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Abstract 
 

Biosensors play a crucial role in various fields, including healthcare, environmental 

monitoring, and food safety, by providing rapid, accurate, and sensitive detection of target 

analytes. Advancements in biosensing technology have the potential to revolutionize 

diagnostics and personalized medicine, enabling better disease management and improved 

patient outcomes. This thesis explores novel strategies and devices for the development of 

highly sensitive and specific biosensors for the detection of essential biomolecules, such as 

cardiac biomarkers and protein isoforms. 

The work includes an optimized deposition protocol for reduced graphene oxide (rGO) on 

silica-based substrates, enhancing the fabrication of electronic devices for various 

applications. A sensitive troponin cTnI immunoassay with a single monoclonal antibody and 

Surface Plasmon Fluorescence Spectroscopy (SPFS) detection is developed, enabling the 

analysis of cTnI at clinically relevant concentrations. The thesis also investigates the 

advantages of focused polyclonal aptamer libraries for increased performance and versatility 

in diagnostics and sensor technology. By functionalizing an rGO-FET device, selective 

discrimination between RBP4 isoforms at physiologically relevant concentrations is achieved, 

opening avenues for novel diagnostic markers. Finally, the thesis highlights the importance of 

considering additional factors in the development of cTnI biosensors to meet evolving clinical 

requirements. In conclusion, this thesis presents significant advancements in biosensing 

devices and strategies for the sensitive and specific detection of critical biomolecules, with 

promising implications for clinical diagnostics and personalized medicine. 
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Kurzfassung 
 

Biosensoren spielen eine entscheidende Rolle in verschiedenen Bereichen, einschließlich 

Gesundheitswesen, Umweltüberwachung und Lebensmittelsicherheit, indem sie eine 

schnelle, genaue und empfindliche Erkennung von Zielanalyten ermöglichen. Fortschritte in 

der Biosensor-Technologie haben das Potenzial, Diagnostik und personalisierte Medizin zu 

revolutionieren und so eine bessere Krankheitsmanagement und verbesserte 

Patientenergebnisse zu ermöglichen. Diese Arbeit untersucht neue Strategien und Geräte für 

die Entwicklung von hochsensitiven und spezifischen Biosensoren für die Erkennung von 

essentiellen Biomolekülen, wie z. B. kardiale Biomarker und Protein-Isoformen. 

 

Die Arbeit beinhaltet ein optimiertes Abscheidungsprotokoll für reduziertes Graphenoxid 

(rGO) auf silikabasierten Substraten, das die Herstellung von elektronischen Geräten für 

verschiedene Anwendungen verbessert. Ein empfindlicher Troponin-cTnI-Immunoassay mit 

einem einzigen monoklonalen Antikörper und Surface Plasmon Fluorescence Spectroscopy 

(SPFS) -Erkennung wird entwickelt, um die Analyse von cTnI in klinisch relevanten 

Konzentrationen zu ermöglichen. Die Arbeit untersucht auch die Vorteile von fokussierten 

polyklonalen Aptamerbibliotheken für eine erhöhte Leistung und Vielseitigkeit in der 

Diagnostik und Sensortechnologie. Durch die Funktionalisierung eines rGO-FET-Geräts wird 

eine selektive Diskriminierung zwischen RBP4-Isoformen bei physiologisch relevanten 

Konzentrationen erreicht, was neue Wege für neuartige diagnostische Marker eröffnet. 

Schließlich betont die Arbeit die Bedeutung der Berücksichtigung zusätzlicher Faktoren bei der 

Entwicklung von cTnI-Biosensoren, um sich weiter entwickelnde klinische Anforderungen zu 

erfüllen. Abschließend präsentiert diese Arbeit bedeutende Fortschritte in Biosensor-Geräten 

und -Strategien für die empfindliche und spezifische Erkennung von kritischen Biomolekülen, 

mit vielversprechenden Auswirkungen auf die klinische Diagnostik und personalisierte 

Medizin. 
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1. Introduction 

What is a sensor? 
 

Sensors have emerged as one of the most significant technological advancements in recent 

times, playing a critical role in diverse fields and industries (1). These input devices convert 

various physical parameters into electrical signals, enabling us to measure and monitor an 

array of aspects in our surrounding environment (2). 

The roots of sensor technology can be traced back to Warren S. Johnson, who invented the 

electric thermostat in 1883, a pioneering achievement that laid the foundation for modern 

sensors (3). Another notable breakthrough in the field of sensors occurred in the 1950s when 

Samuel Bagno created the first motion sensor for an alarm system (4). Bagno's innovative 

device utilized ultrasonic frequencies and the Doppler Effect, significantly expanding the range 

of applications for sensor technology.  

 

 

 

 

 

 

 

 

Sensors are capable of detecting changes in a wide variety of physical parameters, including 

light (5), motion (6), gas (7), alcohol (8), and heart rate (9). These changes are converted into 

electrical signals, which can subsequently be used to monitor, control, and manipulate various 

systems. As a result, sensors provide valuable information about the physical world, offering 

insights that can enhance our understanding and management of the environment and the 

devices we use daily (10). 

Figure 1-1 Schematic representation of Sensor types 
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2. Biosensors 
 

Biosensors are advanced analytical tools that enable the accurate detection of target 

molecules through the generation of electrical signals. They consist of three primary 

components: a recognition element that selectively binds to the target molecule, a detection 

probe that facilitates this interaction, and a transducer that converts the presence of the 

target molecule into an electrical signal. Biosensors have become indispensable in various 

industries, such as food safety, clinical and medical applications, process control, bioreactors, 

pharmaceutical production, wastewater control, and military defence, due to their ability to 

offer highly sensitive and specific detection of target molecules (11–17) 

A biosensor is a system (Figure 2.1) that integrates biological sensing materials with a 

transducer to transform biological, chemical, or biochemical signals into quantifiable electrical 

signals (18). Biological sensing materials can vary from enzymes and antibodies to whole cells 

and tissues, while transducers can employ diverse technologies like electrochemistry (15), 

optical systems (19), chemical and biological luminescence (20), fluorescence, fibre optics 

(21), piezoelectricity, and magnetic principles (22). The adaptability of biosensors renders 

them invaluable tools for a broad array of applications across various fields. The combination 

of specific biological sensing materials with accurate transduction mechanisms allows 

biosensors to deliver highly sensitive and specific detection of target molecules. (23) 

 

Figure 2-1 The mechanism of biosensors 
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The origins of biosensor technology date back to 1906 when Cremer first examined the 

correlation between electric potential and acid concentration in a liquid medium Subsequent 

researchers such as Sorensen, Hughes, Griffin, and Nelson advanced the field by measuring 

pH using electrodes, incorporating enzymes into their sensors, and uncovering new biosensors 

for a variety of applications (24, 25). In 1956, Clark revolutionized the field by devising the first 

oxygen-detecting biosensor, known as the Clark electrode (26). his breakthrough was followed 

by Clark's development of the amperometric enzyme electrode for glucose detection and 

Guilbault and Montalvo's discovery of the first potentiometric biosensor for urea detection in 

1962 and 1969, respectively. In 1975, Yellow Instruments made a significant stride by 

launching the first commercial biosensor. The subsequent development of the I-STAT sensor 

marked a major technological acceleration in the field of biosensors. Liedeberg utilized surface 

plasmon resonance (SPR) in biosensors for the first time in 1983, which was later refined into 

an SPR-based biosensor by Pharmacia Biacore in 1990. These advancements have continually 

shaped the biosensor field and contributed significantly to various industries. Today, 

biosensor technology is a dynamic, interdisciplinary domain that bridges multiple scientific 

disciplines, including physics, chemistry, biology, micro/nanotechnology, electronics, and 

medical sciences. The fusion of these areas has given rise to sophisticated technology with 

extensive practical applications in medicine, healthcare, food safety, environmental 

monitoring, and more. Consequently, biosensors have emerged as an essential tool in applied 

sciences (12). 

To evaluate the effectiveness of a biosensor in analyzing a specific analyte, it must possess 

several key attributes. First, the biosensor must exhibit a high degree of precision in 

determining the analyte's concentration, with sensitivity being a critical indicator of the 

system's accuracy. Second, the biosensor must be selective, exhibiting a strong affinity for the 

target molecule being analyzed. A broad measurement range, indicating the system's 

measurement capacity, is also essential. Furthermore, the detection limit, or the lowest 

concentration of analyte detectable, should be minimized for optimal results. Additionally, the 

biosensor's reusability, or its ability to maintain performance without significant degradation, 

is an important consideration. To fulfil these criteria, it is crucial to select an appropriate 

bioreceptor for the target analyte and ensure effective immobilization of the biomolecules on 

the sensor surface. The transducer used to convert the sensor signal must also be suitable. 
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Portable design is another vital aspect, as on-site analysis is increasingly in demand (11, 18, 

23, 27).  

 

Biosensors can be classified based on the sensing or recognizing component. In this context, 

this work will explore Surface Plasmon Resonance (SPR)-based sensors, optical sensors, and 

Graphene Field Effect Transistor (gFET)-based electrical sensors. These different types of 

biosensors offer unique advantages and challenges in terms of sensitivity, selectivity, 

measurement range, detection limits, and longevity. By understanding the principles and 

applications of each type of biosensor, researchers can optimize their design and performance 

for specific applications, ultimately contributing to the continued development and utility of 

biosensors in various industries. 

 

2.1 Optical Biosensors  
 

Optical transducers are widely employed in biosensor systems due to their diverse range of 

applications. Optical transduction involves converting a physical or chemical signal into an 

optical signal that can be detected, measured, and analyzed. This process is facilitated through 

various techniques, including fluorescence, luminescence, internal reflection, surface plasmon 

resonance, absorption spectroscopy, and light scattering spectroscopy(13, 19, 28–30). 

Fluorescence is a prevalent technique that involves measuring light emission from a 

fluorescent molecule in a sample excited by a specific wavelength of light. This technique is 

useful for identifying the presence of specific molecules or chemicals in a sample (31). 

Luminescence measures the emission of light from a molecule or material excited by an 

external energy source, such as chemiluminescence, bioluminescence, or photoluminescence 

(32). 

Internal reflection is a technique based on the principle of total internal reflection, which 

occurs when light is reflected back into a material at an interface between two materials with 

different refractive indices. This technique can be used to measure the properties of a material 

on the surface or within it (33). 
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Surface plasmon resonance involves the interaction of light with the oscillations of electrons 

in a metal surface, enabling the detection of changes in the refractive index of a sample in 

contact with the metal surface. This technique is commonly used to measure the binding of 

molecules to a surface (34, 35). 

Absorption spectroscopy measures the amount of light absorbed by a sample at different 

wavelengths, which can be used to determine the concentration of a specific molecule in a 

sample (36). 

Light scattering spectroscopy measures the scattering of light by particles in a sample, 

allowing for the determination of particle size, shape, and concentration. Optical biosensors 

can utilize various biological materials such as enzymes, antibodies, antigens, receptors, 

nucleic acids, cells, or tissues (37). 

One of the main focuses of this thesis will be on the application of surface plasmon resonance 

spectroscopy. This technique offers numerous advantages for biosensing applications, 

including high sensitivity, label-free detection, real-time monitoring, and the ability to analyze 

various biomolecular interactions. By exploring and optimizing the use of surface plasmon 

resonance spectroscopy in biosensor development, this thesis aims to contribute to the 

advancement of biosensor technology and its potential applications across various industries. 

 

2.1.1 Surface Plasmon Resonance 
 

Surface plasmon resonance (SPR) biosensors employ optical evanescent wave sensing, 

utilizing light in total internal reflection to probe the properties of a solution adjacent to the 

sensor's surface. Surface plasma waves were first reported in 1902 by Wood , but it wasn't 

until the late 1960s that Otto and Kretschmann discovered the reflections induced by optical 

excitation of surface plasmons, leading to an understanding of surface plasmon resonance 

formation (38–40). Today, researchers continue to design highly selective sensors based on 

SPR theory (13, 19, 41). 
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 Liedberg et al. developed the first SPR-based 

biosensor for gas detection in the 1980s (42). SPR 

sensors detect refractive index changes caused by 

surface plasmons, offering a simple and direct 

detection technique. These sensors typically 

employ a thin metal film, such as gold or silver, 

sandwiched between two permeable media with 

different refractive indices, like a glass prism and 

an analyte. Gold is favoured due to its resonance 

with light at the appropriate angle and its 

chemically modifiable surface (43–47) (Figure 2.1.1.1). When polarized light enters a higher 

refractive index medium, such as a glass prism, at an angle above the critical angle, it reflects 

and generates an evanescent wave that penetrates the metal film. At a specific refractive 

angle, the evanescent wave induces surface plasmons on the metal surface by mobilizing free 

electrons, resulting in a decrease in the reflected light's intensity, called surface plasmon 

resonance. This phenomenon is observed only at a particular angle, known as the resonance 

angle. 

EVANESCENT WAVE 
 

The principles of surface plasmon resonance (SPR) elucidate the physical phenomena 

underlying the operation of SPR systems. By analyzing the behavior of surface plasmon waves 

and the reflection and interaction of incident light beams, we can gain a deeper understanding 

of these systems(48, 49). A crucial aspect of SPR systems is the evanescent wave, which is 

essential to comprehend when studying their functionality. 

Total internal reflection (TIR) is a concept that mathematically characterizes the evanescent 

wave and is based on the reflection of light from a boundary (13). The reflection of light at the 

interface between two media is governed by two fundamental principles: (1) the incident light 

must travel from a denser medium to a less dense medium, and (2) the angle of incidence 

must exceed a specific critical angle, beyond which reflection occurs (38, 49). (Figure 2.1.1.1) 

The propagation constant of the evanescent wave plays a decisive role in surface plasmon 

resonance systems. The electric field of an electromagnetic wave can be defined as follows: 

Figure 2.1.1 1 Schematic representation of 
prism coupled SPR system in Kretschmann 
configuration 
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E =  E0exp (iωt −  𝑖𝑖kxx −  𝑖𝑖kyy −  𝑖𝑖kzz)        (1) 

In this context, E represents the electric field, 𝐸𝐸₀ denotes the amplitude of the electric field, 

ω signifies the angular frequency, and k corresponds to the wave vector (48). The wave vector, 

which propagates parallel to the direction of the wave's propagation, can be calculated using 

the following equation (2): 

𝑘𝑘 = �𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2 + 𝑘𝑘𝑧𝑧2 = 𝑛𝑛 2𝜋𝜋
𝜆𝜆

= 𝑛𝑛 𝜔𝜔
𝑐𝑐

        (2) 

Where k is the wave vector, n is the refractive index, λ is the wavelength, c is the speed of 

light and ω is the angular frequency. 

Snell's law, which is a fundamental principle of physics, allows us to study the behaviour of 

the incident beam on surfaces with different refractive indices in optical media (Figure 

2.1.1.3)(43, 48). 

In a three-dimensional medium with x, y, and z vectors, taking the z component as zero makes 

our system two-dimensional. Thus, Snell's law can be used for this medium. 

n1sinθ1 = n2sin θ2                      (3)  

equation in terms of wave vectors; 

k𝑥𝑥1 = kx2 = kx           (4) 

Figure 2.1.1 2 When a beam of light travels from one medium to another medium with a higher 
refractive index, the direction of the light changes due to refraction. The change in direction occurs 
because the speed of light is lower in the higher-index medium (v2 < v1), and this causes the light to 
bend towards the normal. This means that the angle of refraction (θ2) is less than the angle of 
incidence (θ1), and the ray in the higher-index medium is closer to the normal. 
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is defined as. Using these two equations, the wave vector perpendicular to the surface ; 

𝑘𝑘𝑦𝑦2 = 𝑛𝑛12
(2𝜋𝜋)2

𝜆𝜆2
(𝑛𝑛2

2

𝑛𝑛12
− (𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠)2)         (5) 

is expressed as. 

In the system we examined with total internal reflection rules, it is assumed that there is a ray 

transition from a very dense medium to a less dense medium. Accordingly, 𝑘𝑘𝑦𝑦 takes an 

imaginary value (50). For 𝑘𝑘𝑦𝑦 to be imaginary, it indicates the presence of a wave travelling 

parallel to the interface of the second surface of the beam. The wave travelling at this interface 

is called an evanescent wave and the second surface is called an evanescent field. The 

evanescent field is important for the excitation of surface plasmons. The propagation constant 

of the evanescent wave parallel to the surface is (13, 50, 51); 

𝑘𝑘𝑒𝑒𝑒𝑒 = ω
𝑒𝑒
𝑠𝑠𝑖𝑖𝑛𝑛ϴ�𝜀𝜀𝑝𝑝          (6) 
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Kinetic analysis 
 

 SPR theory involves measuring the 

resonance angle shift caused by a 

change in the chemical composition of 

the environment within the plasmon 

field's range. This change in 

composition alters the angle of 

incidence of absorbed light, with the 

angle change magnitude directly 

correlating to the chemical change. 

Molecules specific to a particular 

analyte adsorb onto the metal film, 

which can include materials such as 

antibodies(19, 34, 49, 52, 53).  

Figure 2.1.1.2 presents a schematic 

representation of a Surface Plasmon 

Resonance (SPR) experiment in BioNavis 

commercial device setting, a technique 

commonly utilized to assess the binding 

of an analyte molecule to a receptor 

molecule. The figure comprises three sections: A, B, and C. Section A depicts the instrument 

configuration for an SPR experiment. The technology employs an optical approach to 

determine the refractive index near a sensor surface. It takes advantage of total internal 

reflection of light at a surface-solution interface, generating an electromagnetic field or 

evanescent wave that extends a limited distance (up to 300 nm) into the solution. A thin gold 

film on a glass support serves as the surface, forming the base of a small-volume flow cell (less 

than 100 nl). An aqueous solution continuously flows through the cell. To detect the binding 

of an analyte to a receptor molecule, the receptor is typically immobilized on the sensor 

surface, while the analyte is introduced into the aqueous solution via the flow cell. A laser 

source emits polarized light, which is directed through a prism towards the gold film's 

underside, where surface plasmons are generated at a critical angle of incident light. Section 

Figure 2.1.1 3 Illustration of the instrument setup for an 
SPR experiment. (B) Depiction of the change in the angle 
of incident light from a to b as a result of the binding of 
an analyte molecule to a bioreceptor molecule. (C) 
Sensogram response of the SPR experiment. Figures (A-
C) were replicated from Patching (2014) with approval 
from Elsevier. Copyright 2014, Elsevier. 
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B illustrates the shift in the critical angle of incident light from angle a to angle b upon the 

binding of an analyte molecule to a receptor molecule. Section C displays the SPR experiment's 

response as a sensorgram. If an interaction occurs between the immobilized receptor and the 

analyte molecules, the refractive index at the gold film's surface changes, resulting in an 

increase in signal intensity. Resonance or response units (RU) describe the signal increase, 

with 1 RU corresponding to a critical angle shift of 10−4 deg. The figure also outlines the 

primary phases of an SPR experiment—the association phase, steady-state phase, and 

dissociation phase—and how these phases facilitate the measurement of association rate 

(kon), dissociation rate (koff), and binding affinity (KD) between the immobilized receptor and 

the analyte molecule(48, 54). Binding analysis will be explained detailed in Kinetic analysis 

section. When a sample containing analytes, such as bacterial cells, interacts with adsorbed 

molecules on the surface, it induces a change in the metal surface's component. The 

resonance angle shift of the incident light is measured, and the shift magnitude is directly 

proportional to the analyte concentration in the sample. The relationship between the 

molecules ensures minimal cross-reactivity, thereby reducing the detection of other 

molecules by the sensor. 

The evanescent wave biosensors provide an opportunity to observe the kinetics of 

biomolecular interactions in a solution, specifically between a biomolecule in the solution and 

another biomolecule immobilized on a surface. This analysis begins with a straightforward 1:1 

interaction model (55), which is grounded in the Langmuir adsorption isotherm (56). This 

isotherm relies on three fundamental assumptions: 

1. A homogeneous monolayer covers the surface. 

2. All binding sites are equivalent, and the surface is uniform. 

3. The adsorption potential of a molecule at a specific site is unaffected by the occupancy 

of neighboring sites. 

According to the assumptions, dynamic equilibrium would be:  

            (7) 

Where A and B are the molecules in solution and on the surface respectively. The forward and 

reverse rate are described by the adsorption or association rate constant (Kon) and desorption 

or dissociation rate constant Koff. 

A + B      AB 
K

on
 

K
off
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The association rate is; 

𝑑𝑑[𝐴𝐴𝐴𝐴]
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑜𝑜𝑛𝑛[𝐴𝐴][𝐵𝐵]          (8) 

And the dissociation rate is; 

−𝑑𝑑[𝐴𝐴𝐴𝐴]
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜[𝐴𝐴𝐵𝐵]                         (9)

  

Because of the dynamic equilibrium of both processes, both rates are equal to each other; 

𝑘𝑘𝑜𝑜𝑛𝑛[𝐴𝐴][𝐵𝐵] = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜[𝐴𝐴𝐵𝐵]         (10)

    

From this, the equilibrium constants can be expressed by two constants: The dissociation 

constant KD; 

𝐾𝐾𝐷𝐷 = [𝐴𝐴][𝐴𝐴]
[𝐴𝐴𝐴𝐴]

= 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜
𝑘𝑘𝑜𝑜𝑜𝑜

          (11) 

And the affinity constant KA; 

𝐾𝐾𝐴𝐴 = [𝐴𝐴𝐴𝐴]
[𝐴𝐴][𝐴𝐴]

= 𝑘𝑘𝑜𝑜𝑜𝑜
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜

          (12) 

 

2.2 Electrical biosensors 
 

Electrical biosensors are forms of biosensors that detect and measure biological substances 

or events using electrical impulses. The idea behind these systems is to convert biological 

reactions into electrical signals. An antibody, enzyme, or nucleic acid that is specially made to 

bind to the target molecule is the usual biological detection element. In electrical biosensing 

systems, biological signals are converted into electrical signals by a transmitter. Field-effect 

transistors (FETs), electrodes, and nanowires are some examples of transducers. The electrical 

characteristics of the transducer, such as resistance, capacitance or current, change when 

biological recognition elements are linked to the target molecule. Electrochemical biosensors 

are a type of electrical biosensor technology that detects and measures biological substances 
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through electrochemical processes. Usually, they are composed of electrodes coated with 

biological identification elements, electrolyte solutions, and conductor materials.  

When the target molecule binds to a recognition element, the current or current of the 

electrode changes. Field-effect transistor (FET) field-effect transistors are used to identify and 

quantify biological substances as another type of electrical biosensing technologies. The 

biological recognition element is attached to the FET gate electrode or on the channel; usually 

FETs are composed of the gate electrode, source, and drain electrode. The conductivity of the 

FET changes when the target molecule binds to the recognition element. 

Impedance biosensors are a third type of electrical biosensing system that measures the 

impedance (i.e., resistance to alternating current) of a biological sample. They are typically 

composed of two electrodes, and a biological recognition element is attached to one of the 

electrodes. When the target molecule binds to the recognition element, it produces a change 

in impedance between the two electrodes. 

A field effect transistor (FET) is a type of transistor that uses an electric field to control current 

flow. There are two main types of FETs: metal-oxide-semiconductor field-effect transistors 

(MOSFETs) and junction field-effect transistors (JFETs). MOSFETs are the most common type 

of FET in modern electronics. MOSFETs consist of a door, source, and drain. The door is 

separated from the source and discharged by a thin insulation layer, usually made of silicon 

dioxide. The gate is also connected to a metal or polysilicon electrode that is used to control 

the electric field in the channel region between the source and the drain. The electrical field 

created by the gate electrode induces a concentration of the charge carrier in the channel 

region, which controls the current between the source and the drain. The current of the 

MOSFET is described as follows: 

𝐼𝐼 = 𝐶𝐶𝑜𝑜𝑥𝑥
𝑊𝑊
𝐿𝐿

 (𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑇𝑇ℎ) 𝑉𝑉𝐷𝐷𝐺𝐺         (13) 

 where I is the discharge current, is the electron movement, Cox is the oxide capacity of the 

unit area, W and L are the width and length of the channel region, Vgs is the gate-source 

voltage, Vth is the threshold voltage, and Vds is the discharge source voltage. The threshold 

voltage is the voltage at which the MOSFET starts to conduct current. It depends on the 

concentration of doping in the channel region and the difference in work function between 

the gate electrode and the channel region. The oxide capacity per unit area is proportional to 
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the thickness of the oxide layer, which can be controlled during the manufacturing process. 

MOSFETs can be used as transducers in electrical biosensors. In biological sensing applications, 

the gate electrode is generally functionalised with a biological recognition element, such as an 

antibody or DNA probe. When the target molecule binds to the recognition element, it 

produces a change in the concentration of the charger in the channel region that can be 

detected as a change in the discharge current. 

2.2.1 Graphene 
 

Graphene, a two-dimensional carbon allotrope, serves as the foundation for other carbon 

structures. By rolling single graphene layers, carbon nanotubes are formed, while stacking 

multiple layers results in graphite and aggregating the graphene results in fullerene. Despite 

its theoretical existence being known since the 1940s, graphene remains a unique form of 

carbon (14, 57). In 2004, Andre Geim and Konstantin Novoselov proved the existence of 

graphene, a two-dimensional carbon allotrope, by successfully obtaining a single layer of 

graphite and transferring it to a silicon stamp. This ground-breaking discovery sparked an 

immense surge in research on graphene and gave rise to a new field of materials science, 

focussing on two-dimensional materials. Soon after the discovery of graphene, other two-

dimensional materials, such as molybdenum disulphide and silicene, were also discovered. 

The demonstration of the field effect in graphene also marked the beginning of research on 

graphene field effect transistors, leading to the rapid development of graphene-based 

integrated circuits in just over a decade (58, 59).  

Graphene possesses exceptional characteristics that render it fit for a multitude of uses. Its 

thermal conductivity, for instance, stands at a remarkable 5,103 W/mK at room temperature, 

a value that is roughly thirty times greater than that of silicon (60). The thermal conductivity 

of a material is of utmost significance in electronic applications, and graphene boasts 

exceptional thermal conductivity compared to other materials. In addition to its remarkable 

thermal properties, graphene is extremely durable and optically almost transparent. Its 

mechanical properties are equally unique, with a fracture strength that surpasses that of steel 

and elastic properties that are comparable to those of diamond. Furthermore, when samples 

of graphene are kept incredibly clean, they display interesting phenomena such as Shubnikov-

de Haas oscillations (61), minimum conductivity (57), and fractional quantum Hall effect (62). 
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Despite its outstanding material properties, graphene lacks an electronic band gap, which is 

necessary for low power consumption in many electronic applications. However, when two 

layers of graphene are combined to form bilayer graphene, a small but significant energy gap 

of around 300 meV can be generated when an electric field is applied perpendicular to the 

double layers. 

Graphene Production Methods  
 

Graphene can be produced through a variety of physical and chemical methods. Physical 

methods of obtaining graphene include micromechanical cleavage (exfoliation) of multilayer 

pyrolytic graphite crystals and epitaxial growth on silicon carbide. (63) Chemical methods, on 

the other hand, involve the use of chemical vapour deposition (CVD) on thin film nickel or 

copper metals. Another chemical process for obtaining graphene involves the reduction of 

graphene oxide, which is derived from graphite. 

Exfoliation 
 

Graphite is comprised of graphene sheets held together by van der Waals bonds. These bonds 

can be broken down to produce graphene, and there are various methods to achieve this. One 

such method is called exfoliation, in which graphite is combined with potassium in a specific 

ratio and heated to 200 degrees, allowing potassium to penetrate between the graphene 

layers. The resulting mixture is then placed in ethanol, leading to a reaction between ethanol 

and potassium that causes the graphene layers to separate from each other. The 

implementation of this method is depicted in Figure 2.2.1.1 (64). 

 

Epitaxial Growth 
 

The epitaxial growth method entails the cultivation of graphene on silicon carbide. This 

process starts with the formation of a silicon carbide layer that undergoes growth conditions, 

Figure 2.2.1 1 representation of Obtaining graphene through the exfoliation method 
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followed by heating to a temperature between 1000 and 2000 degrees. At this elevated 

temperature, silicon is released and the residual carbon atoms unite to form graphene. The 

graphene layers that are produced in this manner are seamlessly integrated with the silicon 

carbide substrate, as silicon carbide serves as the source of carbon. 

 

The new graphene layers remain beneath the first layer, leading to the formation of multilayer 

graphene. However, the disadvantage of this method is that as each subsequent layer is 

produced, there is no escape for the silicon, ultimately causing the growth process to end. 

Figure 2.2.1.2 illustrates the production process.(65). 

 

 

Figure 2.2.1 2 Obtaining graphene through the epitaxial growth method 

Chemical Vapor Deposition 
 

Chemical vapour deposition (CVD) is a widely used method to produce graphene. This method 

is carried out in a cleanroom environment using a specialised CVD device to produce graphene 

with the desired dimensions. The process involves heating a material in a closed container and 

exposing it to reactive gas molecules. As a result of this reaction, the material accumulates gas 

molecules on its surface. The method primarily relies on the deposition of carbon atoms in the 

vapor form onto transition metals, such as nickel, palladium, or copper. To transfer the 

graphene onto a desired substrate, a photoresist or similar chemical compound is applied on 

the transition metal. The photoresist is then heated to bond with the graphene. The transition 

metal is then etched away, leaving the graphene adhered to the photoresist. The photoresist 

is subsequently removed, leaving only the graphene. The carbon source used in this method 

is typically hydrocarbons, such as methane. The production process is depicted in Figure 

2.2.1.4. (66) 
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Figure 2.2.1 3 Schematic representation of large-scale graphene production via chemical vapor 
deposition (CVD): (a) Nickel layer deposition and crystallinity control, (b) Carbon atoms generation and 
diffusion at elevated temperature, (c) Graphene formation during cooling, (d) Detachment of graphene 
through chemical etching, and (e) Transfer of free-standing graphene to target substrates. 
Temperature and chemical gradients are depicted with color variations (orange for hot, blue for cold; 
orange for gas, blue for etchant). 

 

Reduction of graphene oxide 
 

Graphene oxide is obtained by oxidation of graphite, which results in the separation of its 

layers. The resulting graphene oxide has a C/O ratio that is approximately equal to 2. The next 

step in obtaining graphene is to reduce the graphene oxide. There are several methods to 

achieve this reduction, including thermal, chemical, and microwave techniques. (67). The 

advantage of this method is that it is relatively inexpensive and easy to carry out. However, 

the drawback is that the resulting graphene still contains oxygen atoms, which leads to defects 

in its structure. As a result, it is challenging to obtain pure graphene using this method. Figure 

1.6 illustrates this, as the structure of the resulting graphene is not uniform. The presence of 

oxygen atoms and structural defects reduce the potential for using this graphene in 

applications where high performance and purity are required. (65) 
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Electrical Properties of Graphene 
 

Graphene is known for its exceptional electronic properties, particularly its high carrier 

mobility. The mobility of exfoliated graphene has been measured to be around 10,000 to 

15,000 cm2V/s and is estimated to have an upper limit of around 40,000 to 70,000 cm2V/s. 

(68) This high conductivity makes graphene the best conductor known to man and has led to  

numerous technological advances. However, its lack of a band gap, which is necessary for 

efficient switching in electronics, limits its use in applications such as transistors. To overcome 

this, a band gap can be induced in graphene by applying an electric field perpendicular to a 

bilayer graphene, which has been shown to create a band gap of 130 meV. (69)Despite these 

limitations, graphene still has great potential and value in the commercial market, particularly 

in gated transistors. 

 

Conduction band 

Fermi Energy Level (Ef) 

Figure 2.2.1 4 Representation of untreated Graphene Oxide (left) and Reduced Graphene Oxide 
(right) 

Figure 2.2.1 5 Graphene band structure 
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2.2.2 Graphene Based Field Effect Transistor 
 

The graphene field-effect transistor (GFET) biosensor design consists of three main 

components. These are; the transistor structure with three electrodes, the graphene 

responsible for current conduction and the transmission of biological events to the sensor 

located between the drain-source electrodes (drain-source channel), and the analyte-specific 

receptors on the graphene surface (Figure 2.2.1 6 a). There is an insulating layer on top of the 

substrate where graphene is transferred, preventing unwanted electrical conduction between 

different electrodes. In GFET structures, doped silicon is generally used as the semiconductor 

layer and SiO2 as the insulating layer. The electrodes called source, drain, and gate in the GFET 

structure have the source and drain electrodes in direct contact with graphene, allowing 

current flow along the graphene (Figure 2.2.1 6 c). The source and drain electrodes are made 

of conductive materials like gold (Au), and a thin adhesive layer of chromium (Cr) or nickel (Ni) 

is used to adhere the Au electrodes to the oxide surface (70, 71). The third electrode called 

the gate is not in direct contact with graphene, and its position changes depending on the 

selected experimental protocol for analyte detection. A back-gate measurement is generally 

taken if the sensor is in an air or gas environment (Figure 2.2.1 6 b). In this case, a material 

with lower conductivity separated from the drain and source electrodes by an insulating layer 

is used as the gate. Measurements are mostly taken over silicon, and the oxide thickness on 

the silicon determines the capacitance of the applied gate voltage. The capacitance of the 

oxide layer is inversely proportional to thickness 𝐶𝐶𝑔𝑔  ≈  𝐶𝐶𝑜𝑜𝑥𝑥  =  𝜀𝜀𝑜𝑜𝑥𝑥/𝑡𝑡, where εox is defined as 

the dielectric permittivity. 
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Figure 2.2.2 1 GFET biosensor design a) Interaction of receptor and analyte on functionalized graphene 
of GFET biosensor, b) Back-gate electrode arrangement, c) Interaction of graphene with source-drain 
electrodes 

 

 

In biosensor applications using GFET, a solution is used, so in this case, the gate electrode is 

applied through the solution and is called top-gate or liquid-gate. Ag/AgCl or platinum (Pt) is 

used as the reference electrode where the gate potential is applied (72, 73). The gate 

electrode connects to graphene through the electrical double layer (EDL) and, in this case, the 

capacitance is determined by the EDL formed by the ions in the solution on graphene. The EDL 

exhibits behaviour similar to an insulating layer with angstrom or nanometer (nm) thickness 

(74). The gate capacitance obtained in this form is much larger than the back-gate capacitance 

and can approach the quantum capacitance (Cq) level. In this case, capacitance is determined 

as 𝐶𝐶𝑔𝑔  =  [𝐶𝐶𝑞𝑞 − 1 +  𝐶𝐶𝐸𝐸𝐷𝐷𝐿𝐿 − 1] − 1  (75). Conductivity and capacitance values are highly 

Graphene 
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dependent on the arrangement of the gate electrode. In GFETs, a reaction cell is often fixed 

to the GFET substrate during the process of holding the analyte on the graphene, allowing the 

sample to be held and controlled (76). Due to the small sensing area of GFETs, such cells are 

often designed to hold low sample volumes in the order of tens of microliters (77–80). 

Polydimethylsiloxane (PDMS) can be cited as a material suitable for producing the cell because 

of its flexibility, inertness as a non-reactive material, transparency, low cost, and easy 

production (81–83). PDMS is widely used in the fabrication of microfluidic devices and reaction 

cells for GFET biosensors. Its properties make it suitable for maintaining an enclosed 

environment for the sample during the detection process and ensuring proper interaction 

between the analyte and the graphene surface. Moreover, its transparency allows for real-

time monitoring of the reaction process, if needed. 

When designing and optimizing GFET biosensors, various factors need to be considered, such 

as the type of analyte-specific receptors on the graphene surface, the experimental conditions 

for the detection process, and the fabrication method of the GFET device (41, 84). The choice 

of receptors is crucial, as they determine the selectivity and sensitivity of the sensor for the 

target analyte. The experimental conditions, such as temperature, pH, and buffer 

composition, can also affect the performance of the biosensor and should be optimized to 

achieve the best results (21). Finally, the fabrication method and quality of the GFET device 

can have a significant impact on the reproducibility, sensitivity, and overall performance of 

the biosensor.  

Electrical Characterization of Graphene Field-Effect Transistors 

The electrical characterization of GFETs is based on the measurement of current passing 

through the graphene located between the source-drain channels. The current can be 

controlled by the electric field, and the magnitude of the electric field is affected by the 

physical and chemical changes occurring on the channel. The sensitivity of single-atom-thick 

graphene to these physical and chemical changes is very high and provides a direct electrical 

response. The primary goal in FET biosensors is to capture the analyte, and the analyte arriving 

at the graphene surface causes changes in the existing current due to its charge, generating a 

high electrical signal response through graphene. 
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The flow of charge carriers provided by the potential applied between the drain-source 

electrodes along the channel can be changed by the potential applied from the gate electrode 

and can cause more charge carriers to flow in the channel. FET devices are characterized by 

three characteristic curves: transfer curves, output curves, and time series curves, based on 

the applied voltage and resulting current changes. 

Transfer curves 

The transfer curves of the transistor are generated by the drain-source current (Ids) obtained 

by applying a gate voltage (Vg) at a constant drain-source voltage (Vds). As a result, the 

obtained Ids (or resistance 𝑅𝑅𝑑𝑑𝑠𝑠  =  𝑉𝑉𝑑𝑑𝑠𝑠/𝐼𝐼𝑑𝑑𝑠𝑠 or conductivity 𝐺𝐺𝑑𝑑𝑠𝑠  =  𝐼𝐼𝑑𝑑𝑠𝑠/𝑉𝑉𝑑𝑑𝑠𝑠) is shown as a 

function of the gate potential on the graph. The commonly observed transfer curve for GFETs 

is shown in Figure 2.2.2.1. The applied gate potential leads to a change in the polarity of the 

majority charge carriers. The left side of the transfer curve represents the increase of 

positively charged carriers (holes) (p branch), while the right side represents the increase of 

negatively charged carriers (electrons) (n branch). The current formed between these two 

branches due to the density of charge carriers reaches a minimum at the gate voltage (VDirac) 

value called the threshold value or charge neutrality point (Dirac), and this value is equal for 

both branches. 

Considering the change in carrier mobility, GFET behavior is defined by Equation (14) when a 

low Vds potential is applied (85). 

Figure 2.2.2 2 gFET Transfer characteristic (IDVG), showing ambipolar behavior of graphene layer with 
a charge neutrality point (CNP, DIRAC) showed as VCNP 
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𝐼𝐼𝑑𝑑𝑠𝑠  =  µ𝐶𝐶𝑔𝑔𝑊𝑊[�𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑡𝑡ℎ�𝑉𝑉𝑑𝑑𝑠𝑠  − 𝑉𝑉𝑑𝑑𝑠𝑠2

2
]        (14) 

The threshold value can linearly change on both branches according to Equation 15. 

𝐼𝐼𝑑𝑑𝑠𝑠  =  𝑔𝑔𝑚𝑚 (𝑉𝑉𝑔𝑔 − 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶)          (15) 

The resulting change in current relative to the input voltage is denoted as gm (conductance) 

and depends on the width (W) and length (L) of the graphene. This value does not have to be 

equal for electrons and holes, and an asymmetric transfer curve can be observed in this case. 

µ in Equation 16 represents carrier mobility, and Cg represents gate capacitance (86). 

𝑔𝑔𝑚𝑚  = 𝑊𝑊
𝐿𝐿

 µ𝐶𝐶𝑔𝑔𝑉𝑉𝑑𝑑𝑠𝑠          (16) 

In a biosensor, the change in conductance,𝑔𝑔𝑚𝑚  = 𝜕𝜕𝐼𝐼𝑑𝑑𝑑𝑑
𝜕𝜕𝑉𝑉𝑔𝑔

, causes a change in the slope of the p 

and n branches of the transfer curve. Conductance is an important parameter for determining 

transistor performance, as a small change in voltage generates a high current change 

response. The conductance in a transistor is related to the electronic properties of graphene 

and its carrier mobility, which is an indicator of its structure. Therefore, carrier mobility can 

be defined using Equation 17 for the linear region of the transfer characteristic. 

µ =  𝑑𝑑𝐼𝐼𝑑𝑑𝑑𝑑
𝑑𝑑𝑉𝑉𝑔𝑔𝑔𝑔

𝐿𝐿
𝑊𝑊𝐶𝐶𝑔𝑔𝑉𝑉𝑔𝑔

           (17) 

VDirac change is used in GFET biosensors to detect the analyte. The change depends on the 

doping level of the graphene. For pristine graphene, VDirac is expected to be close to zero at a 

constant low drain-source voltage. For p-type doped graphene (where holes are the majority 

charge carriers), this value is more positive, and for n-type doped graphene (where electrons 

are the majority charge carriers), it is more negative. The doping level depends on the quality 

of graphene, the charge distribution on it, the underlying substrate, and the electrodes (87). 

In biosensor experiments, the change in the Dirac value is observed for each stage by applying 

a gate potential, and the analyte is detected through the change difference. When the analyte 

interacts with graphene, the charge of the analyte causes a change in the graphene's charge 

and doping, resulting in a change in the Dirac value (Figure 2.2.2 3 a). When a positively 

charged analyte arrives on the graphene, it attracts negative charge carriers, causing negative 
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doping in the graphene and a shift in the VDirac value in the negative direction. Conversely, 

when a negatively charged analyte arrives on the surface, it attracts positive charge carriers, 

causing positive doping in the graphene and a shift in the VDIRAC value in the positive direction 

(88). 

The carrier charge density (n) changes depending on the shift of the threshold value point 

towards positive or negative and is determined according to equation 18. In the equation, e 

represents the elementary charge, and d represents the distance between capacitors. For the 

gate voltage effect, charged proteins bound to the Vg surface are equivalent to positive or 

negative potential charge changes that cause a change in Vg carrier density; for the charge 

tunneling effect, the carrier density in Vg changes by loading electrons onto Vg or pulling 

electrons from charged proteins. 

𝑛𝑛 = 𝑄𝑄
𝑒𝑒.𝑉𝑉𝑜𝑜𝑉𝑉𝑉𝑉𝑚𝑚𝑒𝑒

 = 𝐶𝐶(𝑉𝑉𝑔𝑔−𝑉𝑉𝑡𝑡ℎ)
𝑒𝑒𝑊𝑊𝐿𝐿𝑑𝑑

          (18) 

Impurities in graphene are inversely proportional to conductivity (60, 87, 88). These impurities 

can cause electrical charge dispersion after the analyte is added to the biosensor, and 

therefore the noise in transistor conductivity may increase. This negative change in 

conductivity alters the slope of the p and n branches in the transfer curve. These electrical 

extra dispersions affecting the charge carriers often cause the slopes of the transfer curves to 

shift asymmetrically (Figure 2.2.2 3 b). 

 

Figure 2.2.2 3 GFET transfer curves a) Change in Dirac point, b) Effect on the conductivity of electrons 
gm(e) and holes gm(h), c) Change in current intensity. 

The intensity of the electrical current causes a change in the transfer curves. This change can 

occur not only in the p and n branches but also in the Dirac value (Figure 2.2.2 3c). The 

electrical current depends on the carrier charge density and speed. In biosensor applications, 
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when the analyte comes to the surface, it can vertically change the Dirac value depending on 

the carrier charge density, and this can also lead to asymmetric changes caused by 

conductivity (80). 

In addition to transfer curves, GFET electrical characterization can be performed with output 

curves. In the output curves, the Ids current is obtained as a function of the drain-source 

voltage (Vds) at a fixed Vg value. In this characterization response, as the applied potential 

increases, the current intensity also increases in the same polarity, as shown in Figure 2.2.2 4. 

The slope of these curves is generally a good indicator of the contact between graphene and 

source-drain electrodes and the amount of charge that can be carried along the graphene. 

Good-quality graphene and good contact between the electrodes are determined by the 

observation of ohmic behavior at low potential (89, 90). In practice, a positive slope and linear 

regime can sometimes mean poor contact and the presence of defects (86, 91). The 

conductivity provided in the output curves, gds, is determined by the slope of the curve. The 

current intensity is associated with the constant Vg that controls the carrier density (21, 41, 

92, 93). In GFET biosensor applications, the slope of the curve changes depending on the 

concentration of the analyte to be detected, which is related to its charge. 

Time resolved measurement  

Time-dependent current curves are determined at a constant Vg and Vds value. Time curves 

are initiated before analyte binding in biosensor applications and continued after binding, 

Figure 2.2.2 4 The graph of Drain-Source current versus Drain-Source Voltage displays the relationship 
between these two variables, with the slope of the curve representing the resulting conductance 
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resulting in current changes in the time curves due to the change in carrier charge 

concentration depending on the charge carried by the analyte (Figure 2.2.2.5). The detection 

and amount of the analyte can be determined by the change in electrical current. These time 

curves are formed at a point in the transfer slope over time, as Vg is constant. The choice of 

constant gate voltage directly affects the signal's intensity and polarity (94). Generally, the 

gate voltage at which high current is obtained in the transfer curve is kept constant (95). 

Therefore, time curves operate as a mechanism dependent on transfer curves. Consequently, 

the transfer curve directs the current intensity in the time curves. The current change (ΔIds) 

can be related to the voltage change (Equation 19). 

𝛥𝛥𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐  = 𝛥𝛥𝐼𝐼𝑑𝑑𝑑𝑑
𝑔𝑔𝑚𝑚

           (19) 

In summary, GFET biosensor applications involve various electrical characterizations, including 

transfer curves, output curves, and time curves. These characterizations help to understand 

the relationship between the carrier charge density, gate voltage effect, impurities in 

graphene, and the performance of the biosensor. By analyzing the slopes and changes in these 

curves, researchers can optimize the biosensor's sensitivity and specificity for detecting 

specific analytes. Additionally, the understanding of the underlying mechanisms, such as 

charge tunneling and ohmic behavior, can contribute to the development of more advanced 

and efficient biosensors in the future. 

 

 

Figure 2.2.2 5 A schematic representation of a time-resolved curve at a fixed gate voltage shows how 
the current changes over time at a constant gate voltage. 
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Liquid-Solid Interface 
 

The complex nature of electrodynamic behavior at the interface between a liquid and a solid 

has been a topic of investigation for centuries. Esteemed scientists, such as Helmholtz, Debye, 

and Stern, have made substantial contributions to this field. While an exhaustive discussion 

of this subject exceeds the scope of this thesis, a succinct introduction to the relevant 

phenomena will be offered in the following subsections. The Debye length (λD ) quantifies the 

overall electrostatic impact of charge carriers in solutions and can be considered as the 

interaction radius of molecules within a solution, which pertains to electronic interaction. For 

example, a λD  of 100 nm suggests that a molecule in the solution has a spherical radius (or 

Debye sphere) of 100 nm and is likely to interact (either attract or repel) with other molecules 

within this interactive volume. To compute λD for ionic liquids or electrolytes, the ion strength 

and properties of the present salts must be determined, as illustrated by the equation below: 

𝜆𝜆𝐷𝐷 = �𝜀𝜀𝑟𝑟𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇
2𝐶𝐶𝑎𝑎𝑒𝑒2𝐼𝐼

          (20) 

 

In this formula, I represents the total ion strength of the electrolyte, T indicates the 

temperature, ϵr is the dielectric constant of the electrolyte, ϵ0 refers to the dielectric 

constant of a vacuum, e symbolizes the unity charge, NA is Avogadro's constant, and kB is 

Boltzmann's constant. It is crucial to recognize that ϵr decreases linearly with the 

increasing concentration of the electrolyte. As a result, ϵr should not always be assumed 

constant and depends on the ion strength (96–98) (for example, an ionic strength of 8.5 

mM has ϵr = 80, while a 170 mM ion strength has ϵr = 70). Stern et al. (99) have also 

demonstrated the importance of the Debye screening length for field-effect transistors 

(FETs), emphasizing that the expected response signals of liquid-transistors are heavily 

influenced by this parameter. 
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Electrical Double Layer – Graham Equation 
 
The electric double layer (EDL) formed at the 

rGO-liquid interface has a significant impact on 

the measurement setup, necessitating a more 

detailed analysis. The most fundamental theory 

concerning the behavior of ionic liquids at 

charged interfaces is the Helmholtz double layer 

theory (100), which describes the innermost layer 

of water molecules at the surface. This theory 

does not take into account diffusion, adsorption, 

or the solvent's dipole moments. The Gouy-

Chapman model includes a diffuse model, which 

depicts the charge distribution according to the 

distance from the surface (101). The Stern model integrates both theories by introducing 

a Stern layer at the interface, providing greater accuracy for highly charged surfaces (102). 

A graphical illustration of the EDL and the theories of Stern and Gouy-Chapman is 

presented in Figure 2.2.2.6. The Gouy-Chapman theory for EDLs, incorporating 

optimizations proposed by Grahame (103), is the focus of the analysis here.  

The theory discussed here can be applied to any electrically charged liquid-solid interface to 

describe surface phenomena, but it requires a relationship between the surface charge 

density (σ), the number of free charges ni(x), and the surface potential (Ψ(x)). The x-

coordinate mentioned here is directed normal to the surface. To obtain a suitable 

dependency of the charge distribution along the liquid-solid interface, the one-dimensional 

Poisson equation must be established: 

∇2𝛹𝛹 = − 𝜌𝜌𝑒𝑒
𝜀𝜀𝑟𝑟𝜀𝜀0

           (21) 

Here, εr and ε0 represent the electrolyte and vacuum permittivity, respectively, Ψ stands for 

the surface potential, and ρe denotes the surface charge at the interface. Additionally, the 

distribution of charge carriers must be considered, and the Boltzmann statistics for the 

distribution of ions in the electrolyte are applied, yielding the connection of charge to the 

surface potential: 

Figure 2.2.2 6 Schematic illustration of the 
liquid- solid interface, the fixed Stern layer 
and the diffuse Gouy-Chapman layer. 
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𝑛𝑛𝐷𝐷 = 𝑛𝑛𝐷𝐷0𝑒𝑒𝐷𝐷

−𝑊𝑊
𝑘𝑘𝑏𝑏𝑇𝑇           (22) 

 

In this equation, ni is the average local concentration of i-ions at the observed point, ni0 the 

total number of ions present, kB Boltzmann's constant, T the temperature and Wi is the work 

needed to move an ion in the field. This work can also be expressed as the charge movement 

in the potential for movements towards the surface:W+  =  e Ψ(x); and away from the 

surface: W− =  −eΨ (x). Substituting these observations into the Poisson equation, the 

following results for movement towards or away from the charged surface are obtained: 

 

𝜌𝜌(𝑥𝑥) = 𝑧𝑧𝑒𝑒[𝑛𝑛+ − 𝑛𝑛−]          (23) 

 

𝑛𝑛+(𝑥𝑥) = 𝑛𝑛(∞)e(−z𝛹𝛹(𝑥𝑥)
𝑘𝑘𝐵𝐵𝑇𝑇

)
         (24) 

 

𝑛𝑛−(𝑥𝑥) = 𝑛𝑛(∞)e(z𝛹𝛹(𝑥𝑥)
𝑘𝑘𝐵𝐵𝑇𝑇

)
         (25) 

 

Where n(∞) is the number of ions at infinite distance from the surface, z is the valency of the 

observed ions and  e the unity charge. Since the rGO-FET system for which these calculations 

are performed in this work can be assumed as a low potential case, a suitable approximation 

for the surface potential can be applied 𝑒𝑒Ψ0 = 𝑒𝑒Ψ(𝑥𝑥 = 0) ≪ 𝑘𝑘𝐴𝐴𝑇𝑇, yielding the simplified 

from of the Poisson-Boltzmann equation: 

Ψ = Ψ0𝑒𝑒−𝑧𝑧/𝜆𝜆𝐷𝐷           (26) 

Calculating the surface charge from these observations, the Grahame equation for the 

distribution of charges in an electrolyte at a charged liquid-solid interface can be obtained: 

 

𝜎𝜎 = �8𝑛𝑛(∞)εr𝜀𝜀0𝑘𝑘𝐴𝐴𝑇𝑇 sinh(𝑧𝑧𝑒𝑒𝜓𝜓0
𝑧𝑧𝑘𝑘𝐵𝐵𝑇𝑇

)        (27) 

 

This result reveals the dependency of the EDL decay along the direction perpendicular to a 

solid with surface charge σ on the ion concentration of the electrolyte. It can be used for 

calculations of the EDL thickness. When λD and the topography of the biological materials on 

the surface are known, this method enables the study of the charge distribution around 
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binding events. Consequently, it allows the optimization of working parameters, such as ion 

concentration and applied potentials, for the detection of biomolecules in liquids. 

 

3 Assay Implementation  
 

The design of biosensors involves combining inorganic materials on a substrate with organic 

layers to create a functional bio interface. This requires careful consideration of the 

immobilization strategy to be used, which is dependent on the application, size, and 

characteristics of the analyte, and the type of biomolecular recognition element (BRE) being 

employed(15, 104, 105). Key factors to be considered in the immobilization process include 

preserving the structure and functionality of the BRE, orienting it in a favorable direction, 

ensuring a high density on the surface, and minimizing non-specific binding to the surface. 

 

 

 

 

 

Gold is the most commonly used metal for biosensing due to its chemical inertness and 

stability, and various modification protocols have been developed for its use(15, 105). The 

simplest approach involves physically adsorbing the BRE to the metal surface, but this method 

is limited by low surface coverage, random orientation, and the tendency for molecules to 

rearrange over time, affecting assay reliability and reproducibility. More advanced 

architectures have been developed to overcome these limitations, involving the controlled 

introduction of functional groups on the surface to allow for covalent coupling of the BRE (104, 

105). 

Figure 3 1 Representative picture of what human blood contains. Such as blood cells, Immunoglobin 
G (IgG), Immunoglobin M (IgM), DNA helixes, viruses, bacteria, etc. 
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Covalent coupling involves activating the surface with functional groups that can couple with 

reactive nucleophiles on the BRE. Carboxylic groups are commonly used for this purpose, and 

the carbodiimide reagent EDC is often utilized to create a reactive O-acylisourea group that 

can couple with amine groups. NHS is used as an ester-forming compound to stabilize the O-

acylisourea intermediate before forming the covalent bond, and excess ethanolamine is 

added to block any remaining activated groups. Copper(I)-catalyzed 1,3-dipolar cycloaddition 

of azide and alkynes is another covalent coupling technique that is highly selective, fast, 

irreversible and provides a high yield. Other covalent coupling techniques involve coupling 

thiol groups to reactive groups like pyridyl disulfides, maleimide, and acyl halide derivates, or 

coupling aldehyde groups to amines and hydrazines (15, 104–106). 

Affinity interactions are commonly used in the immobilization of biosensing recognition 

elements (BREs). One popular method is the specific interaction between the Fc region of 

immunoglobulin (Ig)G antibodies and protein G or A, which allows the Fab variable regions to 

remain accessible for the efficient capturing of analytes(15, 107). Avidin-biotin coupling is 

another widespread method that exhibits a non-covalent but high-affinity interaction, 

providing an oriented immobilization and high stability in harsh conditions (108). 

This thesis concerns affinity biosensors, which rely on the ligand-binding interaction between 

the BRE and the analyte in an assay(109). Immunoassays, which are based on the unique 

properties of antibodies to bind to many natural and synthetic analytes with high specificity 

and strength, are the oldest type of assays(110). Antibodies can be classified into five main 

isotypes and can exist as monomers, dimers, and pentamers. B cell-derived polyclonal 

antibodies are a mixture of antibodies with different affinities and epitope binding sites, while 

monoclonal antibodies (MAbs) derived from a single parent cell have identical specificity 

(109–111). 

In SPR biosensors with a direct assay format, the analyte is detected through a change of mass 

on the probed surface without further amplification steps(112). The signal generated by the 

transducer is directly proportional to the amount of analyte in the sample. However, in many 

instances, the signal generated through the mass change is not measurable, and the detection 

of the target analyte requires an additional enhancement step. This can be achieved through 

competitive, inhibition, or sandwich assay formats, based on the same analytical principles as 

enzyme-linked immunosorbent assay (ELISA) routinely used in labs(15, 105, 110, 113, 114). In 
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a sandwich format, the secondary molecule, such as an additional antibody, is bound to the 

analyte, which is captured by the BRE with another epitope(109, 113). This additional mass 

change can lead to a stronger sensor signal than the analyte on its own. To further enhance 

the signal, the secondary molecule can be labeled with nanoparticles for even bigger mass 

changes or fluorophores for detection independently of mass changes on the surface (15, 110, 

113). 

The assay schemes of immunoassays can also be readily converted to other types of BREs. Not 

only monoclonal or polyclonal antibodies, but antibody fragments (Fc fragments, nanobodies), 

as well as whole (modified) cells, receptors, proteins, or nucleic acids, can serve as BREs (105, 

109). Biomolecules can be engineered to perform recognition does not present in nature, such 

as (oligo-) peptides, oligonucleotides, or aptamers, and synthetic materials can be used to 

mimic biorecognition, such as molecularly imprinted polymers (MIPs)(109, 115, 116). 

In addition to SPR biosensors, graphene-based field-effect transistor (gFET) biosensors have 

also attracted significant attention in recent years (117, 118). gFET biosensors offer high 

sensitivity, low limit of detection, and fast response times, making them suitable for a wide 

range of applications. Similar to SPR biosensors, the immobilization of BREs is critical for the 

performance of gFET biosensors. Various immobilization strategies have been developed for 

gFET biosensors, including non-covalent and covalent immobilization methods (117, 119, 

120). Non-covalent methods such as electrostatic adsorption and π-π stacking are simple and 

easy to perform but can suffer from weak binding strength and loss of activity due to the 

random orientation of the immobilized molecules(14, 121). Covalent methods such as amide 

bond formation, diazonium coupling, and thiol-ene click chemistry offer stable and permanent 

covalent linkages between the immobilized molecule and the graphene surface, leading to 

improved sensitivity and specificity(86, 121–123). These strategies have been used to 

immobilize a variety of biomolecules, including proteins, DNA, and aptamers, onto the 

graphene surface of gFET biosensors. The choice of immobilization strategy depends on 
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factors such as the type of biomolecule, the desired sensitivity and limit of detection, and the 

intended application of the biosensor. 

Biosensors have emerged as powerful tools for a wide range of applications, from healthcare 

and environmental monitoring to food safety and biodefense (125). Continued development 

of new immobilization strategies, transducer materials, and BREs is likely to further enhance 

the performance and versatility of biosensors in the future. Advancements in biosensors have 

been driven by a number of factors, including the need for more sensitive and specific 

detection methods, the increasing demand for point-of-care diagnostics, and the growing 

interest in personalized medicine (109, 125). Recent developments in nanotechnology, 

microfabrication, and biotechnology have created new biosensors with improved 

performance characteristics and expanded capabilities. For example, lab-on-a-chip 

technologies have been developed that enable multiple biosensors to be integrated onto a 

single chip, allowing for high-throughput and parallel analysis of multiple analytes(125, 126). 

One of the key challenges in the development of biosensors is the need to ensure their 

accuracy and reliability in real-world applications. Factors such as sample matrix effects, 

interference from other components in the sample, and non-specific binding can all impact 

the performance of biosensors(18). To overcome these challenges, a number of strategies 

have been developed, including the use of pre-treatment steps to remove interfering 

components, the use of control experiments to account for non-specific binding, and the use 

Figure 3 2 Schematic representation of functionalization strategies for graphene-coated surfaces. 
(124) 
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of statistical analysis to determine the limit of detection and limit of quantification of the 

biosensor (18). The design and development of biosensors require careful consideration of 

the immobilization strategy, the choice of transducer material, and the selection of the 

appropriate biomolecular recognition element. With continued advancements in these areas, 

biosensors are likely to play an increasingly important role in healthcare, environmental 

monitoring, and other areas of research and development 

4 Discussion 
 

The collective body of work presented in this thesis provides substantial advancements in the 

realm of biosensor technology, with a particular emphasis on their applications within clinical 

diagnostics. Each paper within this thesis offers distinct, yet interconnected insights, 

methodologies, and findings, contributing to a holistic understanding of the potential and 

limitations of current biosensor technology. 

The first study sets the stage by addressing a crucial component in biosensor technology—the 

substrate material. Here, the focus is on the use of reduced graphene oxide (rGO), a versatile 

material with exceptional electronic properties, making it an excellent candidate for 

biosensing applications. However, to fully leverage the unique properties of graphene, a 

robust and repeatable deposition method is needed. In this study, an optimized protocol for 

the deposition of rGO on silica-based substrates is presented. This method, which involves 

spin coating with a 214 μg/mL GO solution at 1800 rpm, was meticulously developed, 

considering the effects of graphitic structures and intercalation on surface morphology. 

 

 

Figure 4 1 SEM image comparison of three different spin coating speeds for a 214 µg/mL GO solution. 

A) 2100 rpm B) 1800 rpm C) 1500 rpm. All images were recorded at 1000× magnification 
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Figure 4 2 A) Dependence of the fabricated device surface coverage on the spin coating rpm for 
different GO concentrations, B) Reproducibility of surface coverage for 8 fabricated devices for 
different GO concentrations with a spin coating speed of 1800 rpm 

In the initial study, Scanning Electron Microscope (SEM) images of a surface deposited with a 

spin coating of 214 μg/mL at 1800 rpm revealed the presence of approximately 105 parallel 

connections across the entirety of the fabricated Field-Effect Transistor (FET). It was inferred 

that the total resistance of the FET would be lower than the resistance of the most conductive 

connection, thereby indicating that the majority of current flow would be observed at that 

connection. This is a pivotal observation for many applications, emphasizing the importance 

of fabricating devices where the least resistant connection is composed of the material of 

interest - in this case, reduced Graphene Oxide (rGO). Consequently, it became critical to 

minimize the number of graphitic structures. This was achieved in the study through a 

carefully tailored process involving centrifugation and the selection of appropriate spin-

coating parameters. The implemented modifications significantly bolstered the 

reproducibility and stability of electronic devices, including biosensors, thereby setting a new 

industry standard for the fabrication of GO or rGO-based devices. These advancements not 

only contribute to the existing body of knowledge but also lay a robust foundation for future 

exploration and development in the realm of biosensor technology, especially those utilizing 

graphene substrates. 

The second paper advances this narrative by developing a novel immunoassay that leverages 

a single monoclonal antibody in conjunction with surface plasmon field-enhanced 



44 | P a g e  
 

fluorescence spectroscopy (SPFS) for the sensitive detection of cardiac troponin I (cTnI). cTnI, 

a pivotal biomarker in cardiovascular disease diagnosis, can indicate conditions like myocardial 

infarction if detected early. However, the regular SPR biosensor principle didn't offer sufficient 

sensitivity for cTnI analysis at clinically relevant concentrations. By implementing the SPFS 

mode in the same instrument, the sensitivity of the detection process saw significant 

improvement. This innovative approach allowed for the successful development of an assay 

with a limit of detection (LoD) of 19 pM within a 45-minute detection timeframe, presenting 

a reliable and efficient diagnostic tool for detecting cTnI at clinically relevant concentrations. 

 

 

Figure 4 3 (A) A schematic of the inhibition-competitive assay steps, (B) fluorescence signal kinetics 
measured upon the binding of the secondary antibody conjugated with Alexa Fluor 647 and varied 
concentrations of cTnI, and (C) normalized calibration curve of the SPFS biosensor with an indicated 
LoD of 19 pM 

The third paper leverages cTnI as a reference system, extending the application of this key 

biomarker beyond the realm of cardiovascular disease diagnosis. The objective was to 

calibrate a broad range of transducer concepts and experimental setups, an endeavor aimed 

at improving the versatility of biosensor technology. In order to explain why it is so important 

to generate this model- based understanding of the molecular interactions on the sensor 

surface, we refer to our own work and summarize in the following experimental binding data 

that were collected by i) surface plasmon fluorescence spectroscopy, by ii) an electrochemical 

A

B C
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technique, i.e., differential pulse voltammetry, and by the most recent methodological 

developed in our laboratories, i.e., iii) an electronic read-out concept based on graphene field-

effect transistors (gFETs). This study reinforces the importance of considering factors beyond 

simple detection limits, such as operational simplicity, robustness of test kits, and cost-

effectiveness, for real-world applicability.  

One of the example we presented that was using differential pulse voltammetry and 

[Fe(CN)6]4- as a redox mediator, an aptamer was employed as a receptor for cTnI binding. The 

key discovery was that electron transfer, crucial in electrochemical systems, is hindered upon 

interaction between cTnI and the aptamer due to probable diffusion restriction. With a 

detection limit as low as 0.88 pg mL-1 in PBS and 1 pg mL-1 in saliva, this technique presents 

a compelling alternative to other methods. Its simplicity and portability make it an attractive 

option for point-of-care testing (POCT). 

 

 

Figure 4  4 (a) Differential pulse voltammograms at various cTnI concentrations (0, 0.001, 0.01, 0.1, 1 
and 10 ng mL-1) in PBS ×1 (pH 7.4). (b) Calibration curve in PBS ×1 (pH 7.4). (c) Calibration curve for cTnI 
in human saliva samples spiked with different concentrations of cTnI. (d)  DPV curves in saliva of patient 
samples with chest pain and diagnosed AMI and healthy ones as controls. 
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Last example of this study was conveyed in analyzing the shift in the source-drain current, IDS, 

held at a constant gate voltage of VG = 350 mV as correlated with the variable concentration 

of cTnI, a pattern suggestive of traditional binding behaviors was detected. At low cTnI 

concentrations, a linear growth of current with concentration was observed, which eventually 

transitioned into a saturation phase when the cTnI concentrations rose higher (as depicted in 

Figure 4 4(b)). Postulating a Langmuir binding model to explain these observations, the data 

points could be accommodated by fine-tuning the dissociation constant, which was 

determined to be Kd = 55 pg mL-1, equivalent to approximately 2.5 pM. This denoted an 

impressively high affinity of the aptamer, functioning as a receptor in the bio-affinity reaction, 

and lays a solid foundation for designing an incredibly sensitive assay for use in medical 

diagnostic applications. 

Lastly, the use of covalent surface modification strategies in Graphene Field-Effect Transistors 

(gFETs) with nanoscale affinity entities such as aptamers has recently emerged as an nnovative 

approach, proving to be notably superior to noncovalent functionalization techniques. The 

covalent grafting of specific binding molecules produces surfaces that are both stable and 

robust, establishing the potential for versatile and cost-effective biosensing devices. In this 

fourth study, we demonstrate the application of polyclonal aptamer libraries targeting the 

two isoforms of retinol-binding protein 4 (RBP4) for the functionalization of gFETs, effectively 

discerning retinol-loaded or unloaded RBP4. It is notable that unloaded RBP4 is an 

underutilized marker in the progression of diabetes, and hence, the biosensor developed in 

this work not only presents a valuable tool for early diabetes diagnostics but also exemplifies 

Figure 4  5 (a) Graphene transfer characteristics (∆IDS-vs-VG curves) after stabilization with each cTnI 
concentration (0, 3, 6, 60, 120, 240, 480, 650, 820 and 1000 pg mL-1) in 0.01x PBS (pH 7.4) without 
washing steps. (b) ∆IDS, converted according to the Langmuir model to the corresponding surface 
coverage, Ф, as a function of the analyte concentration of the solution running through the flow cell. 
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the potency of aptamers as highly sensitive sensing interfaces for GFET-based sensors in 

prospective sensing diagnostic platforms, including clinical settings. 

The straightforward nature of library evolution and the efficiency of covalent chemical grafting 

onto graphene layers, in conjunction with GFETs, pave the way for these electronic devices to 

become standard sensors for an extensive array of applications. This includes critical areas like 

medical diagnostics and environmental health monitoring, thereby transforming the 

landscape of biosensing technologies. the study was able to discriminate between RBP4 

isoforms at physiologically relevant concentrations ranging from 0.3 to 30 nM. The use of 

polyclonal aptamer libraries enables a diverse and specialized range of binding aptamers, 

adding an extra layer of specificity and versatility to the sensing and quantification of target 

molecules. This paper shines a spotlight on the possibility of developing novel, highly specific 

electronic sensors, providing a promising avenue for research in clinical diagnostics. 

Figure 4 4 Functionalization of rGO-FETs with polyclonal ssDNA aptamer libraries and specific apo- or 

holo-RBP4 detection. A) The rGO-FET were immersed into a mixture of PyPEG (PEG pre-conjugated 

with a PBSE) (500 µM) and 1-pyrenecarboxylic acid (PCA, 50 μM, linker) in DMSO for 12 h at room 

temperature to obtain a 10:1 ratio of blocking and linking agents on the biosensor’s surface. B/C) Apo- 

or holo-RBP4 aptamer library immobilization by first activating the carboxyl groups by immersion into 

a solution of EDC (15 mM)/NHS (15 mM) in 150 mM PBS solution for 30 min, followed by covalent 

coupling of the 5′-NH2- modified aptamer (100 nM in milliQ grade water for 40 min at 25 °C).D) Specific 

affinity recognition of either apo- or holo-RBP4 by the on rGO-FET immobilized polyclonal ssDNA 

aptamer libraries in electrical measurements. 
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Figure 4 5 Average difference in current at -0.4 V upon addition of increasing concentrations of RBP4. 
Δ-values shown are averages of a minimum of three independent experiments on different devices. 
Error bars show the standard deviation 

The thematic interconnectedness of these studies demonstrates the intricate nature of 

biosensor research, addressing the multifaceted challenges of the field, from the intricacies of 

materials science and deposition techniques to the nuanced utilization of antibodies and 

transducer concept calibration. It emphasizes the potential for a truly interdisciplinary 

approach to advance the field of biosensor technology. The conclusion drawn from these 

collective works is the potential and need for continuous innovation in biosensor technology, 

with the ultimate aim of enhancing clinical diagnostics and patient outcomes. Thus, this thesis 

serves as both an exploration and a catalyst for further research, underscoring the potential 

of biosensor technology in the realm of disease diagnosis and management. 

5 Research Aims 
 

The principal aim of this study is to underscore and substantiate the criticality of assay 

development in the context of biosensor technology, with an end goal of achieving superior 

sensitivity and selectivity in the diagnostics process. With an estimated 17.9 million deaths 

each year, cardiovascular diseases (CVD) are the leading cause of death worldwide, according 

to the World Health Organization. In order to improve patient outcomes, early CVD diagnosis 

and treatment are essential, and biosensors can significantly contribute to this effort. 

Similarly, to obesity, which affects an estimated 463 million individuals around the world, 

diabetes is a significant public health issue. To avoid complications such as kidney failure, 

which is the leading cause of end-stage renal disease in the world, early diagnosis and 
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management of diabetes are crucial. To improve the diagnosis and treatment of these 

disorders, it is crucial to develop biosensors for the detection of biomarkers such as cTnI and 

RBP4. 

The development and use of various sensing technologies for the detection of 

biomarkers are discussed in the four papers that follow, with a particular emphasis on cardiac 

troponin I (cTnI) as an example. The first paper describes the quick detection of cTnI, a crucial 

biomarker for the diagnosis of myocardial infarction, using an immunoassay in conjunction 

with surface plasmon fluorescence spectroscopy (SPFS). The second paper describes the use 

of oligonucleotide DNA aptamers for the detection of loaded and unloaded retinol binding 

protein 4 (RBP4), which is an essential biomarker for the prediction of diabetes and kidney 

disease. The third study examines the use of antibodies and DNA aptamers as receptors and 

provides a comprehensive list of examples from the literature of several sensing approaches 

for cTnI detection, including surface-plasmon optics, electrochemical assays, and gFETs. The 

fourth paper addresses the production of electronic devices, including biosensors and 

electrical circuits, using reduced graphene oxide (rGO). 

The creation of sensitive and focused biomarker detection technologies is the unifying 

objective of the four investigations. These research uses various receptors, such as antibodies 

and DNA aptamers, as well as various sensing technologies, such as surface-plasmon optics, 

electrochemical assays, and graphene field-effect transistors. The investigations also use 

several sample types, such as PBS buffer and clinical saliva samples, as well as various 

substrate materials, such as gold, graphene, and reduced graphene oxide. The research 

underscores the necessity of developing sensitive and selective detection methods for 

biomarkers, as these can provide valuable diagnostic information for different diseases, 

including myocardial infarction, diabetes, and renal disease. Many detection techniques that 

can be adapted to particular applications and sample types have been developed, thanks to 

the use of various sensing technologies and receptors. In addition, the utilisation of different 

substrate materials and sample types allows the evaluation and comparison of different 

detection methods under varied circumstances. To continue to improve the sensitivity, 

selectivity, and adaptability of biomarker detection methods, more research is necessary in 

this field. The development of such approaches can have a substantial impact on the diagnosis 

and treatment of diseases. 
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6 Individual Studies  
 

In recent years, biosensors have made significant advancements in clinical diagnostics due to 

their sensitivity, specificity, and ease of use. Four studies contribute to this progress: (1) an 

optimized deposition protocol for rGO on silica-based substrates, improving reproducibility 

and stability in electronic devices; (2) a troponin cTnI immunoassay using a single monoclonal 

antibody and surface plasmon field-enhanced spectroscopy (SPFS) detection, providing a 

reliable diagnostic tool for detecting cTnI at clinically relevant concentrations; (3) the 

recognition that the limit of detection (LoD) is not the only factor to consider when selecting 

detection concepts for clinical applications, emphasizing the importance of ease of operation, 

test kit robustness, and cost; (4) the use of focused polyclonal aptamer libraries for improved 

performance in sensing and quantification of target molecules, enabling rapid, cost-effective 

development of highly specific electronic sensors for clinical diagnostics. These studies offer 

promising avenues for further research and development in the field of biosensors for clinical 

diagnostics, ultimately contributing to improved patient care and outcomes. 
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6.1 Top performer: Towards optimized parameters for reduced graphene oxide 
uniformity by spin coating 
 

This is an open access article distributed under the terms of the Creative Commons CC BY 

license. 

Ciril Reiner-Rozman, Roger Hasler, Jakob Andersson, Teresa Rodrigues, Anil Bozdogan, 

Johannes Bintinger and Patrik Aspermair. The top performer: towards optimized parameters 

for Reduced graphene oxide uniformity by Spin coating. Micro Nano 

Lett. 16, 436– 442 (2021). https://doi.org/10.1049/mna2.12070 

 

Co-authorship paper:  

I conducted experiments for optimisation of the produced graphene coated chip, did data 

analysis, and was involved in the discussion, manuscript preparation, and SEM image design. 

CRR was responsible for concept and manuscript preparation and was involved in imaging, 

data analysis and experimental design. RH, TR were involved in experimental design, 

production, data analysis and manuscript preparation. JA, JB and PA were responsible for 

project design, discussion, and manuscript preparation. 

 

Reduced graphene oxide enables simple deposition techniques for electronic device 

fabrication, such as biosensors and electric circuits. Optimal film characteristics and electronic 

properties are achieved using 214 μg/mL graphene oxide concentration, applied via spin 

coating at 1800 rpm after surface modification with an adhesive layer. 

 

https://doi.org/10.1049/mna2.12070
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6.2 Development of a specific troponin I detection system with enhanced immune 
sensitivity using a single monoclonal antibody 
 

Published by the Royal Society under the terms of the Creative Commons Attribution License 

 

Bozdogan Anıl, El-Kased Reham F., Jungbluth Vanessa, Knoll Wolfgang, Dostalek Jakub and Kasry Amal 
2020. Development of a specific troponin I detection system with enhanced immune sensitivity using 
a single monoclonal antibody. R. Soc. open sci.7200871200871 http://doi.org/10.1098/rsos.200871 

 

First author paper:  

A.K. and I collaborated on formulating the experimental design for Surface Plasmon Resonance (SPR), 
enhancing the assay, and undertaking comprehensive data analysis. We discussed the results, drafted 
the initial manuscript, developed figures, and reviewed and edited the final paper. V.J. was 
instrumental in designing and executing the SPR experiments. R.F.E. handled the SDS-PAGE, Western 
blot analysis, and protein modelling, and also contributed to writing the manuscript. J.D. and W.K. 
made crucial contributions to both the conception of the experiments and the crafting of the 
manuscript. 

In this chapter, we report rapid detection of troponin I, a crucial biomarker for diagnosing myocardial 
infarction, using an immunoassay combined with surface plasmon fluorescence spectroscopy. 
Achieving a limit of detection (LoD) of 19 pM in 45 minutes, this system covers most of the clinically 
relevant range and allows detection using a single specific monoclonal antibody, beneficial for 
detecting complex forms in real samples. 

http://doi.org/10.1098/rsos.200871


65 | P a g e  
 



66 | P a g e  
 



67 | P a g e  
 



68 | P a g e  
 



69 | P a g e  
 



70 | P a g e  
 



71 | P a g e  
 



72 | P a g e  
 



73 | P a g e  
 



74 | P a g e  
 

 



75 | P a g e  
 

 

Supporting Information 



76 | P a g e  
 

 

6.3 On the Detection of cTnI - A Comparison of Surface-Plasmon Optical -, 
Electrochemical -, and Electronic Sensing Concepts 
 

Rodrigues T, Mishyn V, Bozdogan A, Leroux, Y.R., Happy H, Kasry A, Boukherroub R, Dostalek 

J, Aspermair P, Bintinger J, Kleber C, Szunerits S and Knoll W. “On the Detection of cTnI - A 

Comparison of Surface-Plasmon Optical -, Electrochemical -, and Electronic Sensing Concepts”. 

Ann Clin Med Case Rep. 2021; V6(2): 1-16 

©2021 Knoll W et al., This is an open access article dis- tributed under the terms of the 

Creative Commons Attribution License, which permits unrestricted use, distribution, and build 

upon your work non-commercially. 

 

Co-author paper:  

I played a pivotal role in engaging in meaningful discussions, crafting the manuscript, and 

performing in-depth data analysis. I spearheaded the Surface Plasmon Field-Enhanced 

Fluorescence Spectroscopy (SPFS) experiments and was deeply involved in the design and 

execution of the gFET experiments. Collaboratively, T.R. and V.M. also played essential roles 

in designing the gFET experiments, scripting the manuscript, and analyzing the data. L.Y.R. 

took up the responsibility of synthesizing the diazonium-TIP. R.B., A.K., P.A., J.B., and C.K. 

contributed significantly to the conceptualization of the project and drafting of the 

manuscript. S.S. and W.K. participated actively in both designing the experiment and writing 

the manuscript. 

The study focuses on using cTnI as a reference system for biosensor calibration, emphasizing 

the importance of ease of operation, test kit robustness, and cost over a wide range of LoD 

values. With ongoing advancements, new proposals targeting these factors will likely emerge 

for improved detection concepts. 
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6.4: Polyclonal aptamer libraries as binding entities on a graphene FET based biosensor 

for the discrimination of apo- and holo- binding protein 4 

 

Ann-Kathrin Kissmann‡, Jakob Andersson‡, Anil Bozdogan‡, Valerie Amann, Markus Krämer, 

Hu Xing, Heinz Fabian Raber, Dennis H. Kubiczek, Patrik Aspermair, Wolfgang Knoll and Frank 

Rosenau. Nanoscale Horiz., 2022, 7, 770 DOI: 10.1039/D1NH00605C 

 

(‡ Contributed equally) 

First author paper: Together with A.K.K. and J.A., I participated in formulating the 

experimental design for the gFET, undertaking the experiment, interpreting the results, 

drafting the initial manuscript, creating figures, and reviewing and revising the final paper. 

Specifically, my role was paramount in the development of the assay for the gFET sensor. I 

experimented with various immobilization techniques at multiple pH levels, designed the 

biosensor for ensuing detection, and executed gFET experiments. A.K.K., V.A., and M.K. took 

part in constructing and characterizing the aptamer library and played a significant role in 

writing the manuscript. P.A., F.R., and W.K. made valuable contributions to the experiment's 

design and the manuscript's composition. 

In this study, we demonstrate that polyclonal aptamer libraries against two isoforms of retinol 

binding protein 4 (RBP4) can be used for GFET functionalization, discriminating retinol-loaded 

or empty RBP4, which can serve as a marker for diabetes development. This biosensor 

showcases the potential of aptamers as highly sensitive interfaces in GFET-based sensors for 

future diagnostic platforms, with applications in medical diagnostics and environmental 

health monitoring. 
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7 Summary and Outlook 
 

In recent years, biosensors have emerged as a powerful tool for clinical diagnostics due 

to their sensitivity, specificity, and ease of use. The studies discussed here present significant 

advances in the development of biosensors for clinical diagnostics, addressing various aspects 

of biosensor development, including the deposition protocol for rGO on silica-based 

substrates, the use of monoclonal antibodies for immunoassays, the employment of 

polyclonal aptamer libraries, and the selection of detection concepts for clinical applications. 

The first study presents an optimized deposition protocol for rGO on silica-based 

substrates through spin coating with a 214 μg/mL GO solution at 1800 rpm. Developed after 

examining surface morphology and considering the effects of graphitic structures and 

intercalation, this protocol significantly improves the reproducibility and stability of electronic 

devices. When tested for stability regarding baseline drift, these devices demonstrated 

superior performance compared to drop-casted FETs using the same materials. This optimized 

deposition protocol provides a guideline for the scientific community, facilitating easier 

handling and fabrication of GO- or rGO-based sensing devices, particularly biosensors or 

electronic circuit switches, which can also be fabricated on flexible substrates. 

The second study centers on the development of a troponin cTnI immunoassay using 

a single monoclonal antibody and surface plasmon field-enhanced spectroscopy (SPFS) 

detection. While the regular SPR biosensor principle did not offer sufficient sensitivity for cTnI 

analysis at clinically relevant concentrations, the study found that operating the same 

instrument in SPFS mode significantly improved sensitivity through an inhibition-competitive 

immunoassay. Crucial to this assay format is the careful selection of cTnI epitope and 

respective monoclonal antibody based on experimental trials and theoretical modeling. The 

resulting assay achieved a limit of detection (LoD) of 19 pM within a 45-minute detection time, 

providing a reliable diagnostic tool for detecting cTnI at clinically relevant concentrations. 

The third study examines the use of cTnI as a reference system extensively utilized by 

biosensor developers to calibrate a broad range of transducer concepts and experimental 

setups. Although the range of LoD values reported in the literature spans nine orders of 

magnitude, many papers are only of historical value, as today's cut-off requirements for 
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clinical applications are at the level of 26 pg/mL, ensuring the monitoring of even healthy 

patients. Therefore, practitioners seeking an effective detection concept for cTnI must 

consider other factors, such as ease of operation, test kit robustness, and cost. As a result, it 

is expected that new proposals and reports on improved detection concepts targeting these 

factors will continue to emerge in the foreseeable future. 

Lastly, the fourth study highlights the use of focused polyclonal aptamer libraries as a 

promising strategy in diagnostics and sensor technology. Larger sequence spaces enable a 

diverse and specialized range of binding aptamers, allowing for multiple target recognition 

and generating enhanced versatility and improved performance in sensing and quantification 

of target molecules. The wide biotechnological availability of polyclonal aptamer libraries 

contributes to the rapid, cost-effective, and straightforward development of novel, highly 

specific electronic sensors for use as powerful tools in clinical diagnostics. By functionalizing 

the channel of an rGO-FET device, the study successfully discriminated between RBP4 

isoforms at physiologically relevant concentrations between 0.3 and 30 nM. The findings 

suggest that these devices may pave the way for developing biosensors that enable rapid and 

reliable measurement of RBP4 isoform concentrations as a novel diagnostic marker. 

Taken together, these studies represent significant contributions to the development 

of novel, sensitive, and cost-effective biosensors for clinical diagnostics. The optimized 

deposition protocol for rGO on silica-based substrates, the use of monoclonal antibodies and 

SPFS detection for troponin cTnI immunoassays, and the use of focused polyclonal aptamer 

libraries demonstrate the potential for improving the sensitivity and specificity of biosensors. 

Furthermore, the selection of appropriate detection concepts for clinical applications, such as 

considering factors beyond LoD, highlights the importance of considering practical aspects 

when developing biosensors for clinical use. In conclusion, these studies offer promising 

avenues for further research and development in the field of biosensors for clinical 

diagnostics, ultimately contributing to improved patient care and outcomes. 
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