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Abstract 

Today, development of rapid and sensitive methods for direct detection of foodborne 
pathogens appeared as crucial matter due to their impact on human health. In this manner, 
graphene-based nanomaterials have received much attention as reliable electrochemical 
biosensors due to their exceptional combination of intrinsic properties such as high 
conductivity, stability and biocompatibility. The scope of this chapter is to provide a brief 
history of the electrochemical biosensors used for the detection of microbial pathogens 
and recent progress of graphene used in electrochemical biosensors for foodborne 
pathogens detection.  
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1. Introduction 

The threat posed by microbial pathogens and the constraints faced by both traditional 
modern detection techniques to rapidly recognize them underpins the urge for continued 
development of novel biosensors. The substantial challenge exist in healthcare sectors is 
difficulty in identifying the diverse group of microbial pathogens with high specificity, 
selectivity and rapidity [1]. Even though, both traditional and modern detection methods 
such as biochemical, immunological recognition and polymerase chain reaction (PCR) 
serves as gold standards in the field of microbiology but these assays are still complex 
and requires ample time up to days [2]. These techniques leave significant room for 
improvement and make them incompatible for point-of-care testing which lead to the 
breakthrough of electrochemical biosensors as a reliable detection tool [3].  

Electrochemical biosensors posed distinguished advantages such as low capital cost for 
equipment, miniaturization capacity and inherent sustainability which uses low amount of 
solvents and sample volumes [4]. Coupling electrochemical biosensors with 
biorecognition element and surface modification with nanomaterials greatly improves the 
analytical performance of the biosensors [5]. In typical biosensing process (refer with: 
Fig. 1), biorecognition elements binds to targeted pathogen with high affinity and 
specificity and produces sensitive digital signals easily upon aptamer–analyte-binding 
events. The interaction between biorecognition and bacterial target through 
electrochemical transducer relies on configurational change, conformational change or 
conductivity change which gives remarkable prospects for application in healthcare and 
food safety [6].  
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New emerging technology in the field of biosensing rapidly explores the adaptation of 
nanoparticles especially carbonaceous nanomaterials in conjunction with suitable ligands 
and electrochemical detection modalities to offer rapid, sensitive, and cost-effective 
detection techniques [7]. Graphene and graphene-based nanocomposites are most popular 
nanomaterials chosen to develop a functional electrochemical biosensor due to its 
excellent biocompatibility which improves the bio-receptor immobilization and 
promising conductivity that increases the signal amplification [8, 9]. Another promising 
characteristic of graphene is, it allows a label-free amplification of signal resulting from 
interaction with microbial targets at even below the sub-micromolar levels due to large 
surface area of the carbon nanomaterial and improved electric conductance [10, 11].  

This review specifically focuses on the graphene-based electrochemical biosensors and 
their application in the detection of microbial pathogens. Some aspects such as, properties 
of graphene, synthesis methods, and surface functionalization have been discussed. 
Moreover, the graphene biosensor applications in detection of microbial pathogens were 
also focused.  

 

 

Figure 1. Biosensor components on graphene platform. 
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2. Electrochemical biosensors as promising detection tool 

Biosensors performs chemical or physical transduction of a biological interaction 
information to a digital signal. The interaction of target analytes with bio-recognition 
elements (antibodies, enzymes, nucleic acids, bacteria and viruses) will be measured in 
real-time. The bio-recognition elements can be immobilized on the surface of transducer 
using various approaches such as adsorption, entrapment, cross-linking, encapsulation, 
and covalent binding [12]. Biosensors can be categorized into direct (label-free) and 
indirect (labelled) detection systems. The physical change induced by target analyte’s 
interaction were measured in real-time and product of biochemical reactions are detected 
by the sensor in direct and indirect detection system, respectively. Depending on its 
principle of signal transduction, various types of transducers such as mass-based, optical, 
and electrochemical sensors were used to change the biological event into a measurable 
signal (refer with: Table 1) [13, 14]. 

Among the transducers, electrochemical biosensors are more promising due to their rapid 
response, highly sensitive, facile, high signal-to-noise ratio, flexibility in employing 
recognition elements, low interference with food matrixes and instrumental simplicity 
[15-17]. Electrochemical biosensor is a self-contained integrated device that provides 
analytical information (quantitative or semi-quantitative) based on the interactions of 
target analytes with bioreceptors (antigen/antibody, enzymes, DNA, bacteriophages, cell 
structure or cells, and biomimetic bases) that in contact with electrochemical transducer 
[18]. The resulting electrical signal is related to the recognition process by bioreceptors 
and target analyte, and proportional to the analyte concentration. With the advancement 
of technology and miniaturization of device, electrochemical biosensor offers excellent 
tool for identifying and quantifying foodborne pathogens present in various food matrices 
with very low detection limit which is about 10-14 M or 10 cfu/mL [19, 20]. 
Electrochemical biosensors are categorized into amperometric, potentiometric, 
impedimetric and conductometric referring to measurable parameters such as current, 
potential or charge accumulation, impedence and conductivity respectively.  

2.1 Amperometric biosensors 

Amperometric biosensor is a well exploited electrochemical method for foodborne 
detection due to its superior sensitivity compared to potentiometric analysis [21]. The 
biological recognition element for application in amperometric food analysis varies from 
enzymes, antigen/antibody, bacteriophages, cellular structures/cells, nucleic acids/DNA 
and biomimetic bases [22, 23]. The complete system of 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 
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current flow [24]. The working principle of this system mainly involves the measurement 
of variations in current results from biochemical reaction that involves oxidation and 
reduction of electroactive species. Usually, the current is recorded at a constant potential 
that facilitates the electron transfer reactions. In detail, the rate of electron transfer is 
measured when a molecule undergoes a redox reaction at a constant electric potential 
applied to the working electrode. The electrons could be transferred either form the 
analyte to the working electrode or from the electrode to the analyte depending positive 
and negative potential changes during oxidation and reduction respectively [25]. 
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 Escherichia 
coli O157:H7 [26], Salmonella [27], Listeria monocytogenes [28] and Camplybacter 
jejuni [29].  

The bioreceptor bacteriophages can be coupled with amperometric transduction by 
causing rupture of cell membranes and release of intracellular enzymes from the infected 
bacterial species. In E. coli, the released β-D-galactosidase (enzyme) after cell-lysis was 
converted into p-aminophenol (product) with the aid of p-aminophenyl-β-D-
galactopyranoside (substrate) that added externally [30]. The oxidation of the enzymes 
causes a change in electric current produced as a function of time at the carbon electrode 
and recorded in a potentiostat device.  This approach enabled the detection of E. coli at 
concentrations as low as 1 cfu/100mL within 6 to 8 h and the overall sensitivity of the 
assay was increased with filtration and pre-incubation of the sample prior to phage 
infection. Similarly, Benhar et al. reported detection of L. monocytogenes after phage 
lysis (Listeria scFvs) using Horseradish Peroxidase conjugated to anti-M13 monoclonal 
antibody within 5 min and achieved detection limit of 500 cfu/mL [31].  

Besides that, many researchers utilized enzyme-linked amperometric immunosensor 
(bioaffinity reaction) for the detection of pathogens. Antibodies are immobilized on the 
surface of working electrode, hence the binding of the analyte to the targeted antibody 
generates current signal which is quantified using labelled enzymes. Brooks et al. have 
reported a rapid alkaline phosphatase enzyme-linked amperometric immunosensor 
detection technique for Salmonella present in food samples within 4 hours with detection 
limit of 105 cfu/mL [32]. Croci et al. developed a sandwich ELISA assay for the detection 
of Salmonella in meat samples with detection limit of 1–10 cfu/25 g through the 
immobilization of horseradish peroxidase labelled monoclonal and polyclonal antibodies 
directly on the surface of the electrode. The 3,3′,5,5′ tetramethylbenzidine was used as 
substrate to electrochemically measure the binding signal [33]. Similarly, an 
amperometric enzyme immunosensor was developed by Zhao and Liu using monoclonal 
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antibodies with better detection limit at levels of 0.1 cfu/g and 0.1 cfu/mL for E. coli 
present in poultry meat and pasteurized milk [34]. Besides that, the amperometric enzyme 
immunosensor also can be coupled with immunomagnetic separation with magnetic 
nanoparticle-antibody conjugates for better detection sensitivity and specificity. This 
approach was evaluated for the detection of E. coli O157:H7 in ground beef samples. The 
detection limits in both enriched and non-enriched samples showed promising outcome 
with the detection limit of 8.0 × 100 cfu/mL and 1.6 × 101 cfu/mL respectively within 15 
min to 6 hours of assay time [35]. Enzyme-based amperometric biosensors have the 
advantage of being highly sensitive, rapid and inexpensive however it lacks of 
reproducibility due to the loss of enzyme activity over time [36]. Moreover, the 
amperometric techniques can also be coupled to DNA-based detection (genosensor). It 
involves the immobilization of an oligonucleotide probe on an amperometric transducer 
and upon the binding its complementary sequence present in the analyte solution, a 
measurable current signal is produced. The labelled DNA biosensors offers more 
sensitive and selective detection. F. Farabullini et al. developed a gold based working 
electrode modified with thiolated oligonucleotides that specific to Salmonella, L. 
monocytogenes, and E. coli [37]. Upon the binding to the target, this complex will be 
labeled intrinsically with biotinylated signaling probes which can be coupled with 
streptavidin–alkaline phosphatase conjugate for the detection purpose using α-naphthyl 
phosphate solution. This genosensor had successfully detected DNA samples from 
different bacteria at the nanomolar level without any cross-interference within 1 hour of 
assay time. This approach was also used for the detection of food borne hazard, 
Aeromonas hydrophila as reported by Tichoniuk et al. [38]. They proposed a self-
assembled monolayer (SAM) consisting of thiolated single-stranded DNA probe selective 
to the targeted bacterial DNA present at the concentration of 2.5 μg cm-3 and methylene 
blue (MB) was used as electroactive indicator for the hybridization events. Besides 
methylene blue, horseradish peroxidase (HRP) also can be coupled with genosensor (lolB 
gene probe) developed for amperometric detection of Vibrio cholera genomic DNA with 
100% specificity and sensitivity of 0.85 ng/uL [39]. DNA-based biosensors are highly 
sensitive for the detection of pathogens present at low concentrations however, the 
overall long assay time and high complexity in labelling process are the disadvantages of 
this type of biosensors [40, 41]. 

2.2 Impedimetric and conductometric biosensors 

Impedimetric and conductometric biosensor 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. In 
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a technique called electrochemical impedance spectroscopy (EIS), an alternating current 
(AC) is 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 [42]. The increase and decrease in both conductance and impedance are 
depends on the analyte concentration and the changes in voltage allows the evolution of 
interfacial capacitance, conductance and resistance. These techniques are important for a 
rapid and automated detection system which allows the miniaturization of the device. 
Moreover, the measurement of changes in the electrical properties of bacterial cells 
makes the whole-cell as an attractive analytes for detection [43]. These techniques are 
mostly applicable to measure the bio-recognition involving DNA/nuclei acid 
hybridization, antibody- antigen reactions and enzyme reactions [44, 45]. Several 
analytical devices was developed based on conductance and impedance technology for 
food-borne pathogen detection however, impedimetric measurement is widely studied for 
culture-independent bacterial detection due to its high sensitivity regardless of sample 
matrix, label free, cost effective and high-throughput device [46]. The applications of 
conductometric biosensors are limited in food analysis due to poor sensitivity caused by 
variable ionic background of real food samples and requires high ionic strength media for 
better detection [18, 47]. Moreover, the selectivity of conductometric biosensors is 
relatively poor because all charge carriers could result in the change of conductivity [48]. 

Many researchers have reported the use of conductometric analysis with different types 
of biorecognition element for various foodborne pathogens detection [49-51]. Mostly, 
conductometric biosensor is associated with enzymatic reaction where the ionic strength 
is capable to produce electron flow. A conductometric sandwich immunosensor using 
polyaniline conductive polymers as transducer and polyclonal antibodies of E. coli 
O157:H7 and Salmonella spp. as biorecognition element was developed for foodborne 
pathogens detection [49]. They reported a specific immunosensor that target desired 
bacteria even in the presence of other non-targets with a lower detection limit averagely 
7.9×101 cfu/mL within 10 min assay time after sample application. Based on this study, 
the further development in realm of food analysis was done by the same group of 
researchers in the later years. They designed a portable, sensitive and rapid 
electrochemical sandwich immunoassay biosensor for the detection of E. coli O157:H7 
present in 9 different samples such as lettuce, alfalfa sprouts, and strawberries with 
detection limit of 81 cfu/mL in 6 min of assay time [50]. This novel approach was 
sensitive and specific enough for the analysis of food samples and it can be further 
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optimized and adapted into biomedical and bio-defense fields alternating the bulky and 
expensive biosensors. Pal et al. implemented this similar approach for the development of 
polyaniline functionalized direct-charge transfer conductometric immunosensor for the 
detection of B. cereus in food samples [51]. The conductive polyaniline was tagged with 
primary anti B. cereus antibodies for the direct capture of targeted analyte present in food 
sample without the need of pre-enrichment step and followed by conjugation with 
secondary antibodies functionalized on transducer surface. The detection limit of this 
biosensors within 6 minutes of assay time in food matrices ranges from 35–88 cfu/mL 
with strong discrimination between other types of bacteria (Bacillus megaterium and E. 
coli). Besides whole cell detection, Chen [52] have also fabricated a high accuracy, 
reproducible and stable conductometric immunosensors for the detection of bacterial 
toxin, Staphylococcal enterotoxin B (SEB). He reported the use of nanogold/chitosan-
MWCNT immobilized with horseradish peroxidase (HRP)-labeled SEB antibody (HRP-
anti-SEB) and the immunoreaction between this antibody-antigen results in measurement 
of conductometric signal with detection of toxin ranges from 0.5 to 83.5 ng/mL. When 
this sensor was adapted in complex food matrix, SEB of different concentration gave an 
average of 116% recovery of the toxin in milk samples. 

In recent years, integration of impedance with biological recognition technology has 
received increasing attention for the application of foodborne pathogens detection. The 
change in impedance is results from the amount of the analyte that interacts with the 
bioreceptors. This interaction will cause a change in capacitance and electron transfer 
resistance on the surface of the working electrode, and the impendence increases as the 
amount of analyte binding to the bioreceptors increases [53]. Mostly, impedimetric 
sensors uses antibodies as bioreceptors however, whole bacterial cells is also possible to 
detect using this method which enable a direct detection in food analysis [44]. EIS is the 
most used impedimetric biosensors technique because it can monitor the physico-
chemical changes results from interaction of the analyte with the bioreceptor immobilized 
on the transducer. These includes the information on charge transfer from the solution to 
the electrode surface, resistance of the solution and also diffusion rate of species to and 
from the bulk solution and also its formation of double layer capacitance [54]. The 
overall sensitivity of the impedimetric biosensor can be improved using interdigitated 
array microelectrode and these also allows the miniaturization of the impedimetric 
biosensors into a chip format. Some researchers have actively developed such platforms 
for rapid detection of foodborne pathogens. For instance, Varsheny and Li has developed 
an antibody-based interdigitated array microelectrode impedimetric biosensor for the 
detection of E. coli O157:H7 in ground beef samples within 35 minutes of assay time 
[55]. Moreover, the use of magnetic nanoparticle–antibody conjugates (MNAC) has 
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improved its overall sensitivity of detection by 35% with detection limit 7.4 × 104 and 8.0 
× 105 cfu/mL in pure culture and ground beef samples respectively. Yang et al. also 
developed similar interdigitated microelectrodes for the detection of viable Salmonella 
cells in pure culture and milk samples at different frequencies with detection limit of 0.5 
cfu/mL after 10 hours of detection time [56]. The impedance reading was measured 
against bacterial growth time and most changes in impedance was observed at low 
frequency because of the increase in the double-layer capacitance.  

In impedimetric biosensor, bacteriophage has also been used as cross linker between 
bacteria and the working electrode. Shabani et al. developed an impedimetric screen-
printed carbon electrode array biosensor based bacteriophage for the detection of E. coli 
bacteria with limit of detection of approximately 104 cfu/mL [57]. The overall impedance 
in this experiment decreases as the bacteria concentration increases due to release of ionic 
intercellular content results from penetration of phages. Similarly, Shabani et al. also 
showed a sensitive detection of E. coli by immobilizing T4 bacteriophage coated 
Dynabeads on screen-printed carbon-based electrode with limit of detection 103 cfu/mL 
in milk samples [58]. They used fluorescence and flow cytometry techniques to monitor 
the successful binding of phages with bacteria. Besides that, enzyme-based impedimetric 
sensors have been developed with increasing sensitivity of sensor devices. Ruan et al. 
have developed an alkaline phosphatase labelled anti-E. coli O157:H7 antibody 
immobilized on indium tin oxide (ITO) electrode chips for the detection of E. coli with 
detection limit of 6 × 103 cfu/mL [59]. However, its detection limit is very high as 
compared to the traditional ELISA. More studies for the impedimetric detection of whole 
bacterial cells has emerged in recent years. Mostly the data reported is based on the 
change in impedance upon the analyte binding. Mantzila et al. have reported the use of 
faradic impedimetric immunosensor for the first time to detect S. Typhimurium in milk 
with detection limit of 102  cfu/mL [60]. Wang et al. also successfully developed a cost 
effective and robust gold nanoparticle-graphene based impedimetric immunosensor for 
rapid and sensitive detection of E. coli O157:H7 with lower detection limits of 104 
cfu/mL and 103 cfu/mL in contaminated ground beef and cucumber samples, respectively 
with excellent specificity [61]. The use of this novel electrode material system showed 
high potential to be adapted in different food matrixes. Besides that, Labib et al. has 
developed an DNA aptasensor using aptamer designed to capture the whole-cell S. 
Typhimurium with detection limit of 600 cfu/mL with high specificity and selectivity 
[62].  
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2.3 Potentiomeric biosensors 

Potentiometric is another types of electrochemical biosensor which measures the changes 
in pH or ion concentration occurs during interaction of analyte and working electrode. 
One of the advantage of potentiometric sensor is the measurement of the interaction 
between target analyte and biorecognition element does not involve generation of redox 
products however, it is still lack of overall sensitivity and prone to interferents from the 
sample matrix is the main disadvantage of this system [63]. Zelada-Guillén et al. 
developed a real-time label-free aptamer-based potentiometric biosensor for the E. coli 
O157:H7 in milk and apple juice [64]. He uses selective apatmer that immobilized on a 
SWCNT which acts as an ion-to-electron transducers and the interaction with targeted 
analyte changes the electrical potential. The detection limit of this biosensor in complex 
food matrix is 6 cfu/mL and 26 cfu/mL in milk apple juice respectively. Not many 
potentiometric biosensors were studied for the detection of foodborne pathogens, but 
many LAPS (light-addressable potentiometric sensor) was reported on past years.  A 
LAPS-based immunosensor for the detection of S. Typhimurium has been described by 
Dill and co-workers [65]. This system uses biotinylated and fluorescein-labelled anti-
Salmonella antibodies immobilized on a silicon chips for detection of Salmonella in 
chicken carcass with detection limit of 119 cfu/mL with 90% recovery rate from food 
matrix. Ercole et al. also developed potentiometric alternating biosensing based LAPS for 
the detection of E. coli cells in vegetables. This system detects the pH variations due to 
NH3 production by a urease-E. coli antibody conjugate with detection limit of 10 cfu/mL 
within 1.5 hours of assay time [66].  

Table 1. Different modes of electrochemical based foodborne pathogen detection. 

Detection 
Technique 

Analyte Biorecognition 
element 

Assay 
time 

Detection limit 
and source 

Ref 

Amperometric L. monocytogenes Enzyme 
immunoassay 

<1 hour 1.07 X102 CFU/mL 
in milk samples 

[67] 

Amperometric E. coli O157:H7 Enzyme 
immunoassay 

45 min 102 in milk sample  [68] 

Amperometric E. coli, L. 
monocytogenes 
and C. jejuni 

Enzyme 
immunoassay 

30 min  50, 10, and 50 
CFU/mL in chicken 
extracts 

[28] 

Amperometric S. Typhimurium Enzyme 
immunoassay 

2.5 h 1.09 × 103 in 
chicken carcass 

[27] 
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Ampreometric  Salmonella DNA 3 hours 0.04 ng/µL of 
genomic DNA 

[69] 

Conductometric E. coli T4 Bacteriophage Not 
stated 

102 CFU/mL of 
pure culture  

[70] 

Conductometric E. coli O17.H7 Antibody-antigen A few 
mins. 

5 to 100 ng/mL in 
baby food 

[71] 

Conductometric E. coli Antibody-antigen Not 
stated 

10 CFU/mL of pure 
culture 

[72] 

Impedmetric  L. monocytogenes Antibody-antigen Not 
stated 

4 CFU/mL in 
tomato extract 

[73] 

Impedmetric E. coli O157:H7 Antibody-antigen Not 
stated  

102 cfu/mL in 
spiked milk, 
ground beef, and 
spinach samples. 

[74] 

Impedmetric Listeria innocua Bacteriophage Not 
stated 

105 CFU/mL in milk 
sample 

[75] 

Impedmetric Salmonella 
enteritidis 

DNA  Not 
stated 

100 ng/mL in liquid 
food matrix 

[76] 

Impedmetric E. coli O157:H7 Antibody-antigen 5 min  3 log CFU/mL in 
meat sample 

[77] 

Potentiometric  E. coli O157:H7 Antibody-antigen 30 min 101 to 102 CFU/mL 
in apple juice and 
beef meat.  

[78] 

Potentiometric  E. coli O157:H7 Antibody-antigen 30 min  103 CFU/mL in 
saline  

[79] 

Potentiometric  E. coli O157:H7 Antibody-antigen 1.5 h 10 CFU/mL in 
drinking water 

[80] 

3. Graphene properties 

Graphene is a nanomaterial with a thickness of one atom and these planar sheets of 
carbon atoms are tightly packed in a honeycomb lattice crystal structure. This material 
has become the electronic material of next generation due to its physical characteristics 
including high thermal and current density, ballistic transport and nanometer-scaled 
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hydrophobicity [81]. Graphene was initially extracted from graphite through the 
micromechanical cleavage method which accommodated simple production of good 
quality crystallites form of graphene [82]. This nanomaterial can be classified into the 
metallic or semi-conductor category based on its configuration; zigzag or armchair. 
Zigzag formation leads to graphene material with metallic property while the armchair 
configuration leads to either metallic or semi-conductor properties [83, 84]. Extraordinary 
electrical physicochemical property of graphene has led to its use such as in ballistic 
transistors and conducting sensors and electrodes. Increased electron mobility of 
graphene and minimal noise have enhanced the use of this nanomaterial as sensors. The 
2-dimensional structure of graphene which are exposed to the external environment 
makes it an excellent candidate for detection of molecules that are being absorbed onto its 
surface [85].  

3.1 Graphene Synthesis 

Graphene sheets are known to exist in layers of single sheet, bi-layer and also few layers. 
The single layered graphene contains 2-D sheet of carbon in hexagonal sheets and the 
layer increases respective to the number of layers [86]. As graphene are known to contain 
hybridized sp2 bonding where the Ơ bonds plays the role of backbone while the π bonds 
regulate interactions between the different layers of graphene. As all variations of 
graphene has uses in diverse fields, the synthesis methods of graphene play a vital role in 
determining the final physicochemical properties of graphene [87]. The discovery of 
single layered graphene was credited to Novoselov et al. in the year of 2004 where the 
group managed to discover a reproducible method of synthesizing graphene sheets 
consistently through the exfoliation technique [82]. Since then, several methods of 
synthesizing graphene have been described in the literature for the mass production of 
this nanomaterial.  

3.2 Top-down Approach 

A. Exfoliation 

As graphite contained many layers of graphene sheets that are held together by weaker 
van der Waals forces, hence it may be possible to generate graphene sheets if the weak 
bond were to be broken in principle [88]. The exfoliation method uses energy either from 
mechanical or chemical-based source to break the interlayer bonds to produce single 
graphene sheets. This method employs repeated peelings of commercially available 
pyrolytic graphite (HOPG) which are in the thickness range of 1 mm. Scotch tape was 
used to finally peel off single layers of graphene from the original graphite sheets [82]. 
This mechanical exfoliation method is an example of top-down approach where graphene 



Nanohybrids  Materials Research Forum LLC 
Materials Research Foundations 87 (2021) 69-102  https://doi.org/10.21741/9781644901076-3 

 

81 

sheets are formed by taking apart the layers of graphite. As this was found to be a reliable 
and simple technique, this method was soon employed and modified by other researchers 
to produce graphene at a higher yield through manipulation of the bonding between 
HOPG and Si substrate [89, 90]. Exfoliation of graphite in liquid phase was conducted 
through dispersion of pure graphite in N-methyl-pyrrolidone solvent which managed to 
produce up to 12 wt% of monolayer graphene sheets. The advantage of this method is 
that the solvent-graphene interaction countered the energy needed to exfoliate graphite 
into mono-layered graphene sheets as the solvent had comparable surface energy just as 
the graphene. This exfoliation process shows excellent potential to mass produce 
graphene sheets including the liquid-phase exfoliation techniques as well [91]. Although 
this method has great benefits, the large number of defects due to oxidation and reduction 
routes highly affects the electrical property of graphene. Therefore, improvisations on 
this method are greatly needed to be focused on regulating the graphene layers as to be 
used in the industrial sector [92]. 

B. Sonication 

Graphene synthesis through this method uses ultrasonic energy to separate layers of 
graphene in a precursor [91]. Graphene obtained through this method are mainly used in 
the sensors, polymer fillers and in transparent electrodes. Solvents such as N-methyl 
pyrrolidone are used mainly for the incorporation of graphene in composites for drop 
casting, vacuum filtration and spray coating. Similarly, solvent-aided sonication is a 
modification of sonication method to produce monolayers of graphene through 
centrifugation step. Majority of graphene produced through this method are in the 
thickness range of 1 nm with an electrical conductivity of 5000 S·m-1 [93]. However, to 
prevent the restacking of the graphene sheets after the sonication process due to the van 
der Waals forces, dispersing agents may be used in the solution before the sonication 
process itself. Additionally, this method offers graphene sheets from graphite without the 
use of chemicals [94]. The disadvantage of this method is that this process requires an 
increased amount of energy for large yield of graphene sheets and furthermore, removal 
of impurities from the liquid graphene solution can pose a challenge [95].  

C. Reduction of graphite oxide 

Graphene nanoflakes or powder can be produced through reduction of graphite oxide 
using chemicals. This is a preferred method as it produces lower number of graphite 
exfoliation. Although graphite oxide may be sonicated in water to produce graphene 
sheets, the resulting product has a characteristic of electrically insulating. Therefore, this 
method can be used to restore the conductive property of graphene [96]. Thermal or 
chemical reduction of graphite oxide can be performed to produce reduced graphene 
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oxide (rGO) sheets that are strongly bonded with a tensile modulus ranging from 32 GPa 
[97]. While this method offers synthesis of graphene at low temperatures, but increased 
surface defects and low purity have been noted for the graphene sheets [92].  

3.3 Bottom-up approach 

A. Chemical vapor deposition 

Chemical vapour deposition (CVD) through thermal routes to synthesize graphene was 
first found in 2006 where camphor was used in synthesizing graphene on foils made of 
Ni [98]. Initially, camphor was evaporated at the temperature of 180 ºC then pyrolyzed in 
a CVD furnace in the range of 700 to 850 ºC with argon gas as the carrier. Once cooling 
process was over, graphene synthesized through this method were found to contain up to 
35 layers. Similarly, Yu et al. noted that 3 to 4 layers of graphene were formed on 
polycrystalline Ni foils where mixtures of CH4, Ar and H2 gas were used as the 
precursors [99]. Characterizations of the formed graphene sheets revealed that the 
graphene were only able to form under adequate cooling rates on the Ni compared to 
increased or reduced cooling temperatures as these temperatures were unfavorable for the 
formation of graphene. The authors noted that the dissimilarity in the formation of 
graphene under different cooling rates were attributable to carbon solubility in Ni and 
segregation kinetics of the carbon itself. This report provided crucial information on the 
growth of graphene sheets under CVD process where the carbon atoms have adequate 
time to grow on Ni when subjected to moderate cooling rates [99]. Further advancement 
of the CVD process paved way for synthesis of graphene sheets on Cu foil where the 
graphene sheets produced through this method are of high uniformity and quality. 
However, the growth of graphene on Cu was noted to be self-limiting due to the minimal 
solubility of C in Cu compared to the Ni [100]. Recent developments in this method have 
provided reproducibility of graphene of good quality and this have created the venture of 
graphene sheets for use in flexible and photovoltaic electronic applications. Overall, 
graphene synthesized through CVD method enabled the use of this nanomaterial in a 
variety of applications including solar cells, flexible OLED, smart windows and touch 
screens. However, the limitation of this method is that CVD is costly especially when 
scaled up for industrial use [88].   

B. Epitaxial growth on SiC 

Growth of graphene on SiC substrate is one of the popular techniques of synthesizing 
graphene. The sheets are formed when the surface containing H2 of 6H-SiC were 
subjected to short period of heating at high temperatures of 1250 until 1450 ºC. The 
graphene sheets that were epitaxially grown on the SiC are noted to have 1 to 3 layers of 
graphene where the number of layers are dependent on the temperature that is being used 
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for the decomposition process [101]. Another article reported that it was possible to 
generate graphene films that are as thick as one atom through the use of this method 
where the advancement in this method have gained interest of the semiconductor 
industry. Continuous films of graphene were able to generated through this method where 
low temperature of 750 ºC are used in developing graphene on SiC coated Ni thin film 
[102]. This method has become favorable as it produces graphene with large area such as 
wafer-size films for industrial applications. However, graphene produced through this 
method are inclined to have fragile anti-localization and additionally the SiC substrates 
are costly and only generates a low yield [103].  

C. Growth of large-area graphene films from metal-carbon melts 

This method uses graphite as a carbon source, where it is placed in contact with the 
transition metals and subjected to heating process at high temperatures that are suitable to 
melt the metal that is being used. Once the increase in the temperature induces the carbon 
to start dissolving into the molten metal, the temperature is then reduced to accommodate 
the precipitation of carbon [104]. This precipitate is then paving way for a variety of 
carbon types including single and few-layered graphene. Nickel has been the metal of 
choice in this method as it is not Raman active. Additionally, copper too has been used as 
the metal substrate for graphene synthesis through this method [105].   

4. Graphene nanomaterials transducer as electrochemical biosensor 

Graphene and graphene-based materials are widely exploited in the field of 
electrochemical biosensing due to the outstanding properties such as, high charge 
mobility, large surface area, and ease of surface functionalization [11]. Graphene-based 
materials are used as transducers in electrochemical biosensors which converts the 
interaction of bioreceptors immobilized on its surface and target molecules into readable 
signal. The semi-metal graphene is a promising material for fabrication of electronic 
sensors that poses high carrier mobility (15,000 cm2 V-1 s-1) [106]. The bioreceptors often 
uses EDC/NHS chemistry and physisorption (refer with: Fig. 2) [8]. Graphene is widely 
engineered for targeting wide range of biomolecules. The method of graphene synthesis 
influences its immobilized interaction with target biomolecules. In biomedical field, the 
oxide-free pristine graphene is a promising candidate for biosensing because it offers 
high electrostatic force and infinite structure at molecular level [107]. Moreover, pristine 
graphene also allows stable π-π stacking, non-covalent interactions and provides 
abundant active sites for charge-biomolecular interactions leading to enhanced sensing 
properties and improved selectivity [108].  
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Figure 2. Schematic diagram of the attachment of bioreceptors on graphene surface. 

 

Pure graphene can be functionalized with any charged molecules or metal ions at its 
charged area and vacancy defects [107]. The functionalized graphene allows binding of 
nanoparticles, heteroatoms, quantum dots, proteins, DNA, enzymes, antigens, antibodies, 
and other molecules [109, 110]. Functionalized graphene surface also enables direct 
detection of biomolecules due to the presence of hydroxyl, carboxyl, and epoxide groups. 
High C/O ratio of graphene-based materials promotes stronger interactions with 
biomolecules for a more sensitive detection [109]. For instance, the conjugated structure 
of graphene facilitates high electron transfer resulting from charge-biomolecular 
interactions that generates enhanced electrochemical signal. Besides unique electronic 
and adsorption properties, graphene also act as quencher in the transducer to generate 
fluorescent biosensors [111].  

One of the important considerations for detection of foodborne pathogens is the limit of 
detection of the target molecules. The quality of graphene materials may vary from batch-
to batch that lead to different properties and functionalities in the biosensors [112]. For 
example, the functional groups, number of layers and oxidation states of graphene will 
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affect the sensing performance and interaction between the transducer and bioreceptor 
[113]. Moreover, the orientation of graphene-based materials and the bioreceptors greatly 
influences the selectivity and sensitivity of the biosensors. Correct orientation prevents 
non-specific binding of biomolecules to the target molecules [114]. By taking into 
consideration these limitations, graphene based electrochemical biosensors enable rapid 
bacterial detection as compared to conventional methods potentially resulting in advances 
in healthcare and diagnosis. 

4.1 Graphene based electrochemical biosensors for foodborne pathogen 
detections 

Graphene in electrochemical sensors is capable to increase the sensitivity of detection and 
LOD as well as the overall performance of the sensors to to the increased rate of electron 
transfer at the surface of the transducers. Recently, considerable attention has been given 
for the rapid detection of foodborne pathogens due to the progressive foodborne disease 
outbreaks worldwide. A wide range of graphene-based electrochemical biosensor such as 
antibody, DNA and whole-cell based detection strategies have been explored for 
foodborne pathogen detections (refer with: Table 2).  

The versatile functional groups on graphene and modified-graphene nanomaterials allows 
specific immobilization of antibody attachment for immunosensing of foodborne 
pathogens [115]. The strategies of immobilization include EDC/NHS chemistry reaction, 
electrostatic bonding, or using 1-pyrenebutanoic acid succinimidyl ester (PASE) linker 
[114]. The adaption of graphene-based electrochemical immunosensing food foodborne 
pathogen detection is popular in the field of health. Pandey et al. [116], have 
experimented the electrochemical properties of graphene wrapped copper (II)-cysteine 
complex for a label-free ultrasensitive electrochemical immunosensor of E. coli O157: 
H7. Graphene modified with copper and cystine exhibited high electron transfer rate 
constant (1.82 × 10−6 cm/s) and increases the overall surface area which led to to the 
lower detection limit of 3.8 cfu/mL. The proposed method also showed high selectivity to 
only pathogenic E. coli O157: H7. Moreover, a novel approach of using graphene-based 
electrochemical biosensor that generates non-Faradaic impedance electrochemical signals 
specific to target bacteria without using any redox molecules/mediators were reported by 
Pandey et al. [117]. They explored the effect of number of graphene layers on the sensor 
performance. The graphene monolayer and graphene multilayer were used to detect E. 
coli O157:H7 by immobilizing anti-E. coli antibody using PASE in methanol solution. 
The study found that, number of layers affects the charge carrier mobility, sensitivity and 
biocompatibility of the sensors. Single layer graphene has better electron mobility due to 
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fewer number of defects. A lower detection limit of 101 cfu/mL and 102 cfu/mL were 
achieved for both mono-layer and multi-layer graphene, respectively.   

Besides immunosensing, DNA based electrochemical biosensors using graphene as 
transducer also being widely explored. A facile and sensitive graphene oxide 
(GO)/chitosan electrochemical DNA biosensor was reported by Xu et al. [118]. In this 
study, the glassy carbon electrode (GCE) was modified with GO/chitosan for the 
detection of E. coli O157:H7 electrochemical measurements. The cyclic voltammetry was 
used to study the electrochemical properties of GO/chitosan electrode which showed 
excellent electron transfer ability. Moreover, electrochemical impedance was used to 
study the hybridization of ssDNA biorecognition molecule and target DNA of E. coli. 
The results showed good specificity and selectivity of the sensor with detection limit of 
3.584×10-15 M. Besides DNA targets, whole-cell bacterial detection was made possible 
by using DNA aptamer which created a breakthrough in biosesning field [119]. Aptamer 
specifically interact with specific elements present on bacterial cell membrane and lead to 
novel detection of whole-cell bacteria without the need for target DNA extraction [120]. 
Muniandy et al. [121] recently reported a novel label-free whole-cell Salmonella 
Typhimurium aptasensor using a reduced GO-Titania oxide  nanocomposite as the 
sensing platform. The ssDNA aptamer specific to the outer membrane protein of S. 
Typhimurium was immobilized on the reduced GO-titanium oxide coated GCE via 
covalent binding wit as]id of surface chemistry of the modified graphene. Coupling 
graphene with metal oxides greatly enhances the electronic properties and surface area of 
the graphene nanocomposite. This sensor achieved a detection limit of 101 cfu/mL in both 
pure cultures and contaminated meat samples. Similarly, Dinshaw et al. [122] reported 
another novel combination of graphene nanocomposite with is reduced GO-chitosan 
(rGO-CHI) composite as the conductive substrate for the sensing platform. The presence 
of chitosan increases the overall biocompatibility and electron transfer rate of the 
graphene. This nanocomposite was further coated with glutaraldehyde to aid the 
immobilization of thiolated aptamer molecule that directly binds to the Salmonella cells. 
The aptasensor was evaluated in comparison to a conventional PCR amplification assay 
and an enhanced detection limit of 101 cfu/mL was observed for the reduced GO-chitosan 
aptasensor as compared to a 102 cfu/mL detection limit for the PCR assay.  
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Table 2. Examples of some graphene-based electrochemical biosensors for foodborne 
pathogen detection. 

Sensing Platform Detection mode Target analyte Biorecognition 
elemenent 

Assay 
time 

Detection 
limit 

Ref 

GO-gold 
nanoparticle 

Electrochemical-
impedimetry 

Salmonella Thiolatad 
ssDNA aptamer 

Within 
an 
hour 

3 X 100 

cfu/mL 
[123] 

rGO–gold 
nanoparticle/ionic 
liquid 

Electrochemical- 
Voltametry 

Enterobacter 
sakazakii 

HRP-anti-E. 
sakazakii 

2 
hours 

1.19 × 102 
cfu/mL 

[124] 

rGO-carbon 
nanotube 

Electrochemical-
impedimetry 

Salmonella 
ATCC 50761 

Amino-
modified 
ssDNA aptamer 

1 hour 2.5 X 101 
cfu/mL 

[5] 

GO-silver 
nanoparticles 

Electrochemical- 
Voltametry 

S. Typhimurium anti-S. Typhi Not 
stated 

1.0 X 101 

cfu/mL 
[125] 

rGO-GO Electrochemical-
impedimetry 

S. Typhimurium Anti-outer 
membrane 
protein  

3h 10 cfu/mL 
in fruit 
juices 

[126] 

Holey rGO Electrochemical 
field-effect 
transistor 

E. coli Magainin 
antimirocbial 
peptide 

30 min 8.0 X 101 

cfu/mL 
[127] 

GO & 

rGO 

Electrochemical-
Potentiometric 

Staphylococcus 
aureus 

Aptamer 30 min 1.0 X 100 

cfu/mL 
[128] 

rGO-copper (II) 
assisted cysteine 

Electrochemical-
impedimetry 

Staph. aureus Anti-Staph. 
aureus 

2 
hours 

4.4 
cfu/mL 

[129] 

GO-silver Electrochemical Sulfur reducing 
bacteria (SRB) 

anti-SRB Not 
stated 

50 cfu/mL [130] 

 

Conclusion and Outlook 

In this chapter, we have reported the synthesis, fabrication and recent studies of graphene 
and graphene-based materials with possible applications in foodborne pathogen 
detections. We have summarized the reported analytical performance of graphene-based 
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sensors.  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 healthcare 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 material 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 materials 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 recognition. The integration of 
graphene in electronic biosensors giving an ultra-high sensitivity and rapid detection of 
foodborne pathogens which is promising in healthcare settings. 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 allows 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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