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Abstract 

Electrical biosensors based on graphene field-effect transistors (GFETs) have shown great 

potential for rapid and highly sensitive detection of a wide range of biomolecules. Biosensors 

based on GFETs have the potential to enable the development of point-of-care diagnostic 

tools for early-stage disease detection. They are biocompatible, easy to functionalize, scalable 

for mass production, and can be incorporated into portable devices for point-of-care 

diagnostics. However, sensitivity and selectivity are paramount for biomolecule detection in 

complex physiological solutions. Issues with reproducibility and uniformity of graphene 

sensors, but also with Debye screening and unwanted detection of non-specific species, have 

prevented the wider clinical use of graphene technology. This thesis attempts to addresses 

the critical challenges related to the performance limitations of GFETs in clinical settings, 

including sensitivity and selectivity. This thesis introduces strategies to enhance the 

performance and increase the accuracy of GFETs biosensors detection of disease biomarkers 

in complex physiological solutions.  
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1 Aims and objective 

Considering the effects of the global pandemic by coronavirus disease SARS-COV-2 (COVID-

19) and the high mortality rate of cancer worldwide, a simple, fast and reliable point-of-care 

diagnosis platform for the detection of biomarkers in physiological solutions associated with 

these diseases is the key to control the spread of the disease and potentially improve the 

treatment outcome.  

Graphene field-effect transistors (GFET) have emerged as a promising platform for early 

diagnosis of disease due to the unique electronic properties of graphene. A graphene 

monolayer consists of one atom thick layer of carbon that exhibits a strong response to 

charged molecules present on the surface. Its extremely high surface-to-volume ratio makes 

graphene an ultrasensitive material to any biomolecule’s interference at its surface. The low 

density of states (DoS) in graphene can make it easy to modify its electronic properties by 

coupling with charged molecules at the surface. The sensing principle relies on electrical 

charges expressed at the surface of molecular, cellular, or cell-vesicle based biomarkers. Once 

these biomarkers are immobilised at the surface of graphene, it alters the current-voltage 

characteristic of a graphene field effect transistor via the so-called ambipolar field effect, 

which results from its unique electronic band structure. In comparison to conventional field 

effect transistors based on silicon, the fact that graphene is just one 0.3 nm thick single layer 

of carbon, reduces the amount of surface charges needed to produce a detectable signal, 

typically corresponding to achievable limits of detection in the femtomolar of even atto-molar 

range in some cases. Graphene is biologically compatible and can be functionalized by non-

covalent binding without the need for a reaction step or damaging its sp2 network. The 

chemical compatibility of graphene with biological liquids such as blood, and the relatively 

simple chemistry required to functionalize graphene with antibodies or aptamers, which 

facilitates the capturing of specific biomarkers, makes graphene the ultimate choice among 

the popular “2D materials”. Moreover, high quality single atomic layers of graphene with low 

defect density can be prepared through chemical vapour deposition (CVD) and subsequent 

transfer on target substrates, and industry-based foundries offer graphene transistor arrays 

prepared via wafer scalable processes. It also allows large scale production of GFETs sensors 

using standard CMOS-compatible wafer processes which can enable dramatic miniaturization 
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of chip footprints with microwatts of power consumption without sacrificing performance. 

This makes the GFET sensor platform promising for implantation at points-of-care and 

checkpoints or for home use.  

A plethora of research results have been published about GFET biosensors demonstrating 

high sensitivity and high dynamic range on laboratory samples. Along with excellent device 

performance and ease of integration, various challenges delay the implementation of such 

devices in clinical practice. These include their capability to work effectively and reliably with 

clinical samples such as blood and urine with high ionic strength, and the possibility that non-

specific binding events may influence the accuracy of the detection, the efficacy of capturing 

target molecules to the graphene surface. In addition, the need for bulky reference electrodes, 

the issues of lack of reproducibility of graphene quality, and the complex nature of surface 

charge-graphene interaction also hindered the practical implementation of graphene 

technology as a diagnostic tool. 

The general aim of my PhD study is to develop a chip-based biosensor based on graphene 

field effect transistor biosensor (GFET) for the detection of disease biomarkers in 

physiological solutions. This developed GFET biosensor aimed to overcome the fundamental 

limitations in electrical biosensors including the Debye screening effect, non-specific binding 

events, and the need of bulky reference electrodes and demonstrate the capability of the 

platform in the detection of disease biomarkers in physiological solutions. Furthermore, the 

thesis aims to demonstrate the use of the platform in the detection of cancerous biomarkers  

in clinical samples. Exosomes, which are small extracellular vesicles (EVs) with a size range 

between 30–200 nm, were used for testing in clinical samples due to increasing evidence that 

exosomes released from cancer cells contain disease-specific information that can be used as 

biomarkers for diagnosis of disease at an early stage or even the prediction of disease 

occurrence years before its outbreak.    

 

Thesis Outline 

This thesis aims to address the significant challenges associated with the detection of disease 

biomarkers, particularly in the context of pancreatic cancer. Through the fabrication, 
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functionalization, a serial of performance optimisation, and testing of GFET biosensors, this 

research aims to push the boundaries of current biosensing technologies and provide novel 

solutions for accurate detection of specific biomarkers. The specific research objectives will 

be introduced and presented.  

The primary objective of this study is to fabricate the on-chip integrated graphene field effect 

transistor biosensor (GFET). One of the key aspect in this research is to develop a new 

functionalisation process of graphene that can enable high capturing efficiency of target 

biomarkers on graphene. Through characterisation the fabricated and functionalized 

graphene biosensors with various characterisation techniques, a deeper understanding of the 

mechanism, advantages, and disadvantages of selected functionalization techniques can be 

obtained. 

Besides the fabrication and characterization of GFET biosensors, this research also focuses on 

the practical application of GFET biosensors in real clinical diagnostic applications. A critical 

part of the study is to develop and design a testing protocol for the application of GFET 

biosensors for the detection of disease biomarkers in physiological solutions. This involves 

the investigation of the performance of functionalized graphene biosensors, particularly on 

its ability for the detection of exosomes as a biomarker for cancer. In this study, the 

performance of developed GFET biosensors are validated for the detection of cancerous 

exosomes in patients’ plasma samples. To further study the sensing mechanism and obtain a 

more valuable insight on the performance of developed GFET biosensor, an analytical model 

is established between the GFET device response and the density of biomarkers on the 

graphene surface using Poission-Boltzman equations. 

 

In this presented work, the fabrication and development of the GFET biosensors, and the 

characterisation of GFET biosensors using individual techniques will be performed step-by-

step. A brief overview of the thesis outline is given below: 

• Chapter 2 presents an overview of the basic properties of graphene. It also addresses the 

key challenges related to the performance limitations of GFETs in clinical settings, 

including sensitivity and selectivity. The strategies for enhancing the sensitivity and 
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selectivity of the detection of biomarkers in complex physiological conditions, including 

strategies to overcome Debye screening effects and non-specific binding effects, and 

improve signal amplification are discussed. This chapter also summarized recent studies 

that have successfully employed GFET biosensors in the detection of different disease 

biomarkers in complex mediums. Finally, the future development of GFET-based sensing 

systems required to enable the transition of this technology from the laboratory to clinical 

applications is outlined. 

• Chapter 3 summarizes all characterization and analytical techniques used in this thesis. 

The experimental methods and materials used for this thesis are also presented. For the 

GFET biosensors, the steps for the fabrication and functionalisation of the GFET sensor 

will be introduced. For the characterisation of fabricated and functionalized GFET sensors, 

the basic principles of the analytical characterisation techniques selected are described. 

• Chapter 4 is the first chapter of the results. It presents the study of the orientation of 

antibodies on graphene surface functionalised using two different linker molecules, 

conventional 1-pyrenebutanoic acid succinimidyl ester (PBASE) and the new 

biofunctionalization linker tetrakis (4-carboxyphenyl) porphyrin (TCPP). Time-of-Flight 

Secondary Ion Mass Spectrometry (TOF-SIMS) and Density-functional theory (DFT) 

simulations were employed with rigorous analyses. It is found that the newly developed 

biofunctionalization protocol with TCPP showed a predominant end-on vertical 

orientation of the Immunoglobulin G (IgG) antibody on functionalized graphene, as 

opposed to the varied orientations on PBASE-functionalized graphene.  

• Chapter 5 is the second chapter of the results. The performance of the developed GFET 

biosensors functionalized with the TCPP method and the PBASE method is further 

evaluated in this chapter. Electrical measurements are performed in this chapter. Several 

unique designs, including the use of on-chip integrated electrode, differential 

measurement with separated control and sensing channel, and the use of a house 

fabricated microfluidic channel are implemented and tested. This study demonstrated a 

two orders of magnitude improvement in the limit of detection for the TCPP-

functionalized GFETs, with a threefold surge in exosome density on the graphene surface.  

• Chapter 6 is the final chapter of the results. The performance of the developed TCPP-

functionalized GFET biosensor is further validated with clinical blood plasma samples from 
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26 PDAC patients and healthy controls. In this chapter, the uniformity test, sensitivity test 

and selectivity test were performed to characterize the GFET biosensors. The developed 

GFET biosensor can clearly discriminate the PDAC patient and the healthy controls. 

Further characterizations on the exosomes derived from the blood plasma samples are 

also performed. The unique characteristics of cancerous exosomes with the higher density 

of GPC-1 proteins expressed on cancerous exosomes compared to healthy ones are 

demonstrated. This further proves the capability of developed GFETs as an ideal and 

promising platform for the detection of pancreatic cancer exosomes. An analytical model 

is also established using Poission-Boltzman equations to fit the GFETs response with the 

density of exosomal biomarkers captured. 

• Chapter 7 is the final chapter of this thesis. It summarizes all the work carried out and 

presented. A future perspective outlook is also presented in this chapter.  

 

The key findings/novelty in this thesis: 

The thesis attempts to address the key challenges in detecting disease biomarkers in clinical 

setup and improve the accuracy of the detection of disease biomarkers in clinical samples. 

Therefore, the key novelty is the demonstration of the detection of pancreatic cancer 

biomarkers in clinical setup using GFETs biosensors. The thesis advances our understanding 

of the biosensor field through several different aspects. Firstly, the research advances the 

field by enhancing the capturing efficiency and performance of GFETs by optimisation of the 

functionalization process. Moreover, the investigation of the orientation of antibody on 

graphene using TOF-SIMS and DFT simulation provide a more comprehensive understanding 

of antibody orientations on graphene. A specific achievement of this research is the 

improvement of the sensitivity and limit of detection (LOD) of GFETs, an improvement of 

more than two orders of magnitude in the detection limit is realized.   

Additionally, the development of testing measurements and protocols enables accurate 

measurements in physiological samples and reduces device drift and non-specific bindings. 

Ultimately, this thesis demonstrates the detection of pancreatic cancer biomarker in patients’ 

plasma samples using GFETs and validation using a large number of on-chip GFETs sensors.  
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2 Biosensing using graphene opportunities and challenges 

Rapid, simple and low-cost detection of disease biomarkers in easily accessible bioliquids such 

as saliva, nasopharyngeal swabs, blood, and urine currently represents the most promising 

approach for early detection of common diseases like cancer, neurogenerative and 

cardiovascular, as well as virus infections. Regular screening of large numbers of individuals 

in point-of-care settings could enable more targeted early interventions and therapies.[1], [2], 

[3] At the same time, the global threat of infectious diseases requires a flexible, rapid and 

low-cost sensor platform for the detection of viral infections. [3], [4], [5] 

Current methods for the detection of biomarkers in liquid biopsy samples include, polymerase 

chain reaction (PCR) for the analysis of genetic contents, enzyme-linked immunosorbent 

assay (ELISA) for protein detection, ctDNA analysis, and so on. However, these techniques 

usually involve complex and expensive laboratory procedures, with specialized equipment 

and trained personnel required, and may be lack of adequate LoD for the detection of early-

stage disease. More recently, many sensor technologies, including electrochemical sensors, 

lateral flow assays, and surface-enhanced Raman scattering (SERS) based sensors, have been 

proposed and developed for the detection of these disease biomarkers in the liquid biopsy 

samples [6], [7], [8], [9].  

Biosensors based on nanomaterials have shown excellent sensing performance to meet 

medical demands for better healthcare. [10], [11], [12] Among them, biosensors based on 

graphene field-effect-transistor (GFETs) are especially promising and could play a key role in 

future diagnostic applications. GFET biosensor has distinct advantages over traditional liquid 

biopsy methods and biosensing technologies. Graphene is a single layer of carbon atoms 

arranged in a 2-dimensional hexagonal lattice structure. Graphene exhibits exceptional 

properties, including low density of states, high electrical conductivity, large surface area, 

high biocompatibility, and low intrinsic noise. These properties make graphene extremely 

sensitive to all surrounding electrostatic charges and ideal for biosensor applications. A 

detailed introduction to graphene and graphene field effect transistor (GFET) will be 

presented in section 2.1. 
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The ease of functionalization gives GFET biosensors many possibilities for the detection of 

various biomarkers. The surface of graphene can be easily functionalized covalently or non-

covalently for the immobilization of bioreceptor molecules. Through the functionalization of 

graphene surfaces with different bioreceptor molecules, such as antibodies, aptamers, and 

other probes, GFET biosensors can be tailored and easily adapted for the detection of a wide 

range of biomarkers. [13], [14] The versatility of GFET biosensors in the choice of bioreceptor 

molecules empowers researchers to design GFET biosensors for various applications, enabling 

multiple detection with a single device. Details about the functionalization of the GFET 

biosensors will be discussed in section 2.2.2 and section 2.2.3. 

Besides, another key advantage of GFET biosensors lies in their scalability for production and 

fabrication. Graphene can be synthesized, and mass-produced at a large scale, enabling the 

fabrication of GFETs using an 8-inch wafer technology.[15], [16] This provides the route for 

the cost-effective mass production of GFET biosensors. [17] 

Moreover, the GFET devices can be multiplexed. [18] [19] This feature allows the 

simultaneous detection of multiple biomarkers in the same sample from liquid biopsy. This 

could not only significantly improve the accuracy and efficiency of diagnostics, but also reduce 

the number of samples required and turn-around time, making GFET biosensors particularly 

useful for the POC applications. The multiplexed GFET biosensors holds great promise for the 

detection and monitoring of complex diseases that relies on the change from multiple 

biomarkers.  

The technology of on-chip integrated GFET biosensors further enhances the convenience and 

ability of GFET biosensors for POC applications. GFET biosensors can be integrated with 

portable electronics, enabling real-time data acquisition and analysis [17], [20]. 

Along with excellent device performance and integration, various challenges could delay the 

implementation of such devices in clinical practice. These include their capability to work 

effectively and reliably with clinical samples such as blood and urine with high ionic strength, 

and the possibility that non-specific binding events may influence the accuracy of the 

detection. In this chapter, the methods of functionalisation of graphene to transform into a 

biosensor were first highlighted. Then, the key challenges in incorporating GFET biosensors in 

clinical settings and many innovative methods and techniques used to enhance device 
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performance in physiological solutions were discussed. In addition, recent studies that have 

successfully employed GFET biosensors in the detection of various disease biomarkers in 

complex mediums were discussed.  

This chapter is part of the review paper publication: Tianyi et al. “Progress in graphene field-

effect biosensors for the detection of disease biomarkers in physiological solutions” in 

progress. 
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2.1 Introduction to graphene and graphene field-effect transistors 

2.1.1 Electronic properties of graphene 

Monolayer graphene was first isolated in 2004 by Geim and Novosolov. [21] It is a single layer 

of carbon atoms arranged in a two-dimensional hexagonal lattice structure with an 

interatomic distance of 1.42 Å between its nearest neighbours. The thickness of a single layer 

graphene is one atomic layer thick, which is 0.335 nm. Graphene is a zero-band gap material, 

with its conduction and valence band meeting at the Dirac Point, within the Brillion zone. [21] 

Graphene has unique properties, including extremely high mobility (105 cm2⋅V−1⋅s−1), low 

density of states, extremely high surface to volume ratio, and low intrinsic noise. Graphene 

has been studied and investigated for application in various fields, including electronics, 

biosensors, energy storage, photonics, and flexible electronics. [22], [23], [24], [25], [26]   

 

Figure 2-1 A) Hexagonal lattice of graphene, two atoms (A and B) per unit cell. [27] B) 
Electronic structure of graphene: Energy bands near the Fermi level in graphene. The 
conduction and valence bands cross at the points K and Kʹ. [28] C) Energy band of graphene, 
the conduction and valence bands touching at the Dirac point. The position of the Fermi level 
determines the nature of the doping and the transport carrier. [27] 

 

2.1.2 Graphene growth and fabrication 

To fabricate a graphene-based biosensor, three major steps are required: 1) graphene 

synthesis, 2) graphene transfer, and 3) metallic contact deposition and encapsulation.  

A) B) C)
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Graphene can be synthesised via many methods, including exfoliation, chemical vapour 

deposition (CVD), and epitaxial growth, etc.. [29] The exfoliation of graphene is the process 

that separates the graphite into layers of graphene. There are various methods developed for 

the exfoliation of graphene, such as liquid-phase exfoliation, mechanical exfoliation, 

electrochemical exfoliation, and micromechanical exfoliation. [30], [31] The liquid phase 

exfoliation is a promising approach for the scalable production of graphene with high 

efficiency and low cost. The micromechanical exfoliation of graphene involves the separation 

of graphene from the graphite using an adhesive tape or scotch tape. Typically, the graphene 

obtained from micromechanical exfoliation has the best electrical properties. However, the 

exfoliation of graphene is not able to provide large area graphene, which is less suitable for 

the large scale mass production of defect free graphene devices. [30], [31]  

Chemical vapour deposition (CVD) is one of the most widely used method for the production 

and synthesis of large scale and large area graphene devices. CVD is a process where a solid 

material is deposited from a gaseous phase using a chemical reaction between the volatile 

precursors and the surface of the heated substrate surface. The CVD graphene is most 

commonly grown on metal substrates, various metals have been studied, such as Ni, Cu, Co, 

Au, and Ru. [29], [32], [33] Nickel was the first attempted substrate for the CVD growth of 

graphene. Copper (Cu) is the most popular substrate for CVD graphene, it allows the 

continuous growth of monolayer graphene without introducing significant defects. This is 

because the solubility of C in Cu is low, therefore the carbon growth on the copper substrate 

is a self-limiting process. [33] During the CVD process, methane is the most common hydrogen 

gas source, acetylene and ethylene can also be used. Hydrogen gas is also broadly used in 

addition to promoting the reaction, however, the use of hydrogen may alter the structure of 

graphene and introduce additional defects. [32], [34], [35] The growth temperature plays an 

important role in the quality and orientation of CVD graphene. It is found that a high growth 

temperature, close to the Cu melting temperature (1083 °C), is preferable for the production 

of high-quality graphene. Through careful control of the reaction parameters, including the 

gas source, the ratio of H2:CH4 gases, the reaction pressure, and the growth temperature, the 

quality of graphene growth can be adjusted. [34], [35], [36]  The main steps involved in the 

CVD process are 1) the dissociative adsorption of CH4 gas once it reaches the proximity of the 
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Cu surface and bind to Cu surface sites, 2) the desorption of adsorbed hydrogen, 3) graphene 

formation from carbon adsorbed onto the Cu surface. (Figure 2-2 B)) 

 

 

Figure 2-2 A) Schematic of the CVD system.[16] B) Schematic diagram of the process of 
chemical vapor deposition procedure for graphene synthesis with Cu.[37] 

 

Following the growth of graphene, the layer of graphene is required to be transferred onto 

the desired substrate. The selected substrate needs to provide physical support to the thin 

layer of graphene while avoiding unwanted electrical connections between the electrodes 

deposited on the graphene. The selected substrate should be a dielectric material or other 

insulating material. It is challenging to transfer the thin 2D graphene film onto the substrate 

without damaging and introducing defects to the graphene film. This is because the 

properties of graphene are highly affected by the defects, impurities and wrinkles within the 

graphene. Multiple techniques have been developed for graphene transfer, including wet 

transfer methods and dry transfer methods. [38], [39] 

The wet transfer method is performed with a protective layer of poly(methyl methacrylate) 

(PMMA) on top of the graphene. Then the growth substrate, typically Cu, will be etched in an 

aqueous Cu etchant. The PMMA protected graphene will then be transferred onto the desired 

substrate and dried. Finally, the PMMA layer will be removed. Although this method is the 

most widely used method for graphene transfer, the PMMA residue will alter the electrical 

properties of graphene and change the doping of graphene, shifting its Dirac point to the left. 

[40], [41].  

The dry transfer method is performed with hot pressing [42], roll-to-roll method [43] or pick-

up and stamping with PDMS [44]. The dry transfer is based on the van der Waals interactions. 
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The delamination of graphene is achieved by introducing intermediate layers on the surface 

of graphene. This intermediate layer has higher binding energy than the metal substrate. The 

intermediate layers used can be easily removed by water.  It is believed that the dry transfer 

method allows the transfer of larger area and high-quality graphene. However, cracks are 

easily formed during the delamination of graphene. The dry transfer method still needs to be 

carefully optimized for the larger scale production and commercialization. [45], [46] 

 

2.1.3 Graphene field effect transistor biosensor basic principle  

A field effect transistor is a transistor that uses the applied electric field and its associated 

voltage to control the current passing through the semiconductor. It is a three-terminal device, 

which is consisted of source, drain and gate electrodes. A semiconductor channel is placed 

between the source and the drain, the channel is either a p-type or an n-type semiconductor. 

Through an applied voltage to the gate, the gate voltage can control the flow of current and 

in turn the conductivity in the semiconductor channel.  

  

A) B)

C) D)

E)

F)
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Figure 2-3 Schematic diagram of A) a conventional FET device, B) a back gated GFET device, 
C) a GFET device, D) a liquid gated GFET device. [47] E) IV characteristic diagram of graphene's 
unique ambipolar effect with two types of charge carriers in graphene. The field effect can 
modulate the holes (red colour, in left) to electrons (grey colour, in right). The charge-
neutrality point VCNP is located at the transition between the hole and electron regime, where 
the current is at its minimum. F) Schematic diagram of the modulation of the Fermi level 
position as the function of doping, with n-type doping, pristine and p-type doping 
graphene.[48] 

 

Graphene field effect transistors (GFET) work similar to other types of field-effect transistors 

with one layer of graphene channel between the source and drain electrodes. The potential 

difference applied between the gate and drain can modulate the doping of graphene. When 

the gate voltage in a GFET device is changed from positive to negative, conduction switches 

from electrons to holes. This is known as graphene’s ambipolar field effect. (Figure 2 E and F) 

The device can be used to sense chemical doping of the surface, which results in a change of 

the Dirac Point voltage. Comparing to conventional FET biosensors with bulk materials, such 

as silicon, GFET biosensors offer significant advantages. These advantages of GFET biosensors 

include high sensitivity, faster response time, and lower detection limits.  

 

2.2 GFET biosensors 

2.2.1 Sensing mechanisms 

GFET biosensors are three-terminal devices that consist of source (S), drain (D), and gate (G) 

electrodes. The gate electrode is important as a potential regulator setting the operating 

regime of the sensor. The GFETs with the liquid-gate is the most suitable gate configuration 

for biosensing. The use of liquid gate allows the replication of the natural environment for 

biological species. Also, it provides a stable potential and enables the detection at low 

operating voltage. The source/drain electrodes are isolated from the solution using a 

passivation material such as aluminium oxide (Al2O3), silicon nitride (Si3N4), silicon dioxide 

(SiO2), and SU8. GFET biosensors use the charge as a primary physical quantity of any target. 

The change in surface potential across the electrolyte-graphene surface due to molecule 

binding results in a change in the conductance between the source and drain. This can be 



 

 

 

45 

reflected by the change in the direction and amplitude of the transfer curve of the GFETs 

(Figure 2-4).[49], [50] The curve is typically a V-shaped curve due to the ambipolar 

characteristics of graphene transistors resulting from the band structure of graphene. This 

allows graphene to conduct both electrons and hole current depending on the position of the 

Fermi level.[49], [50], [51] Therefore, the binding of biomolecules in the graphene surface can 

cause the transfer curve to shift to the left or right, depending on the charge of the 

biomolecule. GFET biosensors benefit from high sensitivity, selectivity, biocompatibility, ease 

to functionalize, manufacture in mass quantity, and low operating voltage.  

 

Figure 2-4 Graphene field-effect-transistor as a versatile platform for biomarkers detection. 
GFETs biosensor structure and its typical transfer characteristics. The binding of charged 
molecules on the graphene surface leads to a change in the Fermi level with the respect of 
Dirac point. Negative charges p-dope graphene lead to a right shift in the transfer curve, while 
positive charges n-dope graphene leads to a left shift. 

 

GFET biosensor consists of three main layers, as illustrated in Figure 2-5. The first layer is a 

single layer of graphene, and then a functionalization layer of linker molecules is placed on 

top of the graphene via covalent or non-covalent bonding. These linker molecules allow the 

graphene to immobilize a bioreceptor layer to bind with the target biomolecules in a sample 

or specimen. Depending on the target biomolecules, the bioreceptors can be antibodies, 

aptamers, ssDNA and enzymes. When the target molecule binds with the immobilized 

bioreceptors on graphene, the current-voltage characteristic, also known as the transfer 

characteristic of GFET will be altered via graphene’s unique ambipolar field effect. [7][8] The 
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biofunctionalization of the GFET biosensors will be introduced in detail in the following 

section.  

  

Figure 2-5 Schematic representation of chemical functionalization of graphene surface for 
various range of biomarkers. The universal surface functionalization technique allows 
graphene based biosensors for the detection of a wide range of target biomarkers using 
chosen specific bioreceptors. All biomarkers are not present in scale.  

 

2.2.2 Biofunctionalisation of graphene field effect transistors 

Biofunctionalisation of graphene surface is the key step to transform GFETs into biosensors 

and enable its use in a wide range of biosensing applications. It allows the selective and 

specific recognition of target molecules on the graphene surface. Covalent and non-covalent 

functionalisations are the two main strategies for GFETs biosensors. The covalent 

functionalisations are generally achieved via the attachment of specific functional groups 

onto the surface of graphene through covalent bonding, while the non-covalent methods are 

based on π-π interactions between graphene and aromatic groups in the crosslinker. In order 

to achieve optimum biosensor performance, the surface functionalisation approach needs to 

meet certain standards. First, the biorecognition molecules should be attached uniformly and 

evenly to the sensor surface while preserving their biological properties. Second, the 

functionalisation process should enable high coverage and proper conformation of receptors 

at the graphene surface. Third, the functionalization process needs to be highly reproducible. 
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Fourth, the surface or grafting process should be tunable to achieve a higher degree of 

functionalisation. Fifth, the biofunctionalisation process should preserve the quality of 

graphene.  

 

2.2.2.1 Covalent functionalisation 

Graphene is a stable planar sheet of sp2 carbon atoms in a tightly bound hexagonal 

lattices.[54] Therefore, it requires high energy to introduce the desired functional groups onto 

graphene. The formation of covalent bonds between the functional groups and graphene 

provides a strong attachment, minimizing the risk of detachment.  

The main reactions for the covalent functionalization of graphene are free radical reactions, 

cycloaddition reactions, and electrophilic substitution reactions. Due to the low reactivity of 

tightly bonded graphene basal plane, highly active free intermediates, such as strong acids or 

free radicals, are required to form covalent bonds with the carbon atoms in the graphene 

lattice. [55], [56], [57]  

The use of diazonium salts is one of the most extensively studied and widely employed 

chemistry for covalent functionalization of graphene. A diazonium salt, as illustrated in Figure 

2-, is consist of a para-substituted functional group R. Through coupling the R functional group 

with biorecognition molecules, graphene can be used as a sensor for various biological 

analytes. [55], [58], [59] Various diazonium salts with different functional groups are available 

for grafting the organic molecules onto the graphene sheet. -NH2 and -COOH are the most 

frequently used R groups. These functional groups are compatible with EDC/NHS chemistry 

for the formation of -CO-NH- bonds with the biorecognition molecules, including antibodies 

and aptamers. [50], [59] While EDC/NHS chemistry is the most popular approach for 

crosslinking of linkers with biorecognition molecules, there are still some drawbacks, 

including random coupling sites and crosslinking during immobilization. Click chemistry is 

considered to be an alternative and more advanced immobilization technology. Mishyn et el. 

[60] reported the option of 4 [(triisopropylsilyl) ethynyl]-benzene diazonium 

tetrafluoroborate (TIPS-Eth-ArN2+) modified GFET biosensor, with monolayer coverage and 

maintaining good electron and hole mobility. The formation of ethynyl phenyl monolayer on 
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graphene allows the immobilization of biorecognition molecules using click chemistry. [60] T. 

Rodrigues et al. [61] further demonstrated the ability of TIPS-Eth-ArN2+ modified GFET 

biosensor with aptamers for specific sensing of cardiac troponin I (cTnI) in different bodily 

fluids.  

 

Figure 2-6 Schematic of the structure of a diazonium salt and process of covalent attachment 
of a diazonium salt to the graphene sheet surface. 

 

There are some challenges associated with the covalent functionalization of graphene. During 

covalent modifications, the free radicals will activate the point defects in graphene [62], and 

transfer electrons between the free radical and carbon atom in graphene. [55], [56] 

Meanwhile, it transits the hybridization state of carbon atoms in graphene sheet from sp2 to 

sp3, and displaces the carbon atoms out of the graphene plane by around 0.7 Å. [58], [60] 

This disruption alters the electronic properties of graphene, including its conductivity, charge 

mobility, and even band gap. [50], [63] Most studies reported that the covalent grafting of 

diazonium salts decreases the conductivity and charge mobility of the graphene sheet. [57], 

[60], [64], [65], [66], [67] This is because during covalent functionalization, the change of 

hybridization state of carbon atoms and the introduction of defects in the graphene sheet 

result in a reduction in the number of conductivity electrons and the generation of charge 

scattering sites. [68], [69] Consequently, lower the electrical conductivity of covalently 

functionalized graphene.  

It is crucial to achieve a monolayer of grafting species for the optimum degree of 

functionalization. [72], [73], [74] Low degree of functionalization [58], [72], [75], [76], [77], 

[78] and formation of oligomers or multi-grafted layers [56], [58], [66], [79] is generally 
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reported for covalent functionalized graphene surface. Since the aryl radicals are highly 

reactive, side reactions of radical attachment on the existing chemical groups on graphene 

rather than the graphene basal plane are likely to happen. [79] As a result, oligomers or multi-

grafted layers are formed, as illustrated in Figure 2-7. [11][12][18] Because of the steric 

repulsion between two adjacent bulky phenyl groups on the same graphene sheet, these 

oligomers strongly hinder the packing uniformity and efficiency of bonded groups on 

graphene.  

 

Figure 2-7 Schematic illustration for the process of covalent grafting of aryl diazonium radicals 
on graphene leading to oligomer formation. Side reactions of radical attachment on the 
existing chemical groups on graphene rather than the graphene basal plane are likely to 
happen during covalent functionalization process with aryl radicals. 

 

Research has been conducted to investigate the surface coverage of the covalently attached 

groups. 25% is by far the highest simulated [12][26] as well as experimental [27-29] maximum 

coverage of the attached groups, as shown in Figure 2-8, while most studies reported a 

maximum coverage of around 10-20%.  [27][30] These will reduce the binding efficiency of 

target biomolecules in solutions. In turn, it affects the overall performance of the fabricated 

graphene biosensors, particularly their sensitivity. Therefore, it is important to form a 

monolayer of grafting species for the optimum degree of functionalization. Extensive studies 

have been conducted to find the approach for monolayer grafting on the graphene surface. 

[72] Greenwood et al. reported that through the application of bulky 3,5-bis-tert-

butylbenzenediazonium (3,5-TBD), a relatively higher grafting density can be achieved with 

monolayer coverage. [73] Nguyen et al. achieved the growth of a self-organized monolayer 
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of aryl diazonium salts on graphene via electroreduction. During their grafting process, a small 

electrochemical bias potential is applied. [74] These studies indicate the selection of novel 

methods and techniques is essential to produce monolayer grafting for a maximum degree of 

graphene functionalization, leading to improved sensitivity and selectivity for the detection 

of target biomarkers.   

 

 

Figure 2-8 Schematic demonstration of maximum theoretical coverage of covalently attached 
diazonium salt group on graphene. 

 

The contribution from covalent modification to the electronic properties of graphene and its 

degree of functionalization strongly depends on the reaction conditions, such as the 

concentration of reagents and reaction time. [60], [67], [71], [80], [81], [82] The reaction 

needs to be carefully optimized to preserve the conductivity and charge mobility of the 

graphene sheet and to achieve the optimum degree of functionalization, thereby improving 

graphene sensing sensitivity and selectivity for target biomarkers.   

 

2.2.2.2 Non-covalent functionalization 

Non-covalent functionalization of graphene biosensors is based on π-π interactions between 

graphene and aromatic groups in the crosslinker. This functionalization method allows for the 

generation of a self-assembled, homogeneous functionalized graphene surface. This strategy 

can preserve both the aromaticity and the electronic property of graphene,[63], [68] making 
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it particularly attractive to biosensor applications. Retaining the high mobility of graphene is 

particularly advantageous for developing fast and sensitive GFET biosensors. Various 

crosslinkers, including pyrene-based molecules [50], [63], [68], polymers [83], and peptides 

[84], are available for non-covalent immobilization on graphene. 1-pyrenebutanoic acid 

succinimidyl ester, known as PBASE, is the most widely used pyrene-based crosslinker for 

immobilization of biorecognition molecules on graphene. [17], [18], [50], [63], [68], [85], [86], 

[87], [88], [89], [90], [91], [92], [93], [94], [95] The structure of PBASE is illustrated in Figure 

2-. Its pyrene group interact with the graphene surface via Van der Waals force, forming a π-

π bond. Then, the N-hydroxysuccinimide (NHS) ester group at the other end of PBASE can 

react with primary amines or lysine in biomolecules, forming an amide bond. PBASE can be 

assembled on graphene surface through drop-casting or immersion methods. [85] The 

formation of a monolayer of PBASE on the graphene surface is a self-limiting process. [96] 

The large NHS ester group on the other end of PBASE can hinder the second layer of molecules 

from aggregating on top. [96] The formation of monolayer of PBASE on the graphene surface 

is important in GFET biosensing because it enables strong electrostatic coupling between 

biomolecules and graphene. [86], [96] As GFET detection of biomolecules in electrolyte 

solution is limited by the response to the charges located within Debye length, the thickness 

of the crosslinker can influence the sensitivity of the sensor. It has been experimentally 

observed weaker electrostatic coupling and reduction in GFETs response with the increase of 

thickness of receptors on the surface graphene. [63]  

It is necessary to achieve high surface coverage without degradation of graphene properties 

after PBASE to obtain a large response from a GFET. Many research works use 1-2 h incubation 

time to grow PBASE on the graphene surface. However, Wang et al. identified the optimum 

incubation time for graphene with PBASE in DMF is 4 hours, but this long incubation time of 

PBASE on graphene leads to an increase in defect formation with a structure similar to bi-

layer graphene. [97] Furthermore, the possibility of ester end hydrolysis with a long PBASE 

incubation time is likely to happen. This may lead to a lower density of available sites for 

grafting of biorecognition molecules. [63]  

Although PBASE is currently the most popular crosslinker for biorecognition molecule 

immobilization, the optimum reaction condition for PBASE and whether it is the best option 
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for GFET functionalization still need to be systematically investigated further. There are few 

studies report that the use of PBASE may lead to protein denaturing and susceptible to 

desorption.[98], [99], [100], [101], [102] Moreover, the orientation of PBASE on graphene is 

not controlled. [101] Therefore, many research studies have explored alternative linkers to 

PBASE that can achieve strong bonding both with graphene and bioreceptors. Tetrakis(4-

carboxyphenyl)porphyrin (TCPP) is one of recent reported alternative linkers for GFET 

functionalization. The schematic diagram of the structure TCPP is illustrated in Figure 2-. TCPP 

has a larger central porphyrin group, which allows for more stable π conjugate with the 

graphene surface. Instead of the single ester group in PBASE, TCPP has four carboxyl groups 

available for covalent bonding with bioreceptor molecules. Kawata et al. [103] and Zhang et 

al. [104] reported the decoration of GFET biosensors a better performance of GFET devices 

with TCPP functionalization compared to the PBASE functionalization. The grafting through 

TCPP leads to a higher density of immobilized biorecognition molecules, resulting in increased 

detection sensitivity. Zhang et al. also reported that TCPP modification can reduce the pH 

response of the GFET devices, making it suitable for testing samples in saliva. [104] Grafting 

biorecognition molecules onto TCPP requires EDC/NHS treatment rather than simple bond 

formation used with PBASE.  

 

Figure 2-9 Schematic diagram of the structure of (a) PBASE (b) TCPP. 

 

In addition, Mann et al. [101] studied the use of an NHS ester tripod motif for the modification 

of single layer graphene, as illustrated in Figure 2. The tripodal functionalization technique 

demonstrated its ability to form a strong bond with graphene, while retaining the 

functionality of linked bioreceptors. It also exhibited exceptional stability in organic solvents 
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when compared to PBASE and other monovalent pyrene derivatives. [101], [105] These 

findings imply the potential of constructing a robust and stable graphene-based sensing 

platform using tripodal functionalization. However, there is no systematic study related to 

the performance of this functionalization technique as a biosensor, with no further study 

conducted on tripodal modification of single layer graphene-based biosensors. 

 

Figure 2-10 Schematic diagram of NHS ester tripod linker, with three pyrene "feet" for 
interaction with graphene sheet. [101] 

 

2.2.2.3 Comparison between covalent and non-covalent functionalization 

technique 

The performance of GFET biosensor strongly depends on the chosen functionalization 

technique. It is crucial to maintain the superior electronic properties of graphene while 

achieving the optimum degree of functionalization for higher sensitivity, selectivity and 

stability of the device. Covalent functionalization has the ability to construct robust and stable 

surfaces for biosensors. [60] However, the sp2 to sp3 hybridization of carbon atoms and the 

number of grafting layers on graphene can lead to a reduction in the electronic properties of 

graphene. The degree of functionalization and electronic properties of functionalized 

graphene sensors strongly depend on the reaction conditions and the chosen chemical 

reagent. To achieve high quality functionalized graphene devices, it is important to use freshly 

synthesized, high purity diazonium salts, because the diazonium salt will decompose over 

time. [70] Meanwhile, it is important to use a carefully optimized method to achieve 
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monolayer grafting and optimum functionalization density. Consequently, the covalent 

grafting process is complex and often requires several days for multiple steps and strict 

reaction conditions.  

Non-covalent immobilization of biomolecules offers a simple and cost-effective approach that 

can maintain the crystal structure of graphene. However, it suffers from low stability of the 

immobilized surface and the process lacks robustness. It is challenging to control the number 

of immobilized linkers on graphene.  It is widely believed that non-covalent grafting approach 

is by far the most promising technique for achieving high performance biosensors. In 

particular, there is a clear trend of using PBASE for functionalization of graphene biosensors. 

[17], [18], [50], [63], [68], [85], [86], [87], [88], [89], [90], [91], [92], [93], [94], [95]  However, 

there is a lack of systematic studies comparing covalent and non-covalent modifications of 

graphene-based biosensors. The effects of different surface grafting techniques on the 

fabrication of reliable, reproducible, stable and sensitive graphene-based biosensor still 

needs to be thoroughly studied.   

 

Figure 2-11 A schematic representation of different functionalization processes used in 
graphene biosensors and their effects on the structural and electronic properties of graphene.  
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Table 2-1 Comparison of the functionalization techniques 

Functionalizati
on Category 

Characteristics  Advantages Drawbacks Interactions  Examples (Intermediates) and   
characteristics 

Covalent 

 

 

Introduction of 
functional groups 
to the C-C 
network; 

Reaction with the 
sp2 carbon, 
rehybridize them 
to sp3 carbon; 

Free radicals 
attack the 
graphene basal 
plane; 

Organic 
functional groups 
react with the 
oxygen containing 
groups of GO or 
edges of 
graphene. 

 

Strong 
chemical 
bonds; 

Stable and 
robust 

Long 
preparation 
and 
processing 
time; 

Disruption of 
graphene sp2 
network, loss 
of the 
electronic 
property; 

Need careful 
optimization 
of reaction 
condition 

Free radical 
addition 
reactions; 

Nucleophilic 
addition; 

Cycloaddition 
reactions; 

Electrophilic 
substitution 
reactions. 

4-carboxybenzenediazonium 
tetrafluoroborate (CBDT); 

4 [(triisopropylsilyl) ethynyl]-
benzene diazonium 
tetrafluoroborate (TIPS-Eth-
ArN2+); 

7,7ʹ-dimethoxy-1,1ʹ-
binaphthalene; azomethine 
ylide; 2,3-
dimethoxybutadiene 
(DMBD); 

Nitrenes; 

benzoyl peroxide 

(1,2) 

(3–7) 

Non-covalent 

 

 

Van der waals 
forces; 

π-interactions 

 

Do not alter 
the structure 
of graphene; 

Preserve the 
electronic 
property of 

graphene ； 
Simple and 
cost-effective 

 

Weak 
interactions; 

Less stable, 
Short shelf 
life; 

 

π-πstacking; 
Hydrophobic 
interactions 

Pyrene-based molecules 

(PBASE, PBA, PMAL) 

Porphyrins; 

NHS ester tripod motif; 

Polymers; 

Peptides 

(8–10) (11) (12) (13) (14) 
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2.2.3 Selection of bioreceptor molecules 

Graphene based biosensors can be applied in many areas, including the detection of pH, 

blood sugar level, protein, micro-organism, and nucleic acids (both DNA and RNA). High 

selectivity of a biosensor is achieved by binding between the specific recognition receptor 

molecule and the target ligand molecule. Therefore, the selection of a suitable bio-

recognition molecule plays a critical role in generating sensitive and selective biosensing 

platforms. There are several different types of bioreceptor molecules, such as antibodies, 

aptamers, DNA molecules, enzymes, etc. [106] 

Antibodies are the most common used biological recognition molecule for the detection of 

proteins, including proteins in cancer biomarkers [44][45], surface bacteria [46][47], viruses 

[48-50], exosomes [22][37], and other molecules [51-53]. An antibody is a roughly a 15 nm Y-

shaped molecule, with four polypeptides and amino acid sequences in the Y tips. The 

structure of an antibody is demonstrated in Figure 2-. A biosensor platform with antibody 

immobilization is attractive due to the specific high affinity conjugation between antibody 

and antigen. [119] However, antibody-based biosensor suffers from problems including easy 

degradation, low stability and high costs. Meanwhile, the size of the antibody is large, which 

exceeds the Debye screening lengths in physiological solutions.  

 

 

Figure 2-12 Schematic diagram for shape of antibody. 

 

To address this limitation, researchers have explored the use of smaller bioreceptor 

molecules, such as antibody fragments (82,85), nanobodies (86–88), and aptamers (36,89–
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92). These smaller bioreceptors allow the biorecognition reaction to occurs at a closer 

distance to the sensor surface, enabling improved sensitivity in GFET biosensors. The binding 

affinity between bioreceptor molecules and target molecules is another critical factor in 

achieving high sensitivity in GFET biosensors. Aptamers offers an alternative advanced 

solution as a surface probe molecule. Aptamers are artificial single strand oligonucleotides 

that can bind to target molecules through shape recognition. The application of biosensors 

with aptamers immobilized as probes is rapidly emerging. [17], [92], [104], [120], [121], [122], 

[123], [124], [125] This is because the aptamers can be easily prepared and stored, offers the 

possibility of mass production and good reproducibility. [126] They are not affected by 

environmental factors, such as humidity or temperature. [54][56] Moreover, aptamers have 

a simpler structure with nucleic acids, thus higher stability than antibodies (with amino acids). 

[128] Aptamers can be denatured and refolded multiple times without losing their activity. 

[129] It is reported that the fabricated aptamer-based biosensor can retain its sensitivity and 

stability for around one week. [127] Aptamer based biosensors can be tailored for specific 

detection of a range of targets, including nucleic acids [130], ions [131] and lipids [132], which 

are not possible to be detected by antibodies. [62][63] Aptamers are especially useful for 

graphene field effect transistor biosensors due to their small size (~2nm). It is believed that 

the small size of aptamer will help with the reduction of the Debye screening effect, thus 

leading to higher sensitivity of biosensors. [56][64] However, there are still some limitations 

in aptamer-based biosensors, such as the complex production process of aptamers and the 

limited availability of aptamers for targets. [135]  

The effect of the selection of different biorecognition molecules is further addressed in the 

performance metrics section.  

 

2.3 Performance metrics and limitations in graphene field effect transistors 

2.3.1 Challenges in Real Clinical Physiological Solutions 

Sensitivity and selectivity are the major challenges that need to be addressed when testing 

biomarkers in physiological solutions in clinical settings. The sensitivity of a biosensor is 

defined as the ratio between signal generated from the biosensor and the change in 
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concentration of target analyte. The sensitivity of a biosensor represents the ability of a 

biosensor to differentiate between different analyte concentrations. The limit of detection 

(LOD) is defined as the minimum amount of target analyte which can be detected by the 

biosensor platform. Ideally, a biosensor should have the LOD as low as possible to confirm 

the presence of the target in biological samples. 

The presence of Debye screening effects is one of the main limitations in achieving the 

ultimate sensitivity and LOD for GFET biosensors. The detection mechanism of the GFET 

sensors relies on the sensing of the electrical charges of target analytes in the solution. 

However, interactions between the electrolyte solution and biomolecules at the surface of 

the sensor can greatly influence its response. The charge of the biomolecules is surrounded 

by ions in the electrolyte solution, which means that the electrostatic potential of the analyte 

molecules decays exponentially to approach zero at a certain length. This length is known as 

the Debye screening length (𝜆!). The screening length can be given by, [136] 

𝜆! =	7
𝜀𝑘"𝑇
2𝑁#𝑞$𝐼

 

Where 𝜀  is the dielectric permittivity of the medium, 𝑘"  is Boltzmann’s constant, T is the 

temperature, q is the electron charge, and I is the ionic strength of the solution, 𝑁# is the 

Avogadro’s number.  
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Figure 2-13 Schematic diagram of electric double layer formation and Debye screening at 
surface. [137] 

 

The Debye length is inversely proportional to the square root of the ionic strength of the 

electrolyte solution (I). Higher ionic strength solutions will lead to shorter Debye screening 

lengths. The effective detection of biomolecules requires target binding to occur within the 

Debye length. For example, the Debye length of 1X phosphate-buffered saline (PBS) solution 

is around 0.7 nm. This length is suitable for the detection of nucleic acid with a small receptor 

but inadequate for the detection of proteins that are larger than the screening length. This 

makes the highly sensitive detection of many types of biological species in real physiological 

solutions challenging (with Debye lengths <1 nm). The formation of Debye double layer not 

only limits the detection in high ionic strength solution, but also affects the adsorbed 

molecules on the surface of graphene. The electrical double layer can affect the orientation 

and conformation of bioreceptor molecules [86], [138], [139], thereby influencing their 

functionality and capturing efficiency of target biomolecules. [140], [141] Furthermore, the 

formation of the electrical double layer structure affects the adsorption of target analytes 

near the graphene surface. [32], [142], [143] These factors will reduce the capturing efficiency 

of target analytes, consequently reducing the sensitivity and LOD of graphene biosensor 

devices. 

In addition to sensitive detection, the performance of a FET biosensor relies on its selectivity 

and specificity in detecting the target biomarkers among other biological species. The 

specificity of a biosensor is defined as the ability of a sensor to differentiate between target 

and non-target biomolecules. The performance of a FET is not only determined by the 

capability of the sensor to sensitively detect biomarkers at the surface, but also to detect 

them with high selectivity among other biological species. This is particularly important in 

clinical diagnostics for specific diseases and patient management. Physiological fluids are 

complex matrices containing many proteins, enzymes, and other biomolecules that can 

interfere with the graphene biosensors. The non-specific binding of these biomolecules on 

the graphene surface will lead to false positive signals.   
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Achieving selectivity in real physiological solutions, such as blood and serum, poses a 

significant challenge. This is due to the complexity of real physiological solutions and the 

lower concentration of target biomarkers compared to other biological compounds present 

in the solution. These non-desired species in the complex biological matrices can adsorb onto 

the sensor surface, leading to non-specific interactions that lead to false positive or false 

negative results.  

In the application of GFET sensors with clinical solutions, suppression of the background noise 

is another important factor that needs to be considered. The background noise can arise from 

multiple sources, including electrochemical noise, environmental interference, and 

fluctuations from the solution itself. These noise signals can exceed signals from analytes, 

leading to reduced sensitivity and limit the detection limit. Therefore, improving the noise 

performance is another important factor in achieving the ultimate sensitivity of graphene-

based biosensors and the application of GFET sensors in real physiological solutions. 

In addition, the reproducibility and uniformity of lab fabricated GFET biosensors also need to 

be considered for obtaining reliable sensing results in clinical applications. Batch-to-batch 

differences in the fabricated GFET biosensors need to be noted and addressed to ensure 

consistent performance. Meanwhile, the issue of device drift in GFET devices [144], [145], 

[146] needs to be mitigated for obtaining consistent and reliable sensing performances of 

GFET biosensors.  

It is crucial to address these challenges associated with real clinical physiological solutions and 

GFET biosensors for achieving the ultimate LoD, sensitivity, and specificity for a reliable 

biosensor that can be used for early-stage disease detection and disease monitoring.  

 

2.3.2 Strategies of sensing in physiological solutions  

Most of the reported GFET biosensors are operated in lab environments with testing in non-

physiological solutions. The sensing results from these reported biosensors are difficult to 

replicate or repeat in clinical settings or with physiological solution conditions. Several 

techniques have been proposed, aiming to use GFET biosensors for testing in physiological 

solutions. These techniques will be discussed and introduced in the following sections. 
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2.3.3 Overcoming the Debye screening effect 

The issue with Debye screening can be reduced by operating the GFETs in a diluted buffer 

with low ionic strength. However, the process eventually becomes difficult and time 

consuming. It may also reduce the concentration of the target analyte and affect the stability 

of certain types of biological species. Thus, other strategies have been implemented to 

overcome the screening effect.  

 

2.3.3.1 Surface Nanostructuring 

 

Figure 2-14 Schematics of nanostrauctured graphene and flat graphene. The use of 
nanostructured graphene will lead to an increase in the EDL, resulting in an enhanced 
sensitivity and detection limit of GFET biosensors. 

 

Surface modification of graphene field-effect transistors (GFETs), such as surface 

nanostructuring, offers a potential solution to overcome the limitation of detection in high 

ionic strength electrolyte. The application with surface nanostructuring in graphene 

biosensors is widely reported. [86], [147], [148], [149], [150], [151], [152], [153], [154], [155] 

Through the fabrication of nanogap and nano-textured electrode [156], [157], the electrode 

polarization effect can be reduced, leading to a reduced charge screening effect. The effect 

surface nano-structuring to EDL can be partially explained by the concept of Debye volume 

introduced by Shoorideh and Chui [158]. Their analytical study of simulated concave and 

convex electrode surface, as illustrated in Figure 2-15, demonstrated a reduced charge 

screening effect from concaved surfaces. This effect is attributed to the Debye volume, which 
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is defined as the volume of electrolyte encompassed within one Debye length from the 

surface. When comparing an equal sized surface area, the convex surface has a larger Debye 

volume than concave surface. Therefore, more counter ions present near the surface of the 

convex electrode surface, resulting in stronger screening effect. Several other experimental 

studies have demonstrated that modifying the graphene structure or decorating it with 

nanostructure lead to a lower EDL capacitance compared to planar graphene, resulting in 

higher sensor sensitivity. These studies demonstrated that the surface nanostructuring can 

increase the number of accessible sites on sensor surface, leading to higher capturing 

efficiency and sensitivity of sensor. [86], [147], [149], [151], [152], [154], [155]  

 

Figure 2-15 Schematic demonstration of Debye volume on a concave and convex electrode 
surface, for comparison of the Debye volume to surface area ratio. The higher Debye volume 
indicated stronger charge screening effect (convex surface). [1] 

 

Recently, Ramadan et al. demonstrated the use of carbon dots (CDs) can significantly enhance 

the sensitivity and detection limit of GFET biosensors for exosome detection. (Figure 2-16 A) 

[86] This significant improvement of GFET biosensor is based on the combination effect of 

faster diffusion toward a spherical surface than planar surface [151] and increased capturing 

efficiencies facilitated by the use of CDs. Kim et al. [151] reported the exponential 

enhancement of sensitivity and detection limit in graphene biosensors through the use of 

deformed graphene channels, creating local ‘electrical hotspots’. These electrical hotspots 

enabled the reduction in EDL screening and facilitate a faster diffusion toward sensor surface. 

They demonstrated the detection limit can be reduced from 2 pM (flat graphene) to 600 zM 

(crumpled graphene). Hwang et al. [152] further demonstrated the performance of GFET 

biosensor can be enhanced through increasing the crumpling ratio of the device. (Figure 2-16 
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B) However, it is worth to note that although the wrinkled improve the sensitivity of graphene 

biosensors, the surface crumbles can also lead to a reduction in conductivity. Additionally, the 

effects of graphene wrinkles on biomolecules require further investigation. [159], [160] 

Through molecular dynamics simulation, Li et al. [159] observed a structural deformation of 

a double strand DNA segment (dsDNA) when it interacts with a wrinkled graphene surface, 

while the dsDNA tends to remain its structure upon interaction with idealized graphene sheet. 

These factors need to be taken into consideration when constructing the GFET biosensors.  

 

Figure 2-16 Surface nanostructuring for enhancing GFETs biosensor performance. A) Carbon 
dot decorated graphene field effect transistor. Electrical detection of exosomes on ND-GFET 
(nondecorated GFET) and CDs-GFET sensors. Dirac voltage shift of GFETs for various 
concentrations of exosomes on ND-GFET and CDs-GFET sensors.[86] . B) Crumpled graphene 
Lateral image of the flat (top) and crumpled (bottom) graphene FET DNA sensors. DNA (red 
strand) is hybridized with probe DNA (black strand) on the graphene surface. I–V relationship 
of the flat (top) and crumpled (bottom) graphene FET sensors for DNA hybridization. DNA 
hybridization shifted the I–V curve according to the indicated concentrations. The crumpled 
graphene's I–V curve shift is significantly more significant than the flat device. [148] 

 

A) B)
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2.3.3.2 Extension of the Debye screening with ion-permeable layers 

 

Figure 2-17 Schematics of graphene field effect transistor biosensor with a layer of ion 
permeable layer. The comparison of GFET device response from time measurements for 
untreated and polymer coated graphene. 

 

Gao et al. [137], [161] studied the effect of application of a layer of polyethylene glycol (PEG) 

polymer on the surface of a GFET sensor. They demonstrated that their sensor, immobilized 

with PSA-specific DNA aptamer and PEG coating, could bind and detect the prostate-specific 

antigen (PSA) in a high ionic strength buffer solution (1x PBS, pH = 7.4). The signal obtained 

from their PEG-modified devices was approximately five times larger than that of the 

unmodified devices. [137], [161] Andoy et al. [162] also demonstrated that through co-

immobilization of an antibody fragment and PEG on the surface of a GFET biosensor, their 

device is capable of detecting protein analytes (thyroid-stimulating hormone) in undiluted 

serum. The underlying theory behind the effect of this polymer layer is explained by Haustein 

et al. [163] using an analytical model based on the Donnan potential theory. This theory 

describes the potential at the interface between the adsorbed ion-permeable layer and the 

electrolyte as a function of the ions present in the electrolyte. [164] Based on this theory, 

Haustein et al. [163] found that when PEG is immobilized on the surface, it creates an 

additional nearly constant potential, leading to an extended Debye screening length. As a 

result, a higher signal is observed with the presence of a PEG layer compared to the surface 

without a PEG layer. (Figure 2-18) They further suggested that higher sensitivity of the device 

can be achieved through immobilization of higher molecular weight PEG. Hu et al. found that 

fluid-supported lipid bilayer (SLB) floating inside the electrolyte can also detect ligand binding 
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above the SLB which is outside the Debye length of a solution with physiologically relevant 

ionic strength [165]. Based on the Donnan potential theory, electrical potential decayed 

slowly inside the hydrophobic acyl chain region of SLB, resulting in an increase of Debye 

screening length. However, the device response based on Donnan effect is a combination of 

Donnan potential and the change in the internal pH induced at the surface. Therefore, 

achieving a detectable signal from the target biomolecules requires that the sensor to exhibit 

non-Nernest behavior to prevent that the potential from the Donnan potential and pH shift 

from cancelling each other. [164] 

 

Figure 2-18 GFET device response for detection of PSA in 300 nM in 1X PBS with 1:2 PEG:ETA-, 
pure aptamer-, and 1:2 PEG:aptamer- functionalized GFET devices. [137] 

 

2.3.3.3 Tailored bioreceptor molecules 

 

i) ii) iii)
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Figure 2-19 Schematics of tailored bioreceptor molecules that can be immobilized on GFET 
biosensors. 

 

Commonly used bioreceptor molecules, such as antibodies, with sizes up to 10 nm, exceed 

the Debye screening lengths in physiological solutions. To address this limitation, researchers 

have explored the use of smaller bioreceptor molecules, such as antibody fragments [162], 

[166], nanobodies [167], [168], [169], and aptamers [17], [121], [122], [123], [124]. These 

smaller receptors allow the biorecognition reaction to occur at a closer distance to the sensor 

surface, enabling improved sensitivity in GFET biosensors. The binding affinity between 

bioreceptor molecules and target molecules is another critical factor in achieving high 

sensitivity in GFET biosensors. Aptamers, which are single-strand artificial oligonucleotides, 

are well-suited for the requirement of high affinity binding and have been widely studied in 

biosensing applications. [17], [92], [104], [120], [121], [122], [123], [124], [125] . Wu et al. 

used an aptamer-modified GFET to achieve a sensitive quantification of HepG2 cell-derived 

microvesicles.[170] This detection achieved a high sensitivity of 84 particles/μL and selectivity 

which was able to distinguish the HepG2 microvesicles from other cancer cells. Aptamers 

offer the advantage of adjustable binding affinity to target molecules by modifying their base 

sequences, allowing specific binding conformations. Xu et al. [17] demonstrated the superior 

performance of an aptamer-based GFET biosensor compared to an antibody-functionalized 

GFET biosensor in the specific and selective detection of SARS-CoV-2 viruses (VLPs) in 

universal transport medium (UTM). (Figure 2) They achieved an LOD of 160 aM for COVID-

neutralizing antibodies in serum. This suggested the potential of aptamers for highly sensitive 

biosensing applications. Aptamers can bind to the target analytes via various mechanisms, 

including shape complementarity, electrostatic interactions, hydrogen bonding, and 

hydrophobic effects. [171] The binding affinity and specificity of aptamers can be further 

improved through modifications such as introducing chemical modifications of the sequences. 

Aptamers are produced by the systematic evolution of the ligand by the exponential 

enrichment process (SELEX) which is more suitable for mass production and large-scale 

application compared to antibodies.[172] The SELEX process involves multiple rounds of 

selection and amplification to isolate aptamers with desired binding properties, which is 

challenging and expensive. Additionally, aptamers are susceptible to degradation by 
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nucleases in biological media, which can limit their stability and application in biological 

environments, particularly in blood.[173]  In addition to aptamers, other types of tailored 

bioreceptor molecules have also been investigated to optimize the sensing performance of 

GFET biosensors, including structural DNA probes and nucleic acid-protein composites [174], 

[175], [176], [177], [178]. These bioreceptor molecules are designed with distinct structural 

features that enable precise and selective capture of target molecules on the GFET surface. 

The tailored bioreceptor molecules can enhance the performance of GFET biosensors. 

Meanwhile, the production of the synthetic bioreceptor molecules ensured a consistent 

quality and reproducibility for large-scale production. However, the design and production of 

these tailored bioreceptor molecules are time-consuming and requires many optimization 

process to tailor the structure for a specific target. The design and determination of the 

molecular structure or sequence of specific bioreceptor molecule using computational design 

is challenging due to the limited availability in databases. [179] 

Recently, Wang et al. [177], [178] have demonstrated the use of molecular electro-

mechanical system (MoIMEMs), a tailored DNA nanostructure with a base and a cantilever, 

in GFET biosensors. The flexible cantilever part of MolMEMs allows for capturing target 

analytes in solution. When a negative gate voltage is applied, the cantilever is 

electromechanically actuated downward, bringing the biorecognition event closer to the 

graphene surface and overcoming the Debye screening effect. They demonstrated a rapid 

detection of thrombin and SARS-CoV-2 RNA with LoDs in the range of several 

copies/molecules in 100 μl of physiological solution. (Figure 2) Wu et al. [180] further used 

this tetrahedral probe framework with three probes anchored on top for the detection of 

SARS-CoV-2 RNA. They showed that the triple-probe TDF dimer GFET sensor can detect SARS-

CoV-2 RNA in clinical samples, with a limit of detection of around 1 – 2 copies per 100 uL of 

collected clinical samples without the requirement of amplification. Using their method, they 

demonstrated higher sensitives, shorter response times and better limits of detection (LoD) 

of their sensor compared with other established technologies. [180] 
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Figure 2-20 Schematics of strategies for overcoming the Debye screening effect using GFET 

devices with tailored bioreceptor molecules and flexible receptor structures. A)  The SARS-CoV-

2 detection in universal transport media (UTM) (mimic swab sample) using the on-chip 

integrated graphene biosensor (Apt-GFET, aptasensor): the comparison results of the on-chip 

Apt-GFET biosensor (aptasensor) vs. the Ab-GFET biosensor for SARS-CoV-2 virus detection in 

UTM.[17] B) ∆Ids/Ids0 versus t curves of g-FETs with TBA-functionalized MolEMS in full serum 

(black) and upon the sequential addition of thrombin in 1× TRB buffer (red) or full serum (blue). 

The green curve is measured in full serum by a g-FET with a TBA-functionalized 5 T aptamer 

(Apta-FET). The purple curve corresponds to a g-FET with TBA-functionalized MolEMS after 15 

days of incubation in full serum. [178] 

 

The use of gene editing technologies based on clustered regularly interspaced short 

palindromic repeat (CRISPR)-associated nuclease (Cas)-based systems has drawn more and 

more attention [90], [91], [181], [182]. The use of a CRISPR-based GFET sensor is shown to 

enable the specific detection of a target without the need for amplification. (Figure 2-) Li et 

al. [90] validated the detection performance of GFET sensors immobilized with CRISPR-Cas13a 

with the clinical SARS-CoV-2 samples, including those with low viral loads. The Cas13a enzyme 

mediates the target-triggered trans-cleavage of bystander reporters, allowing for the 

detection of specific RNA sequences. They also demonstrated the developed sensor can 

detect the genomes of these viruses down to 1 attomolar without the need for target 

preamplification. 

A) B)
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Figure 2-21 Bioreceptor molecules with gene editing technology based on CRISPR-Cas systems. 

 

2.3.3.4 Operating at radio frequency 

GFETs operated at high frequency have been proposed as another technique to overcome 

the Debye screening effects [183], [184], [185]. In electrolyte solutions, ions require a certain 

time to form the electric double layer at the interface. This time is called 𝜏%, which is the 

Debye relaxation time [186]. When FET device is operating at DC or low frequencies, ions have 

sufficient time to move and screen potentials. When AC or high frequency is applied, the 

Debye screening effect of the applied potential is believed to be decreased or even canceled 

out. This is because, at high frequencies, the viscosity of the electrolyte solution causes ions 

to lag behind the applied field [186]. Consequently, the electrolyte behaves as a pure 

dielectric at high frequencies, without any charge screening effect. Kulkarni and Zhong [184] 

demonstrated the possibility of mitigating the ionic screening effect using a heterodyne 

sensor based on a carbon nanotube-based field effect transistor. In this sensor, FETs are used 

as high-frequency mixers in a one-source mixing setup. A high-frequency signal is amplitude-

modulated with a lower-frequency signal is injected into the source terminal of the FETs. As 

the molecules are absorbed at the gate of the sensor, the AC voltage causes an oscillating 

dipole of the bound molecules. This dipole modulation causes conductance change in the 

transistor channel, which mixes with the AC signal to generate a mixing current. Unlike 

conventional FETs that is based on charge as the detection mechanism, the heterodyne 

sensor uses diploes as the detection mechanism. Using this detection mechanism, the authors 

demonstrated enhanced sensitivity of their device, and the detection is independent of the 

ionic strength of the electrolyte solution at high operating frequencies (Figure 2-22). It is 
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worth noting that the dipole-detection technique in GFET configuration has been further 

employed to achieve fast and ultra-low detection limits for a range of vapor analytes. The 

heterodyne sensing technique shows promise as a tool for overcoming the Debye screening 

effect. However, as the heterodyne sensors operate in the 10 MHz frequency range, it 

suggests that the ions in the solution can still be affected by the electric field at this frequency. 

More recently, a X. Zhang et.al [187] has configured GFET biosensor in reflectometry mode at 

ultrahigh frequencies (UHF) around 2 GHz. At UHF, the ionic screening effect is fully cancelled, 

and the dielectric sensitivity of the device is enhanced.  As the biomolecules bind at the 

graphene surface, it can change the local capacitance that can varies based on the 

concentration of the biomolecules. The dielectric-modulated detection using UHF-GFETs has 

been demonstrated in the real-time monitoring of the binding of streptavidin, and the 

contractility activities of cardio-myocyte cell. However, the current limitation of the UHF-

GFETs biosensor is its complexity in comparison with conventional GFETs biosensor, in 

addition, further research is required to demonstrate the capability of the device to detect 

multiple biomarkers. 
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Figure 2-22 Overcoming Debye screening by operating GFETs at radio frequency. A)  Schematic 
of GFETs in heterodyne frequency mixing configuration. The interaction of the high frequency 
(10 MHz) with the biomolecule’s dipoles can lead to a change in the mixing current that 
sensitive to the biomolecule’s charges.[188] B)  GFETs biosensor in reflectometry mode 
configuration at UHF. The measurements were performed at around 2 GHz. Dielectric 
modulated UHF signal was demonstrated for the detection of streptavidin and cardiomyocyte 
cell on graphene. The method shows a detection of the signal beyond Debye screening 
compared to conventional GFETs. In the figure, dielectric modulation signal is represented in 
red, while the GFETs signal represented in black. [187] 
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2.3.4 Strategies to overcome non-specific bindings  

 

Figure 2-23 Schematics of techniques for overcoming the non-specific bindings. Schematics of 
various techniques that can be applied, including the conventional methods with blocking 
agents or the use of surface treatment to react the unreacted reactive groups, blocking via 
the full coverage of bioreceptor molecules. 

 

Nair and Alam [189] have theoretically demonstrated that the selectivity of a sensor is 

proportional to the density of surface functionalization. Their findings indicate that high 

selectivity can be achieved, even in the presence of non-specific binding that is 109 times 

higher than the specific binding, with complete surface coverage. Therefore, surface 

passivation of the graphene sensor is essential to minimize false positives arising from non-

specific binding, especially when detecting blood serum or plasma [190]. Passivation of 

graphene biosensors can also increase the limit of detection and the signal-to-noise ratio of 

biosensors by eliminating high background noise signals originating from the unwanted non-

specific binding. [190] 

There are two primary strategies for passivating graphene-based biosensors and minimizing 

non-specific binding: (1) the application of a blocking agent and (2) surface treatment. A 

blocking agent is typically used to fill any uncovered spaces between surface-immobilized bio-

receptors. It can also be used to block unreacted reactive groups on linker molecules attached 

to graphene, ensuring that all binding events arise solely from target-receptor interactions 

[191], [192]. Commonly used blocking agents include bovine serum albumin (BSA) [192], [193], 

[194], non-fat dry milk [195], ethanolamine (ETA) [108], [191], [192], [196], [197], [198], 

polyethylene glycol (PEG) [88], [137], [161], [162], [199],  Tween 20 [150], [200], [201], and 

blocking buffer (BB) [197], [202], [203]. Surface encapsulation of graphene with an ultrathin 

layer of material, such as Al2O3 [204], [205] and propylene [206] is an alternative strategy for 
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graphene surface passivation. This deposited layer acts as a protective barrier, preventing 

direct contact between graphene, the electrolyte, and the unwanted species within it, 

thereby improving the electronic stability of the device. However, this could weaken the 

electrostatic coupling and impact the GFETs sensor response and its sensitivity. Further it adds 

extra steps to the fabrication process and increases the complexity of the functionalization 

process. It is crucial to ensure that the chosen passivation strategy maintains the surface 

uniformity of graphene without obstructing the binding sites on the bioreceptor molecules. 

Meanwhile, Wang et al. (83) demonstrated the use of the uniformly immobilized DNA 

tetrahedral MolEMS structures with high density on the surface of graphene exhibited 

excellent ability to prevent non-specific interactions. Recently, Yang et al. [207] developed 

the use of covalent organic frameworks (COFs) with GFET biosensors. A uniform mesoporous 

crystalline COF film was grown on graphene. They demonstrated the use of COFs as the 

sensing interface to achieve both detection and prevention of non-specific binding. Although 

such methods offer high efficiency in blocking the non-specific binding, they also limit the 

accessibility to the active sites of the bioreceptors, particularly for analytes with larger size. 

The large analytes may have difficulty reaching the bioreceptors distributed on the channel 

walls, further affecting the detection efficiency. The thickness of the membrane is usually > 

15 nm, which can reduce the sensitivity of the biosensors.   

However, non-specific binding can still take place at passivated, blocked, and untreated 

surface. To minimize their effect on sensor response, a differential measurement can be 

utilized to reduce the false positives arising from the non-specific binding or sensor drift [17], 

[20], [92], [94], [125].   
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Figure 2-24 Examples of strategies for overcoming the non-specific binding. A) The MolEMS 
have high coverage of the surface of graphene, the rigid bases avoid non-specific 
adsorption.[178] B)  Schematic illustration of technique for prevention of non-specific binding 
by a pristine graphene-based FET sensor and a COFTAPB-BMTTPA/graphene-based FET sensor. The 
black and red circles show the processes at the sensing interfaces.[207]  

 

2.3.5 Reducing device noise for improved sensitivity  

As graphene exhibits extremely large surface where its delocalized electrons can interact with 

the impurities in the subtract and surrounding surface, this can result in the fluctuations in its 

carrier concentration, in addition to the mobility fluctuation due to charge scattering. This 

can lead to conductivity noise fluctuations in graphene devices. High noise levels will result in 

larger variance in the electrical signal, making it difficult to distinguish between different 

target concentrations. The high sensitivity of GFETs biosensors is attributed to its ability to 

response to the small change to the charges near its surface. Therefore, noise fluctuations 

could significantly hamper the performance of GFETs biosensors. It can be characterized in 

the frequency domain and at low frequency (f<100KHz) its spectral density depends inversely 

on frequency, and it is commonly referred as 1/f noise or flicker noise. (130) The existence of 

1/f noise in GFET biosensors is influenced by complex factors such as surface impurity charge 

trapping, scattering from the graphene surface, charge puddles, and defects. Both the 

graphene transistor channel and metal contact can have impact on the 1/f noise of graphene 

transistor devices. [208], [209], [210], [211]  

The size of the graphene channel area can be an important factor related to the sensitivity of 

GFET biosensors. [206], [212] Fakih et al. demonstrated that maximizing the device’s active 

area can improve the noise performance of the GFET device. The area of the graphene 

channel is also related to the amount of immobilized bioreceptor molecules and the 

electronic properties of graphene. A larger active graphene sensing channel area indicates 

more receptors on the surface, which is closely related to the binding kinetics of target 

biomolecules. This may lead to enhanced sensitivity and lower the LOD. However, Kireev et 

al. [212] reported that larger-area graphene devices also exhibit an increased amount of grain 

boundaries, resulting in reduced charge carrier mobility. They demonstrated that noise 

performance can be improved by using devices with a smaller graphene channel area. 



 

 

 

75 

Currently, there is still no clear conclusion or systematic study on the effect of the graphene 

channel area size on the sensitivity of GFET biosensors. It is important to consider all the 

factors that may contribute, including carrier mobility, gate capacitance, underlying 

substrates, and the active sensing area of GFET biosensors.   

The application of biosensors with high-mobility graphene is another preferred option to 

improve the sensitivity of GFET biosensors [209]. Rehman et al. [213] demonstrated that the 

fluctuation in mobility of graphene-based electronic devices is closely related to their 

electronic noise performance. Higher mobility indicates surface with fewer defects, interfacial 

traps, and charge scattering centers, resulting in lower noise levels of the device. High 

mobility devices also allow larger sensing responses, leading to better overall sensing 

performance [206]. Recently, it has been observed that the fluctuation in mobility can be the 

dominant mechanism of the 1/f noise in the graphene devices [213]. Therefore, developing 

fabrication and transfer methods that can induce low defect density and impurities in 

graphene is extremely important in achieving high quality graphene with high carrier mobility 

[32], [142], [143] [208]. The substrate and the dielectric material of the interface can also play 

a key role in the mobility and noise in the graphene devices. The substrate can act as charge 

scattering centers due to the long-range Coulomb scattering. Many studies have 

demonstrated that graphene on hexagonal boron nitride (hBN) substrate can significantly 

improve mobility in graphene devices. hBN has a small lattice mismatch with graphene and 

has high dielectric constant that can reduce scattering and screen out charged impurities in 

the substrate.    

Meanwhile, many studies have reported the dependence of the noise level on the gate 

voltage of graphene. The gate-voltage dependency of the noise level of graphene is found to 

exhibit a “V” like shape dependence with the minimum shown near its charge neutrality point 

(CNP) [214], [215]. This behaviour is found to be caused by noise arising from the carrier-

number fluctuations, which is induced by the trapping and de-trapping process in the 

conducting channel through tunnelling. This process is strongly influenced by the location of 

the Fermi level in the graphene channel, which shifted significantly near the CNP. An “M” 

shape gate dependence was reported in some devices when larger voltage range was used. 

This M-shape characteristics was attributed to the disorder in the graphene sheet or the 
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interplay between long- and short-range scattering. Fu et al. [214] demonstrated that 

operating the GFET near its charge neutrality point can significantly reduce the 1/f noise in 

graphene with higher signal-to-noise ratio, leading to improved sensing capabilities. They 

achieved a limit of detection with 2 pM in sensing ssDNA. This indicates the potential of 

operating GFETs near their neutrality point can improve the sensing performance of GFETs 

for biosensing applications.  

 

2.4 Applications of GFET biosensor in clinical studies  

GFETs biosensors have proven their capabilities of direct detection of various disease 

biomarkers in real samples, including small molecules, nucleic acids, proteins, viruses, and 

exosomes. Table 2 summarizes the application and performance of GFETs biosensors for the 

detection of different disease biomarkers in complex fluidics.   



 

 

 

77 

Table 2. Applications of GFET biosensors in clinical studies 

Application 

(Disease)  

Clinical 

samples 

tested 

Detection 

target 

Receptor Target solution Limit of 

Detection 

(LoD) 

Device highlight  

N/A N/A Nitric 

oxide (NO)  

Hemin Dulbecco's 

modified eagle 

medium (Cell 

culture 

medium) or 

fetal bovine 

serum or 

RAW 264.7 

macrophage 

cells or human 

umbilical vein 

ECs 

1.4 nM in 

fetal bovine 

seru; 

0.3 nM in PBS 

N/A [216] 

Cancer 

diagnosis 

N/A miRNA Peptide 

nucleic acid 

(PNA) probe 

Blood serum 10 fM Use of gold nanoparticles 

(AuNPs)-decorated 

graphene field-effect 

transistor (FET); 

Use of PNA probe with 

higher hybridization 

efficiency and lower 

background; 

Spiked miRNA in serum; 

Incubation of the sample 

then rinse multiple times 
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with PBS and water, 

measurement performed 

in PBS. [153] 

N/A N/A Nitric 

oxide (NO) 

Fe(III) 

meso-

tetra(4-

carboxyphe

nyl)porphyri

n (FeTCP) 

and RGO, 

named 

FGPC 

Fetal bovine 

serum (FBS) or 

Human 

Umbilical Vein 

Endothelial 

Cell Culture 

1 pM in 

phosphate-

buffered 

saline (PBS) 

and 10 pM in 

the cell 

medium 

Iron−porphyrin-

functionalized graphene 

(FGPCs) field-effect 

transistor (FET) biosensor 

(superior electrical 

conductivity caused by 

RGO, and high catalytic 

specificity induced by 

metalloporphyrin); 

10% fetal bovine serum 

used; [217] 

Incubated with cell first, 

then the cell culture 

medium removed and 

measured in PBS. 

Cancer 

diagnosis 

N/A Prostate-

specific 

antigen 

(PSA) 

DNA PSA 

aptamers 

pH 7.4, 1x PBS 

containing 2 

mM Mg2+ 

N/A Use of polyethylene 

glycol (PEG)-modified 

graphene; 

Co-modification of 

graphene devices with 

PEG and DNA aptamers. 

[137] 

Children 

blood lead 

3 Pb2+ ions 8–17 

DNAzyme 

and the 

Blood 37.5 ng/L Use of 8–17 

DNAzyme aptamer; 
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Thrombin 

binding 

aptamer 

Pre-treated blood 

samples with nitric acid 

to dissolve cells and 

proteins and the solution 

was neutralized by NaOH 

(1M/L). [120] 

Heart failure 3 Brain 

natriuretic 

peptide 

(BNP) 

BNP 

antibody 

molecule  

Whole blood 100 fM Platinum nanoparticles 

(PtNPs)-decorated on 

reduced graphene oxide 

(rGO); 

Whole blood was pre-

treated with a micro filter 

system to obtain serum 

and remove blood cells; 

Incubation of serum 

containing BNP followed 

by rinse. Measurement 

performed in 0.001×PBS 

solution. [218] 

Zika  N/A Zika viral 

non-

structural 

protein 1 

(ZIKV NS1) 

Zika viral 

(ZIKV) 

antigens 

1X PBS pH 7.4 

or simulated 

serum  

450 pM Use of C-Response 

(capacitance of biosensor 

to the liquid); 

Use of PEG; 

Measurement performed 

at 2 dilutions in 

quadruplicate of serum. 

[199] 
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Hepatocellul

ar carcinoma 

(HCC) 

7 

patients 

Alpha-

fetoprotei

n (AFP) 

Anti-AFP Blood plasma 12.9 ng/mL Use of an additional 

washing step to remove 

any non-specifically 

adsorbed HCC patient 

plasma proteins from the 

channel surface of GFET; 

GFET measurements 

performed in 0.01 × PBS 

(pH 7.4) [95] 

Liver diseases N/A Hepatitis B 

virus 

(HBV) 

Hepatitis B 

surface 

antigen-

binding 

aptamer 

Diluted blood 

serum (1%) or 

artificial saliva 

10 aM Use of multidimensional 

conductive nanofilm 

(MCNF), consisting of 

vertically oriented 

carboxyl polypyrrole 

nanowires (CPPyNW) on 

the graphene layer; 

Use of HBsAg binding 

aptamers. [219] 

N/A N/A Thyroid 

stimulatin

g hormone 

(TSH) 

anti-TSH 

F(abʹ)2 

Horse blood 

serum (pH 8) 

0.2 × 10−15 M 

< 0.01 pM 

Immobilization of an 

antibody fragment 

(F(abʹ)2) and 

polyethylene glycol on 

the graphene surface; 

measured combination 

of charge neutrality point 

(CNP) shifts and mobility 

changes; 
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To correct for this chip-

to-chip variation, the 

data were normalized. 

[162] 

Disease 

diagnosis 

(Duchenne 

muscular 

dystrophy) 

6 

patients 

and 3 

healthy 

CRISPR-

associated 

protein 9 

(Cas9) 

sgRNA  

Catalytically 

deactivated 

Cas9 

(dCas9) 

CRISPR 

complex （

RNP） 

Tissue-derived 

genomic 

material from 

male DMD 

patients 

1.7 fM  Negatively charged DNA 

target and immobilized 

dRNPs on the surface of 

the graphene to create 

Donnan potential; 

Use of PEG; 

Sensor calibration at the 

first liquid injection 

before functionalization, 

use of the percent 

change in current (I-

Response) to remove the 

effect of variations in 

resistance sensor-to-

sensor; 

Gate sweeping frequency 

at 0.3 Hz to mitigate the 

charge screening effect 

due to the non-specific 

adsorption of ions on the 

surface of the graphene; 

Incubation of sample 

then rinse with 2 mM 

MgCl2, 30 µL. [183] 
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Disease 

diagnosis 

(Ebola) 

N/A Ebola virus 

(EBOV) 

Equine-

origin 

antibody 

against the 

EBOV 

glycoprotei

n 

Blood serum 2.4 pg/mL Incubation of sample 

then rinse with DI water, 

measurement performed 

in PBS; 

Use of EBOV in different 

concentrations of serum 

as positive control;  

Use of different 

concentrations of blood 

serum without spiked 

EBOV as negative control. 

[94] 

Heart failure 

or  

COVID-19 

diagnosis 

N/A 

 

N-terminal 

pro-brain 

natriuretic 

peptide 

(NT-

proBNP) 

or  

COVID-19 

antibodies 

Antibodies Blood serum 

 

30 pg/mL 150 mM serum buffer. 

[220] 

 

 

Cancer 

diagnosis 

N/A miRNA let-

7b 

sequence 

DNA probe Blood serum 20 aM Incubation of sample for 

1h then rinse with DI; 

The serum prepared by 

micro-filtering human 

plasma; 
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GFET incubation 

overnight with serum 

before measurement; 

Blank measurements 

performed and recorded 

after stabilization. [148] 

Covid-19 

diagnosis 

3 

patients 

and 2 

healthy 

SARS-CoV-

2 virus 

SARS-CoV-2 

spike 

antibody 

Clinical 

nasopharynge

al swab 

specimens in 

universal 

transport 

medium (UTM) 

1.6 × 

101 pfu/mL in 

culture 

medium and 

2.42 × 

102 copies/m

L in clinical 

samples 

N/A [93, p. 19] 

Hepatocellul

ar carcinoma 

(HCC) 

10 

patients 

and 10 

healthy 

HepG2 

cell-

derived 

microvesic

les 

sulfhydrylat

ed TLS11a 

aptamer 

and 

sulfhydrylat

ed EpCAM 

aptamer 

Blood serum 84 

particles/μL  

gold nanoparticle 

(AuNP)-decorated, dual-

aptamer modified; 

MVs were first purified 

from those blood 

samples; then incubation 

of sample followed by 

rinsing with DI, 

measurement performed 

in PBS. [170] 

Alzheimer 

disease 

biomarker 

detection 

N/A Amyloid-β 

(Aβ) and 

tau 

protein 

Anti-Aβ 

monoclonal 

antibody 

and anti-

Blood plasma 

and artificial 

cerebrospinal 

fluid 

21.8 fM 

(1 pg/mL) 

Use of diluted plasma at a 

ratio of 1:10 in 10 mM 

PBS buffer (pH 7.4); 
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Tau 

monoclonal 

antibody 

Incubation of sample 

then rinse multiple times 

with PBS, measurement 

performed in 10-μM PBS; 

Multiplexed detection 

using the difference 

between the pI values of 

two highly related 

biomarkers of the 

disease. [18] 

Cancer 

diagnosis 

(Colorectal 

cancer (CRC)) 

31 SEPT9 Three 

probes 

(probe 251, 

1031, and 

1649) 

CRC and 

corresponding 

noncancerous 

tissues 

2 ng Decoration of CDs on 

GFET; 

Optimized experimental 

conditions for DNA 

sample’s dilution and the 

incubation temperature; 

Using the combination of 

three probes; 

Pre-treatment of samples 

to get ssDNA fragment 

suspension. [154] 

N/A N/A IL-6 and 

insulin 

IL-6 and 

insulin 

aptamer 

1×phosphate 

buffered saline 

(PBS) and 

Diluted Human 

Urine 

618 fM 

(interleukin-6 

(IL-6)) and 

766 fM 

(insulin) 

1 mL of urine sample was 

directly added in 9 mL of 

PBS at a pH of 7.4; 

10 kDa PEG was 

employed; 
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applying electric field at 

−0.3 V during the PASE 

immobilization. [88] 

Alzheimer 

disease 

biomarker 

detection 

(neurological 

diseases) 

6 

patients 

and 1 

healthy 

Glial 

fibrillary 

acidic 

protein 

(GFAP) 

GFAP 

antibodies  

Blood plasma 20 fg/mL (400 

aM) in buffer 

solution and 

231 fg/mL (4 

fM) in patient 

plasma 

Dilution of patient 

sample in d1000 PBS 100 

times to reduce the 

viscosity. [193] 

COVID-19 

diagnosis 

20 

patients 

and 10 

healthy 

SARS-CoV-

2 RNA 

Phosphorod

iamidate 

morpholino 

oligos 

(PMO) 

probe 

Throat swab 

specimens 

0.37 fM in 

PBS, 2.29 fM 

in throat 

swab, and 

3.99 fM in 

serum 

AuNP-decorated G-

FET nanosensor; 

Phosphorodiamidate mo

rpholino oligos (PMO) 

probe (PMO does not 

have charges, leading to 

low background signal); 

Incubation of sample 

then rinse with DI water, 

measurement performed 

in 0.01 × PBS. [175] 

Cortisol 1 cortisol Cortisol 

aptamer 

Saliva N/A Use tetrakis(4-

carboxyphenyl) 

porphyrin (TCPP) for 

biofunctionalization; 

Use of aptamer. [104] 

COVID-19 

diagnosis 

10 

patients 

SARS-CoV-

2 

Single-

stranded 

Clinical 

nasopharynge

N/A Crumpled graphene 

surfaces; 

https://www.sciencedirect.com/topics/chemistry/nanosensors
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/morpholino
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/morpholino
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and 10 

healthy 

DNA 

(ssDNA) RT-

LAMP 

primers 

al swab 

specimens in 

universal 

transport 

medium (UTM) 

Sample pre-treatment 

with dilution and short 

(10 min) thermal lysis; 

Use of reverse 

transcriptase loop-

mediated isothermal 

amplification (RT-LAMP) 

techniques to achieve 

RNA amplification. 

Detection based on 

primer consumption; 

GFET incubation 

overnight with 0.1 x PBS 

before measurement; 

Measurement performed 

and recorded after 

stabilization; 

Incubation of sample 

then rinse multiple times 

with PBS, measurement 

performed in PBS. [155] 

COVID-19 

diagnosis 

60 SARS-CoV-

2 

Multiantibo

dies 

(CR3022, 

n3021 and 

S1) 

Clinical 

nasopharynge

al swab 

specimens in 

universal 

transport 

medium (UTM) 

3.5 × 10–

17 g/mL 

Use of multiantibody 

approach for enhancing 

antigen-binding affinity. 

[89] 
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COVID-19 

diagnosis 

N/A IFN-γ,TNF-

α and IL-6  

IFN-γ 

specific 

aptamer, 

TNF-α 

aptamer 

and IL-6 

aptamer 

Blood serum, 

saliva and 

urine 

476 × 10−15 M 

(IFN-γ), 608 × 

10−15 M (TNF-

α), or 611 × 

10−15 M (IL-6) 

Use of aptamers; 

Passivation with Tween 

80; 

Sensor response signal is 

calculated on the basis of 

the differential value 

between the signal 

values acquired 

respectively from the 

sensing channel and the 

reference channel. [125] 

Cancer 

diagnosis 

(Breast 

Cancer) 

12 

patients 

and 12 

healthy  

 

Breast 

cancer 

markers 

miRNA 

(miR-

4732, miR-

191, miR-

21, and 

miR-125) 

 

DNA probes Blood serum 

  

 

1 fM Use of poly-L-lysine (PLL)-

functionalized graphene 

field-effect transistor 

(PGFET) biosensor (DNA 

probe density 

enhancement promoted 

by the strong 

electrostatic force of PLL 

in the channel of PGFET 

biosensor); 

Incubation of sample 

followed by rinse; [221] 

Optimized incubation 

time between DNA probe 

in the channel of the 

PGFET biosensor and 

DNA–miRNA complex. 

COVID-19 

diagnosis 

N/A 

 

Spiked 

SARS-CoV-

2 RNA 

Throat swab 

specimens 
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COVID-19 

diagnosis 

18 

patients 

and 7 

healthy 

SARS-CoV-

2 

Angiotensin 

converting 

enzyme 2 

(ACE2)- 

Fragment 

crystallizabl

e (Fc) 

chimera 

Clinical 

nasopharynge

al swab 

specimens 

20 pg/mL 

(recombinant 

Spike 

protein) and 

65 cps/mL 

(swab 

samples of 

SARS-CoV-2) 

Use of ACE2-Fc chimera 

for improved stability 

and affinity for viral 

detection in 

functionalised gFET; 

Incubation of sample 

then rinse with 10mL 

PBS, measurement 

performed in PBS. [166] 

COVID-19 

diagnosis 

9 

patients 

and 5 

healthy 

SARS-CoV-

2 

CRISPR 

Cas13a; 

RNA 

reporter 

(PolyU20) 

Clinical 

nasopharynge

al swab 

specimens in 

universal 

transport 

medium (UTM) 

1 aM CRISPR Cas13a-gFET 

relies on the Cas13a-

mediated RNA trans-

cleavage on gFET for 

sensor signal 

transduction (cleavage-

based CRISPR 

diagnostics; 

Optimization of CRISPR 

Cas13a-gFET conditions; 

Use of PEG; 

Use of multiple parallel 

detections with an array 

of six GFETs on wafer. 

[90] 

COVID-19 

diagnosis 

16 

patients 

and 20 

healthy 

SARS-

COV-2 

DNA 

aptamer 

Throat swab 

specimens 

1.28 plaque-

forming units 

(PFU)/mL (S 

protein) and 

Use of aptamer; 

Quality control metric for 

GFET fabrication; quality 

control measures were 
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1.45 PFU/mL 

(N protein) 

adopted;(exclude GFET 

devices, data rejection 

criteria applied); 

Use of internal control 

(data with aptamer alone 

as a baseline control); 

Stabilization of GFET with 

0.1× PBS (or saline) for 30 

min prior to introduction 

of sample; 

Incubation of sample 

then rinse multiple times 

with PBS, measurement 

performed in PBS. [92] 

COVID-19 

diagnosis 

N/A SARS-CoV-

2 

Neutralizing 

antibodies 

mixture 

solution of 

0.05× PBS and 

artificial saliva 

a few pg/mL Remote floating-gate 

(RFG) FET configuration; 

Measurement after 

device stable; 

Controlling pH of testing 

media at pH7.4 via 

mixture of saliva sample 

with PBS. [222] 

 

COVID-19 

diagnosis 

N/A SARS-CoV-

2 virus-

like-

Aptamer Universal 

transport 

medium (UTM) 

103 particles/

mL (virus-like 

particles 

(VLPs)) in 

clinical 

Use of on-chip 

independent internal 

control channels for 
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particles 

(VLPs);  

transport 

medium and 

160 aM 

(COVID-19 

neutralizing 

antibodies) in 

serum 

background signal 

measurement; 

Use of aptamers. [223] 

COVID 19 

diagnosis 

33 

patients 

and 54 

healthy 

SARS-CoV-

2 RNA 

Aptamer Clinical 

nasopharynge

al swab 

specimens in 

universal 

transport 

medium (UTM) 

one to two 

copies in 

100 μL 

Use of molecular 

electromechanical 

system (MolEMS) 

consisting of an aptamer 

probe bound to a flexible 

single-stranded DNA (ss-

DNA) cantilever linked to 

a self-assembled stiff 

tetrahedral double-

stranded DNA (ds-DNA) 

structure; 

the MolEMS g-FET 

devices were immersed 

in UTM for1-2 h before 

use. [178] 

Diseases 

diagnosis 

(Myocardial 

injury) 

15 

patients 

Cardiac 

troponin I 

(cTnI) 

Single-

stranded 

nucleic acid 

cTnI azide-

aptamer 

with TTT-

TCA loop 

Blood serum 3.34 pg/mL 4-

((triisopropylsilyl)ethynyl

)benzene diazonium salt 

(TIPS-Eth-ArN2+) 

functionalized graphene, 

use of “click” chemistry 
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and a CCCTC 

portion 

aptamer-modified 

graphene-based FET 

(GFET); 

polyethylene glycol (PEG) 

modified; 

measurement performed 

and recorded after 

10 min stabilization for 

each sample; 

Sample pre-treatment 

with desalination 

columns prior to GFET 

sensing. [61] 

DNA 

detection 

N/A single-

stranded 

DNA 

(ssDNA) 

and 

double-

stranded 

DNA 

(dsDNA) 

CRISPR 

Cas12a 

2 mM MgCl2 or 

1× PBS 

1 aM (ssDNA 

human 

papillomaviru

s 16 synthetic 

target) and 

10 aM 

(dsDNA Esche

richia 

coli plasmid 

target) 

Cas12a-mediated 

multiturnover collateral 

cleavage of nonspecific 

DNA probes for signal 

amplification; 

Use of an array of 48 

GFET channels on sensor; 

Soak the graphene 

channels with the test 

solution for stable signal 

responses and then 

rinsed with the test 

solution and water prior 

to the measurement. [91] 
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COVID-19 

diagnosis 

N/A SARS-CoV-

2 antigen 

and RNA 

Protein 

catalyzed 

capture 

agents 

(PCCs) 

10% saliva 

spiked sample 

in 1X PBS 

103 in buffer 

and 

104 PFU/mL i

n 10% saliva,  

≈65 am for 

viral RNA 

isolate 

Unique protein catalyzed 

capture bioreceptors 

(PCCs) for antigen 

capture and a chimeric 

(RNA-DNA) probe for 

RNA detection; 

analysis of charge 

neutrality point (Dirac 

point) and relative I- and 

C-responses (%); 

the role of internal and 

external factors with 

respect to gate voltage is 

further analyzed by 

Principal Component 

Analysis (PCA); 

Incubation of sample 

then rinse multiple times 

with PBS, before 

measurements. [87] 

 

 



 

 

2.5 Summary 

Graphene field-effect transistor (GFET) biosensors have been demonstrated the capability for 

ultrasensitive, selective, multiplexed, and rapid detection of disease biomolecules. Moreover, 

the ability to integrate their fabrication with standard semiconductor manufacturing 

technology and portable devices could enable their application in point-of-care (POC) 

diagnosis. However, there are still several challenges to overcome and evaluation tests to be 

established before the clinical translation of GFET biosensors into POC diagnostic devices. 

First, the detection of disease biomolecules in real samples such as blood or serum requires 

the use of graphene biosensors that can function effectively in these complex environments. 

These fluidic materials have extremely low Debye lengths, which restricts the electrical 

response of the sensor and consequently the detection limits. Methods such as surface 

nanostructuring, flexible receptor structures, and ion-permeable films have been developed 

to enable detection in high ionic strength environments. However, these methods still need 

to be demonstrated for repeatable detection in clinical samples for different types of 

biomarkers. Additionally, while these methods can extend the Debye screening length by a 

factor of two or bring the target to the surface of the transducer, they may be more practical 

for the detection of small biomarkers such as nucleic acids or small proteins. The detection of 

larger biomarkers such as viruses or exosomes can benefit from these methods, but their 

high-efficiency detection in blood samples is not as efficient as most of the biomarkers will be 

outside the screening length. So far, the most suitable way to detect large biomarkers such 

as exosomes and viruses is to perform the testing in a dilute buffer solution. However, this 

process is time-consuming and can affect the structural conformation of the receptor/analyte 

complex. Secondly, although graphene sensors are capable of multiplex detection, which is 

beneficial for the reliable diagnosis of diseases such as cancer, there is a need for the 

development of robust protocols to eliminate cross-talk and non-specific binding effects. 

These effects can increase the complexity of device manufacture and cost, as well as the time 

required for analysis. Thirdly, the translation of GFET technology into POC devices requires 

validation with a large number of various types of clinical samples. Although many 

researchers have demonstrated GFETs for the detection of disease biomarkers in real samples, 

their work was more as a proof-of-concept of the technology in the clinical setup. More 

samples are required to test the specificity and reliability of the detection. 
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Another important requirement for technology transfer to POC diagnostic devices is to 

establish robust criteria for sensor manufacturing and test results. Device-to-device and chip-

to-chip uniformities, in addition to the quality of graphene and standard manufacturing and 

functionalization processes, are critically important not only to achieve reproducible results 

but also in sensor performance. Similarly, the detection environment, test protocol, and 

analysis of test results must be critically considered in clinical testing.  

Although research into graphene biosensors has reached an advanced level of development, 

including the detection of disease biomarkers with high performance in real-time, and 

relatively low-cost device fabrication with miniaturization and integration capability, the 

implementation of this technology into future health applications requires overcoming the 

outstanding challenges regarding the improvement of the detection in highly complex 

biological environments. Additionally, further efforts must be devoted to standardizing the 

manufacturing and testing protocols, in addition to further development needed in the 

electronics and data processing. The successful resolution of these challenges could pave the 

way for the adoption of GFET biosensors in POC diagnostics, with the potential to 

revolutionize the way that diseases are diagnosed and monitored. 
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3 Materials and Methods 

3.1 Graphene Transfer  

The monolayer of graphene grown by chemical vapour deposition on (111) copper foil was 

purchased from Graphene Supermarket, Graphenea and GrollTex. To fabricate GFET devices, 

the graphene was removed from the copper substrate and transferred onto selected 

substrates. Wet graphene transfer process was employed. The detailed summarized process 

is shown in Figure 3-1.  

Firstly, graphene was cut into the desired size and spin coated with a layer of 6 % poly 

(methylmethacrylate) (PMMA) in anisole (obtained from MicroChem Corp). A vacuum spin 

coater (MTI corporation) operated at 5000 rpm for 10 seconds followed by 7700 rpm for 30 

seconds is used. This spin coating process is performed to protect and act as a support for the 

monolayer graphene during the transfer process. The samples were then kept at room 

temperature for curing overnight. 

Secondly, oxygen plasma was performed with a Sentech Etchlab 200 Reactive Ion Etching 

machine for 1 minute at power 75 W to remove the graphene at the backside of Cu foil. 

Alternatively, 10% nitric acids can be used to clean the backside graphene. Next, ammonium 

persulphate (NH4)2S2O8 (APS) (purchased from Sigma-Alrich) is used to etch away the copper 

foil. APS was first dissolved in de-ionized (DI) water to a concentration of 0.01 g/mL for making 

the APS solution. Then, PMMA/graphene/Cu sample was gently placed on the solution for 

overnight etching. Once the backside copper is etched, the PMMA/graphene sample is then 

gently transferred for two consecutive ultra-DI water baths to rinse the graphene surface 

from residues for 15 – 30 minutes per bath.  

Next, the PMMA/graphene was gently transferred onto modified RCA1 solution, made up 

with 20:1:1 H2O/H2O2/NH4OH, for 0.5 hours at room temperature followed by two further 

steps of ultra-DI water baths for a minimum of 0.5 hour each. This removed the Cu residues 

and residual APS ions under the graphene.   

The floated free-standing PMMA/graphene was then transferred onto the chosen substrate, 

either SiO2/Si or PTFE/SiO2/Si substrate. The SiO2/Si substrates are pre-cut SiO2/Si substrates 
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with a size of 1 x 1 cm2 (purchased from Crystec GmbH) or uncut wafers (purchased from 

Graphene supermarket). The uncut wafers were cut into the desired size using a diamond 

scribe. All substrates were cleaned using the following protocol before use: sonication in 

acetone for 10 minutes, followed by sonication in isopropanol for 5 minutes and sonication 

in DI water for 2 minutes for three times. All cleaned substrates are then dried with N2. The 

PMMA/graphene was then transferred onto the selected substrate.  A dental mirror was used 

to help the transfer process, with tape on the dental mirror to attach the substrates. The 

dental mirror with cleaned substrates was first carefully submerged underneath the floated 

graphene and lifted carefully until the substrate came into contact with the graphene. The 

PMMA/graphene was then adhered to the surface of the substrate. 

PMMA/graphene/substrate was left to dry overnight at room temperature. The 

PMMA/graphene/substrate sample was baked on a hotplate at 180 °C for 1-2 hours to ensure 

the water was completely removed and to improve the adhesion between graphene and the 

substrate.  

The PMMA was then removed using 5 hours of acetone followed by 5 minutes of isopropanol 

and 5 minutes of DI water. Then the samples were annealed at 200 °C for 6 hours to remove 

the residual PMMA on the surface of graphene. The transferred graphene on the selected 

substrate can then be further used for characterization and device fabrication.  
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Figure 3-1 Schematic diagram of the wet graphene transfer process. The wet graphene 
transfer process is used to transfer the CVD graphene on copper onto the desired substrate.  

 

3.2 Characterisation Methods 

Multiple physical analysis and chemical analysis with different characterisation methods were 

applied to investigate the quality and properties of graphene. The aim of this section is to 

provide an overview and introduction of the working principles of the characterisation 

techniques used in this thesis. All methods are described below.  

 

3.2.1 Optical Microscopy 

The optical microscopy imaging is a simple and useful tool for a preliminary investigation of 

the quality of graphene. It provides the optical contrast with differences in intensity and 

colour that allow detailed features of the specimen to become visible. It is a non-destructive 

technique that can provide information about the structural crystallinity properties of 

graphene. The optical microscopy can provide information about the number of layers, the 

existence of scratches on the graphene and the impurities presented.   

Due to the differences in refractive index between graphene and its underlying substrate, the 

colour contrast allows identification of the graphene and the substrate. The number of layers 

of graphene can also be easily identified using the optical contrast. Multiple-layers of 

graphene appear darker than single layer graphene under the optical microscope. Impurities 

present in graphene can also be easily identified using different colours of spots presented as 

the incident light gets reflected differently.   

Optical microscopy was performed with Olympus System BX51 compound optical 

microscope, as shown in Figure 3-2. A range of objective lenses were used, from 1.25 to 100x 

magnification.  
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Figure 3-2 Olympus System BX51 compound optical microscope. [224] 

 

3.2.2 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a powerful technique that characterizes the graphene 

surfaces and its nanoscale structures with exceptional resolutions. It is one type of scanning 

probe microscopy with Angstrom resolution. AFM can be used to characterize graphene 

samples without the need of complexed sample pre-treatment, it can be operated under 

ambient conditions or even physiological conditions. 

 AFM can provide information including surface roughness, surface topographical changes 

and surface morphologies. It is especially useful in providing information when graphene is 

functionalized with different molecules or nanoparticles. AFM allows the identification of the 

number of layers of graphene, the quality of graphene after functionalisation, and the 

distribution of biomolecules and their morphologies on graphene surfaces.  

There are different modes of AFM, including the standard scanning AFM modes and the 

advanced imaging modes. The standard scanning AFM modes include contact mode, tapping 

mode and non-contact mode. The contact mode of AFM is the simplest operational mode of 

the AFM. During the scanning of the sample, the AFM probe is in continuous contact with the 

sample surface. The detector monitors the deflection of the cantilever and calculates the 

force using Hooke’s law. In the tapping mode, the cantilever oscillates at or slightly below its 

resonance frequency. The feedback system in the AFM maintains the cantilever at a constant 
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amplitude. In the non-contact mode, the cantilever oscillates at slightly above its resonance 

frequency. The cantilever oscillates near the surface of the sample, while not contacting it. 

There are also several advanced imaging modes available, including the conductive AFM, 

magnetic force microscopy (MFM), etc.. The magnetic force microscopy (MFM) depends on 

the detection of magnetic fields by using a magnetic probe in the AFM. The MFM is widely 

used for characterizing samples that are magnetic materials or samples with magnetic 

properties. The conductive AFM is used to characterise the conductivity of the examined 

sample and its electrical properties, including its nanoscale charge transport and charge 

distribution. The conductive AFM can also provide information about the dopant profiles of 

the semiconductors. The application of conductive AFM is achieved with a sharp conductive 

probe.  

The basic set-up and main components of an AFM are shown in Figure 3-3. A sharp tip is 

placed at the end of the AFM cantilever that can scan over the surface of the sample. The 

motion of the cantilever is achieved by a small piezo element in the cantilever holder. Silicon 

nitride cantilever is used for all measurements. For measurements with non-contact mode or 

tapping mode, which is the mode used in this thesis, the AFM tip oscillates close to the surface 

of the sample without making any contact. Tapping mode is selected due to its advantageous 

in minimizing sample damage or distortion while achieving high lateral resolution, making it 

suitable for the compositional and topographical mapping of biological samples immobilized 

on the graphene surfaces. During the operation with tapping mode, the frequency and 

amplitude of the cantilever are kept constant at or near its resonance frequency. When the 

tip comes close to the surface through van der Waals forces, electrostatic forces, etc., the 

amplitude of the oscillation of the cantilever changes accordingly. This amplitude is then fed 

into a feedback loop that allows the adjustment of the hight of the cantilever above the 

sample. The change in the height of the cantilever allows the construction of the image of the 

sample.  

All AFM was performed using Asylum MFP-3D classic and a Bruker Innova system in AC 

tapping mode with SCOUT 70 tips of average radius 15 nm and typical scan resolution of 512 

pixels × 512 pixels. Topography AFM images were recorded. All AFM scans were performed 

in dry conditions. 
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For each sample, several AFM micrographs were taken at different areas. For the quantitative 

analysis of each sample, 3 to 5 images were recorded and processed using Gwyddion image 

analysis software.[225] Images obtained were analyzed using ImageJ [226] to obtain the 

density of particles on the graphene surface. Images were processed using a colour threshold 

with the threshold colour set as B&W and colour space as RGB, with the same threshold value 

applied. Then, the particles were counted using the “analyze particles” toolbox in ImageJ.  

 

 

Figure 3-3 Atomic force microscopy. A)  Asylum MFP-3D classic atomic force microscope. B) 
The primary components of an atomic force microscope, including a 3D piezoelectric scanner 
with Z Scanner Electronics and X-Y Scanner Electronics, a laser, cantilever, and photodetector.  

 

3.2.3 Fluorescent Microscopy 

Fluorescent microscopy is a powerful and useful technique for imaging samples with specific 

features. This is accomplished by attaching fluorophores or fluorescent molecules to target 

features, which can absorb light at one wavelength and emit a longer wavelength light. This 

emitted fluorescent light upon excitation makes fluorescent microscopy particularly useful in 

characterizing the expression and distribution of specific biomolecules on the surface of 



 

 

 

101 

graphene biosensors. This information can help in advancing the knowledge of the quality of 

graphene surface functionalization.  

The configuration of a confocal fluorescence microscopy is illustrated in Figure 3-4. Through 

labelling the functional groups or biomolecules (e.g., antibodies, probes, exosomes) with 

fluorescent probes, they can generate fluorescent signals. The emitted fluorescent signals can 

be separated from the surrounding radiation and the illumination light through the spectral 

filters. This allows only specific features on the surface of graphene with fluorescent labelling 

to be seen. The fluorescent imaging provides valuable insights into the graphene sensor's 

sensitivity, specificity, and spatial distribution of surface binding events. This information is 

crucial for the development and optimization of graphene biosensors. 

 

Figure 3-4 Fluorescent microscope. A)  A Leica SP8 point scanning microscope. B) The primary 
components of a fluorescent microscope.  

 

For the characterization of antigen binding efficiency to surface-immobilized antibodies on 

different substrates functionalized with different linker molecules, the detailed method is 

described below.  

Sample immunofluorescent labelling: To obtain the antigen binding efficiency to surface-

immobilized antibodies on different substrates after surface functionalization with TCPP or 

PBASE, the sample surface was conjugated with 5 μL of 0.5 mg/mL of anti-CD63 antibodies 
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(BD Biosciences, #556019) overnight at 4°C in a humidified environment. After antibody 

conjugation, the samples were rinsed with 1 × PBS and DI water and dried with N2. The surface 

was then blocked using 1% bovine serum albumin (BSA) in 1 × PBS at room temperature for 

1 h, then rinsed with PBS and DI water, and dried with N2. Next, the samples were incubated 

with a 10 μg/mL fluorescent exosome solution (Novus, #NBP3-11696) in phosphate buffer 

saline for 15 min at room temperature in the dark. The samples were then rinsed with 1000 

× PBS and DI water and dried with N2.  

For confocal microscopy, surfaces were placed upside-down in a 35mm Ibidi imaging dish and 

imaged on a Leica Stellaris 5-point scanning microscope with a HC CS2 Plan Apo 63x/1.4NA 

objective, with a zoom of 4 and 1024x1024 pixels (px) per frame, giving a xy pixel size of 45 

nm. Exosomes were labelled with fluorophores (excitation maximum of 500 nm – 650 nm and 

emission maximum 510 – 665 nm) and excited at 485nm with a white light laser. Fluorescence 

was detected on a HyDS detector between 496 and 653 nm. 16bit LIF files were opened in 

Icy[227] and exosomes were detected using the Spot Detector plugin [228] in with a minimum 

size of 70px. 

For the comparison of expression of cancerous PDAC exosomes and healthy exosomes on the 

surface of graphene immobilized with GPC-1 antibody, the detailed method is described 

below.  

Sample immunofluorescent labelling: After surface functionalization with TCPP and activation 

with EDC/NHS at room temperature, the sample surface was then conjugated with 5 μL of 

0.33 mg/mL of anti-GPC-1 antibodies (Invitrogen PA5-28055) overnight at 4°C in a humidified 

environment. After antibody conjugation, the samples were rinsed with 1 × PBS and DI water, 

and dried with N2. The surface was then blocked using 1% bovine serum albumin (BSA) in 1 × 

PBS at room temperature for 1 h, then rinsed with PBS and DI water, and dried with N2. Next, 

20 μL of blood plasma samples were added to the surface and incubated for 0.5 h. The 

samples were then rinsed and labelled with Alexa Fluor 647 anti-GPC-1 antibodies (Abcam, 

ab237290) (20 μL, 1:100 diluted in 1 × PBS) at room temperature for 1 h in the dark. The 

samples were then rinsed with 1000 × PBS and DI water, and dried with N2. For confocal 

microscopy, surfaces were placed upside-down in a 35 mm Ibidi imaging dish and imaged on 

a Leica SP8 point scanning microscope with a 63×/1.4NA Plan Apo objective, with a zoom of 
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4 and 1024×1024 pixels (px) per frame, giving a xy pixel size of 45 nm. Exosomes were labelled 

with Alexa Fluor 647 anti-GPC-1 antibodies (Abcam, ab237290) and excited with a 633 nm 

laser. Fluorescence was detected on a HyD detector between 643 and 782 nm. 

16 bit LIF files were opened in Icy[227] and exosomes were detected using the Spot Detector 

plugin,[228] with a minimum size of 10 px. A rectangular ROI of 240 px by 120 px was drawn 

in the field of view in a region without detection, and the mean fluorescence intensity was 

calculated. Only detection cases with a mean fluorescence intensity of at least twice the 

background intensity were counted. 

 

3.2.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a versatile and high-resolution imaging technique that 

is widely used to study surface morphology, surface topography and surface elemental 

information. SEM employs a focused beam of electrons that scans across the surface of the 

sample. These high-energy electrons interact with the atoms on the sample's surface and 

generate various signals, including secondary electrons (SE), backscattered electrons (BSE), X-

rays, Auger electrons and photons of various energies. These signals are collected and used 

to produce images of the sample's topography and composition. The magnification level that 

SEM can achieve is at the nanometer scale according to the sample and selected system, 

offering a great opportunity for characterising nanofeatures on the surface of graphene. It is 

worth to note that the samples that can be characterised using SEM need to be either 

conductive or coated with a conductive layer.  

However, there are some difficulties associated with SEM imaging of graphene and biological 

species on graphene. First, the thin layer of graphene is too smooth for the SEM to generate 

images with sufficient contrast. Second, due to the resolution limitation of SEM for imaging 

the atomic thin layer of graphene. The SEM image may display the morphologies of the 

substrate underneath the graphene.   Thirdly, the SEM is operated under vacuum, therefore 

all samples need to be dried. The biological samples cannot be imaged directly and need 

complexed processing steps before being imaged. The dehydration of biological samples on 

the surface of graphene will affect the structure of the biological samples.  



 

 

 

104 

Scanning electron microscopy (SEM) imaging were performed under secondary electron 

mode using a Zeiss Leo (1525) system with an accelerating voltage of 5 kV. A normal operating 

vacuum of 2 × 10&'  mbar was achieved during the pump down of the chamber. The 

graphene on the substrate was mounted on the metallic sample holder using carbon tape. 

The samples are coated with 15nm chromium using a turbomolecular pumped sputter coater 

(EMS150T Plus) before performing the SEM microscopy.  

Images obtained were analyzed using ImageJ [226] to obtain particle size and density on the 

graphene surface. Images were processed using a colour threshold with the threshold colour 

set as B&W and colour space as RGB, with the same threshold value applied. Then, the 

particles were counted using the “analyze particles” toolbox in ImageJ. 

 

3.2.5 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a powerful technique for analysing the surface 

chemistry of a material. It provides both quantitative information about the elemental 

composition and chemical bonding of the top few nanometres of the surface of a material. 

The spatial resolution of XPS is between three to a few hundred μm. XPS is particularly useful 

in characterizing the degree of surface functionalization of graphene. It can identify the 

element present on the surface of graphene before and after surface functionalization, 

providing information of the presence of specific functional groups. The basic XPS instrument 

is composed of an x-ray source, and sample stage, extraction lenses, an analyser and a 

detector. (Figure 3-5) The operation of XPS is performed under ultra-high vacuum condition. 
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Figure 3-5 Schematic of a basic XPS instrument set-up. The x-ray source generated x-rays will 
irradiate onto the sample and produce photoelectrons. These photoelectrons will be detected 
and analysed. 

 

The working principal of XPS is based on the photoemission spectroscopy of a sample when 

the sample is irradiated with a beam of X-rays. (Figure 3-6) The X-ray photons from the source 

X-ray interact with the core level electron of an atom, leading to a complete transfer of 

photon energy to the electron. The electron, which is referred as the photoelectron, will then 

have sufficient energy to escape from the surface of the sample. Through determination of 

the kinetic energy (KE) of this photoelectron using the spectrometer, the binding energy (BE) 

of the core electron can be determined. The binding energy is determined using the following 

equation:  

𝐵𝐸 = ℎ𝑣 − 𝐾𝐸 −	𝜙()*%  

Where BE is the binding energy of the electron, KE is the kinetic energy of the emitted 

electron, ℎ𝑣 is the X-ray photon energy (typically 1486.6 eV for Al Kα and 1253.6 eV for Mg 

Kα, which are the two most commonly used X-ray sources), and  𝜙()*%  is the work function of 

the spectrometer. Each element has its characteristic electron binding energy, through 

analysing the electron binding energy, the element can be identified. It is worth noting that 

XPS is able to detect all elements besides hydrogen. Through analysing the binding energy 

and the intensity of the peak of photoelectron, the chemical state and quantity of the 

detected element can also be determined.  
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Figure 3-6 A) Schematic diagram of processes of an emission of a photoelectron resulting from 
x-ray incident on surface. B) Energy level diagram of the schematic diagram of the basic XPS 
equation. 

 

XPS is widely in characterizing the surface chemistry of carbon-based materials. The C1s 

spectra of a hexagonal lattice with sp2 carbon atoms show a characteristic peak at 284.6 eV 

on the C1s spectrum. When lattice defects are introduced, sp3 carbon atoms will be 

introduced, with peaks at 285 eV. The XPS analysis of the carbon spectrum allows the analysis 

of multiple bonds, e.g., sp2 carbon, carbonyl, carboxyl, epoxy, etc. The XPS analysis can 

confirm the presence of all the chemical functional groups involved in the surface 

functionalization steps. Meanwhile, the analysis of N 1s spectrum from the XPS can confirm 

the presence of the covalently immobilized antibodies and the relative surface coverage of 

antibodies on the surface of graphene.  

Although XPS is a simple and straightforward surface analysis technique for the acquisition of 

nondestructive quantitative information of surface chemistry. However, the accuracy of the 

elemental composition and chemical state of the elements present on the surface of a 

material is up to 0.1 at%.  When the surface elemental analysis with higher precision is 

required, XPS need to be used in conjunction with other techniques. 

XPS experiments were performed with a Thermo Fisher K-Alpha+ X-ray Photoelectron 

Spectrometer (XPS) system using a monochromatic Al radiation source (hv = 1486.6 eV). All 

measurements were performed in an ultra-high vacuum chamber for spectroscopic analysis 

with a base pressure of 5 × 10−8 mbar. 

 

3.2.6 Raman Spectroscopy 

Raman microscopy is a powerful technique for characterizing molecular vibrations, offering 

detailed insights into molecular composition, structure, and interactions. It is widely used to 

investigate the physical properties of graphene. Raman spectroscopy can provide both 

qualitative and quantitative information of graphene, including properties related to the 

thickness of graphene layers, the quality and the presence of defects in graphene, etc.. Raman 
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spectroscopy relies on the detection of Raman scattering from the sample, which is an 

inelastic scattering process. 

 

Figure 3-7 Energy-level diagram of the elastic and inelastic scattering mechanisms and the 
states involved in Raman spectra.  

 

Typically, a monochromatic light source is used, the excitation light source used in this thesis 

is laser. The incident photons interact with the sample and induce the polarisation of the 

molecular electron in the sample, resulting in the energy of the photon transferred to the 

molecule, the energy of the photons can be shifted up or down. If the total energy of the 

system remains unchanged, the energy of the scattered photon is equal to the energy of the 

incident photon. This scattering is elastic, Rayleigh scattering will occur. If the scattering is 

inelastic, Raman scattering (Stokes or anti-Stokes) is dominant. In the case of a Stokes 

scattering, the molecule gains energy from the incident photon and excited to a higher 

vibrational state, the scattered photon loses energy and has increased wavelength. On the 

other hand, in the case of an anti-Stoke scattering, the molecule loses energy and shifted 

down to a lower vibrational state, the scattered photon gains energy and has decreased 

wavelength. (Figure 3-7) 
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Raman spectroscopy filtered out the elastic scattered Raileigh scattering using a notch filter, 

edge pass filter, or a band pass filter.  It collected and dispersed the rest of the scattered light 

by the detector. A Raman spectrum demonstrates the plot of intensity as a function of the 

Raman frequency shift, which are typically reported in wavenumbers in cm-1 (1/ λ). 

Raman spectroscopy is very sensitive that it can differentiate small differences between 

geometric structures and bonding within molecules. The Raman spectrum shows the 

vibrational spectroscopic fingerprint of the sample, which allows for the determination of the 

structural defects and chemical doping effects. The typical Raman spectra of a monolayer 

graphene is shown in Figure 3-8. The spectra are consisted of two principle bands, known as 

the G and 2D-bands. If defects are present in the carbon lattice in graphene, a D-band may 

also present in the Raman spectra. The D-band of graphene appears at approximately 1350 

cm-1. The G-band appears at approximately 1583 cm-1. The 2D bands is the second order or 

the overtone of the D-bands. This band is used for the determination of the thickness of 

graphene layer. When the sample is a single layer graphene, the 2D-band is expected to be a 

single symmetric peak, with a full width half maximum of around 30 cm-1. Multiple layer 

graphene will lead to band splitting, causing the 2D band appear with lower symmetry. 

Meanwhile, the peak intensity ratio of the 2D and G-bands is another reference for the 

determination of the overall quality of graphene layer. The I2D/IG peak intensity ratio for a 

high quality, monolayer graphene is expected to be around 2. The lack of presence of D-band, 

along with a sharp symmetric 2D band and its intensity relative to the G band act as a good 

indicator for the quality and defect density of the graphene sample. Therefore, Raman 

spectroscopy is an powerful and useful tool for the thickness of graphene layer and graphene 

quality characterization. 
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Figure 3-8 Raman spectrum of pristine (top) and defected (bottom) graphene, with main peaks 
labelled. Single layer graphene can be identified by the intensity ratio of the 2D-band to G-
band.[229] 

 

For the characterisation of GFET samples in this thesis, Raman spectroscopy measurements 

were performed on both single Raman spectra and Raman maps. The obtained Raman spectra 

were used to characterise the chemical and structural properties of graphene samples before 

and after functionalization. All Raman spectroscopy were performed in air under ambient 

conditions at room temperature. Raman spectroscopy measurements were performed using 

either a Thermo Fisher Scientific Inc. DXR™2xi or a LabRAM HR Evolution Raman spectrometer 

(Horiba Scientific) and excited with laser (Torus MPC 3000) with a wavelength of 532nm 

(excitation energy 𝐸+ = ℎ𝜔+ = 2.33	𝑒𝑉) through an optical fibre, and an objective lens of 

100x, NA = 0.8, and a laser spot of 0.4 𝜇𝑚. The laser power was kept below 2 mW and the 

diffraction grating was 600mm/grove. The collected Raman spectra range spanned the 

wavenumber region of 1200 – 3000 cm-1. The Raman peak position was calibrated based on 

the first order Raman signal of Silicon, at 520.7 cm-1. The D, G, and 2D peaks were fitted with 

Lorentzian functions.  
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3.2.7 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy measurements (EIS) or cyclic voltammetry (CV) 

measurements were performed with SP-300 Biologic Potentiostat, with an ac input of 10 mV 

and varying additional dc voltages (from -0.3 V to 0.3 V) as the gate bias. A sweep rate from 

50mV/s to 500mV/s was employed. Gold (Au) and Ag/AgCl were used as the working 

electrode and the reference electrode respectively, a 1cm × 1cm graphite sheet was selected 

as the counter electrode. During the EIS measurement, all three electrodes were immersed 

in the PBS solution for the measurement. Different dilutions of PBS (d1000, d100, d10 and 

1xPBS) were selected as the electrolyte solution.  

 

3.2.8 Contact Angle Measurements 

Contact angle measurements were conducted with an optical tensiometer (Biolin Scientical) 

under ambient condition (22°C). Sessile drop technique was selected for the characterization 

of wetting. A small droplet (6-15 µl) of water was deposited on the substrate and the contact 

angle was measured within 5 seconds. A baseline was constructed in the software to define 

the base of substrate, with a Laplace-Young’s curve fitted for obtaining the contact angle.  

 

3.2.9  Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a very precise technique for the 

surface analysis. It can provide the surface chemical composition and the molecular 

information on the surface of graphene with a sampling depth of less than 2 nm, a spatial 

resolution of around 0.1 μm and a detection limit in the ppm range (on the order of 0.1% - 

0.01% atomic concentration). Therefore, offers a more precise and sensitive platform for the 

analysis of small features and compositional variability within the biomolecules on the surface 

of graphene.  

During the TOF-SIMS analysis, a pulsed and focused primary ion beam (usually Cs or micro 

focused Ga) removes molecules from the outermost surface of the sample. The particles 

removed from the top several monolayers of the sample surface, referred as secondary ions. 
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These secondary particles are then accelerated into a “flight tube” towards a detector. The 

masses of these particles are determined by measurement of the exact time of these particles 

reach the detector (i.e. time-of-flight). The basic components of a TOF-SIMS instrument are 

shown in Figure 3-9. There are three operational modes available with TOF-SIMS analysis: 

surface spectroscopy, depth profiling and surface imaging.  

It is worth to note that TOF-SIMS is not a technique for the absolute quantitative analyses of 

graphene surfaces. It is a useful tool for the semi-quantitative analysis and comparison of 

graphene biosensors with different surface modifications. Meanwhile, the dataset obtained 

from TOF-SIMS is very complicated. The data analysis and interpretation for TOF-SIMS results 

is time-consuming and critical. Multivariate analysis for the interpretation of TOF-SIMS 

datasets have been widely applied. These Multivariate statistical analysis technique includes 

principal components analysis (PCA), neural networks (NN), multivariate curve resolution 

(MCR), mixture models (MM), and maximum auto-correlation factors (MAF). Among all of 

these Multivariate analysis techniques, PCA is the most widely applied method and is 

therefore used for the analysis of TOF-SIMS data in this thesis. Details of PCA and PCA analysis 

of TOF-SIMS data will be introduced in section 4.4.4. 
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Figure 3-9 A schematic diagram of the basic components and the fundamental principles of 
ToF-SIMS analysis. The emitted primary ions from the primary ion gun will bombards the 
specimen and generate secondary ions from the top several monolayers of the sample surface. 
These generated secondary ions will be detected and analysed.  

 

TOF-SIMS analysis was conducted using the TOF.SIMS 5 (ION-TOF GmbH) instrument 

equipped with Bi3+ ion clusters (25 keV liquid metal ion gun). Positive ion high mass resolution 

TOF-SIMS spectra were acquired from at least ten non-overlapping 100 μm × 100 μm areas 

for each sample (at an applied resolution of 128 × 128 points). The primary ion dose density 

deposited on the surface was kept identical for all measurements and below 1012 ion/cm2 for 

a static TOF-SIMS condition. A current of about 0.5 pA was applied for all measurements. 

Mass calibration was performed with H+, H2
+, CH+, C2H2

+ and C4H5
+ peaks, before performing 

further analysis. A minimal mass resolution (m/Δm) > 8000 at C4H5
+ was obtained. For the 

investigation of antibody orientation on the surface of graphene, a list of 40 characteristic 

positive ion fragments for amino acids were selected and examined. Details on the principal 

of analysis of surface antibody orientation using TOF-SIMS with PCA are described in section 

4. 

 

3.3 Fabrication of graphene field effect transistor sensor array 

Standard microfabrication process steps were used to fabricate GFETs sensor array. This 

includes sample cleaning, patterning, etching, metallisation, and passivation. The process 

steps are as follows. 

 

3.3.1 Cleaning and graphene modification. 

After the completion process of graphene transfer onto 90 nm SiO2 substrates, a general 

cleaning using acetone, IPA, and DI water for 10 minutes each step was performed to remove 

organic residues on the substrate. The samples were immersed in HMDS for 3 to 6 hours to 

improve the adhesion to the substrate before photoresist and reduce the effect of residues 

from photoresist on graphene. [143] 
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3.3.2 Graphene patterning and etching. 

AZ5214E photoresist was spun on the substrates at 500 rpm for 45 seconds to form film with 

thickness of 1.3 um on graphene. Then, the samples were baked at 90 C for 5 minutes and 

placed under a mask and exposed to UV light of around 85 mj/cm2 before they developed for 

30 seconds with MF319 developer. After that, the samples were placed in Reactive Ion Etching 

chamber in the presence of oxygen for 30 seconds where exposed graphene was etched. 

Photoresist was removed using acetone, and IPA followed by DI water rinsing. 

 

3.3.3 Contact opening and metallisation. 

The samples were cleaned as in step 3.3.1. After that, another photolithography step was 

applied. In this step, photoresist was used as image reversal. After photoresist development, 

the samples were placed in HMDS for over 12 hours to improve the contact resistance. [143] 

Sputter system was used to deposit a 5 nm/60 nm of Ti/Au. It was followed by lift-off step to 

remove the photoresist. 

 

3.3.4 Device passivation. 

To minimise parasitic effects and passivate the devices during sensing measurements, an SU8 

film of 1.7 µm was spun coat and patterned on the substrates leaving only the sensing area 

of the graphene exposed.  This was followed by a hard baking step at 130 ◦C to harden the 

SU8 film. 
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Figure 3-10 Schematic representation of the GFET fabrication steps. The main GFET fabrication 
steps involves: sample cleaning, patterning, etching, metallisation, and passivation. After the 
sample cleaning, b) photoresist was spun on the substrates; c) the samples were baked at 90 
C for 5 minutes and placed under a mask and exposed to UV light; d) the samples were placed 
in Reactive Ion Etching chamber to etch the undesired graphene; e-f) Photoresist was removed 
using acetone, and IPA followed by DI water rinsing; h) photolithography step was applied for 
image reversal; i) Sputter system was used to deposit a 5 nm/60 nm of Ti/Au, followed by lift-
off step to remove the photoresist; j) an SU8 film of 1.7 µm was spun coat and patterned on 
the substrates leaving only the sensing area of the graphene exposed.  

 

3.4 Preparation of biological fluids 

3.4.1 Phosphate Buffered Saline (PBS) Solutions 

PBS buffer solution is a widely used isotonic buffer solution. It is particularly used in biosensor 

applications to maintain the pH and osmolarity of the solution, providing a stable and 

biologically compatible environment for sensing applications.  

PBS solution was prepared using pouch (Sigma-Aldrich). When one pouch is dissolved in one 

liter of DI water, a 1 × PBS solution (0.138 M NaCl; 0.0027 M KCl) is yielded. This solution is 

also known as 10 mM PBS with pH 7.4.  

PBS solutions were made up with a range of concentrations: × 1000 diluted PBS - 1× PBS. 

Concentrations of PBS solutions were prepared by 10-time serial dilution of 1 × PBS solution 

with DI water.  
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3.4.2 Bovine Serum Albumin (BSA) 

BSA is a versatile globular protein present in the blood serum of cow. BSA has a chemical 

similarity to human serum albumin. It is widely used in biosensor applications to block the 

non-specific binding sites on the surface of sensors.  

BSA solution was prepared using lyophilized BSA powder (Sigma-Aldrich). 1% BSA solution 

was prepared by dissolving BSA in 1 × PBS solution at pH 7.4 and stored at 4°C for later use. 

For the electrical measurements, samples were blocked using 1% bovine serum albumin (BSA) 

in 1 × PBS at room temperature for 1 h, then rinsed with PBS and DI water, and dried with N2. 

The prepared samples were stored at 4°C for later use. 

 

3.4.3 Exosomes 

Lyophilized exosomes from plasma of healthy donors or cancer cell line were purchased from 

HansaBioMed Life Sciences Ltd or Abacam and stored at 4 °C.  

The working concentrations of tested exosomes were prepared by a 10-time serial dilution 

from the stock solution. Based on the selected electrolyte buffer solution, × 1000 diluted PBS 

was used as the solvent. Further details on the selection of exosomes and its preparation are 

discussed in each section.  

 

3.4.4 Clinical samples 

Patient samples were obtained through the CIRcular and Non-coding RNAs as Clinically USeful 

Biomarkers in Pancreaticobiliary Cancers (CIRCUS) clinical trial at Royal Surrey County Hospital 

NHS Foundation Trust (NCT04584996). Research Ethics Committee (REC) approved, IRAS 

Project ID: 277406. 

All patients planned for surgical resection for PDAC were identified through the HPB multi-

disciplinary team (MDT) meeting and by the clinical team at Royal Surrey County Hospital NHS 

Foundation Trust. These patients were approached either in clinic or at the pre-operative 

assessment. Plasma samples were taken from resectable PDAC patients and those with locally 
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advanced, borderline, or metastatic PDAC deemed unsuitable for surgical resection and for 

potential medical treatment (i.e., neo-adjuvant or palliative chemotherapy). The control 

group consisted of patients diagnosed and/or due to undergo surgery for benign pathology 

(e.g., gallstones, chronic pancreatitis, etc.) 

Exclusion criteria for the patients are: unwilling or unable to provide written informed 

consent, non-English speaking, known to be pregnant, aged <16 years, known diagnosis of 

HIV or Hepatitis B/C virus. 

Blood sample (total 30mL) were drawn into anticoagulant treated EDTA collection tubes, 

labelled, and placed on ice. Blood samples were centrifuged within 2 hours of collection using 

a validated double spin operating method for plasma isolation by Oxford University Trust. 

Samples undergo 2 steps of spin. The samples were centrifuged at 800× g at 21℃	for 15 min, 

followed by the second centrifugation at 4000× g at 21℃  for 15 min. Following the 

centrifugation, samples were immediately transferred into clean aliquots, and frozen at -80℃. 

 

3.5 Functionalization of GFET biosensor 

Biofunctionalization of the GFET biosensor mainly includes two steps of incubation, firstly 

with the linker molecule that can bind to graphene, followed by a step of antibody 

conjugation through the formation of covalent amide bonds with the linker molecules. Two 

different linker molecules, tetrakis(4-carboxyphenyl) porphyrin (TCPP) or 1-pyrenebutanoic 

acid succinimidyl ester (PBASE), were employed for the non-covalent functionalisation of 

graphene. The selected linker molecules can bind with the graphene via π-π interaction. 

Solvent, such as 2-methoxyethanol and dimethylformamide (DMF) are used to prevent the 

hydrolysis. The following section details these two surface modification techniques.  

 

3.5.1 TCPP Method 

Firstly, the graphene substrates were incubated with TCPP (50 μM) (Tokyo Chemical Industry) 

in 2-methoxyethanol (Tokyo Chemical Industry) for 2 hours at room temperature for 

spontaneous non-covalent functionalisation.  Then, samples were gently rinsed with 2-
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methoxyethanol and 1 × PBS to remove excessive TCPP from the graphene surface, and then 

dried with N2. The carboxyl groups on TCPP were activated via EDC/NHS chemistry for 30 min 

at room temperature with a mixture of 200 mM of 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC/HCl) (Sigma-Aldrich) and 50 mM of N-hydroxysuccinimide 

(NHS) (Sigma-Aldrich) in DI water. Then, samples were rinsed with 1×PBS and DI water and 

dried with N2.  

 

3.5.2 PBASE Method 

PBASE solutions were made up by dissolving PBASE (Sigma-Aldrich) in dimethylformamide 

(DMF) (VWR International or Sigma-Aldrich).  

The graphene substrates were then incubated with the PBASE solution (3 mM) for 2 hours at 

room temperature for spontaneous non-covalent functionalisation. Then samples were 

gently rinsed with DMF to remove excess PBASE from the surface of graphene, before being 

rinsed with DI water and dried with N2. 

 

3.5.3 Antibody Conjugation 

Different antibodies were selected according to various purposes of its application. The 

selected antibodies were immobilized by covalent bonding on the TCPP- or PBASE- 

functionalized graphene surfaces.  

The antibodies used were supplied in an aqueous buffer solution and were diluted using 1 × 

PBS to the desired concentration. Droplets of 20 μL of antibody or antibody fragments were 

placed on the graphene surface and left overnight in a humidified environment at 4 °C for 

incubation. The samples were then sequentially rinsed with 1 × PBS and DI water and dried 

with N2. The prepared samples were stored at 4°C for later use. 

The details about antibodies selected and their immobilisation process are introduced below. 

For the investigation of the effect of liker molecule on antibody orientation and performance 

of GFET biosensors: 
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To investigate the surface binding efficiency of antigens to surface-immobilized antibodies, 

the anti-CD63 antibody (BD Biosciences, #556019) or anti-GPC-1 antibody (Invitrogen, PA5-

28055) were selected for an exosome binding investigation.  

To study the surface orientation of immobilized antibodies, polyclonal goat anti-rabbit IgG 

(Thermo Fisher, # 31210) was immobilized on TCPP- and PBASE-functionalized graphene 

surfaces. F(ab’)2 (Thermo Fisher, # 31234) and Fc fragments (Thermo Fisher, # 31216) of the 

IgG were immobilized on functionalized substrates as reference substrates. The antibodies 

used were supplied in an aqueous buffer solution and were diluted using 1 × PBS to a 

concentration of 500 μg/mL. 

For the investigation of the performance of GFET biosensors for clinical detection of PDAC 

cancer exosome in patients: 

The anti-CD63 antibody (BD Bioscience US) or anti-GPC-1 antibody (Invitrogen PA5-28055) 

were used. The antibodies were supplied in a stock solution of 0.5 mg/mL in an aqueous 

buffer solution (containing ≤ 0.09% sodium azide) and were diluted using 1 × PBS to a 

concentration of 100 μg/mL. 

 

3.6 Device Testing 

3.6.1 Portable readout electronic system 

Electrical characterization of the different graphene sensing units contained inside the GFET 

chip array was performed using a custom-designed and portable readout system with a 

dedicated graphical user interface (GUI) connected to Matlab (Mathworks Inc., USA) via a 

Universal Serial Bus (USB).  

The portable readout system employed time-multiplexed signal acquisitions (MUX) from the 

12 channels connected to each graphene sensing unit, whereby the individual drain-source 

currents (iDS) were detected in a voltage-divider circuit topology, amplified, and digitized by 

a high-speed and high-resolution analogue-to-digital converter (ADC) connected to the 

central microcontroller (MCU) on the embedded electronics. The drain-source voltage level 

(vDS) on the graphene channels is imposed by the user during the iDS measurements through 



 

 

 

119 

the GUI, which converts the digital value into an analogue equivalent level using digital-to-

analogue conversion (DAC) circuitry within the range ± 8V and resolution of 250 μV. For 

measurement of the iDS – vGS curve, also known as Dirac’s point, an additional DAC is 

employed to provide an automatic voltage level sweep across the floating gate and within the 

range specified by the user. iDS measurements in both stimulation modes (including extended 

temporal measurements) can be applied to a single graphene channel or to all twelve 

channels at once, with the true value for iDS being calculated by a Fast Fourier Transform (FFT) 

algorithm applied to the samples acquired by the ADC, thereby achieving a current resolution 

of 20 nA and bandwidth of 15 kHz. 

 

 

Figure 3-11 Illustration of the testing device with electronic readout measurement unit. The 
electronic readout measurement unit is placed inside the transparent box shown on the right 
hand side of the image. 

 

3.6.2 Electrical measurements 

Measurement performed with Keithley source meter: 

Immediately following the cleaning and functionalization of developed GFET device, electrical 

measurements were performed using a Keithley source meter (Keithley 2636B analyser) with 

Multi-channel electronic 
measurement unit

GFET chip on PCB
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transfer curves recorded. The source-drain voltage was fixed at 20 mV, and the electrolyte 

gate was swept from -0.4 to 0.4V at a sweeping rate of 5 mV/s, with a delay of 0.05 s. 

Phosphate-buffered saline (PBS) buffer solutions with different serial of dilution, 0.001 x PBS 

(d1000 PBS for low ionic strength) and 0.1 x PBS (d10 PBS) solution, is used for the electrical 

measurements. 

Measurement performed with the portable electronic readout system: 

Immediately following the functionalization and antibody conjugation of the GFET biosensor, 

electrical measurements were performed in 0.001	×	PBS (×1000 diluted PBS to ensure a 

solution with low ionic strength) using a portable electronic readout system.[230] The source-

drain voltage was fixed at 0.1 V, and the electrolyte gate was swept from 0.4 to 0.9 V at a 

sweeping rate of 2 mV/s, rendering source–drain currents in the order of tens of 

microamperes (μA) in ×1000 diluted PBS. Samples were tested using the developed on-chip 

GFET sensors with all characteristic I-V transfer curves recorded. For the laboratory 

investigation of the analytical sensing performance of the GFET biosensors in the PBS buffer 

solution, MCF-7 exosomes were used as model exosomes, the working concentration of 

exosomes (MCF-7 exosomes, Abcam, ab239691) was prepared by 10-time serial dilution from 

the stock solution, and ×1000 diluted PBS was used as the solvent. For clinical validation with 

PDAC patients and healthy control plasma, ×1000 diluted PBS was selected as the buffer 

solution. The transfer curves in the buffer solution were recorded first. Then, the plasma 

sample (20 μL) was added to the functionalized sensor surface for 15 min of incubation. The 

GFET chips were then rinsed multiple times with PBS (3× times of 200 μL) and DI water. Finally, 

the sensor immobilized with exosomes in plasma was tested in the buffer solution. Total 

testing time is 45 mins that include the 15 mins incubation, multiple rinsing and 24 mins for 

two measurements. 

 

3.6.3 Electrical Data Analysis 

The sensing and working principal of the GFET biosensors relies on the measurement of the 

electrical current in the graphene device channel. The electrical current of the GFET 

biosensors is controlled through the potential applied between the source, drain and the gate 
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electrodes. There are three representative curves that characterize the GFET sensors: transfer 

curves (current Ids – gate bias Vg), time series (current Ids – time t) and output curves (current 

Ids – drain-source bias Vds). Transfer curves (Ids – Vg) and output curves (Ids –Vds) were used as 

the characteristic electrical measurements of the GFET sensors in this thesis. 

During the measurement with transfer curves, a series of shifted I-V curves are obtained with 

different buffer solutions or different concentrations of exosomes. The transfer curves are 

measured with the gate voltage Vg sweeping between a set range, while a fixed bias Vds 

between the source and drain electrodes is controlled. The Ids – Vg curves measured 

demonstrated a “V” shaped curve, as shown in Figure 3-12. There are several key features 

that can be extracted from the transfer curves, including the Dirac point or charge neutrality 

point (CNP) VCNP, the transconductance gm, the maximum current Imax, and the minimum 

currents Imin. These extracted key features can be used as the indicator for sensing. The key 

parameters will be discussed in detail below.  

 

Figure 3-12 Characteristic transfer curves, Ids – Vg curve, of a GFET, with key features illustrated, 
including the Dirac point or charge neutrality point (CNP) VCNP, the transconductance gm, the 
maximum current Imax, and the minimum currents Imin. 

 

The dip of the “V” represents the minimum conductivity called the Dirac point or charge 

neutrality point (CNP) (VCNP). The shift of the Dirac point ΔV is the most commonly used 

feature for the GFET biosensors. The Dirac point ΔV of the GFET biosensor is related to the 

level of doping of the graphene. During the biosensing measurements, the shift of the Dirac 
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point occurs due to the interaction between the target bioanalyte present in the electrolyte 

solution and the immobilized biorecognition molecules on the surface of the graphene. This 

interaction changes the doping level of graphene and the Fermi level of graphene, therefore 

leading to a change in the Dirac point ΔV. The value of the shift in the Dirac point ΔV can also 

be used in correlation with the target bioanalyte concentration to monitor or predict the 

concentration of the target bioanalyte presented.  

The transconductance gm, is another important feature in graphene biosensing. It is defined 

as the maximum slope of the linear part of the p- or n-branch of the transfer curves, gm = 

ΔIds/ΔVg. The transconductance of the GFET biosensor can reflect the performance of the 

GFET biosensor, it mainly depends on the mobility of graphene. The mobility of charge 

carriers in graphene is related to the amount of impurities present in the GFET. During the 

biosensing measurements, the target analyte may introduce additional scattering sites to the 

graphene, increasing the amount of impurities, and leading to a change in the 

transconductance of the GFET biosensor. 

The output curves of the GFET are obtained with buffer solutions prior to the measurements 

with exosomes. The output curves are obtained as a function of the drain–source 

voltage Vds with the gate voltage Vg fixed. The shape of the output curve can be used as an 

indicator for the quality of graphene, when the quality of the fabricated GFET biosensor is 

good, a linear ohmic curve is expected, as shown in Figure 3-13.  
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Figure 3-13 Typical output curves of a GFET. 

 

3.6.4 Microfluidic Channel Fabrication and Integration 

Traditional methods for the fabrication of microfluidic channels are time-consuming and 

costly, involving the use of photolithography and soft lithography. Three-dimensional (3D) 

printing has been explored as an alternative technique for microfluidic channel fabrication. 

3D printing, also known as additive manufacturing, is an emerging technique that creates a 

physical object by layering and fusing thin layers of materials on top of itself, following a 

digital design. 3D printing offers more accessible and flexible options for direct or indirect 

fabrication of multilevel and multilayer microfluidic devices. The use of 3D printing allows the 

rapid prototyping and customization of devices.  

In order to perform testing with liquid using a liquid gate GFET, a custom 3D printed 

microfluidic channel was implemented. This microfluidic channel can be mounted on top of 

the fabricated GFET devices and act as a reservoir for the containment of liquids on the 

surface of GFET sensor. To avoid degradation and reduce leakage currents, it is important to 

ensure the metal contact on the GFET sensor is isolated from liquids. Meanwhile, the position 

of the liquid needs to be consistent for repeated testing to enhance signal-to-noise ratio and 

reduce parasitics. Therefore, the channel was designed to be fixed at the center of the chip 

such that the drain and source electrodes are protected from liquid. An external 3D printed 

base with clamps were used for insurance of the fixed position of liquid.  

All components were designed using the computer aided design (CAD) program SOLIDWORKS. 

The 3D printing of components was achieved using an Ultimaker 2+ 3D printer (Ultimaker, 

USA). The printer was specified with the capability of resolving extruded features as 50 μm 

and intruded features as small as 100 μm. 

 

Figure 3-14 illustrates the process flow for fabrication of microfluidic devices using 3D printed 

parts. Both direct and indirect 3D printing techniques were used. 3D printed transfer 

moulding (PTM) is used to create the internal Polydimethylsiloxane (PDMS) ring for the 

microfluidic channel. The elastic and soft PDMS ring can adhere to the GFET surface without 
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damaging the graphene and metal contacts. This PDMS ring acts as a connection piece and 

sealant between the top reservoir and the GFET surface. A component mould is designed and 

used as a negative mould to cast the PDMS ring. PDMS is applied, cured and released from 

the mould. The base, top reservoir, clamps and component moulds are fabricated via a direct 

3D printing process. (Details are illustrated in  

Figure 3-14 B)  

A negative mould was designed with two parts. One base part with the inverse feature of the 

desired shape. Another top part to cover the base and mould the feature, the top part is also 

used to facilitate the removal of cured PDMS. PDMS was prepared using the PDMS kit (Sylgard 

184 Elastomer Kit, Dow Corning, Midlind, MI, USA). The kit is supplied in two parts, one base 

which is a vinyl containing resin and one curing agent which is a hydrosiloxane copolymer 

curing agent. These two parts are mixed with the standard ratio of 10:1 base to curing agent. 

The PDMS mixture was then degassed using a vacuum chamber to 10-4 torr or a centrifuged 

at 40,000 rpm for 15 mintues. The mixture was then carefully poured on the 3D printed mould 

sprayed with the mould release (Ambersil, UK). The filled mould was then left to cure at room 

temperature for 24 hours or in a 60 °C oven for 4 hours. The cured PDMS ring was carefully 

removed from the mould by manually peeling the PDMS from the meld and the excess PDMS 

was trimmed. The fabricated PDMS ring was rinsed using acetone, isopropanol and DI water. 

Finally, the base, top microfluidic reservoir, PDMS ring and clamps are assembled. This acts 

as the microfluidic device for the GFET devices. The design of the microfluidic channel ensures 

the liquid position and contact of the liquid with graphene only. The use of 3D printing enables 

fast, cheap and reliable fabrication of microfluidic devices. The fabricated microfluidic devices 

can be used for multiple times for multiple devices.  
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Figure 3-14 Schematic diagram of the step-by-step fabrication of steps for the microfluidic 
channel. A) Schematic process for the fabrication of PDMS ring. i) Negative mould with 2 parts 
are 3D printed with the desired PDMS ring size. ii) The negative mould was assembled. The 
PDMS mixture were mixed at the desired ratio and ultracentrifuged to remove bubbles. The 
prepared PDMS mixture was carefully poured into the mould and left for curing overnight. iii) 
The PDMS ring was then removed from the mould, trimmed, and cleaned for further use. B) 
Schematic diagram of the CAD designed 3D printed parts of the microfluidic channel. These 
printed parts and the PDMS ring were inserted under the microfluidic reservoir for the 
assembly of the microfluidic channel for GFET testing.  

 

3.6.5 Clinical testing protocol 

Immediately following the functionalization and immobilization of the GFET biosensor, 

electrical measurements were performed in 0.001 × PBS (×1000 diluted PBS to ensure a 

solution with low ionic strength) using a portable electronic readout system.[230] GPC-1 

antibody was functionalized on the surface of the GFET biosensor for all the electrical 

measurements. Source-drain voltage was fixed at 0.1 V, and the electrolyte gate was swept 

from 0.4 to 0.9 V at a sweeping rate of 2 mV/s (the reading time per channel is around 1 min), 

rendering source–drain currents in the order of tens of microamperes (μA) in ×1000 diluted 

PBS. Samples were tested using the developed on-chip GFET sensors with all characteristic I-

V transfer curves recorded. For the laboratory investigation of the analytical performance of 

the GFET biosensor, MCF-7 exosomes were used as model exosomes, the working 

concentration of exosomes was prepared by 10-time serial dilution from the stock solution 

((MCF-7 exosomes (Abcam, ab239691))), and × 1000 diluted PBS was used as the solvent. For 

clinical detection with PDAC patient and healthy control plasma, the transfer curves in ×1000 

diluted PBS buffer solutions were recorded first. Then, the plasma sample (20 μL) was added 

to the functionalized sensor surface for 15 min of incubation, followed by a multiple wash 

step with PBS and DI water. Finally, the sensor immobilized with exosomes in plasma was 

tested in buffer. Total testing time is 45 mins that include the 15 mins incubation, multiple 

rinsing and 24 mins for two measurements. 

 



 

 

 

127 

3.7 Exosomes characterisation techniques 

3.7.1 Nano-Flow Cytometry 

Flow Cytometry is a promising technique for the studying of individual cells or microscopic 

particles. Conventional flow cytometry allows the characterising, counting, and sorting of cells 

or particles in the aqueous solution. The conventional flow cytometry is widely used for the 

characterisation of particles of several microns. In flow cytometry, suspended particles will 

flow pass single or multiple lasers in a hydrodynamically focused stream. The light scattering 

or fluorescent signals of particles will be recorded and analysed. It can provide information 

related to the size, morphology and shape of particles through light scattering measurements, 

and the biochemical information of biological samples through fluorescent labelling.  

However, conventional flow cytometry has limited applications to the nanoscale extracellular 

vesicles (EVs). Nano-Flow Cytometry provides a solution to the limitations of conventional 

flow cytometry through several technical optimizations. Nano-Flow cytometry allows for size 

and concentration measurements of nanoparticles (7-1000 nm) isolated from biofluids. It is 

particularly useful in the detection of extracellular vesicles. The combination of light 

scattering and fluorescent detection allows the quick acquisition of high-resolution 

distribution of particle size and the biochemical properties of analysed particles. (Figure 3-15) 
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Figure 3-15 Schematic illustration of the flow cytometry analysis of EV samples. The 
combination of light scattering and fluorescent detection allows the quick acquisition of high-
resolution distribution of particle size and the biochemical properties of analysed particles. 

 

The presence of excess material in the solution may impact the light scattering event and 

introduce errors into EV measurements for Nano-Flow cytometry. Therefore, the samples 

need to be isolated from the biofluids prior to the analysis using Nano-Flow cytometry. 

In order to achieve sensitive and accurate EV quantification and detection, the instrumental 

settings need to be optimized first. The best data is attained once flow cytometry workflows 

are optimized. The maintenance of high staining efficiency whilst reducing background 

fluorescence (FL) to keep a low LOD is crucial. 

Plasma GPC-1+ exosome concentration and sizing were measured by Nano Flow cytometry 

using a NanoAnalyzer U30 instrument from NanoFCM Inc. (Nottingham, UK). First, 50 μL of 

each blood plasma sample was incubated with 1 μL of Alexa Fluor 647 conjugated anti-

Glypican antibody (Abcam, ab237290) for 30 min at room temperature. After incubation, the 

mixture was diluted in PBS to 1 mL to pellet EVs, following by ultracentrifugation at 55,000 

rpm (100,000× g) with a benchtop optima TLX (Beckman Coulter) for 45 min. The supernatant 

was removed, and the pellet was resuspended in 50 μL PBS. The re-suspended mixture was 

analysed in the Flow NanoAnalyser to determine concentration and fluorescence positivity. 

Data processing was performed using nFCM Professional Suite v1.8 software. 

 

3.7.2 Exosome isolation from human plasma samples 

Two different methods were used to isolate exosomes from human plasma samples, size 

exclusion chromatography (SEC) by Izon Column and ultracentrifugation. Both methods will 

be described in detail below. 
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3.7.2.1 Exosome isolation with Izon Column 

The working principle of qEV columns are based on SEC for the separation of contaminating 

soluble protein from exosomes and other EVs. Izon qEV Original columns (70 nm separation) 

were used.  

The Izon column was first taken from fridge and allow 15 minutes to reach room temperature 

(stored in Fridge at 4°C). The Izon column was set up on rack with labelled falcon tubes and 

eppendorfs. Then the sodium azide solution present in the column was discarded into a 

discard falcon tube by removing the top cap first before opening the bottom cap. The dropper 

cap was added to the column and 9 ml of PBS buffer were added to the top to equilibrate the 

column. The added PBS buffer was allowed to run through the Izon column into the discard 

falcon tube. When the PBS buffer process is completed, the discard falcon tube was replaced 

with a 15 ml void falcon tube. 1 ml of plasma sample was carefully added to the center of the 

Izon column to avoid any clinging to the wall of the Izon column. When the sample was 

loaded, i.e. no more samples remained above the filter, 15 ml of PBS buffer were loaded into 

the Izon column. The first 3 ml were collected in the void tube, then EV tube was used to 

collect the EV fraction. 2 mL of the isolated EV samples were collected. Samples were kept on 

ice until storage or further processing.  

 

3.7.2.2 Exosome isolation using ultracentrifugation 

For the isolation of exosome using ultracentrifugation, human plasma samples were 

centrifuged in a Beckman Coulter Optima XPN-80 Ultracentrifuge at 100,000 × g at 4°C for 45 

min, with a 50.2 Ti rotor (k-factor: 157.7) to pellet EVs. The supernatant was carefully 

removed, and the resulting pellets were resuspended in 50 μL PBS. The samples were further 

analysed or stored at −80°C. 

 

3.7.3 Transmission Electron Microscopy (TEM) and Immunogold labelling 

Transmission Electron Microscopy (TEM) is a high-resolution imaging technique, it works on 

the principle of transmission. In TEM, the image is formed through a beam of electrons 

passing through the thin samples. These electrons transmit through the sample and interact 
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with the sample, then fall on a fluorescent plate or camera detector, generating the image. 

TEM can achieve an extraordinary resolution, often below 0.1 nanometers (or 1 angstrom).  

TEM can also be performed in conjunction with immunogold labelling. Immunogold labelling 

is a staining technique that utilizes the colloidal gold particles attached to secondary 

antibodies that are attached to primary antibodies. These primary antibodies are designed to 

bind with specific antigen or proteins. The immunogold labelling allows the visualization of 

specific proteins or antigens within the biological samples. Through targeting the specific 

surface biomarkers using the gold-conjugated antibodies, the precise identification, 

localization and quantification of specific proteins or markers on the surface of exosomes is 

enabled. The application of immunogold labelling with TEM is particularly useful in the 

imaging of exosomes.  

 

Figure 3-16 Transmission Electron Microscopy (TEM) and Immunogold labelling. A)  The 
primary components of a TEM. B)  Schematic representation of immunogold labelling 
mechanisms.  

 

Transmission electron microscopy (TEM) characterisation was performed using a JEOL JEM-

2100F field emission S/TEM equipped with an Oxford X-MaxN 80 mm2 SDD detector for 
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elemental analysis. TEM images were acquired at 200 kV accelerating voltage and 116 µA 

emission current. DigitalMicrograph GMS3 (Gatan) and Aztec TEM (Oxford Instruments) 

software packages were used for the TEM data and energy dispersive X-ray (EDX) spectra 

analysis and interpretation, respectively. Briefly, for the immuno-gold labeling with 

antibodies, GPC-1 antibodies (pa5-51290, Thermo Scientific) were attached on 10-nm gold 

particles (AURION) according to manufacturer’s instructions at room temperature. Healthy 

plasma and PDAC plasma sample pools were prepared. 200 μL of from each of 5 healthy or 5 

PDAC plasma samples were taken to form a healthy plasma or PDAC plasma sample pool. 

Exosomes were isolated as previously described. Then isolated exosomes samples were 

conjugated with the gold-particles attached GPC-1 antibodies at the appropriate 

dilution overnight at 4 °C. Samples for TEM characterisation were drop-cast from dilute 

aqueous suspensions onto amorphous carbon coated (200 nm) Cu grids (Agar Scientific) and 

dried naturally overnight. 

 

3.7.4 Western blot analyses 

Western blot analysis is a useful laboratory technique for the separation and detection of 

specific protein present in a blood sample. The western blotting can separate the mixture of 

proteins based on their molecular weight.  

Frozen samples were first thaw on ice. Samples of isolated exosomes were concentrated first. 

Samples were added to concentration columns Vivaspin Turbo 4 with 10 kDA MW cutoff by 

spinning samples at 4000× g for up to 2 hours at 4°C. Samples were checked every 30 minutes. 

Then the samples were lysed with Cell Lysis RIPA Buffer (10X) (#9803, Cell Signaling 

Technology) with the addition of PMSF (200mM, Cell Signalling Technology). The EVs samples 

were lysed with PMSF at 1:200 (final conc. 1mM) and RIPA 10x at a ratio of 1:10. The samples 

and lysis buffer were then vortexed for 20 second and cold lysis on ice for 30 minutes. Then 

the samples were centrifuged at 12,000× g for 20 minutes. The supernatant was carefully 

removed and transferred into a new tube. Samples were then stored at −80°C or proceeded 

for further measurements.  
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The concentration of samples (1 µl) were measured with Pierce™ BCA Protein Assay Kit 

(Thermo Scientific) in triplicate. Then the fresh 2M DTT solution was prepared by adding 

0.3085g of DTT to 1000ml water. The Western blot analyses were then performed in DTT and 

Sample Buffer (Pierce™ LDS Sample Buffer, Non-Reducing (4×), Thermo Scientific) using the 

selected antibodies: 1:500 ALIX (#92880, Cell Signalling Technologies), 1:250 Glypican-1 (PA5-

24972, Thermo Scientific), CD9 (sc-13118, Santa Cruz, mouse), CD63 (MX-49.129.5, Santa 

Cruz).   

 

3.7.5 Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) was selected for the analysis of the size distribution of the 

isolated exosomes. The principal of DLS for the determination of particle size is based on the 

measurement of the random changes in the intensity of light scattered from the suspension 

or solution. The small particles in the suspension undergo random thermal motion, known as 

the Brownian motion. These particles move random in the solution, having continuous 

collision with surrounding solvent molecules and cause intensity fluctuations of scattered 

light. The smaller the particle, the faster it moves. These fluctuations are measured and used 

to calculate the relative size distribution of particles.  

Dynamic light-scattering measurements were performed using a Zetasizer Nano ZS (Malvern 

Instruments Ltd, Worcestershire, UK). The intensity, volume, and distribution data for each 

sample were collected on a continuous basis for 4 minutes in sets of three. Three different 

measurements from the isolated exosome samples were performed. 

 

3.8 Density functional theory (DFT) Simulation 

The density functional theory (DFT) is a computational quantum mechanical modelling 

methos used to investigate the geometric and electronic structure of many-body systems, in 

particular atoms and molecules. DFT is based on the concept of electron probability density. 

Using DFT, the properties of the many-electron system can be obtained using the functionals. 
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The use of DFT calculations allow the prediction and calculation of material behaviour without 

the need of higher-order parameters.  

A theoretical simulation based on density functional theory (DFT) has been performed to 

interpret how the linker molecule PBASE or TCPP adsorbed on graphene using the VASP 

package.[231] Generalized Gradient Approximation (GGA)-Perdew-Burke-Ernzerhof (PBE) 

was used to improve the exchange-correlation energy description.[232] The projector 

augmented wave (PAW) method was implemented to effectively describe the electronic 

structure of the full valence and core wave.[233] A cut-off energy of 400 eV was set for the 

plane wave under periodical boundary conditions. A 1*1*1 Gamma centred mesh was used 

to sample Brillouin Zone. Geometry optimization based on an 8*8*1 supercell was performed 

with energy converge criteria of 10-6 eV and force converge criteria of 0.01 eV/Å. For molecule 

adsorption onto 2D material, Grimme’s DFT_D3 method was used to describe a dispersion 

interaction in order to accomplish a van der Waals (vdW) correction.[234], [235] 

 

3.9 Statistical analysis 

For all experiments, quantitative results are presented as mean ± standard deviation (s.d.), 

where n denotes the number of replications. 

The statistical significance of the data was assessed using the two-sample Student's t-test and 

is designated with asterisks (*P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001). 
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4 Probing the Orientation of Antibodies on graphene 

biosensor  

4.1 Key Novelty and Achievements 

The past decade has seen researchers develop and apply graphene technologies in 

biomarkers detection due to their advantages of real-time, label-free detection and high 

sensitivity.  At the heart of these technologies is the immobilization of antibodies onto the 

graphene surface using noncovalent linker molecules. Yet, the critical role of these linker 

molecules in determining antibody orientation, and subsequently, the performance of 

graphene biosensors, has been largely uncharted.  

In order to enhance the performance of GFET biosensors with high capturing efficiency of 

target biomarkers on graphene, a new biofunctionalization protocol using tetrakis (4-

carboxyphenyl) porphyrin (TCPP) as the linker molecule is developed and employed. This 

Chapter aims to address this crucial aspect in graphene biosensors by probing the orientation 

of antibodies on graphene surface functionalised using two different linker molecules, 

tetrakis (4-carboxyphenyl) porphyrin (TCPP) and 1-pyrenebutanoic acid succinimidyl ester 

(PBASE). With the newly developed TCPP method, it is demonstrated that this approach can 

refine the orientation of conjugated antibodies on graphene surfaces. Through rigorous 

analyses employing Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) and Density-

functional theory (DFT) simulations, the predominant end-on vertical orientation of the 

Immunoglobulin G (IgG) antibody on TCPP-functionalized graphene, as opposed to the varied 

orientations on PBASE-functionalized graphene was identified. 

The work presented in this Chapter is part of the Journal publication: Tianyi et al. Control of 

antibody orientation on graphene using porphyrin linker molecules for high-performance 

graphene-based immuno-biosensors,” Submitted. 

DFT simulation was done in collaboration with Xu Xi. The portable electronic device was 

designed by Dr. Bruno Gil Rosa. 
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4.2 Overview 

GFET biosensors have been deployed for the detection of a variety of biological species and 

disease biomarkers, including nucleic acids,[148] proteins,[193], [236] dopamine,[152] 

extracellular vesicles,[68], [86] cancer biomarkers,[20] pathogenic viruses,[4], [237, p. 19] and 

other disease biomarkers.[61], [218] 

In such applications, the graphene surface is functionalized with linker molecules that have 

dual functionality: to stack on graphene and, at the same time, to form strong bonds with 

biological probes such as antibodies, DNAs, and aptamers.  The most widely used linker 

molecules for graphene-based biosensors are pyrene-based ligands, including 1-

pyrenebutanoic acid succinimidyl ester (PBASE),[63], [68], [86], [193], [230] 1-pyrenebutyric 

acid (PBA),[63], [238] and pyrene-propanoic amid ethylmaleimide (PMAL)[63], [238]. These 

pyrene linkers can form non-covalent functionalization onto graphene surface and covalent 

bonds with antibodies. In addition, their small size and self-limiting nature make them 

suitable for electrical detection, where Debye screening is a major issue in biosensor 

performance. Porphyrin-based ligands are a family of planar and macrocyclic compounds with 

a characteristic tetrapyrrole structure which are another type of linker molecule for 

graphene-based biosensors. Porphyrins have been extensively studied due to their excellent 

photoelectrical and catalytic performance. In recent years, porphyrins have been used with 

graphene oxides as hybrids for photocatalytic activity,[239], [240] photovoltaics,[241] 

optoelectronics,[242] photoelectrochemical sensing[243], [244], [245], and biosensing.[103], 

[104] The use of members of the porphyrin family as linker molecules for graphene could 

potentially enhance the sensing performance of graphene-based biosensors. The aromatic 

porphyrin group attach to graphene through π-π stacking, and the remaining -COOH group 

can be readily modified using EDC/NHS (N-ethyl-N’-(3-

(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide) chemistry for the covalent 

attachment of antibodies. The stack of linker-graphene can play a crucial role in the formation 

and orientation of antibodies on graphene and the sensitivity and limit of detection of GFET 

biosensors. In studies of these biosensors, it is assumed that conjugated antibodies are 

immobilized upright on the linker molecules on the graphene surface due to the strong 

binding between graphene and aromatic groups via π-π interaction. Yet there are very few 
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reports that investigate the role of the linker molecules on the orientation of antibodies on 

graphene surfaces and its impact on the sensitivity of graphene biosensors.[138] 

This chapter aims to investigate the properties of the functionalisation process with different 

linker molecules, tetrakis (4-carboxyphenyl) porphyrin (TCPP) and 1-pyrenebutanoic acid 

succinimidyl ester (PBASE). The antibody orientation on the functionalized graphene surface 

is probed. 

 

4.3 Characterisation of graphene functionalized with TCPP and PBASE linkers 

A schematic of surface-immobilized antibodies with different possible orientations on the 

graphene biosensor is demonstrated in Figure 4-1. The antibodies immobilized on the surface 

of graphene in this study are conjugated using two different graphene functionalization linker 

molecules: PBASE and TCPP. For PBASE-functionalized graphene biosensors, antibodies are 

covalently attached to the N-hydroxysuccinimide (NHS) ester “end” on the highly flexible alkyl 

chain. It is expected that the antibodies will have multiple orientations on the graphene 

surface, including lying flat, vertical, or tilted at different angles. In contrast, antibodies 

immobilized on graphene biosensors functionalized with TCPP are expected to covalently 

bind to the NHS ester bond on EDC/NHS-activated bulky TCPP molecules lying flat on the 

graphene, thereby forcing the formation of the primary amide bond at a reduced tilt angle or 

even a vertical perpendicular orientation with respect to the graphene surface.  

 

Figure 4-1 Schematic diagram of surface-immobilized antibodies with different possible 
orientations on graphene biosensors functionalized using PBASE and TCPP as linker molecules. 
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Various characterization techniques were performed to examine the functionalization of 

linker molecules and antibodies on the graphene surface. 

 

4.3.1 Raman Spectroscopy 

The influence of functionalization with PBASE and TCPP on the properties of graphene was 

investigated using Raman spectroscopy.  

A comparison of Raman spectra recorded on bare graphene and graphene after 

functionalization is shown in Figure 4-2. The Raman spectra recorded for bare graphene 

showed peaks at 1580 cm-1, which is commonly attributed to the G band of sp2 carbon in 

graphene. In addition, the presence of a peak at 2700 cm-1 (2D secondary D band) is also 

shown, with another small intensity peak at 1350 cm-1 (D band), indicating a high quality of 

monolayer graphene. Raman spectroscopy analysis after functionalization with PBASE 

demonstrated a strong increase in the disorder D peak at 1350 cm−1, which is due to the 

resonance of sp3 bonding or to localized vibrational modes of the PBASE interacting with 

extended phonon modes of graphene.[246], [247] Raman spectra of the graphene surface 

after modification with TCPP showed the characteristic peaks of TCPP, which are vibrations 

of C-N (1240 cm-1), C-H (1454 cm-1), C-C (1565 cm-1), and a weak shoulder peak (1496 cm-1). 

[248] 
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Figure 4-2 A) Raman spectra of bare graphene and PBASE-functionalized graphene. (B) Raman 
spectra of bare graphene and TCPP-functionalized graphene. 

 

Further, Raman was employed to map graphene surfaces functionalized with PBSAE and TCPP, 

both before and after antibody immobilization, to understand the secondary and tertiary 

structures of proteins better. For antibodies, the Raman spectrum displays peaks 

corresponding to various molecular vibrations associated with the protein and any bound 

ligands. Tryptophan residues, which often show peaks around 760 cm-1 and 1550 cm-1. 

Tyrosine residues with characteristic shifts around 830 cm-1. The Amide III band, ranging from 

1200-1300 cm-1, arises from a combination of N-H bending and C-N stretching vibrations and 

reflects the protein's secondary structure. Raman bands for the amino side chains of proteins 
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are primarily found between 700 and 1000 cm−1. The Amide I band, located at ~1650 cm-1, 

primarily results from the C=O stretching vibration of the peptide backbone and is sensitive 

to the protein's secondary structure. Different secondary structures, such as alpha-helices, 

beta-sheets, and random coils, produce slightly varied peak positions within this region. [249], 

[250], [251], [252] 

To further confirm the immobilization of the antibody on the graphene surfaces, samples 

were mapped for peaks at 760, 830, 1450, 1550-1560, and 1650-1660 cm-1, as illustrated in 

Figure 4-3. Additionally, the graphene functionalized with TCPP and PBASE was characterized 

using Raman spectroscopy, as depicted in Figure 4-4. 

 

 

Figure 4-3 Raman mapping of graphene surfaces functionalized with PBSAE and TCPP before 
and after immobilisation with antibody. Raman mapping experiment was conducted over a 4 
× 4 µm2 area of graphene with PBASE and TCPP, both with and without antibodies. 
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Figure 4-4 Raman spectra of graphene functionalized with TCPP and PBASE before and after 
immobilization with antibodies.  

 

4.3.2 AFM 

Atomic force microscopy (AFM) was used to validate the presence of the linker molecules of 

PBASE or TCPP on the surface of graphene (Figure 4-5). The surface roughness of pristine 

graphene was measured at 0.30 nm. After functionalization with PBASE for 2h, the surface 

roughness increased to 0.44 nm, while with TCPP treatment, the surface roughness of the 

graphene increased to 0.49 nm. Specific antibodies (anti-CD63 antibodies) were then 

immobilized on the linker molecule-functionalized surface. Both PBASE- and TCPP-

functionalized graphene showed good surface coverage of antibodies, with increases in 

surface roughness to 0.80 nm and 1.02 nm respectively.  
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Figure 4-5 Atomic force microscopy (AFM) profile for characterization of: (A) PBASE-modified 
graphene (surface roughness = 0.44 nm), graphene surface after PBASE + antibody 
biofunctionalization(surface roughness = 0.80 nm); (B) TCPP-modified graphene (surface 
roughness = 0.49 nm), and graphene surface after TCPP + antibody biofunctionalization 
(surface roughness = 1.02 nm). AFM scale bars = 1 μm.  

 

4.3.3 XPS 

X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of PBASE or TCPP 

and antibody on the graphene surface. Figure 4-6 and Figure 4-7 show the changes in principle 

C 1s and N 1s core levels after each functionalization step.  

The high-resolution N 1s spectra show a significant increase in the N 1s peak at 399.8 eV after 

GPC-1 antibody conjugation. (Figure 4-6) This N 1s peak is attributed to the successful 

formation of amide bond (CONH) between antibody and the linker molecules and large group 

of amines present on the antibodies. 

G + TCPP G + TCPP + Ab

G + PBASE G + PBASE + AbA)

B)
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Figure 4-6 N1 s of X-ray photoelectron spectroscopy (XPS) spectra of graphene with different 
degrees of functionalization: (A) bare, with PBASE, and with PBASE + antibody respectively; (B) 
bare, with TCPP, and with TCPP + antibody respectively. 

 

The high-resolution C 1s spectrum is composed of four components at the surface, C–C at 

284.9 eV, C–O at 285.9 eV, C–N at 286.4 eV, and O–C═O at 287.7 eV, corresponding to a large 

number of amine and amide bonds present in the antibodies. (Figure 4-7) 
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Figure 4-7 C1 s of X-ray photoelectron spectroscopy (XPS) spectra of graphene with different 
degrees of functionalization: (A) bare, with PBASE, and with PBASE + antibody respectively; (B) 
bare, with TCPP, and with TCPP + antibody respectively. 

 

4.3.4 Water contact angle (WCA) measurements 

The water contact angle (WCA) measurements were performed to study the influence of the 

linker molecule PBASE or TCPP and antibody on the graphene surface to the hydrophobicity 

of the graphene surface, as demonstrated in Table 4-1 and Figure 4-. 

The WCA of bare SiO2/Si substrate and graphene on SiO2/Si substrate is 68.9 ± 0.8° and 83.7 

± 0.4°, respectively. There is an increase in WCA with graphene on the substrate, indicating 

an increase in hydrophobicity after graphene transfer. This is in good agreement with the 

results reported in the literatures, the nature of graphene is slightly hydrophobic.  

After the functionalization with linker molecules, both graphene with PBASE and TCPP, the 

surface of graphene demonstrated a reduction in its WCA. The reduction in WCA for both 

PBASE and TCPP functionalized graphene is due to the ester groups on these linker molecules 
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facing out of the surface of graphene.[253] This suggests successful functionalization of linker 

molecules, PBASE or TCPP, on the surface of graphene. 

Table 4-1 Summary of water contact angle of SiO2/Si substrates with and without graphene 
and after surface functionalization with linker molecules. Data are mean ± standard deviation 
(s.d.). n = 5 for each measurements. 

Substrate Water Contact Angle / ° 

SiO2/Si 68.9 ± 0.8 

G/ SiO2/Si 83.7 ± 0.4 

PBASE/G/SiO2/Si 59.7 ± 1.0 

TCPP/G/SiO2/Si 60.1 ± 0.9 

 

Figure 4-8 Images of WCA measurements of SiO2/Si substrates with and without graphene 
and after surface functionalization with linker molecules. WCA measurements of A) SiO2/Si, B) 
G/SiO2/Si, C) PBASE/G/SiO2/Si, D) TCPP/G/SiO2/Si. 

 

A)

C)

B)

D)
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4.4 Characterisation of antibody orientation on graphene surface with TOF-

SIMS  

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was employed to characterize 

proteins and reveal differences in antibody orientation on the functionalized graphene 

surfaces.[254], [255], [256], [257], [258], [259] TOF-SIMS is a powerful technique in revealing 

the chemical information of the surface of the materials. Leveraging the characteristic ion 

fragments derived from the amino acid composition of various proteins, TOF-SIMS analysis 

can determine the orientation of antibodies on substrates. [254], [255], [260], [261]  Given 

the intricate nature of the data produced by TOF-SIMS,  principal component analysis 

(PCA)[262] was utilized to enhance the sensitivity in differentiating between highly similar 

surface compositional changes associated with proteins.  

A detailed description of the principle underlying the PCA analysis of TOF-SIMS data for 

antibody orientation characterization is provided in the sections below. The PCA model was 

formulated using the TOF-SIMS data collected for samples of TCPP- and PBASE-functionalized 

graphene substrates, as well as from the functionalized substrates with immobilized F(ab’)2, 

Fc fragments and IgG antibodies. To examine the surface orientation of adsorbed IgG 

antibodies, the TOF-SIMS data collected for functionalized graphene with immobilized 

antibodies were projected onto the developed PCA model (Figure 4-9).  



 

 

 

146 

 

Figure 4-9 Schematic diagram for SIMS with PCA for antibody orientation characterization. In 
SIMS, three different antibody fragments were chosen for the analysis of orientation. A well-
studied IgG antibody with known amino acid sequence was chosen. 

 

4.4.1 Antibodies 

Antibodies are composed of two heavy chains and two light chains which are folded into a 

characteristic Y-shape. (Figure 4-10) The tips of the Y-shaped molecule contain the fragment 

antigen-binding regions (Fab) which recognize and bind to the target analyte. The two 

antigen-binding F(ab) regions are linked together by disulphide bonds and form the F(ab’)2 

fragment. The fragment crystallizable region (Fc) located at the base of the Y-shaped molecule 

is the constant, crystallizable portion of the antibody molecule. 
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Figure 4-10 Architecture of an antibody. Antibodies are composed of two heavy chains and 
two light chains which are folded into a characteristic Y-shape. The tips of the Y-shaped 
molecule contain the fragment antigen-binding regions (Fab); The fragment crystallizable 
region (Fc) located at the base of the Y-shaped molecule. 

 

4.4.2 Principal Component Analysis (PCA) 

Multivariate analysis is a statistical analysis technique that allows the simultaneous analysis 

of multiple variables. Multivariate analysis is very useful in determining the relationship or 

dependence between different variables. The application of multivariate analysis is 

particularly useful in analysing and simplifying complex data sets involving a large number of 

dependent variables. Multivariate analysis aided the data processing of complexed and 

multicomponent surfaces such as biosensors and biological materials.  

There are many different multivariate analysis methods available for the exploration and 

elucidation of different features of the data, including multivariate curve resolution (MCR), 

neural networks (NN), principal components analysis (PCA), etc.. Among all of these 

multivariate analysis methods, PCA is the most commonly employed method for the 

processing of TOF-SIMS data. PCA can reduce the matrices of data into lower dimensionality 

through the description of these data using a small number of orthogonal factors. PCA can 

identify the major directions of variation present in the dataset. During the PCA analysis, the 

data set is defined as a matrix, with rows representing samples and columns representing 

variables.  
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A schematic diagram illustrating the main steps in principal component analysis (PCA) is 

shown in Figure 4-11. The first step of PCA is to standardize the data. This standardization 

step is performed to ensure the range of the continuous variables of the dataset is 

standardized to unit variance to avoid bias. Then, the covariance matrix is calculated. This 

covariance matrix will provide information regarding the correlation between the variables 

of the datasets. When the sign of the covariance is positive, it indicates the two variables are 

correlated. On the contrary, when the sign of the covariance is negative, it indicates the two 

variables are inversely correlated. Then eigenvalues and corresponding eigenvectors of this 

covariance matrix is calculated to determine the principal components of this dataset. The 

first principal component describes the direction of the largest variance of the data points in 

the data set. The second principal component is uncorrelated with (i.e., perpendicular to) the 

first principal component, and the second principal component accounts for the next highest 

variance. 
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Figure 4-11 Schematic diagram of main steps in principal component analysis (PCA). 

 

PCA decomposes the complex data matrix into matrices of scores and loadings. The scores 

for the principal components reveal the similarities or differences between samples, and the 

corresponding loadings show how strongly each characteristic influences the principal 

component, revealing the compositional differences among samples. The variance of each 

principal component reflects both intergroup dissimilarities and the dispersion of data points 

within each group.  

 

4.4.3 Sample preparation and graphene functionalisation for TOF-SIMS 

measurement 

The whole IgG antibody, its F(ab’)2 and Fc fragments contain the same amino acids and 

peptide sequences, only very few chemical species can represent the differences of these 

fragments. The F(ab’)2 and Fc fragments were used as the reference for the interpenetration 

of the orientation of IgG antibodies on the surface of graphene.  

In order to study the orientation of immobilized antibodies on the functionalized graphene 

surface, an IgG antibody with a known amino acid sequence, along with its corresponding 

F(ab’)2 and Fc fragments need to be used in combination with the TOF-SIMS analysis. 

First the graphene substrates were cut into 1 cm × 1 cm squares and functionalized with the 

TCPP or PBASE method. Then, the selected whole antibody IgG and its corresponding F(ab)2 

and Fc fragments were immobilized onto the surface of each separated functionalized 

graphene substrates and incubated overnight at 4 °C. The samples were then further rinsed 

with 1 × PBS and DI water to remove the excess unbind protein and salt. The prepared 

samples were immediately used for TOF-SIMS analysis or stored at 4°C for later use. 

 

4.4.4 TOF-SIMS and PCA Analysis 

TOF-SIMS is a highly sensitive mass spectroscopy technique for surface characterization. It 

provides the elemental and molecular surface chemical information through focusing a 
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primary ion beam onto the sample and analysing the secondary ions emitted from the surface.   

More detail of TOF-SIMS analysis is introduced in section 3.2.9. A typical spectrum data 

generated by TOF-SIMS contain hundreds of peaks, the peak intensity varied for different 

composition, structure and the orientation of different species on the surface. Manual 

comparison of the differences of the mass spectra between each sample is impossible. It is 

challenging to determine the correlation between peaks and their relation to the chemical 

composition difference on the surface. A large dataset is generated from the TOF-SIMS 

technique and needs proper analysis. Therefore, PCA is useful in processing the complex 

datasets generated from TOF-SIMS. 

To reveal differences in antibody orientation on the functionalized graphene surfaces, 

multivariate PCA analysis was employed for the analysis of the TOF-SIMS data (Figure 4-12). 

TOF-SIMS analysis was used to characterize proteins adsorbed on graphene substrates (Figure 

4-12). However, due to the complexities of TOF-SIMS data, the multivariate statistical analysis 

technique of principal component analysis (PCA)[262] was used to reduce the dimensionality 

of TOF-SIMS data while retaining the essential information. PCA analysis can provide 

increased sensitivity for TOF-SIMS data in distinguishing between highly similar surface 

compositional changes in proteins. 

For the TOF-SIMS analysis aimed at investigating antibody orientation on the graphene 

surfaces, we selected an IgG antibody (polyclonal goat anti-rabbit IgG) with a known amino 

acid sequence, along with its corresponding F(ab’)2 [263] and Fc [264] fragments.  A set of 36 

positive ion fragments with known mass spectra for amino acids[254], [265] was examined to 

interpret the subtle differences in the outermost surface composition of antibody adsorbed 

on the two functionalized graphene surfaces (Table 4-2).  

Table 4-2 Characteristic positive ion amino acid fragments and their molar masses used for 
the TOF-SIMS analysis. 

Ion fragment Molar mass Source of amino acid 

C_2H_6N+ 44.05 Ala / lys 

C_3H_6NO+ 72.05 Ala / Thr 
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CH_2N+ 28.02 Arg 

CH_3N_2+ 43.03 Arg 

C_4H_8N+ 70.07 Arg / Pro / Val 

C_2H_7N_3+ 73.06 Arg 

CH_2NO+ 44.01 Asn 

C_3H_4NO+ 70.03 Asn 

C_3H_7N_2O+ 97.06 Asn 

C_3H_6NO_2+ 98.02 Asp 

CHS+ 45 Cys 

C_4H_6NO+ 84.05 Gln / Glu 

C_4H_8NO_2+ 102.06 Glu / Thr 

CH_4N+ 30.03 Gly 

C_4H_5N_2+ 81.05 His 

C_5H_8N_3+ 110.07 His 

C_5H_10N+ 84.08 Ile / Leu / Lys 

C_5H_12N+ 86.1 Ile / Leu 

C_5H_13N+ 87.11 Ile / Leu 

C_2H_7N+ 45.06 Lys 

C_3H_6N+ 56.05 Lys 

C_2H_5S 61.01 Met 

C_5H_9SO+ 117.04 Met 

C_8H_10N+ 120.08 Phe 

C_9H_7O+ 131.05 Phe 

C_4H_6N+ 68.05 Pro 
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C_5H_6N+ 80.05 Pro 

C_2H_6NO+ 60.05 Ser 

C_3H_3O_2+ 71.01 Ser 

C_3H_8NO+ 74.06 Thr 

C_9H_8N+ 130.07 Trp 

C_11H_8NO+ 170.06 Trp 

C_7H_7O+ 107.05 Tyr 

C_5H_7O+ 83.05 Val 

C_4H_10N+ 72.08 Val 

C_4H_4NO_2+ 98.02 Asn 

CH_5N_3 59.05 Arg 

C_10H_11N 159.09 Trp 

C_9H_7O_2+ 147.04 Tyr 

C_8H_10NO 136.07 Tyr 

 

Examples of positive ion TOF-SIMS spectra of the adsorbed IgG, F(ab)2, and Fc on PBASE-

functionalized and TCPP- TCPP-functionalized graphene are shown in Figure 4-12. For the 

analysis of TOF-SIMS data with PCA, the samples are the different TOF-SIMS mass spectra 

obtained from different samples, the variables are the measured intensities of each individual 

mass channels or the integrated peak areas of selected masses (m/z).  
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Figure 4-12 Example positive ion TOF-SIMS spectra of adsorbed IgG, F(ab)2, and Fc on PBASE- 
functionalized and TCPP- functionalized graphene.  

 

Principal component analysis (PCA) was carried out for a multivariate analysis (MVA). For the 

PCA analysis, only mass spectral peaks with a maximum intensity greater than 102 were 

selected to construct the matrix. Prior to PCA, the intensities of all selected TOF-SIMS peaks 

were normalized to their total intensities and then mean-centred. PCA was performed using 
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sklearn (Python library).[266] The PCA model was constructed using data from the reference 

sample of adsorbed F(ab’)2 fragments. The data from adsorbed Fc fragments and IgG on 

different functionalized substrates were projected onto the constructed PCA model to obtain 

their scores. 

 

4.4.5 Discussion 

The PCA results revealed that the first principal component, PC1, captures 55.06% of the total 

variance in the data set, while PC2 captures 40.73% of the variance which is not correlated 

with that described by PC1, and PC3 (2.45%) and PC4 (0.01%) appear not to be informative. 

The score plot of PC1 against PC2 for the PCA model developed for the functionalized 

graphene substrates is shown in Figure 4-13. It can be seen that PC1 shows good separation 

between the presence and the absence of the protein on the graphene surface. The PC2 score 

plot can clearly distinguish between the difference in amino acids located at various groups 

of proteins immobilized on the graphene surface. Substrates immobilized with F(ab’)2 

fragments loaded negatively to PC2, whereas substrates immobilized with Fc fragments 

loaded positively.  
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Figure 4-13 Principal component analysis of F(ab’)2 and Fc antibody fragments immobilized on 
functionalized graphene surfaces. Score plot of PC 1 vs. PC 2 for the developed PCA model for 
PBASE- and TCPP-functionalized graphene surfaces. A TOF-SIMS peak list of 36 amino acid 
mass fragments was utilized. The ellipses drawn around each of the groups represent the 95% 
confidence limit for that group on PC1 and PC2. 

 

The loading plot for PC2 reveals compositional differences in amino acid of the outermost 

layer of the immobilized F(ab’)2 and Fc fragments, as shown in Figure 4-14.  

 

Figure 4-14 Loading plot for PC2 in the developed PCA model for the recorded TOF-SIMS. 
(Figure 4-13) Ion fragments of amino acids abundant in the Fc domain load in the positive 
direction, while fragments of amino acids with higher content in the F(ab’)2 domain load in 
the negative direction. The loadings are ordered in increasing mass-to-charge ratio. 

 

The analysis of loadings on PC2 from the PCA model provide insight into the contributions of 

amino acid of the protein composition to the separation of F(ab’)2 and Fc fragments. The 

molecular structures of the F(ab’)2 and Fc fragments of IgG are available from the protein data 

bank. Therefore, their corresponding amino acid compositions were extracted and used for 

the calculation of the ratio of F(ab’)2 to Fc fragments in the IgG (Table 4-3). This Fc/F(ab’)2 

ratio indicates the prevalence of one amino acid in F(ab’)2 or Fc. A ratio of less than 1 indicated 
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more prevalence of F(ab’)2 over Fc, which should also be indicated by the negative loadings 

on PC2. Based on the distinctly negative loadings on PC2, amino acids such as glycine (Gly), 

valine (Val), Serine (Ser), and alanine (Ala) can be identified as more prevalent for the F(ab’)2 

fragment of IgG. This is in good agreement with the results from the TOF-SIMS analysis and 

the amino acid composition of IgG from the protein data bank. Amino acids such as arginine 

(Arg), histidine (His) and proline (Pro) are characteristic for the Fc fragment of IgG. The relative 

concentrations of these amino acids correlate well with the results obtained from TOF-SIMS 

(Table 4-4). This indicates the high reliability and accuracy of the results of the PCA analysis 

of the TOF-SIMS data, which can well effectively separate and characterize the graphene 

surfaces immobilized with F(ab’)2 and Fc based on their slightly different amino acid 

compositions.  

 

Table 4-3 Amino acid composition of F(ab’)2 and Fc fragments from IgG and their 
corresponding F(ab’)2/Fc ratios 
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Table 4-4 Comparison of the prevalence of amino acids in the TOF-SIMS analysis with their 
composition ratios Fc/F(abʹ)2 extracted from the protein structure. 

 

 

Figure 4-13 display the plot of scores for principal component 1 (PC1) against principal 

component 2 (PC2) derived from the PCA model for the functionalized graphene substrates. 

It can be seen that the plot of PC1 showed a good separation between the presence and 

absence of protein on substrates, while the PC2 plot can clearly distinguish between the 

various proteins groups immobilized on the graphene surfaces. Specifically, substrates with 

immobilized F(ab’)2 fragments exhibited negative loading in PC2, while those with 

immobilized Fc fragments showed positive loading (Figure 4-13). 
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Figure 4-15 Principal component analysis of the antibody fragments (F(ab’)2 and Fc) and IgG 
immobilized on functionalized graphene surfaces, showing PC 1 vs. PC 2 score plot for the 
developed PCA model for: (A) PBASE functionalized graphene surfaces; and (B) TCPP 
functionalized graphene surfaces. A TOF-SIMS peak list of 36 amino acid mass fragments was 
utilized. The ellipses drawn around each of the groups represent the 95% confidence limit for 
that group on PC1 and PC2. 

 

The PCA analysis of TOF-SIMS data can clearly separate and characterize the graphene 

surfaces immobilized with F(ab’)2 and Fc based on their slightly different amino acid 

compositions. The relative concentrations of the characteristic amino acid composition, 

sourced from the protein data bank, correlates well with the findings from the TOF-SIMS 

analysis (Figure 4-13 and Figure 4-14 and Table 4-4). This consistency underscores the 

reliability and precision of the results extracted from the PCA analysis of the TOF-SIMS data.  

Further analysis of the PC2 scores offers perspective on how the orientation of surface-

immobilized IgG differs between the graphene functionalization linker molecules, TCPP and 

PBASE. In particular, the orientations of the IgG adsorbed on graphene leads to differences in 

the exposure of the F(ab’)2 and Fc fragments on the surface. From Figure 3B, it can be 

concluded that the outer regions of IgG adsorbed on PBASE-functionalized graphene surfaces 

correspond to both Fc and F(ab’)2 fragments, indicating mixed head-on, end-on and side-on 

orientations of the IgG antibodies. In contrast, the outer regions of IgG adsorbed on TCPP-

functionalized graphene are dominated by the F(ab’)2 fragments of the molecule (Figure 4-15), 

indicating a dominant end-on vertical orientation. This observation aligns well with the 

conclusions drawn from the electrical sensing measurements for the developed GFET sensors 

and the microscopy characterization results. More accessible binding sites on the antibody 

molecule are expected when the antibody is adsorbed onto TCPP-functionalized graphene, 

since an end-on orientation of antibodies on graphene (F(ab’)2 up) is predicted. Therefore, a 

higher target analyte capture rate and binding efficiency is expected. Hence the TCPP- 

functionalized GFET sensors are predicted to exhibit increased device sensitivity. 
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4.5 DFT simulation 

In an attempt to explain the experimental results and the effect of the linker molecular 

structure on antibody orientation, DFT simulations was performed so as to determine the 

configuration of PBASE and TCPP on graphene for the prediction of their corresponding 

conjugated antibody orientations.  

The structure of the PBASE molecules was first optimized in vacuum prior to their adsorption 

onto graphene. The most stable configuration of PBASE molecules, denoted as PBASE0 and 

shown in Figure 4-16, has a flat alkyl chain. This configuration is the most energetically 

favourable configuration, as corroborated by previously published literature.[267]  

 

Figure 4-16 Configuration of PBASE0, with atoms coloured as follows: grey = C; white = H; red 
= O; blue = N. 

 

PBASE0 is used as the initial configuration of the PBASE molecule to construct a set of PBASE 

configurations by introducing different rotations of the alkyl chain. This rotation was achieved 

by manipulating various CH2-CH2 bonds or the C-O-N bond in the succinimidyl ester backbone 

of PBASE (Figure 4-17). All the configurations were optimized with different rotation angles 

to gauge their relative stability and the energy profiles calculated for specific PBASE 

configurations at each rotation are presented in Figure 4-17 and Figure 4-18. These mixed 

configurations demonstrate the high flexibility of the alkyl chain in the PBASE molecule, 

suggesting that the succinimidyl ester backbone can adapt in multiple orientation, leading to 

diverse antibody orientations on graphene biosensors.  
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Subsequently, the configurations of PBASE molecules on the surface of graphene were 

identified and calculated the corresponding adsorption energy, Eads, using the formula: 

Eads=EPBASE/graphene-Egraphene-EPBASE 

where EPBASE/graphene is the total energy of PBASE adsorbed on the graphene, Egraphene is the 

energy of the graphene, and EPBASE is the energy of PBASE. All results were converged in the 

same size box.  
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Figure 4-17 Configurations of PBASE with different rotations of its alkyl chain. The 
corresponding energy of each specific configuration of PBASE is shown in bracket. Atoms are 
coloured as follows: grey = C; white = H; red = O; blue = N. 
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Figure 4-18 DFT simulation of optimized PBASE structures on the graphene substrate for 
configurations with different angles of rotation. The PBASE0 configuration is used as the initial 
configuration before the rotation of the bonds. The relative energy of the PBASE molecule is a 
function of its configuration with different degrees of the angle of rotation. Black lines 
correspond to the configuration energy of the PBASE molecule as a function of the rotation 
angle, and red lines correspond to the adsorption energy of the PBASE configuration with 
respect to binding on the graphene surface. 

 

Using the configurations of PBASE molecules with different rotations as representative 

models of PBASE molecules adsorbed on the graphene surface (Figure 4-18 and Figure 4-19), 

the selected geometry combinations were optimized using the first principal based DFT 

theory.  
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Figure 4-19 DFT simulation of optimized PBASE structures on the graphene substrate for 
configurations with different angles of rotation. The PBASE0 configuration is used as the initial 
configuration before rotation of the bonds, marked as the 0 angle. The relative energy of the 
PBASE molecule is a function of its configuration with different rotation angles. Black lines 
refer to the configuration energy of the PBASE molecule as a function of the rotation angle, 
red lines correspond to the adsorption energy of the PBASE configurations with respect to 
binding on the graphene surface. (A) Rotation 1 around C-O-N (PBASE 0, PBASE-A1-3 in Figure 
S6); (B) Rotation 2 around C-O-N (PBASE 0, PBASE-B1-3 in Figure S6). The rotation of the PBASE 
end group is demonstrated at the bottom of each plot. Atoms are coloured as follows: grey = 
C; white = H; red = O; blue = N. 

 

As summarized in Table 4-5, the adsorption energies for all tested PBASE configurations are 

negative, signifying exothermic adsorption behaviour. A larger negative Eads value implies a 

more stable configuration.  

Table 4-5 Adsorption energy of each PBASE configuration adsorbed on the graphene surface. 

Adsorbed structure on 
graphene 

Adsorption energy (eV) 

PBASE0 –2.23 

PBASE – A1 –1.32 

PBASE – A2 –1.31 

PBASE – A3 –1.30 
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PBASE – B1 –1.35 

PBASE – B2 –1.34 

PBASE – B3 –1.40 

PBASE1 –2.02 

PBASE 2 –2.51 

PBASE 3 –1.72 

PBASE4 –2.08 

 

Among them, the PBASE2 configuration on graphene has the lowest adsorption energy, 

indicating its greater stability compared to other PBASE configurations. These findings 

indicate that, while the pyrene fragment of PBASE is adsorbed on graphene, the flat PBASE2 

configuration of the succinimidyl ester backbone of PBASE (Figure 4-20), is more prevalent 

and will remain flat after the adsorption. Consequently, the orientation of the antibody on 

graphene is predicted to be flat. The results obtained from DFT, concerning the PBASE 

molecule configuration on graphene, resonate with the findings from the PCA analysis of TOF-

SIMS data and the electrical measurements.  

 



 

 

 

165 

Figure 4-20 DFT simulation of configurations of PBASE. Optimized structure of PBASE2 and its 
configuration upon adsorption onto graphene (grey: C; white: H; red: O; blue: N). 

 

Additionally, the DFT calculations for the charge density map when PBASE is adsorbed onto 

the graphene surface (Figure 4-21) indicate a partial charge transfer between the PBASE 

molecules and the graphene substrate. 

 

Figure 4-21 DFT calculation of charge density difference map when PBASE2 is adsorbed onto 
graphene in different views. In the charge density of isosurfaces, yellow indicates regions 
gaining charge and blue indicates regions losing charge. Cyan and yellow indicate charge 
accumulation and depletion respectively. 

 

The absorbed PBASE molecules appear to donate holes to graphene, resulting in p-doping, 

which is in agreement with the electrical measurement results (Figure 4-22).  
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Figure 4-22 Characteristic I–V curves of GFET showing changes in the Dirac point after surface 
functionalization with PBASE. 

 

Compared to PBASE, the TCPP molecule features four phenol rings that are attached to the 

carbon atoms of the central porphyrin ring. The structure of the TCPP molecule was fully 

relaxed using the DFT method as illustrated in Figure 4-23 and Figure 4-24.  
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Figure 4-23 Optimized geometry of TCPP molecule. Atoms are coloured as follows: grey = C; 
white = H; red: O; blue = N. 

 

Figure 4-24 Optimized structure of TCPP, and its configuration upon adsorption onto graphene 
(grey: C; white: H; red: O; blue: N).   
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The DFT simulations show that these phenol rings are not located in the same plane as the 

central porphyrin ring. When the porphyrin molecule is adsorbed onto graphene, the 

aromatic porphyrin rings remain flat on the graphene surface.[268], [269], [270], [271], [272] 

The peripheral rings arranged around the central porphyrin ring appear at a rotated angle 

which is bent up and tilted away from the porphyrin plane due to steric hinderance.[268], 

[269] The peripheral rings are thus twisted for maximizing the contact between the aromatic 

porphyrin rings and graphene. (Figure 4-23 and Figure 4-24) These findings indicate that the 

carboxylic groups of the TCPP molecule are bent up and tilted away from the graphene 

surface that enable the amine groups on antibody to bind after activation. As a result, upon 

conjugation with antibodies, the antibody orientation on graphene is predicted to be upright. 

The conclusion drawn from the DFT study, corroborated by literature[268], [269], [273] 

confirm the findings from the PCA analysis of TOF-SIMS data and the electrical measurements. 

 

4.6 Summary 

A biofunctionalization technique for graphene using the TCPP linker is developed, which 

enables the appropriate orientation of antibodies on the graphene surface. To elucidate the 

heightened GFET sensitivity, TOF-SIMS was used to investigate the antibody orientation on 

graphene surfaces functionalized with both TCPP and with PBASE. For this study, an IgG 

antibody with a known amino acid sequence is selected. The TOF-SIMS analysis revealed that 

the IgG adsorbed on TCPP-functionalized graphene has predominantly an end-on vertical 

orientation. In contrast, IgG antibodies adsorbed on PBASE-functionalized graphene exhibited 

a mix of head-on, end-on and side-on orientations. DFT simulations indicated that the 

succinimidyl ester backbone can adapt various directions, resulting in diverse antibody 

orientations on graphene biosensors, due to the pronounced flexibility of the alkyl chain in 

the PBASE molecule. The simulation further suggested that the flat configuration of the 

succinimidyl ester backbone in PBASE is more energetically favorable, predicting a flat 

orientation of antibody on graphene. 

With the newly developed TCPP method, it is demonstrated that this approach can refine the 

orientation of conjugated antibodies on graphene surfaces, thereby it may markedly boosting 



 

 

 

169 

the performance of GFET biosensors. Therefore, the next chapter will investigate the 

influence of linker molecule of the performance of GFETs biosensors.  
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5 Role of linker molecules in performance of graphene 

biosensors 

5.1 Key Novelty and Achievements 

After the proof of concept of the developed TCPP method in enhancing the antibody 

orientation on the graphene surface. This Chapter aims to evaluate the performance of 

graphene field-effect-transistor based biosensors for cancer exosomes detection in buffer 

and real clinical samples.  

The new functionalization technique is applied on GFET biosensors to detect pancreatic 

cancer exosomes in patient-derived plasma samples, highlighting its potential to redefine 

early disease diagnosis. By adopting the TCPP-functionalization method, a two orders of 

magnitude improvement in the Limit of Detection (LoD) of GFET biosensors for exosome 

biomarkers, compared to the commonly PBASE-functionalized GFETs is achieved. Additionally, 

the TCPP-functionalized graphene surface displayed a threefold surge in exosome density. 

In this chapter, in order to facilitate the biosensing with liquid samples, a house designed and 

fabricated microfluidic reservoir was implemented. Details related to the design and 

fabrication steps are introduced in Chapter 3.6.4. To avoid the need of bulky reference 

electrodes and to develop an on-chip integrated GFET platform for the point-of-care testing, 

an on-chip integrated Au electrode is designed and tested. In order to ensure the device 

uniformity and minimize the false-positive signals, a differential measurement with separated 

control and sensing channel is designed and implemented.  

The work presented in this Chapter is part of the Journal publication: Tianyi et al. Control of 

antibody orientation on graphene using porphyrin linker molecules for high-performance 

graphene-based immuno-biosensors,” Submitted. 

The portable electronic device was designed by Dr. Bruno Gil Rosa. Clinical samples were 

tested using foundry fabricated chips from Graphenea. 
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5.2 Overview 

After the proof-of-concept for the investigation of antibody orientation on the surface of 

graphene, which is described in the previous chapter. In this work, the hypothesis of 

improving the performance of GFET biosensors functionalized with tetrakis (4-carboxyphenyl) 

porphyrin (TCPP) rather than the widely used PBASE molecule was studied. This technique 

was further applied to detect pancreatic cancer exosomes in patient-derived plasma samples, 

highlighting its potential to redefine early disease diagnosis. The performance of graphene 

field-effect-transistor based biosensors for cancer exosomes detection in buffer and real 

clinical samples were evaluated for both PBASE- and TCPP- functionalized GFET biosensor.  

 

 

Figure 5-1 Schematic illustration of the PBASE-functionalized GFET and TCPP-functionalized 
GFET sensors. Schematic illustrations of the exosomes captured on PBASE-functionalized GFET 
and TCPP-functionalized graphene. The functionalization with TCPP enhances capture of the 
exosome and leading to higher device sensing signal.  

 

5.3 Exosome and their role in cancer detection 

Early-stage cancer screening based on blood tests could allow for large number of populations 

to be screened for early detection, improve the treatment outcome, and potentially reduce 

the mortality rate. However, they often suffer from highly inaccurate predictions when the 

cancer is in the early stage due to the small amount of cancer biomarkers in the blood, leading 

to unnecessary tissue biopsies and CT/MRI screening. Moreover, using such methods to 
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screen the general population for cancer is not practical and not cost-effective due to its low 

incidence.  

 

Recently, the application of liquid biopsy involving biomarkers including circulating tumor 

cells (CTCs), circulating tumor DNA (ctDNA), microRNAs (miRNAs), and exosomes in blood, 

urine, and saliva for the cancer diagnosis are drawing more and more attention. These novel 

biomarkers presented in body fluids have emerged as promising approaches for early cancer 

diagnostics. Among all these biomarkers, exosomes are small extracellular vesicles (50-150 

nm) or “bubbles” and are released in high quantities by healthy and tumour cells, enabling 

cell-to-cell communication and cargo transfer. There is increasing evidence that exosomes 

released from cancer cells contain disease-specific information that can be used as 

biomarkers for diagnosis at an early stage or even predict its occurrence years before its 

outbreak. Furthermore, exosomes are abundant in a patient’s blood sample and there is 

potentially more than one specific exosome biomarker for each type of cancer. Therefore, the 

detection of multiple cancer-derived exosomes will potentially allow more accurate cancer 

detection and at a much earlier stage.   

 

Figure 5-2 Schematic diagram of the structure of an exosome, which is a cell-to-cell transit 
system with pleiotropic functions, it is consisted of phospholipid bilayer, multiple 
transmembrane proteins and other contents. [274]  
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Exosomes carry different biomolecules as cargo, including proteins, lipids, DNA and RNA. 

Exosomes act as intercellular communicators, with their biomolecular cargo inducing changes 

in recipient cells.[275] The composition of exosomes is complexed and is highly dependent 

on the status of its cell type of origin. Generally, exosomes are enriched in plasma membrane 

lipids, such as cholesterol, phosphatidylserine, sphingomyelin (SM), saturated fatty acids, and 

hexosylceramides. Exosomes also contain high level of proteins with different functions. 

These proteins include tetraspanins (typically CD9, CD63, CD81 and CD82), which are involved 

in exosome formation, cell penetration, invasion, and fusion events; heat shock proteins 

(HSP70, HSP90), which take part in the cellular response and stress response during antigen 

binding and presentation; multivesicular body formation proteins (Alix, TSG101) that are 

involved in the exosome release and formation. Although the composition of exosomes are 

complexed and heterogeneous, these structural proteins are the characteristic biomarkers 

for exosomes. (e.g. CD9, CD63, CD81 and TSG101, Alix) Epithelial cell adhesion molecules 

(EpCAM), and members of the human epidermal growth factor receptor (HER) family are also 

enriched on exosomes and considered as markers of exosomes. [276], [277], [278]MicroRNA 

(miRNA) carried within the exosome play a key role in intercellular communicators, as they 

are a class of short single-stranded non-coding RNA which functions as part of the RNA 

induced silencing complex to regulate gene expression. MicroRNA (miRNA) carried within the 

exosome may play a key role in this, as they are a class of short single-stranded non-coding 

RNA which functions as part of the RNA induced silencing complex to regulate gene 

expression. Some of these biomolecular cargos are universally packaged into one type of 

exosome, while others are selectively sorted into exosomes[279]. This makes them 

potentially useful as biomarkers, giving an insight into the functional state of their originating 

cell. Exosomes may play a role in many different cancers, where different miRNAs can act as 

tumour suppressors or tumour promoters when transferred to recipient cells. Exosomes can 

also modulate changes in the tumour microenvironment to promote tumour growth, 

metastasis and evasion from the immune system.[280] They may therefore present potential 

cancer-specific therapeutic targets, and can also be engineered to act as chemotherapy drug 

carriers. [281] Exosomes are released into the extracellular milieu, therefore available in 

biofluids such as blood, urine and saliva.  Many aspects of exosomes have been researched 

as potential biomarkers for PC, including exosome concentration, [282] cell surface proteins 
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including Glypican-1 (GPC-1) [283], and miRNAs [284]. However, there is still more research 

needed into biofluid exosomes before they are ready to enter clinical use. 

 

5.4 Optimisation of GFETs for the detection of exosomes  

5.4.1 GFET sensor array 

The GFET sensor array is fabricated first using the transferred graphene on SiO2/Si substrate. 

Detailed transfer process and device fabrication process are described in Chapter 3.1 and 

Chapter 3.3. To investigate the quality of graphene on the fabricated GFETs before performing 

electrical measurements, optical microscopy was performed first on the fabricated GFETs. 

Optical microscopy was first performed to examine the quality of graphene on the GFET after 

the device patterning and metallisation, as shown in Figure 5-3 A. Device passivation was 

performed with a 1.7 µm SU8 film on the metal contacts, which can reduce the parasitic 

effects and passivate the device during liquid measurements. Figure 5-3 B shows the quality 

of the graphene after the SU8 passivation.  The quality of the graphene before and after SU8 

passivation are both good without any defects shown. The fabricated GFET device shows a 

continuous monolayer of graphene with no cracks, impurities or wrinkles shown. The house 

fabricated GFET sensory array was found to have high reproducibility with high graphene and 

device quality.  

 

 

A) B)

Graphene SU8 Au/Ti metal
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Figure 5-3 Optical microscopy images of the GFET device A) before the passivation B) after the 
passivation. Images are taken at 20x magnification. 

 

5.4.2 On-chip gold gate electrode 

The fabricated GFETs sensor array was then used for electrical measurements with the buffer 

solution. Three different GFET configurations were tested and compared, with Ag/AgCl 

electrode, with Pt electrode, and with the on-chip Au electrode.  

Electrical measurements were first performed on the fabricated GFET with all three different 

electrodes, Ag/AgCl electrode, Pt electrode, and the on-chip integrated Au electrode, in PBS 

buffer solution. The characteristic I-V curves of the tested GFETs are shown in Figure 5-4. It is 

shown that all the fabricated GFET sensor showed a response upon the introduction of PBS 

buffer solution. There are 30 devices on each in-house fabricated GFET chip, all of the house 

fabricated GFET sensors tested showed consistent responses with high reproducibility. It is 

shown that the Dirac points for the GFET biosensor with Pt electrode, Ag/AgCl electrode, and 

on-chip integrated Au electrode are different. This change is due to the difference in work 

function between Pt and Au with the buffer solution and graphene.  
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Figure 5-4 Validation of the performance of fabricated GFET biosensor with solution gate. 
Representative IDS-VGS curve of the GFET biosensor with A) Pt wire gate electrode, the tested 
GFET devices are with a graphene channel area of 20 µm × 10 µm, B) Ag/AgCl gate electrode, 
and C) on-chip integrated Au electrode. The response recorded with the Ag/AgCl gate 
electrode (B) and on-chip integrated Au electrode (C) are tested using the same GFET device 
with a graphene channel area of 100 μm × 100 μm. The drain voltage Vd for the electrical 
measurements are labelled in the plot. All measurements are performed using 0.001 x PBS.  

 

For the fabricated GFET sensor with Pt wire as the gate electrode, it is found that different 

fabricated showed same good response with a consistent characteristic I-V curve shown. 

(Figure 5-5)  

A) B)

C)

Vd = 0.1 V Vd = 0.1 V

Vd = 0.1 V
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Figure 5-5 Representative IDS-VGS curve of the GFET biosensor with the Pt wire gate electrode 
at 3 different devices.  The drain voltage Vd for the electrical measurements are set as 0.1 V. 
All measurements are performed using 0.001 x PBS. The fabricated GFET devices are with a 
graphene channel area of 20 µm × 10 µm.  

 

In comparison to the conventional GFET single sensor which needs a bulky external gate 

electrode (such as Ag/AgCl), an on-chip GFET sensor is advantageous not only because of the 

use of an integrated on-chip gate/reference electrode in the centre area which avoids 

external bulk electrodes and a complicated set-up.  

To further quantify stability of on-chip integrated Au electrode, electrical measurements were 

performed. The stability of the devices in PBS were tested by recording the changes in transfer 

curves after repeating the measurements several times. It is observed that devices showed 

some drift, which can range from a few mV for some chips up to 200 mV in others. However, 

the drift usually vanishes after the first five measurements and the transfer curve becomes 

stable (Figure 5-6). The origin of this drift behaviour could originate from the charge 

imbalance attributed to gold dissolution, as has been reported for aqueous solutions.[285] 

Dissolution has been linked to defects present on the gold surface; namely, in the different 

ionic states of Au, O/OH adsorption and Au–O/OH place exchange. This process could take a 

few cycles to saturate in the case of an unpolished/uncycled sample due to the saturation of 

the surface towards a reversible regime. [285]  Therefore, during the measurements of 

sensing each measurement was repeated five times before recording the transfer curve. The 
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measurement stability in PBS is further determined by recording the change in transfer curves 

over time. The I–V curve shows a stable Dirac voltage from 15 to 120 min (Figure 5-7), 

indicating good stability of the GFET device in buffer solution. 

 

Figure 5-6 Series of repeated transfer curve measurements of GFETs with on-chip integrated 
Au electrode in PBS. The data shows that the transfer curve become stable after the 5 th 
measurements. The measurements were performed on more than 500 chips and the results 
were found consistent in more than 500 chips.  
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Figure 5-7 Monitoring of I–V curves over time on the same device. Vsd = 20 mV, indicating good 
stability of the data produced by each device over time. 

 

5.4.3 Differential measurement 

Incorporating internal controls within one detection chip is necessary in order to distinguish 

between target and interfering molecules or background noise, which enables chip 

calibration. In this design, the six GFETs in each functional area usually operate as 

independent internal controls during the same chip measurements and enable the statistical 

analysis and monitoring of device-to-device variation, facilitating an error-reducing detection 

process. 

To illustrate the role of internal control in improving the accuracy of the detection, 10 ng/μL 

exosomes was spiked in the buffer and tested the GFETs devices response from multiple chips. 

As shown in Figure 5-8, the introduction of exosomes results in large and inconsistent shifts 

in both control and sensing channels. However, the difference between the GFET response 

from control and sensing channels remains the same.  
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Figure 5-8 GFET device shift of the control and sensing channels on three GFET chips tested for 
the same concentration of exosomes in buffer, illustrating the importance of control channel. 
The GFET device detection signal is calculated based on the difference between the GFET 
response from control and sensing channels. Error bars are determined by the standard 
deviation of multiple device measurements, 5 ≤ 	n ≤ 6 for each reading. 

 

Furthermore, the GFETs devices response of different chips with various spiked model 

exosome concentrations from 10-2 μg/μL to 1 μg/μL in plasma were measured. MCF-7 

exosomes were selected as the model exosomes to demonstrate the analytical performance 

of the developed GFET sensors, since GPC-1 protein biomarker is also enriched on the surface 

of MCF-7 exosomes.[286], [287], [288], [289], [290] To confirm the expression of GPC-1 on 

the surface of MCF-7 exosome, AFM was performed with MCF-7 exosome and GPC-1 antibody. 

The AFM image is shown in Figure 5-9.  

 

 

Figure 5-9 Atomic force microscopy images of GPC-1 antibody functionalized graphene surface 
incubated with MCF-7 exosomes (model exosomes) in buffer, suggesting the expression of 
GPC-1 on the surface of MCF-7 exosomes. AFM scale bars = 1 μm. 

 

The calibration curve shows strong correlation (y = 9.92 log(x) + 44.67, R2 = 0.9990 and SD = 

0.1700) between concentration and GFETs response when internal control is used while 

weaker correlation with higher standard deviation (y = 17.21 log(x) + 65.27, R2 = 0.9311 and 

SD = 1.3148) is observed without the use of control measurements. (Figure 5-10) Graphene 
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surface is directly interacted with the buffer solution and ions can diffuse and accumulate at 

graphene surface in addition to multiple interactions at the graphene/buffer interface can 

result in the drift in the Dirac voltage. As both sensing and control channel undergo the same 

conditions, therefore the signal difference between sensing and control channels can 

significantly reduce the error resulted from the drift and increase the reliability of the 

detection.  

 

Figure 5-10 Calibration curve of the GFET biosensor for detection of various concentrations of 
spiked model exosomes in plasma. Error bars are determined by the standard deviation of 
multiple device measurements, 4 ≤ n ≤ 24 for each reading. Differential response represents 
the device signal, which is the difference between sensing channel and control channel. 

 

5.5 Comparative performance of GFETs with PBASE and TCPP in buffer  

5.5.1 Electrical performance 

To compare the performance of antibodies conjugated on PBASE- and TCPP-functionalized 

graphene, the developed functionalized graphene surfaces were fabricated and integrated 



 

 

 

182 

into graphene field effect transistors (GFETs). Tests of the biorecognition of exosomes tested 

with the immobilized antibodies on graphene were performed with the developed GFET 

biosensors. The functionalized graphene devices with TCPP or PBASE were immobilized with 

anti-CD63 antibodies and then blocked with bovine serum albumin (BSA) to prevent non-

specific binding. Separate control and sensing channels on GFETs were implemented, allowing 

for testing with the same sample. This was done to compensate for potential device drift and 

to further reduce the chances of false positive signals from non-specific binding.[20], [230] 

Measurements of transfer characteristics on the developed GFET sensors were performed to 

detect exosomes that were spiked into a PBS buffer. The measurements of transfer 

characteristics for modified GFET sensors indicated that both PBASE and TCPP can well 

preserve the electronic property of graphene. (Figure 5-11) 

 

Figure 5-11 Characteristic I–V curves of GFET showing changes in the Dirac point after surface 
functionalization with PBASE and TCPP. 

 

The I-V curves characteristic of the functionalized GFET biosensors were recorded after 10 

min incubation for each concentration with varying concentration of exosomes in PBS buffer, 

ranging from 104 to 108 particles/μL. Figure 5-12 and Figure 5-13 show a significant leftward 

shift of the Dirac point with increased exosome concentration for TCPP-functionalized GFET 

sensors.  
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Figure 5-12 Validation of TCPP-functionalized GFET biosensor for detection of exosomes with 
protocol using control and sensing channels. Detection of cancer exosomes in buffer using the 
GFET biosensor. Representative IDS-VGS curve of control channel and sensing channel on the 
GFET biosensor after exosome binding. A significant curve shift is seen in the sensing channel 
in comparison to the control channel, suggesting that the shift arises from exosome binding 
on the sensing channel. 

 

 

Figure 5-13 Representative differential IDS-VGS curve of the TCPP functionalized GFET 
biosensors in PBS buffer with various concentrations of spiked exosomes. 
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In comparison, PBASE-functionalized sensors displayed a minor rightwards shift of the Dirac 

point upon exosome binding (Figure 5-14 and Figure 5-15).  

 

Figure 5-14 Validation of PBASE-functionalized GFET biosensor for detection of exosomes with 
protocol using control and sensing channels. Detection of cancer exosomes in buffer using the 
GFET biosensor. Representative IDS-VGS curve of control channel and sensing channel on the 
GFET biosensor after exosome binding. A significant curve shift is seen in the sensing channel 
in comparison to the control channel, suggesting that the shift arises from exosome binding 
on the sensing channel. 

 

Figure 5-15 Representative differential IDS-VGS curve of the PBASE functionalized GFET 
biosensors in PBS buffer with various concentrations of spiked exosomes. 
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In both cases, the Dirac point shifted more with higher exosomes concentration. Figure 5-16 

compares of the calibration curves of both TCPP- and PBASE-functionalized GFET biosensors 

when detecting exosome in PBS buffer. A logarithmic relation was observed between the 

device shift and spiked exosome concentration for both TCPP- (y = -10.61 log(x) + 4.06, R2 = 

0.9824, and SD = 0.7053) and PBASE-functionalized GFET sensors (y = -9.45 log(x) + 2.52, R2 = 

0.9943, sand SD = 0.5113). When evaluating the sensing performance, PBASE-functionalized 

GFET sensors showed a negligible device response for exosomes detection below 105 

particles/μL. Conversely, TCPP-functionalized GFET sensors demonstrated a significant device 

response even at the lower exosome concentration of 104 particles/μL. Interesting, this 

response was comparable to that of PBASE-functionalized sensors at a concentration of 106 

particles/μL. Furthermore, the limit of detection (LoD) for the TCPP-functionalized sensors 

was two orders of magnitude higher than that of PBASE-functionalized GFET sensors. The LoD 

for PBASE-functionalized GFET sensors was calculated using the signal from the pure PBS 

buffer plus three times the standard deviation of this buffer. Notably, the device response of 

TCPP functionalized GFET sensors was over twice that of the PBASE sensors, indicating 

significantly enhanced sensitivity.  
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Figure 5-16 Calibration curves of the PBASE and TCPP functionalized biosensor for detection 
of different concentrations of spiked exosomes in PBS buffer. Error bars are determined by the 
standard deviation of multiple device measurements, 5 ≤ n ≤ 24 for each reading. The baseline 
that represents LoD is defined by (response)PBS + 3*standard deviation = 3.6 mV (n = 24). 

 

5.5.2 AFM results 

Subsequently, AFM was conducted to examine the binding of exosomes to surface-

immobilized antibodies on PBASE- and TCPP- functionalized graphene surfaces after a 15 

minute incubation with a buffer solution of 107 particles/μL concentration (Figure 5-17 and 

Figure 5-18). Over a total scanned area of 600 μm2 using AFM microscopy for each sample, 

the TCPP-functionalized graphene surface exhibited nearly three times higher exosome 

density (2.1 particles/μm2) compared to the PBASE-functionalized surface (0.7 particles/μm2). 

This observation aligned with the device response data for exosome detection in buffer.  

 

Figure 5-17 Atomic force microscopy (AFM) profile for characterization of exosome expression 
after 15 min incubation of 107 particels/μL exosomes on PBASE modified graphene with 
antibody biofunctionalization and TCPP modified graphene with antibody biofunctionalization. 
AFM scale bars = 1 μm. 

 

G + PBASE + Ab + Exo G + TCPP + Ab + Exo
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Figure 5-18 Exosome count on GFET sensors taken from an average of five spots on each of 
the functionalized graphene surfaces incubated with exosomes. (****P < 0.0001). Data mean 
± SD.  

 

Based on the analysis of detected particles on the AFM images, an average increase in height 

of about 17.8 ± 8.0 nm after exosome incubation is extracted. (Figure 5-19) The measured 

mean height is consistent with the previous reported height distributions of exosomes 

characterized by AFM.  
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Figure 5-19 Histograms of height of exosomes as measured by AFM of PBASE and TCPP 
functionalized graphene with immobilized antibody after exosome incubation. The data were 
obtained on average from the analysis of around five 5  ×  5 µm² AFM images. 

 

5.5.3 Confocal microscope results  

To further corroborate this finding, another independent method, confocal fluorescent 

microscopy, was employed to visualize the particles counts on both PBASE- and TCPP-

functionalized graphene surfaces (Figure 5-20). The results were found to be consistent with 

those from AFM imaging. Specifically, the TCPP-modified graphene surface had three times 

the number of exosomes (62.5 particles/sample) compared to the PBASE-modified surface 

(17.4 particles/per sample) as depicted in Figure 5-21.  

 

Figure 5-20 PBASE and TCPP Functionalized graphene surface with immobilized antibodies 
incubated with spiked fluorescent exosomes in PBS buffer. Exosome signal is shown in grey 
scale, and the insert shows the same field of view with the detected exosomes after bioimage 
analysis in green to make it clearer. Confocal scale bars = 5μm. 
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Figure 5-21 Fluorescence confocal microscopy images of exosome count on TCPP and PBASE 
functionalized graphene, taken from an average of five different spots on the TCPP modified 
graphene and five different spots on the PBASE modified graphene. (For details of the method 
used to count exosomes, see “Materials and Methods”). (****P < 0.0001).   

 

5.6 Comparative performance for the detection of GPC1 using GFETs with PBASE and 

TCPP with clinical samples 

To demonstrate the capability of the GFET biosensors in detecting disease biomarkers in real 

samples, clinical testing using the developed GFET reading platform was conducted. This 

involved analysing clinical blood plasma from two pancreatic cancer (PC) patients and two 

healthy controls. Glypican-1 (GPC-1) antibody was utilized as a biomarker detect cancerous 

exosomes with the GFET biosensors. Specific proteins are expressed at higher level on 

exosomes derived from pancreatic cancer cells compared to those from healthy ones. Such 

proteins can serve as biomarkers to diagnose and distinguish PC patients. Among these, GPC-

1 is one of the proteins that is enriched on cancer-cell-derived exosomes and is highly 

expressed in exosomes from patients with PC, suggesting its potential as biomarker for PC 

detection.[20], [283], [284], [291], [292]  
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5.6.1 AFM 

After the successful immobilization of GPC-1 antibodies, plasma samples were tested using 

both PBASE- and TCPP-functionalized GFET sensors. Firstly, nano-flow cytometry 

measurements were performed to quantify the concentrations of GPC-1+ exosomes in the 

plasma samples from the pancreatic cancer patients and the healthy controls. The GPC-1+ 

exosome concentration in the patient sample (1.18×1010 particles/mL) was significantly 

higher than in the healthy control sample (4.54×108 particles/mL). Then, microscopic imaging 

was performed to determine the exosome densities on surface-immobilized antibodies of 

both PBASE- and TCPP-functionalized graphene sensors. AFM was then executed on the GFET 

biosensors that was tested with clinical plasma samples. (Figure 5-22) 

Figure 5-23 summarizes the performance of the PBASE- and TCPP-functionalized graphene 

with surface-immobilized GPC-1 antibodies in capturing and differentiating pancreatic cancer 

from healthy exosomes in the blood plasma samples. The results indicate that both the 

PBASE- and TCPP-functionalized GFET biosensors have substantially greater PC exosome 

coverage in comparison to healthy exosomes. This confirms the ability of both PBASE- and 

TCPP-functionalized GFETs as sensors for the detecting of GPC-1+ exosomes in plasma 

samples. Analysing a total scanned areas of 100 μm2 for each sample, it was discerned that 

the average expression level of pancreatic cancerous exosomes was threefold higher on the 

TCPP-functionalized graphene surface compared to the PBASE-modified graphene surface. 
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Figure 5-22 Characterization of surface functionalization of the GFET biosensor. (A) AFM 
profile of exosome expression on PBASE- and TCPP-functionalized graphene substrates 
immobilized with GPC-1 antibodies after 15 min incubation with PDAC patient plasma. AFM 
scale bars = 1 μm. 

 

 

Figure 5-23 Numbers of particles captured by GPC-1 antibodies immobilized on 25 μm2 of 
PBASE- and TCPP-functionalized graphene surface incubation with healthy and PDAC patient 
plasma for 20 min (**P < 0.01, ***P < 0.001, ****P < 0.0001, n = 3). Data are mean ± SD. 

 

5.6.2 Electrical performance 

Measurements on the pancreatic cancer patient plasma and healthy plasma samples using 

the developed GFET reading platform were then performed. To facilitate testing with the 

undiluted plasma samples, a standardized testing protocol was implemented. This includes 

separate incubation and testing steps, complemented by multiple controlled rinsing steps 

(Materials and Methods). Figure 5-24 shows the representative transfer characteristic curves 

of the PBASE- and TCPP-functionalized GFETs before and after the incubating patient samples 

on the surface of the graphene.  
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Figure 5-24 Detection of cancer exosomes in PDAC patient plasma using the GFET biosensor. 
Representative IDS-VGS curve of (A) control channel and (B) sensing channel on the GFET 
biosensor after exosome binding. A significant curve shift is seen in the sensing channel in 
comparison to the control channel, suggesting that the shift arises from exosome binding on 
the sensing channel. 

 

As summarized in Figure 5-25, the significant difference in device responses to the plasma 

samples demonstrates the capability of the developed GFET biosensors to discriminate 

between PC patients and healthy controls. The detection response of the TCPP-functionalized 

GFET biosensors was stronger than that from the PBASE-functionalized sensors, which is 

consistent with the findings from the AFM study conducted on plasm samples from both 

Pancreatic ductal adenocarcinoma (PDAC) patient and healthy control.  Notably, the 

sensitivity value of the TCPP-functionalized GFET biosensors was over three times that of the 
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PBASE sensors. These results validate the enhancement of GFET sensitivity achieved by 

modulating the orientation of surface-immobilized antibodies. The optimized orientation of 

antibodies on TCPP-functionalized GFET biosensors results in a higher binding probability, 

which in turn yields a more robust sensor response and higher detection sensitivity. 

 

Figure 5-25 The measurement results for the GFET biosensors with 2 healthy plasma and 2 
PDAC patients plasma illustrate the excellent sensitivity and selectivity of the TCPP-
functionalized GFET biosensor (****P < 0.0001, n = 6). Data are mean ± standard deviation 
(SD). 

 

5.7 Summary 

A biofunctionalization technique for graphene using the TCPP linker was developed, which 

enables the appropriate orientation of antibodies on the graphene surface. Through this 

method, an enhancement of two orders of magnitude in the LoD of GFET biosensors for 

detecting exosome biomarkers was achieved, compared with GFETs functionalized with the 

commonly used PBASE linker. Additionally, it is observed that over a threefold increase in 

exosome density on the TCPP-functionalized graphene surface relative to the PBASE-

functionalized surface. The efficacy of the developed functionalization technique was also 

demonstrated by employing the developed GFETs to detect pancreatic cancerous exosomes 



 

 

 

194 

in patient plasma samples. The TCPP biofunctionalization approach holds significant promise 

for advancing ultrasensitive graphene biosensors. This method has the potential to enable 

highly sensitive and reliable detection of disease biomarkers on the graphene surface in real 

medium at rapid scanning rates. In the next chapter, the TCPP functionalization of GFETs will 

be integrated in the GFETs biosensors to validate of its performance in the detection of 

pancreatic cancerous exosomes in 26 clinical samples. 
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6 Clinical detection of PDAC cancer exosome in patients  

6.1 Key Novelty and Achievements 

After developing the GFETT platform, this Chapter aims to validate the performance of the 

GFET platform with clinical samples from 26 PDAC patients and healthy controls.  

Although the ultra-sensitivity of graphene-based biosensors are reported in many papers, 

these results are mostly conducted in lab with buffer and filtered biomarkers. Real clinical 

samples are often with high salinity and complex biological composition. This will lead to 

many challenges, including Debye screening and false positive signals, which strongly hold 

back the development of graphene-based biosensors in testing with real clinical samples.  

Moreover, the reproducibility and device yield are other important factors that prevent wider 

clinical application with GFETs. In this Chapter, three unique designs are employed: Firstly, 

the use of differential measurements to compensate device drift and minimize false-positive 

signals. Secondly, the use of a standardized testing protocol with separated incubation and 

testing steps for Debye screening reduction. Lastly, the exclusion criterion is set based on 

more than 400 GFET devices tested in lab and applied this criterion to all clinically tested 

devices to ensure the device reproducibility and reliability. These designs lead to the success 

of the clinical trial presented in this chapter and give the novelty of the developed GFET 

sensors. The performance of the GFET sensor is characterized and demonstrated by the 

uniformity test, sensitivity test and selectivity test. 

It is also worth mentioning that unique characteristics of cancerous exosomes and the higher 

density of GPC-1 proteins expressed on cancerous exosomes compared to healthy ones-

which are confirmed in this Chapter–- make the electrical detection using GFETs is an ideal 

platform to distinguish between pancreatic cancer exosomes and healthy ones when other 

technologies could produce a high level of false negative.  

The portable electronic device was designed by Dr. Bruno Gil Rosa. The Clinical Samples are 

provided by Nabeel Merali and Dr. Adam E. Frampton. Part of the NanoFCM measurements 

is performed by NanoFCM Inc. as a service. Graphenea fabricated GFETs devices are used for 

the clinical testing. 
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6.2 Overview 

Pancreatic cancer (PC) is the second most deadly cancerous disease and the seventh-leading 

cause of cancer deaths worldwide, with 5-year survival rates estimated to be below 7.3% and 

approaching zero for patients with advanced pancreatic cancer.[293] Despite the recent 

progress in cancer diagnosis and treatment, the overall 5-year survival rate in the case of PC 

has only marginally improved over the past decade. [294], [295] A critical factor in the poor 

outcomes is the lack of early symptoms. Most patients with symptoms present for a medical 

evaluation only when the cancer is at an advanced stage. However, the likelihood of survival 

can be significantly improved if the cancer is detected at an early stage. Therefore, early 

detection and diagnosis are crucial for improving outcomes.  

Screening programs for PC can result in decreased incidence and mortality. Imaging 

techniques such as computed tomography (CT) and magnetic resonance 

imaging/cholangiopancreatography (MRI/MRCP) are primary methods used for the detection 

and evaluation of pancreatic tumours in clinics. However, the use of such methods to screen 

the general population for PC is not practical or cost-effective due to its low incidence rate. 

Recently, liquid biopsies that use novel biomarkers such as circulating tumour DNA 

(ctDNA),[296], [297], [298] circulating tumour cells (CTCs),[299] exosomes,[300], [301] and 

microRNAs (miRNAs)[302], [303] presented in body fluids have emerged as promising 

approaches for early PC diagnostics. The role of exosomes is discussed in detail in Chapter 5.3. 

There is increasing evidence that protein markers on exosomal pancreatic cancer-initiating 

cells (PCICs) are promising for the early detection of PC. Previous studies have reported that 

GPC-1 is specifically enriched on cancer-cell-derived exosomes.[287], [304] It has been found 

that PC patients express higher levels of GPC-1 on their exosomes than healthy controls with 

high specificity and sensitivity for PC.[291] Other exosome-based proteins such as epidermal 

growth factor receptor (EGFR)4 and epithelial cellular adhesion molecule (EpCAM)[305] also 

show high accuracy and selectivity for PC detection.  

Current methods to detect specific exosomes, such as the Western blot, enzyme-linked 

immunosorbent assay (ELISA),[306] and flow cytometry, [307] usually take long time to 

complete from sampling to results, and require complicated processing steps. In recent years, 

many sensor technologies have been developed to enhance the limit of detection (LOD) of 
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assays for exosome detection, including potentiometric sensors,[308] electrochemical 

methods,[309], [310], [311] capacitive sensors,[312] fluorescence methods,[313] and 

surface-enhanced Raman scattering.[313], [314] There are only a few studies that specifically 

detect exosomal biomarkers from pancreatic patients’ samples.[314], [315], [316] However, 

existing methods still lack the specificity and capability to detect early stage of cancer.  

Therefore, a direct, accurate, and highly sensitive diagnosis platform with the capability for 

the specific detection of pancreatic cancer in clinical samples at early stage is urgently needed.  

Here, an on-chip-based POCT (point-of-care testing) GFET sensor platform for the detection 

of pancreatic cancerous exosomes in patient plasma is developed (Figure 6-1). The platform 

consists of GFET sensors arrays with liquid gate electrodes integrated on the chip. A portable 

read-in/out electronic system was built to measure the real-time electrical response from the 

GFET sensors for 12 channels on one chip simultaneously. This platform is used to detect GPC-

1 in plasma from 26 patients using a 20 μL drop within 45 min. The GFET technology is clearly 

shown to be able to discriminate between samples from healthy controls and PDAC patients. 

A significant increase in the cancerous exosome binding to the sensor surface compared with 

healthy ones, even when they were both at the same volume concentration level in the 

plasma is observed. The GFET results are compared with MRI and CT data to evaluate the 

performance of the proposed GFET sensor for clinical testing. Furthermore, this platform is 

portable and can be easily integrated to detect simultaneously multiple cancerous biomarkers 

in real time. Thus, electrical detection using GFETs could be a promising diagnosis platform 

for the early diagnosis of pancreatic cancer and other diseases.  
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Figure 6-1. Schematics of detection of PDAC exosomes using GFETs with portable electronics 
and real-time detection results. The total detection time from applying blood plasma on the 
GFETs to results is less than 45 min. The zoomed in area shows schematics of the 
functionalization of graphene with TCPP [317] and the GPC-1 antibody. The middle-right 
images are fluorescence images showing higher density of exosomes on the GFET surface for 
the PDAC patients’ sample than the healthy controls’. The top-right images are TEM images 
with immunogold labelling with GPC-1 to compare the GPC-1 proteins expressions on healthy 
and cancerous exosomes.   

 

6.3 Fabrication and characterization of GFET biosensor 

Although a high yield GFETs were fabricated in the cleanroom, for clinical samples foundry 

based GFETs chips were used to ensure chip-to-chip uniformity and consistency in the 

electrical reading. 

6.3.1 Electrical properties 

Electrical characterisations of the fabricated GFETs were performed to ensure the quality 

control.  
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Figure 6-2 Typical output curve of the GFETs chips measured at room temperature. The output 
characteristics of GFET exhibits linear Id - Vd dependence. 

 

The typical transfer curves of the GFETs with liquid gating is shown in Figure 6-3. The results 

obtained with both external Ag/AgCl electrode, and the on-chip electrode are shown. 

 

 

Figure 6-3 Typical transfer curve of the GFET chips with liquid gating, where the resistance of 
the device is measured as a function of the gate voltage V. a) An external Ag/AgCl electrode 
is used with the PBS buffer solution. b) The on-chip Au electrode is used with the PBS buffer 
solution. 

 

In order to ensure the quality control of the GFET chips for the detection and to minimize the 

drift from GFET devices, preliminary tests in the GFET devices prior to the functionalization 
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was performed. The quality control measurements is based on 5 continuous sweep of the 

GFET devices, as shown in Figure 6-4. The slight drift of the device usually vanishes after the 

first five measurements and the transfer curve becomes stable. The Dirac point of the tested 

GFET device was extracted (Figure 6-5), devices with stable Dirac point are selected and used 

for functionalization and further testing. Electrical measurements with further buffer 

solutions or samples are performed after 5 measurements with the PBS buffer solution until 

the stability of the device is achieved.  

 

Figure 6-4 Representative IDS-VGS curve of the bare GFET chips tested in the PBS buffer solution 
for 5 continuous sweep readings prior to the functionalization steps for quality control.  

 

 

Figure 6-5 Example of the 5 continuous readings of the Dirac point of the GFET devices tested 
in the PBS buffer solution, illustrating low drift and stability of the GFET biosensor.  
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Various characterization techniques were performed to examine the functionalization of 

TCPP and antibody on the graphene surface.  

 

6.3.2 Raman spectroscopy measurements 

The (Figure 6-6) recorded for bare graphene showed peaks at 1580 cm-1, which is commonly 

attributed to the G band of sp2 carbon in graphene. In addition, the presence of peaks at 1350 

cm-1 (D band), 2700 cm-1 (2D secondary D band) is also shown, indicating a high quality of 

monolayer graphene. Raman spectroscopy analysis of the graphene surface after 

functionalization with TCPP showed the characteristic peaks of TCPP [318], which are the 

vibrations of C-N (1240 cm-1), C-H (1454 cm-1), C-C (1565 cm-1), and a weak shoulder peak 

(1496 cm-1). The Raman D-to-G peak of the graphene increased from 0.32 (bare graphene) to 

0.89 (after functionalization with TCPP), indicating that there is some disorder in the graphene 

sheet. The intensity ratio I2D/IG = 1.89 indicates high-quality graphene after the 

functionalization process.  

 

Figure 6-6 Characterization of surface functionalization of the GFET biosensor. Raman spectra 
of bare graphene and TCPP-functionalized graphene. 
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6.3.3 X-ray photoelectron spectroscopy (XPS) measurements 

X-ray photoelectron spectroscopy (XPS) was used to confirm the existence of TCPP and 

antibody on the graphene surface. GPC-1 antibodies were selected as a pancreatic cancer 

exosome biomarker targeting GPC-1 proteins on the surface of cancer exosomes. Figure 6-7 

shows the changes in principal C 1s and N 1s core levels after each functionalization step. The 

high-resolution N 1s spectra show a significant increase in the N 1s peak at 399.8 eV after 

GPC-1 antibody conjugation. The high-resolution C 1s spectrum is composed of 4 components 

at the surface, C–C at 284.9 eV, C–O at 285.9 eV, C–N at 286.4 eV, and O–C═O at 287.7 eV, 

corresponding to the large number of amine and amide bonds present in the antibodies.  

 

Figure 6-7 Characterization of surface functionalization of the GFET biosensor. C1 s and N1 s 
X-ray photoelectron spectroscopy (XPS) spectra of graphene with different degrees of 
functionalization: bare, with TCPP, and with TCPP + antibody respectively. 
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Table 6-1 Summary of the patient cohort. 

  PDAC group Healthy control group 

Number of patients 18 8 

Age-yrs.     

Median 69 69.5 

Range 49 - 84 60 - 74.5 

BMI (kg/m2) 24.64 n/a 

Gender     

Male 10 (55.6%) 4 (50%) 

Female 8 (44.4%) 4 (50%) 

Smoking 8 (44.4%) 2 (25%) 

Tumour size – mm     

Median 27.5 n/a 

Range 15 - 38 n/a 

Diagnosis      

PDAC Stage   no. (%) Benign  

I 1 (5.56%) gallstones, n=3 

II 1 (5.56%) gallstone pancreatitis, n=1 

III 7 (38.9%) duodenal diverticulum, n=1 

IV 7 (38.9%) duodenal mucosal cyst, n=1 

V 1 (5.56%) Papilla fibrosis, n=1 

Metastatic 1 (5.56%) fatty infiltration of pancreas, n=1 
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6.5 Selection of antibody for PDAC cancer exosome detection   

Exosomes are extracellular vesicles that carry proteins, nucleic acids, and lipids. Many 

exosome-enriched proteins have been reported. Specific exosomal enriched proteins are 

expressed more on pancreatic cancer cell-derived exosomes compared to healthy ones, 

which offers the possibility to diagnose and distinguish patients with PC.[287], [291], [304] 

Protein biomarkers enriched on pancreatic cancer-cell-derived-exosomes include glypican-1 

(GPC-1),[287] RHOB,[319] CD63 and Prom1.[320] All of these proteins can be expressed on 

both cancerous and healthy exosomes.14 In order to choose an appropriate biomarker for 

detection using GFETs, the protein should be highly expressed on cancerous exosomes with 

low expression on healthy exosomes. Therefore, the selectivity of each protein biomarker to 

cancer cell-derived compared to healthy exosomes was tested. Four types of antibodies 

(CD63, GPC-1, Prom1, and RhoB) were immobilized on the graphene surface to investigate 

their sensitivity and selectivity to PDAC cancer exosomes in patient plasma samples. Figure 

6-8 summarizes the performance of these antibodies in differentiating PDAC cancer 

exosomes from healthy exosomes in blood plasma. Using AFM, it was found that all protein 

biomarkers are abundant on the PDAC cancerous exosomes. All the selected protein 

biomarkers were found to have increased expression in plasma exosomes in PDAC patients 

compared to the healthy controls. Furthermore, CD63 antibodies exhibited the highest 

capture rate for both cancerous and healthy exosomes. These results were expected, because 

CD63 has been observed to be enriched on all exosomal membranes.[321], [322] The high 

concentration of CD63+ exosomes confirmed the presence of exosomes in the tested 

samples.[115], [321] We found that Prom1 antibodies have low selectivity, while that of RHOB 

was higher. However, we also found that the GPC-1 antibodies had the highest selectivity to 

the PDAC cancer exosomes and the lowest capture number of healthy exosomes (Figure 6-8 

B), showing significantly higher specificity to the PDAC cancer exosomes. The specificity of 

each protein for cancer and healthy exosomes were 1.4:1, 3.2:1, 1.6:1, and 1.8:1 for CD63, 

GPC-1, Prom1 and ROHB respectively. These results confirm that the GPC-1 antibody is 

suitable for the detection of PDAC cancer exosomes[304] and it was selected to be used for 

conjugation onto the GFET surface in the clinical testing. 
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Figure 6-8 Selection and validation of antibodies for the clinical detection of pancreatic cancer 
cell-derived exosomes in patient plasma: A) AFM profile of exosome expression on 4 different 
antibodies functionalized on TCPP decorated graphene substrate (CD63, GPC-1, Prom1, and 
RhoB antibodies) after 15 min incubation with healthy plasma and PDAC patient plasma. AFM 
scale bars = 1 μm. B) Numbers of particles captured by CD63, GPC-1, Prom1, and RhoB 
antibodies functionalized on 25 μm2 of graphene surface after 20 min incubation with healthy 
plasma and PDAC patient plasma (**P < 0.01, ***P < 0.001, ****P < 0.0001, n = 4). Data are 
mean ± s.d. 

 

6.6 Design and Optimization of the performance of GFET sensor array 

Although it has been demonstrated that single GFETs are able to detect biomarkers at 

femtomolar concentration under laboratory conditions,[323], [324], [325] the level of 

consistency of the GFET response for a larger number of sensors under the condition of a 

clinical study has barely been reported yet. Bio-detections with GFET sensors are often limited 
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to measurements in non-physiological solutions with low ionic strength due to the Debye 

screening effect. To realize the detection in blood plasma, the analytical performance of the 

fabricated GFET biosensors was optimized for pancreatic cancer exosome detection via the 

application of an internal control channel and the development of an optimum test protocol. 

Furthermore, since overcoming the issues of reproducibility of GFETs fabrication and the 

uniformity of electrical response from device-to-device and chip-to chip are important in 

clinical testing. The use of foundry fabricated GFETs can help to overcome the issues of 

uniformity. In addition, an exclusion criteria before clinical testing to improve consistency and 

the reliability of detection is set up. (Figure 6-9) Moreover, the advantage of graphene arrays 

was emphasized for the reliable detection of ions,[326] aiming to overcome the shortcoming 

of the graphene technology. Here the necessity of GFET arrays and negative control subarrays 

for meaningful detection of exosome biomarkers in clinical samples from cancer patients are 

demonstrated. 
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Figure 6-9 Schematic flow diagram of the protocol implemented for the GFET testing with the 
exclusion and inclusion criteria applied. 

 

The fabricated GFET biosensor is an on-chip integrated sensor array (10 mm × 10 mm) 

comprising 12 individual GFET devices with a graphene channel area of 100 μm × 100 μm and 

a window opening of 90 μm × 90 μm deposited between the source and drain electrodes. 

These devices are separated into two sections by the central common-on-chip integrated Au 

electrode. The on-chip integrated liquid gate allows the simultaneous measurement of all 12 

GFET devices for the detection of the same sample solution (Figure 6-10).  

 

 

Figure 6-10 A) Illustration of the layout of on-chip integrated GFET sensor, designed with 6 
devices each on the left and right sides. These devices are separated by the central common-
on-chip integrated Au electrode. B) Illustration of the optical image of on-chip integrated GFET 
devices. 
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Figure 6-11 Illustration of the graphene chip with the 3D printed microfluidic reservoir, and 
PCB board-based portable electronics. Top view : left, side view : right. 

 

Due to the complex physiological environment of blood plasma with high concentration of 

other non-desired species, the direct detection with blood plasma is very challenging. The 

noise produced by non-specific binding interactions will lead to a reduction in selectivity and 

limiting detection sensitivity. Therefore, two separate sections of the devices are classified as 

a sensing channel (6 GFETs devices in parallel on the left-hand side) and a control channel (6 

GFETs devices in parallel on the right-hand side). The sensing channels are functionalized with 

GPC-1 antibodies for specific target detection in sample solution, whereas the control 

channels lack any antibody functionalization in aiming for the detection of background signals 

in the same sample solution (Figure 6-12). The use of control and sensing channels can help 

in distinguishing between signals arising from specific target binding and interfering signals 

caused by background buffer or unwanted non-specific binding events on the graphene 

surface. Hence, the accuracy and reliability of the detection of specific targets can be 

improved.  
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Figure 6-12 Schematics of the on-chip integrated GFET biosensor platform with the antibody 
functionalized channel as the sensing channel and a channel without antibody 
functionalization as the control channel. 

 

All liquid measurements with the GFET sensor array are performed with an in-house designed 

and fabricated microfluidic channel (Figure 6-11), as introduced in section 3.6.4. This 

microfluidic channel is specifically designed as a reservoir with fixed position for all fabricated 

chips. The use of the fabricated microfluidic channel can improve the performance of the 

GFET sensors. 

In addition, one of the critical aspects of biosensor is device uniformity and reproducibility. 

The uniformity and reproducibility of the GFET sensor performance were investigated by 

comparing the GFETs response for five chips to the same concentration of spiked target 

exosomes (10 ng/μL) in buffer. The change in Dirac voltage remains at 13.48 ± 0.71 mV with 

5% chip to chip variation as shown in Figure 6-13. Furthermore, the GFET devices on each chip 

show a small device-to-device variation. The average change in Dirac voltage was within 2%. 

Therefore, the repeatability and the uniformity in electrical response from chip-to-chip and 

device-to-device is satisfactory for clinical testing is found. 
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Figure 6-13 GFET device detection signal comparison between the five chips tested for the 
same concentration of exosomes in buffer, illustrating low device-to-device variation and high 
chip-to-chip reproducibility of the GFET biosensor. Error bars are determined by the standard 
deviation of multiple device measurements, 4 ≤ 	n ≤ 6 for each reading. 

 

An optimized test protocol was also implemented which includes a separated incubation and 

testing steps. Tests of clinical samples included multiple rinsing and electrical testing steps 

prior to the injection of undiluted plasma samples onto the GFET chip. As the GFET biosensor’s 

response is strongly affected by the ionic strength of the solution, the chips were rinsed with 

PBS after 15 mins incubation of the samples. 15 minutes of incubation is selected, previous 

literature [286] has reported that the GPC-1 exosome level in healthy plasma can be < 108 

particle/μL which is supported by the average level of healthy exosome in plasma measured 

in this study. Based on a diffusion model developed in earlier study, [115] it was found that it 

takes about 15 mins to accumulate 2 exosomes/um2 on graphene surface. This number of 

exosomes is the number required to achieve a measurable signal by GFETs based on an 

analytical model that is recently developed which gives the surface potential at graphene 

surface due to exosome binding. The model will be discussed in details in the following section. 

It is worth noting that the 15 mins incubation time is not a fixed time. It depends on several 

factors including the target type, target concentrations, the binding kinetics regime. This time 
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was optimized based on the expertise and previous work on exosomes, their concentrations 

in healthy and plasma samples, and analytical models. A few iterations were performed in the 

lab first to optimize the incubation time for this clinical study. The incubation time can be 

greatly reduced, for example, if the convection transport effect is added that can allow more 

exosomes to be collected at the sensor surface.  Further studies on the diffusion of exosomes 

to the surface of GFET sensors and its corresponding responses are introduced in Section 6.9. 

In order to remove the false positive signals arise from the highly viscous plasma residue on 

the surface of graphene, the amount and number of ×1000 diluted PBS used to rinse after the 

sample incubation step is standardized to be 3× times of 200 μL of PBS each time. (Figure 6-14) 

All measurements were recorded in ×1000 diluted PBS in order to reduce the screening effect. 

This should lead to improved sensing performance and reliability of the sensor response. 

 

Figure 6-14A) Comparison of device shift from sensing channel with different times of rinse. 
The decrease in device shift is due to the complex environment of blood plasma samples. The 
high salinity and sticky nature of blood plasma led to salt accumulation and left unwanted 
residues on the surface of GFET sensors B) Comparison of channel shift in control and sensing 
channels when testing with pure buffer and healthy plasma sample.   

 

The rinsing step is important to reduce the Debye screening from high ionic strength plasma 

sample. The decrease in device shift is also due to the complex environment of blood plasma 

samples. The high salinity and sticky nature of blood plasma led to salt accumulation and left 

unwanted residues on the surface of GFET sensors. In order to prove the specificity of 
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antibody based detection, testing in pure buffer was performed before the incubation and 

testing with plasma samples. It is show in Figure 6-14 B) that both control and sensing channel 

have same amount of shift when testing in buffer. While testing with healthy plasma samples, 

the shift in both sensing and control channel are significant, however the difference between 

these two channels is small. There is a slightly larger shift in the sensing channel due to the 

amount of GPC-1+ exosomes present in healthy plasma. Therefore, during the rinsing 

processes, the reduction in signal is mainly due to removal of surface accumulated salt and 

unwanted species. Moreover, AFM was performed on both the control channels and sensing 

channels of the tested GFET. On the surface of the control channels, there is no or only a few 

exosomes shown. While on the surface of the sensing channels with GPC-1 Ab immobilized, 

a significant number of exosomes is shown. (Figure 6-15) These suggested that the 

importance of rinsing and antibody based detection is verified. 

It is worth noting that the channel shift observed in the control channel when testing in buffer 

is due to the drift of GFET devices. There are several reasons that could lead to the drift of 

GFETs in buffer, including ion redistribution after the application of an electric field, trapped 

ions between graphene and substrate, defects in graphene or interface traps in the substrate 

that can generate a false positive response and reduce the accuracy of detection. [53], [145], 

[230] Therefore, it is important to use internal control channel to minimize the effect of GFETs 

device drifts and reduce the background noise. 
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Figure 6-15 Atomic force microscopy images of A) representative control channel of developed 
GFET sensor after incubation and testing with plasma sample. B) representative sensing 
channel of the developed GFET sensor after incubation and testing with plasma sample. C) 
Exosome count on GFET sensors taken from an average of five spots on each of the 
functionalized graphene surfaces incubated with plasma samples. Data are mean ± standard 
deviation (s.d.). 

 

Furthermore, in order to ensure the stability and reliability of the GFET devices during clinical 

testing, a device exclusion criteria was set up, which enabled highly reproducible and reliable 

results to be collected based on more than 440 laboratory-tested devices (Figure 6-16). The 

Dirac voltage for the lab-tested devices was VD = 0.71 ± 0.24 V. To eliminate the effect of 

device drift, devices with 𝑉! < 0.47	V  or 𝑉! > 0.95	V  were excluded in this study. The 

average resistance of the devices was measured in air at R = 1230 ± 400 Ω, and therefore 

devices that exhibited values of 𝑅	 > 1700	Ω	𝑜𝑟	𝑅 < 700	Ω were also excluded.  
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Figure 6-16 Device exclusion criteria for GFET reproducibility and validity. Histogram of Dirac 
voltage for lab-tested GFET devices with Gaussian distribution curve. Device exclusion criteria 
were set based on 444 lab-tested GFET devices, where the Dirac voltage for lab-tested devices 
was VD = 0.71 ± 0.24 V. 

 

To evaluate the analytical performance of developed GFETs, transfer characteristic 

measurements was performed on GFET sensors for detection of spiked model exosomes in 

buffer. The characteristic I-V curves of the GFET biosensor upon detection of exosomes in PBS 

in concentrations from 10-1 ng/μL to 103 ng/μL were recorded. A significant left shift of the 

Dirac point with increased exosome concentration in comparison to the buffer solution is 

shown (Figure 6-17).  
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Figure 6-17 Validation of GFET biosensor for detection of exosome with protocol of using 
control and sensing channel. Detection of cancer exosomes in buffer using the GFET biosensor. 
Representative IDS-VGS curve of the A) control channel and B) sensing channel on the GFET 
biosensor after exosome binding. Significant curve shift seen in the sensing channel in 
comparison to the control channel, suggesting that the shift arise from exosome binding on 
sensing channel. C) Representative IDS-VGS curve of the sensing channel of GFET biosensor in 
buffer with various concentrations of exosomes. 

 

Figure 6-18 shows the calibration curve of the change in Dirac voltage against target 

concentration (y = 4.06 log(x) + 9.68; R2 = 0.9823). A logarithmic dependence on spiked 

exosome concentration with the device shift is shown. This proves the excellent sensitivity of 

the GFET sensors. 
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Figure 6-18 Calibration curve of the GFET biosensor for detection of various concentrations of 
model cancerous exosomes in buffer. Error bars are determined by the standard deviation of 
multiple device measurements, 4 ≤ n ≤ 24 for each reading. 

 

The selection of antibody is also crucial in achieving the high selectivity and sensitivity of 

biosensors. The GPC-1 protein is expressed in many cancer cell derived exosomes. It is shown 

in many literatures[287], [327], [328], [329] that there is an increase in the expression of GPC-

1 for patient with pancreatic cancer. Many studies performed has demonstrated that GPC-1+ 

exosomes can be potential biomarker for the diagnosis of PDAC at its early stage. Therefore, 

in this study, the expression of GPC-1 on exosomes in blood plasma from PDAC patients was 

confirmed, as introduced in Section 6.5 and used it as a putative cancer marker for the 

detection of cancerous exosomes using the GFET biosensor. It was selected to be used for 

conjugation onto the GFET surface in the clinical testing.   

In order to test the selectivity of GFETs for GPC-1+ cancerous exosomes prior to clinical testing, 

healthy plasma samples was spiked with model exosomes and measured the GFET responses 

with and without spiked exosomes. The measurement results are shown in Figure 6-19. The 

healthy control plasma induced a small signal of 3.5 ± 2.7 mV, which could be attributed to 

the small percentage of GPC-1 present in healthy plasma. There are around 0.3-4.7% GPC-1+ 
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exosomes in healthy human plasma samples.[286] On the other hand, the addition of various 

concentrations of model cancerous exosomes (0.01 μg/μL, 0.1 μg/μL and 1 μg/μL) caused a 

significant shift in Dirac voltage of 37 ± 7.9 mV. This indicates that the developed GFET 

biosensor can detect cancerous exosomes in blood plasma without any processing or 

preparation required. The detection results also demonstrate high selectivity of the GFET 

sensor to cancerous in comparison to healthy exosomes.  

 

Figure 6-19 Measurement results for the GFET biosensor with healthy plasma and model 
cancer plasma, illustrating excellent selectivity of the GFET biosensor. (****P < 0.0001). Data 
are mean ± standard deviation (s.d.). 

 

6.7 Clinical detection of PDAC cancer patient samples with GFET 

Next, the developed GFET biosensor was used for the detection of GPC-1+ exosomes in blood 

plasma with a cohort of 26 patients, including 18 cases of PDAC patients and 8 healthy 

controls (Table 6-1). Only a small droplet of 20 μL of each sample is required for testing with 

a GFET sensor. The internal control channel and BSA were used to reduce non-specific binding 

and false positives (Figure 6-20 A). GFETs transfer curves in buffer solution inherently drift 

due to several possible reasons, including ion redistribution after the application of an electric 

field, trapped ions between graphene and substrate, defects in graphene or interface traps in 

the substrate that can generate a false positive response and reduce the accuracy of 
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detection.[53], [145] Therefore, utilizing internal control is crucial to compensate and 

minimize the effects of the drifts and reduce the background noise.[230]  

 

Figure 6-20 A) Representative IDS-VGS curve of one of the control channels on the GFET 
biosensor before and after PDAC plasma incubation. The inset image shows the response from 
6 control channels on the GFET biosensor. B) Representative IDS-VGS curve of one of the sensing 
channels on the GFET biosensor before and after PDAC plasma incubation, showing a 
significant curve shift in the sensing channel. 

 

Figure 6-20 B shows a representative graph of the GFET transfer curve before and after the 

incubation of a patient sample on the surface of graphene. The difference in Dirac voltage 

shift between sensing and control channels was used to determine the GFET response. (Figure 

6-21) 
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Figure 6-21 Device shift of the 6 control and 6 sensing channels on a representative clinically 
tested GFET device. The device shift arising from a plasma sample is calculated based on the 
difference between the GFET response from control and sensing channels. 

 

The measurements before and after incubation were taken in ×1000 diluted PBS to ensure 

strong coupling between the graphene and exosomes charges in the electrical double layer. 

The presence of 6 GFETs in the internal control and 6 in the sensing channels improves the 

statistical analysis and reduces detection error. Figure 6-20 A and B shows a representative 

response from the total of 12 channels, including 6 control and 6 sensing channels. Highly 

uniform and small device-to-device variations in response are usually observed (inset in 

Figure 6-20). The measurement results from the 26 patient samples are shown in Figure 6-22.  
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Figure 6-22 Measurement results for the GFET biosensor from the clinical testing with plasma 
samples from 18 PDAC patients and 8 healthy controls, indicating a clear threshold detection 
signal line which suggests that the sensor is able to differentiate PDAC patients from healthy 
controls (****P < 0.0001). Data are mean ± standard deviation (s.d.). 

 

Of all the devices tested, 281 GFETs satisfied the exclusion criteria and only the test results 

from these devices were included in the clinical testing (Figure 6-23).  
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Figure 6-23 Device exclusion criteria for GFET reproducibility and validity. Results from n = 281 
clinically tested devices that satisfied the exclusion criteria are included in the study. Devices 
(n=25) with 𝑉! < 0.47	𝑉  or 𝑉! > 0.95	𝑉  were excluded in this study. Devices (n=12) that 
exhibited values of 𝑅	 > 1700	𝛺	𝑜𝑟	𝑅 < 700	𝛺 were also excluded. 

 

The developed GFET biosensor can clearly discriminate between PDAC patients and healthy 

controls, with a clear threshold line at 4.5 mV. (Figure 6-22 and Figure 6-24) There is an 

average shift in Dirac voltage with healthy control plasma of 0.5 ± 3.5 mV (mean ± s.d.), 

whereas all PDAC patients showed a significant change in the Dirac point larger than 7.3 mV 

with an average shift of 18.0 ± 10.9 mV (mean ± s.d.). This increase in GFET response could be 

a result of higher levels of GPC-1+ exosomes produced by tumorous cells in the PDAC patients’ 

blood plasma.[286]  

Principal component analysis plot of the relevant channel shift signal for PDAC and control 

group is performed. The performed principal component analysis showed that PC1 captured 

the greatest variance of the data set, (99.08%). It is shown from the PCA plot of channel shift 

for PDAC patient and healthy control that a clear separation line can be drawn on the PC1 of 

the PCA plot. This separation line can well separate the healthy control from the PDAC patient. 

The variance of the principal components, PC1, also indicated the device uniformity. This is 

because a more uniform device will result in less variation in the data set and therefore less 

variance in the principal components. These results suggested that the developed GFET 

biosensor is able to separate the PDAC patient from healthy control, with low chip to chip 

signal variation. 
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Figure 6-24 Principal component analysis (PCA) plot of the relevant channel shift signal for 
PDAC and control group. PC1 captured the greatest variance of the data set, (99.08%). A clear 
separation line can be drawn on the PC1 of the PCA plot. This separation line can well separate 
the healthy control from the PDAC patient.  

 

6.8 Validation of GFET response to GPC-1 exosome concentration 

In order to further validate the results, Nano Flow cytometry measurements[330],[331] is 

performed, a commonly used power analytical tool for biological nanoparticles like exosomes 

down to less than 100 nm diameter by light scatter, to determine the concentrations of GPC-

1+ exosomes in the plasma samples from the healthy controls and PDAC patients tested.  

 

6.8.1 Nano Flow Cytometry  

Nano flow cytometry (Nano FCM) allows for size and concentration measurements of 

exosomes isolated from the blood plasma samples. Further subpopulation analysis by Nano 

FCM can be achieved by fluorescent (FL) labelling of targets. This fluorescent labelling can 

identify which particles are EVs using membrane or tetraspanin labelling. Meanwhile, through 

specific protein labelling, the present of surface markers, such as GPC-1, can also be identified. 
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All tested plasma samples (26 patient and 8 control) were analysed using Nano FCM for the 

identification of GPC-1+ exosomes in tested samples. The protocol of Nano FCM was 

optimised using 4 samples prior to the measurement with all samples. Then, prior to the 

ultracentrifugation to isolate the exosomes from blood plasma, samples were analysed 

unstained, to determine the concentrations of particles in blood plasma samples. The total 

number of particles in the blood plasma samples ranges from 1.61 × 10,,	particles/mL to 

4.76 × 10,$	particles/mL. The mean sizes of the particles of samples are between 59.2 nm 

to 100 nm. The size distribution of two samples is shown in Figure 6-25. 

 

Figure 6-25 Example size distribution of particles in blood plasma samples prior to 
ultracentrifugation. 

 

The samples were then labelled with high concentration of fluorescent anti-GPC-1 antibodies 

and ultracentrifuged. The stained samples were then measured using Nano FCM. 

To ensure that the staining protocol is working, the fluorescent background of the samples 

were measured and analysed. If there is lots of free unbind antibody in the solution, the signal 

from fluorescent background will be high. A PBS control was run, in which 50 μL of blank 

control PBS was stained with the fluorescent GPC-1 antibody and performed 

ultracentrifugation. The results are shown in Figure 6-26. In the PBS control (Figure 6-26 A), 

the intensity of the fluorescent background is ~300. On the other hand, in the samples (Figure 

6-26 A), the intensity of the fluorescent background is < 50. This indicated that, when sample 

Sample 1, median size = 72.25 nm Sample 2, median size = 64.25 nm
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particles are present in the solution, there is less free antibody present in solution. This 

showed that the antibody is able to bind to the fluorescent GPC-1 antibody. 

 

Figure 6-26 Fluorescent intensity of the background for A) control measurement with blank 
PBS and B) sample measurement. 

 

Further measurement was also performed to ensure that the exosomes in the solution is 

saturated with GPC-1+ antibody labelling. Through diluting the samples with different serial 

dilution factors, the fluorescent baseline change was shown. Sample was diluted to both 1 in 

100 (Figure 6-27 A) and 1 in 50 (Figure 6-27 B). 

 

Figure 6-27 Fluorescent intensity recorded for samples with different serial dilution factors. A) 
Sample diluted to 1 in 100 and B) 1 in 50. 

 

For the sample with the 1 in 50 dilution, the fluorescent baseline raised. This indicated that 

there is free antibody present in the solution. This result showed all the available exosomes 

with GPC-1 expression has been bound by the fluorescent anti-GPC-1 antibody, leaving free 

antibody left over during the ultracentrifugation process. This was observed for all measured 

A) B)

A) B)
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samples that were diluted to multiple dilution factors, showing that enough antibody was 

present during the staining procedure for Nano FCM measurements. 

Figure 6-28 shows that GPC-1+ exosome concentrations were significantly higher in patient 

samples than in healthy ones, with average levels of GPC-1 found to be an order of magnitude 

higher in the former (range from 3.21 × 10-	particles/mL  to 2.11 × 10,.	particles/mL , 

with a mean of 3.59 × 10/	particles/mL ) compared to the latter (range from 4.96 ×

100	particles/mL to 5.13 × 10-	particles/mL, with a mean of 2.18 × 10-	particles/mL). 

The data obtained are in close agreement with that previously published in the literature,[286] 

indicating that the expression of GPC-1+ exosomes in blood plasma significantly increases in 

tumour-derived exosomes compared to healthy normal cells.  

 

Figure 6-28 Validation the detection of PDAC cancer exosomes in PDAC patient and healthy 
control plasma. Concentrations of GPC-1+ exosomes detected in 18 PDAC patient plasma 
samples and 8 healthy controls plasma samples by Nano Flow cytometry measurements. 
Comparison of numbers of PDAC and healthy exosomes captured on GFET biosensors. 

 

6.8.2 Surface characterisation techniques  

Interestingly, three PDAC samples were found with concentrations of exosomes at similar 

levels as those in healthy samples, while the GFET responses were found to be twice as strong 

as for the healthy ones. Compared with healthy ones, cancerous exosomes have generally 
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been reported to carry more electrical charge at their surfaces, and this could contribute to 

the increase in the GFET response for PDAC samples.[332] However, this may not explain the 

significant increase in the sensor response for PDAC samples. Another possible explanation 

could be a high binding affinity between GPC-1+ and antibodies, which could result in a larger 

density of exosomes on the surface. Therefore, two fluorescence confocal microscopy 

experiments were performed on PDAC samples with a concentration of exosomes of 

3.38 × 10-	particles/mL  and healthy samples with an exosome concentration level of 

4.54 × 10-	particles/mL. It it found that the exosome density on the graphene surface was 

54.5% higher for PDAC samples compared to healthy samples ( 

Figure 6-29 and Figure 6-30).  

 

Figure 6-29 Fluorescence confocal microscopy images of exosome on GFET sensors. A) 
Functionalized graphene surface with no exosome as control. B) Functionalized graphene 
surface incubated with healthy plasma sample (PS1). C) Functionalized graphene surface 
incubated with PDAC plasma sample (PS3). Exosome signal is shown in grey scale, and the 
insert shows the same field of view with the detected exosomes after bioimage analysis in 
green’ to make it clearer. Confocal scale bars = 5 𝜇m. 
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Figure 6-30 Fluorescence confocal microscopy images of exosome count on GFET sensors 
taken from an average of three positions on the functionalized graphene surface incubated 
with PDAC plasma sample and three positions incubated with healthy plasma sample (****P 
< 0.0001). 

 

In order to further validate this finding and to quantify the number of particles on the surface, 

other independent techniques, AFM, was used to image the number of particles on the 

surface (Figure 6-31 and Figure 6-32) and SEM (Figure 6-33 and Figure 6-34) on 2 PDAC and 2 

healthy samples with similar levels of exosome concentration in the plasma.  
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Figure 6-31 Atomic force microscopy images of functionalized graphene surface incubated 
with healthy plasma sample (PS1). G) AFM images of functionalized graphene surface 
incubated with PDAC plasma sample (PS3). AFM scale bars = 1 μm. 

 

Figure 6-32 Exosome count on GFET sensors taken from an average of eight spots on each of 
the functionalized graphene surfaces incubated with healthy plasma samples (PS1 and PS2) 
and eight spots on incubated with PDAC plasma samples (PS3 and PS4). (**P < 0.01, **** P < 
0.0001).  Data are mean ± s.d. 
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Figure 6-33 Comparison of exosomes captured on functionalized GFET sensors, scanning 
electron microscopy analysis of exosomes from healthy plasma samples: A) PS1 and B) PS2 
and PDAC plasma samples. C) PS3 and D) PS4 captured on the functionalized graphene surface. 
SEM scale bars = 200 nm. 

 

Figure 6-34 Exosome counts on graphene incubated with different samples, taken from an 
average of four spots on each graphene surface. 

 

The results were found to be consistent with those from fluorescence imaging. Based on 

scanned areas of 800 μm2 for AFM and 100 μm2 for SEM for each sample, it was found that 

there was an average of 55.3% times and 58.6% times higher percentage of PDAC exosomes 

on the graphene surface compared with healthy exosomes. In the measurements using Nano 

Flow cytometry, the exosomes in healthy control and PDAC patient samples have similar size 

distributions (80.0±5.8 nm for PDAC exosomes; 85.7±6.7 nm for healthy exosomes). 

Therefore, diffusion does not play a role in the enhancement of PDAC capture on the sensor 

surface. The higher response from the GFET sensor to PDAC samples could be due to higher 

GPC-1 expression on exosomes from PDAC plasma samples compared to those from heathy 

plasma samples,[287], [333] leading to a higher binding affinity between the antibody and 

PDAC exosomes. Therefore, exosomes from PDAC patient blood plasma and healthy control 

blood plasma were isolated.  
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6.8.3 Exosome isolation and characterisation of isolated exosomes from 

plasma samples  

Several characterisation techniques were performed in order to ensure the isolated 

extracellular vesicles from the plasma are specifically exosome. Dynamic light scattering was 

performed, the size of particles lies between 30 and 130 nm, with an average diameter of 76.5 

nm. (Figure 6-35) This size confirms the isolated extracellular vesicles are exosomes. The sizes 

of the isolated extracellular vesicles are between 30 – 100 nm were also shown in the 

immunogold TEM. The results from DLS and immunogold TEM confirmed the isolated 

extracellular vesicles from the plasma are specifically exosomes. The data from DLS in the 

supporting information. Prior to the analysis with NanoFCM to determine the concentrations 

of GPC-1+ exosomes in the plasma samples, samples were analyzed unstained first. It is shown 

from the NanoFCM analysis that the particles concentration are between 4.51× 10/ to 3.22 

× 10,, particles/mL, with an average concentration of 5.85 × 10,. particles/mL. 

 

 

Figure 6-35 Dynamic light scattering measurements of isolated exosomes from blood plasma 
samples. The DLS showed an average size of 76.5 nm, with the size of particles lies between 
30 and 130 nm. 

 

Diameter （nm）
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Western blot analysis was performed to examine the isolation and expression of GPC-1 

proteins on isolated plasma exosomes (Figure 6-36 and Figure 6-37). An elevated level of both 

CD9 and CD63 as exosomal markers[321], [334] was detected. (Figure 6-36) These results 

indicate that the exosomes were successfully isolated from patient and healthy control 

plasma samples.  

 

Figure 6-36 Western blot analyses of exosomes isolated from 3 PDAC patients’ plasma, with 
ALIX antibody, CD9 antibody, and GPC-1 antibody. 

 

Furthermore, the Western blot results suggest that the exosomal GPC-1 protein levels in the 

PDAC patient samples were significantly higher than those in healthy control samples. (Figure 

6-37) This indicates a much higher GPC-1 protein expression on PDAC exosomes.  
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Figure 6-37 Western blot and IG-TEM validation of GPC-1 expression on PDAC cancerous and 
healthy exosomes. A)  Western blot of GPC-1, CD9 and CD63 in exosomes extracted from 
healthy plasma and PDAC patient plasma. 

 

To further validate the high expression of GPC-1 protein on PDAC exosome, TEM imaging with 

immunogold labelling was performed to directly reveal the GPC-1 proteins density on the 

surface of healthy and cancerous exosomes. TEM with immunogold labelling identified large 

number of GPC-1 proteins are exhibited on the surface of cancerous exosomes while very 

small number of GPC-1 proteins are presented on the surface of healthy exosomes (Figure 6-

38 and Figure 6-39).  
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Figure 6-38 A) Low-magnification IG-TEM image of GPC-1 in PDAC cancer exosomes with 
immunogold labelling. The outlines of individual exosomes are highlighted by dashed yellow 
line for clarity. B) High-resolution IG-TEM image of GPC-1 on the surface of a PDAC cancer 
exosome with immunogold labelling. Inset shows the respective FFT pattern with the 
prominent ring corresponding to the (200) planes of Au. C) Low-magnification IG-TEM image 
of a healthy exosome with immunogold labelling. The yellow circles around individual 
exosomes are given for visual guidance. The arrows point to the individual Au particles on the 
surface of a healthy exosome. D) High-resolution IG-TEM image of GPC-1 on the surface of a 
healthy exosome with immunogold labelling. 
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Figure 6-39 A) Low-magnification IG-TEM image of GPC-1 in PDAC cancer exosomes with 
immunogold labelling. The outlines of individual exosomes are highlighted by dashed yellow 
line for clarity. B) Low-magnification IG-TEM image of a healthy exosome with immunogold 
labelling. The yellow circles around individual exosomes are given for visual guidance. The 
arrows point to the individual Au particles on the surface of a healthy exosome. C) EDX 
spectrum of an Au-stained P-exosome showing the Au signal. The Cu signal originates from 
the TEM grid. 

 

6.8.4 Discussion 

The multiple GPC-1 proteins on the surface of the cancerous exosomes can increase the 

accessibility of the exosomes to the antibodies on the surface by increasing the number of 

proteins expressed on the exosome surface. Furthermore, the presence of multiple available 

sites on the exosome surface can promote cooperative reactions and increase the vividity and 

affinity to the antibody.[335] For example, having many specific proteins on the exosome’s 

surface could allow several adjacent antibodies to bind more effectively to the exosome. This 



 

 

 

236 

could explain the higher density of cancerous exosomes on the graphene surface relative to 

the healthy ones and a higher response from the GFET sensor to samples from PDAC patients 

than healthy controls, especially given that the numbers of exosomes present in the plasma 

were the same for both samples.  

It is worth to note that there are many free circulating GPC-1 protein in the blood plasma and 

may lead to small false positive signals of the GFET biosensor. It is reported that the 

concentration of GPC-1 protein in plasma is small compared to circulating exosomes, 

generally between 8.74 – 32.67 ng/mL.[336] Meanwhile, the GPC-1 protein concentration 

should be observed both in healthy controls and PDAC cancer plasma samples. In the previous 

work,[337] it was found that there is no significant difference between the level of circulating 

GPC-1 proteins in healthy control’s and PDAC patients’ plasma.[337] During the clinical 

detection, a small shift was observed in the device response from healthy samples, which is 

the sum of GPC-1 protein + GPC-1+ exosome. These indicate that the contribution of the GPC-

1 protein is negligible in comparison to the GPC-1+ exosome. 

 

6.9 Analytical modeling of GFETs response to GPC-1 exosome 

Furthermore, the GFETs response as a function of exosome concentration in plasma is plotted 

(Figure 6-40). A significant dependence of GFETs response on the logarithmic concentration 

of exosome in the plasma was found (Pearson’ correlation coefficient = 0.585; Sig. p=0.002). 
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Figure 6-40 Analytical performance assessment of the GFET biosensor for GPC-1+ PDAC 
exosome detection in blood plasma samples: A) GFET biosensor device response against the 
GPC-1+ exosome concentration in blood plasma (Pearson correlation 0.585; Sig. 0.002). 

 

Microscopy imaging of immobilized exosomes on the GFET sensor tested was further 

conducted to investigate the relationship between the GFET signal and the number of 

immobilized exosomes on the GFET sensing channel surface. Figure 6-41 shows AFM images 

of the exosomes on the GFET sensing channel after clinical testing.  

 

Figure 6-41 A) Atomic force microscopy images of exosome expression on surface of 3 different 
GFET biosensors with different device shift after clinical testing with 3 different PDAC patient 
plasma samples. AFM scale bars = 1 𝜇m. B) Exosome counts from AFM on the GFET device 
after clinical testing, taken from an average of four spots on each graphene surface. The GFET 
device shift is labelled on the chart. 

 

To explain the experimental observations of surface exosome concentration and GFET device 

response, an analytical model was established to look at the induced electrostatic surface 

potential on the graphene surface. This model is established based on the fixed exosomes on 

Channel shift: 10 mV Channel shift: 32.7 mV Channel shift: 44 mV 

A)

B)
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the graphene surface and neglects the binding kinetics between the GFET sensor and 

exosomes. The total surface charge on the graphene surface can be written as: 

 

𝜎1 = 𝜎2 + 𝜎!+							(1) 

 

where	𝜎1 	represents	the	net	charge	density	of	the	exosomes	on	graphene	surface,	𝜎2 	is	

the	charge	induced	in	graphene,	and	𝜎!+	is	the	net	charge	density	in	the	electrical	double	

layer.	 Based	 on	 the	 protocol	 for	 clinical	 testing,	 it	 was	 assumed	 that	 the	 exosomes	

immobilized	on	the	graphene	surface	are	fixed	with	fixed	charges.	The	charges	brought	

by	 exosomes	 binding	 to	 the	 graphene	 surface	 are	 assumed	 to	 be	 a	 uniform	 layer	 of	

charges.	Equation	1	can	be	rewritten	as:	

𝜎*34𝑁1 = 𝑞𝑛2 + 𝜎!+				(2) 

 

where 𝜎*34is the charge of an exosome, 𝑁1is the total number of exosomes on the graphene 

surface, 𝑛2  is the carrier density in graphene, and 𝑞 is the electrical charge. As the carrier 

density is low at neutrality point, therefore the term 𝑞𝑛2  at the Dirac voltage can be 

neglected. The charge density in the electrical double layer can be obtained from the Poisson–

Boltzmann equation and is given by:[338], [339] 

 

𝜎!+ =
2𝜀5𝜀.𝑘6𝐾𝑇

𝑧𝑞 𝑠𝑖𝑛ℎ y
𝑞𝛹.
2𝐾𝑇{				(3)	

where		𝑘7	is:	

	

𝑘6 = 7
2𝑞$𝑁894𝐼.
𝜀5𝜀.𝐾𝑇

																												(4) 
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In	Equation	4,	ε., ε:, K, T, N;<=,	and	I.	are	the	permittivity	of	the	free	space,	the	relative	

permittivity	in	the	PBS,	temperature,	the	Avogadro’s	constant,	and	the	ion	concentration	

respectively.	Therefore:	

  

𝜎>𝑁?4? =
2𝜀5𝜀.𝑘6𝐾𝑇

𝑧𝑒 𝑠𝑖𝑛ℎ y
𝑒𝛹.
2𝐾𝑇{																	(5)	

  

 

𝑠𝑖𝑛 ℎ y
𝑞𝛹.
2𝐾𝑇{ =

𝑒@
AB!
$C1D + 𝑒@

&AB!
$C1 D

2 ≈
𝑒@
AB!
$C1D

2 			(6)	

 

𝛹. =
2𝐾𝑇
𝑞 𝑠𝑖𝑛ℎ&, y

𝜎>𝑁?4?𝑞𝑧
2𝜀5𝜀.𝐾𝑇𝑘6

{																					(7)	

 

 

The charges of exosomes have been estimated to range from 50e to 1300e electron;[340] 

however, some studies have reported higher exosome charges. In the model, the exosome 

charge was assumed to be 1300e taking into consideration their relatively large size and the 

fact that cancerous exosomes tend to exhibit higher charges on their surfaces.[332] The 

Debye length in the chosen buffer condition is approximately 23 nm.[68] The number of 

exosomes per um2 on the graphene surface was varied and extracted the induced surface 

potential as a function of unit area of exosome concentration, as shown in Figure 6-42. The 

results for the Dirac voltage shift of the GFET devices and the surface exosome concentration 

of the corresponding device is fitted to this model. The response of the fabricated GFET 

follows the same trend as that of the analytical model. Furthermore, a logarithmic dependent 

response can be observed between exosome concentration and the induced surface potential 

with large concentrations of exosomes on the graphene surface.  

The statistical quantification of these AFM profiles shows the relationship between the count 

of exosomes on the GFET sensing channel and the device signal in Figure 6-42. A logarithmic 
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dependence relationship can be found between the GFET signal and number of exosomes 

captured on the sensor surface.  

 

Figure 6-42 Correlation of detection signal from the GFET biosensor with the number of 
exosomes binding on the GFET sensing channel. The number of exosomes is counted based on 
average of four different spots of AFM scans of the sensing channel on the GFET biosensor. 
Error bars are determined by the standard deviation of exosome counts on graphene surface 
(n = 4). 

 

6.10 Assessment of the GFET response versus the stage of cancer 

Finally, the GFET signal with respect to the stage of PDAC cancer obtained from CT and MRI 

is summarized. The difference in the change of Dirac voltage of the GFET sensor as a function 

of cancer stage is plotted in Figure 6-43. Interestingly, the results indicate that the GFET 

biosensor detected all stages of PDAC cancer, including early-stage stage 1. However, the 

result shows no significant correlation between the signal of the GFET sensor and the stage 

of cancer. Moreover, there is no significant correlation between the concentration of 

exosomes in patient plasma and the stage of cancer (P = 0.223), which is consistent with 

previous findings in the literature. The independence of exosome concentration and PDAC 

stage indicates that the GFET biosensor technology could have high potential for use to detect 

PDAC cancer even at a very early stage of the condition. 
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Figure 6-43 Detection of all PDAC cancer stages with the GFET biosensor. Measurement results 
of PDAC cancer stages, including stage 1, 2, 3, and 4, were classified using: A) Detection signals 
from the GFET biosensor; and B) GPC-1+ particle concentrations from Nano Flow cytometry 
measurements. 

 

6.11 Conclusion  

Pancreatic cancer (PC) is known for difficult early-stage detection and poor survival prognosis, 

and patients present for medical evaluation only when the cancer is advanced, and they 

experience signs and symptoms. Early detection can significantly improve the survival rate 

and outcome. In this study, an electrical test for the detection of cancerous exosomes using 

a GFET platform as a promising route for the early detection of pancreatic cancer is proposed. 

The test can be performed on whole plasma samples using a drop of 20 μL with a total 

detection time of less than 45 min, which can be greatly reduced by using a faster readout 

electronic system. The test can detect all stages of cancer, taking advantage of the 

characteristics of cancer exosomes and the high sensitivity of GFETs. Based on samples from 

26 patients, it is found that cancer exosomes such as GPC-1 exosomes are present in much 

higher levels in PDAC patient samples than in healthy ones. Although there was an overlap in 

the levels of exosomes in some samples, it is found that the density of exosomes on the GFET 

surface and the GFET response are significantly higher for cancer patient samples than those 

from healthy controls. After analysis of the GPC-1+ exosomes in pancreatic cancer and healthy 
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plasma using the Western blot analysis and IG-TEM, it is found that GPC-1 proteins are 

stronger expressed on pancreatic cancer exosomes compared to healthy ones. This could play 

a crucial role in the binding affinity and enables GPC-1 to have higher specificity to cancer 

exosomes than healthy ones, therefore increase the induced signal in the GFETs biosensors 

and improve the accuracy of detection. This high expression of charged proteins on the GPC-

1+ cancer exosomes make GFETs sensors suitable for accurate discrimination between cancer 

and healthy samples which is otherwise challenging when other methods such as ELISA or 

Nanoflow are used particularly when the healthy and cancers plasma samples have the same 

level of GPC-1 exosome. The portable platform with read-in/out electronics makes the test 

simple and user-friendly, with no need for a trained professional to perform it. The presence 

of internal control on the GFET chip has significantly reduced false positive rates and 

improved the accuracy of detection. The test procedure consists of four simple steps including 

two blank measurements, incubation, and multiple rinsing which does not rely on skilled 

operator. The developed GFET platform is adaptable and can be used to detect multiple 

pancreatic cancer biomarkers simultaneously on the same chip. Beyond PDAC detection, this 

GFET technology can be reconfigured to facilitate the detection of other disease biomarkers 

which could be crucial for diagnosis purposes. Moreover, the GFET chip is CMOS compatible 

and can be manufactured on a large scale, which can massively reduce costs with small 

device-to-device variation and high yield. 
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7 Conclusions 

Electrical biosensors based on graphene field-effect transistors (GFETs) have shown great 

potential for rapid and highly sensitive detection of a wide range of biomolecules. They are 

biocompatible, easy to functionalize, scalable for mass production, and can be incorporated 

into portable devices for point-of-care diagnostics. However, most of the reported GFET 

biosensors are performed with buffer and filtered biomarkers in lab conditions. The 

development of simple, sensitive, and scalable biosensors diagnosis tool that can detect with 

the physiological samples is significantly crucial to improve the outcome of highly lethal 

disease. However, real biological samples are often complexed in biological contents with 

high salinity, which introduce multiple challenges. The aim of this thesis is to develop of 

accurate, fast, and sensitive detection platform based on graphene field-effect-transistors 

(GFETs) for detection of disease biomarkers in physiological solutions. The performance of 

the GFETs biosensors are optimized in this thesis for achieving a uniform, sensitive, and 

selective GFET sensor with high device reliability and reproducibility.  

Sensitivity and selectivity are of paramount importance for biomolecule detection in complex 

physiological solutions. The past decade has seen researchers develop and apply graphene 

technologies in biomarkers detection due to their advantages of real-time, label-free 

detection and high sensitivity.  At the heart of these technologies is the immobilization of 

antibodies onto the graphene surface using noncovalent linker molecules. Yet, the critical role 

of these linker molecules in determining antibody orientation, and subsequently, the 

performance of graphene biosensors, has been largely uncharted. This crucial aspect in 

graphene biosensors is addressed by probing the orientation of antibodies on graphene 

surface functionalised using two different linker molecules, tetrakis (4-carboxyphenyl) 

porphyrin (TCPP) and 1-pyrenebutanoic acid succinimidyl ester (PBASE). Multiple 

characterisation techniques (XPS, Raman and AFM) were used first to characterize the 

presence of linker molecules and antibodies on the surface of graphene.  

By probing the antibody orientation on the graphene surface using Time-of-Flight Secondary 

Ion Mass Spectrometry (TOF-SIMS), it is found that antibody adsorbed on TCPP-functionalized 

graphene exhibits dominant end-on vertical orientation, while mixed orientations of 
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antibodies are adsorbed on PBASE-functionalized graphene. Furthermore, Density-functional 

theory (DFT) simulations showed that the flexibility of the alkyl chain on the PBASE molecule 

can lead to different antibody orientations on graphene biosensors. Whereas the TCPP 

molecule stack on graphene has phenol rings bent up and tilted away from the surface of 

graphene, which leads to vertically orientated antibody. This study highlights the critical role 

of choosing the suitable linker molecule to achieve the proper antibody orientation on the 

graphene, which can profoundly influence the potential use of GFETs as ultra-sensitive 

biosensors for detecting disease biomarkers.  

Following the optimization of the functionalization process of GFET biosensors with a new 

linker molecule, the GFET device was fabricated and integrated with a microfluidic channel 

on its surface for biosensing with liquid samples. A fundamental proof of principal study for 

investigating the performance of graphene functionalised using porphyrin linker molecules is 

demonstrated, both surface characterisation techniques and electrical measurements were 

performed. The experimental results from both detection in buffer and real clinical plasma 

samples were shown. The use of clinical samples and the results were also included to validate 

the sensor's capabilities. Using TCPP as a linker molecule on graphene, a two orders of 

magnitude enhancement in the limit of detection (LoD) of a GFET biosensor for exosome 

biomarker detection, compared to GFETs functionalized with PBASE is observed. Additionally, 

the graphene surface functionalized with the TCPP method showed a threefold increase in 

exosome density compared with PBASE-functionalized graphene. The effectiveness of the 

proposed functionalization structure is further demonstrated by employing GFETs to detect 

pancreatic cancer exosomes in patient plasma samples. The key findings of my study 

suggested that the use of porphyrin linker molecules can significantly enhance the sensing 

performance of graphene-based biosensors. This method can be adapted by all graphene-

based biosensors in conjunction with bioreceptor molecules having amino groups. This 

technique is universal and gives the novelty of the GFET sensors and my PhD study.  

Finally, the developed GFET is validated for biosensing applications with real physiological 

solutions. An accurate, fast, and sensitive detection platform with portable electronics based 

on graphene field-effect-transistors (GFETs) for direct detection of pancreatic ductal 

adenocarcinoma (PDAC) in patients’ plasma samples were developed and demonstrated. In 
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this study, GFETs were used to detect specific exosomes in patients’ plasma samples due to 

their promising role as cancer biomarkers for the early detection of PC. The target cell surface 

proteoglycan was selected to be GPC-1 because it is specifically enriched on cancer-cell 

derived exosomes and it is found to be in higher concertation levels in PC patients than 

healthy controls. It is first confirmed the high specificity of GPC-1 than CD63, Prom1, and RhoB 

proteins. Then, 281 GFETs were used to detect GPC-1+ exosomes in plasma from 18 PDAC 

patients and 8 healthy samples using a 20 μL within 45 min. The GFET technology is clearly 

shown to be able to discriminate between samples from healthy and PDAC patients. Then the 

GFET results were compared with MRI and CT data and it was found that the GFET biosensor 

detected all stages of PDAC cancer, including early-stage grade 1.  

Using Nanoflow cytometry it was confirmed that GPC-1+ exosomes are present in much 

higher levels in PDAC patient samples than in healthy ones. Although there was an overlap in 

the levels of exosomes in some samples, the GFETs can still significantly distinguish between 

the two samples. Interestingly, using Western blot, it was found this high response of GFETS 

is because cancerous exosomes are much higher expressed with GPC-1 proteins than healthy 

samples which can result in an increase in binding affinity between antibodies and cancerous 

exosomes. This was confirmed using Fluorescence microscopy, AFM, and SEM that show the 

density of GPC-1+ cancerous exosomes on graphene surface is between 53-58% higher than 

healthy ones even if both exosomes are present in the same level in plasma. After analysis of 

the GPC-1+ exosomes in pancreatic cancer and healthy plasma using the Western blot 

analysis and IG-TEM, it was found that GPC-1 proteins are stronger expressed on pancreatic 

cancer exosomes compared to healthy ones. These results are specifically important because 

they make electrical detection of GPC-1 is a unique detection platform to distinguish between 

PC and healthy ones when other technologies could produce a high level of false negative. 

Overall, I developed and demonstrated a chip-based biosensor technology based on graphene 

field effect transistor (gFET) arrays as the proof-of-principle concept for the detection of 

biomarkers in physiological solutions with blood plasma samples.  
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8 Outlook 

The work presented in this thesis indicates the success of the first proof-of-principle GFETs 

biosensor for the detection of biomarkers in blood plasma samples in a clinical trial set-up 

environment. This is a starting point for the investigation and application of GFETs biosensor 

platform for the detection and monitoring of disease. There are many aspects that the device 

can be optimized and improved for the development and further clinical verification of a 

simple, fast, cost-effective, highly accurate and sensitive cancer diagnosis platform, which 

enables the detection of multiple disease biomarkers using simple portable electronics.  

First, the performance of the GFET biosensor can be further optimized in order to achieve 

direct sensing in real physiological solutions without the need for rinsing. Secondly, the layout 

of the GFETs sensor array can be further designed for the multiplex detection. Therefore, 

multiple disease biomarkers can be detected simultaneously in the same clinical samples 

using GFETs array for a more accurate disease diagnostic and increased the statistical value 

of the detected graphene response. It is also possible to enhance the surface functionalisation 

by developing high affinity aptamers to enable faster reaction time and lower detection limits 

in comparison to antibodies. 

8.1 Performance enhancement for GFET sensing in physiological solutions 

1) Fabrication of GFETs on hydrophobic substrate, aiming to reduce the Debye screening 

length of graphene. 

There is evidence that a hydrophobic substrate could effectively increase the double layer 

capacitance of graphene and therefore potentially increase the Debye screening length of 

GFET biosensors.[341] The improvement in the Debye screening length of graphene is 

believed to be related to the surface energy of the underlying substrate of graphene. This 

finding could possibly offer an alternative method to overcome the limitation of Debye 

screening in sensing.  
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Figure 8-1 Schematic illustrations of the formation of electric double layer (EDL) on graphene 
with conventional Si/SiO2 substrate and graphene with the hydrophobic substrate. 

 

2) Nanostructuring of graphene surface to facilitate 3-dimensional diffusion of the target 

exosome towards the sensor surface, aiming to reduce incubation time.  

The effect of nanostructuring on GFET biosensors are shown and discussed in details in 

Chapter 2.3.3.1. The application of nanostructuring on graphene biosensors can improve the 

accessibility of target bioanalytes to the surface of graphene, meanwhile it can enhance the 

diffusion of target bioanalytes to the surface of GFET. This enhancement in the diffusion can 

be explained by the diffusion equation: 

𝑁(𝑡) = 𝑁#𝐶.𝑡(
𝐴!
𝐶!(𝑡)

+
1

𝐾4E𝑏F
)&, 

where N(t) is the number of targets that can be adsorbed on the surface of the GFET sensor 

at a given time, NA is the Avogadro’s number, C0 is the initial target analyte concentration, 

CD(t) is the geometric diffusion capacitance. The diffusion equation indicates that the number 

of targets can be adsorbed on the surface of the GFET sensor is proportional to t for a GFET 

with spherical surface and proportional to √𝑡 for a flat surface GFET. [342] 

There are several different methods that can be employed for the fabrication of 

nanostructures on the surface of graphene. One of the approaches is to employ surface 

decoration with nanoparticles, such as carbon dots, quantum dots and metal nanoparticles.  
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3) Integration of Rayleigh wave streaming to enhance the mass transport of biomarkers to 

GFETs surface and reduce the non-specific bindings.  

The detection of very low concentration of biomarkers are often limited by the binding 

kinetics of the target. For example, at a small sample volume of (100 μL), where a single 

particle could present in the solution, the particle could take several hours to reach at the 

micro-nano sensor surface and stick without external force. Therefore, enhancing mass 

transport of the target to the sensor surface is critical to achieve single particle detection.  

It has been recently reported by Huang et al. [343] that the sensitivity of shear horizontal 

surface acoustic wave (SH-SAW) biosensors can be improved through incorporating Rayleigh 

wave-based actuation. They achieved a fourfold improvement in sensitivity compared to 

conventional SH-SAW biosensors. The origin of the enhancement in the sensitivity is due to 

the acoustic streaming generated by the incident Rayleigh wave, which accelerate the mass 

transport of biomolecules in the solution to the sensor surface. This acoustic streaming 

formed can enhance the binding kinetics of the targets to the bioreceptor molecules on the 

surface, resulting in the improvement in the sensitivity and the limit of detection (LoD).  

This application of the Rayleigh wave-based actuation can be applied and integrated on the 

GFET biosensors. This integration can generate a turbulence flow to the solution on top of the 

GFET sensor to enhance the mass transport of the targets to the sensor surface. Thus, 

achieving an improved sensitivity and LoD. Meanwhile, the application of the turbulence flow 

may also help in removing the non-specific binding events from the surface of the sensor, 

leading to better sensing performance. 

 

8.2 Multiplexed detection using GFETs biosensors 

Multiplexed detection is defined as the ability of the biosensor to simultaneously detect and 

analyze multiple biomolecules or target analytes in the same sample using the same chip. 

There is an increasing demand for multiplex detection platforms to detect biomarkers in body 

fluids. This is because analyzing a single biomarker lacks sufficient information for clinical 
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diagnosis. Furthermore, there is no single biomarker can be used for the diagnostic of disease. 

Simultaneous analysis of multiple biomarkers may provide a more reliable outcome, which 

may increase the accuracy of diagnosis. Meanwhile, minimal sample volume and preparation 

are required, with fast operation and turnaround detection time and lower cost per test.  

The multiplexed detection using GFETs biosensors can be achieved with a GFET chip designed 

with several functional areas of GFET sensor arrays. Each functional area can be specifically 

functionalised with disease specific aptamer / antibody for the detection of target biomarkers 

in the solution. Each functional area will also consist of several GFETs channels to be used as 

a control. A house designed 3D printed moulds can be used to specific and selective 

incubation of antibodies on the different functional areas on the GFET chip.  

 

 

Figure 8-2 Schematics of the GFET chip for multiple biomarker detection. The chip 
compromises several functional areas of GFET sensor arrays. Each functional area contains 
the detection and negative controls for each biomarker. 
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