

bacteria recorded in Tris-HCl buffer, pH 7.4. 
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5.3.3.5 Reproducibility and stability of the rGO-Nf@0.005M/GCE 

The reproducibility of the fabricated electrode was studied using a successive CV 

measurement of five different electrodes in 0.1 M PBS at 100 mVs-1. Figure 5.23 shows 

there is no evident changes between the electrodes with good reproducibility with a RSD 

of 0.71 %. The shelf life of the electrodes was experimented by measuring the CV of an 

electrode for 28 days. The peak current of the electrode was observed to decrease slightly 

with an RSD value of 1.15 %. The low RSD values obtained for rGO-Nf@0.005M/GCE 

showed excellent reproducibility and stability of the electrode.  

 

 

 

 

 

 

 

 

Figure 5.23. (A) CV curves of five different rGO-Nf@0.005M/GCE modified electrodes 

and (B) histogram of shelf life of rGO-Nf@0.005M/GCE electrode up to 28 days recorded 

in 10X PBS at a scan rate of 100 mV s-1. 

A 

B 18.7 Am-2
 18.8 Am-2

 18.7 Am-2
 18.5 Am-2

 18.5 Am-2
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5.4 Validation of experimental results with PCR method  

The results obtained by aptasensor for sensitivity test was validated with PCR 

assay as shown in Figure 5.24 (A). DNA extracted from the different concentrations of 

Salmonella cultures (108 -101 cfu mL-1) were tested with PCR. The amplification of the 

ompC of S. Typhimurium gave a DNA fragment of 204 bp. The results obtained also 

showed the detection limit of PCR was only up to 102 cfu mL-1 as compared to the 

detection limit of aptasensor which was 101 cfu mL-1. This shows aptasensing is more 

sensitive than PCR. Moreover, the selectivity and specificity of the aptamer to other types 

of Salmonella and non-Salmonella bacteria were also investigated. For both the 

selectivity and specificity test, the DNA of Salmonella and non-Salmonella bacteria were 

captured using aptamer-conjugated magnetic beads. All the DNA were extracted and 

subjected to PCR reaction using species-specific primers.  

Figure 5.24 (B) shows the selectivity test of the aptamer against other types of 

Salmonella bacteria namely, S. Paratyphi A, S. Enteritidis, S. Typhimurium, S. Typhi, S. 

Albany, S.Corvallis and  S. Pullorom. The PCR image showed the presence for a positive 

band for all other types of Salmonella bacteria which indicates the aptamer used in this 

study is selective for all other Salmonella bacteria other than S. Typhimurium. Moreover, 

Figure 5.24 (C) shows the PCR obtained for different types of bacteria. The PCR 

amplification for non-Salmonella bacteria showed the absence of a positive band for all 

the five samples tested indicating the aptamers used in this study were only specific to 

Salmonella bacteria.  
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Figure 5.24. (A) The sensitivity of detection by PCR for S. Typhimurium. Gel 

electrophoresis patterns of PCR products obtained at different concentration of DNA: 

Lane 1, 108 cfu mL-1; Lane 2, 106 cfu mL-1; Lane 3, 104 cfu mL-1; Lane 4, 102 cfu mL-1; 

Lane 5, 101 cfu mL-1; Lane 6, negative control; and Lane 7, 100 bp ladder.  (B) The 

specificity test for different types of Salmonella bacteria: Lane 1, 100 bp ladder; Lane 2, 

S. Typhimurium; Lane 3, S. Enteritidis; Lane 4, S. Paratyphi A; Lane 5, S. Typhi; Lane 6, 

S. Albany; Lane 7, S. Corvallis; Lane 8, S. Pullorom; and Lane 9, negative control. (C) 

The selectivity test for non-Salmonella bacteria: Lane 1, V. cholerae; Lane 2, Sh. 

dysenteriae; Lane 3, E. coli; Lane 4, K. pneumoniae; and Lane 5, Staph. aureus with 100 

bp ladder. 
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5.5 Summary 

The rGO-nanocomposites (AP, TiO2, Nf dopants) was successfully synthesized 

using a simple and facile chemical reduction method which has been used to modify GCE 

electrodes. The effect of the dopant concentration on the electrochemical sensing 

performance was performed and the results showed that rGO-AP@0.005M/GCE, rGO-

TiO2@0.4M/GCE and rGO-Nf@0.005M/GCE demonstrates the highest cathodic current 

response.  

Under the optimized experimental condition, these electrodes showed sensitive 

and selective electrochemical sensing of S. Typhimurium. The rGO-AP@0.005M/GCE, 

rGO-TiO2@0.4M/GCE and rGO-Nf@0.005M/GCE achieved lowest detection limit of 

1.0 cfu mL-1, 2.0 cfu mL-1 and 1.0 cfu mL-1, respectively. It is noteworthy that these 

modified electrodes were highly selective and resistant toward common interfering 

bacterial species such as V. cholerae, Sh. dysenteriae, E. coli, K. pneumoniae and Staph. 

aureus. Further investigations on the reproducibility and shelf life of the electrodes were 

also studied. The results show that the rGO-nanocomposites electrodes exhibited good 

reproducibility and shelf life up to 28 days. Furthermore, these electrodes also showed 

good accuracy and high precision for detecting the presence of Salmonella in food 

samples.  

The strong synergistic effect between rGO and AP, TiO2, Nf dopants enhances 

the sensing performance due to the increased active surface area, effective electron 

transfer, hence improved the sensitivity of the sensor electrode. The results obtained 

prove a great potential of organic dye, metal oxide and polymer-modified rGO for the 

development of novel electrochemical sensing devices for the detection of foodborne 

pathogens. 
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CHAPTER 6 

THE MECHANISM OF APTAMER-BACTERIAL INTERACTION ON THE 

SURFACE OF RGO-NANOCOMPOSITE 

 

6.1 Overview 

The presence of bacterial pathogens at an infectious level in the food supply is 

often correlated to the occurrence of foodborne illness worldwide. The highly conductive 

nature of graphene-based nanomaterials has driven exploration of their applications in the 

field of biosensors (nanoelectronics devices) for the detection of foodborne pathogens. 

For the optimal performance of the graphene-based biosensor, aqueous solution or 

electrolyte is necessary to provide the liquid condition for the operation (Wu, Meyyappan, 

& Lai, 2018). Moreover, the surface functionalization of graphene with a sensing probe 

such as the aptamer is crucial for specific and sensitive detection of the whole-cell 

bacteria (Zhao, Wang, Jia, & Li, 2018). This concept has been established in this work in 

the previous sections.  

 
Graphene is a zero-gap semiconductor which consists of conduction and valence 

bands meets at Dirac points that result in the conductive nature of graphene (Giubileo & 

Di Bartolomeo, 2017). The Brillouin zone of graphene is the unit cell of the reciprocal 

lattice which is formed by the π-band electron dispersion and also known as honeycomb 

lattice. This zone consists of Γ center and two equivalent corners (k and k’) as shown in 

Figure 6.1 (Huang, Nurbawono, Zeng, Gupta, & Liang, 2016).  
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Figure 6.1. The Brillouin zone of graphene 

Six points in the two-dimensional Brillouin zone where the bands meet is Dirac 

points. Each carbon atom has three bonds in the plane and one orbital perpendicular to 

the plane. During the chemisorption on the surface of graphene, the π bond breaks and 

produces an additional σ bond that transit graphene structure from sp2 to sp3 

hybridization. Electrons from the perpendicular orbitals form bands closest to the Fermi 

level are denoted as π and π* bands which contribute to the electronic properties of 

graphene. In the band structure of monolayer graphene, the π band corresponds to the 

valence band and the π* band is the conduction band. As shown in Figure 6.2, the linear 

bands cross exactly at the Fermi energy (circled), thus there is only one state which can 

be treated as a hole or as an electron. Since there are no conducting states at the Fermi 

level, graphene behaves like a gapless semiconductor (also called semi-metal) (Lu, Yu, 

Wen, & Chen, 2013).  

 

 

 

 

 

 

Figure 6.2. The electronic band structure of graphene. Red lines indicate σ bands and the 

blue line indicates π band. Adapted from (Boukhvalov & Katsnelson, 2009). 
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However, the electronic applications are handicapped by the absence of a 

semiconducting gap in graphene. Thus, the physical and electronic properties of graphene 

can be improved through surface functionalization with chemical dopants such as organic 

dyes, metal oxides and polymers (Loh, Bao, Eda, & Chhowalla, 2010). These 

modifications create a doping effect on graphene that will shift the Fermi level of 

graphene from valence to the conduction band which increases the overall conductivity 

of the composite material (Rani & Jindal, 2013). Another fascinating property of 

graphene is the shifting of Fermi level to conduction band from the valence band is very 

tunable by applying a gate voltage (Craciun, Russo, Yamamoto, & Tarucha, 2011). The 

gate voltage gives graphene an ambipolar electric field effect. The perpendicular electric 

field applied to multilayers of graphene modifies the electronic structure near the K point 

and may induce an energy gap in the electronic spectrum (Avetisyan, Partoens, & Peeters, 

2009).  

Doping controls many of the electronic properties of graphene, such as the carrier 

concentration and conductivity (Pinto & Markevich, 2014). Doping helps to keep the 

defect density of graphene minimal because defects may degrade the electrical properties 

such as mobility and conductivity (Beams, Gustavo Cancado, & Novotny, 2015). In fact, 

graphene is far more sensitive to changes in carrier concentration than semiconductors 

such as silicon. Zero-bandgap graphene has limited photoluminescent property but the 

presence of oxygen in rGO improves the PL properties of graphene (Rajoba, Sartale, & 

Jadhav, 2018). The chemical doping further increases the PL property of graphene which 

gives the material a definite bandgap (Xu et al., 2017). The shifts of the Fermi level in 

graphene can be characterized by using PL that helps to study the bandgap introduced on 

the electronic configuration of graphene (D. Lounis et al., 2010). Since the conduction 

and valence band intersect at the Dirac point, intuitively the Fermi level must be 

extremely sensitive to the carrier concentration (Garg, Dutta, & Roy Choudhury, 2014). 
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Dirac cone with no doping, hole doping and electron doping are shown in Figure 6.3. 

The Fermi level for each type of doping differs. For p-type doping which is also a hole 

doping, the Fermi level shifts downwards and vice versa for n-type doping (electron 

doping). During p-type doping, more holes are created resultant of the flowing of 

electrons from graphene to adsorbent. The holes created easily jump to the valence band 

and this phenomenon is represented by a shift of Fermi level near the valence band. 

However, during n-doping, the proportion of electrons is more than holes in which it is 

easier for the free electrons to gain very low energy and jump into the conduction band. 

This is because the electrons are sitting at the Fermi level (which is very close to the 

conduction band) and they can shift to the conduction band by gaining a few eV of energy.  

 

 

 

Figure 6.3. The Fermi level in graphene for (a) absence of doping, (b) p-doped and (c) n-

doped. Adapted from (Beams et al., 2015). 

Although the excellent electrochemical performance of graphene has been 

achieved experimentally using electrochemical approaches, understanding the changes 

happened on the surface of graphene upon the interactions with bacterial targets is crucial 

for further development and optimization of aptasensors for various applications. Thus, 

in this section multi-analytical approaches (Raman, FTIR, PL) were undertaken to 

understand the detailed mechanism involving bacterial detection and to prove the existing 

theoretical explanation. Theoretically, some studies reported that the changes in the 

current response resulting from the binding of bacteria on the surface of probe-modified 
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graphene were due to the modification in the graphene’s charge carrier density (Wu et al., 

2017; Wu et al., 2018). The aptamer immobilized on the surface of graphene binds to the 

whole-cell bacteria with high affinity and undergo conformational changes which bring 

the negatively charged bacterial cells closer to the surface of graphene. This binding will 

induce holes in graphene and increases the hole carrier density which results in electrical 

detection. This proposed mechanism in this study could serve as a guidance for the design, 

optimization and operation of graphene-based biosensors for future applications. 

6.2 Chemical characterization of aptamer-bacteria interaction on graphene-

nanocomposite. 

6.2.1 Raman spectroscopy 

Raman spectroscopy is highly sensitive to detect changes in the electronic 

structure of materials and widely used to study the doping effect on the graphene (Beams 

et al., 2015). The shift of the G band and its intensity ratio (ID/IG) in the Raman spectrum 

are the indicators of doping effect on graphene. Figure 6.4 shows the Raman spectra of 

the nanocomposites and rGO. The G bands of composite materials were observed to the 

left side as compared to rGO. The iLO and iTO phonons are responsible for the main 

Raman bands observed in graphene. It is important to note that the iTO and iLO phonon 

energies are highly dispersive at the K points. The phonon energy softening at these points 

is known as the Kohn anomaly (Piscanec, Lazzeri, Mauri, Ferrari, & Robertson, 2004) 

which is caused by phonon energy renormalization due to electron-phonon coupling.  

In this process, the phonon creates a virtual electron-hole pair that re-combines 

and creates another phonon. The doping of graphene decreased the probability of excited 

charge carrier recombination (Beams et al., 2015). The decreased probability afforded 

non-adiabatic photon perturbations removed the Kohn anomaly and increased the energy 

of the phonons at the Γ point and K point. The increased phonon energy resulted in the 
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Raman G and D peaks with higher frequency and larger wavelength. This can be observed 

in Raman peaks illustrated in Figure 6.4. The Raman peaks of rGO-nanocomposites 

slightly shifted to a larger wavelength after the chemical doping proves as compared to 

rGO. Chemical doping can change the Fermi level and potentially open a bandgap in 

graphene.  

 

 

 

 

 

 

 

 

 

 

Figure 6.4. The Raman spectra of rGO-nanocomposites in the presence of aptamer and 

bacteria. 

6.2.2 Photoluminescence spectroscopy 

The chemically doped graphene behaves more like an extrinsic semiconductor. 

This is because any impurities or dopants added to a pure material will give 

semiconductors an extrinsic property as compared to pure graphene which is an intrinsic 

semiconductor (Hofmann, Hsieh, Chang, Tsai, & Chen, 2015). In extrinsic 

semiconductors, the Fermi level is not situated in between the gaps and the position is 

dependent on the type of dopant and carrier concentration (Roy, 1977). When the 

impurities are added to a material, the overall carrier concentration (the number of 
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electrons in the conduction band or the number of holes in valence band) increases. 

However, the increasing concentration of carriers can decrease the mobility of the 

electrons at a constant temperature. Thus, the relationship between the bandgap and 

conductivity in an extrinsic semiconductor is dependent on the concentration of carriers. 

To further understand the relationship between the bandgap and conductivity without 

neglecting the type of dopants, the photoluminescence analytical tool was employed in 

this study.  

Through PL, the bandgap energy of the graphene in the presence of dopants, 

aptamer and bacterial cells can be calculated. The changes in the bandgap energy can be 

used to study the change in the electronic configuration of graphene. Based on the results 

obtained for PL of rGO-nanocomposites as shown in Figure 6.5, the changes in the 

bandgap energy for nanocomposites upon the interaction with dopants, aptamer and 

bacterial cells were summarized in Table 6.1. 

Table 6.1: Summary of the changes in the bandgap in rGO-nanocomposites 

 

In general, the bandgap for nanocomposites decreases upon the introduction of 

chemical dopants as compared to rGO (2.25 eV). There is some correlation exists between 

the bandgap energy and the conductivity of the rGO-nanocomposite. All the dopants bind 

to graphene through covalent interactions when the GO was mixed with AP, TiO2 and Nf 

separately to make a nanocomposite molecule. These chemical dopants induce either n-

type or p-type doping on the graphene sheets which increase the electron density or rate 

rGO-nanocomposite Bandgap Energy (eV) 

Dopants Aptamer Bacterial cells 

rGO-AP 2.15 1.81 1.97 

rGO-TiO2 1.72 1.91 2.00 

rGO-Nf 1.98 2.05 2.12 
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of electron transfer of the sensing material and leading to a drastic increase in conductivity 

of the composite compared to rGO (Muhammad Farooq, Muhammad Zahir, Muhammad 

Waqas, & Jonghwa, 2014; Wu, Jiang, et al., 2012). Besides carrier concentration, the 

changes in the bandgap can be directly correlated to the conductivity of the extrinsic 

semiconductors at room temperature with an applied electrical field or gate voltage due 

to the shifting of the fermi-level based on the type of dopants (Said, Okba, & Hachemi 

Ben, 2014). 

 Surface transfer doping is non-destructive and occurs due to the charge transfer 

between graphene and surface adsorbates through electronic doping in this case (Pinto & 

Markevich, 2014). The PL peak of rGO forms at the blue region of the spectrum due to the 

recovery of the sp2 carbon network during the reduction process which widens the bandgap 

energy (2.25 eV) and the intensity is lowest due to surface defects created due to the removal 

of oxygens. The n-type doping happens on the graphene surface in the presence of Titania 

due to its electropositivity that easily loses an electron to graphene and makes graphene 

n-type doped which will shrink the bandgap by expanding the conduction band (Sivek, 

Leenaerts, Partoens, & Peeters, 2013). The PL peak of rGO-TiO2 exhibited a red shift 

(longer wavelength) and the intensity of the peak increased (fewer surface defects as the 

holes in graphene are recovered by the electrons of Titania) as compared to rGO due to 

the increase in electron-rich density distribution near the Fermi levels. The bandgap 

energy is calculated to be1.72 eV as compared to rGO which is 2.25 eV and the decrease 

in bandgap energy reflects the increase in conductivity of the nanocomposite.  

On the other hand, sulfonated AP dye and perfluorinated Nf give graphene p-type 

doping due to the electron-withdrawing properties of sulfonic acid groups which 

withdraw electrons from the graphene surface and create a hole (Kwon et al., 2018). 

However, in both cases the conductivity of graphene increases due to the hole density of 
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graphene created through p-type doping and presence of a small number of holes through 

p-type doping can finely tune the conductivity of graphene (Jafri et al., 2009; Jo et al., 

2015). In p-type doping, keeping the hole density smaller is crucial because high-density 

defects will reduce the conductivity of graphene drastically (Chen et al., 2018). Due to 

this phenomenon, a drastic increase in the conductivity of rGO nanocomposites 

(discussed in the previous chapter) can be observed as compared to the rGO only. The 

bandgap for rGO-AP and rGO-Nf were 2.15 eV and 2.08 respectively. The PL peak for 

both nanocomposites showed a red shift which narrows the bandgap as compared to rGO. 

Both PL peaks exhibited the highest intensities indicating fewer defects created during 

the functionalization process. The covalent binding effectively introduces a bandgap 

through chemical doping and makes the functionalized graphene potentially useful as 

semiconducting nanomaterials and nanoelectronic devices. Moreover, the concentration 

of dopants should be precisely controlled to preserve the electrical properties of graphene 

that could be potentially tailored in nanoelectronics (Yadav & Dixit, 2017). 

 
As discussed earlier, the binding of the aptamer on the surface of rGO-

nanocomposite induces immediate changes in the rate of electron transfer on the surface 

of the nanocomposite material which affects the overall conductivity of the sensing 

material. The short synthetic DNA aptamer that folds to its unique 3D structure will 

securely anchor on the nanocomposite material and form an ultrathin layer. Aptamer 

immobilized on the rGO-nanocomposite through π-π stacking or non-covalent bonding 

between aromatic bases of aptamer with rGO nanosheets or electrostatic interaction 

among charged groups of the rGO-nanocomposite and functional groups (-P or -OH) of 

aptamer (Kim, Ha, Jung, Kim, & Yoon; Sharma, Kanchi, Sabela, & Bisetty, 2016). The 

binding of the aptamer will cause the electrode’s voltage to change which can be 

characterized using CV or EIS as explained in previous sections. The changes in 

conductivity resulting from the aptamer immobilization on the sensing platform can also 
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be studied using the changes occur in the bandgap energy upon the aptamer hybridization 

on the rGO-nanocomposite. Based on the results shown in Figure 6.5, after the aptamer 

immobilization, the PL peaks of ssDNA/rGO-TiO2 and ssDNA/rGO-Nf shifted to the 

blue region which widens the bandgap to 1.91 eV and 2.05, respectively as compared to 

rGO-TiO2 and rGO-Nf which is associated to the p-type doping that creates holes on the 

graphene. The peak intensity remains the same for rGO-TiO2 because the non-covalent 

bonding of aptamer on the graphene prevents the creation of surface defects. However, 

the aptamer binding shifts the ssDNA/rGO-AP (1.81 eV) to the red region as well as to 

longer wavelength which further narrows the bandgap as compared to rGO-AP. These 

results are comparable to the CV results obtained for aptamer immobilization on rGO-

nanocomposites which exhibited an increase in current for ssDNA/rGO-AP/GCE and a 

decrease in current for ssDNA/rGO-TiO2/GCE and ssDNA/rGO-Nf/GCE. The difference 

in conductivity of different types of rGO-nanocomposite is solely dependent on the 

charge carrier concentration induced by chemical dopants on the graphene nanosheet. 

Besides, the binding of aptamer itself causes the doping effect of the rGO-nanocomposite 

which is responsible for the changes in the overall electrical conductivity of the sensing 

material. The possible mechanism that can be elucidated based on the results obtained is 

the negative charge of the aptamer acts as an electron-withdrawing group that introduces 

p-type doping on the rGO-nanocomposite material which creates a significant number of 

holes on graphene sheet (Yue et al., 2017). These holes can either decrease or increase 

the conductivity of the material. A considerable number of holes were proved to increase 

the conductivity of the graphene in many cases as the small vacancy defect gives graphene 

a metallic property. However, higher defect density can widen the bandgap of graphene 

and defects also may act as scattering centers which decrease the conductivity of graphene 

(Yu, Liao, Chae, Lee, & Duan, 2011; Zhang et al., 2011). Many studies have proved the 

Dirac points or Fermi level of graphene are sensitive to the immobilization of DNA 
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aptamer due to the doping effect (Xu, Meshik, et al., 2014). The weak π–π stacking or 

van der Waals interaction between aptamer and graphene can preserve the superb physical 

properties of graphene.  

 

The aptamer binds to the Salmonella cells with high affinity. This aptamer 

specifically binds to the OMP of Salmonella which is the unique identification sequence 

of the protein of Salmonella bacteria (Joshi et al., 2009). The aptamer, in this case, folds 

into its G-quadruplexes structure consisting of stem-loops that carry complementary 

DNA sequence for a distinct non-covalent interaction of shape complementary with the 

epitope of protein at each binding interface. The interactions between the amino acid side 

chain of protein and chemical groups in the bases of DNA (Setny, Bahadur, & Zacharias, 

2012). The binding of the aptamer to the bacterial cells undergoes conformational changes 

to fold into a distinctive structure that led to the formation of the aptamer-protein complex 

(Stoltenburg, Schubert, & Strehlitz, 2015). The bases in hairpin stem-loops are rich in 

electron densities which helps to form salt bridges between the aptamer and binding 

sites of protein epitopes (Cheung et al., 2013). The presence of the bacteria in the 

electrochemical system induces p-type doping on the rGO-nanocomposite. This is 

because the negative charge on the cell wall of the bacteria further increases the hole 

carrier density of the graphene (Wu et al., 2017). In the presence of bacteria, the 

conductivity of the sensing material is observed to decrease with increasing bandgap for 

STM/ssDNA/rGO-TiO2 (2.00 eV) and STM/ssDNA/rGO-Nf (2.12 eV). The PL peak in 

the presence of negatively charged bacteria shifts to the blue-region and the intensity of 

the PL decreases drastically due to the surface defects created. However, in 

STM/ssDNA/rGO-AP, the PL peak intensity decreases and remains in the red region 

(longer wavelength). The bandgap for STM/ssDNA/rGO-AP (1.97 eV) decreases as 
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compared rGO-AP but increases as compared to the ssDNA/rGO-AP which in turn 

decreases the conductivity.  
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Figure 6.5, continued.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. The photoluminescence spectra of rGO-nanocomposites in the presence of 

aptamer and bacteria. 

 

6.2.3 FTIR spectroscopy 

 
FTIR which is a non-destructive technique that allows the rapid and simultaneous 

characterization of complex materials like aptamer and bacteria immobilized on the 

surface of rGO-nanocomposite was adopted in this study to prove their respective 

presence (Helm, Labischinski, Schallehn, & Naumann, 1991). The FTIR spectra were 

recorded for the rGO-nanocomposites in the presence of aptamer and bacteria. The results 

are presented in Figure 6.6. The main characteristic peak of aptamer which is phosphate, 

-NH and aromatic ring peaks can be observed at around 1250 cm-1 (phosphate anti-

symmetric stretching), 750 cm-1 (sugar-phosphate vibration or -NH), 950 cm -1 (O-P-O 

bending) and about 1750 cm-1 (aromatic rings of DNA bases) (Mello & Vidal, 2012) in 

C 
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the rGO-nanocomposites. Besides that, some important peaks of bacteria also can be 

observed the FTIR of rGO-nanocomposites (Schuster, Mertens, & Gapes, 1999).  The 

peaks are -CH2 and CH3 at 2850-2950 cm-1 indicate the lipid and protein contents of the 

cells. Moreover, PO-
2 antisymmetric stretching vibration of the bacteria can be observed 

at 1240 cm-1 which indicates the presence of nucleic acids and phospholipids. The peak 

at 3300 cm-1 also proves the presence of N-H and O-H stretching vibration of 

polysaccharides and proteins. Although there are peaks of aptamer and bacteria that can 

be prominently recorded using FTIR spectra, the important characteristic peak of rGO 

(1630 cm-1), TiO2 (800 cm-1, 1400 cm-1), AP (500-700 cm-1) and Nf (965-980 cm-1) still 

can be observed. This indicates that the presence of bacteria and aptamer does not cause 

any significant changes through covalent bonding to the rGO-nanocomposites thus, the 

conductivity of the composite material is well preserved throughout this study.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. The FTIR spectra of rGO-nanocomposites in the presence of aptamer and 

bacteria. 
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6.3 Summary  

 Three main analytical tools such as Raman, PL and FTIR were used to study the 

bacterial interaction with the biorecognition element and graphene-based nanomaterials. 

The covalent interaction of AP dye, TiO2 metal nanoparticles, and Nf polymer with rGO 

greatly modifies its Fermi level and introduces bang gap. The covalent bonding between 

them introduced a doping effect on the rGO nanomaterial that induce changes in energy 

levels and contribute to the non-resonance effect resulting in an effective or enhanced 

charge transfer mechanism. The interaction of aptamer and bacterial cells further 

enhances the doping effect on the rGO-nanocomposites and changes the intensity of the 

bandgap in graphene. The presence of bandgap in rGO is important to tune the 

conductivity of rGO and transform them into functional nanoelectronic devices. 

 Through Raman technique, the charge transfer interaction due to the altered 

electron density of rGO-nanocomposites resulting from the interaction of aptamer and 

bacterial cells could be studied. The charge transfer event is dependent on the electronic 

structure of the rGO-nanocomposite itself. Based on the Raman spectra, the interaction 

of the aptamer and bacterial cells together with the nanoparticles changes the position of 

the G-band and the intensity ratio (ID/IG) drastically. This proves the occurrence of the 

doping effect and changes in the Fermi levels upon the successful functionalization of the 

nanoparticles and the interactions of bacterial cells on the surface. Moreover, the PL 

spectra also supports the findings as it helps to study the magnitude of the bandgap 

changes that happened at nanomaterial levels. In general, the results showed an overall 

decrease in the bandgap energy due to the surface functionalization of the rGO which in 

turn tunes the overall conductivity of the nanomaterials. Upon the interaction of the 

aptamer and bacteria, the increase and decrease in bandgap energy happened depending 

on the type p-doping effect created by them. The creation hole and electron doping tune 

Univ
ers

iti 
Mala

ya



   

158 
 

the overall carrier density which results in electrical detection. Moreover, FTIR technique 

was also employed to confirm the successful surface functionalization and attachment of 

aptamer-bacterial cells on the rGO-nanocomposite. All the essential peaks belong to the 

aptamer and bacterial cell were present along the rGO, AP, TiO2 and Nf characteristic 

peaks.  

 Overall, this study has improved the understanding on the mechanism of the 

aptamer-bacterial cells interactions with rGO-nanocomposite and the changes in the 

nanomaterial level that causes the changes in the conductivity also could be identified. 

The understanding gained from this study will serve as guidance for the better design, 

optimization and easy or rapid operation of graphene-based biosensors for future 

applications.  
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CHAPTER 7 

 

CONCLUSION 

 

 
7.1 Conclusion and future perspectives 

Carbonaceous materials, such as rGO is advantageous due to its extraordinary 

electronic, physical, chemical, mechanical, thermal, and optical properties that enable 

them to detect small changes occurring at the electrolyte-electrode interface. However, 

the large surface area of graphene and strong van der Waals force cause severe 

aggregation in solutions. Thus, this study was designed to address this issue through 

developing novel rGO-nanocomposites sensing materials consisting of different types of 

nanoparticles such as the Azophloxine, Titanium dioxide and Nafion to improve 

conductivity, electrocatalytic properties, biocompatibility, signal-to-noise and overall 

sensing performance of graphene-based sensing device to achieve high sensitivity and 

selectivity towards the detection of the foodborne pathogens.  

 
The optimization and preliminary electrochemical studies were conducted to 

produce cost-effective good quality rGO. The rGO synthesis method especially the 

reduction time was carefully optimized to produce highly conductive sensing material 

because the heating duration determines the degree of the structural defects created on 

rGO. Based on the structural, morphological, and electrochemical characterization 

results, the optimum chemical reduction time for rGO was identified as 12h. The rGO 

produced at 6h and 24h reduction time were tended to agglomerate which reduces the 

overall quality of the product. The rGO nanomaterial produced at this duration formed an 

uniform suspension in aqueous solution which help the material to form a stable and 

uniform coating on the GCE. The electrochemical properties and conductivity of the 
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sensing material were evaluated by exposing the working electrode to different 

concentrations of AA and the results showed that under optimized condition, the 

rGO@12h achieved an excellent electrochemical limit of detection which is at 1.64 µM. 

This proves that, the 12h reduction time produces an optimal amount of surface defects 

that increase the overall conductivity and the sensitivity of the sensing material. 

 Furthermore, the electrochemical properties of rGO and rGO-nanocomposites as 

an active material platform for biosensors for sensitive and selective detection of 

foodborne pathogens were also studied. Different types of novel rGO-nanocomposites 

were investigated. Firstly, rGO-AP nanocomposite aptasensor was developed for a 

sensitive, rapid, and robust detection of foodborne pathogens. Besides providing an 

excellent conductive and soluble rGO nanocomposite, AP dye also acts as an electroactive 

indicator for redox reactions. Under optimum conditions, this aptasensor exhibited a 

linear range of detection from 108 cfu mL-1 to 101 cfu mL-1 with good linearity (R2 = 0.98) 

and a detection limit of 101 cfu mL-1. Secondly, rGO-TiO2 nanocomposite aptasensor was 

developed through chemical synthesis followed by, immobilization of label-free aptamer 

through simple π-π stacking and electrostatic interaction. The changes in electrical 

conductivity on the surface of electrode were evaluated using CV, DPV and EIS 

techniques. In the presence of S. Typhimurium, the optimized aptasensor exhibits high 

sensitivity with wide detection range (108 to 101 cfu mL-1), low detection limit (101 cfu 

mL-1) and good selectivity. Then, another novel combination of nanomaterial which is 

rGO-Nf was synthesized to explore the capability of polymers in electrochemical 

detection of bacteria. This sensing material also exhibited similar results in which it 

achieved a lower detection limit of 1.0 cfu mL-1 with good selectivity against non-

Salmonella bacterial cells. The shelf-life of these electrodes were up to 28 days.  The 

results demonstrated that the rGO-nanocomposites proposed in this study possess high 
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potential to be adapted for effective and rapid detection of a specific foodborne pathogen 

by an electrochemical approach.  

 The interaction of aptamer with bacterial cells on the surface of rGO-

nanocomposites was also investigated in this study. Through Raman, PL and FTIR, the 

changes happened at the material level resulting in the covalent binding of 

nanocomposites which changes the Fermi levels in graphene can be clearly seen. 

Moreover, in the presence of the aptamer-bacterial cells, the conductivity of the rGO-

nanocomposites changed significantly due to the doping effect created on the surface. 

Besides electrochemical characterizations, these techniques give more solid proof-of-

concept and elucidate the mechanism of the interaction and detection better.  

This research has explored the unique chemical and physical properties of the 

rGO-nanocomposites make it potentially useful for designing new and improved 

electrochemical aptasensing devices for the detection of the foodborne pathogen. Besides 

that, the proof of concept of the sensing capabilities and interaction of the hybrid 

nanomaterial rGO/aptamers-bacterial cells was demonstrated by the real-time detection 

of Salmonella bacteria in buffer solutions. The major limitation of this study is the 

fabricated electrochemical biosensors are bulky and unable to provide a point-of-care 

detection using the electrochemical approach. Thus, as for future perspectives a portable 

and handheld electrochemical aptasensor device using affordable and scalable 

manufacturing technology in the form of chips needs to be developed. Moreover, multiple 

bacteria detections on a single chip could be explored by developing multiplex biosensors 

using aptamers as a biorecognition element. These miniaturized and multiplex 

aptasensing chips or devices will have a high potential to become the next generation of 

food industry standards. 
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