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Abstract 

Graphene, a carbon nanomaterial with a honeycomb 2D single atomic layer structure, 

has aroused great attention in scientific research since 2004. Due to its unique physical, 

chemical and electrical properties, graphene has been viewed as a potential candidate 

for many biomedical applications such as chemical and biological sensors. Among all 

kinds of graphene based sensors, solution-gated graphene transistor (SGGT) which 

can operate in electrolyte has been widely studied as promising candidate for high-

performance sensors. SGGTs have several advantages over conventional methods, 1. 

The transistor-based structure of SGGT has both the sensing and the amplification 

functions, which implies higher sensitivity. 2. SGGTs can operate in aqueous 

environment with relatively low working voltages, which is important for many 

chemical and biological processes. 3. SGGTs are feasible for miniaturization and 

integration process because the device performance is dependent on the ratio of the 

channel width to length rather than device size. 

In this thesis, whole graphene solution-gated transistors with graphene as both channel 

and gate electrodes were fabricated and used as dopamine sensors. The limit of 

detection (LOD) of dopamine reached as low as 1 nM, which is three orders of 

magnitude better than that of conventional electrochemical measurements. The 

sensing mechanism is attributed to the change of effective gate voltage applied on the 

transistor induced by the electro-oxidation of dopamine at the graphene gate electrodes. 
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The interference from glucose, uric acid (UA), and ascorbic acid (AA) on the 

dopamine sensor is characterized. In purpose of improving the selectivity of dopamine 

to the interferences, a thin Nafion film was modified on the graphene gate by solution 

process. After the modification, the device exhibited LOD of 1 nM to dopamine, 1 μM 

to AA and 10 μM to UA. 

 Enzyme induced reactions on the gate electrodes of SGGTs could induce the change 

of effective gate voltage applied on the channel, and thus induce the variation of the 

conductance. Based on this mechanism, SGGTs with functionalized gate electrodes 

were designed and fabricated for hydrogen peroxide (H2O2) and glucose detection. 

Firstly, the graphene gate electrodes were modified by Pt nanoparticles through 

electrodeposition process. The sensitivity of the PtNP-modified SGGTs towards H2O2 

could reach as low as 30 nM. Based on the as-prepared highly sensitive H2O2 sensor, 

glucose oxidase was immobilized on the gate electrode by using biocompatible 

polymers (Chitosan, Nafion). The LOD of the functionalized device towards glucose 

could reach as low as 0.5 μM.  

Due to the good biocompatibility and chemical stability of graphene, SGGTs were 

also developed as cellular interface platform in this thesis. Hepatocellular carcinoma 

epithelial cancer cell lines (HepG2), osteogenic cell lines (SAOS2), and fibroblast cell 

lines (HFF1) were cultured on the graphene channel of SGGTs, exhibited excellent 

biocompatibility. Cell activities on the SGGTs were monitored and analyzed during 

the adhesion process. The results indicated that the adherent cells could influence the 
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electrical properties of SGGTs. Meanwhile, during the cell culture, constant electrical 

fields were applied on all the three electrodes of SGGTs, formed sequential Fermi 

level change on the SGGT channel. The corresponding distribution of different cell 

lines on the SGGTs was discussed. 

In summary, SGGT-based chemical sensors and biological sensors with specific 

functions were designed and fabricated. For many sensing applications, SGGTs 

performance biomedical detections. 
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Chapter 1 Introduction 

Since single-layer graphene firstly been exfoliated in 2004, many types of sensors and 

electronics were developed by ultilizing the unique electrical, optical, chemical 

properties of graphene. Until recently, graphene and its derives were widely used to 

detect multiple types of chemistry and biological analytes. In this chapter, the research 

background for chemical and biological sensors based on solution-gated graphene 

transistors will be introduced. Furthermore, the objective of my research as well as the 

outline of the whole thesis will be given in this chapter.   

1.1 Background 

Nowadays, there is a growing need for precise detection and monitoring chemistry and 

biological activities. Sensors with high sensitivity, high selectivity and rapid response 

are required urgently in many fields, including medical analysis, healthcare products, 

food safety tests, environmental monitoring, agriculture industry, security, and so on. 

With the development of nanotechnology, many chemical and biological sensors or 

electronics based on novel nanomaterials were widely investigated. Graphene, 

because of its unique physical properties, has been regarded as a promising material 

in the chemical and biological sensors [1-6]. In this thesis, graphene based solution-

gated transistors were systematically studied as biosensing platforms. 
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 After Novoselov et al. firstly separated stable single-layer graphene in ambient 

conditions in 2004 [7],much progress has been made in developing graphene devices 

in various types of sensors. Among all kinds of graphene- based chemical sensors and 

biosensors, solution-gated graphene transistor (SGGT), in which the gate and the 

graphene channel are separated by electrolyte instead of dielectric insulator, has shown 

to be the most promising one for real-time, highly sensitive, and high-throughput 

chemical and biological sensors. Basically, transistor-based sensor implies many 

advantages, such as amplification of signals detection, feasible method for further 

integration and so on. Meanwhile, the high mobilities and high conductance of 

graphene suggests devices could have high sensitivies.  

1.2 Objective of Research 

Although many progresses have been made for the sensing applications based on 

SGGTs, the physics of devices and the mechanism of sensors are still needing further 

researching and understanding. Thus, exploring the device physics and sensor 

mechanisms of SGGTs is indispensible. Besides, many other types of applications 

based on SGGTs should be developed to meet the requirements of scientific research, 

practical applications. Based on the reasons above, the objective of this thesis is settle 

as following: 
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The first objective of this thesis is to review the previous research of SGGTs based 

biosensors and chemical sensors, study and summary the device physics and the 

sensing mechanisms.  

Secondly, the objective is to develop highly sensitive biosensors (such as 

neurotransimitter sensor, carbonhydrates sensor) based on the understanding of the 

theory of the SGGTs. SGGT-based sensors are designed in purpose of improving the 

limit of detection and the detection range for certain analytes, and improve the 

performance comparing to conventional methods. The third objective is to develop 

integrated sensing platform based on SGGTs, such as cell-based biosensor, which 

could not only be used for sensing but also for manipulating chemical and biological 

activities. All these kinds of SGGT-based sensors have potential applications for real 

time monitoring various of chemical and bio-analytes and activities. 

1.3 Outline of Thesis 

Chapter 1: Introduction. In this chapter, we basically introduced the background of 

chemical and biological sensors based on solution gated graphene transistors (SGGTs). 

The objectives and outline of this thesis are also contained in this chapter. 

Chapter 2: In this chapter, the basic structure, materials and typical sensing mechanism 

was introduced and discussed. Also we reviewed recent progresses of chemical and 

biological sensors based on solution gated graphene transistors (SGGTs). 
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Chapter 3: High performance dopamine sensors based on whole graphene solution-

gated transistors. In this chapter, we developed a whole graphene SGGTs for 

dopamine detection. The fabrication procedures of whole graphene based SGGTs are 

introduced and descriped. Meanwhile, the behavior and mechanism of SGGTs were 

discussed. 

Chapter 4: Highly sensitive glucose sensors based on SGGTs. In this chapter, SGGTs 

are designed and fabricated as highly sensitive H2O2 sensors and glucose sensors. The 

enzyme-based functionalized method are discussed and used for specific sensing 

applications. The behavior and mechanisms are discussed in this chapter. 

Chapter 5: Cell sensing platform integrated with SGGTs. In this chapter, SGGTs are 

used as cell activity sensing platforms. The platform are used to monitor cell activity 

such as cell adhesion, cell apoptosis and control cell density distribution. The device 

behavior and mechanism are also discussed in this chapter. 

Chapter 6: Conclusions and Future Outlook. In this chapter, the works of this thesis 

are concluded and future works are proposed.
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Chapter 2 Overview of chemical and 

biological sensors based on Solution-Gated 

Graphene Transistors 

In this chapter, the basic structure, materials and typical sensing mechanism of 

solution gated graphene transistors (SGGTs) will be introduced and discussed. An 

overall point of view in this area is provided. Also, recent progresses of chemical and 

biological sensors based on SGGTs are reviewed in the chapter. 

2.1 Basic concepts of SGGT 

Solution-gated graphene transistors (SGGTs), which is also known as solution-gated 

graphene field effect transistors (SGFET), is one kind of electronic devices comprised 

by three metal contacts (source, drain, and gate) and a graphene channel fabricated on 

a substrate as shown in Figure 2.1 

Two different voltages are applied on the drain and the gate eletrodes while the source 

is grounded. SGGTs have similar working principles as typical eletrolyte gated field 

effect transistors which are widely used in electronics, the graphene channel and the 

gate are exposed to an electrolyte. Gate voltage is applied through the electrolyte and 
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the conductance of the graphene channel can be modulated by the gate voltage due to 

change of carrier densities in the channel. 

 

Figure 2.1 Typical configuration of a SGGT, containing three electrodes(source, 

drain,gate), a graphene channel and electrolyte.  

One obvious difference of SGGTs from other kind of eletrolyte gated FETs is the 

channel material. Graphene, a novel allotrope of nanocarbon materials which has a so-

called honeycomb 2D single-atomic-layer structure is used for channel conducting. 

Graphene is constructed by a sheet of sp2-bonded carbon atoms, which has been 

viewed as the basic structure of many other carbon allotropes, such as graphite and 
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carbon nanotubes. The carbon–carbon bond length in graphene is about 0.142 nm. The 

unique 2D structure of graphene has led to many remarkable physical properties 

including massless carriers (both electrons and holes), high transparency (97.7% for 

single layer), high conductivity, and extremely high carrier mobilities up to 105 

cm2/(V·s), which is about 2–3 orders of magnitude higher than those of typical 

semiconductors such as silicon. [8] Because of the excellent properties, graphene has 

been intensely investigated for the applications in transistors, solar cells, transparent 

conducting electrodes, sensors, and so on. Graphene holds advantages particularly in 

the sensing applications because it is chemically robust and bioinert. More importantly, 

graphene is extremely sensitive to electric field and charges around it because every 

carbon atom of a graphene sheet is exposed to the environment. 

Graphene was firstly prepared by mechanical exfoliation method. [9]  However, it is 

very difficult to obtain large-area graphene films using this technique. Then, several 

more convenient approaches, such as chemical vapor deposition (CVD) on metal 

substrates, epitaxial growth on SiC, and reduction from separated graphene oxide (GO) 

flakes, and so on, have been extensively studied by many research groups. Some 

approaches are potentially low cost and suitable for mass production. It is notable that 

large-area and high-quality single- or few-layer graphene has been successfully 

fabricated by CVD methods,which paved the way for the development of high 

performance, high density, and multifunctional graphene-based devices for many 

applications including the chemical and biological sensors. 
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SGGTs operate in electrolytes in direct contact with analytes, which is meaningful for 

the detection of many biological relevant molecules and reactions in aqueous solutions. 

SGGT-based sensors are expected to have high sensitivities because of the following 

factors. Firstly, a transistor-based sensor could serve as both a sensor and an amplifier. 

A small variation of voltage could induce a pronounced response of channel current 

due to the inherent amplification function of the device. [10] Secondly, graphene 

shows much higher carrier mobilities than many other semiconductors used in 

transistor-based sensors, [9]  such as organic semiconductors, [11]silicon nanowires, 

[12] and carbon nanotubes. [1] Therefore, SGGTs have higher transconductance (i.e., 

the ratio of channel current response to the gate voltage change) than other types of 

transistors, which is a key factor to the signal amplification of the devices. [13]Thirdly, 

SGGTs have the operational voltages normally less than 1 V, [14]so the devices are 

very sensitive to small potential changes induced by analytes near the interfaces on 

the channel or the gate. Of particular interest is the factor that SGGTs can be 

miniaturized without the degradation of device performance because the channel 

current is proportional to the ratio of the channel width to length rather than the actual 

device size, so the devices are promising in the applications as high-density and 

multifunctional microarrays that can provide unprecedented simultaneous and 

multiplexed analysis in a high- throughput screening format [10]. 

In this chapter, we will focus on the recent progress and the performance of SGGT-

based chemical and biological sensors in the detection of pH, ions, biological analytes 
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and bioreactions, as shown in Table 1 and Table 2. The detailed working principle and 

the fabrication of SGGTs are introduced first. Then, the sensors are sorted by their 

applications and described in the two sessions: 1) chemical sensors, including pH and 

ion sensors; 2) biosensors, including glucose, DNA, cell, bacterial, and protein sensors. 

It is notable that all of the sensors are potentially useful in healthcare products. 

2.2 Introduction to graphene: properties and 

fabrication 

2.2.1 Mechanically Exfoliated Graphene 

Pristine graphene without any functionalization is insoluble in any solvent. Therefore, 

pristine graphene channel can be fabricated by directly transferring graphene sheets 

onto the substrate by mechanical cleavage, known as the “scotch-tape” method. [9, 15] 

The technique is easy to achieve, using adhesive tape to repeatedly peel layers off of 

highly oriented pyrolytic graphite and pressing it onto an target substrate. The pristine 

single- or few-layer graphene exhibits the best electronic and structural qualities, high 

carrier mobilities at room temperature, and low intrinsic noises as compared with other 

nano- structured graphene films. So that it is used very often to study the intrinsic 

properties of graphene and related devices. However, it is difficult to control the shape, 

size, and location of this kind of graphene, as shown in Figure 2.2. Hence, the yield of 
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the devices is extremely low. It is obvious that mechanically exfoliated graphene is 

more suitable for fundamental study than practical applications, such as SGGTs. 

 

 Figure 2.2 a) Optical microscopy image of exfoliation graphene prepared on a 

oxidized Si wafer by the scotch-tape technique[8].b) A transparent ultralarge-area 

CVD-grown graphene film transferred on a 35-in. polyethylene terephthalate (PET) 

sheet [16].c) AFM image of GO sheets on freshly cleaved mica, the height difference 

between two arrows is 1 nm, indicating a single-layer GO[17]. d) AFM image of 

phages bound to mechanically exfoliated pristine graphene film (scale bars 1 μm) [18]. 
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2.2.2 Graphene Prepared by CVD 

CVD method has emerged to be one of the most promising techniques for the large-

scale production of single- and multi-layer graphene films. Carbon atoms can be 

dissolved in metal (e.g., Ni, Ru, and Cu) foils at high temperature and then precipitated 

onto the metal surfaces to form graphene films upon cooling. By using this method, 

graphene films could be prepared on the metal substrates particularly on Cu foils that 

can lead to single-layer yield as high as 95% [19]. As shown in Figure 2.2b, large-area 

graphene with a size up to tens of inches can be prepared by a CVD method. So this 

technique can enable the mass production of SGGTs with high reproducibility for 

many practical applications. Another advantage of CVD growth is the feasibility of 

substitutional doping by introducing heteroatoms (nitrogen, boron, etc.) into the 

carbon lattice [16], which is also important in functionalizing or optimizing the 

graphene transistors. Because of the large size of CVD grown graphene, arrays of 

SGGTs with designed shapes and sizes could be achieved by microfabrication 

techniques, which shows great potential for miniaturized multifunctional sensing 

arrays and lab-on-a-chip applications. [20, 21]. 

On the other hand, there are still many shortcomings of this technique. The CVD-

grown graphene can only be prepared on certain metallic substrates and needs to be 

transferred to target substrates by wet-chemical process with the assistance of a layer 

of polymer, such as polymathy methacrylate (PMMA) [22], coated on the surface to 
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stabilize the graphene film before the metal substrate is etched away. The transfer 

process adds additional complications to the quality and consistency of samples such 

as cracking, contaminations, and destruction of graphene sheets, causes deterioration 

of the physical and electronic properties. So the transfer process needs to be optimized 

in the fabrication of high-performance SGGTs. In addition, the substrate can also 

influence the physical properties of graphene dramatically due to the interaction 

between them as evidenced by many reports. Therefore, the substrate modification or 

treatment is another issue needs to be considered in the fabrication of graphene 

transistors [22]. 

Alternatively, another method to obtain an arbitrarily large graphene film is to 

decompose silicon carbide (SiC) to graphene at high temperatures. [23, 24]However, 

several issues limit its practical applications. It is difficult to precisely control the 

properties of graphene epitaxially grown on SiC and it also needs additional transfer 

steps for device fabrication. More importantly, this technique is not suitable for mass-

production for the high price of single-crystal SiC. 

2.2.3 GO and rGO 

Chemical exfoliation of graphite into GO provides an opportunity to produce solution-

processable graphene, which enables the mass production of graphene-based 

electronics at low cost. [6] Different from direct physical cleavage, chemicals were 

used to intercalate bulk graphite by inserting reactants between layers that weaken the 
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cohesive van der waals force. Typically, a stable, homogeneous GO aqueous 

suspension could be generated by a modified Hummers method, [17]  graphite is 

oxidized with sulfuric acid and potassium permanganate and exfoliated as a result. As 

shown in Figure 2.2c, the lateral dimensions of GO flakes ranging from several 

hundred nanometers to several micrometers. This method has relatively shorter 

reaction time and has little toxic side products. Mohanty and Berry firstly used GO as 

sensing material in SGGTs [25],  and this material is still popularly used in SGGT 

until now. So GO could be produced at low cost, easily used in various devices, and 

most importantly, have plenty of oxygen functional groups such as carboxylic acid, 

epoxy and alcohol groups that could be used for modifying biorecognition molecules 

in biosensors. However, GO has a significant shortcoming compared with pristine 

graphene and CVD graphene. The oxidation process could induce defects that can 

scatter charge carriers, decrease the carrier mobility and increase the overall noise of 

the device. 

Many method of removing the functional groups on GO through chemical reduction, 

thermal, photothermal, or electrochemcial reduction has been developed to produce 

rGO with conjugated structure and much higher electrical conductivity [26]. However, 

typical chemical reduction cannot completely remove all oxygen in GO. The 

electronic parameters such as mobility and conductivity are still lower than those of 

pristine graphene, whereas, on the other hand, rGO-based SGGTs may benefit from 
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the enhanced interaction or chemical reaction between the remaining functional 

groups and the analytes. 

2.2.4. Graphene Modification 

To improve the selectivity, sensitivity, and stability of the SGGT-based sensors, 

surface modifications on the graphene layers are normally needed in many cases. For 

example, pristine graphene is chemically inert and it cannot be used for any specific 

detection without surface modification. For GO and rGO, oxygen-containning 

chemical groups such as carboxylic, hydroxyl groups is naturely existing. Besides, 

different kinds of chemical moieties, such as amino, hydroxyl, alkyl, sulfonate groups, 

and so on, could be introduced by chemical reactions [27]. The chemical moieties can 

be used to graft functional molecules through covalent bonding. For example, 

carboxylic groups can react with proteins via amide or ester linkages, leading to high 

sensitivity and selectivity [28]. The covalent strategies can thus effectively introduce 

various functionalities; however, they unavoidably alter the electronic structure and 

the physical properties of graphene in the devices. 

For mechanically exfoliated or CVD-grown graphene, improvement of the 

performance of graphene sensors requires more effort because graphene is almost inert 

in many chemical reactions. In some sensing applications, graphene needs to be 

functionalized to enhance its specificity, sensitivity, loading capacity, 

biocompatibility, and so on. Graphene could be modified through covalent and 
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noncovalent approaches. However, it is relatively difficult to modify mechanically 

exfoliated or CVD-grown graphene by covalent attachment and the disrupted sp2 

structure after the modification may induce dramatic changes in its electronic 

properties. Thus, noncovalent modifications have been employed in order to preserve 

the intrinstic proper- ties of the original graphene materials. As shown in Figure 2.2d, 

functional molecules can noncovalently bind to the graphene surface through van der 

Waals interaction, or electrostatic interactions [18]. Graphene materials also can be 

noncovalently decorated with nanoparticle through in situ reduction, electrospray, or 

electrochemical deposition [29]. For example, thiol-ssDNA probes can be anchored 

on graphene via gold nanoparticles modified on the graphene surface and used for 

sensing target DNA and Pb2+ ions [30, 31].  

2.3 Structure of SGGTs 

Figure 2.1 shows the structure of a typical SGGT consisting of a graphene channel 

between source and drain electrodes and a gate electrode immersed in an electrolyte. 

In a transistor, the direct conduction current between the gate electrode and the source 

or the drain electrode is prohibited. According to our experience, the source and drain 

electrode cannot be exposed to the electrolyte. A direct contact of the source and the 

drain electrodes with the electrolyte can induce high gate leakage current and unstable 

performance of the device when a gate voltage is applied. Because the electrolyte is 

conductive, the gate voltage is thus actually applied on the two interfaces, including 

gate/electrolyte and electrolyte/graphene interfaces, as shown in Figure 2.3. Each 
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interface has an electric double layer (EDL) that can be regarded as capacitor. [20]  

Similar to a field-effect transistor, the channel conductance of the SGGT can be 

modulated by the gate voltage due to field-effect doping. The device performance of 

a SGGT can be presented by a transfer curve, which is the channel current IDS between 

source and drain as a function of gate voltage VG at a fixed drain voltage VDS. Because 

graphene has zero bandgap, SGGTs exhibit ambipolar transfer characteristics, which 

means the device exhibits either p-channel (hole conduction) at negative gate voltage 

side or n-channel (electron conduction) at positive gate voltage side, as shown in 

Figure 2.3. No off current can be observed in the transfer curve of a SGGT. The 

channel current I DS for both p-channel and n-channel of a SGGT is given by[14]: 

DS i G Dirac DS

W
I C V V V

L
  , for G Dirac DSV V V          (2.1) 

where VDS and VG are the voltages applied on the drain and the gate electrodes, 

respectively; W and L are the width and length of the channel, respectively; μ is the 

carrier (electron or hole) mobility in graphene; Ci is the gate capacitance. It is worth 

noting that Ci is not a constant value and is dependent on VG. VDirac is the gate voltage 

when the Fermi level in graphene channel is modulated to the charge neutrality point 

(Dirac point). This gate voltage is called the Dirac point voltage of the device. 
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Figure 2.3 Potential drop in a SGGT device under a gate voltage VG. The blue region 

represent electric double layer (EDL). 

As shown in Figure 2.3, the gate capacitance of a SGGT is related to the two EDL 

capacitors (CEDL1 and CEDL2) connected in series. The capacitance of an EDL is about 

10–40 F cm−2, [32]  which is largely dependent on ion concentrations in the electrolyte 

and the applied bias voltage. In addition, the quantum capacitance of graphene channel 

due to the change of Fermi level when it is charged should be considered. The quantum 

capacitance CQ is given by: [33] 
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where Q is the charge density in graphene channel, q is electron charge, Vch is the 

channel electrostatic potential, vF ≈ 108 cm/s is the Fermi velocity of carriers in 

graphene, and ћ is the reduced Planck’s constant. The quantum capacitance of 

graphene is dependent on Vch and changes from zero to tens of μF/cm2, which is lower 

than or even comparable to double-layer capacitance. [33] Therefore, the gate 

capacitance of the graphene transistor consists of the two double-layer capacitors and 

the quantum capacitance connected in series, as shown in Figure 1b. Nevertheless, the 

total gate capacitance (tens of μF/cm2) of a SGGT is much bigger than that of a typical 

field-effect transistor with a thermal oxide gate insulator.For example, the capacitance 

for a 100 nm-thick SiO2 layer is only ≈345 nF/cm2. [34]  According to Equation (2.1), 

if Ci is very high, a low gate voltage can induce a substantial change of channel current. 

Therefore, the operational voltage of a SGGT is normally less than 1 V, which is much 

lower than that of a typical field-effect transistor. 

The sensitivity of an electronic sensor is the minimum magnitude of input signal that 

can produce an output signal with a specified signal-to-noise ratio. In analytical 

chemistry, detection limit, which is the minimum concentration or quantity of a 

substance that can be distinguished from a suitable blank value, [35]actually has the 

similar meaning and is normally used to describe the sensitivity of a chemical or 

biological sensor. An electronic sensor may have a signal even when a blank sample 

is analyzed, which is referred to as the noise level. So the detection limit is normally 

defined as the concentration of analyte that can generate output signal three times 
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higher than the standard deviation of the noise level. Noise in typical graphene filed-

effect transistors has been found to be inversely proportional to frequency (f) at low-

frequency region (f < 100 Hz) and related to the quality of graphene and the device 

fabrication conditions. [36] However, the noise level of SGGTs has not been 

systematically studied until now and further work is needed.  

 

Figure 2.4 A typical transfer curve (channel current   IDS vs. gate voltage VG ) of a 

SGGT characterized at a constant drain voltage VDS, IDS could be modulated by VG 

with a balliastic shape. 

The current responses of SGGTs to analytes are important for their sensing 

applications. Because the SGGT-based sensors are sensitive to potential changes at 

interfaces as explained in the following section in more details, the current responses 
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of the devices are proportional to the transconductance of the devices. The change in 

IDS for a given change in VG is called the transconductance (gm) of a transistor. [34]  

According to Equation (2.1), the transconductance of the device is given by: [34]  

DS i G Dirac DS

W
I C V V V

L
       (2.3) 

So the channel current response of a SGGT is proportional to the carrier mobility and 

the gate capacitance (Ci). 

2.4 Principles for SGGTs sensing applications 

When SGGTs are used as chemical or biological sensors, there are several different 

sensing mechanisms as reported in literature. In general, analytes can change one or 

several parameters in Equation (2.1). The possible sensing mechanisms are as follows. 

1. Potential drops at interfaces. SGGTs are sensitive to potential changes at the gate 

electrodes or the graphene channels, which are similar to other types of transistor-

based sensors.[13] In this case, the Dirac point voltages (VDirac) of the devices can be 

changed by the analytes, which lead to horizontal shifts of the transfer curves. Almost 

all pH and ion-sensitive SGGT sensors are based on this mechanism. [20] Some 

biosensors, such as bacterial and DNA sensors, [28, 30] also operate with the same 

principle. It is notable that most of the researchers were focusing on the potential 

change on the graphene active layer, whereas few noticed that the potential drop on 
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the gate electrode is equally important to the sensing applications. Our group recently 

demonstrated that a KCl ion sensor could be realized by using a SGGT with an 

Ag/AgCl gate electrode based on the changes of the potential drop at the gate electrode 

with the variation of ion concentrations. [20] So many other types of chemical and 

biological sensors with functional gate electrodes are expected to be realized in the 

future although few works have been reported until now. 

2. Changes of carrier mobility or doping level in graphene. The interactions between 

analytes and graphene channel may dramatically change the graphene properties, 

especially the carrier mobility and the Fermi level, which all influence the performance 

of the SGGTs. Many biosensors, such as DNA, [37]  cell, [38] and bacteria sensors, 

[25] have been realized based on this mechanism. The selectivity of this type of 

devices would be a major problem if pristine graphene was used in the active layer, so 

surface modification on the graphene layer is needed in specific detections.  

3. Change of contact resistance. Contact resistance in a transistor is an important 

factor for the device performance, although it is not included in Equation 2.1. The 

contact resistance is normally due to the nonohmic contact near the source and/or drain 

electrodes induced by energy level mismatch between the metal contact and the 

semiconductor layer. Therefore, the modulation of the work function of the metal 

electrode can change the device performance, including the calculated field-effect 

carrier mobility and the Dirac point voltage. [39] Although this mechanism in the 

SGGT sensors has not yet been confirmed, [40] biosensors based on other types of 
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transistors, including carbon nanotube transistors [41] and organic thin film 

transistors[42], were reported to operate with this mechanism. Similar effect is 

expected in some SGGT-based sensors especially short channel devices. It is notable 

that some researchers may not realize this effect in analyzing their data as the effect is 

rather difficult to be clarified and separated from other possible factors.  

4. Potential change in electrolyte. Electrolytes are conductive and are thus 

equipotential in the bulk. However, in some special cases, there is a potential drop in 

the electrolyte between the gate and the channel, which will also influence the 

performance of a SGGT device. For example, our group reported the SGGT-based 

flow velocity sensor, [20] which was based on measuring the variation of streaming 

potential in the electrolyte due to the change of flow velocity. In biological systems, 

especially living organisms, potential drops maybe induced by fluids or the diffusion 

of ions, which all may change the performance of a SGGT device when it was used 

for in vitro or in vivo tests.  

5. Gate capacitance change. The EDL capacitance (CEDL1 and CEDL2 in Figure 2.2) is 

related to ion concentrations, impurities, or distribution of charges near the graphene 

layer or the gate electrode. [15] Therefore, the device performance can be influenced 

by this factor at certain measurement conditions. separated gate and channel regions, 

as shown in Figure 2.1. The source, drain, and gate electrodes can be deposited and 

patterned with typical microfabrication techniques directly on substrates. [20] The 

graphene active layer can be fabricated by using printing or transfer techniques. The 
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metal (e.g., Au) source and drain electrodes can be isolated from the electrolyte by the 

graphene layer above them because high-quality graphene film is impermeable to 

water. However, if the metal electrodes are deposited on top of the graphene layer, 

packaging of the metal contacts is needed to ensure low gate leakage currents. [20] 

The major concern in the fabrication of SGGTs is the quality of graphene used in the 

devices. Producing high-quality graphene in scalable, economical processes is a very 

important step for the fabrication of graphene devices. Three major kinds of graphene 

have been used in the fabrication of SGGTs, including graphene flakes prepared by 

mechanical exfoliation, [9] CVD-grown graphene, [43] and solution-based and 

chemically reduced graphene oxide (rGO) prepared by chemical exfoliation of 

graphite. [6, 25] Each method has its own advantages, draw- backs, and unique 

features in terms of economic cost, quality, and processability. 

2.5 Chemical sensors based on SGGTs 

A chemical sensor is a transducer that can convert chemical information, ranging from 

the concentration of a specific sample component to total composition analysis (like 

gas or ion concentrations), into signals that can be read out by an observer or by an 

(mostly electronic) instrument. Chemical sensors may be classified according to the 

operating principle of the transducer, including optical, electrochemical, electrical, 

mass sensitive, magnetic, and thermometric devices. [44] Most of the SGGT-based 

chemical sensors are electrochemical or electrical ones, in which the interaction 
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between the analyte and the sensitive layer induces a potential change that is then 

transformed into a change of the channel current. SGGTs have been successfully used 

as pH sensors and ion (i.e., K+, Na+, Ca2+, Hg2+,Mg2+, Pb2+, etc.) sensors that are 

described as follows. 

Table 1 chemical sensors based on SGGT 
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2.5.1 pH sensors 

pH sensors have many applications because pH is an important parameter for lots of 

chemical and biological reactions. The first transistor-based pH sensor is the ion-

sensitive field-effect transistors (ISFET) fabricated on silicon chips in 1970 by P. 

Bergveld. [55] An ISFET normally shows a gate voltage shift VG as a function of pH 

value of the aqueous solution given by[55]: 

2.3G

kT
V pH

q
        (2.4) 

where k is the Boltzmann constant, T is the temperature of system, q is the electronic 

charge,   is a constant less than 1, pH is the pH relative change of solutions. Only 

in ideal conditions,   is equal to 1 and in this case Equation (4) is called Nernstian 

relationship. At room temperature (T = 300 K), the gate voltage shift is about 59 mV 

pH−1 when the constant 1  . 

Then many different types of transistors, including polysilicon thin film transistors, 

[55] carbon nanotube transistors, [56] oxide nanowire transistors, [57] and organic thin 

film transistors [58] were successfully used in pH sensors. SGGTs has been used and 

studied as pH sensors since 2008. [45] Although the sensing mechanism in some 

devices remains unclear, large variation of pH sensitivities ranging from zero to a 

value of 99 mV pH−1 (larger than the ideal value given by Nernstian relation) has been 

reported. Recent research indicated that this variation could be attributed to different 
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graphene quality and a clean graphene device actually had minor sensitivity toward 

pH. 

In 2008, Ang et al. firstly fabricated SGGTs using epitaxial graphene grown on SiC 

substrates by thermal deposition and patterned by photolithography. [45] Because the 

insulating substrate is very thick, only top gate transistor can be fabricated on the 

epitaxial graphene via “solution gating.” The transfer curve exhibited ambipolar 

behavior with the maximum hole and electron mobilities of about 3600 and 2100 cm2 

/V ·s, respectively. By applying a gate potential from an Ag/AgCl reference electrode 

placed on top of the channel, the channel conductance was modulated for only about 

30%, which is much lower than those of the SGGTs reported later. [20, 52, 53] So the 

graphene used in the device may have high density of traps. The transfer curves of the 

devices shifted to more positive gate voltage with the increase of pH and showed a 

supra-Nernstian response of 99 mV/pH, indicating great potential for pH sensing 

applications. The mechanism may be attributed to the interplay between surface 

potential modulation by ion adsorption and the attached amphoteric OH– groups on 

the graphene surface. They also investigated the electrochemical properties of the EDL 

on graphene using cyclic voltammetry (CV) and frequency dependent impedance 

methods and found that the graphene/electrolyte interface was very sensitive to pH, 

which further confirmed that the pH-sensitive behavior of the SGGTs is due to the 

graphene/electrolyte interface. 
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Ohno et al. fabricated SGGTs with mechanically exfoliated pristine graphene for 

electrical detecting pH as well as protein adsorption. [40, 46] The transfer 

characteristics were measured in buffer solutions with different pH ranged from 4.0 to 

8.2. The dependence of the channel conductance at fixed gate and drain voltages on 

the pH value was also characterized. It was reasonable to find that the Dirac point of 

the SGGT shifted to a positive direction with increasing pH, similar to the previous 

report. [45] However, the transfer curve only shifted for about 25 mV/pH, which is 

much lower than the above result reported by Ang et al. [45]  

Cheng et al. reported performance improvement of SGGTs by suspending them in 

aqueous solution through a novel in situ etching technique. [47] The transconductance 

of the device was increased for about two times after the suspension of graphene from 

the substrate, whereas the low-frequency noise was decreased for about one order of 

magnitude. Therefore, the sensitivity of a sensor based on the suspended device can 

be improved. The devices were demonstrated as real-time and sensitive pH sensors in 

testing solutions with pH values varied from 6 to 9. The Dirac point voltage of the 

transfer curve shifted positively with the increase of pH while the shift was only about 

20 mV/pH. 
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Figure 2.5 a) Optical image of a graphene transistor beneath a liquid channel. b) 

Schematics of the experimental setup and the electrical circuitry of the SGGT. c) 

Source-drain conductance as a function of gate voltage applied by the reference 

electrode measured in different pH buffer solutions for an as-prepared SGGT and d) a 

SGGT with a thin Al2O3 film coated on graphene channel. [48] 

Fu et al. found that SGGTs with high-quality graphene were insensitive to the pH 

values of solutions.[48] As shown in Figure 2.5, they fabricated devices with CVD-

grown graphene and observed little gate voltage shift (6±1 mV/pH) in the transfer 

characteristic of a SGGT when the pH of the solutions were varied from 4 to 10. The 

voltage-shift of the SGGT can be further reduced when the device was covered by a 
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hydrophobic fluorobenzene layer on the graphene. But the voltage shift was increased 

to 17±2 mV/pH when a thin Al2O3 layer was coated on the graphene, as shown in 

Figure 2.5. It is notable that Al2O3 is a pH-sensitive material that has been used in ion-

sensitive field-effect transistors before.[55] So, the results suggested that clean 

graphene was not sensitive to the concentration of proton or pH in solutions, which is 

a consequence of its ideal hydrophobic surface with few dangling bonds. They 

believed that the gate voltage shifts induced by pH change reported in the previous 

literature reflected the quality of graphene. So, it is reasonable to conclude that 

defective graphene, where free bonds exist on the surface, is sensitive to the pH value 

of the solution, whereas high-quality graphene with no dangling bonds is not. 

These studies indicated that pH sensors can be realized by using SGGTs only in some 

special conditions. Compared with typical silicon-based ISFETs that showed pH-

dependent gate voltage shifts close to Nernstian relationship, [42, 55]  the pH sensors 

based on graphene transistors exhibited responses diverged greatly from this 

relationship. Supra-Nernstian response was even observed in the devices with high-

density defects in the graphene layers. [45] Therefore, to realize the high-performance 

pH sensors, it is necessary to know the underline mechanism that can induce the big 

shift of Dirac point voltage, [45] which is unclear until now. Further work is needed 

to better understand this effect. 
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2.5.2 Ion sensors 

Ion sensors have many important applications, such as environment monitoring, food 

safety inspections, and so on. On the other hand, the interactions between ions and 

graphene are important to all types of SGGT-based chemical or biological sensors 

since the devices operate in aqueous solutions. Besides the pH sensors, various ion 

sensors based on SGGTs, including Na+, K+, Ca2+, Mg2+, Hg2+, and Pb2+ sensors, have 

also aroused great attentions in recent years. 

Chen et al. prepared SGGTs with mechanically exfoliated graphene on SiO2 substrates. 

[49] Ag wires or Ag/AgCl reference electrodes were used as gate electrodes. They 

studied the influence of ionic concentrations in NaF solutions on the device 

performance and observed the shift of the transfer curve to lower gate voltage with the 

increase of ionic concentration. Assuming that the potential drop across the 

electrolyte/SiO2 interface was induced by the impurity charges and partially 

counteracted by the ions in solution, the influence of ionic concentrations on the shift 

was then simulated with an analytical model successfully. In addition, they found that 

the charged impurity on the SiO2 substrates was another important factor that can 

influence charge transport in graphene layer. By fitting the device performance, the 

concentrations of charged impurities in different devices were extracted. A clear 

relationship between the minimum conductivity at the Dirac point and the impurity 
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concentration was obtained. The minimum conductivity decreased exponentially with 

the impurity density, which was attributed to the impurity scattering of the carriers. 

Heller et al. investigated SGGTs composed of single-layer graphene flakes and Cr/Au 

source and drain electrodes on SiO2 substrates. [50] An Ag/AgCl reference electrode 

was used as the gate. The device performance was sensitive to the ionic concentrations 

and pH values of the electrolytes. The transfer curve shifted to positive gate voltage 

with the increase of pH, similar to the pH-sensitive SGGTs reported before. [45] At 

the same pH condition, the transfer curve shifted with the change of ionic 

concentrations. When pH is 7, the shift is −42.7 mV per decade for both LiCl and KCl 

solutions, whereas for pH of 3, the shift is +18.9 mV per decade. So the shift of the 

transfer curve was sensitive to different ions without selectivity. They believed that 

the response to ions in electrolytes could be affected by a high density of ionizable 

groups on both the underlying substrate and the graphene surfaces. These effects 

should be considered in many other sensing applications of SGGTs, in which the 

electrical signal can be affected by charged target molecules as well as electrolyte ions. 

Therefore, careful control of electrolyte properties is needed in some experiments. 

Sofue et al. used mechanically exfoliated graphene to fabricate SGGTs for ion sensors 

and demonstrated sensitive electrical detection of NaCl of various concentrations in 

Tris–HCl buffer solution. [51] Sodium ion in electrolytes was found to affect the 

electrical potential of graphene channels. As a result, the transfer curves shifted toward 

negative voltages with increasing Na+ concentration. The voltage shift of the SGGT 
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can be used to accurately detect the concentrations from 1.0 ×10−9 M to 1.0×10−3 M. 

The device was also demonstrated for real-time detection of Na+ concentrations with 

high sensitivity. 

In practical applications, device packaging of SGGTs is important to achieving stable 

performance. SGGTs can be integrated in microfluidic systems with only small active 

areas exposed to electrolyte while all contacts are well packaged. More importantly, 

microfluidic chips can be easily fabricated in clean room to achieve low cost, highly 

sensitivity, and high-throughput detections. Our group fabricated and integrated 

SGGTs into microfluidic channels on both glass and flexible substrates (PET), [20] as 

shown in the Figure 2.6. The transfer curve of a SGGT with Ag/AgCl gate electrode 

shifted toward the negative voltage direction with the increase of KCl concentration 

in the microfluidic channel, as shown in Figure 2.6b. But the device was insensitive to 

ionic concentration when the Ag/AgCl gate electrode was replaced with an Au wire, 

indicating that the gate electrode was responsible for the ion-sensitive performance. 

As shown in Figure 2.6, the voltage shift in the former case was about 61.9 mV per 

decade close to the ideal value (59 mV per decade) given by Nernst equation at room 

temperature. So the response was caused by the variation of the potential drop at the 

Ag/AgCl gate electrode. 
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Figure 2.6. a) Schematic diagram of a SGGT with an Ag/AgCl gate electrode 

integrated in microfluidic channel; b) transfer curves of a SGGT measured in KCl 

aqueous solutions with different concentrations; c) the shift of Dirac point voltage as 

a function of KCl concentration. d) Time-dependent channel current of the SGGT 
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characterized in flowing KCl solution with different velocities; e) transfer curves of 

the SGGT characterized at different flow velocities; f) the shift of Dirac point voltage 

(ΔVG) of SGGTs on glass or plastic substrates at different flow velocities. [20] 

The SGGT could also be used to detect flow velocities in the microfluidic channel. As 

shown in Figure 2.6 d, the channel current IDS changes with the variation of flow 

velocity. We also observed that the transfer curve of the device shifted horizontally 

with the change of flow velocity shown in Figure 2.6 e. The voltage shift can be fitted 

with the following equation for the streaming potential (Vstr) generated by the moving 

counterions inside the EDL: [59] 

0

(C )

r
str

hR
V

e

  


  



       (2.5) 

Where ζ  is the zeta potential on the surface of the micro-chip channel, 0ε  is the 

vacuum permittivity, rε  is the relative dielectric constant of the electrolyte solution, 

ω , h , and R are the width, height, and flow resistance of the microchannel, 

respectively; η  is the dynamic viscosity of the electrolyte solution, e  is the electron 

charge, C is the ionic concentration, λ  is an offset concentration that arises from the 

background concentration of ions, μ  is the effective ionic mobility, and υ  is the flow 

velocity in the microchannel. 
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Because the streaming potential in Equation (2.5) is dependent on three physical 

quantities, including the flow velocity υ , the ionic strength of the fluid C, and the zeta 

potential of the substrate ζ , the device could be adopted for sensing any one of the 

three quantities when the other two were known. As shown in Figure 2.6 f, the SGGTs 

on different substrates (glass or plastic) exhibited different sensing behavior, which 

further confirmed the sensing mechanism of the devices. This flexible, multifunctional, 

and miniaturized SGGT-based sensor might have great potential for applications in 

lab-on-a-chip platforms, biological systems, or medical devices. 

Recently, Newaz et al. investigated the influence of fluid flow on the performance of 

a SGGT in a microfluidic channel.[75] Because the change of flow velocity or the 

concentration of ions (NaCl) would induce transfer characteristic shift due to the 

change of streaming potential given by Equation (2.5), they developed a graphene-

based mass flow and ionic strength sensors. The flow sensitivity of SGGTs reached 

about 70 nL/min, which was about 300 times higher than the reported flow sensitivity 

of a carbon nanotubes device, and about four times higher compared with a device 

based on Si nanowire. Their SGGTs could also detect changes in the ionic strength of 

a moving liquid with the sensitivity of about 40×10−9 M. So the devices sensitive to 

liquid flow and ionic strength may find some applications as mentioned above. 

After surface modification on graphene, SGGTs could achieve high sensitivity and 

specificity to certain kind of ions. Wen et al. reported Pb2+ ion sensors using gold 

nanoparticle and DNAzyme-functionalized SGGTs. [60] As shown in Figure 2.7, 
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CVD-grown graphene was decorated with gold nanoparticles that serve as the 

anchoring sites to covalently immobilize thiolated Pb2+-dependent DNAzyme 

molecules. Upon binding with Pb2+ ion, the enzymatic strand cleaved the substrate 

strand and induced the diffusion of enzymatic strand and the unthiolated portion of the 

substrate strand from the graphene active layer, which altered the original electronic 

coupling between the charged DNAzyme complex and the graphene. It is found that 

the transfer curve shifted to positive gate voltage after adding Pb2+ ion, indicating the 

alleviation of n-doping by DNA molecules. So the Dirac point shift was caused by the 

interaction between DNAzyme molecules and graphene surface rather than between 

Pb2+ ions and graphene. The detection limit of the devices to Pb2+ was about 20×10−12 

M, which was several orders of magnitude lower than that of other approaches, such 

as optical methods. [61] Moreover, the selectivity of the devices was very high because 

Pb2+-dependent DNAzyme was used as the recognition element. 
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Figure 2.7 Schematic illustration of the SGGT functionalized with Au nanoparticles 

(AuNPs) and DNAzyme molecules. b) Schematic of Pb2+ -induced self-cleavage of 

the DNAzyme. c) The Dirac point shifts of SGGTs based on bare graphene, AuNP-

decorated graphene, nonspecific DNA–AuNP complex decorated graphene, and 

DNAzyme–AuNP complex decorated graphene, to various Pb 2+ concentrations. d) 

The averaged Dirac point shift of DNAzyme–AuNP complex decorated SGGTs in the 

presence of 20×10 −12 M Pb2+ ion for different incubation time. [61] 

Sudibya et al. used micropatterned rGO films to fabricate SGGTs as ion sensors. [52] 

rGO is the desirable alternative to the pristine graphene due to its low cost, solution 

processable, and scalable production. [62, 63] After the modification of specific 

proteins, the devices can be used to effectively detect Ca2+, Mg2+, Hg2+, and Cd2+ ions 
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with high specificity and the detection limit down to 1.0 × 10−9 M, which is 

comparable to those of conventional methods. [61] By applying different gate voltages, 

both the p-type and n-type detection can be easily realized in the same rGO-based 

SGGT. The simple rGO devices could be readily patterned and fabricated by solution 

process on various substrates and utilized to detect various metal ions in solutions 

rapidly and label-freely with high sensitivity and specificity. The devices could be 

easily integrated in lab-on-a-chip systems as microarrays for parallel recording 

multiple targets. 

2.6 Biosensors based on SGGTs 

A biosensor is an analytical device combining functional materials or biological 

components with a physicochemical detector for sensing a biological analyte. The 

device can convert the biological information into another signal that can be more 

easily quantified. Graphene has shown great biocompatibility, environmental 

sensitivity, and stability in biosystems, which is important to either point-of-care or 

real-time sensing applications. Recently, SGGTs has been fabricated and developed 

as many kinds of biosensing applications such as biomolecule and bacteria sensing, 

cell activity monitoring, and so on. After certain modifications, SGGTs could achieve 

similar or higher sensitivities to bacteria, DNA, protein, and so on compared with other 

sensing techniques. [64, 65] SGGTs can be easily miniaturized and integrated into 

microfluidic systems, exhibiting great potential for high-throughput, ultrasensitive, 

and highly selective biosensors for broad applications. 
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Table 2.2 Biosensors based on SGGT 
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2.6.1 cell and bacteria sensors 

Because of the good biocompatibility of graphene, [78] SGGTs can be integrated with 

cells for sensing applications. Cohen-Karni et al. reported the first application of 

SGGTs in cell-based biosensors, in which electrogenic cells were integrated with the 

graphene channel. [38] Single-layer graphene flakes prepared by mechanical 

exfoliation were transferred to SiO2 substrates and Cr/Au/Cr source and drain contacts 

were then patterned on the graphene layers by electron beam lithography. 

Spontaneously beating embryonic chicken cardiomyocytes were brought to have 

direct contact with graphene channels. The devices could yield well-defined 

extracellular conductance signals with signal to noise ratio higher than 4. By adjusting 
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the solution gate potential VG, the amplitude of the signal could be tuned nearly one 

order of magnitude. Both n- and p-type recording could be easily achieved from the 

same device by changing VG. They also studied the relative resolution of SGGTs with 

different sizes. The peak-to-peak width of the signal increased with the device area, 

indicating that the devices presented an averaged signal from different points across 

the outer membrane of the beating cells. The study demonstrated that SGGTs showed 

better performance than other planar devices, such as microelectrode arrays and other 

field-effect transistors and offered the unique capability of recording signals as both 

n- and p-type devices by simply changing the gate voltage. 

Hess et al. recently developed a system including arrays of SGGTs using CVD-grown 

graphene for the detection of electrical activities of electrogenic cells, [66]  as shown 

in Figure 2.8. Compared with exfoliated graphene used by Cohen-Karni et al., [38] 

CVD-grown graphene can be utilized to prepare large-area devices or arrays, which 

offers a more suitable platform allowing mass production at low cost. Cardiomyocyte-

like HL-1 cells were seeded and cultured on these arrays and exhibited a healthy 

growth. The action potentials of these cells were detected and resolved by the working 

SGGTs under the cells, similar to other types of cell-based biosensors. [79] Using the 

whole transistor array, the propagation of the cell signals across the cell was also 

tracked and recorded, as shown in Figure 2.6 b and c. The propagation speed was 

observed to be 12–28m/ms, which is similar to that observed by microelectrode arrays. 

[80] As shown in Figure 2.8 d, the SGGT arrays were capable of detecting single 
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voltage spikes as low as 100 μV with a signal-to-noise ratio better than 10, exhibiting 

a similar performance to that of microelectrode arrays and better signal to noise ratio 

than that of the solution-gated Si transistors. This study suggests that the outstanding 

performance of SGGTs together with the promising applications of graphene in 

flexible electronics imply innovative technologies that can be developed in the field 

of bioelectronics, [20] such as electrically functional neural prostheses. 

 

Figure 2.8 a) A SGGT array with calcein-stained cells (fluorescence image) on the top. 

The scale bar is 100  μ m. b,c) Time dependent current of eight transistors in one FET 

array measured simultaneously. d) Exemplary single spikes of two transistors. The 

current response has been converted to an extracellular voltage signal. [66] 
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Ang et al. integrated SGGTs with microfluidic systems for the “flow-catch release” 

sensing of malaria-infected red blood cells at the single-cell level, [67] as shown in 

Figure 2.9. Graphene was functionalized with the endothelial CD36 receptors for the 

selective capture of the malaria-infected cells when the diseased blood flows through 

the microfluidic channel. Coulomb-impurity potential exerted by charged protrusions 

on cell surfaces induced local doping in graphene channel and led to conduct- ance 

changes between source and drain electrodes. Therefore, the SGGT sensor is able to 

generate dynamic disease diagnostic patterns in term of conductance changes and 

characteristic dwell time, showing great potential in clinical diagnostic applications. 
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Figure 2.9 Graphene-based detection of single plasmodium falciparum-infected 

erythrocyte (PE). a) Left: schematic illustration of an array of graphene transistors on 

quartz. Right: specific binding between ligands located on positively charged 

membrane knobs of parasitized erythro-cyte and graphene channel induces a 

conductance change. b) Image of SGGTs integrated with a microfluidic channel. Scale 

bar in the inset is 30 μm. c) Three-dimensional AFM images of (left) parasitized 

erythrocyte14 (scale bar is 1μm) and (right) 3D height plot of the surface of parasitized 

erythrocyte with Protruding knobs. [67] 
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SGGTs also showed great promise in sensing bacteria because the graphene layer can 

be easily functionalized with biomaterials. Mohanty and Berry integrated chemically 

modified graphene (CMG) nanostructure (GO and plasma-modified graphene-amine) 

with bacteria and DNA.[25]The Gram-positive Bacillus cereus cells possessing a 

highly negative-charged surface were employed in the study. The CMG device 

exhibited a sharp increase in conductivity upon the attachment of a single bacterial 

cell on the surface. The increase in graphene conductance is due to the increased hole 

density induced by bacterial surface. This detection relied on nonspecific electrostatic 

adhesion of bacteria without discrimination of bacterial species. They also fabricated 

a novel bacterial DNA/protein and polyelectrolyte chemical transistor based on 

graphene-amine for the first time. Electrostatic adsorption of a mixture of negatively 

charged bacterial, DNA, and proteins extracted from Bacillus cereus cells on the 

device led to a sharp 2 orders of magnitude decrease in resistance due to the negative 

charge gating effect. 

Huang et al. recently developed a type of bacterium sensors based on SGGTs with 

high sensitivity (10 cfu mL−1). [68] The SGGTs were fabricated using CVD-grown 

graphene modified with anti-E. coli antibody on the surface. When the device was 

exposed to different concentrations of E. coli, it showed the increase in channel 

conductance with the increase of the bacterial concentration from 10 cfu mL−1. 

Meanwhile, different bacteria, such as P.aeruginosa with the concentration of 105 cfu 

mL−1, did not cause significant response of the anti-E. coli antibody functionalized 
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SGGT, indicating the high specificity of the detections. Furthermore, this device was 

employed to detect the glucose-induced metabolic activities of the bound E. coli 

bacteria in real time, providing a platform for screening antibacterial drugs. 

2.6.2 DNA sensors 

DNA diagnostics has shown great scientific and economic importance in many areas. 

It has significant applications in gene expression monitoring, clinical medicine, viral 

and bacterial identification, biowarfare and bioterrorism agents detecting, and so 

on.[10]However, it is challenging to detect the nucleic acid molecules especially short 

DNA strands without the use of time-consuming radioactive labelling assays and the 

unportable confocal fluorescence microscope. Many studies focusing on the 

application of SGGTs in label-free DNA sensors have been reported. In these devices, 

graphene channels were functionalized with DNA probes and nanomaterials, which 

led to highly sensitive and selective DNA detections. 

Mohanty and Berry firstly studied DNA hybridization by characterizing the 

conductance change of amino-modified GO active layer. [25] The hybridization 

process can lead to large increase in hole density due to the electrostatic gating effect 

by the negatively charged DNA molecules. However, the detection sensitivity of this 

kind of device was strongly dependent on the size and the shape of GO sheets, the 

presence of wrinkles on GO surface and the degree of oxidation in GO. 
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Dong et al. reported electrical detection of DNA hybridization with high specificity 

using SGGTs based on CVD-grown multilayer graphene as an alternative of low 

conductive GO[30]. After preimmobilizing probe-DNAs on graphene surface via 

nonspecific binding due to the nonelectrostatic stacking interaction, the devices were 

capable of detecting the hybridization of target DNAs with the concentration down to 

0.01 × 10−9 M and distinguishing single base mismatch, which are similar to some 

other transistor-based DNA sensors. [10, 13] Being different from the above GO-

based DNA sensors, the sensing mechanism of the SGGTs was attributed to electron 

transfer from the electron-rich, aromatic nucleotide to graphene. The gate voltage at 

the Dirac point was identified from the transfer curve and used to monitor the electron 

doping state of the graphene film. They observed that the Dirac point shifted to 

negative voltage with the addition of complimentary DNA targets in the solution. The 

upper limit of the DNA detection could be extended from 10 to 500 × 10−9 M by 

decorating Au nanoparticles on graphene sheets because more DNA molecules were 

immobilized on the graphene surface. In addition to the voltage shift, the minimum 

channel current at the Dirac point was also decreased obviously with increasing DNA 

concentration, which might be attributed to nonspecific binding of charged molecules 

or ions on the graphene surface that can influence carrier transport in graphene by 

scattering. [81] This study demonstrates the great potential of SGGTs in sensitive and 

selective detections of DNA. 
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Guo et al. developed label-free DNA sensors based on graphene field-effect transistors 

with CVD-grown graphene. [70]The devices were patterned by conventional 

photolithography and modified by 1-pyrenebutanoic acid succinimdyl ester. Probe 

DNA molecules were immobilized on graphene surface by the ester and used for 

detecting complimentary target DNA with the detection limit of about 1×10−9 M, 

which is inferior to the above DNA sensors reported by Dong et al. [30] 

Chen et al. reported the SGGT fabricated with CVD-grown monolayer graphene. [72] 

Operational conditions were optimized to achieve the DNA detection as low as 1 ×

10−12 M, which was more sensitive than the aforementioned SGGTs with few-layer 

graphene. They also demonstrated that the gold-transfer technique is better than the 

typical PMMA-transfer in the fabrication of SGGTs for sensing applications. Recently, 

Lin et al. from the same group studied the underline sensing mechanism of the SGGT-

based DNA sensors by measuring Hall effect of the graphene channels. [37] The Hall 

effect is the production of a voltage difference (called Hall voltage) across an electrical 

conductor or a semiconductor, transverse to an electric current in the material and a 

magnetic field perpendicular to the current. The Hall effect measurement is very useful 

as a means to characterize the carrier density and mobility of a semiconductor. They 

observed that the addition of either complementary or one-base mismatched DNA on 

the devices could increase the sheet resistance and decrease the hole carrier mobility 

and thus one-base mismatched DNA could not be differentiated by the conductance 

change. Fortunately, they found that the hole carrier concentration in graphene 
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increased significantly with the addition of complementary DNA while it was less 

affected by one-base mismatched DNA, as shown in Figure 2.10. So they concluded 

that the increase in hole carrier density, evidenced by n-doping in graphene, is better 

correlated with the DNA hybridization. However, the underline mechanism is still 

unclear since both complementary DNA and one-base mismatched DNA strands are 

negatively charged, which are expected to induce n-type doping in the graphene 

channel as shown in other types of sensors based on graphene transistors reported 

before. [82] 
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 Figure 2.10. a) The Dirac point voltage (VCNP) as a function of complementary DNA 

concentration added in the solution. Inset: the transfer curves for the graphene devices 

before and after each DNA addition step. b) The carrier concentration of graphene as 

a function of the concentration of added complementary and one base mismatched 

DNA. Two curves were measured separately in dry (without PBS) and wet (in PBS) 

states by the Hall effect measurement. [82] 
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Stine et al. fabricated SGGTs utilizing rGO for real-time and label-free DNA detection. 

[69] An amino-silane film was formed on the substrate before GO deposition and 

reduction, which could stabilize the rGO layer on the surface in aqueous solutions. 

Then a flow cell contained a Pt wire inside the flow region was attached to the device 

to isolate the active rGO areas for solution exposure. The DNA sensors could reach 

the detection limits as low as 10 × 10−9 M, which is not as good as the devices based 

on CVD-grown graphene. [30] However, rGO films could be easily deposited and 

etched to form device arrays, this technique might offer a simple and low-cost 

approach for high-throughput DNA detection with good specificity and sensitivity. 

Yin et al. reported Pt nanoparticle-decorated rGO-based SGGTs for real-time DNA 

detection. [71] Large-area rGO thin film was fabricated on a Si/SiO2 wafer using the 

Langmuir–Blodgett method followed by thermal reduction. Then Pt nanoparticles 

were directly synthesized onto rGO sheets by photochemical reduction. The resulting 

composite was used as the channel material of the SGGTs. Pt electrodes were 

employed as the gate in the devices. The decoration of probe DNA on the devices was 

achieved by Pt-S covalent bonding. The devices were used to detect and analyze the 

hybridization process of target DNA in real time through continuously monitoring 

channel current. The hybridization of target DNA caused a decrease of channel current, 

which can be explained by the increased n-doping effect by DNA. The detection limit 

of the read time detection was estimated to be 2.4×10−9 M, being similar to other 

rGO-based devices. [69]  
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Cai ect. reported ultrasensitive label-free detection of DNA via peptide nuclei acid 

(PNA)-DNA hybridization based on rGO solution-gated transistor. PNA modified on 

rGO take the place of probe DNA used in others work. Firstly, PASE (the linker 

molecule) is fixed on the rGO surface through π-π stacking interaction，then PNA 

probe was linked on PASE end by convalent bond. The PNA-DNA hybridization 

induced lower detection limit of DNA reaching 100 fM, which is 1 orders of 

magnitude lower than SGGTs adopted DNA-DNA hybridization as probe mechanism. 

Furthermore, the rGO solution-gated transistor could distingush DNA mismatch at one 

base level. 

Therefore, DNA sensors based on SGGTs has been successfully realized by several 

research groups with the similar sensing mechanism. The interaction between DNA 

and graphene can induce n-doping in graphene due to the negative charge on the DNA 

molecules in solution. In addition, many experiments demonstrated the decrease of 

channel conductance at the Dirac point of a SGGT induced by DNA immobilization 

or hybridization, indicating that the carrier mobility was decreased by charge 

scattering from DNA. This effect was also confirmed by Hall effect measurement 

recently.[37]So the SGGT-based DNA sensors show the performance comparable to 

that of other types of transistor-based counterparts and better than conventional 

techniques for DNA analysis accomplished by fluorescence observation. [64] 
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2.6.3 Protein sensors 

Proteins, large biological molecules consisting of one or more chains of amino acids, 

perform a vast number of functions within living organisms. They are the center of 

most pathological conditions and have been regarded as most disease biomarkers. 

Besides the studies of DNA, they are perhaps the subject most intensely researched. 

Protein sensors have emerged as the most promising platforms for the study of proteins, 

which will be more and more important in the diagnoses of diseases. [83]Similar to 

the mentioned DNA sensors in Section 2.3.4., the SGGT-based protein sensors are 

label free, sensitive, and potentially low cost. 

Ohno et al. firstly reported SGGTs for the detection of protein adsorption in 

electrolytes. [40]The devices were fabricated with mechanically exfoliated pristine 

single-layer graphene with the channel length of only several micrometers. This device 

was used for label-free protein detection without any modification on the graphene 

surface. A negatively charged phosphate serum albumin (BSA) was tested in a 

phosphate buffer solution with a pH of 6.8. When the adsorption of BSA onto the 

graphene surface occurred, the conductance of the channel at a fixed gate voltage (−0.1 

V) was increased. This change of conductance with BSA concentration was fitted with 

the Langmuir adsorption isotherm. In this work, the conductance change due to BSA 

adsorption was quite small, which might be induced by three possible reasons 

including: 1) the change of electrode-graphene contact resistance; 2) the desorption of 
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BSA molecules; 3) the relatively small difference between isoelectric point of BSA 

and the solution pH, which may lead to some uncharged amino acid of BSA molecules. 

In another work of Ohno et al., they demonstrated a label- free immunsensor based on 

an aptamer-modified graphene transistor.[74]Immunoglobulin E (IgE) aptamers were 

successfully immobilized on a graphene surface, the benefit of using aptamers is that 

they are smaller than the Debye length of an EDL. This aptamer-modified SGGT ×

exhibited selective detection of IgE protein to 0.29 × 10−9 M. The drain current was 

dependent on IgE concentration, due to the reaction between negatively charged IgE 

aptamers and positively charged IgE protein. By fitting the drain current change with 

IgE concentration, the dissociation constant was estimated to be 47 ×  10−9 M. 

Meanwhile, nonspecific sensing of BSA and SA protein was also investigated. The 

results showed that the effects from the nontarget proteins were successfully 

suppressed in the aptamer-modified SGGTs. 
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Figure 2.11 a) Schematic illustration for the fabrication of all-rGO SGGT. b) Real-

time detection of fi bronection in PBS buffer using the pyrene-functionalized SGGT. 

c) Channel current changes at different fibronectin concentrations.  
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He et al. reported the fabrication of transparent, flexible, all rGO-based SGGTs by the 

combination of solution-processed rGO electrodes with micropatterned rGO channels, 

as shown in Figure 2.11a, and their applications in detecting proteins. [75] After being 

functionalized with 1-pyrenebutanoic acid succinimidyl ester (PASE), which served 

as linker molecules to catch proteins in buffer solution, the device was used to detect 

fibronectin. The cross-linking of fibronectin onto the functionalized rGO channel 

resulted in the decrease of channel current. As shown in Figure 2.11b,c, the devices 

successfully detected the concentration of fibronectin down to 0.5 ×10−9 M with a 

signal-to-noise ratio of 16. They further linked biotin and coated PEG on the rGO 

channel to prevent nonspecific binding of proteins, detected the lowest avidin 

concentration of 80×10−9 M through avidin–biotin binding, whereas the introduction 

of BSA caused no current change. Therefore the all-rGO SGGTs can be used in 

flexible electronics for biosensors with high sensitivity and selectivity. 

Mao et al. reported antibody–antigen protein biosensors based on a thermally reduced 

GO transistor decorated with Au nanoparticle–antibody conjugates. [26] Probe 

antibody was labeled on the surface of rGO sheets through the Au nanocrystals to 

catch target protein. The channel current change induced by protein binding process 

(Immunoglobulin G/IgG and anti-Immunoglobulin G/anti-IgG) on the device was 

observed. The detection limit of the protein sensor was about 0.2 ng mL−1, which was 

among the best of the reported carbon-based protein sensors at that time. 
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Kim et al. reported rGO-based SGGTs for label-free detection of a prostate cancer 

biomarker, prostate specific antigen/alantichymotrypsin (PSA–ACT) complex. [76] 

Immunoreaction of PSA–ACT complexes with PSA monoclonal antibodies on the 

rGO channel surface caused a linear response in the shift of the gate voltage at Dirac 

point. The SGGT can detect protein-protein interaction down to femtomolar level 

(1.1×10−15 M) with a dynamic range over 6 orders of magnitude. The ultralow 

detection limit is very similar to those of the protein sensors based on silicon nanowire 

transistors and better than those based on carbon nanotube transistors. [84, 85] This 

sensor showed a high specificity to other cancer biomarker in both the phosphate-

buffered saline solutions as well as in the human serum. 

2.6.4 Glucose sensors, neurotransmitter sensors and others 

Glucose is an indispensable part of metabolic activities. Glucose sensing is important 

to human health, especially in the diagnosis of diabetes mellitus. [86, 87] Currently, 

glucose biosensors account for about 85% of the entire biosensor market. 

Electrochemical glucose sensors have been studied for more than 50 years.[87] 

Recently, glucose sensors based on SGGTs have been reported by several groups. 

Huang et al. demonstrated the use of CVD-grown graphene film in SGGTs for real-

time biomolecular sensing.[28] Glucose or glutamate molecules were detected by 

measuring the conductance change of the graphene channel because the molecules can 

be oxidized by the specify redox enzyme (glucose oxidase (GOD) or glutamic 
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dehydrogenase) functionalized onto the graphene film. The detection limits of the glu- 

cose sensor (0.1 × 10−3 M) and glutamate sensor (5 ×10−3 M) are comparable to the 

commonly used electrochemical sensors, yet inferior to some electrochemical sensors 

integrated with functional nanomaterials. Kwak et al. reported a flexible glucose 

SGGT sensor using CVD-grown graphene on a PET flexible substrate.[106] The 

graphene surface was functionalized with linker molecules (PASE) in purpose of 

better immobilizing GOD enzyme that induce the catalytic response of glucose. By 

measuring the Dirac point shift and drain-source current variation, the SGGT sensor 

could detect gluose levels in the range of 3.3–10.9 × 10−3 M. In addition, the SGGTs 

could provide continuous real-time monitoring. However, the detection limit of the 

above glucose sensors are much worse than other types of transistor-based glucose 

sensors reported before.[86] Therefore, further work is needed to improve the 

performance of SGGT-based glucose sensors. 

Dopamine, a neurotransmitter produced in brain, plays an important role in the 

regulation of neuronal transmission and is related to many diseases such as 

Parkinson’s and schizophrenia. [88] Normal level dopamine in human plasma is quite 

low, only around several 10−9 M. [89]Thus, it is necessary to find dopamine sensors 

with low detection limit and high sensitivity. He et al. described the fabrication of 

SGGTs by large-scale direct patterning of rGO on flexible substrate. [75] As a proof 

of concept, the SGGTs were used for sensing both the manually titrated dopamine in 

the concentration region of 1–60 ×10−3 M and the vescular released catecholamines 
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from living meuroendocrine PC12 cells. Although, the device only showed the 

detection limit to dopamine at 10−3 M level, which is much worse than that of other 

transistor-based dopamine sensors,[88] the methodology demonstrated by them 

indicated the potential use of SGGTs in neurochemistry measurement. Further work 

is needed to optimize the performance of the devices.  

 

Figure 2.12  a) Schematic diagram of a B-nose based on a SGGT with OR-modifi ed 

bilayer graphene (MBLG). b) Real-time responses of SGGT B-noses based on OR-

conjugated oxygen plasma-treated graphene (OR-OG) and ammonia plasma-treated 

graphene (OR-NG) measured at VDS=10 mV (VG =0 V) to different AB concentrations 

(0.04  × 10 −15  to 4 × 10 −9 M ). Pristine MBLG without OR was a control sample. c) 

Schematic for plausible binding mechanism of B-nose through active and inactive OR 

forms. The addition of odorant (AB) leads to the active form with functional OR with 

negative charges. [77] 
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Recently, Park et al. reported flexible ultrasensitive bioelectronic nose (B-nose) based 

on SGGTs, [77] in which graphene was conjugated with human olfactory receptors 

2AG1 (hOR2AG1: OR). As shown in Figure 2.12, the ORs can selectively bind to the 

particular odorant amyl butyrate (AB), so the device can detect AB with 

unprecedented sensitivity and good selectivity. The minimum detection limit was as 

low as 0.04 × 10−15 M, which was 2–5 orders of magnitude more sensitive than other 

odorant sensors reported before.[90] In addition, the B-noses were stable for more than 

10 d and showed excellent bending stability. Therefore, this methodology offers a new 

direction for the highly sensitive and selective recognition of odorants and could be 

expanded to a broader range of applications in flexible and wearable electronics. 

2.7 Measurements and characterizations 

In this thesis, several equipments are used for device measurements and materials 

characterizations, including semiconductor parameter analyzer (4156C, Agilent 

Technology), general model sourcemeter (Keithley, 2400), electrochemical 

workstation (Princeton Co. Ltd), atomic force microscopy (Digital Instruments, 

nanoscope 3100), Raman spectroscopy, etc.  

2.7.1 Semiconductor parameter analyzer and general model 

source meter 

Two Keithley 2400 general model sourcemeters are connected and cooperated to 

measure the transfer characteristic of SGGT devices in chapter 3, 5. The equipments 
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are controlled by Labview program. The setup devices are also used for real time 

channel current monitoring in chapter 3, 5. 

Semiconductor parameter analyzer (4156C, Agilent Technology) is used to measure 

the transfer curve ( IDS vs VG ) and real time channel current of the SGGTs fabricated 

in chapter 4  ( IDS vs time ). 

2.7.2 Electrochemical workstation 

Electrochemical workstation (Princeton Co. Ltd and EG&G PAR 2273) is used to 

measure the cyclic voltemmetry as well as the potential step of Pt electrodes, graphene 

electrodes in chapter 3. Also, the electrochemical workstation is used to measure the 

cyclic voltemmetry of graphene electrode and PtNP/graphene electrode in chapter 4. 

2.7.3 Atomic Force Microscopy 

The atomic force microscopy is used to characterize the morphology and roughness of 

the CVD-grown graphene adopted in chapter 3, chapter 4, and chapter 5. The type of 

the AFM used is NanoScope 8 (Digital Instruments Ltd. Co.). The materials are 

characterized by tapping mode in all the research, because tapping mode have the least 

influence to the surfaces. The surface morphology of the graphene film after wet 

transferring procedure in chapter 3 and chapter 5 is characterized and shown in Figure 

2.13. As exhibited on the figure, graphene film have little roughness (~0.39 nm) after 

transfering to Si/SiO2 substrate. Meanwhile, the CVD graphene film and CVD 
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graphene modified with PtNPs used in chapter 4 is characterized and shown in Figure 

4.2 (a, b). 

 

Figure 2.13 AFM image of a single-layer graphene film (roughness (rms): 0.39 nm). 

2.7.4 Raman spectroscopy 

In chapter 3, 4, 5, Raman spectra of the CVD-grown graphene after wet transferring 

working flow are measured to examine the material quality. The type of the equipment 

used is Horiba Jobin Yvon LabRAM HR800 Raman spectrometer (Horiba Jobin Yvon 

Ltd. Co.) A laser excitation source with 488 nm wavelength were used for material 
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characterization. The CVD graphene film used in chapter 3, 4, and 5 was characterized 

under the Raman spectroscopy, as shown in figure 2. 14. Characteristic G band (1592.3 

cm-1), D (1356 cm-1) band and 2D band (2702.5 cm-1) were observed in Raman 

spectrum [142], indicated CVD-grown graphene film has 2-D nanocarbon structure. 

[143]. 

 

Figure 2.14 Raman spectrum of a single layer graphene on SiO2/Si. 

2.8 Summary 

Graphene, the 2D material with high carrier mobilities, excellent mechanical 

flexibility, and good chemistry stability, has been viewed as one of the most promising 

materials for the fabrication of rapid, highly sensitive, and low-cost chemical and 

biological sensors. Viable approaches for synthesizing high-quality and low-cost 
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graphene have been developed very fast in the past few years, which paved the way 

for the development of many different graphene-based sensors. SGGTs have been 

successfully used in various types of chemical or biological sensors, including pH, ion, 

glucose, DNA, cell, bacterial, and protein sensors. Compared with conventional 

counterparts, the SGGT-based sensors are more sensitive in many applications due to 

the strong interactions between analytes and graphene or the high transconductance of 

the devices for the high carrier mobilities. Some reported sensors exhibited 

outstanding performance and great potential for many important applications, such as 

single-molecule detection or single-cell monitoring.[86] However, these techniques 

are still far from real applications due to the difficulties in fabricating devices with 

good uniformity and reproducibility. Moreover, the complicated interactions between 

graphene and organic or inorganic materials may lead to uncertainties in the future 

applications. 

Therefore, challenges still exist and more effort needs to be paid on the following 

aspects of this field. Firstly, specific detection of the chemical or biological sensors 

are of critical importance to their practical applications. The reported devices are 

normally tested in strictly controlled conditions while many interference factors 

widely existing in real environment have not been considered. So, the selectivity and 

stability of the SGGT-based sensors need to be characterized and optimized. Secondly, 

miniaturization and functionalization of SGGTs should be investigated to facilitate the 

fabrication of SGGT arrays that can be used in multifunctional microchips for highly 
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sensitive, selective, and high-throughput sensing. One advantage of using the 

transistor-based sensors is the feasibility for miniaturization and multiplexing. Some 

conventional micro fabrication techniques, such as metal deposition, photolithography, 

and so on, can be used in the fabrication of device arrays, whereas some key techniques 

for graphene transfer, interface treatment, and surface modification should be 

developed SGGT-based sensors are more sensitive in many applications due to the 

strong interactions between analytes and graphene or the high transconductance of the 

devices for the high carrier mobilities. Some reported sensors exhibited outstanding 

performance and great potential for many important applications, such as single-

molecule detection or single-cell monitoring.[86] However, these techniques are still 

far from real applications due to the difficulties in fabricating devices with good 

uniformity and reproducibility. Moreover, the complicated interactions between 

graphene and organic or inorganic materials may lead to uncertainties in the future 

applications. 
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Chapter 3 High Performance Dopamine 

Sensors Based on Whole Graphene 

Solution-Gated Transistors 

Neurotransmitters are endogenous chemicals that transmit signals across a synapse 

from one neuron to the target neuron. Precise detection the concentration of 

neurotranmitter in body fluids have obviously importance for clinical applications. 

[91]In the chapter 3, I will fabricate a whole graphene solution-gated transistors for 

highly senstive and selective sensing of one type of neurotransmitters - dopamine. 

3.1 Introduction 

Dopamine being a neurotransmitter has been extensively studied since 1950s.[92]. 

Because dopamine plays an important role in the functions of central nervous system, 

renal, hormonal, and cardiovascular system, etc., [93, 94] abnormal dopaminergic 

neuron process may lead to various neurological diseases. [95] Therefore, rapid 

detection of dopamine in biological system is very important for the routine analysis 

and diagnosis of neurological disorders[96].Various analytical methods for measuring 

dopamine, including high performance liquid chromatography (HPLC) [97], mass 

spectroscopy[98], electrochemical detection, [99, 100] and transistor-based sensing, 

[37] have been developed. However, these methods have some limitations in practical 
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applications. HPLC and mass spectroscopy are not suitable for portable and low-cost 

analytical measurement. Electrochemical analytical technique for dopamine 

determination is an attractive method due to low cost, easy operation and fast response 

while the detection limit is relatively high (normally ~ 1 M). [54, 101] Si nanowire 

transistors showed ultrahigh sensitivity to dopamine being attributed to their small size 

and large surface-to-volume ratio while the selectivity of the devices was not 

characterized [37]. Actually, graphene shows higher surface-to-volume ratio than Si 

nanowires.As mentioned in chapter 2, He et al. firstly reported dopamine sensors 

based on SGGTs[75]. The sensing mechanism of the device is attributed to the - 

interaction between dopamine and graphene channel. Unfortunately, the devices 

showed the detection limit of only about 1mM, which is much worse than typical 

analytical techniques and the Si nanowire transistors.  

In this chapter, we present a whole-graphene SGGT-based dopamine sensor with a 

novel sensing mechanism. [75] The gate electrodes used in SGGTs reported before 

are Ag/AgCl electrodes or metal wires[20, 28, 30, 40, 45, 68, 75, 102]. Considering 

graphene being a semimetal with zero bandgap, [29, 82] we fabricated SGGTs with 

graphene as both channel and gate electrodes for the first time. So the device is mainly 

made of graphene, which is potentially low-cost and convenient for high-density 

integration. The device shows stable performance, high sensitivity and the low 

detection limit down to 1nM to dopamine, which is sensitive enough for characterizing 

dopamine levels in many biological systems. [89]We also find that conventional 
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electrochemical measurements with the same graphene electrode only show the 

detection limit to dopamine of ~3 M , which further indicates the advantage of using 

SGGTs in biosensors. The selectivity of the dopamine sensor is improved by 

modifying the gate electrode with the biocompatible polymer Nafion. [103] The 

sensing mechanism can be attributed to the electrochemical reaction of dopamine at 

the gate electrode, which leads to the change of effective gate voltage applied on the 

transistor. [20] It indicates that the SGGTs with suitable surface modification on the 

graphene gate electrode can be used as many other types of biosensors with high 

sensitivity. 

3.2 Fabrication of device 

3.2.1 Preparation of SGGTs 

The device design is shown in Figure 3.1a. Source, drain and gate Cr/Au electrodes 

were deposited on glass substrates by thermal evaporation through a shadow mask. 

Single-layer graphene was synthesized on copper foils by CVD method, as shown in 

Figure 3.2 [20, 29] A thin poly(methyl methacrylate) (PMMA) film (~500nm) was 

spin coated on graphene and then annealed at about 100oC for 30 min. Then, it was 

immersed in an aqueous solution of iron chloride to etch the Cu substrate and washed 

by distilled water. The graphene/PMMA film was then transferred on the target 

substrate with Cr/Au electrodes. The PMMA layer was dissolved and removed from 

graphene by toluene. The graphene layer was then patterned on the susbtrates. The 
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patterning procedures were described in Figure 3.3. [20] In the end, the Au electrodes 

were packaged with silicone layer.  

 

Figure 3.1 a) Schematic diagram of a SGGT with graphene channel and a graphene 

gate electrode characterized in electrolyte. b) Electrochemical reaction of dopamine 

on the graphene gate electrode. c) Potential distribution between the gate and the 

channel of a SGGT in electrolyte. 
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Figure 3.2 procedures of graphene wet tranferring. i. PMMA spin coating; ii.etching 

copper foil with FeCl3 solution; iii. Transfer PMMA/graphene film on substrate; iv. 

Romoving PMMA by acetone. 

 

Figure 3.3 Photolithography procedures. i. spin-coating; ii. Exposure by UV light; 

iii. Developing; iv. Etching by O2 plasma; v. removing photoresist. 
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Nafion solution (5% in a mixture of lower aliphatic alcohols and water) was 

purchased from Sigma-Aldrich Company. The solution was mixed with 2-propanol 

with volume ratio 1:1. For the SGGTs with Nafion modified on the gate electrode, 5 

L of the mixture was drop coated onto graphene gate electrode and kept at 4C for 

4h to get solvent completely evaporated. The formed Nafion film was rinsed by DI 

water and dried for future use. 

3.3 Electrical characterization 

3.3.1Device Characterization 

Before measurements, all of the as-prepared electrodes were immersed in PBS (pH 

7.4) for 15 min to remove the residual. The SGGTs were tested at a fixed VD = 0.05 V 

at different gate voltages ( VG: 0 ~ 0.8 V) and PBS was used as the electrolyte for all 

measurements. The device performance, including transfer curves ( IDS vs VG ) and 

time-dependent channel currents ( IDS vs time ) , was characterized by using two 

Keithley 2400 source meters controlled by a computer with a Labview program.  

3.3.2 Electrochemical measurements 

Additionally, EG&G PAR2273 Potentiostats-Electrochemistry Workstation was used 

to characterize the electrochemical properties of the different gate electrodes. The 

electrochemical responses of the graphene or Pt electrodes to dopamine in PBS 

solutions were investigated by cyclic voltammetry (CV) with a scan rate of 50mV/s. 
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Amperometric measurement of a graphene electrode was carried out in a stirred PBS 

solution by adding dopamine with different concentrations. The applied potential is 

fixed (+0.7 V ) relative to an Ag/AgCl reference electrode. 

3.4 Dopamine detection by SGGTs 

3.4.1 Using pure graphene electrode as gate 

 

Figure 3.4 a) Transfer characteristics (IDS vs. VG, VDS = 0.05V) of a SGGT measured 

in PBS solution ( pH = 7.4 ) before and after the addition of dopamine with the 

concentration of 1M. b) Channel current response of the SGGT to additions of 

dopamine with different concentrations. VDS = 0.05V, VG = 0.7V. c) Gate current of 
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the SGGT during the additions of dopamine with different concentrations. Blue curve: 

measured gate current. Red curve: average current. d) The change of effective gate 

voltage (VG
eff ) as functions of the concentrations of dopamine (DA), ascorbic acid 

(AA) and uric acid (UA). Inset: the results fitted with Equation (3.8). 

Figure 3.4a shows the transfer characteristic (IDS versus VG) of a SGGT with VDS = 

0.05V. The device shows a typical ambipolar behavior with the Dirac point at about 

0.4V~0.5V. It is reasonable to find the positive voltage of the Dirac point because 

graphene is p-type doped in air and water. Then the device was characterized in 1M 

dopamine PBS solution at the same voltages. It is interesting to find that the transfer 

curve shows a horizontal shift of about 0.3V to lower gate voltage. To better 

understand the effect, we fabricated another SGGT device with an Ag/AgCl (sat. KCl) 

gate electrode (control sample) and characterized it in PBS solution before and after 

the additions of 1M and 10M dopamine. However, the control device showed little 

change after the addition of dopamine as shown in Figure 3.5. 
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Figure 3.5 Transfer characteristics of a SGGT with an Ag/AgCl gate electrode 

measured in PBS solution before and after the additions of dopamine with the 

concentrations of 1M and 10M. 

 So the response of the device with graphene gate electrode was due to the 

electrochemical reaction of dopamine at the gate as shown in Figure 3.1b. Because the 

transfer curve of the device was characterized at positive gate voltages, the graphene 

gate can be regarded as an anode. So dopamine is electro-oxidized to o-

dopaminequinone at the surface of the gate and generates faradic current. [13, 79, 86, 

104, 105] To confirm the electrochemical reaction of dopamine, the graphene gate 

electrode was characterized in 1mM dopamine PBS solution by cyclic voltammetry 

(CV) measurements. A redox peak current at about 0.65 V vs. Ag/AgCl was observed 



THE HONG KONG POLYTECHNIC UNIVERSITY                   Chapter 3 

 

75 

 

as shown in Figure 3.6, which corresponds to the electro-oxidation of dopamine at the 

graphene electrode. 

 

Figure 3.6 The Cyclic Voltammograms (CV) of a graphene gate electrode measured 

in blank and 1 mM dopamine PBS solutions. CV scan rate: 50 mV s-1. 

In blank PBS solution, the potential drop between the gate and the channel under a 

gate voltage VG is shown as the solid lines in Figure 3.1c. The gate voltage was actually 

applied on the gate/electrolyte and electrolyte/channel interfaces. [65] Assuming VG-E 

and VE-C are the voltages applied on the gate/electrolyte and electrolyte/channel 

interfaces, respectively, the gate voltage applied on the transistor is given by:

CEEGG VVV   . Similar to the equivalent circuit in other solution-gated transistors, 
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[13, 79, 86, 104, 105] the two interfaces can be regarded as two capacitors and thus 

the gate voltage is given by: 

CECE

EG

CE
G VV

C

C
V 



  )1()1(  ,                    (3.1) 

where
EG

CE
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 , CG-E and CE-C are the capacitances of the electrolyte/gate and 

electrolyte/channel interfaces, respectively. [106, 107] Each interface capacitance 

contains the two series connected capacitors, including electric double layer 

capacitance and graphene quantum capacitance. [32, 33] The capacitance of an electric 

double layer (10 to 40 F/cm2) is dependent on the ion concentrations in the electrolyte 

and the applied bias voltage. [32] The quantum capacitance of graphene is between 

zero to tens of F/cm2, which is lower than or comparable to double-layer capacitance. 

[33] 

After the addition of dopamine, the electrochemical reaction of dopamine at the gate 

electrode decreases the potential drop at the electrolyte/gate interface because of the 

faradic current. Consequently, the voltage applied on the electrolyte/channel interface 

is increased, as indicated by the dash line in Figure 1c, which leads to the increase of 

the effective gate voltage applied on the transistor and the shift of the transfer curve 

of the SGGT to a lower gate voltage.  

In sensing applications, it is more convenient to measure the channel current response 

of the SGGT at fixed gate and drain voltages. [20] Figure 3.4b shows the response of 
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the channel current (VDS=0.05V and VG=0.7V) to different concentrations of 

dopamine. According to the I-V curve that when VG=0.7V, it has the largest slope, it 

is predicable that the device would have the largest amplification effect. It is notable 

that the device can measure dopamine concentrations down to 1nM (signal/noise 

ratio >3). Some devices even show the detection limit down to 0.1nM as shown in 

Figure 3.7. 

 

Figure 3.7. Current response of a whole-graphene SGGT to additions of dopamine 

with concentrations changed from 0.1nM to 1 M. 

 On the other hand, as shown in Fig. 3.4c, the gate leakage current measured 

simultaneously is only about 10 nA, which is four orders of magnitude lower than the 

channel current of the device. So the channel current response is different from the 
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faradic current due to dopamine reaction at the gate electrode, indicating that the 

SGGT-based dopamine sensor has a different working principle from the typical 

electrochemical methods. [99, 100] 

The voltage applied on the electrolyte/gate interface VE-G is given by the Nernst 

equation and an overpotential due to the faradic current: [32]  

DAGE C
ne

kT
EV log30.20   ,                    (3.2)                                                         

where E0 is a constant; k is the Boltzmann’s constant; T is temperature, e is electron 

charge; n ( =2 ) is the number of electrons transferred during the electro-oxidation of 

dopamine; CDA is the concentration of dopamine in the PBS solution,  is the 

overpotential on the gate related to the faradic current. So the voltage applied on the 

electrolyte/channel interface is: 

DAGGEGCE C
ne

kT
EVVVV log30.20    .                (3.3)                                   

In the above experiments, the gate voltage (VG) applied on the transistor is constant. 

So the increase of channel current can be regarded as the increase of the effective gate 

voltage VG
eff applied on the transistor. According to equation (3.1), we assume 

CE

eff

G VV  )1( and thus the effective gate voltage corresponding to a channel 

current can be decided from the transfer curve of the WGSGT characterized in blank 
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PBS solution. The increase of VE-C will lead to the increase of effective gate voltage 

VG
eff given by: 

constant)1(log)1(30.2   DA

eff

G C
ne

kT
V .                       (3.4)                       

Considering the SGGT being a potentiometric transducer that has very low faradic 

current at the gate as show in Figure 3.4c, the overpotential  is very low[32], which 

is similar to other types of transistor-based biosensors. The relationship between the 

faradic current density j and the overpotential  at low current is given by Butler-

Volmer equation: [32] 

)( /)1(/

0

kTnekTne eejj    ,                                   (3.5)                                      

where j0 is the exchange current density;   is called standard rate constant, which is 

normally between 0.3 and 0.7. Figure 3.4c shows that the faradic current on the gate 

(area: 0.9 cm2 ) is about 10 nA when dopamine concentration is 1 M, so the current 

density is about 1  10-7 A/cm2. The exchange current is given by: [32] 

,                                                                       (3.6)                                    

where C is the dopamine concentration, k0 is the standard rate constant, F = 9.63104 

C/mole. k0 was measured to be 1.3410-3 cm s-1 (Figure 3.9).  

CnFkj 0

0 
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Figure 3.8. Plot of initial polarized current density j against potential E obtained from 

a series of potential step measurements of a graphene electrode in PBS solution 

containing 0.1mM dopamine. 

So the exchange current is j0  2.610-7A/cm2 when dopamine concentration is 1 

M[32, 108]. Assuming  = 0.5, the overpotential is estimated to be about   5 mV, 

which is negligible compared with the effective gate voltage change ( ~300 mV ). So 

the effective gate voltage can be approximately given by: 

constantlog)1(30.2  DA

eff

G C
ne

kT
V  ,                                (3.7)                                                 
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Figure 3.4d shows the change of effective gate voltage eff

GV  as a function of 

dopamine concentration CDA. Equation (3.7) can be used to fit the curve when 

dopamine concentration is higher than 0.1M. However, the curve in the lower 

concentration region cannot be fitted with this equation for the very weak reaction of 

dopamine on the graphene gate. 

As shown in the inset of Figure 3.3d, we find that the relationship can be fitted very 

well with the following equation: 



DA

eff

G ACV  ,                                                             (3.8)                                            

where A and  are constants. Such power function has been successfully used in many 

other transistor-based sensors such as photo sensitive transistors, although it is difficult 

to be derived analytically. [82, 109-111]  

In practical dopamine analysis, the main interference comes from ascorbic acid (AA), 

uric acid (UA), ions and glucose. [112, 113] The device did not show any response to 

glucose when the concentration of glucose was increased up to 10 mM. Regarding the 

interference from ions, the SGGT with high quality graphene is not sensitive to ion 

concentrations as reported in our previous paper. [20] On the other hand, the ion 

concentrations in body fluids are relatively stable. For example, sodium ion (Na+) is 

the major cation in  plasma and its concentration is finely maintained within the narrow 

range of 135-145 mM (less than 10% variation) despite great variations in water and 
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salt intake of human beings[114]. Our device characterized in NaCl aqueous solutions 

with the concentrations of 100mM and 300mM shows very little difference in the 

transfer curves although the ion concentration is increased for 200%. Furthermore, as 

mentioned in chapter 2 some studies found that only in special conditions SGGTs 

devices is sensitive to pH changes, so that the influence of pH value is not been viewed 

as main interferences in this chapter. 

 

Figure 3.9. Transfer characteristics of a SGGT measured in NaCl aqueous solutions 

with the concentrations of 100 mM and 300 mM. VDS=0.05V. 

 It is easy to understand this result. First, even if some SGGTs are sensitive to ion 

concentrations because of the impurities on the surface of graphene, the shift of 

transfer curve is normally less than the ideal value given by Nernst equation (59mV 
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per decade for Na+). In body fluids, the ion concentrations are relatively stable. It can 

be estimated that 10% change of ion concentration in body fluid will lead to less than 

1mV shift of the transfer curve, which is negligible in the measurements. The second 

factor is the change of double layer capacitance induced by the change of ion 

concentrations on the surface of graphene, which can induce slope changes of the 

transfer curves.  It can be found that this effect is negligible in practical applications 

as shown in Figure 3.9. Therefore, the influence of ion concentrations in practical 

applications of the SGGT is negligible. [114] 

So the selectivity of the device was characterized by adding AA and UA in PBS 

solution as shown in Figure 3.10.  

The detection limits to AA and UA are 10nM and 30nM, respectively. The changes of 

effective gate voltage as functions of the analyte concentrations are shown in Figure 

3.3d. The responses of the SGGT to AA and UA can be attributed to the direct electro-

oxidation of AA and UA on the graphene gate electrode. The curves for AA and UA 

can be fitted with the functions similar to equation (3.7). So the sensitivities of the 

SGGT to AA and UA are about 1 and 2 orders of magnitude lower than that to 

dopamine, respectively. However, the concentration of AA is normally two orders of 

magnitude higher than that of dopamine in human body fluids (e.g. plasma, urine, etc), 

which severely restricts the effective dopamine determination by using the SGGT. 
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Figure 3.10 a) Current response of a whole-graphene SGGT to additions of AA. 

VDS=0.05V, VG=0.7V. Inset: Transfer characteristics ( IDS vs. VG, VDS=0.05V ) of the 

SGGT measured in PBS solution (pH =7.4). b) Current response of a whole-graphene 

SGGT to additions of UA. VDS=0.05V, VG=0.7V. 

To improve the selectivity of SGGTs to dopamine, the graphene gate electrode was 

modified with a biocompatible polymer Nafion, which has been used to modify 
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electrodes in biosensors. Because Nafion is negatively charged in PBS ( pH = 7.4 ) 

solution, it could effectively alleviate the interference from other substances in 

negatively charged states, e.g. UA and AA, by electrostatic interaction. Figure 3.4a-c 

shows the channel current response of the SGGT to additions of dopamine, AA and 

UA, respectively. The device exhibited detection limits of 1nM to dopamine, 1M to 

AA and 10 M to UA, indicating the improved selectivity of the device to dopamine. 

The induced changes of effective gate voltages were calculated and shown in Figure 

3.4d. The voltage change of the device to dopamine can be fitted very well with 

Equation (8) down to 5nM as shown in the inset of Figure 3.4d. The sensitivities of 

the device to AA and UA are about 3 and 4 orders of magnitude lower than that to 

dopamine, respectively. So the selectivity of the SGGTs to dopamine was dramatically 

improved by the Nafion modification on the gate electrodes. 

We found that the SGGT with a graphene gate electrode is even better than a device 

with a Pt gate electrode in sensing dopamine although Pt electrodes have been 

popularly used in the electrochemical detections of dopamine. [88] A SGGT with a Pt 

gate electrode (size: 3mm3mm) was characterized in PBS solution. Figure 3.11a 

shows the transfer curve of the device before and after the addition of 1 M dopamine 

in PBS solution, which shifts for about 70mV to lower gate voltage induced by 

dopamine. Figure 3.11b shows the current responses of the SGGT to additions of 

dopamine with different concentrations. The device exhibits a detection limit of 

~10nM, which is not as good as the device with the graphene gate. 
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Figure 3.11, a) Transfer characteristics (VDS = 0.05V ) of a SGGT with Pt gate 

electrode measured in PBS solution before and after the addition of dopamine with the 

concentration of 1M. b) Channel current response of the SGGT to additions of 

dopamine with different concentrations. VDS = 0.05V, VG = 0.7V. Inset: the change of 

effective gate voltage ( VG
eff

 ) for different dopamine concentrations. 

The Pt gate electrode was also characterized in pure PBS solution and 1mM dopamine 

PBS solution by CV measurements (Figure 3.11). The electro-oxidation of dopamine 

on the Pt electrode can be observed. 
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It is notable that the current density across the Pt electrode in blank PBS solution is 

much higher than that of the graphene electrode (Figure 3.7). Therefore, the device 

with Pt gate electrode shows a high faradic current in PBS solution even without 

dopamine, which leads to worse selectivity, stability and detection limit of the 

dopamine sensor. 

The changes of effective gate voltage at different dopamine concentrations were 

calculated and shown in the inset of Figure 3.11b. For the same dopamine 

concentration, the gate voltage change is lower than that of the devices with the 

graphene gates as shown in Figure 3.4d and 3.10b. According to equation (3.6), the 

effective gate voltage change is proportional to the value of , which is inversely 

proportional to the capacitance of the gate/electrolyte interface CG-E. A graphene gate 

electrode has lower interface capacitance than a Pt gate electrode with the same area 

due to the quantum capacitance of the graphene layer. Consequently, the device with 

the graphene gate electrode exhibits a higher value of  and thus a bigger gate voltage 

change to dopamine than the device with a Pt gate electrode. 
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Figure 3.12. CV of the Pt gate electrode in blank and 1 mM dopamine PBS solutions. 

Voltage scan rate: 50 mV s-1. 

3.4.2 Using Nafion/graphene electrode as gate electrode 

To further indicate the advantage of the SGGT-based dopamine sensor, the Nafion 

modified graphene gate electrode was characterize in PBS solution with a typical 

electrochemical method. Amperometric responses of the electrode to additions of 

dopamine are shown in Figure 3.13 and exhibit a detection limit of about 3M (signal 

to noise ratio >3 ), being similar to the reported results. So the SGGT-based dopamine 

sensor shows much higher sensitivity than the conventional electrochemical 

measurements, which is consistent with various transistor-based biosensors has been 

reported [64, 88, 104, 105]. 
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Figure 3.13, Amperometric response of a Nafion modified graphene electrode (area: 

3 mm3 mm) to additions of dopamine with different concentrations. The applied 

potential is fixed at 0.7 V vs. Ag/AgCl. Inset: the detection limit is about 3M 

(signal/noise >3). 

The SGGTs with graphene gate electrodes are much more sensitive to dopamine than 

the graphene transistors reported before due to the different sensing mechanism based 

on the electrochemical reaction of dopamine at the gate electrode. The detection limit 

of the SGGTs to dopamine is much better than that of many other electrochemical 

approaches. For example, Zhao et al. reported the electrochemical detection of 

dopamine with the minimum concentration of 0.55M by using poly(sulfosalicylic 

acid) modified glass carbon electrode. [100] Sheng et al. fabricated electrochemical 
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sensors based on nitrogen-doped graphene and successfully detected dopamine down 

to 0.5 M. [115] Guo et al. reported electrochemical dopamine sensors using 

electrodes modified with carboxylated carbonaceous spheres with the detection limit 

down to 20 nM. [100] Our group recently reported a dopamine sensor based on an 

organic electrochemical transistor with the detection limit of 5 nM, [88]  which is 

inferior to the SGGT-based dopamine sensors. Considering the dopamine levels in 

urine and plasma being in the ranges of M and nM levels, respectively, the SGGTs 

are potentially useful for clinical applications in the future. [89, 116] The low detection 

limit of the SGGTs can be attributed to the fact that the devices are sensitive to 

potential changes given by Equation (3.7) even when faradic currents are too low to 

be detected. 

Electrochemical biosensors presently hold a leading position in many sensing 

applications, including clinical, healthcare, environmental, food, and national defense 

detections. One main goal in designing new biosensor systems is to achieve greater 

sensitivity. [117] Besides dopamine sensors, graphene has shown promising 

applications in many other electrochemical biosensors for its large surface area, high 

electrical conductivity, good biocompatibility and electrochemical activity, and has 

been successfully used in modifying electrochemical electrodes with enhanced 

sensitivity in the detections of AA, UA, cytochrome c, nicotinamide adenine 

dinucleotide, hemoglobin, cholesterol, H2O2 and so on. [118] Due to the high 

electrochemical activity of graphene, the whole-graphene SGGT devices consequently 
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can operate as many other sensors with the sensing mechanism based on the 

electrochemical reaction of analytes on the graphene gates. Obviously, the gate 

electrodes of the SGGTs should be modified with suitable functional materials to 

improve the selectivity of each type of biosensors, which is similar to conventional 

electrochemical biosensors. 

3.5 Summary  

In summary, a highly sensitive dopamine sensor was realized by using a SGGT with 

a graphene gate electrode. The sensing mechanism of the device is attributed to the 

electrochemical reaction of dopamine at the gate electrode, which changes the 

potential distribution at the interfaces on the graphene gate electrode and the graphene 

channel. The device shows excellent selectivity to dopamine after the modification of 

the graphene gate electrode with a thin layer of Nafion. The interference from AA and 

UA is 3 to 4 orders of magnitude lower than the response of the device to dopamine. 

The device shows the detection limit to dopamine down to 1 nM, which is good 

enough for analyzing dopamine levels in clinical applications. Because the channel 

and the gate of the device are all made of graphene, it can be fabricated on various 

substrates including flexible ones at low temperature by convenient techniques. Based 

on the same mechanisms, many other types of biosensors can be developed in the 

future. Therefore, the whole-graphene SGGT is a promising candidate for disposable, 

flexible and highly sensitive biosensor. 
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Chapter 4 Highly sensitive glucose sensors 

based on enzyme-modified whole-graphene 

solution-gated transistors 

4.1 Introduction 

Glucose plays a key role in human metabolism processes and the detection of glucose 

levels in blood or body fluid is directly related to diabetes mellitus diagnosis.[119] 

Therefore, high-performance glucose sensors have promising applications in medical 

diagnosis and healthcare products. Various types of glucose sensors have been 

successfully developed by using different functional materials, including carbon-

based nanomaterials like carbon nanotubes and graphene. [120, 121] Graphene has 

been successfully used in glucose sensors with different mechanisms for many 

remarkable physical properties, such as high conductivity, unique electrochemical 

activity and chemical stability. [3, 7, 104, 122] 

Among various types of graphene-based biosensors, [122, 123] solution-gated 

graphene transistors (SGGT) have drawn lots of attentions because they are promising 

for real-time, highly sensitive and high-throughput detections.[102] SGGTs could 

operate directly in aqueous environment at low voltages, which is essential to 
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biological sensing. Furthermore, SGGT-based devices can exhibit higher sensitivity 

compared to conventional electrochemical methods because of the inherent 

amplification function of transistors.[102] SGGTs have been widely investigated as 

sensors in the detection of pH and ion, [20, 40, 52] glucose, [28], [73] DNA, [25, 30, 

72] dopamine, [124] cells, [38] [67]etc. SGGTs have two interfaces with electrolytes, 

including electrolyte/channel and electrolyte/gate, and the sensors are generally based 

on the interactions between the analyte and either one of the interfaces.[102] It is 

notable that, besides the devices with specifically modified channels, [25, 28, 30, 72, 

73] SGGTs with functionalized gate electrodes are also good candidates for high-

performance biosensors, in previous chapter we developed neurotransmitter 

(dopamine) sensors with low detection limits (~ 1 nM) and good selectivity. In recent 

years, high-quality large-area graphene can be prepared with chemical vapor 

deposition (CVD) methods, which makes it possible to fabricate SGGT-based 

chemical and biological sensors that can be used in clinical diagnosis, [40] 

environmental monitoring and food safety tests,[54] etc. 

In 2010, Huang et al. firstly reported the glucose sensors based on SGGTs by 

modifying the graphene layer with the enzyme glucose oxidase (GOx). The device can 

detect the glucose level down to 0.1mM. They considered that the products from the 

oxidative reaction of glucose are responsible for the increase of channel current while 

the detailed mechanism was not investigated. In 2012, Kwak et al. reported a similar 

SGGT glucose sensor with GOx immobilized on the graphene channel. The response 
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of the device was assumed to be related to H2O2 generated in the oxidation of glucose 

catalyzed by GOx. However, the actual interaction between H2O2 and graphene is 

unclear. The device could detect glucose levels in the range of 3.3-10.9 mM, which is 

not sensitive in comparison with other types of glucose sensors.[125] It is noteworthy 

that many transistor-based glucose sensors can detect glucose down to M levels.[13] 

Therefore the mechanisms of the SGGT-based glucose sensors should be further 

studied and novel device designs need to be explored to achieve better sensing 

performance. 

In this chapter, we demonstrate a new type of glucose sensors based on SGGTs, in 

which both channel and gate are made of CVD grown graphene. Graphene is a semi-

metal and can be used as not only the semiconductor channel layers but also the gate 

electrodes of SGGTs. So the devices can be regarded as whole-graphene transistors. 

The graphene gate electrode was modified with the enzyme GOx and the 

biocompatible polymers chitosan (CHIT) and Nafion. [126, 127] To improve its 

electrocatalytic activity, the graphene gate was modified with Pt nanoparticles (PtNPs) 

by electrochemical deposition. The optimized SGGT glucose sensor shows the 

detection limit down to 0.5 μM, which has great potential for non-invasive glucose 

detection in human body fluids, such as saliva.[128] The sensing mechanism is 

attributed to the enzyme catalyzed oxidation of glucose that generates H2O2 near the 

gate electrode and the oxidation of H2O2 that modulates the effective gate voltages 

applied on the transistors. As potentiometric transducers, SGGT-based sensors are 
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extremely sensitive to potential changes due to the high transconductance (~several 

mS). [129] Therefore, these type of devices are promising candidates for high-

performance biosensors for not only glucose detections but also many other types of 

sensing applications.Glucose play a key role in human metabolism processes, the 

detection of the level of glucose in blood and body fluid is directly related to diabetes 

mellitus diagnosis[125]. Kwak [73]etc. have reported the application of glucose sensor 

based on SGGT by using the mechanism based on channel interaction. In their work, 

the graphene channel was functionalized with linker molecule and immobilized 

enzymes to induce the detection of glucose in the range of 3.3-10.9 mM. Pt wires 

served as gate electrodes in the device without specific modification. In purpose of 

improving the sensitivity of SGGT based glucose sensor, we develop a gate electrode 

functionalized SGGT. After the modification of the gate electrode with PtNPs, the 

sensitivity of SGGT towards H2O2 could reach as low as 0.1 μM. For H2O2 sensing, 

PtNPs take the role of catalyst since the pure CVD-grown graphene film have 

relatively low electrochemical activity due to the lacking of defects. On the basis of 

ultrasensitive H2O2 sensor, we immobilized glucose oxidase on graphene gate 

electrode by using biocompatible polymer (chitosan, Nafion), the Gox-

CHIT/Nafion/PtNPs modified device could achieve a detection limit down to 0.5 μM 

and response range from 0.5 μM to 1 mM. Nafion and CHIT are employed as matrix 

for enzyme immobilization. Nafion exhibit suitable wettability with CVD-grown 

graphene. [131, 132] After pre-deposition of Nafion thin film on the graphene surface, 

hydrophilic Gox-CHIT layer was located on Nafion layer. Both the two materials are 
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biocompatible polymer with good stability and exchange ability in aqueous 

environment. It is feasible to find out that the functionalization processes effectively 

improve the performance of the SGGT devices for H2O2 sensing and glucose sensing.  

4.2 Sensing Mechanism of SGGTs based glucose 

sensor 

Figure 4.1 shows the schematic diagram of the device structure and the sensing 

mechanism. The devices were fabricated on glass substrates and characterized in PBS 

solutions. As shown in Figure 4.1b, the gate voltage (VG) is actually applied on the 

two electric double layers (EDLs) since the electrolyte is ion conductive and 

21 EDLEDLG VVV  , where VEDL1 and VEDL2 are the potential drops on the EDLs of 

channel and gate, respectively. So the device performance is sensitive to the properties 

of each EDL. The SGGT is a type of potentiometric transducer that is sensitive to 

potential drops at interfaces influenced by analytes. In the glucose sensor, the graphene 

gate electrode was modified with GOx on the surface, which can catalyze the oxidation 

of glucose in PBS solution and generate H2O2 near the gate electrode in the following 

reaction: 

22OHlactone-1,5-Glucono-DGlucoseD 
GOx

. 
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Figure 4.1. a) Schematic diagram of the glucose sensor based on a whole-graphene 

solution-gated transistor; b) Potential drops at two electric double layers (EDLs) on 

the surfaces of graphene channel and gate. c) The GOx-catalyzed oxidation of glucose 

and the oxidation of H2O2 cycles on the GOx-CHIT/Nafion/PtNPs/graphene gate 

electrode of a graphene transistor. 

It is notable that the enzymatically produced H2O2 will be oxidized on the surface of 

the graphene under a bias voltage 

  2e2HOOH 222  
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In this reaction, the electrons (2e-) will be transferred to the gate electrode, which will 

change the potential distribution in the device as indicated by the dash line in Figure 

4.1b. For a potentiometric transducer, although the redox current is very low, the 

reaction of H2O2 will change the potential drop on the gate electrode according to the 

Nernst equation: 

COH
q

kT
VEDL  ]ln[

2
222 ,                                                            (4.1)                      

where k is Boltzmann constant; T is temperature; q is the electron charge; [H2O2] is 

the concentration of H2O2 and C is constant. Consequently, the voltage applied on the 

channel surface VEDL1 will also be modulated by the reaction of H2O2 and thus 

COH
q

kT
VV GEDL  ]ln[

2
221 .                                                       (4.2)                            

It is notable that the channel current IDS is dependent on the voltage VEDL1 applied on 

the surface of the channel due to the field effect. Therefore the channel current is 

sensitive to the concentration of H2O2. 

4.3 Fabrication of device 

4.3.1 Materials 

Chloroplatinic acid (H2PtCl6·6H2O AR) was purchased from Sinopharm Chemical 

Reagent Co., Ltd. Glucose oxidase (GOx) (100 kU·g-1) was purchased from Sigma-
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Aldrich Reagent Database Inc. and stored at -20℃ for future use. Chitosan (CHIT) and 

hydrogen peroxide (H2O2, 30%, AR ) were purchased from Advanced Technology & 

Industrial Co., Ltd and used as received. Phosphate buffered saline (PBS) solution (pH 

7.2) was purchased from Invitrogen Co., Ltd and used as received. Glucose was also 

purchased from Sigma- Aldrich Co. Deionized water was used throughout in the whole 

process.  

CHIT solution was prepared by dissolving CHIT (0.5g) in acetic acid solution (100 

mL, 50 mM, pH 5-6). The solution was electromagnetic stirred overnight and stored 

in 4 C  refrigerator. GOx stock solution was prepared by dissolving in PBS and stored 

in 4 C refrigerator before use. 5%wt Nafion solution was diluted for 10 times by 

isopropanol before use. 

4.3.2 Device Fabrication 

The schematic structure of the whole-graphene SGGTs is shown in Figure 4.1a. Au/Cr 

electrodes were deposited on glass substrates by magnetron sputtering through a 

shadow mask. Single-layer graphene was grown on Cu foils by CVD method and 

transferred on the glass substrates with the metal electrodes. Then the graphene films 

are patterned by the standard lithography method to have the graphene channel and 

gate. The fabrication procedure is shown in Figure 3.2 and Figure 3.3, chapter 3. The 

area of the graphene gate electrode is defined to be 3mm×3mm and the channel width 

and length are 0.2 mm and 3 mm, respectively. A Poly(dimethylsiloxane) (PDMS) 
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(Sylgard 184, Dow Corning, USA) wall was attached to the substrate to enable the test 

of the device in liquid (PBS solution).  

Graphene gate electrodes were modified with Platinum nanoparticles (PtNPs) to 

enhance the electrocatalytic activity. PtNPs were eletrodeposited on the graphene 

electrodes in 5mM H2PtCl6/0.1M HCl aqueous solution. [86] A constant voltage of -

0.2 V relative to an Ag/AgCl reference electrode was applied on the needed graphene 

electrode, and the deposition time was controlled to be ~120s. Then the 

PtNPs/graphene electrodes were rinsed with DI water and used as the gate electrodes 

of the SGGTs. 

For the preparation of GOx-CHIT/Nafion/PtNPs/graphene electrode, 50 uL GOx stock 

solution was mixed with 0.5%wt CHIT solution and the mixture is sonicated for 15 

min before use. The graphene gate electrode was firstly modified with PtNPs as 

described above, then 10 L 0.5%wt Nafion was dropped on the surface of the gate 

and dried at room temperature. After that, 10 L GOx-CHIT mixture was drop coated 

on the Nafion/ PtNPs/graphene gate electrode. The as-prepared SGGT was placed in 

a 4C refrigerator overnight to dry the GOx-CHIT film. The devices were finally 

rinsed with DI water to remove unexpected residue and stored in the refrigerator for 

future use. 
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4.4 Measurement methods 

The SGGT devices were characterized by semiconductor parameter analyzer (4156C, 

Agilent Technology) in PBS solution at room temperature as shown in Figure 4.1a. 

The transfer characteristic (channel current IDS versus gate voltage VG) was tested 

under a fixed drain voltage VDS = 0.05 V and variable VG. In the sensing applications, 

the channel current as a function of time was characterized under the constant voltages 

of VDS = 0.05 V and VG = 0.7 V with the additions of analytes (H2O2 or glucose). The 

gate voltage VG = 0.7V is selected because the device has comparatively large 

transconductivity at VG = 0.7V. The transconductance gm of the device at different gate 

voltages is calculated with the equation:  

G

DS
m

dV

dI
g  .                  (4.3) 

The electrochemical properties of the graphene electrodes were characterized by 

EG&G PAR2273 electrochemical workstation (Princeton Co. Ltd). During the 

measurements, Ag/AgCl (sat. KCl) was used as a reference electrode and Pt wire was 

used as a counter electrode. The graphene and PtNPs/graphene electrodes were studied 

by cyclic voltammetry (CV) measurements with a scan rate of 50 mV/s. 

The surface morphology of graphene electrodes were characterized by Atom force 

microscopy (AFM, Digital instruments) and Scanning Electron Microscopy (SEM, 

JEOL JSM-6335F). 
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4.5 H2O2 detection by PtNPs modified SGGTs 

Since the glucose sensor is based on the detection of H2O2, the first step is to fabricate 

a highly sensitive H2O2 SGGT sensor. We noticed that the electrocatalytic activity of 

graphene to H2O2 can be enhanced by modifying PtNPs on its surface. Figure 4.2a and 

4.2b shows the AFM image of the CVD graphene film with and without PtNPs on the 

surface. The average size of the PtNPs is about 30 nm. Figure 4.2c and 4.2d show the 

CV curves of a graphene electrode before and after the modification of PtNPs on the 

surface. It is notable that the electrocatalytic activity to H2O2 is dramatically improved 

by the PtNPs since the redox current is increased for several hundred times after the 

modification. 

Figure 4.3a shows the channel current (IDS) of a SGGT without any modification of 

PtNPs on the graphene gate measured at VG=0.7V and VDS=0.05V. The channel current 

increases with the additions of H2O2 and shows the detection limit of about 10M. The 

inset of Figure 3a shows the transfer curve of the SGGT characterized in PBS solution, 

which exhibits a reasonable ambipolar behavior with the Dirac point at about 0.3V. 

The transfer curve shifts to lower gate voltages in H2O2 (1mM) PBS solution, being 

consistent with the channel current increase with the additions of H2O2. 



THE HONG KONG POLYTECHNIC UNIVERSITY                   Chapter 4 

 

103 

 

 

Figure 4.2. AFM images of (a) CVD graphene film and (b) CVD graphene modified 

with PtNPs.  CV curves of (c) graphene electrode and (d) PtNPs/graphene electrode 

characterized in PBS solution and 5mM H2O2 PBS solution with a scan rate of 50 

mV/s. 
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Figure 4.3. a) Channel current (IDS) responses of a SGGT without any modification on 

the graphene gate to additions of H2O2 with different concentrations measured at the 

fixed voltages of VG=0.7V and VDS=0.05V. Inset: transfer curves of the SGGT 

measured in pure PBS and 1mM H2O2 PBS solutions. b) Channel current response of 

a SGGT with PtNP-modifed graphene gate to additions of H2O2 with different 

concentrations measured at the fixed voltages of VG = 0.7V and VDS = 0.05V. Inset: 

transfer curves of the device measured in PBS and 1mM H2O2 PBS solutions. c) 

Effective gate voltage (ΔVG
eff) versus H2O2 concentration for the SGGTs with or 

without PtNPs on graphene gate electrodes. 
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To improve the sensitivity of the device to H2O2, the graphene gate electrode of a 

SGGT was modified with PtNPs by electrodeposition method. Figure 4.3b shows the 

channel current response of the device to additions of H2O2 measured at VG=0.7V and 

VDS=0.05V. The detection limit ( Signal/Noise  3 ) of the device to H2O2 is about 

30nM, which is much more sensitive than the device without the PtNPs. Similarly, as 

shown in the inset of Figure 4.3b, the transfer curve of the device shifts horizontally 

to lower gate voltages when H2O2 was added in PBS solution, which is consistent with 

the increase of channel current measured at the fixed gate voltage. The shift of the 

transfer curve can be regarded as the change of the effective gate voltage induced by 

the reaction of H2O2 at the gate electrode. Alternatively, the effective gate voltage 

change (VG
eff) can be calculated according to the change of channel current measured 

at the fixed gate voltage. The detailed calculation process is as follows. For different 

channel current value, the corresponding gate voltage can be read out from the transfer 

curve. The difference between the gate voltages before and after the addition of H2O2 

is VG
eff for this concentration of H2O2. Therefore, effective gate voltage change as a 

function of H2O2 concentration can be obtained, as shown in Figure 4.3c. It is notable 

that the SGGT with PtNP-modified gate electrode shows much bigger response than 

the one without the Pt modification.  

Assuming the capacitances of EDL1 on the channel and EDL2 on the gate are CEDL1 

and CEDL2, respectively, the effective gate voltage is given by: 
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Therefore, it is reasonable to find that the effective gate voltage changes for 

91mV/decade in the linear region ( 3µM to 300 M) and we can obtain   0.5 from 

equation (3) at room temperature (T=300K). 

4.6 Glucose detection by functionalized SGGTs 

Enzyme-functionalized SGGT glucose sensors were then prepared on the basis of the 

PtNP-modified devices because H2O2 is a major product of glucose oxidation 

catalyzed by GOx. The gate electrode was coated with a thin layer of Nafion and then 

the mixture of CHIT and GOx. GOx plays an important role in glucose sensing 

because the SGGT without the modification of GOx did not show any response to 

glucose additions with the concentrations up to 3mM as shown in figure 4.4. The 

Nafion layer has negative charge in PBS (pH=7.2) solution and can dramatically 

improve the selectivity of the device to the main interferences, including uric acid (UA) 

and ascobic acid(AA), because UA and AA are negatively charged and are thus 

difficult to diffuse through the negatively charged Nafion film due to electrostatic 

interaction. [133] Secondly, we noticed that it is difficult to directly coat GOx and 

CHIT aqueous solution on graphene for the hydrophobic surface of graphene. [134] 
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Figure 4.4. The channel current response of a SGGT with PtNPs/graphene gate to 

additions of glucose. VDS=0.05V, VG=0.7V. 

The Nafion film can be uniformly coated on the graphene film and then used as an 

interlayer for coating the GOx-CHIT film on the surface. We also noticed that the 

device with GOx modified on the gate without PtNPs cannot show obvious response 

to glucose due to the poor electrocatalytic activity of the gate as shown in figure 4.5. 

So only the devices with GOx-CHIT/Nafion/PtNPs/graphene gate electrodes show 

high sensitivity to glucose. 
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Figure 4.5. The channel current response of a SGGT with Gox-CHIT/Nafion/graphene 

gate to additions of glucose. VDS=0.05V, VG=0.7V. 

The current change is attributed to the change of effective gate voltage (VG
eff) induced 

by the reaction of glucose on the gate electrode. Therefore, VG
eff was calculated and 

was found to change for about 173mV/decade in linear region, as shown in Figure 

4.6c. According to equation (3),  can be calculated to be  1.9. The reason to have 

higher  in the glucose sensor is prosumably due to the decreased capacitance of the 

graphene gate for the modification of the insulating polymers (Nafion and Chitsan) on 

the surface. 
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Figure 4.6 a) Transfer characteristics of a SGGT with a GOx-

CHIT/Nafion/PtNPs/graphene gate electrode measured in PBS and 1mM glucose PBS 

solutions. Dash line: Transconductance (gm) of the SGGT characterized in PBS 

solution. b) Channel current responses of the SGGT to additions of glucose with 

different concentrations. c) The corresponding effective gate voltage change (VG
eff) 

at different glucose concentrations ( [Glu] ). 

The detectable range of the SGGT glucose sensor is from 0.5 M to 1 mM, which is 

a suitable range for the detections of glucose in body fluids, such as human saliva. 
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[135] For blood glucose tests, conventional electrochemical methods are sensitive 

enough and have been successfully used in commercial products. However, blood 

glucose tests are painful and not very convenient in clinical diagnosis. Non-invasive 

detection of glucose level in body fluid has been proposed to be an alternative way 

since the glucose level in body fluid can reflect the glucose level in plasma. However, 

glucose level in body fluid is much lower than that in plasma. Therefore, highly 

sensitive approaches such as the SGGT-based glucose sensor are potentially useful for 

non-invasive diagnosis of glucose levels in human body. 

It is noteworthy that the whole-graphene transistors have many advantages. Firstly, 

the device structure is very simple and can be prepared with one layer of graphene. So 

transistor arrays can be easily prepared by patterning high-quality large-area graphene. 

Besides glucose sensors, many other types of enzyme sensors can be realized based 

on the detection of H2O2. [130] Therefore, multifunctional SGGT arrays for different 

types of highly sensitive biosensors can be realized by modifying the gate electrodes 

with specific biomaterials. Secondly, the devices show high transconductance gm 

(
G

DS
m

V

I
g




 ), which is important for amplifying a potetntial signal into a current signal. 

As shown in Figure 4a, gm has the maximum value of about 2mS even at the drain 

voltage of only 0.05V. It is notable that a typical Si transistor used as a biosensor has 

a transconductance of only around 20 S for VDS =0.5V. So the transconductance of 

a SGGT is two orders of magnitude higher than that of a Si transistor, which is the 

main reason for the high sensitivity of the SGGT-based biosensor. 
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4.7 Summary 

In conclusion, whole-graphene SGGTs with PtNP-functionalized graphene gate 

electrodes can be used for highly sensitive detections of H2O2 with the detection limit 

down to 30nM. The device is further demonstrated as a highly sensitive glucose sensor 

after the immobilization of the enzyme GOx, CHIT and Nafion on the PtNPs/graphene 

surface and can detect glucose concentrations down to 0.5 M. The high sensitivity of 

the SGGT-based sensors is attributed to the inherent amplification function of the 

transistors and the improved electrocatalytic activity of the graphene gate electrodes 

after the modification of PtNPs. Since most of enzyme sensors are based on the 

detection of H2O2, this kind of devices are expected to be developed as many other 

types of enzyme sensors in the future.



THE HONG KONG POLYTECHNIC UNIVERSITY                   Chapter 5 

 

112 

 

Chapter 5 Cell sensing platform integrated 

with Solution-Gated Graphene Transistors 

In this chapter, cell monitoring platform based on solution-gated graphene transistors 

has been developed for biological process (such as cell adhesion and proliferation) 

monitoring and studying. Cancer cells (HepG2, HCT116, SAOS2) and fibroblasts 

(HFF-1) were cultured on the surface of graphene channel of SGGT. The viability, 

adhesion processes and distribution of these types of cell lines were observed and 

analyzed. 

5.1 Introduction 

One of the key issue in the field of biosensor and bioelectronic is developing electrical 

sensing platform integrated with living cells. Integrated cell sensors offer 

opportunities to tranfer variations during cell physiological activities into detectable 

signals, exhibit obvious potential for bimedical applications such as clinical diagnosis 

[136], drug screening[137], tissue engineering [138], environment monitoring et al [1]. 

Among these graphene based cell sensors, solution-gated graphene transistors attract 

growing interest for cell sensing. A SGGT has a typical transistor-based structure 

while the gate voltage applied directly on the electrolyte. SGGTs has several 

advantages for cell sensing. 1) It has been found that SGGT have stable performance 

in electrolyte, which is convenient to detect phenomena happens in aqueous 
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environment; 2) SGGTs exhibit ballistic transport at room temperature, having both 

holes and electrons as charge carrier. 3) The transistor-based structure enable 

amplification of the original signal, imply higher sensitivity rather than conventional 

electrochemical biosensors [102]. 

Lieber's group reported the first SGGT based cell sensors in 2010 [38], electrical 

recording of spontaneously beating of electrogenic cells (embryonic chicken 

cardiomyocytes) was demonstrated by using SGGT. He etc. reported PC12 cells 

culturing directly on the channel of SGGTs, by applying high K+ stimuli to the cells, 

the corresponding secretion of catecholamine molecules were recorded by their device 

[75]. Hess etc. fabricated a system containing arrays of SGGTs, after HL-1 cell line 

culturing on the system, acting potential as well as propagation of cell signals were 

detected by their device [66]. SGGTs-based cell sensing systems provide an approach 

for real time detecting cells activities. 

In this chapter, we fabricated a SGGT on glass substrate to characterize cancerous cell 

line (HepG2, SAOS2) and fibroblast cell line (HFF-1) adhesion process on graphene 

surface. Cell adhesion is one of the fundamental topic for biomedical research because 

most mamalian cells are anchorage dependent type, thus the interactions between cells 

and substrates could directly influence the whole life cycle of the cells, including 

proliferation, differentiation, mirgration, and apoptasis processes [139, 140]. By 

seeding cells on graphene channel, capacitance change of graphene/electrolyte 

interface corresponding to cell adhesion process was observed. Meanwhile the channel 
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current could be monitered, exhibited decreasing value accompany with capacitance 

variation. [141] Furthermore, it is found out that the density of cell grown along the 

graphene channel could be modulated by simply applying biased electrical fields on 

the three electrodes system, forming gradients on graphene surface. This kind of 

SGGT-based platform provides a powerful tool for electrical detecting and controlling 

cell adhesion and distribution. 

5.2 Experiment for device fabrication and cell 

culturing 

5.2.1 Materials  

CVD-grown graphene was purchased from Weijing Co. Hefei. Dulbecco's Modified 

Eagle Medium (DMEM) (high glucose), 0.05%Trypsin/1.5 mM EDTA, Fetal Bovine 

Serum, penicillin and T25 flask was purchased from life technology co., Hong Kong. 

Acetone was purchased from advtech co., Hong Kong. Fluorescence dye Fluorescein 

Diacectate (FDA) and Propidium Iodide (PI ) and anti-cancer drug 5-Fluorouracil (5-

FU) was bought from Sigma-adrich co. FDA stock solution is prepared by dissolving 

5 mg of FDA in 1 ml acetone. PI stock solution is prepared by dissolving 1 mg of PI 

in 1ml PBS solution.  
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5.2.2 Device Fabrication 

As shown in the Figure 5.1a, the whole device was fabricated on glass substrate with 

an area  of 2.5 cm╳2.5 cm. Firstly, gold electrodes with chromium adhesion layer was 

thermal evaporated (Edwards Auto306) onto the substrate through a shadow mask. 

Then, CVD-grown graphene were transffered in direct contact with Au/Cr electrodes 

following a typical wet tranffer technique as shown in Figure 3.2. After successful 

graphene tranffer, the graphene channel was patterned by lithography method as 

shown in figure 3.3. The channel width and length are 2mm and 3mm respectively. 

Finally, a poly(dimethylsiloxane) (PDMS) well with volumn of 0.7 cm ╳ 1.5 cm ╳ 1 

mm was combined with the glass substrate by O2 plasma treatment. The as-prepared 

device was used for cell culture and electrical measurements. 

5.2.3 Cell culture 

Human esophageal squamous epithelial cancer cell line (HepG2), fibroblast cell line 

(HFF1) and osteoblast cell line (SAOS2) are purchased from American Type of 

Culture Collection (ATCC). HepG2 cell line, HFF-1 cell line, and SAOS2 cell line 

were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 4,500 mg/L 

glucose (Invitrogen) as basic medium supplemented with 15% Fetal Bovine Serum 

(FBS, Invitrogen) and 1% penicillin (Invitrogen). The cell lines were routinely 

cultured on a T25 cell culture flask (life technology co) in a cell incubator at the 
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temperature of 37C and 5% CO2/95% air atmosphere. For cell culturing on SGGT 

devices, the devices were firstly sterilized by UV radiation treatment for 12h in 

biosafety fume hood before cell seeding. Cells cultured in the flask were treated by 

standard trypsinization processes (0.05% (w/v) trypsin/ 1.5 mM EDTA, life 

technologies). Then the cell lines are seeded in the PDMS wall, and cultured in the 

incubator environment for electrical measurement. For anti-cancer drug testing, 5-FU 

was solved in 7.4 PBS solution, forming a solution with 500 µg/ml concentration. 10 

µL as-prepared 5-FU solution was added into cell culture medium on SGGT devices, 

and coltured 8 h for further testing. 

5.3 Characterization and measurement 

The SGGT devices were characterized by keithley 2400 sourcemeter (National 

instruments) in cell culture medium within cell incubator as shown in Figure 5.1. The 

I-V characteristic (channel current IDS versus gate voltage VG) was characterized under 

a fixed drain voltage VDS = 0.05 V and variable VG. In the sensing applications, the 

channel current as a function of time was characterized under the constant voltages of 

VDS=0.05 V and VG=0.3 V for 12 h. The microscopy image have been observed by 

Nikon ECLIPSE 80i fluorescence microscope, the fluorescence microscopy image 

was taken by Nikon ECLIPSE 80i fluorescence microscope.  
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Figure 5.1 shows the schematic diagram of the device structure. CVD-grown graphene 

connected by source and drain electrodes is utilized as the channel of the transistor, 

Ag/AgCl reference electrode is used as the gate electrode.  

 

Figure 5.1. a) Schematic diagram of cell sensing platform based on solution-gated 

graphene transistor 

5.4 Viability study of cells cultured on SGGTs 

Cell was cultured directly on the graphene channel in the PDMS well filled with 

culture medium. In this work, human Hapatocellular carcinoma cell line(Hep G2), 

human osteosarcoma cell line (SAOS2), human foreskin fibroblast cell line (HFF-1) 

were seeded and maintained on the graphene channel as models to study cell adhesion. 

After 1 day culturing, the cells was labeled  with fluoescence stains PI/FDA for “ live 

and dead“ assay, in which living cells generating a green fluorescence and dead cells 



THE HONG KONG POLYTECHNIC UNIVERSITY                   Chapter 5 

 

118 

 

generating red fluorescence. As shown in Figure 5.2a, b, c, all of the three cell lines 

cultured on our device exhibited excellent viability( > 99%).Meanwhile, all the three 

kind of cells exhibited normal morphologies like cells cultured on tissue culturing 

flasks. Therefore, it is illustrated that SGGTs were a suitable platform for short time 

cell adhesion detection. 

Many methods were developed for cell adhesion sensing at bioelectronic interfaces, 

such as fluorescence labeling, radiation notation etc [138, 139]. By labeling cells with 

fluorescence or radiation probe, adhesion activities could be transffered into optical 

signals. In this chapter, SGGTs were used as transducers for cell activity signaling 

without specific labeling. 
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Figure 5.2. a, b, c ) Fluorescence image of HepG2 cell, SAOS2 cell, and HFF-1 cell 

culturing 12 h (staining by  FDA/PI), exhibit high viability. 
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5.5 cell adhesion on SGGTs 

 

Figure 5.3. a) Channel current (IDS) responses of a SGGT with HepG2 cell seeding 

voltages of VG= -0.4 V—0.4 V with 0.02 V as step and VDS=0.05V. b) Channel current 

(IDS) versus time (h) of a SGGT during HepG2 culturing, measured at voltages of VG= 

-0.4 V VDS=0.6V. 
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Figure 5.3a shows the transfer characteristic of a SGGT with HepG2 cells cultured on 

the graphene channel and measured at VDS=0.05V, and variable VG, from -0.4 V to 0.4 

V. The  transfer curve exhibited a typical ambipolar shape due to the electronic 

structure of graphene [102]. Furthermore, as the cells were seeded and maintained for 

12h, it is found that the channel current IDS decreased  with time when applying the 

same VDS and VG.The channel current of SGGTs is defined by [102]  

DS i G Dirac DS

W
I C V V V

L
  , with G Dirac DSV -V V       (5.1) 

The transconductance of SGGT ( mg ) is given by  

DS
m i DS

G

I W
g CV

V L



 


                    (5.2) 

W and L is the width and length of the channel, μ is the carrier mobiliy. Ci is the gate 

capacitance. Vdirac is the gate voltage corresponding to the carrier neutrality point at 

which the channel current is minimum. As shown on Figure 5.3a, the Dirac point shift 

DiracV is negligible, it is reasonable to speculate that the transconductance decrease is 

resulted from the gate capacitance decrease during the cell adhesion. 

m DS i

W
g V C

L
                              (5.3) 
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Figure 5.4a and 5.5a exhibited similar results when SAOS2 cell and HFF-1 cell 

cultured on SGGTs channels. The channel current decreases in the first few hours of 

cell culturing. 

 

Figure 5.4 a) Channel current response of a SGGT (IDS) with SAOS2 cell culturing 12 

h, VG = 0.3V and VDS = 0.6V. Channel current (IDS) versus time (h) of a SGGT during 

SAOS2 culturing,  voltages of VG= 0.47 V VDS=0.6V. 
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Figure 5.5 a) Channel current response of a SGGT (IDS) with HFF-1 cell culturing 12 

h, VG = 0.3V and VDS = 0.6V. b) Channel current (IDS) versus time (h) of a SGGT 

during HFF-1 culturing,  voltages of VG= 0.32 V VDS=0.6V 
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Figure 5.6 describes the sensing mechanism. Before the cell attached on graphene 

channel, the cells were suspended in the culture medium, the gate voltage is applied 

on the two electrical double layer (EDL) formed at the graphene/electrolyte, 

electrolyte/gate electrode interface. The gate capacitance is comprised by double-layer 

capacitor and the graphene quantum capacitance connected in series [102], 

1 1 1

i EDL QC C C
                                  (5.4) 

2

2
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, when  chqV kT               (5.5) 

EDLC is the EDL capacitance, 
QC is the quantum capacitance, Q is the charge density, 

q  is the electron charge, chV is the channel electrostatic potential, 810 / sF cm   is the 

Fermi velocity of carriers in graphene, is the reduced Planck’s constant.  
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Figure 5.6 cell dielectric layer formation on the graphene channel a), cell seeding on 

graphene surface, sedimentation phase(top, middle); b) cell adhesion on graphene 

surface, adhesion phase (bottom). 
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For HepG2 cell, the cell surface usually carry a negative surface charge, which could 

induce a counterionic cloud around the cells in culture medium. When the cells were 

attached on graphene channel, living cells with well formed plasma membrane could 

form dielectric layer on graphene surface, with electric field applied on cell dielectric 

layer,the adherent cell could be polarized [144]. In such a situation, the gate 

capacitance consists cell layer capacitance cellC due to the induced dipole moment 

besides interface capacitance EDLC  and quantum capacitance
QC . [139] 

1 1 1 1

i EDL Q cellC C C C
               (5.6) 

The cell layer capacitance is influenced by many factors, including adherent cell 

densities, cell types (as shown in Figure 5.2), membrane integrity, membrane potential, 

cell morphology, adhesion strength and so on. [140] Figure 5.3b shows the channel 

current IDS change during cell culturing from 0 h to 12 h, with constant voltages 

(VDS=0.6V and VG=0.4V). The channel current decreased continuingly with time, 

which is in consistant with the results shown in Figure 5.3a. We speculate that, as the 

density of cells adherent on the graphene channel increases, the channel current 

decreases due to the cell layer capacitance changes correspondingly, which effects the 

charge carrier density in the graphene channel. Figure 5.4b and 5.5b exhibited the 

channel current change in SAOS2 cell and HFF-1 adhesion processes. It is found that 

the channel current decreased rapidly in the first few hours, and then the channel 

current came to a comparatively constant stages, which might be attribute to the 
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adherent of cells suspended previously onto graphene channel. By using this label-free 

method, cell adhesion processes on graphene interfaces could be detected in real-time, 

which implies potential future biomedical applications. 

5.6 Cancer drug testing on SGGTs 

 However, when the cells were dead, the cell plasma cannot be kept within the 

membrane to form induced dipole moments. Based on the mechanism, cell viabilities 

could also be quantitatively measured on SGGT device. A proof of concept study on 

anti-cancer drug 5-FU to cancerous cell HepG2 were demonstrated on our device. 

Firstly, HepG2 cells were cultured on graphene channel for 24h, then 5-FU were added 

into culture medium. Figure 5.7a shows the transfer characteristic of SGGT before and 

after drug adding. The capacitance increases after 8 h culturing. Then the cells were 

stained with PI stain, as shown in Figure 5.7b, most of the cells were dead after 

coculturing with drug. The red flurescence indicated that the cell membrane was 

broken by adding anti cancer drug, which induced the capacitance increase. This proof 

study demonstrated the cell sensing platform has potential biomedical applications 

needing cell viability measurement like drug screening, environment test et al. 
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Figure 5.7.a) Channel current (IDS) responses of a SGGT with HepG2 cell culturing 

voltages of VG= -0.6 V—0.6 V with VDS=0.05V.  The red and black presented channel 

current with 5-FU cocultured with HepG2 cell 0 h and 8 h. B) fluoescence image of 

HepG2 cell cultured with 5-FU and stained with PI. 
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5.7 cell population distribution 

An important issue in cell adhesion study is to control the cell density on artificial 

surfaces, for example bioimplants. Many works focus on modifying the chemistry, 

texture, and wettability of the surfaces [145]. In this study, the cell sensing platform 

was used to dynamically controlling the cell adhesion on the channel. As shown in 

Figure 5.8a, VDS=0.6 V, VG= VDS-Vdirac were applied on the source, drain, and gate 

electrodes. Considering the graphene channel being a conductive surface, the fermi 

level in the graphene channel was shifted in a continuous state from the drain electrode 

to the source electrodes.At the operational voltages, graphene near the drain side 

induced free electrons as charge carrier, where graphene near the source side induced 

free holes. The type of the charge carriers were divided by Dirac point, where in our 

experiments located in the middle of the channel, therefore as shown in Figure 5.8a, 

left half of the graphene channel has electrons, while the right side has holes. Figure 

5.8b exhibited the results of HepG2 cells distribution on graphene channel under the 

applied electric field. The graphene channel was divided into ten equality area along 

the channel length. It is obvious that the cell density on area near the drain electrodes 

is comparatively larger than the area near the source electrodes, exhibited distinct 

gradient along the channel. Figure 5.8c shows the charge distribution on the drain 

electrode side, the charge carrier inside graphene is negatively charged, so that the 

surface of graphene is compensated by positive charge. When HepG2 cells are seeded 

in the culture medium, because the surface of cell is negatively charged, cells are more 
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likely to locate on positive surface due to the electrostatic force. The in-situ control of 

the adhesion of HepG2 cells along the graphene channel is achieved by the cell sensing 

platform.The experiment demonstrates that the cell adhesion and distribution is 

heavily influenced by graphene surface charges, which implies a powerful tool for 

tunable cell adhesion and distribution research. 

 

Figure 5.8.a) HepG2 cell population distribution along the graphene channel after 

culturing 12 h under electric bias VG =VDS-VDirac =0.4V and VDS = 0.6V.  b) Charge 

carrier change along the graphene channel with applying VG =VDS-VDirac =0.4V and 

VDS = 0.6V c) mechanism for modulating cell sensing. 
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5.8 Conclusions 

In this chapter, cell sensing platform based on solution-gated graphene transistors 

(SGGTs) were fabricated to monitor cell adhesion and distribution processes. 

Cancerous cells (human Hepatocellular carcinoma (HepG2), Human sapien 

osteosarcoma (SAOS2)) and fibroblasts (Human Foreskin Fibroblast (HFF-1)) were 

seeded and maintained on the graphene channel of SGGTs. It is found out that during 

the cell adhesion processes, the channel current changed due to the capacitance 

variation happened on the cell/graphene channel interface. Based on this phenomenon, 

the platform were used to monitor anti-cancer drug 5-FU effect to HepG2 cell line. 

Meanwhile, the cell/SGGT integrated platform were used for controllable cell 

distribution research. Cell density gradients grown along the channel was modulated 

by adjusting surface charging state through applying gate voltages. This kind of 

platform has great potential future biomedical application.
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Chapter 6 Conclusions and Future Outlook 

6.1 Conclusions 

In this thesis, the structure and the mechanism of SGGT based chemical and biological 

sensors have been introduced and discussed. Present progresses of SGGTs based 

sensing applications were reviewed in chapter 2. SGGTs have exhibited great 

potentials for electrical sensing due to its superior electrical, chemical and mechanical 

properties.  

In chapter 3, a highly sensitive dopamine sensor was realized by using a SGGT with 

a graphene gate electrode. The sensing mechanism of the device is attributed to the 

electrochemical reaction of dopamine at the gate electrode, which changes the 

potential distribution at the interfaces on the graphene gate electrode and the graphene 

channel. The device shows excellent selectivity to dopamine after the modification of 

the graphene gate electrode with a thin layer of Nafion. The interference from AA and 

UA is 3 to 4 orders of magnitude lower than the response of the device to dopamine. 

The device shows the detection limit to dopamine down to 1 nM, which is good 

enough for analyzing dopamine levels in clinical applications. Because the channel 

and the gate of the device are all made of graphene, it can be fabricated on various 

substrates including flexible ones at low temperature by convenient techniques.  
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In chapter 4, whole-graphene SGGTs with PtNP-functionalized graphene gate 

electrodes can be used for highly sensitive detections of H2O2 with the detection limit 

down to 30nM. The device is further demonstrated as a highly sensitive glucose sensor 

after the immobilization of the enzyme GOx, CHIT and Nafion on the PtNPs/graphene 

surface and can detect glucose concentrations down to 0.5 M. The high sensitivity of 

the SGGT-based sensors is attributed to the inherent amplification function of the 

transistors and the improved electrocatalytic activity of the graphene gate electrodes 

after the modification of PtNPs. 

In chapter 5, cell monitoring platform based on solution-gated graphene transistors 

were developed for biological process (such as cell adhesion and proliferation) 

observation and researching. It can be found that the devices exhibited stable 

performance and excellent biocompatibility in culture medium. Cancer cells (HepG2, 

SAOS2) and fibroblasts (HFF-1) were successfully grown on the surface of graphene 

channel of SGGT. We found that the devices were sensitive to the change of surface 

charge and morphology of adherent cells. The sensing mechanism could be attributed 

to the capacitance variation between the cells and graphene surface due to the ion 

polarization within the cellular plasma. The doping level of graphene could be eazily 

modulated by applying electric fields on the transistor, and thus the surface charge of 

graphene, which is essential to the cell adhesion on the surface is adjustable on the 

platform. Cell density gradients grown on the channel is modulated by adjusting 

surface charging state of graphene in this work.  
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6.2  Challenges and oppotunities 

As mentioned above, graphene has been demonstrated as the most promising 

candidate nanomaterial for developing electronic biosensors with high speed, high 

sensitivity, and highthroughput. Many process has been made in recent years. 

However this research area is still a relatively new and further efforts are needed to 

make clear some critical issues. 

 From my point of view, the following issues are still need to be further investigated 

with a view to realizing high performance sensors that could be used in practical 

applications. Firstly, most significant task for future work is to minimize the size of 

the devices for microscale-world detection and to integrate SGGTs into high density 

for highthroughput sensing. Since large area graphene with uniform properties could 

be fabricated by CVD method, CVD graphene can be used in microfabrication process 

to realize SGGT arrays. High density SGGTs imply feasible ways for integretion with 

complementary digital electronics and show exciting commercial perspective. [69] 

Secondly, due to the remarkable mechanical properties of graphene, SGGTs could be 

incorporated with the concept of flexible electronics. Generally, flexible electronics 

could impove the conformal interface between biological tissues and the electronics, 

[66] so that the development of flexible SGGTs would possibly broaden the range of 

practical applications of SGGTs into environments needing deformation.  
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Finally, SGGT-based sensors have great potential for complex biosystem research. 

However, for practical use, SGGT-based devices should be taken into direct contact 

with real biological samples which inquires the devices has robust performance that 

can prevent pollutent and provide stable signal. That is still a big challenge we should 

solve for applications of SGGT biosensors.
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