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ABSTRACT 

FABRICATION AND APPLICATION OF BIOSENSORS FOR EARLY 

DIAGNOSIS OF LUNG CANCER AND CANCER METASTASIS 

PHD THESIS 

OZAN YILMAZ 

BOLU ABANT IZZET BAYSAL UNIVERSITY  

INSTITUTE OF GRADUATE STUDIES 

DEPARTMENT OF PHYSICS 

(SUPERVISOR: PROF. DR ERCAN YILMAZ) 

 

BOLU, JULY 2023 

 xiv + 79  

 
 

Lung cancer has one of the greatest mortality rates of all cancer varieties. This 

malignancy affects millions of people throughout the globe and in our country. 

Unfortunately, it is too late to diagnose the disease using traditional methods 

because they are insufficient. This necessitates the development of a method or 

device for early disease diagnosis. A biosensor to detect lung cancer and metastasis 

at an early stage has been investigated in this study. Biosensors based on GFET are 

preferred. Utilizing the Hummer procedure, graphite was converted into reduced 

graphene oxide. FTIR, Raman spectroscopy, transmission electron microscopy, and 

X-ray diffraction were used to examine the properties of graphene oxide (GO) and 

reduced graphene oxide (rGO). The outcomes demonstrated that the production met 

the intended standards. The rGO that has been synthesized has been deposited on 

the FET structure using a technique within the scope of this research. Micro RNAs 

were favored as biomarkers for malignancy. The biosensor's electrical properties 

were determined using the output characteristic and transfer characteristic method. 

The device's Id-Vd measurements revealed that the rGO layer between the source 

and the drain formed a successful ohmic contact. In Id-Vgs measurements, pH-

dependent measurements of an ionic solution were taken first, with linear results. 

The consistency of subsequent measurements of the analyte linked to miRNA was 

comparable. The device was then evaluated with an analyte containing an 

incompatible miRNA to ascertain its selectivity. The test revealed that the device's 

sensitivity was limited to its own biomarker. Finally, the biosensor's sensitivity was 

evaluated. The solution of the analyte was diluted from 10M to 100 pM and then 

applied to the sensor. At 100 pM, the biosensor produced a significant response. At 

the conclusion of the study, a biosensor was created that, if implemented, could 

detect lung cancer at an early stage. 

 

KEYWORDS: GFET, Reduced Graphen Okside, Lung Canser, microRNA 
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 ÖZET 

AKCİĞER KANSERİ VE KANSER METASTAZI ERKEN TANISI İÇİN 

BİYOSENSÖR ÜRETİMİ VE UYGULAMALARI 

DOKTORA TEZİ 

OZAN YILMAZ 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 
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Akciğer kanseri ölüm oranı en yüksek kanser türlerinden biridir. Dünyada ve 

ülkemiz de milyonlarca insan bu kansere yakalanmaktadır. Geleneksel yöntemler 

teşhis konusunda yetersiz olduğundan hastalığın tanısını koymakta maalesef geç 

kalınmaktadır. Bu nedenden dolayı hastalığın erken evrede taşhisini sağlayacak 

bir yöntem veya cihaza ihitiyaç vardır. Bu çalışmada, bu ihtiyaca binaen akciğer 

kanserini ve metastazını erken evrede teşhis edecek bir biyosensör üzerine 

çalışılınmıştır. GFET tabanlı biyosensör tercih edilmiştir. Çalışma ilk önce 

hummer methodu kullanılarak grafitten indigenmiş grafen oksit üretimi ile 

başlamıştır. Üretilen grafen oksit (GO) ve indirgenmiş grafen oksitin (rGO) 

karakteristik özellikleri FTIR, Raman spektroskopisi, TEM ve X ray diffraction 

analizleri ile incelenmiştir. Sonuçlar üretimin istenilen kalitede olduğunu 

göstermiştir. Sentezlenen rGO nun FET yapısına serilmesinde bu çalışma 

kapsamında bulunan bir yöntem ile yapılmıştır. Kansere özgü biyomarker olarak 

mikro RNAlar tercih edilmiştir. GFET biyosensörünün elektriksel özellikleri 

output karakteristik ve transfer karakteristik yaklaşımı ile yapılmıştır. Cihazın Id-

Vd ölçümleri kaynak ve akaç arasındaki rGO katmanının başarılı bir ohmic kontak 

yaptığını göstermiştir. Id-Vgs ölçümlerinde önce iyonik bir solüsyonun pH bağlı 

ölçümleri alınmıştır ve bu sonuçlar lineerilk göstermiştir. Sonrada miRNA ileveli 

analitin ölçümleride benzer şekilde tutarlılık göstermiştir. Sonrasında cihazın 

seçiciliğinin tespiti için uyumsuz bir miRNA ilaveli analit ile test edilmiştir. Test 

sonucunda cihazın sadece kendi biyobelirtecine duyarlı olduğu bulunmuştur. En 

son olarakta biyosensörün hassasiyeti test edilmiştir. Analit çözeltisi 10µM 

mertebesinden 100 pM mertebesine kadar seyreltilmiş ve sensöre uygulanmıştır. 

Sonuçta üretilen biyosensör 100 pM mertebesinde anlamlı bir respons vermiştir. 

Çalışmanın sonunda geliştirilmesi halinde akciğer kanserini erken evrede teşhis 

edebilecek bir biyosensör üretilmiştir.  

 

 

ANAHTAR KELİMELER: GFET, İndirgenmiş Grafen Oksit, Akciger Kanseri, 

mikroRNA 
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1.  INTRODUCTION 

Cancer is one of the most dangerous and deadly diseases of our time. Every 

year more than 8 million people, unfortunately, die for cancer-related causes (Bray 

et al., 2018; Chandra & Nee, n.d.; Siegel et al., 2019).  Lung, stomach, and 

lymphoma cancers are among the leading types of cancer that cause death (Bray et 

al., 2018; Hacıkamiloğlu et al., 2017; Sung et al., 2021). Early diagnosis is vital in 

the treatment of cancer, while the standard diagnosis of cancer is made with a series 

of tests that take a long time and financially. Due to this situation, many biosensor 

studies have been carried out on the subject recently (Chandra & Nee, n.d.; 

Khanmohammadi et al., 2020; Khatri & Puri, 2022; P. Li et al., 2015; Y. Zeng et 

al., 2018).  

Biosensors can be defined as devices that can use biological recognition 

elements in combination with a transduction element and are capable of providing 

information based on quantitative or semi-quantitative analysis (Bhalla et al., 2016; 

Leech, 1994; Mehrotra, 2016; Pandey & Malhotra, 2019; Rogers, 2000; Sezgintürk, 

2020). A simple biosensor consists of a biological recognition element combined 

with a detector system. The bio-material part of biosensors may consist of enzymes, 

antibodies, nucleic acids, aptamers, whole cells, or tissues, while their transducer 

part may consist of electrochemical, optical, piezoelectric, thermal, or magnetic 

units. Biosensors are classified according to the type of diagnostic biomaterial and 

transducer used. The types of biosensors based on bioreceptors are enzyme-based, 

aptamer-based, antibody-based, whole cell, and DNA biosensors. On the other 

hand, electrochemical, optical, thermal, acoustic, gravimetric, and electronic 

biosensors are types of biosensors based on transducers (Bhalla et al., 2016; Haleem 

et al., 2021; Leech, 1994; Mehrotra, 2016; Pandey & Malhotra, 2019; Rogers, 2000; 

Sezgintürk, 2020; Turner, 2013).  

Although biosensors have many different applications, such as environment 

(Kurosawa et al., 2006), water (Lagarde & Jaffrezic-Renault, 2011), soil and food 

quality monitoring (Baccar et al., 2010; Yoon & Kim, 2012), drug (Wei et al., 2011) 

and pathogen (Choi et al., 2019; Moldovan et al., 2008) discovery, toxin detection 

(Parker et al., 2009), plant studies, etc., there are a large number of studies on their 

use for disease diagnosis (Diba et al., 2015; Erdem et al., 2005; Jin et al., 2019; 

Kovalska et al., 2019; Lin & Ju, 2005; Martin & Patra, 2014; Schuck et al., 2020).  
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MicroRNAs (miRNAs), which play an important role in gene regulation, 

are single-stranded, 19-25 nucleotide long, non-coding RNA type molecules that 

can inhibit messenger RNA translation. In other words, although they are encoded 

by genes, they are not translated into proteins. While many miRNAs can bind to 

and control the same target, a single miRNA might include several target mRNAs. 

As a result, miRNAs have a function in a variety of biological processes, such as 

gene regulation, apoptosis, the development of the hemotological system, and the 

maintenance of cell differentiation. Diseases have a direct connection to miRNA, 

and their significance has grown since their discovery and our knowledge of what 

they do. Moreover, cancer, diabetes, vascular disorders, heart failure, Alzheimer’s 

disease, and their influence on essential biological processes have all been related 

to miRNAs. Among other things, they are differently regulated in various types of 

cancer, such as ovarian, liver, stomach, pancreatic, colorectal, and breast lung 

cancers. In addition to this information, they are measurable in whole blood, 

plasma, serum, and sputum, making them suitable as potential marker. Because of 

these properties, miRNAs may also serve as biomarkers for lung cancer.      

  This thesis is about the production and development of a graphene-field 

effect transistor (GFET) based biosensor for use in the early diagnosis of lung 

cancer. In this study, miR-1268b and miR-6075 (Asakura et al., 2020)  of 

microRNAs related to lung cancer were preferred as biomarkers to increase the 

sensitivity and selectivity of the biosensor. FETs with three different sizes (1.5*1.5 

mm2, 2*2 mm2, and 2.5*2.5 mm2) of sensory regions were fabricated. Reduced 

graphene oxide (rGO) was synthesized from graphite by following the Hummer 

method to be used in the acrive area of the biosensor. Then, the sensory region of 

the device was modified with reduced graphene oxide (rGO) to increase the 

electrical properties of the biosensor and its compatibility with the biomarker. As a 

result of these processes, GFET structures were produced. Afterwards, 

immobilization of anti-miRNA molecules to these GFET structures was performed. 

Finally, the fabricated biosensors’ electrical performance was evaluated. 

 

1.1 Biosensors 

In the last hundred years, technological developments and inventions have 

enabled humanity to progress in many fields, such as the food industry, medicine, 

space applications, environmental monitoring, pharmacy, and military applications. 
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Sensor technology is key to this development. Sensors are found in almost every 

sector, and their usage areas are increasing day by day. Considering their intended 

use, there are various types of sensors with functions such as temperature and 

pressure measurement, imaging, environmental monitoring, and soil, water, and air 

quality measurement. Biosensors are a large familt of sensors that can perform such 

tasks. Biosensors are one of the important actors in these developments. According 

to the “International Union of Pure and Applied Chemistry” (IUPAC), biosensors 

are “integrated receptor–transducer devices that are able to provide selective 

quantitative or semi-quantitative analytical information using a biological 

recognition element.” In simpler terms, biosensors are defined as analytical devices 

that merge a biologically sensitive element with a physical transducer. The elements 

of a biosensor are the analyte, bioreceptor, transducer, electronics, and display 

(Figure 1.1). 

 

Figure 1.1 The drawing visualization of the components of a typical biosensor 

Although Leland C. Clark, Jr. known the “father of biosensor” developed 

the first biosensor for oxygen detection in 1956, the historical adventure of the 

biosensor subject goes back to the pioneering studies of the early 1900s. The 

beginning of these studies is the study of M. Cremer in 1906. The study in which 

the electric potential difference in the two chambers separated by a glass membrane 

is proportional to the acid concentration. In 1922, W.S. Hughes developed an 

electrode to measure pH. Griffin and Nelson carried out studies of enzyme 

immobilization on materials such as aluminum hydroxide and charcoal between 

1909 and 1922. Even though pioneering work dates back to the early 1900s, it was 

still Leland C. Clark who initiated the biosensor concept. In 1962, Clark developed 
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an amperometric enzyme electrode for the detection of glucose. Subsequently, in 

1969, Guilbault and Montalvo invented the first potantiometric biosensor to detect 

urea. Afterwards, a private company introduced the first commercial biosensor in 

1975. Today, the field has evolved into a multidisciplinary research area 

encompassing engineering, medicine, basic science, and micro/nanotechnology. 

Biosensors have a huge range of applications aimed at enriching the 

standard of living. For this reason, their potential uses cover every conceivable 

analytical task, from medical diagnostics to drug discovery, soil, water, and air 

quality monitoring, space technology, food safety, defense, and security 

applications (Figure 1.2).  

 

Figure 1.2 The application areas of Biosensors 

In order to standardize biosensors, every one of them must have defined 

static and dynamic characteristics. Optimization of these properties affects the 

working performance of the biosensor. These features are the following; 

Selectivity: it is the most important property of a biosensors, is the ability 

of a bioreceptor to detect a specific analyte in a sample containing other additives 

and contaminants. In other words, selectivity is the capability of a biosensor to 

produce a positive result only from interactions with rhe target bioanalytes. For 

example, the relationship of an antigen with an antibody or an enzyme with its 

substrate. This property is necessary and important so as to improve the 

performance of biosensors, especially because biological samples are complex and 

contain a large number of competing analytes (Bhalla et al., 2016; Coulet, 2005; 

Morales & Halpern, 2018). 
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Sensitiviy: it is actually the relationship between the amount of change in 

signal intensity due to changing analyte concentration in solution. In shorter terms, 

it is the lowest amount of analyte detected, i.e., the limit of detection (LOD). In 

addition, the maximum and minimum bioanalyte concentrations that can be 

measured consistently are important criteria in determining sensitivity (Bhalla et 

al., 2016). Studies to increase the possibility of treatment by diagnosing diseases at 

an early stage are the driving force behind technology. The desired sensitivity range 

of biosensors is generally in the femtomolar (fM, 10-15) to nanomolar (nM, 10-6) 

range (Coulet, 2005; Matsumoto et al., 2014; Morales & Halpern, 2018; Yan et al., 

2017).  

Stability: The inherent instability of biosensing molecules affects the 

sensitivity and accuracy of the biosensor. The degree of sensitivity of the biosensor 

to adverse changes in this sensing system is called stability. Ambient temperature, 

the degree of binding of the bioreceptor, and the degradation of the bioreceptor are 

factors that affect the stability of the biosensor. These factors should not be ignored 

to produce a consistent biosensor (Bhalla et al., 2016; Coulet, 2005).   

Linearity: It can be described as the linearity of the response produced by 

the sensor depending on the relationship between the sensitivity of the biosensor 

and the concentration of the analyte. More preciesly it is the change in the response 

of the biosensor to a given change in analyte concentration at the same rate. 

Moreover, it is related to the solubility of the biosensor and the spectrum of analyte 

concentrations tested. A term related to the linearity is also called the “linear range,” 

which is described as the interval of the analyte concentrations over which the 

biosensor answer varies linearly with concentration (Bhalla et al., 2016; Morales & 

Halpern, 2018).  

Reproducibility: It is described as the capability to generate more than one 

identical biosensor that will reproduce a similar answer to a target bioassay. It is 

determined by the accuracy and sensitivity of the transducer and electronics in a 

biosensor. Furthermore, having an understanding of the biological recognition 

element’s structure, behaviour, and fabrication process can enhance the 

reproducibility of the biosensor. As an important point, reproducible outputs 

provide high dependability and ruggedness for deductions made on the answer of a 
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biosensor. In order to increase the reproducibility, it is necessary to pay attention to 

various development processes, such as the construction of the recognition element, 

the attachment of the bio-recognition element to the surface, or variations in surface 

structure (Morales & Halpern, 2018). 

The essential characteristics of a consistently working biosensor are 

described above. These properties should be taken into account for future studies. 

1.1.1 The types of Biosensor 

Another important issue in biosensor studies is choosing the right type of 

biosensor for the subject you are going to work on. Biosensors are basically divided 

into types according to biosensing material and transducer technology. At the 

beginning of biosensor technology, enzymes were first used as biosensing 

materials. The first type of biosensor was the enzyme-based biosensor. Enzyme 

biosensors have been developed with a focus on immobilization methods. That is, 

the ability of biological structures to form ionic bonds or covalent bonds has been 

taken into account. The most commonly used enzymes in these studies are 

oxidoreductases, polyphenol oxidases, peroxidases, and aminooxidases (Akter et 

al., 2013; Coulet, 2005; Moldovan et al., 2008). Following this, biosensors using 

aptamers emerged. This type of sensor is called aptamer-based biosensors. 

Aptamers are peptide molecules or oligonucleic acids that can bind to specific target 

molecules. Aptamers are a good example of functional molecules that are selected 

in vitro. In 1990, two groups separately established in vitro selection and 

amplification for the isolation of RNA sequences that can bind specific target 

molecules. They can compete with antibodies in a number of practical applications. 

They are tiny in size when compared to other biorecognition molecules such as 

antibodies or enzymes. These properties of aptamers allow for efficient 

immobilization. Hence, biosensors are easier to fabricate, miniaturize, integrate, 

and automate (Catanante et al., 2016; Charbgoo et al., 2016; Evtugyn & Hianik, 

2016; Song et al., 2008; Strehlitz et al., 2008; Vasilescu & Marty, 2016). Later, 

following technological advances, biological elements such as cells, tissues, 

antibodies, and nanomolecules were used as sensing elements.  

The types of transducers used in biosensor studies are optical, thermal, 

magnetic, electronic, and electrochemical (Figure 1.3). Devices that use a type of 
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transducer developed by utilizing the absorption, refraction, reflection, scattering, 

or brightness of light are called optical-based biosensors (Borisov & Wolfbeis, 2008; 

Ligler, 2009). The use of optical fibers is possible over long distances, so they do not 

need to be in close contact with the biosensor and can be easily minimized in in 

vivo studies (Leung et al., 2007; Ligler, 2009). Optical methods are one of the most 

widely used transducers in biomedical research, health care, pharmaceuticals, 

environmental monitoring, homeland security, and the battlefield (Karunakaran et 

al., 2015).  Thermal biosensors take advantage of one of the fundamental properties 

of biological reactions-heat. More precisely, it is reflected as a change in 

temperature in the reaction medium. Its utilization in biosensors has prompted the 

development of various thermometric devices. These devices mostly target the 

change in temperature of the circulating fluid after the reaction of enzyme 

molecules with a suitable substrate (Mack et al., 1999; Ramanathan & Danielsson, 

2001; Sivarajasekar et al., 2019; Xie et al., n.d.). Magnetic biosensors work by 

responding to a magnetic field (T. Wang et al., 2017). The magnetic particles used 

in this type of biosensor have significant advantages in terms of application. 

Sensing systems based on magnetic materials are characterized by analytical 

benchmarks such as improved sensitivity, a low limit of detection (LOD), a high 

signal-to-noise ratio, and shorter analysis time. For example, their magnetic 

dissociation and large active surface areas allow the biomaterial to be stabilized and 

purified under a magnetic field and, in addition, reduce the matrix effect. In addition 

to all these properties, they accelerate signal transmission and enhance target 

recognition, leading to improved detection sensitivity of the devices. Thanks to all 

these structural features, they offer advantages in biosensor applications, such as 

easy, reliable, and cost-effective detection for point-of-care diagnostics (Haun et 

al., 2010; Nabaei et al., 2018; Rocha-Santos, 2014; S. Wang et al., 2015; T. Wang 

et al., 2017; Xianyu et al., 2018). Electrochemical biosensors are devices that 

contain an electrode as a transducing element, which converts a biological event 

into an electrical signal. They are based on the measurement of different electrical 

properties such as resistance, current, potential, capacitance, impedance, etc., which 

occur in the presence of a biological event using methods such as potentiometry, 

conductometry, amperometry, or voltammetry (Ban et al., 2012; Karunakaran et al., 

2015; Parker et al., 2009; Thévenot et al., 2001; J. Wang, 2005). The 

electrochemical biosensor type was preferred for this study.  
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Figure 1.3 The Classification of Biosensors 

 

1.1.2 The Electrochemical Biosensors 

Electrochemical biosensors are instruments that contain an integrated 

electrode as a transduction component, which transforms a biological phenomenon 

into an electrical pulse (Frew et al., n.d.; Pohanka & Skládal, 2008). In simpler 

terms, they are sensors that measure the change in current (amperometric), potential 

(potentiometric), or conductivity (conductometric) in response to the change in 

analyte concentration with the help of an electrical converter (Grieshaber et al., 

2008). Electrochemical biosensors have, in recent years, been the subject of 

intensive basic and applied research. This type of sensor has a wide range of 

applications, from food analysis to pathogen detection, from disease detection to 

different medical applications, from drug studies to pharmaceutical applications 

(Bahadir & Sezgintürk, 2015; Blair & Corrigan, 2019; Cesewski & Johnson, 2020; 

Karimi-Maleh et al., 2021; Masud et al., 2019; Negahdary & Angnes, 2022; Özbek 

et al., 2021a; Shabaninejad et al., 2019). They are divided into types that measure 

the change in analyte concentration using different measurement properties of 
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electricity such as current, resistance, impedance, capacitance, and potential. These 

types are called potentiometric, voltammetric, conductometric, impedimetric, and 

amperometric biosensors (Congur et al., 2015; Congur & Erdem, 2019; Frew et al., 

n.d.; Kour et al., 2020; Pohanka & Skládal, 2008; Singh et al., 2021). 

In potentiometric biosensors, the biological sensing reaction causes an 

alteration of a redox potential, a transmembrane potential, or a modulation of the 

activity of an ion. That is, it is based on the relationship between the change in the 

measurement of the potential difference between the working electrode and the 

reference electrode in the sensor and the concentration of the analyte (Cuartero & 

Bakker, 2017; Ding & Qin, 2020; J. Wang et al., 2020; Yin & Qin, 2013). Potentiometric 

biosensors are therefore characterized by the measurement of the potential at one 

electrode relative to another electrode. This type of sensor consists of a counter, 

reference, and working electrodes. These electrodes are ion-selective electrodes 

(ISE) sensitive to anions or cations. Moreover, potassiometric biosensors have 

many different uses, such as pathogen detection, food safety, and early detection of 

diseases (Ding & Qin, 2020; Karimi-Maleh et al., 2021; Özbek et al., 2021b, 2021a; 

Yin & Qin, 2013). 

The operation of biosensors using amperometric transducers is usually 

based on the measurement of the current strength at a given potential. In other 

words, this type of sensor is used to measure the currents arising from the 

electrochemical interaction of an electroactive element with a biorecognition 

element at a constant potential (voltage) applied to the working electrode (Bollella 

& Gorton, 2018; Emr & Yacynych, 1995; Frew et al., n.d.; Pohanka & Skládal, 

2008). The resulting intensity at the sensor is expressed as a function of the 

concentration of the electroactive material oxidized or reduced at the working 

electrode. They usually consist of two electrodes. The second electrode in the line 

acts as a reference electrode (Frew et al., n.d.; Pohanka & Skládal, 2008). They 

have some important advantages compared to potentiometric biosensors. These are 

that the signal-generating species from the products are consumed on the electrode 

surface, and large-scale molecules and whole cells can be fixed on the working 

electrode. This type of sensor has different applications, such as toxicant 

determination and pathogen detection (Bollella & Gorton, 2018; Emr & Yacynych, 

1995; Hayat et al., 2014). 
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Voltammetric biosensors are devices that detect analytes by measuring the 

current during a controlled change of potential applied to electrodes, allowing both 

potential and current to be measured and recorded. The position of the peaks in the 

graph obtained after measurement is chemically specific, while the peak intensity 

is related to the analyte concentration (Curulli, 2021; Grieshaber et al., 2008; 

Karunakaran et al., 2015). The most important advantages of this type of sensor are 

the ability to make highly sensitive measurements and, in addition, the ability to 

detect a large number of analytes simultaneously. This technique is subcategorized 

into cyclic voltammetry (CV), linear scanning voltammetry, hydrodynamic 

voltammetry, differential pulse voltammetry, ac voltammetry, polarography, and 

stripping voltammetry (Curulli, 2021; Karunakaran et al., 2015). This group of 

biosensors has many different applications (Alinejadian et al., 2023; Antiochia, 

2022; Lakard, 2020; Oprea et al., 2022). 

Impedimetric biosensors are devices that measure the electrical impedance 

that occurs at the electrode-electrolyte interface when an excitation signal is applied 

to electrodes functionalized with biomaterial. In more understandable terms, 

immobilization of bioreceptors to electrodes results in differences in the 

capacitance and electron transfer resistance of the electrodes. In this case, changes 

occur in the impedance of the device (Curulli, 2021; Grieshaber et al., 2008; 

Karunakaran et al., 2015; Pohanka & Skládal, 2008). This type of transducer is 

mostly used for the label-free detection of analytes due to interfacial changes 

produced by biological recognition processes. These devices have lower detection 

limits for label-free detection compared to amperometry or potentiometry devices 

(Guan et al., 2004). Nevertheless, there are many different uses for this type of 

biosensor (Bonanni et al., 2012; Erdem et al., 2014; Guan et al., 2004; Gupta et al., 

2013; Kirchhain et al., 2020; J. Zeng et al., 2022). 

Conductometric biosensors are devices that detect by measuring the change 

in conductivity between electrodes caused by an electrochemical reaction (Curulli, 

2021). In fact, the working principle of the sensor is based on ion mobility between 

electrodes. To elaborate, by applying a potential difference to the ionic conducting 

liquid medium between the electrodes, an electric field is generated in the 

electrolyte, and the random ion movement is then influenced by the regular, 

oppositely directed movement of ions, i.e. negatively charged ions move towards 
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the anodes, while positively charged ions move towards the cathodes (Adley & 

Ryan, 2015; Dzyadevych & Jaffrezic-Renault, 2014). This results in a variation in 

the lithiquity of the device. This type of transducer has significant advantages over 

others, such as no need for a reference electrode, being insensitive to light, using 

low-cost thin-film technology, being very amenable to miniaturization and 

integration, and being suitable for monitoring metabolic processes in living 

biological systems (Adley & Ryan, 2015; Dzyadevych & Jaffrezic-Renault, 2014; 

Shul’gao et al., 1994; Zhylyak et al., 1995). Nowadays, there are many different 

applications for this sensor. 

In electrochemical biosensors, different companions such as field-effect 

transistors (FETs), chemorefluoresistors, chemoresistors, chemical diodes, pH 

electrodes, etc. have been used as inverting substrates, mainly because they try to 

detect the change in analyte concentration using the change in the electrical signal. 

Each of these inverter types has advantages and disadvantages compared the others. 

In fact, all of them offer options for researchers or users to choose from, depending 

on the needs of the application, available facilities, and many other factors. Among 

these transducer substrates, Field Effect Transistors (FETs), the subject of this 

study, have been the subject of considerable study in the field of biosensing over 

the last few decades due to their remarkable characteristics such as label-free 

sensing, high sensitivity, fast response, real-time measurement capability, low 

operating power, and miniaturization into a portable device.  

1.1.3 Field Effect Transistors (FETs) 

A field-effect transistor (FET) is a type of transistor that uses an electric 

field to control current. Its structure consists of conductor, Semiconductor, and 

insulator parts (S. Zhang, 2020) (Figure 1.4). FETs basically have a three-terminal 

structure. These terminals are called source, drain, and gate (Dacey & Ross, 1955; 

Lundstrom, 2008). The principle of operation is based on changing the voltage 

between the conductor and the semiconductor and changing the density and sign of 

the charges in the semiconductor layer under the insulator layer (Prew, 1975). The 

current between source and drain is controlled by the voltage applied to the gate 

(Syu et al., 2018). While the gate terminal is related to the conductive material, the 

source and drain terminals must be junctions. That is, there must be a physical 



12 

connection between the two terminals (Dacey & Ross, 1955; Hayes, n.d.; 

Introduction, 1997).  

 

Figure 1.4 The 3D drawing of Field Effect Transistor (FET) structure. 

The first studies on FETs date back to the patent of J. E. Lilienfeld in 1925 

(Nishizawa et al., 1975). In 1952, Shockley provided a theoretical description of 

the FET, enabling the development of a basic electronic device that could fulfill all 

the functions of a simple electrical circuit. This description also enabled the 

evolution of transistor technology from a unipolar to a multipolar structure 

(Shockleyt, 1948). 

FETs can be divided into two groups: junction FETs and MOSFETs. While 

both JFETs and MOSFETs have both n and p channels, JFETs are depletion mode 

devices (Zolper, n.d.). But MOSFETs have both boost and depletion modes. JFETs 

are made of a slightly high-resistance semiconductor material (mostly silicon) that 

forms a channel for the carrier flow. The magnitude of this current is controlled 

with the help of voltage interference at the gate, which is a reverse biased p-n 

junction formed across the channel. This device is a reverse biased transistor with 

high gate resistance. If the device is doped with a donor material to form the channel 

between the source and drain, an n-type structure is formed (i.e. the channel current 

consists of electrons), while if it is doped with an acceptor material, a p-type 

structure is formed (the channel current consists of holes)(Zolper, n.d.). The basic 

structure of MOSFETs consists of an oxide layer under the gate region and a p-type 
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substrate underneath, which is the same MOS capacitor structure and hence the 

name of the device (Colinge, 2004; Ferain et al., 2011; S. Zhang, 2020). In addition 

to this structure, there are source and drain terminals through which current flows, 

and there is an n-type layer underneath them. The current flows between these two 

terminals through the channel region close to the interface between the oxide and 

the semiconductor. The current flow is controlled by the voltage applied to the gate 

terminal. The physical implementation of MOSFETs was realized in the 1970s 

(Nishizawa et al., 1975). They were preferred for use in digital circuits because they 

could be designed and manufactured to be very small. In addition, the fact that they 

do not need resistors or diodes has paved the way for their use in the construction 

of memories and microprocessors. MOSFETs are used in many different digital 

circuits (Afzalian et al., 2011; Colinge, 2004; Cooper et al., 2002; Del Alamo et al., 

2016; Dennard et al., 1974; Ferain et al., 2011; J. Y. Kim et al., 2021; Lundstrom 

& Ren, 2002; Moselund et al., 2008). 

Field effect transistors (FETs) serve as transducers in biosensor applications 

(Abdi & Kumar, 2015; Y. Chen et al., 2017). They are advantageous over other 

types of transducers due to their unlimited design possibilities for multi-analyte 

measurement, their cost-effectiveness in terms of production, and their ability to be 

manufactured in large numbers on a production line (Fathil et al., 2017; J. Y. Kim 

et al., 2012; Mansouri Majd & Salimi, 2018; Sheliakina et al., 2014; Syu et al., 

2018). In addition, they have significant advantages in terms of compatibility with 

the materials to be applied in the sensitive region (Abdi & Kumar, 2015; Ben 

Halima et al., 2021; Castellarnau et al., 2007, 2008; H. C. Chen et al., 2015; Y. 

Chen et al., 2017; Fathil et al., 2017; J. Y. Kim et al., 2012; S. Kim et al., 2018; 

Kulkarni et al., 2022; Mansouri Majd & Salimi, 2018; Mirzaii Babolghani & 

Mohammadi-Manesh, 2019; Poghossian, 1997; Sasipongpana et al., 2017). All 

these properties have led to their increased use in biosensor technologies. In this 

study, a reduced graphene oxide layered FET structure was preferred as the 

translator part of the biosensor. Detailed information about the structure is given in 

the next section. 

1.1.4 Graphene based Field Effect Transistor (GFET) 
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Many types of transducers have been used in biosensor studies and 

applications, depending on the requirements of the application, available resources, 

and other relevant factors. Among these, GFETs are preferred as the transducer 

element of biosensors due to their high sensitivity and fast response (Burghard et 

al., 2009; de Moraes & Kubota, 2016a; Fu et al., 2017; H. E. Kim et al., 2019; Yan 

et al., 2017). The unique electronic properties of graphene or its derivatives used in 

this type of transducer offer significant advantages in the detection and 

identification of biological molecules. Structurally, these transistors are similar to 

MOSFETs in that they have a three-electrode structure (source, drain, and gate) (H. 

E. Kim et al., 2019) (Figure 1.5). The main difference is that in GFETs, the source 

and gate electrodes are connected by a layer of graphene or its derivatives, which 

is absent in MOSFETs. Instead, MOSFETs have a semiconductor material 

(traditionally silicon oxide) in the gate region. There are basically two types of 

GFETs, the back-gated GFET and the liquid-gated GFET (Fu et al., 2017; Hwang 

et al., 2020; H. E. Kim et al., 2019; Kwong & Tsang, n.d.). A back-gated GFET 

consists of source and drain electrodes of metallic material (gold, aluminum) 

connected by graphene or graphene derivatives on the top trace, a layer of 

semiconductor material (SiO2, Al2O3, and so on) below them, and a gate electrode 

of metallic material at the bottom. Similarly, liquid-gated GFETs consist of the 

source and drain electrodes connected to each other with graphene material, a small 

liquid pool covering this region, and at the top either a rod-shaped immersion gate 

electrode (Ag/AgCl (Fu et al., 2017) or platinum wire (Jacobs et al., 2010)) or a 

gate electrode of the same material as the other electrodes suitable for the 

architecture (Hwang et al., 2020). 

 

Figure 1.5 The 3D drawing of GFET structure. 
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The working principle of GFET-based biosensors is based on the detection 

of electrical differences caused by the interaction of the graphene layer with 

biological agents in the analyte (Béraud et al., 2021; N. Gao et al., 2016; Matsumoto 

et al., 2014; X. Wu et al., 2018). To explain, the graphene layer is usually placed 

on an insulating material and must be balanced with the gate electrode. The 

insulating layer creates a barrier between the graphene and the biomolecules in the 

analyte. With the help of the voltage applied through the gate electrode, the 

electrical properties of graphene can be changed. When biomolecules bind to the 

graphene layer, the movement of electrical charges and carriers on the surface 

changes. This interaction causes a change in the conductivity and resistance of 

graphene (Dong et al., 2010; Liu et al., 2019; Syu et al., 2018; Zhan et al., 2014). 

GFET biosensors have two different working approaches: direct sensing and 

indirect sensing (Béraud et al., 2021; N. Gao et al., 2016; Khatayevich et al., 2014; 

Matsumoto et al., 2014; Syu et al., 2018). In the first, direct sensing, biomolecules 

bind directly to the graphene layer and change its electrical properties. The changes 

can be electrically calibrated and provide information about the presence and 

quantity of the molecule. In the second approach, the biomolecule binds to the 

graphene surface, and the conductivity of graphene is changed by the voltage 

applied through the gate electrode. This change alters the intensity of the current 

flowing through the gate electrode. The change in current is used to detect the 

presence and interaction of the biomolecule (Jacobs et al., 2010; Jahromi et al., 

2022). 

Electrical measurement methods such as resistance measurement, 

conductivity measurement, current-voltage (I-V) measurements, and gate voltage 

measurements (de Moraes & Kubota, 2016b; Fu et al., 2017) are most commonly 

used in these biosensor applications.  

Resistance measurement: The resistance of the GFET layer changes when 

it interacts with biomolecules. Therefore, measuring the resistance of the GFET 

layer is a fundamental method used to detect biomolecule sensing and interaction. 

The change in the resistance of the graphene sheet upon biomolecule binding can 

be detected by electrical measurement devices. 



16 

Conductivity measurement: The conductivity of the GFET layer can 

change as a result of interaction with biomolecules. Conductivity measurement is 

used to detect the change in the conductivity value of the GFET. Conductivity 

measurement is widely used in analyses such as biomolecule detection and 

concentration determination. 

I-V measurements: Depending on the voltage applied across the GFET 

layer, current-voltage (I-V) characteristics can be obtained. These measurements 

are used to detect changes in electron mobility and conduction properties in the 

graphene layer as a result of the presence or interaction of biomolecules. 

Gate voltage measurement: The gate voltage applied from the control 

electrode in the GFET layer can change the conductive properties of graphene. 

Therefore, gate voltage measurement is a method used to detect the presence and 

interaction of biomolecules. Gate voltage measurement can improve the sensitivity 

of the biosensor based on the working principle of the GFET. 

In this study, a liquid gate GFET structure was preferred as the biosensor 

transducer part. Because this structure is more advantageous than other transducer 

types due to its high sensitivity, fast response time, low cost, and design flexibility. 

Moreover, its operating principle is well suited for the methodology of this study. 

For example, the working principle of liquid gate GFETs is based on the change of 

charges on the surface of graphene in the presence of biological analytes (e.g. DNA, 

RNA, protein, viruses, or cells) in the electrolyte solution. That is, the bio-analytes 

interact with the electrolyte solution, causing the charges on the surface to change 

and thus affecting the electrical conductivity of graphene. These changes are 

measured by the voltage applied through the gate electrode. This is reflected in 

changes in the current-voltage curves of the inverter transistor. As a result, the 

presence of the bioanalytes is signaled by current or voltage measurements, 

enabling the bioanalytes to be detected and quantified. Liquid gated GFET 

biosensors have been used in many fields, such as medical diagnostics (H. C. Chen et 

al., 2015; Khatri & Puri, 2022; Seo et al., 2020), environmental analysis (Lamberti et al., 

2021; Tu et al., 2018), food safety (Ordonez et al., 2017; Son et al., 2016), DNA 

sequencing (Syu et al., 2018) and biomedical applications (Syu et al., 2018) fields. 

1.2 Information of Reduced Graphene Oxide (rGO) 
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The carbon atom is one of the most common elements in the world. It is one 

of the cornerstones of life. Therefore, carbon-based materials such as graphite, 

graphene, graphene oxide, carbon nanotubes, and reduced graphene oxide are 

known to be more environmentally and biologically friendly than other inorganic 

materials. These properties have formed the basis for studies on their use in many 

sectors and fields. Among these, graphene and its derivatives have started to be 

preferred in biosensor studies. Graphene is a 2-dimensional material consisting of 

conjugated sp2 carbon atoms covalently bonded to each other with a hexagonal 

structure like a honeycomb (Carvalho et al., 2022; Ghany et al., 2017; Phiri et al., 

2017; Randviir et al., 2014; Soldano et al., 2010; Y. Zhong et al., 2017) (Figure 

1.6). Graphene and its derivatives have been studied in a wide range of different 

fields thanks to their unique properties, such as specific surface area (2620 m2 g-1), 

mechanical properties (Young's modulus of 1 TPa and intrinsic strength of 130 

GPa), high electronic conductivity (room temperature electron mobility of 2.5 × 

105 cm2 V-1 s-1), and high thermal conductivity (over 3000 W m K-1) (Carvalho et 

al., 2022; Kumar et al., 2013; Soldano et al., 2010). These include drug delivery, 

hydrogen storage, fuel cells, supercapacitors, batteries, solar cells, electromagnetic 

shielding, polymers, conductive paints, and inks, to name a few (W. Gao, n.d.; Park 

et al., 2021; Ryon et al., 2016). Among these sectors, the properties of interest for 

the biomedical field are its aqueous processability, amphiphilicity, surface 

functionalizability, very high biocompatibility, and fluorescence quenching ability 

(Soldano et al., 2010; Y. Zhong et al., 2017). 
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Figure 1.6 The drawings format of (a) Gaphene, (b) Reduced Graphene Oxide, (c) 

Graphene Oxide 

There are basically two approaches to the production of graphene material: 

bottom-up and top-down. The first one, the bottom-up approach, is based on layer 

formation starting from simple carbon molecules. Laser induction, SiC 

graphitization by heating, and chemical vapor deposition (CVD) are the most 

commonly used methods. The second, top-down approach is based on obtaining 

graphite using chemical (Shengtao et al., 2011; Y. L. Zhong et al., 2015) and 

mechanical methods. Different methods, such as mechanical exfoliation, 

ultrasonication, and electrochemical exfoliation, are included in this approach. 

Production by chemical oxidation and reduction is highly beneficial in terms of high 

yield and low cost (Ghany et al., 2017; Y. Zhong et al., 2017). 

The use of graphene and its derivatives in biosensor technology has opened 

new frontiers. Graphene has exceptional chemical and physical properties due to its 

structure. Graphene and its derivatives are known to be integrated with different 

materials, such as nanoparticles and nanowires, to fabricate or modify the electrodes 

in biosensors (Chiu et al., 2017; Hwang et al., 2016; Jiang et al., 2014; M. Li et al., 

2012; Marrani et al., 2018; Ryon et al., 2016; Valera et al., 2007; M. Yang et al., 

2010; Q. Zhang et al., 2018). Biosensors produced with this technology have a very 

low detection limit and sensitivity to detect a single molecule. Moreover, there is a 

considerable number of studies in the literature on this subject, and they are 

increasing day by day (Béraud et al., 2021; H. C. Chen et al., 2015; He et al., 2012; 
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Khatri & Puri, 2022; Kybert et al., 2014; Matsumoto et al., 2014; Seo et al., 2020; 

X. Wu et al., 2018). 

Graphene and its derivatives have very important properties, such as a larger 

specific surface area, very good conductivity, very efficient mechanical 

performance, and most importantly, the functional groups required for the 

immobilization of biomarkers (Abdolhosseinzadeh et al., 2015; Chiu et al., 2017; 

Marrani et al., 2018; M. Yang et al., 2010; Zare et al., 2021). Normally, graphene 

lacks functional groups such as hydroxyl, carboxyl, etc. which are necessary for 

biosensor application (Chua & Pumera, 2014; Eigler et al., 2013; Thakur & Karak, 

2015; Zunic & Peter, 2018). The use of rGO facilitates the production of biosensors 

without the need for this process and its cost. In addition to these features, chemical 

synthesis (Hummer method) is very good in terms of cost and time and was 

preferred in this study. Detailed information about the synthesis of rGO is given in 

the material and method section. 

 

1.3 Cancer: Lung cancer 

Cancer, the plague of our age, can be defined in the most basic way as the 

uncontrolled growth and proliferation of abnormal cells in the body. This 

uncontrolled growth spreads unlimitedly throughout the body, causing organs and 

tissues to lose their functions and leading to the death of the living being. It is an 

extremely painful and agonizing process for cancer patients. Recent studies show 

that six people are diagnosed with this disease every minute and eight million 

people worldwide die from it every year. It is the leading cause of death in our 

country and worldwide (Hacıkamiloğlu et al., 2017; Siegel et al., 2019). More than 

200 types of cancer have been identified so far. Among these cancers, lung, breast, 

colorectal, stomach, liver, cervical, head and neck, blood cell, etc. cancers are the 

most common (Bray et al., 2018; Chandra & Nee, n.d.; Hacıkamiloğlu et al., 2017; 

Ho et al., 2010; H. Kim et al., 2021; Marrinucci et al., 2007; Schabath & Cote, 2019; 

Siegel et al., 2019; Sung et al., 2021; Susman, 2005). 

Lung cancer can be defined as the uncontrolled growth of abnormal cells in 

the lung tissues. These abnormal cells cause normal cells to lose their function and 
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cause the organ to be unable to perform its basic function. As a result, it leads to 

organ failure and death (Carlsen et al., 2005; Collins et al., 2007; Molassiotis et al., 

2015; Siegel et al., 2019). This type of cancer is one of the most common types of 

cancer worldwide. Today, the survival rate for lung cancer is very low. For 

example, although new chemotherapy agents and radiotherapy have slightly 

improved the quality of life of patients, only 15% of patients survive for 5 years 

after diagnosis (Minna et al., 2002; Nooreldeen & Bach, 2021; Schmekel et al., 

2014; Wadowska et al., 2020). Drastic changes in lifestyle with modernization have 

led to an exponential increase in cancer cases. In support of this, it is known that 

approximately 90-95% of all cancers are caused by environmental and lifestyle 

factors. For example, smoking and tobacco use, poor dietary habits, increased 

alcohol consumption, constant exposure to environmental pollutants, infections, 

stress, obesity, and physical inactivity are some of the known risk factors for many 

common cancers (Chandra & Nee, n.d.). 

 

Figure 1.7 The shematic illustration of Lung Cancer types 

For lung cancer, five different cancer types have been reported under two 

main types (Figure 1.7). These are small cell carcinoma (Oat Cell Cancer) and 

combined small cell carcinoma types of small cell lung cancer (SCLC) and 
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adenocarcinoma, squamous cell carcinoma, and large cell carcinoma types of non-

smal cell lung cancer (NSCLC) (Minna et al., 2002; Nooreldeen & Bach, 2021; 

Tanoue et al., 2015). Of these cancer types, non-small cell types are the most 

common and account for more than 80% of cases. The diagnosis of these cancers 

in their early stages (stage 1) is purely coincidental, as they usually do not show any 

symptoms. However, since about 75 percent of them show symptoms in the late 

stages, the percentage of patient survival after treatment (37 percent) is very low 

(Chandra & Nee, n.d.; Marrinucci et al., 2007; Schabath & Cote, 2019; G. Yang et 

al., 2019). Even during treatment, the risk of cancer recurrence and metastasis is 

high. For all these reasons, it is vital to detect cancer at an early stage. 

Currently, imaging techniques (Computed Tomography (CT) scan, 

Magnetic Resonance Imaging (MRI), positron emission tomography (PET) scan), 

endoscopic techniques (Bronchoscopy, sputum cytology, needle biopsy), and 

different blood and serum tests are mostly used to diagnose the disease (Chandra & 

Nee, n.d.). Although imaging (based on tumor phenotype) and endoscopic 

(invasive) techniques are highly successful in making a definitive diagnosis, as 

mentioned above, it is both procedurally and economically infeasible to perform 

them without any symptoms, i.e. before the disease has tumorized. Moreover, the 

symptom-based application of these techniques leads to a delay in the diagnosis of 

the disease. In terms of blood and serum tests, there are no effective parameters and 

biomarkers. Today, genetic (COX2, K-ras mutant, FHIT, DAPK, RASSFIA, etc.) 

(Wadowska et al., 2020) and protein (CEA, TPA, tumor M2-pyruvate kinase, 

KLKB1, etc.) (Khanmohammadi et al., 2020; G. Yang et al., 2019) biomarkers are 

used for detection. However, they are still not at the desired level to detect lung 

cancer at an early stage. Recent studies have revealed the relationship between 

microRNAs and cancer types. This has paved the way for the use of miRNAs as 

biomarkers. Therefore, in this study, miRNA (Asakura et al., 2020) was preferred 

as a biomarker in the biosensor developed for early detection of lung cancer. 

Detailed information about miRNAs will be given in the next section. 

1.4 Micro RNA as a biomarker 

Biomarkers play a key role in detection in biosensor studies. Biomarkers 

can be defined as molecular structures that enable us to distinguish between normal 
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and cancerous conditions. In other terms, biomarkers are biological molecules 

(enzymes, antibodies, nucleic acids, and proteins) or biological systems (tissues, 

microorganisms, and cells)(Sezgintürk, 2020) that interact with the specific analyte 

of interest. Biomarkers can also be used to assess the body's response to a particular 

treatment for a disease. They are secreted from cancerous tissues in the body into 

body fluids such as serum or plasma, urine, saliva, sputum, and tears (Jansson & 

Lund, 2012; Kulkarni et al., 2022; T. X. Lu & Rothenberg, 2018). Biomarkers that 

undergo significant changes in quantity can be divided into three categories for 

cancer detection and monitoring. Firstly, diagnostic biomarkers, which are related 

to the detection of disease, secondly, prognostic biomarkers, which are related to 

the likelihood of recurrence, and finally, predictive biomarkers, which are related 

to the response of cancer to treatment (Jayanthi et al., 2017). 

MicroRNAs have their origins in the evolution of a large number of small 

RNA species to suppress unwanted genetic material and transcripts in eukaryotic 

organisms. These RNA molecules are small in size and range in length from 20 to 

30 nucleotides (Griffiths-Jones, 2010; Ha & Kim, 2014). Within living organisms, 

three types have been identified in the animal class: microRNA (miRNA), siRNA 

and PIWI-interacting RNA (piRNA)(Ha & Kim, 2014). Of these, miRNAs are a 

class of short RNAs between 19 and 25 nucleotides in size that regulate 

posttranscriptional silencing of target genes and are predominant in most somatic 

tissues. They result from the activity of two RNase III proteins, Drosha and Dicer 

(Mohr & Mott, 2015). Specifically, they cause mRNA degradation by inhibiting 

messenger RNA (mRNA) translation and binding to complementary regions of 

target mRNAs through base pairing. Through this mechanism, a miRNA targets a 

large number of miRNAs and post-transcriptionally alters the expression of many 

functional genes (MaClellan et al., 2014; K. L. Wu et al., 2019). In 1993, the first 

miRNA was identified and named lin-4 as a result of a genetic study on 

Caenorhabditis elegans, a free-living nematode species of roundworms (K. L. Wu 

et al., 2019). Although miRNAs were not identified as a separate regulatory genetic 

molecule in subsequent studies, this situation has changed as a result of intensive 

studies since the 2000s. A database of microRNAs called miRBase (managed by 

the Griffiths-Jones laboratory in the School of Biology, Medicine, and Health at the 

University of Manchester) has been established, and more than 2500 different 
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miRNAs have been identified (Griffiths-Jones, n.d.; Vishnoi & Rani, 2017; K. L. 

Wu et al., 2019). 

The recent increase in the use of miRNAs as biomarkers has been driven by 

the understanding of their role in many cellular activities such as gene regulation, 

apoptosis, hematopoietic development, and maintenance of cell differentiation 

(Griffiths-Jones, 2010; Ha & Kim, 2014; Mohr & Mott, 2015; Vishnoi & Rani, 

2017). In fact, it is estimated that they are involved in the regulation of almost one-

third of human genes (K. L. Wu et al., 2019). In other words, miRNAs are active 

actors in genomic and epigenomic interactions. In addition to these features, their 

presence in body fluids allows them to be used as biomarkers (MaClellan et al., 

2014). Many miRNAs have been studied to test different cancer types (Asakura et 

al., 2020; Hashemi et al., 2017; Joshi et al., 2014; J. Lu et al., 2020; Y. Wang et al., 

2014; Xia et al., 2015; Ying et al., 2020; X. Zeng et al., 2016). In the study 

conducted by Asakura et al. (Asakura et al., 2020), which is the reference article for 

the biomarkers of this study, two miRNAs (miR-1268b and miR-6075) were 

detected with 99 percent sensitivity and selectivity as a result of molecular studies 

to identify miRNAs related to lung cancer (Asakura et al., 2020). These RNA 

molecules were preferred as biomarkers in our study, and the studies were 

performed in vitro. Detailed results are presented in the following sections of the 

study. 
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2. AIM AND SCOPE OF THE STUDY 

The main aim of this study is to fabricate and develop a reduced graphene 

oxide layered field effect transistor based biosensor that can detect lung cancer at 

an early stage. Because lung cancer is one of the types of diseases that cause the 

greatest losses to human beings both in our country and worldwide. In addition, it 

is in the top three in terms of mortality rate among cancer types. However, if it is 

detected at an early stage, in the first stage of cancer, the cure rate is very high. 

Therefore, it is important to develop biosensors to detect this disease at an early 

stage. Moreover, this is the main motivation for this study and future studies.  

In order to achieve the main objective of this study, an important literature 

review was carried out to identify the transducer and biosensing elements of the 

biosensor. As a consequence of this review, FET structure was identified as the 

transducer element and cancer-specific microRNAs as the biosensing agent.  The 

FET structure was designed and fabricated in line with the existing facilities. In 

order to make the FET structure compatible for immobilization of the biosensing 

agent and to increase the measurement sensitivity of the device, reduced graphene 

oxide (rGO) material was preferred as the active region (between source and drain) 

layer. The rGO was synthesized from graphite powder following the procedure of 

Hummer method. Subsequently, a method that is not available in the literature and 

was developed for the first time during this study was applied for the placement of 

the FET structure of the rGO material between the welding and flux electrodes with 

the desired properties. For this method, an application was made to the Turkish 

Patent and Trademark Office to patent the invention. As a result of this process, 

GFET production, one of the sub-objectives, was realized. Afterwards, 

immobilization of miRNAs selected as biomarkers on the rGO layer of GFET was 

performed. In this study, biomarker immobilization was carried out in the most 

economical way (to reduce the cost) without using immobilization agents in the 

literature. As the last step of the study, electrical characterization of the biosensor 

in vitro and limit of detection (LOD) studies were performed. 

As a result, a biosensor candidate has emerged that is open to further 

development for future studies and provides promising results in detecting lung 

cancer at an early stage. 
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3. MATERIALS AND METHODS  

3.1 Materials 

The production and electrical measurements of the Graphene-based Field 

Effect Transistor (GFET) structure and the synthesis of reduced graphene oxide 

(rGO) were carried out in the laboratories of the Nuclear Radiation Detectors 

Application and Research Center (NURDAM), affiliated to Bolu Abant İzzet 

Baysal University (BAİBU). 

The chemicals that were used in the synthesis of rGO, are listed below. 

➢ Graphite powder (<20 µm, synthetic, Sigma-Aldrich) 

➢ Sulfuric Acid (96%, Suprapure, Merck) 

➢ Potassium permanganete (>99%, Sigma Aldrich) 

➢ Hydrogen peroxide (30%, Suprapure, Merck) 

➢ L-ascorbic acid (ACS reagent) 

The list of devices used in the production of GFET is given below. 

✓ Diffusion Furnaces (CVD, Wet/Dry Oxidation, B/P Doping) 

✓ Mask Aligner System 

✓ Electron Beam System (thermal and e-beam evaporation) 

✓ NP Cleaning Wet Bench System 

✓ Spin Coating System 

✓ Hot plate 

✓ Dicing Saw System 

✓ Spectroscopic Reflectometer 

✓ Ultrasonic bath 

Micro-RNAs (hsa-miR-6075 and hsa-miR-1268b) and their complementary 

that acting as bioreceptors, were synthesized by Oligomer Biyoteknoloji A.Ş. 

Company. The Phosphate Buffered Saline (PBS) solution was prepared as 10 mM 

with 7.4 pH. 2 mL eppendorf tubes were used to store the oligonucleotide samples. 

In addition, micropipet with 2-20 µL working range and sterilized pipette tips were 

used for dropping. 

 

3.2 The Synthesis of Reduced Graphene Oxide (rGO)  

To synthesize reduced graphene oxide (rGO), graphene oxide (GO) was first 

synthesized from graphite powder (<20 µm 99% Sigma Aldrich). For this, the 
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Hummer method, which is well-known method in the literature, was used (Surekha 

et al., 2020; Thakur & Karak, 2015). Firstly, 50 ml of sulfuric acid (98%, Merck) 

was poured into the beaker with a volume of 250 ml, and the beaker was placed in 

a bowl filled with ice on the magnetic stirrer (Figure 3.1.a). Then 1 g of graphite 

powder was added and mixed with the help of magnetic fish at 600 rpm for 10 

minutes (Figure 3.1.b). At the end of the 10 minutes, it was observed that the 

graphite powder was homogeneously dispersed in the liquid, and then 3 grams of 

Potassium permanganate (>99%, Sigma Aldrich) were carefully added into the 

mixture little by little (Figure 3.1.c). The mixture was stirred at 600 rpm for 3 hours. 

Since it is important for the quality and efficiency of the GO to be obtained that the 

temperature of the mixture remains below 10 °C from this process, the temperature 

of the mixture was continuously measured with the help of a thermometer. 

Afterwards, 50 ml of DI water was carefully added little by little to the mixture 

(Figure 3.1.d). During this process, the color of the mixture changed from black to 

brownish, and then, it was continued to stir at 600 rpm for 1 hour. Next to this step, 

another 100 ml of DI water was carefully poured into the mixture and stirring was 

continued for 1 hour. Thereafter, in order to stop the chemical reaction in the 

mixture, 5 ml of Hydrogen peroxide was added dropwise into the beaker. During 

this step of the process, bubbles formed on the surface of the mixture. And the end 

of the bubbles means that the reaction is finished. At the end of these processes, GO 

was obtained. The GO mixture was washed five times using DI water so as to get 

rid of GO from chemical residues. After the washing step, to remove excess water 

from the GO solution, it was filtered with the help of blue band filter paper, and 

then this slurry of GO was left at room temperature for a day to dry (Figure 3.1.e). 

Last of all, the flake form of GO was obtained (Figure 3.1.f). 
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Because L-ascorbic acid is a cheaper and more accessible alternative 

chemical reduction agent of GO to others (e.g. sodium borohydride, pyrogallol, and  

hydrazine), it was used as the reduction agent to obtain rGO from GO. In the first 

instance, 50 ml of DI water was poured into the beaker, which had a volume of 250 

ml, and the beaker was placed on the magnetic stirrer. Thereafter, 1 mg GO and 2 

mg L-ascorbic acid were added into the beaker, and they were stirred with the help 

of the magnetic fish for 24 hours at 900 rpm (Figure 3.2.a). Then, the rGO mixture 

was washed five times using DI water in order to purify it from chemical residues. 

In the next step, the rGO mixture was filtered using blue-band filter paper (Figure 

3.2.b). And then, it was left to dry at room temperature for a day (Figure 3.2.c). In 

Figure 3.1 The steps of GO synthesizing process 
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conclution, at the end of these processes, flakes of rGO were acquired (Figure 

3.2.d).  

 

Figure 3.2 The steps of rGO synthesizing process 

The chemical and morphological characteristics of graphite, graphene oxide, and 

reduced graphene were researched using Raman spectroscopy (Dispersive Raman 

spectrometer, Central Lab., METU) X-Ray Diffaction spectroscopy (XRD, Rigaku, 

BAİBU), Fourier Transform Infrared spectroscopy (ATR-FTIR spectrometer, 

BAİBU), High Resolution-Transmission Emission Microscopy (Jeol 2100F 

HRTEM, Central Lab., METU).  

 

3.3 Fabrication of Graphene based Field Effect Transistor (GFET) 

Recently, field effect transistors (FET) have been more preferred as 

infrastructure in biosensor studies because they have some important advantages 

such as miniaturization of the device, low noise, low power consumption, wide 

dynamic rage, simple device configuration, easy integration, a wide safe operating 

range, and real-time detection (H. C. Chen et al., 2015; Y. Chen et al., 2017; He et 

al., 2012; Trung et al., 2014; Zhan et al., 2014). Because of this reason, FET was 

preferred as a biosensor infrastructure in this study.  
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3.3.1 Design of Graphene Based Field Effect Tansistor (GFET) 

Field Effect Transistors (FETs) are semicoductor devices that change the 

channel current and conductivity with the help of charge carriers. Moreover, FETs 

classically consist of three elements such as Source (S), Drain (D), and Gate (G) 

(Dacey & Ross, 1955; Hayes, n.d.) (Figure 3.3). These elements are called 

electrodes. In this study, firstly, the GFET structure, which is seen in Figure 3.3, is 

designed in a vector-based graphics software to be similar to a basic FET device. 

The most important part of the GFET design is the sensory area. Because reduced 

graphene oxide is placed in this area and biomarkers are immobilized on it. 

Moreover, whether the biosensors works or not and their working performance 

depend on this area. Therefore, three GFETs with different sizes of sensor areas 

were designed. The dimensions and definitions of the GFET design are given 

below. 

➢ Distance from gate electrode to sensory area (d): 1.5 mm 

➢ Length (L) x Width (W) of sensory area: 2 x 2.5 mm, 2 x 2 mm, 2 x 

1.5 mm, for three different GFET designs respectively 

 

   

Figure 3.3 The design of GFET as a biosensor infrastructure. (Symbols: S, 

Source; G, Gate; D, Drain; d, distance from gate electrode to active area; W, 

width of active area; L, length of active area) 
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Finally, this GFET design has been converted to a photomask design for a 

6- inch substrate. There are more than 150 GFETs in this photomask design (Figure 

3.4). 

 

Figure 3.4 The designed photomask of the GFET structures for 6-inch wafer. 

 

3.3.2 Cleaning of Silicon (Si) Wafers 

Silicon (Si) wafer (n-type (100), 2-4 Ω resistance, 500 µm) was preferred as 

a substrate in the production of GFETs, as it was cost-effective and suitable for the 

infrastructure of the laboratory where this study was conducted. First of all, Si 

wafers were cleaned by applying the Radio Corporation of America (RCA) 

procedure in order to be free of contamination. Because the contamination 

adversely affects the performance of semiconductor devices. Therefore, the 

cleaning process is the first and most critical step in the production process. The 

RCA cleaning procedure includes three stages, and the details are below. 

✓ Organic cleaning: this step is applied to purify the wafers from 

organic contaminants. The solution consists of ammonium solution 

(NH4OH), hydrogen peroxide (H2O2), and DI water (DIW) (H2O) in 

a ratio of 5:1:1, H2O: H2O2:NH4OH. The mixture is heated to 55°C, 

and the wafers are kept in this solution for 15 minutes. Then it is 

rinsed with DI water 10 times. 
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✓ Ionic cleaning: the target of this step is cleansed from hevy ions by 

using a solution that includes hydrochloric acid (HCl), hydrogen 

peroxide (H2O2) and DI water (DIW) (H2O) in a ratio of 6:1:1, H2O: 

HCl:H2O2. The solution is heated to 60°C and the wafers are kept in 

it for 15 minutes. Then they are rinsed with DI water 10 times. 

✓ Native oxide cleaning: this stage, the last step of the RCA 

procedure, is used to remove the native oxide (SiO2) formed on the 

surface of the wafers. A dilute HF solution is obtained by mixing 

hydrofroluoric acid (HF), and DIW in a ratio of 50:1, DIW: HF. 

Afterwards, the wafers are kept in this solution for 20 seconds. Then 

they were rinsed with DI water 10 times. Lastly, the wafers were 

dried using pure nitrogen gas (N2). 

3.3.3 Growth of Insulating Layer 

After the RCA cleaning step, silicon oxide (SiO2) as an insulating layer (IL) 

was grown onto the Si wafer using the diffusion furnace. The dry oxidation 

technique (at 1100°C, using N2 and O2 gases) was applied to deposit the insulating 

layer onto the Si wafer (Figure 3.5).  

 
Figure 3.5. Schematic diagram of Diffusion Furnace (Dry oxidation) 

The thickness of the SiO2 layer was measured at approximately 300 

nanometers (nm) using the spectroscopic reflectometer (Figure 3.6). In order to 

avoid short circuits and leakage current, the thickness of this layer must be greater 

than 200 nm. The schematic of the SiO2/n-Si structure is given in Figure 3.6. 
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Figure 3.6. The schematic diagram of Insulating layer (SiO2) onto Si wafer. 

 

3.3.4 The Lithography and Metalization Processes  

Firstly, before the contact electrodes (drain, source and gate) of the 

biosensor are made, the design made in the computer environment must be turned 

into a photomask. For this purpose, the mask draft shown in Figure 3.4 was printed 

on the transparent acetate sheet (200 µm thickness, size 210*297 mm A4) using a 

laser printer. Then this acetate sheet was cut and glued to a piece of glass in the 

dimensions of the photomask suitable for the Mask Aligner device. As a result, the 

photomask of the FET structure was made.   

The lift-off technique was used to produce the electrodes of the FET 

structure. In this method, photoresist is first applied, and then the target metal is 

coated on the surface of the substrate. Then, using the appropriate solvent 

(remover), the photoresist is removed from the surface of the substrate, and the 

desired pattern is obtained. The lift-off method is more advantageous than the 

conventional etching method because it does not use an extra metal etching process. 

In the FET structure, gold (Au) with very good electrical conductivity was preferred 

as the contact electrode metal. In addition, titanium (Ti) was used to increase the 

adhesion of the gold (Au) and silicon oxide (SiO2) layers. The production processes 

of the FET structure are described in detail below. 

 

Figure 3.7 The 3D drawing visual of SiO2/n-Si wafer with 1 µm photoresist (Pr). 
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In the litography process, to begin with, the wafer surface was coated with 

negative photoresist (1µm, ma-N 1410, Micro Resist Technology) using a spin 

coater device (3000 rpm, 30 seconds) (Figure 3.7). The wafer was then placed on 

the hotplate at 100° C for 90 seconds to prebake stage, and then the handcrafted 

photomask was applied to the wafer in the mask aligner device (exposure dose; 450 

mj/cm2) (Figure 3.8). 

 

Figure 3.8 The 3D drawing visualization of the photolithography application. 

 Following the photomask stage for the FET structure, the wafer was 

exposed to developer solution for 50 seconds to remove the unwanted parts of the 

photoresist that had been decomposed by UV light from the surface of the wafer 

(Figure 3.9a). And then, the wafer was washed with DI water and dried with N2 gas. 

After that, for the hard-bake step, the wafer was placed on the hotplate at 100°C for 

180 seconds.  
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Figure 3.9 Photographs of the photolithography and metalization processes of the 

FET structure fabrication. (a; Developer step, b; Titanium pellets, c; Gold pellets, 

d; Remover step). 

To create the metal electrodes of the structure, the E-beam device was used. 

First, 5 nm of titanium (Ti) was coated, and then 50 nm of gold (Au) was coated 

using the thermal evaporation technique (Figure 3.9 b,c). The coated wafer was then 

soaked in a remover solution for 120 seconds to remove photoresist. Afterwards, 

the wafer was taken out of this solution, washed with DI water, and dried using N2 

gas (Figure 3.9 d). 

Finally, the FET structures on the wafer were cut out with the help of a 

dicing saw device (Figure 3.10). 

 

Figure 3.10 Photos of (a) whole wafer and (b) a FET structure after the 

metalization step. 

3.3.5 The Coating of Reduced Graphene Oxide on FET Structure  

In order to transform the FET structure into a GFET structure, at this stage 

of the study, the synthesized reduced graphene oxide was coated as a thin layer 

between the source and drain (where the sensitive area of the GFET is) of the FET 

structure. Although there are many methods to form the rGO layer, a method that 

was found in this study and not in the literature was applied. A patent application 

(Patent Application Number:2021/008695) was filed for this method, which was 

presented at an international symposium and published as a full paper (Gürer et al., 

2022). 
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Figure 3.11 a) The dispersed suspension of rGO/DIW (10 mg/ml), b) A FET chip 

covered with polyimide capton tape.  

Before starting the rGO coating process on the sensitive region of the FET 

structure, a 10 mg/ml suspension of rGO/DI water was prepared. This suspension 

was treated in an ultrasonic bath for 24 hours to obtain a homogeneous dispersion 

(Figure 3.11a). As another preliminary preparation, the sensitive areas of the FET 

chips were covered with polyimide capton tape, as shown in Figure 3.11b. Unlike 

the literature, an ultrasonic device was used in this coating process to ensure a 

homogeneous coating.  

 

Figure 3.12 a) The FET chips with rGO in the ultrasonic bath, b) The FET chips 

on the hotplate. 

First, the chips were placed in a petri dish and placed in the ultrasonic bath 

while the device was working. Afterwards, using a micropipette, 5 µl of the 

homogeneously dispersed rGO suspension was taken and dripped onto the sensitive 

areas of the chips. The water in the dripped suspension was allowed to dry (about 5 
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minutes), and the these chips were removed from the ultrasonic bath (Figure 

3.12a). Immediately afterwards, the polyimide capton tapes on the chips were 

carefully removed. The chips were then placed on the hotplate at 50°C and annealed 

at 100°C by gradually increasing the temperature by 10°C every 5 minutes (30 

minutes in total) in order to dry the rGO layer on the sensitive area of the chips and 

to ensure a good adhesion with the SiO2 layer (Figure 3.12b). After annealing, the 

GFET structure emerged (Figure 3.13a, b).  

 

Figure 3.13 a) A photograph of GFET chip, b) An image of the rGO layer on 

GFET chip under microscope. 

Finally, the GFET chips were soaked in piranha solution (3:1, H2SO4:H2O2 

at 50°C) for 5 seconds to remove the non-adherent rGO particles on the surface of 

the sensitive region and also to remove the residues of polyimide capton tape 

(Figure 3.14a, b). And then they were immediately washed with DI water and dried 

with N2 gas. As a result, the GFET structure of the biosensors was produced. 

 

Figure 3.14 The images of rGO layer before (a) and after (b) application of 

piranha solution. 
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3.4 Immobilization Process of Biomarkers on GFETs  

 

In this study, the oligonucleotide sequences of microRNAs (miR-1268 and 

miR-6075 (Asakura et al., 2020) and miR-99a-5p as non-complementary probes) 

synthesized by Oligomer Biotechnology Inc. were used as biomarkers and probes. 

The sequences of oligonucleotides are given in Table 3-1.  

 

Table 3.1. The squences of micro RNA’s (miR-1268b, miR-6075 and their 

complementary) 

 

The immobilization process of antibodies is critical for biosensor studies 

(Bahri et al., 2021; Xu et al., 2018; Q. Zhang et al., 2018). Because the sensitivity, 

selectivity, and consistency of the biosensor, that is, its correct operation-depend on 

the success of this process. For this reason, biological materials need to be stored 

in appropriate conditions. Therefore, the samples were stored at -20 ºC before use 

(Pei-Wen et al., 2014). Before starting immobilization, 10 µM in buffer solution 

(Phospahte Buffered Saline) complementary DNA probes were prepared (Béraud 

et al., 2021; Hwang et al., 2020; Islam, 2020; A. Kim et al., 2010; J. W. Kim et al., 

2018; Mohamed et al., 2022; Pei-Wen et al., 2014; Rodrigues et al., 2023; Torrisi 

et al., 2022).  

First, the immobilization process started by placing the GFET sensors on a 

hotplate. Then, 5 µL of probe DNA were dropped onto the rGO layer in the GFETs. 

Afterward, the GFETs were immediately heated to 50 ºC and allowed to incubate 

the probe on the rGO layer for 30 minutes (Figure 3.15). Finally, the rGO layer was 

washed with DI water to remove unbound fragments. This process was repeated 

three times to ensure the binding of all functional groups in the rGO layer of the 

GFET with the probe (H. E. Kim et al., 2019).  

Oligonucleotides Sequences (5´→3´) 

miR-1268b target   CGGGCGTGGTGGTGGGGGTG 

miR-1268b Complementary probe  CACCCCCACCACCACGCCCG 

miR-6075 target   ACGGCCCAGGCGGCATTGGTG 

miR-6075 Complementary probe  CACCAATGCCGCCTGGGCCGT 

miR- 99a-5a Non- complementary  AACCCGTAGATCCGATCTTGTG 
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Figure 3.15 The drawing image of the Immobilizaiton process.  

 

3.5 Establishment and Implementation of Electrical Measurement 

System 

The electrical characteristics of a GFET based biosensor were measured 

using a probe station-integrated Keithley 4200 SCS system (Figure 3.16).  

The output characteristics of the GFET biosensor were measured to 

investigate whether the reduced graphene oxide layer between the source and drain 

terminals is a successful contact. In this measurement, a sweep voltage between -

0.5 V and 0.5 V was applied to the source and flux contacts, while no voltage was 

applied to the gate electrode.  

To measure the transfer characteristics of the GFET device; 

➢ In pH solutions prepared from pH 1 to pH 4, the gate electrode was 

applied a sweeping voltage between-0.5V and 2V while the flux 

voltage was kept constant at 0.1 V and the source electrode was 

grounded.  
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➢ For miRNA analyte solutions, sweeping voltages ranging from 0V 

to 5V were applied to the gate electrode while the flux voltage was 

kept constant at 0.1 V and the source electrode was grounded. 

The transfer characteristics and output characteristics of the GFET biosensor 

were measured with solutions that contain oligonucleotides that were prepared with 

1×PBS solution at different concentrations. 

Target oligonucleotides (miR-1268b and miR-6075) were diluted with 1X 

PBS (pH 7.4) in the range from 100 pM to 1 µM for the limit of detection (LOD) 

measurement.  

Three GFETs were utilized for each electrical measurement. The outcomes 

are interpreted based on the mean of these three processors. 

 

Keithley 4200 SCS system  

S 
D G 

Figure 3.16 The electrical measurement system of GFET 

based Biosensors  
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4. RESULTS AND DISCUSSION 

In this part of the study, firstly, the structural and chemical properties of GO 

and rGO that were synthesized from graphite powder were investigated using 

analysis methods such as XRD, FTIR, Raman spectroscopy, and TEM images. The 

results of these analyses were discussed and compared with similar studies in the 

literature. Then the electrical response of the fabricated GFET based biosensor was 

investigated. The results were discussed and explained in detail in the following 

section. 

4.1 The Structural and Chemical Characterization of Reduced 

Graphene Oxide (rGO) 

 

4.1.1 X-ray Diffraction (XRD) Analysis 

In this study, XRD analysis was used to survey the crystal structures of 

graphite (Gr), graphene oxide (GO), and reduced graphene oxide (rGO). XRD 

characterization of Gr, GO, and rGO was carried out by the X-ray Diffrectometer 

System (Rigaku DMAX 2000/PC using CuKα radiation (λ=1.54 Å)) in Bolu Abant 

Izzet Baysal University.  

 

Figure 4.1 XRD patterns of Graphite (Gr), Graphene Oxide (GO) and Reduced 

Graphene Oxide (rGO). 
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According to the literature, since graphite has a multilayer structure, the 

main characteristic peak of graphite is a sharp and strong diffraction peak 

corresponding to between 25 and 27 degrees  (Abid et al., 2018; Chong et al., 2015; 

Kant Upadhyay et al., n.d.; Krishnamoorthy et al., 2013; Lesiak et al., 2021; 

Sieradzka et al., 2020; Surekha et al., 2020). When the XRD pattern of Gr in Figure 

4.1 is examined, it is seen that the characteristic peak is in a degree (2ɵ=25.7º) 

compatible with the range in the literature, and the interlayer distance (d) is 0.34 

nm with indices (002). However, the XRD spectrum of the synthesized GO shows 

that the main peak is shifted 9.82 degrees with a d-spacing of 0.9 nm with indices 

(001). This is due to the introduction of oxygen-containing functional groups 

between the graphite layers by using the Hummer method. This finding is also an 

indication of the successful application of the method. The primary peak of rGO 

moved back to 24.93 degrees, and the separation between the layers sank to 0.35 

nm with indices (002) (Abid et al., 2018; Chong et al., 2015; Sieradzka et al., 2020), 

in accordance with the XRD analysis performed after the reduction process of GO 

(Figure 4.1). This outcome demonstrates that the oxygen-containing functional 

groups between the layers have dispersed from the GO structure. In other words, 

the reduction procedure successfully worked, and reduced graphene oxide was 

produced. Lastly, when compared with other studies in the literature (Abid et al., 

2018; Chong et al., 2015; Chung et al., 2012; Kant Upadhyay et al., n.d.; 

Krishnamoorthy et al., 2013; Lesiak et al., 2021; Sieradzka et al., 2020; Surekha et 

al., 2020; Thakur & Karak, 2015), the XRD analysis results of GO and rGO 

structures obtained as a result of chemical oxidation such as the Hummer method 

and subsequent reduction using chemical agents (such as L-ascorbic acid and 

hydrazine) are similar to those in this study. 

 

Table 4.1. Some calculations based on the XRD analysis of Gr, GO and rGO. 

(Abbrevation; FWHM: Full Width Half Maximum) 

 Diffraction Peak 

(2ɵ) 

FWHM Particle Size 

(nm) 

D-Spacing 

(nm) 

No of 

Layer 

Gr 25.7 0.272 30.41 0.34 88.89 

GO 9.82 1.94 20.76 0.9 22.14 

rGO 24.93 8.21 0.97 0.35 3.73 
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The values of the full width half maximum (FWHM), particle size, d-

spacing, and number of layers found by Bragg’s (4.1, 4.2) and Scherrer’s (4.3) 

equations are given in Table 4.1. the d-spacing values of Gr, GO, and rGO samples 

were determined using Bragg’s equation (Sieradzka et al., 2020); 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃  (4.1) 

where 𝑛  is an integer; 𝜆 , the wavelength; 𝑑 , the interlayer spacing and 𝜃 , the 

scattering angle. In addition, the following equation was used to calculate the layer 

numbers of Gr, GO, and rGO samples. 

 

𝑁 =
𝐷

𝑑
+ 1        (4.2) 

where 𝐷  is size of crystallites, 𝑑  is the interlayer distance and 𝑁  is an average 

number of the layer. The crystallite size of the samples was found by using 

Scherrer’s equation; 

 

𝐷 =
K𝜆

βcos𝜃
        (4.3) 

where D, an average crystallite size; K, constant; λ (0.154 nm), the wavelength of 

incident X-Rays; β, the Full Width Half Maximum (FWHM) in Radius; θ, the Bragg 

angle in Radius. 

Examining the numbers for particle sizes and layer counts in Table 4.1 

reveals that they drop when the graphite form transforms into a reduced graphene 

oxide structure. This decrease is normal in terms of the method used and is desired 

for this study (Gürer et al., 2022). Because the few layers of the rGO structure allow 

the electrical conductivity to be high and the designed device to work more 

sensitively. On the other hand, the small particle size increases the surface area in 

the sensitive part of the GFET, and because of this increase the the retention rate of 

bioreagent (Cai et al., 2022; Ciou et al., 2023; Kireev et al., 2017; Lerner et al., 

2017; Liang et al., 2015; Trung et al., 2014; M. Yang et al., 2010). As a conclude, 

the Hummer method was successfully applied, and rGO with the desired size and 

number of layers was produced. 
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4.1.2 Fourier Transformation Infrared Spectroscopy (FTIR) 

Analysis 

The Fourier Transform Infrared Spectroscopy (FTIR) results of Gr, GO, and 

rGO samples were obtained with the Perkin Elmer Spectrum Two FTIR-ATR 

spectrophotometer in BAIBU. The FTIR peaks of the samples are given in Figure 

4.2. The spectrum of pristine graphite does not show any obvious vibration peaks 

(Chang et al., 2013; Shengtao et al., 2011; Ţucureanu et al., 2016). This is because 

the crystal structure of graphite has a 2-dimensional structure with layers of 

hexagonal rings of carbon atoms with sp2 hybridization and no functional groups 

between these layers (Ţucureanu et al., 2016).  



44 

4000 3500 3000 2500 2000 1500 1000 500

 

Wavenumber

Gr

 

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

GO

-OH

-C=O

-OH

-OH

-OH

C-O-C

-C-O

-OH

-C=O
-C-O

-OH

-C-H

-C-O

 

 

rGO

-OH

 

Figure 4.2 FTIR spectrum of Gr, GO, and rGO 

Figure 4.2 shows the FTIR spectrum of GO. The peaks belonging to GO and 

the functional groups incorporated into the graphite structure as a result of the 

oxidation process are seen (Table 4.2). The main characteristics of GO spectra are 

the stretching bands at 1690 cm−1 (Chhabra et al., 2012) and 1600 cm−1 (Thakur & 
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Karak, 2015) attributed to carboxyl groups (C=O), vibration bands at 1280 cm−1 

(Zahed & Hosseini-Monfared, 2015) atributed to epoxy bonds (C-O-C), and 

stretching bands for C-O bonds from COOH at 1350 cm−1 (Dou et al., 2014), 1080 

cm−1 (Ban et al., 2012) and 1060 cm−1 (Jahanshahi et al., n.d.). The characteristic 

peaks for OH (hydroxyl) groups appear at 3600 cm−1 and 3400 cm−1 (the stretching 

mode) (Obreja et al., 2013; Ţucureanu et al., 2016), and 1620 cm−1 and 1547 cm−1 

(the bending mode) (W. Gao, n.d.; Obreja et al., 2013; Ţucureanu et al., 2016), 1410 

cm−1 and 1340 cm−1 (Kumar et al., 2013; Russo et al., 2013). This analysis shows 

that the oxidation process caused the destruction of the original extended 

conjugated π-orbital system in the graphite structure. Moreover, this allowed the 

CO groups to settle into the graphite carbon skeletal structure (Chang et al., 2013; 

Obreja et al., 2013; Ţucureanu et al., 2016). In the FTIR spectra of rGO, after the 

chemical reduction process, although no sharp peaks of CO can be observed, there 

are peaks of C=O stretching at 1600 cm−1, and C-O stretching at 1060 cm−1 (Ban et 

al., 2012; Obreja et al., 2013; Ţucureanu et al., 2016) . The bands at 3400 cm−1 and 

1557 cm−1 are attributed to the hydroxyl groups. The prominence of the OH peaks 

decreased significantly, and some of them even disappeared completely (Dou et al., 

2014; W. Gao, n.d.; Kumar et al., 2013; Ţucureanu et al., 2016). This is evidence 

that the reduction process is successful and also shows a result in agreement with 

the XRD analysis. 

Table 4.2. The FTIR peaks of Graphene Oxide (GO) 

Wavenumber  

[cm-1] 

Probable 

assignment 

Characteristic vibration mode 

3600 (O–H) GO, hydroxyl (OH) groups from C–OH group 

3400 (O–H) GO, OH groups from C–OH group or water 

molecule  

1690 (C=O) General assignments, –COOH group 

1620 (H-O-H) GO, OH groups from water molecule 

1600 (C=O) General assignments, –COOH group 

1573 (O–H) GO, OH group 

1410 (O–H or C–

OH) 

GO, OH group 

1350 (C–O) GO 

1340 (O–H) GO, OH group 

1280 (C–O) GO, epoxy (–C–O–C–) group 

1080 (C–O) GO, carboxyl (–COOH) or alkoxy (–O–) group 

1060 (C–O) GO, carboxyl (–COOH) or alkoxy (–O–) group 
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4.1.3 Raman Spectroscopy Analysis of Reduced Graphene Oxide 

Raman spectroscopy was used in this study because it is a very powerful 

analysis to study the microstructure of materials (Abid et al., 2018; Jahanshahi et al., n.d.; 

Zahed & Hosseini-Monfared, 2015). The Raman spectroscopy measurement of 

synthesized rGO was performed in the METU Center Laboratory in the range 

between 125-4000 Raman shifts with a 532 nm edge laser. The Raman spectra of 

rGO usually consist of two very strong optical peaks (D and G) and one (2D) or 

two (2D+D) peaks with relatively weak intensity (Figure 4.3) (Chhabra et al., 

2012; Gouadec & Colomban, 2007; Jahanshahi et al., n.d.; Obreja et al., 2013; 

Russo et al., 2013; Sieradzka et al., 2020; Zahed & Hosseini-Monfared, 2015). 

While the D band, located at 1345 cm-1 (Table 4.3) in spectrum, is related to the 

size of the in-plane sp2 domains, its enlargement denotes the formation of more sp2 

domains (W. Gao, n.d.; Gouadec & Colomban, 2007; Jahanshahi et al., n.d.; Zahed 

& Hosseini-Monfared, 2015). The G band at 1577 cm-1 (Table 4.3) also indicates 

in-plane vibrations of carbon atoms of sp2 hybridization (Abid et al., 2018; Chang 

et al., 2013; Gouadec & Colomban, 2007; Sieradzka et al., 2020; Zahed & Hosseini-

Monfared, 2015). Moreover, the 2D band at 2702 cm-1 (Table 4.3) is about that 

calculating the number of layers for rGO using the shape, width, and position of 

this peak (Abid et al., 2018; Chang et al., 2013; Chong et al., 2015; Gouadec & 

Colomban, 2007; Krishnamoorthy et al., 2013; Kumar et al., 2013; Sieradzka et al., 

2020). In this study, the ratio of D and G peaks intensity (ID/IG) indicates a change 

in the size of the in-plane sp2 fields after the reduction process. This ration was 

calculated as “1.11” in this work. In other words, more defects have formed in the 

rGO structure (Abid et al., 2018; Chang et al., 2013; W. Gao, n.d.; Gouadec & 

Colomban, 2007; Krishnamoorthy et al., 2013; Sieradzka et al., 2020). These 

defects in the rGO structure are caused by the chemical agent (L-ascobic acid) used 

in the reduction process and the ultrasonic treatment used after this process in order 

to ensure a homogeneous dispersion in DI water (Chang et al., 2013; Kumar et al., 

2013; Sieradzka et al., 2020).  
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Figure 4.3 The Raman spectrum of Reduced Graphene Oxide. 

So as to calculate the number of rGO layers, the ratio of I2D/IG was used, and 

it was found to be “0.52”. This result shows that the synthesized rGO has a few 

layers structure (Al-Amin et al., 2016; Ciou et al., 2023; Ordonez et al., 2017). In 

terms of the number of layers, the calculation result was consistent with the XRD 

analysis result. 

As a consequence, the defects in the structure of rGO and its few layered 

structures show that oxidation and reduction processes are successfully applied. 

Such properties of rGO will provide important advantages for biosensor 

applications. Because its defects will facilitate the attachment of bio-receptors to 

the structure, there will be no need to use immobilization agents. In addition, the 

few layers of structure will increase the electrical conductivity of the biosensor (Al-

Amin et al., 2016; Cai et al., 2022; Ciou et al., 2023; Novodchuk et al., 2021; 

Ordonez et al., 2017; Syu et al., 2018; Trung et al., 2014; S. Wang et al., 2022). 

Table 4.3. The intensity values and peaks positions of rGO Raman spectrum. 

Map Name Raman Shift (cm-1) Intensity 

D Band 1345 10478 

G Band 1577 9429 
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2D Band 2702 4924 

D+D’ band 2923 4856 

4.1.4 TEM image of Reduced Graphene Oxide 

Transmision electron microscopy (TEM) imaging of synthesized rGO was 

performed in the METU Center Laboratory. The rGO structures were imaged in 

flake form (Figure 4.4). Owing to the ultrasonic treatment (Deshmukh et al., 2020), 

the number of the layers cannot be clearly determined in TEM images as the rGO 

flakes are crumpled, (wrinkled structure) and twisted on themselves (Figure 4.4c, 

d)(Husnah et al., 2017; Jayachandiran et al., 2018) However, another reason for this 

is that rGO flakes are transparent (Figure 4.4c). This transparency feature proves 

that the number of layers of the flakes is few rather than multilayered (Chithaiah et 

al., 2020; Deshmukh et al., 2020; Husnah et al., 2017; Jayachandiran et al., 2018; 

Mohan et al., 2015). As a result, TEM images support, albeit relatively, that the 

synthesized rGO has a few layer of structure, as indicated by the results of Raman 

and XRD analyses. 

 

Figure 4.4 The TEM imaging of Reduced Graphene Oxide flakes. 

 

4.2 The Results of Electrical Measurement of GFET based Biosensors 
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In this part of the study, the electrical measurements of the GFET based 

biosensor are investigated. The results of the output characteristics and transfer 

characteristics of the device are compared with similar studies in the literature. The 

results are described in detail below. 

 

4.2.1 Results of GFET’s output characteristics 

 

The graphs in Figure 4.5 show the output characteristic results of the GFET 

biosensor fabricated with different sizes of the sensory field. The measurement 

results show that the linearity of the Id-Vds curve shows that the rGO layer between 

the source and drain electrodes makes good ohmic contact with the electrodes, and 

at the same time, the current flows continuously between the electrodes. This result 

proves that the fabricated device works. It is proved that the result obtained is 

compatible with the studies in the literature (de Moraes & Kubota, 2016a; Fu et al., 

2017; Ghany et al., 2017; Yan et al., 2017). Moreover, it was observed that with the 

increase in the W/L dimensions of the GFET structure, the current flowing between 

the source and the current increased. This can be explained by the increase in the 

amount of RGO coated in this way. However, in order for the manufactured devices 

to be portable, their dimensions must be reduced. This situation constitutes an 

obstacle to miniaturization (Martins et al., 2021; Matsumoto et al., 2014; X. Wu et 

al., 2018). Improvements need to be made in terms of production constraints. But 

as a result, it can be said that the devices produced work. Among the devices, the 

one with an L length of 2 mm was preferred for further measurements.  
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Figure 4.5 The graphs of Id-Vds characteristic of GFET structure 

 

4.2.2 I-V measurements depending on pH change 

 

In order to determine the transfer characteristics of the GFET transistor, Id-

Vgs was first measured by applying a solution (DI water, pH:7) to the ion host. 

When the graph in Figure 4.6 is analyzed, it is observed that the fabricated GFET 

shows an ambipolar characteristic. Ambipolar characteristic means that the 

semiconductor device has the capacity to conduct electrons and holes without 

changing the channel doping or contact material. Moreover, it can be seen from this 

graph that the Dirac point voltages of the device are on the positive side. This result 

means that the rGO layer is p-doped. This means that the hole concentration is 

higher than the electron concentration. rGO is a p-doped material because it is 

produced by chemical synthesis. 
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Figure 4.6 The Id-Vgs graphic of GFET with different pH concentration 

In addition, in measurements taken with an ionic solution with a pH ranging 

from 1 to 7, the Dirac point shifts to the right as the pH approaches 7. This can be 

attributed to the increase of OH ions in the solution and their interaction with the 

rGO layer. Another piece of information is that the defect structure of the rGO layer 

allows the chemisorption of OH ions. The fact that the shift in this Dirac point 

voltage is linear and the R squared value is high suggests that this device is suitable 

for testing biological analytes. 
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Figure 4.7 The graph of GFETs dirac point voltage depend on pH concentration. 

 

4.2.3 The Id-Vgs measurament of GFET with miR-1268b and 

miR-6075 

The suitability of the GFET biosensor for biological diagnostics was tested 

by pH experiments. The measurements showed that the device is suitable for 

biosensor applications. In this phase of the study, the immobilization of biomarkers 

was tested by an electrical method. 

Immobilization studies are performed by first incorporating the counterpart 

of the material to be detected by a biosensor into the rGO structure. These materials 

include antibodies, proteins, and nucleic acids. Immobilization techniques are 

classified into two groups: covalent and non-covalent binding. In covalent binding, 

the biomolecules of the target of interest are functionalized on the rGO surface via 

binding materials such as amino groups (-NH2), carboxyl groups (-COOH), or 

epoxide groups (-O). However, this binding material leads to structural changes in 

rGO (de Moraes & Kubota, 2016b; Fu et al., 2017; Ivnitski et al., 1999; Martins et 

al., 2021; Putzbach & Ronkainen, 2013; Tu et al., 2018). 

The linker molecules most widely utilized in GFET biosensors are PBASE 

(1-Pyrene Butyric Acid N-hydroxysuccinimide Ester) and APTES ((3-

Aminopropyl) triethoxysilane) (Castellarnau et al., 2008; Kulkarni et al., 2022; 
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Putzbach & Ronkainen, 2013). For non-covalent binding, physical adsorption is 

mostly preferable. Physical adsorption of biomolecules interacts with rGO by 

means such as electrostatic forces, π-π stacking, or van der Waals interactions. In 

this study, we immobilized anti-miR-1268b and anti-miR-6075 sequence (probe 

sequence) structures for early diagnosis of lung cancer due to the properties of rGO. 

In this study, the functionalization of miRNAs was realized on rGO without using 

any other material. The study by Cai et al. also showed that miRNA sequences can 

be directly immobilized on rGO sheets (Cai et al., 2022). 

 

 

Figure 4.8 The Id-Vgs graph after hybridization between probe sequence and 

miRNA-1268b sequence. 
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Figure 4.9 The Id-Vgs graph after hybridization between probe sequence and 

miRNA-6075 sequence. 

Initially, a blank measurement with PBS solution was taken with the rGO-

FET biosensor device. The Dirac point voltage was determined to be 3.44 V and 

3.16 V, respectively (Figures 4.8 and 4.9). Then, the probe sequences of miR-1268b 

and miR-6075 were immobilized on the rGO surface. After hybridization of the 

probe sequences and miRNAs, the Id-Vgs transfer characteristics of the GFET 

biosensor were plotted. As seen in the graph (Figures 4.8 and 4.9), the Dirac point 

shifts to the left side due to the hybridization between the probes and miRNA 

sequences. This shift also provides information about the conjugation between the 

probe sequences and miRNAs. Therefore, while the Dirac point voltages were 

observed as "2.04 V and 1.96 V" before conjugation, they were determined as "0.30 

V and 0.10 V" immediately after conjugation. These voltage shifts initially indicate 

an electrostatic effect on the rGO structure, while during the measurement, the PBS 

solution containing miRNA was used to functionalize the rGO. Since the 

synthesized rGO exhibits p-doped properties (Béraud et al., 2021; Seo et al., 2020; 

X. Wu et al., 2018), however, the PBS solution brings positive charges to the rGO, 

causing a shift in the Dirac point voltage (N. Gao et al., 2016; Khatri & Puri, 2022). 
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Second, it is reported that due to the negative charges on miRNAs, the electron 

concentration in the rGO detection area increases and a leftward shift is observed 

(Kybert et al., 2014; Son et al., 2016; Syu et al., 2018). The third is the effect of 

adding extra capacitance, which we measured in the GFET biosensor device first 

with PBS and then with biomarkers, probes, and miRNAs conjugation (Kwong 

Hong Tsang et al., 2019; Lerner et al., 2017; Mansouri Majd & Salimi, 2018; Syu 

et al., 2018). Every time, we have introduced solutions into the rGO sensing area, 

which may result in additional capacitance in the GFET biosensor device. 

Therefore, the n-doping effect by PBS and arrays causes a leftward shift (Kireev et 

al., 2017; Leyden et al., 2010; Vaziri, 2011). 

4.2.4 Specificity and Sensivity of GFET Biosensor 

The ability of a reduced graphene oxide (rGO) field effect transistor (FET) 

biosensor to selectively detect a specific target analyte and discriminate it from 

other compatible compounds present in a sample is referred to as “specificity” 

(Mansouri Majd & Salimi, 2018). It is very important for biosensors to assure 

sensitive and reliable detection. To do so, the non-complementary sequence (miR-

99a-5a) was deposited on the rGO, which was functionalized with the probe 

sequence matching the miRNA-1268b and miR-6075 sequences. As seen in Figure 

4.10, the Delta Dirac point voltage showed no change as expected. The cause of 

this result is the lack of any binding with the probe sequences and the mismatch 

sequence (Fu et al., 2017; Jacobs et al., 2010), which clarifies that the selected probe 

sequence is unique only to the miRNA-1268b and miR-6075 sequences (Asakura 

et al., 2020). These insignificant shifts can be explained by the non-specific binding 

of the miRNA-1268b and miR-6075 probe sequences and the non-complementary 

probe sequences. The specificity of a reduced graphene oxide (rGO) field-effect 

transistor (FET) biosensor expresses its capability to detect and selectively 

distinguish a specific target analyte from other substances present in a sample. It is 

an essential characteristic of biosensors to provide accurate and reliable detection. 
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Figure 4.10 The Id-Vgs graph of GFET with non-complementary biomolecules. 
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Figure 4.11 The Delta Dirac Point Voltage values of GFET depend on from 

100pM to 10µM concentration. 

 

The sensitivity of a GFET biosensor refers to its ability to recognize and 

measure small changes in the concentration or presence of the target analyte. It is a 
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critical metric that determines the detection threshold and the biosensor's ability to 

operate accurately and reliably. To determine the sensitivity of the fabricated GFET 

device, various concentrations of miRNA-1268b and miR-6075 arrays were 

prepared. The concentrations of the solution prepared with miRNA arrays were as 

follows; 10 µM, 1 µM, 100 nM and 100 pM. As can be seen in Figure 4.11, the 

Delta Dirac point voltage shifts towards lower voltages as the concentration 

increases. This phenomenon is due to the negative particles in the solutions. The 

miRNAs at various concentrations interacted effectively with graphene and created 

an n-doping effect based on reduced graphene oxide-nucleotide interaction. It was 

also observed that the current values changed during the measurement. The reasons 

behind the variation of current values are different possible factors, such as 

impurities in the solutions, temperature and humidity, and defects in the rGO layer. 

In this study, the lowest detectable limit of detection (LOD) was found to be 100 

pM. In addition, it is important to note that a number of variables, such as surface 

functionalization, temperature, pH, and the complexity of the sample matrix, can 

affect how sensitive rGO FET biosensors are. Therefore, extensive characterization 

and tuning are required to achieve the optimum sensitivity for a given application. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

In this thesis, a GFET based biosensor that can detect lung cancer and 

metastasis at an early stage is aimed at and realized. The study first started with the 

screening of the FET structure, and a master mask was made from acetate paper. 

Then the FET structure was fabricated on a Si/SiO2 substrate using the procedure 

of conventional semiconductor fabrication technology. Then, the reduced graphene 

oxide to be used in the substrate region was fabricated from graphite material with 

reference to the Hummer method. Subsequently, the rGO material was integrated 

into the FET structure to evolve the FET structure into a GFET structure. Lung 

cancer-specific miRNAs (miR-1268b and miR-6075) and their complements were 

obtained from the literature. The miRNAs were used as cancer-specific biomarkers 

in this study. As a final step, electrical measurements of the GFET biosensor were 

successfully performed.  

When the measurement results of the device were analyzed, it showed a 

positive response to pH experiments. In other words, a linear result was detected in 

the I-V graph depending on the changing pH. Again, in the analyte measurements 

with biomarkers, there were significant shifts in the Dirac points observed in the I-

V graph due to the presence of bioanalytes. This shows that the selectivity of the 

device is good. In the limit of detection measurements, the device responded in the 

order of 100 pM. In conclusion, a candidate biosensor for early detection of lung 

cancer has been fabricated in this study. However, in order for the GFET-based 

biosensor to be a usable device, there are aspects that need to be improved, such as 

the design and the rGO channel dimensions. Future studies will focus on these 

issues. 
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