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Abstract 

Immunoglobulin G (IgG) plays a critical role in the diagnosis of multiple 

pathological conditions, including autoimmune hepatitis, hepatitis B virus (HBV), 

chickenpox, and MMR (Mumps, Measles, and Rubella). However, dependable, 

sensitive, and selective IgG detection remains a challenge. The recent outbreak of 

SARS-CoV-2 has highlighted the significance of IgG biosensing. Therefore, this 

study aims to develop a novel IgG biosensing platform with improved reliability, 

sensitivity, and selectivity. The proposed biosensing platform consists of Aptamer 8 

as a biorecognition element and gold interdigitated electrodes (IDEs) modified with 

perfluoro decanethiol (PFDT) as its main constituents. The IDEs were immersed in 

the PFDT solution for the self-assembled monolayer (SAM) deposition process for 24 

hours at room temperature (RT), and then dried in a glove box with a nitrogen 

atmosphere. Aptamer 8 was used to functionalize PFDT-IDEs, and several dilutions 

of IgG were incubated onto the biosensor for the detection studies. Contact angle, 

SEM, AFM, XRD, FTIR spectroscopy, and electrochemical studies were done for 

characterization and detection studies. The proposed biosensing platform showed a 

limit of detection (LOD) of 13 ug/ml. Characterization studies demonstrated the 

successful modification of PFDT on IDEs and the functionalization of Aptamer 8 on 

PFDT-IDEs. Electrochemical studies revealed a significant increase in the current 

response upon the incubation of IgG on the biosensor. The proposed IgG biosensing 

platform with Aptamer 8 and gold interdigitated electrodes modified with perfluoro 

decanethiol showed improved reliability, sensitivity, and selectivity. This biosensing 

platform has potential applications for high throughput systems and point-of-care 

detection of IgG and other biomolecules. Future studies should focus on optimizing 

the biosensor's performance and exploring its application in clinical settings. 
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Chapter: 1 

Introduction 

1.1 Background to Biosensing 

In the healthcare sector, diagnosis or identification is an important term that refers to 

the investigation of a disease before planning the treatment strategy [1]. Molecules 

including enzymes, antibodies, antigens, proteins, ribonucleic acid (RNA), and 

deoxyribonucleic acid (DNA) play a pivotal role in controlling the basic cellular 

cycles hence they are considered an important biological marker [2]. The association 

of these biomarkers with various normal and abnormal phenomena accruing in the 

human body demands their quick and accurate identification methods. For this 

specific purpose, a substantial number of tests have been reported in research articles 

and some are being practiced in laboratories [3, 4]. In this regard, small devices 

known as biosensors are of immense importance as they help in the speedy and 

accurate detection of biological analytes (biomarkers) [5-7]. These advancements in 

point-of-care devices have helped the diagnostic area to pave its way in both clinical 

laboratories and research divisions of the healthcare sector. Despite all these 

improvements, the sensitivity, selectivity, accuracy, and swiftness of biosensors are 

still major challenges, but nanotechnology has shown its perks to tackle the hurdles 

[8-10]. The use of nanomaterials has given extraordinary characteristics to diagnostic 

kits (biosensors) hence improving the limit of detection, efficiency, selectivity, and 

cost effectivity biosensors. The importance of nanomaterials from nanoparticles to 

nanocomposites cannot be denied as they are intelligently being used in healthcare 

areas the food industry to textile mills and many more [11].  

1.2  Introduction to Biosensing 

A device that helps in the identification and quantification of biological or chemical 

reactions is known as a biosensor. The use of electronic principles in biology and 

medicine is the subject of bioelectronics. A unique kind of bioelectronic tool 

frequently employed in bioanalysis is the biosensor. The "primary element of a 

measurement chain, which converts the input variable into a signal suitable for 

measurement" might be thought of as a sensor. The techniques and materials 
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required to construct biosensing actuators have been made available to us thanks to 

numerous significant technical advancements during the past ten years. The 

sensitivity, discrimination, and multiplexing potentials of current biosensing devices 

have significantly improved since the creation of the Clark oxygen electrode sensor 

[12]. A biosensor is an independent receptor transducer device that may provide 

specific measurable or semiquantitative investigative information employing a 

biological identification element, according to IUPAC standards from 1999 [13].  

The reactions are measured with the help of small signals produced during the 

process of measurement. These signals are made visible in the form of changes in the 

color, voltage, current, resistance, or conductivity of the device[14]. The substance 

which is analyzed or measured by biosensors is known as an analyte [15].  Various 

analytes are required to be identified in small proportions. These molecules include 

proteins, antibodies, antigens, enzymes, RNA and DNA. A biosensor's signals are 

always inversely correlated with the concentration of the analytes being monitored 

[16]. Applications for biosensors include disorder examining, drug development, and 

the recognition of toxins, disease-causing microorganisms, and ailment indicators in 

bodily fluids (blood, urine, saliva, sweat) [17].  

A biosensor's main function is to deliver the interrogating analyte with quick, real-

time, precise, and dependable data. The ideal instrument is one that can react 

continuously, reversibly, and without disturbing the sample. Apart from that in 

medicine, agriculture, food security, bioprocessing, and ecological and industrial 

monitoring, biosensors have been anticipated to participate a key analytical role [18].  

To monitor the concentration of glucose directly, Clark and Lyons connected glucose 

oxidase to an amperometric oxygen electrode surface in 1962, creating the first 

biosensor. By incorporating "enzyme transducers as membrane-enclosed 

sandwiches," they explained how to "make electrochemical sensors (pH, 

polarographic, potentiometric, or conductometric) more intelligent" [19].  

1.3  Components of a Typical Biosensor 

Looking into the technological aspect, a biosensor is miniaturized device which has 

an integrated layer consisting of biorecognition element which is connected to a 

transduction platform for signal generation. The bio-sensitive layer can be formed 

using one of many biomolecules (enzymes, receptors, antibodies, whole cells, 
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antigens, microbes, and oligonucleotides) on the biosensors surface. The use these 

biomolecules make a bio sensitive layer more sensitive and specific to an analyte 

(toxins, viruses or their proteins, RNA/DNA etc.) and this binding event leads to the 

signals generation [20].  

 

Figure 1: Working principle of a typical biosensor. It shows the three important 

components of a biosensor i.e., biorecognition element, transducer, and signal 

processing components.  

If mentioned in details an analyte, bioreceptor, transducer, electronics and display are 

main components of a bioreceptor as initially introduced above [21].  

• Analyte: An analyte is a target substance that needs to be located or recognized 

in a sample. An example of an "analyte" is glucose, which is used in the detection 

of glucose.  

• Bioreceptor: The bioreceptor or biorecognition helps in the specific 

identification of biological molecules and bioreceptors including aptamers, 

enzymes, oligonucleotides, proteins, and antibodies. Bioreceptors works on the 

principle of biorecognition which refers to the signal generation in the form of 

current, voltage, resistance, and capacitance due to the interaction between two 

biomolecules.  

• Transducer: An element referred to as a transducer converts one form of energy 

into another. The bio-recognition event and a quantifiable signal are connected 

via the transducer in a biosensor. This process of power shift is known as 

signalization. Most transducers create electrical or optical signals, which are 

typically proportionate to the quantity of interactions between analyte and 

bioreceptor. 

• Electronics: The transduced signal is processed and prepared for display in this 

region of a biosensor. It is composed of complex electronic circuitry that 

conducts signal conditioning tasks including amplifying and converting analog 
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signals into digital ones. The biosensor’s display unit then quantifies the 

processed signals. 

• Display: The specific data of a user interpretation system is created in numbers 

or curves that the user can comprehend, like the liquid crystal display on a 

computer or the printhead of an important printer. This element often consists of 

a mix of hardware and software to produce data from the biosensor that is easy to 

understand. The output signal on the display can be numerical, graphic, tabular, 

or even an image, depending on the demands of the end user. 

1.4 Types of Biosensors 

Biosensors can be classified based on their process or working principle. One 

common classification scheme is based on the type of transducer used to convert the 

biological recognition event into a measurable signal. Examples of transducer types 

include optical biosensors, electrochemical biosensors, piezoelectric biosensors, and 

thermal biosensors. Optical biosensors use light as the transducer, while 

electrochemical biosensors use electrical signals. Piezoelectric biosensors use a 

crystal that changes shape when it binds to a target molecule, generating an electrical 

signal. Thermal biosensors detect changes in temperature caused by a biological 

reaction. Another way to classify biosensors is based on the type of biorecognition 

element. Some common types include enzymatic biosensors, immunosensors, nucleic 

acid biosensors, microbial biosensors, whole-cell biosensors, and aptamer-based 

biosensors. Enzymatic biosensors use enzymes as the biological recognition element, 

while immunosensors use antibodies to detect specific antigens or proteins. Nucleic 

acid biosensors use DNA or RNA as the recognition element, and microbial 

biosensors use microorganisms to detect and quantify analytes. Whole-cell 

biosensors use living cells to detect and respond to environmental changes. Aptamer-

based biosensors use aptamers, which are short, single-stranded DNA or RNA 

molecules that can specifically bind to target molecules. All types are compiled in 

the table given below [22].  
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Figure 2: Types of biosensors. Biosensors are classified based on biorecognition 

element and transduction mechanism used as the working principle of a biosensor. 

1.4.1 Enzymatic Biosensor 

An analytical tool with an enzyme acting as a bioreceptor that is integrated into or 

intricately linked to the physical transducer is known as an "enzymatic biosensor." 

These devices generate discrete or continuous digital electronic/optical signals that 

are proportional to the concentration of analytes present in the sample [23]. Using a 

Clark oxygen electrode, glucose oxidase can be incorporated in the proximity to 

electrode  while the oxygen level is being tracked. When a platinum WE (working 

electrode) is utilized, the generated hydrogen peroxide can be detected in the form of 

current at a potential of roughly about +0.7 V vs Ag/AgCl [12]. Apart from that 

another biosensor was proposed for the detection of urea which also works due to the 

urease enzyme for monitoring its analyte concentration in aqueous solutions for 

biological applications. Two different strategies were used in this study including 

physisorption of enzyme and layer by layer film deposition atop an electrodeposited 

polyaniline film (PANI). Charged polysaccharides were alternately deposited to 

create the LbL. The potentiometric responses of the enzymatic biosensors were 

assessed in relation to the urea content in aqueous solutions. (Ranging from 106 to 

101 mol L1 urea). Extremely high sensitivity and a quick response time were 

observed for the current biosensor [24].  

1.4.2 Antibody Biosensor 

The immune system fights off infectious pathogens that can be detrimental to the 

host to protect the body. Its two primary subcategories are non-adaptive (innate) 
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immunity and acquired (adaptive) immunity. The first one refers to broad protection 

processes that start working hours or even minutes after an antigen enters the body. 

These immune responses rely on physical defences like the skin as well as groups of 

proteins and protective cells like neutrophils, monocytes, macrophages, mast cells, 

and dendritic cells that quickly activate upon identifying specific characteristics of 

foreign molecules and remove or eradicate the alien species. On the other hand, the 

second type of immune system is highly specific to a single disease. Compared to 

acquired immune responses, innate immune responses are easier. The antigen must 

first be identified and processed. Specifically, the immune system generates a swarm 

of immune cells designed specifically to fight an antigen after it has been discovered. 

The secretion of immunoglobulins by lymphocytes controls the development of 

acquired immunity. (Igs). The best thing about acquired immunity is that it creates 

immunological memory after first encounter to a specific pathogen, leading to an 

enhanced response to that disease in future combats [25].  

1.4.3 DNA Based Biosensors  

The expansion of DNA-based biosensors has accelerated over the last 20 years. 

Numerous devices of DNA detection platforms have been suggested to respond to 

diverse molecular indicators, including oligonucleotides, amino acids, lipids, tiny 

ions, and other molecules involved in biological processes. Their usage has been 

made easier by contemporary nanotechnology, groundbreaking enzyme engineering, 

excellent designs based on intricate sequence programs, exact base changes, and in 

vivo and in vitro uses of DNA-based biosensors. In recent years, numerous well-

known DNA-based sensing platforms have been described and are now widely 

employed in a range of fields, such as environmental monitoring, food security, 

clinical diagnostics, disease prognosis, etc. [26]. 

 DNA is a promising candidate for intelligent biosensing due to its remarkable 

addressability, more long-lasting biological activity, and adjustable rigidity when 

compared to commonly used bio probes. According to reports, DNA probes like 

aptamers can be manually screened and modified to improve their thermal stability. 

Varying biological affinity and increased protection against enzymatic attack. 

Additionally, DNA could be used as a template to create programmable 

macromolecule configurations that allow for precise control over the spatial position 

of alterations. This may enhance the performance of the biosensor and might 
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encourage scientists to suggest new biosensor designs [27-30]. The most popular 

method for using a DNA aptamer to detect a biotarget is to functionalize it with 

ferrocene or methylene blue at the 3′ and by immobilization of alkane thiol, alkane 

amino, streptavidin, and hydrazoate molecules at 5′ ends of the DNA strand. By 

observing the electrochemical change on the electrode surface, it is possible to 

determine the change in DNA aptamer construction. To detect interferon-gamma 

(IFN-gam), Liu et al. created a biosensor based on a 34-mer IFN-binding aptamer in 

electrochemical mode. The linear detection range of the sensor was amplified up to 

10 nM, and the LOD was 0.06 nM [31]. Similarly, Chen et al. used conventional 

semiconductor techniques to create a biosensor array based on the same aptamer 

used in previous study modified with MB and disulfide. This electrochemical sensor 

had LOD of 1.3 ng/mL, this sensor was able to pick up IFN- in the 1 to 500 ng/mL 

linear range [32].  

1.4.4 Biomimetic Biosensor:  

To detect analytes (such as glucose, proteins, or DNA) in a sample, biomimetic 

biosensors are sensors that mimic the structural integrity and functional behavior of 

biomolecules, such as enzymes and antibodies. They are frequently employed in 

environmental monitoring and medical diagnostics. They are created by using 

synthetic enzymes or biological molecules as recognition elements, coupled to 

transducers that transform the recognition event into an electrical signal. High 

specificity and sensitivity biomimetic biosensors are well known for their versatility 

in a variety of applications. A biological recognition element and an analyte are 

specifically bound by a biomimetic biosensor's operating principle. An electrode, 

optical fiber, or other type of sensing platform may be used as the transducer surface, 

which is where the biological recognition element, such as an enzyme or antibody, is 

immobilized. The recognition element binds to the analyte when it is present in the 

sample, changing the transducer signal. An electrical signal that can be amplified, 

filtered, and analyzed is then created from this change [33-35]. 

An enzyme-based biosensor, for instance, uses the enzyme to transform the analyte 

into a product that could be recognized by transducer. In an antibody-based 

biosensor, the antibody binds to a particular antigen, and a transducer can notice this 

interaction. Biomimetic biosensors can detect exceedingly tiny amounts of analytes 

with high sensitivity and specificity by using recognition elements. Bio-molecular 
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recognition events can also serve as the foundation for the operation of biomimetic 

biosensors. The transduction mechanism used by the biosensors can be direct or 

indirect. A measurable signal is produced by a bio-molecular recognition event in a 

direct transduction mechanism, whereas a measurable signal is ultimately produced 

by a cascade of reactions following a bio-molecular recognition event in an indirect 

transduction mechanism [35].  

1.4.5 Potentiostatic Biosensor 

Potentiostatic sensors are a particular classification of biosensors that measure the 

electrochemical activity of a biological recognition element using a process known as 

potentiostatic control. A method for preserving a constant electrode potential 

throughout a measurement is potentiostatic control. As opposed to this, a method 

known as galvanostatic control entails maintaining a constant current. The bio-

recognition component i.e., an enzyme or antibody, is immobilized on an electrode 

surface in a potentiostatic biosensor. A steady potential is then given to the electrode 

while it is submerged in a solution containing the analyte. The subsequent 

quantification of the electrode's current as a function of time follows. A change in the 

rate of an electrochemical reaction causes a change in the current flowing through the 

electrode when the analyte binds to the recognition element. Electrochemical 

measurements like amperometry, voltammetry, and impedance spectroscopy 

frequently employ potentiostatic biosensors. Because of the high sensitivity and 

selectivity of these biosensors, they are effective for the detection of a wide range of 

analytes in several different industries, including biomedicine, environmental 

monitoring, and food safety [36, 37]. 

1.4.6 Amperometric Biosensor  

A particular kind of biosensors that measures the current produced by an enzymatic 

or redox reaction using electrochemical amperometry are classified in this category 

of biological actuators. This method is based on measurement of electric current 

produced when an analyte is reduced or oxidized at a working electrode [38]. A 

biological recognition component, like an enzyme or an antibody, is immobilized 

onto the external interface of a functioning electrode in an amperometric biosensor. 

A continual potential is then applied to the working electrode while it is submerged 

in a solution containing the analyte. The subsequent measurement of the electrode's 

current as a function of time follows. A change in the rate of an electrochemical 



9 

 

reaction causes a change in the current flowing through the electrode when the 

analyte binds to the recognition element. Amperometric biosensors are frequently 

used to identify a wide range of molecules, including cholesterol, glucose, lactate, 

and other biomolecules. They are frequently employed in environmental monitoring, 

food safety, and medical diagnostics. Their benefits include low cost, high 

specificity, and sensitivity. Their drawbacks include the requirement for frequent 

calibration and interference from other chemicals in the sample, among others [39]. 

1.4.7 Conductometric Biosensor 

Biosensors known as conductometric biosensors use conductometry, an 

electrochemical method, to gauge a solution's electrical conductivity. Based on the 

electrochemical reaction between the target molecule and the biorecognition element, 

this method measures the change in a solution's electrical conductivity. The 

biological recognition component, such as an enzyme or antibody, is immobilized on 

the surface of an electrode in a conductometric biosensor [40]. The electric 

conduction of the analyte-containing solution is then measured with the electrode 

submerged in the solution. The rate of an electrochemical reaction is altered when 

the target molecule binds to the recognition element, changing the conductivity of the 

solution. Conductometric biosensors are capable of detecting a wide range of 

analytes, including glucose, ions, and biomolecules, and are renowned for their high 

sensitivity and specificity. They are frequently employed in environmental 

monitoring, food safety, and medical diagnostics. Although conductometric 

biosensors are straightforward and inexpensive devices but their sensitivity and 

selectivity can be compromised by the presence of other ionic molecules in the 

solution [41, 42].  

1.4.8 Optical Biosensor 

When a recognition element interacts through an analyte, photosensitive biosensors 

use optical techniques to measure fluctuations in the physical or biochemical 

properties of the sample. These sensors are based on the idea that when a recognition 

element and an analyte interact, the sample's optical characteristics—such as its 

absorption, fluorescence, or phosphorescence change [43]. Optical biosensors can 

detect a variety of analytes, including proteins, DNA, and small molecules, and are 

renowned for their high sensitivity and specificity. They are frequently employed in 

environmental monitoring, food safety, and medical diagnostics. Although they are 



10 

 

quick and non-intrusive, they are also complex and susceptible to interference from 

other compounds in the sample [44, 45]. 

Optical biosensors come in a variety of forms, including: 

• Fluorescence biosensors: These sensors use a molecule's or nanoparticle's 

fluorescence as a signal. When a molecule or nanoparticle binds to an analyte, the 

fluorescence intensity changes [46]. 

• SPR biosensors: These sensors depend on the change in SPR intensity brought on by 

an analyte's binding to a recognition element [47]. 
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1.5 Introduction to the Components of Present Study 

1.5.1 Interdigitated Electrodes for Biosensors (Platform) 

Interdigitated electrodes (IDEs) are a type of electrode that entails of a sequence of 

thin corresponding fingers interdigitated with each other. These electrodes are 

commonly used in electrochemical biosensors, such as amperometric and 

potentiometric biosensors, to increase the active external area of the electrode and to 

advance the sensitivity and selectivity of the device [48]. The fingers of the IDEs are 

typically made of a conductive material, such as gold or platinum, and are detached 

by a slight slit. The active area of the electrode is increased by the large figure of 

fingers, which increases active sites for the recognition element, such as enzymes or 

antibodies, to bind to the analyte [49]. The IDEs can be fabricated using several 

techniques, such as photolithography, electrodeposition, and laser ablation, which 

allows for accurate control over the geometry and size of the fingers. IDEs are 

commonly used in biosensors for glucose, lactate, and other biomolecules detection. 

They are also used in sensing devices for electroanalysis, electrocatalysis, and in the 

field of energy storage such as supercapacitors. The small gaps between the fingers 

also allow for better mass transport of the target molecule to the active sites, which 

improves the sensitivity of the sensor [50, 51].  

 

Figure 3: Typical structure of a Gold IDE (a) with enlarged working area (b).  

 

IgG is a significant class of antibodies that is capable of being detected using 

interdigitated electrodes (IDEs). IgG plays a significant part in the immune system's 

reaction to infections and disorders. The electrodes are first modified with a 

recognition element, such as an anti-IgG antibody, that selectively binds to the IgG in 
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the sample to detect IgG using IDEs. This can be accomplished via several methods, 

including covalent bonding, adsorption, and self-assembling monolayers. 

The electrodes are then submerged in a solution containing the IgG sample after the 

recognition element has been immobilized on the IDEs. The IDEs can detect a 

change in the electrical signal because of the IgG in the sample adhering to the 

electrodes' identification element. It is possible to quantitatively calculate the amount 

of IgG present using this shift in signal, which is proportional to the concentration of 

IgG in the sample. 

There are diverse ways of measuring the electrical signal depending on the type of 

biosensor. For example, in amperometric biosensors, the change in current flow 

through the electrode is measured, while in potentiometric biosensors, the change in 

potential difference between the electrode and a reference electrode is measured. 

IDEs can be used in both types of biosensors and allow to detect IgG at low 

concentrations and with high specificity. This type of biosensors has potential 

applications in medical diagnostics, such as the detection of certain diseases and 

infections, and in the biotechnology industry for the detection of antibodies in 

therapeutic protein production. 

1.5.2 Perfluoro decanethiol (Anchoring Element) 

Perfluorodecane thiol (PFDT) is a liquid crystal compound that consists of a 

perfluorodecane hydrocarbon tail and a thiol head group. It is often used as a model 

compound to study the self-assembly and phase behavior of surfactants and lipids. 

Due to its hydrophobic tail and hydrophilic head, it can form various phases such as 

micelles, vesicles, and liquid crystals, depending on the conditions such as 

temperature, concentration, and pH [52, 53].  

 

Figure 4: 2D and 3D structure of a PFDT molecule. 
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PFDT has been extensively used in several applications such as in the fabrication of 

biosensors, drug delivery systems, and in the optical and electronic fields. Its liquid 

crystal phases can be used as a model for the formation of functional materials such 

as gold and silver nanoparticles, and for the immobilization of enzymes, proteins, 

and DNA. SAMs of PFDT can be used in several applications such as in biosensors, 

bioelectronics, and in the field of surface chemistry. They can be used as a template 

for the formation of functional materials such as gold and silver nanoparticles, and 

for the immobilization of enzymes, proteins, and DNA. Additionally, the liquid 

crystal properties of PFDT can also be utilized in liquid crystal displays and in the 

field of self-assembling monolayers. 

 [54, 55]. 

Additionally, the liquid crystalline properties of PFDT makes it an ideal material for 

use in liquid crystal displays, which are widely used in electronic devices such as 

smartphones, televisions, and computers. The thiol group in PFDT also makes it 

useful in the field of surface chemistry and self-assembling monolayers, as it can be 

used to form stable and well-defined monolayers on various surfaces. The liquid 

crystalline properties of PFDT can also be modified by chemically modifying the 

thiol head group or by blending it with other compounds, which expands its potential 

applications [56]. 

A self-assembled monolayer (SAM) of perfluorodecane thiol (PFDT) is a thin film of 

the compound that is formed spontaneously on a surface when it is exposed to a 

solution of the compound. The process is driven by the chemical interactions 

between the thiol head group of the PFDT molecules and the surface, which results 

in the formation of a dense, ordered, and stable monolayer on the surface. 

When a solution of PFDT is dropped on a surface such as gold, silver, or other 

metals, the thiol groups of the PFDT molecules react with the surface atoms, forming 

covalent bonds between the thiols and the surface atoms. This results in the 

formation of a monolayer of PFDT on the surface. The ordered and stable monolayer 

can be characterized by various techniques such as ellipsometry, XPS, and AFM. 

The chemical properties of the thiol head group of PFDT can be modified by 

chemical modification, which expands the potential applications of the SAMs. SAMs 
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of PFDT can be prepared in a controlled manner, providing a uniform and well-

defined surface, which makes it an attractive material for various applications [57]. 

1.5.3 Aptamer 8 (Biorecognition Element) 

An aptamer is a single-stranded nucleic acid, such as DNA or RNA, which has a high 

affinity and specificity for binding to a given target molecule. Since they replicate 

the binding characteristics of antibodies, they are frequently referred to as "artificial 

antibodies." A technique known as "systematic evolution of ligands by exponential 

enrichment" can be used to choose aptamers from a collection of random sequences. 

(SELEX). A protein, a tiny molecule, or a cell are examples of specific targets that 

aptamers are frequently used for. [58]. 

Aptamers have been used in a wide range of applications such as biosensors, drug 

delivery, and therapeutics. They have several benefits over traditional antibodies 

such as smaller size, chemical stability, and the ability to be synthesized in copious 

quantities. They also have the ability to cross cell membranes which allows them to 

target intracellular proteins and other biomolecules [59]. 

Aptamer 8 refers to a specific aptamer that has been isolated from a library of 

random sequences using SELEX. The target of Aptamer 8 is not specified in the 

information provided, so it is unclear what it specifically binds to. Aptamers are 

often named based on the order in which they were isolated during the selection 

process, and the specific name of Aptamer 8 refers to its place in the order of 

aptamers discovered. 

1.5.4 IgG (Analyte) 

Immunoglobulin G (IgG) is a type of antibody that plays a key role in the immune 

response to infections and diseases. It is the most abundant type of antibody in the 

blood and is found in all body fluids. IgG is a gamma globulin protein that is made 

up of four polypeptide chains, two heavy chains and two light chains. IgG is the only 

antibody that can cross the placenta and provide passive immunity to the fetus. It also 

provides long-term immunity to a specific antigen and is responsible for the 

secondary immune response. IgG is also the most important antibody for preventing 

infections caused by bacteria and toxins [60]. 
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IgG antibodies can be used in medical diagnostics, such as the detection of certain 

diseases and infections. They can also be used in the biotechnology industry for the 

detection of antibodies in therapeutic protein production. The measurement of IgG 

levels in blood can also be used as an indicator of the overall health of an individual's 

immune system. The detection of IgG can be performed using various techniques 

such as ELISA, Western Blot, Immuno-fluorescence, Immuno-radiometry, and other 

techniques. ELISA is the most common method used for detection of IgG and other 

antibodies. ELISA can be used to detect IgG in different body fluids such as serum, 

plasma, or saliva . 

1.5.5 Importance of IgG 

Immunoglobulin G (IgG) is an important class of antibodies that plays a key role in 

the immune response to infections and diseases. IgG is the most abundant type of 

antibody in the blood and is found in all body fluids. It is the only antibody that can 

cross the placenta and provide passive immunity to the fetus, and it is also 

responsible for providing long-term immunity to a specific antigen [61].  

IgG antibodies are important in the body's defense against bacterial infections, as 

they can neutralize toxins and help to remove bacteria from the body. They can also 

activate the complement system, which is a cascade of proteins that work together to 

help destroy bacteria and other foreign invaders. IgG is also important in the 

diagnosis of certain diseases and infections. The measurement of IgG levels in blood 

can be used as an indicator of the overall health of an individual's immune system. 

IgG can also be used to detect specific pathogens or antibodies, such as in the 

diagnosis of HIV, Hepatitis B and C, Lyme disease, and other infections [62]. 
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Figure 5: This figure illustrates the structural differences between the four IgG 

subtypes and allotypes (a-d). These variations arise from differences in the hinge 

region as well as in the heavy and light chains. The antigen specificity of IgG is 

determined by the complementarity determining regions (CDRs) shown as striped 

lines. The glycosylation patterns depicted in yellow have an impact on IgG function. 

The light chain (green) and heavy chain (purple) are also shown. Additionally, the 

figure provides a comparison of IgG structures with other immunoglobulins (f). 

Adapted from [61, 63-65].  
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1.6 Objectives 

• To analyze the effects of various experimental circumstances on sensor 

performance and to improve the sensor preparation utilizing SAMs of PFDT. 

• To determine if modified Aptamer-8 may be used as a sensing component for the 

effective detection of IgG antibodies. 

• To evaluate the modified Aptamer-8 sensor's sensitivity and limit of detection for 

detecting IgG antibodies in various samples. 

• To examine potential uses of the PFDT and aptamer-8 sensor in clinical 

diagnostics for the detection of IgG antibodies and propose future strategies for 

advancements in the said sensing platform.  

• To compare the performance of the modified Aptamer-8 sensor with existing 

methods for IgG antibody detection through literature review. 
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Chapter: 2 

2 Literature Review 

2.1 Biosensing of IgG 

Biosensing of IgG refers to the detection and measurement of immunoglobulin G 

(IgG) antibodies using biosensors. IgG is the furthermost abundant category of 

antibody in the bloodstream and plays an integral part in the immune system's 

response to pathogens. Biosensors for IgG can be used in multiple applications, 

including disease diagnosis, research, and food safety testing. Different biosensing 

techniques, such as optical, electrochemical, and piezoelectric, can be used to detect 

IgG. These techniques work by binding the antibodies to a sensor surface and then 

measuring a physical or chemical change that occurs because of the binding.  

2.1 Electrochemical Biosensing of IgG 

These types of sensors measure the analytical signals generated by an 

electrochemical signal. A good amount of research has been conducted to advance a 

robust and simple sensor to detect IgG and a part of that research will be 

summarized in this portion. Axin Liang A. et al. have successfully constructed a 

sensitive and discerning sensor using MIP (Molecularly Imprinted Polymer) for the 

IgG biorecognition. The role of a composite containing disulfide  of molybdenum 

and quantum dots along with nitrogen doped graphene and ionic liquids has been 

studied for the signal amplification of sensors in this same study. This unique sensor 

was as rapid as its response time was less than 8 minutes and as sensitive as its LOD 

was 0.02 ng·mL−1 (Liang, Hou et al. 2021). In another research, Liang A. et al. used 

copper MOF (Metal-organic framework) with a LOD of up to 3 pg mL-1 [66]. Zarei 

H. et. al. developed a stable sensor based on magnetic nanocomposite composed of 

COOH-modified multiwalled CNTs  (COOHMWCNTs) plus goat anti-human IgG 

(anti-hIgG) for the detection of human tetanus IgG antibody. This sensor was stable 

for up to one month with a LOD of 25 ng/ml [67]. Chen M. et. al. designed a 

strategy for biosensor antifouling with the help of Y-shaped peptides which were 

able to recognize IgG with the lowest concentration detection up to 32 pg/ml [68]. 

During the recent outbreak of corona virus, the standing of the SARS-CoV-2 IgG 

detection was emphasized for this disease diagnosis and prognosis. Liu H. et. al. 
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used an OECT (organic electrochemical transistors) based platform for viral 

antibody (SARS-CoV-2 IgG) detection which was able to respond in several 

minutes with the detection range of 10 fM to 100 nM [69]. A selective method for 

IgG detection with detection bound of 2.8 pg/ml was reported by Yuan L. et. al. 

which was based on a ferrocene-labeled immunoassay [70]. Barman SC. et. al. used 

PAAMI (polyelectrolyte polyallylamine) for the first time along with laser ablated 

graphene (LAG) and produced a sensitive actuator for point of care recognition of 

IgG where the salient feature of this sensor was its LOD up to 6 pg/ml [71]. This is 

not all, Medhi A. at. al. has deposited a composite made up of graphene oxide, 

conductive polymer, and Au-NPs onto ITO electrode for IgG recognition. This 

specific model had a inclusive detection range from 9 to 363 ng/ml and a limit of 49 

ng/ml [72]. Also, bovine serum albumin (BSA) linked polymer nanowires has also 

been exploited to be used for electrochemical sensing of IgG having a detection 

limitation down to 0.27 ng/ml. Polyaniline polymer was used for the reduction of 

biofouling in this specified biosensor and this platform can further be explored [73]. 

Bai R. et. al. reported a simple and non-toxic biosensor of IgG detection by using 

IgG imprinted polymers decorating on the surface of  gold electrode which was 

further decorated with nano gold and nano nickel and least concentration to be 

measured by this electrode was  2.0 mg/ml [74].  Another reported biosensor has a 

particularly good LOD and sensitivity of 0.18×10−19%V/V and 2.14 

μA.%V/V.cm−2, respectively. Because of such a good sensitivity, the said biosensor 

was able to differentiate SARS-CoV-2 antibodies in plasma from other interfering 

antibodies [75]. 

In a different study, scientists developed a human (H)-IgG immunosensor using a 

low-cost and incredibly simple manufacturing approach based on nanorods of Zinc 

Oxide (ZnO-NRs) which were produced by the electrodeposition method. The ZnO-

NRs had a reduced graphene oxide (rGO) layer electrodeposited on them to aid 

antibodies anchoring. The immunosensor's assessment of the hydrogen development 

reaction's current density and the H-IgG concentration were indirectly connected. By 

building the calibration curve in this way, a detection range of 10-1000 ng/mL with 

a low LOD and high sensitivity was obtained [76].  
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2.2 Uses of Perfluoro decanethiol in Biosensors  

A plasmonic substrate made up of 3D nano-popcorn was made using surface energy 

amid an Au layer and PFDT spacer. Due to the energy differential, the self-assembly 

of Au nanoparticles formed numerous hotspots on the substrate due to the nearby 

nanoparticles. Due to the homogenous dispersal of numerous hotspots at the nano-

popcorn platform, localized plasmonic effects significantly boosted the incidence 

field at hotspots, enabling repeatable target molecule characterization. This SERS-

based aptasensor was calculated to have a LOD of 97 PFU mL-1 and an assay 

duration of 20 min for the detection of A/H1N1 virus [54]. Yet in another study self-

assembled pillar arrays of NPs were used to detect influenza virus-related antibodies. 

The 3D plasmonic chip has structural integrity which makes it superior to 

unstructured gold substrates hence it has 100 times higher detection sensitivity 

towards influenza antibodies. The growth of plasmon-enhanced sensing applications 

is made possible by the simple and mountable manufacture of extremely responsive 

3D plasmonic nanostructures [77]. An innovative biosensor assay based on the 

concept of immobilizing ACE2 in an amphiphobic layer is based on findings from 

another work and is sensitive, selective, and scalable. This sensor test offers 

selectivity for two proteins (interleukin-6 and streptavidin) and sensitivity to 

recombinant spike protein (1.68 ng mL1). The platform was examined by using the 

inactivated corona virus and a LOD of 38.6 copies mL-1 was observed. Investigating 

using a clinical sample with a high viral load (Ct = 26) after inactivation in VPSS 

medium showed robust discrimination against a negative sample. By using glucose 

biosensor invention methods which are economical, it is possible to provide a clear 

path to translation using proven manufacturing techniques, use of current sensor 

substrates, and usage of readout devices with prior CE registration. Together, our 

results point to an important diagnostic method that may be used to swiftly and 

cheaply check for SARS-CoV-2 in a range of contexts [78]. Two-dimensional 

(hydrophilic) channels were created on films made of cellulose nanofibrils using 

photolithography and inkjet printing. hIgG was used as a target analyte in this study 

and it was tested after surface alteration with either bovine serum albumin (BSA), 

globulin, or block copolymers of PDMAEMA (poly2-dimethylamine ethyl 

methacrylate) and POEGMA (polyoligoethylene glycol methyl ether methacrylate) 

[79]. The design, assembly, electrochemical behavior, rust behavior, and tribological 

features of fluor organic monolayers absorbed on copper were examined in a 
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different study. Using a self-assembling technique, thin films of PFDT were grafted 

onto copper. The monolayer of fluor organic SAMs' fluorine groups gives the 

ultrathin film remarkable lubricating characteristics. Additionally, SAM grafting 

enhanced the surface wear resistance. One of the most exciting lubricants for copper 

appears to be PFDT SAMs because they enhanced the mechanical characteristics of 

surface by lowering its friction and erosion [56, 80]. PFDT is reported to have 

antibiofouling properties as well [78, 81].  

2.3 Uses of Aptamer 8 in Biosensors 

The SELEX method commonly known as Systematic Evolution of Ligands by 

Exponential Enrichment, was independently developed in vitro by three groups in 

1990 and is used to select aptamers for various targets [82-84]. Selection, separation, 

and amplification are the three primary methods that can be used to choose aptamers 

from a random library of nucleotides either ssDNA or RNA (usually 1015–1016 

separate sequences). Depending on the structural features of aptamers, they can be 

employed in various applications i.e., target identification [85-87]. The elevated 

affinity and tunable properties of aptamers allow them to be a potential candidate in 

the field of analyte diagnostics, and the transducer has a considerable effect on their 

sensitivity. The progression of aptamer-based biosensors has been the subject of 

countless publications published up to this point. The synthesis of aptamer based 

biosensors used a number of methods, including optical (optical aptasensors based on 

fluorescence and colorimetry), electrochemical biosensors, chemiluminescent, and 

surface-enhanced Raman scattering (SERS) aptasensors [88-91]. Electrical and 

optical aptasensors are the two categories of aptasensors that employ aptamers. In 

biosensors, aptamers are frequently employed to identify pathogens like viruses and 

bacteria. The following figure illustrates how an aptamer-based biosensor works in 

general. Optical aptasensors make use of optical principles for detection. The 

aptamers perform numerous optical functions as signal-transduction elements or as 

other sorts of biorecognition components [92]. The advantages of this family of 

aptasensors include low cost, terrific sensitivity, robustness, and easy labelling [93]. 

A few techniques with photosensitive aptasensors include fluorescence, 

chemiluminescence, SPR, SERS, and colorimetric techniques [94]. Electrical 

aptasensors produce electrical signals when analyte and bioreceptor interact. These 

aptasensors feature an easy, quick detection method, great sensitivity, and low 
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detection limits [95]. When analyte and bioreceptor interact, electrical aptasensors 

generate electrical signals. These aptasensors are simple to use, have a speedy 

detection process, and have low detection limits [96].  

 

Figure 6: General working principle of an aptamer biosensor. 

Aptamers have many positive attributes that make them promise for therapeutic use. 

However, there are also several limitations that restrict their effectiveness in vivo. 

One of these drawbacks is their susceptibility to nuclease degradation, which can 

result in in vivo half-lives of less than 10 minutes. To address this issue, 

modifications have been made to the nucleic acid structure of aptamers. Certain 

regions, such as the ends of nucleic acid chains, nucleoside sugar rings, and 

phosphodiester links, have been modified to resist nuclease degradation. These 

modifications aim to increase the stability and duration of aptamer activity in vivo, 

improving their therapeutic potential [97]. One of the limitations of aptamers in vivo 

is their small size, which makes them vulnerable to elimination by renal filtration. To 

overcome this issue, larger molecules, such as proteins or cholesterol, can be 

attached to the 5'-end of aptamers to increase their size. For example, Lee et al. 

modified a 29-nucleotide-long, 20-F pyrimidine-modified RNA aptamer by 

conjugating it with cholesterol, resulting in a cholesterol-conjugated aptamer. This 

modification increased the aptamer's resistance to nuclease degradation and extended 

its half-life [98, 99]. Despite some of the limitations of aptamers, the advancement of 

aptamer-selection technology has been made possible by the application of 
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enhancement techniques. Although the diagnostic and therapeutic industries 

currently benefit greatly from this technology, further research is required to create 

additional aptamers for practical use. Aptamers can be used in commercial kits to 

provide quick, simple, and affordable detection, and they can be applied not only in 

biomedical disciplines but also in agriculture and aquaculture to identify infections 

that can cause food poisoning. Furthermore, the selection process of aptamers must 

be improved to enable the simultaneous identification of multiple targets, rather than 

just one. The stability and sensitivity issues of aptamers need to be addressed in the 

future to improve their analytical performance [100].  

While the diagnostic and therapeutic industries currently benefit greatly from this 

technology, further research is required to create additional aptamers for practical 

use. Aptamers have the potential to be utilized in commercial kits to provide rapid, 

affordable, and simple detection, not only in biomedical disciplines but also in 

agriculture and aquaculture to identify infections that can cause food poisoning. 

Additionally, the selection process of aptamers needs to be improved to enable the 

simultaneous identification of multiple targets. The stability and sensitivity issues of 

aptamers must be addressed in the future for improved analytical performance. In 

another study, an optical biosensor for the detection of corona virus spike proteins 

was developed which consisted of three main components including S-protein 

complimentary aptamer, a photoactive material and Au NPs/Yb-TCPP. The high 

sensitivity and low detection limit of 72 ng/ml was reported [101]. The combination 

of aptamer with nanomaterials is able to give more robust devices as in a study the 

nanocrystalline diamond (as working electrode) were used for the label free 

biosensing of IgE. The aptamer was modified with the amino terminal while 

diamond nanostructures was functionalized with -COOH functional group and these 

chemical modifications helped in the covalent attachment of both components. EIS 

was conducted to study the electrochemical behavior of this biosensor and results 

suggested that the double layer capacitance of electrode was proportional to the 

concentration from 0.03 g/mL to 42.8 g/mL and LOD was found to be 0.03 g/mL 

The NCD-based aptasensors demonstrated exceptional selectivity, even in the 

presence of a significant IgG excess, and produced consistent signals during six 

renewal cycles. The successful testing of the impedimetric aptasensor on serum 

samples suggests the potential for using EIS for the label-free, direct measurement of 
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IgE levels in human serum samples [102]. FRET biosensors have also evolved due to 

the usage of aptamers as a thrombin detection sensor was proposed by T. Patois et al. 

They have used an aptamer which was labelled with dye made up of graphene. 

Because aptamer and graphene lack covalent adhesion, the dye's fluorescence is 

quenched due to FRET. During the addition of thrombin, the recovery of 

fluorescence was observed by the formation of a unique complex known as 

quadruplex-thrombin. This biosensor had unique quenching ability which made it 

highly sensitive and selective towards in vitro samples and in vivo sample studies. 

The graphene aptasensor had higher sensitivity than CNTs aptasensor as it has quiet 

lower limit of detection approximately about 31.3 pM [103]. A new homogeneous 

electrochemical aptamer-based biosensor was developed for thrombin detection 

using electrically aided bonding and tetra ferrocene signal amplification. Unlike 

other sensors, this aptasensor does not require any electrode modification and 

employs a simple probe for efficient detection. Tetra ferrocene, a signal marker 

consisting of four ferrocene molecules, was used to mark the probe's terminal 

position, which provides a higher amplification indication for the recognition of 

thrombin. The aptamer probe, which has a stem-loop structure, was labelled with 

tetra ferrocene and thiol at the 3′ and 5' terminals, respectively, to detect thrombin. 

The thiol group could not reach the electrode surface when it was enclosed within the 

stem-loop structure, even with applied voltage. However, upon exposure to the 

thrombin target protein, the stem-loop structure unfolded, allowing the rapid 

adsorption of the thiol group to the electrode surface, leading to potential-assisted 

self-assembly of Au-S. The tetra ferrocene electrochemical signal was measured 

using DPV and demonstrated a low detection limit of 0.126 pM with high specificity 

for single mismatch detection [104]. Another novel electrochemical biosensing 

platform has been developed for the simultaneous detection of various targets using 

split aptamers and exonuclease I cleavage. The flexible and label-free platform 

detected targets with precision by forming a ternary complex that was resistant to 

degradation by exonuclease I, resulting in a significant output of impedance. The 

aptasensor was able to successfully detect thrombin, adenosine triphosphate, and 

mercury ion with sensitivity and selectivity, with detection limits of 32 fM, 1.43 pM, 

and 1.65 pM, respectively. This approach offers a simple and efficient tool for 

detecting multiple targets, demonstrating potential for use in disease diagnostics and 

environmental monitoring [105].  
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2.4 IDEs Based Biosensors 

The unique sensing properties of IDEs have made them a potential candidate for the 

biosensing industry, and they have grabbed the attention of thousands of scientists 

and they are convinced to carry out research on these sophisticated electrodes. For 

instance, an affinity based DNA detection biosensor was proposed in a study and this 

capacitive sensor had the capability to detect up to 20 molecules of complementary 

DNA and a lower concentration of 1.5 aM range. This has helped us to make this 

proposal a suitable one for point of care detection process of other molecules too. 

Apart from that this biosensor consisted of  24-nucleotide DNA probes which was 

based on a virus known as West Nile and this specific viral strain is known as Kunjin 

strain. The other highlighting point of this platform was its high reproducibility and it 

was enhanced by the immobilization of ssDNA oligomers onto gold interdigitated 

surface [106].  

In a study, a sensing system based on reduced graphene and (rGO) field-effect 

transistors (FETs) customized with a particular aptamer was used to detect the HPV-

16 E7 protein. The authors reported good covalent coupling of the aptamer using 

EDC/NHS and emphasized the significance of the attachment technique for the 

ligand. With a detection limit of 100 pg mL-1 (1.75 nM) and a dissociation constant 

(Kd) of 200 nM, real-time monitoring of aptamer-protein interaction revealed 

preferential binding of HPV-16 E7. In this study, aptamers are used as particular 

recognition elements to show the potential of rGO-based FETs for the sensitive 

detection of proteins [107].  

Comparable results were obtained in another work that used composites of PEDOT-

Poly(allylamine hydrochloride) (PAH) as the channel material for the successful 

production of Organic Electrochemical Transistors (OECTs). The ability to tune both 

the electrical and ionic characteristics while retaining high transconductance values, 

a key factor in the creation of high-performance bioelectronic devices, was made 

possible by controlling the ratio of polyelectrolyte to PEDOT. Lower threshold 

voltages and the ability to run the transistors at low gate voltages—both of which are 

necessary for successful integration with biological systems—were produced by the 

introduction of PAH into the channel material. The highest pH sensitivity was 

achieved by adding pH-sensitive amino moieties to the PEDOT-PAH1 OECTs, and 

an enzyme named AchE was effectively functionally electrostatically anchored. The 
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resulting biosensors could track acetylcholine in the 5-125 m range. The inclusion of 

several enzymes on the channel material, according to the authors, could result in the 

creation of devices that can monitor distinct biomarkers in real-time. The 

development of tools capable of concomitant neurotransmitter detection and 

electronic recording of brain signals may result from the integration of PEDOT-PAH 

OECTs in neuromorphic circuits and their capacity to recognize acetylcholine [108].  
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Chapter: 3 

Materials and Methodology 

2.5 Chemicals 

The chemicals used in this study include Gold IDEs from Micrux Technologies, 

Sulphuric acid (98%) from RCI Labscan, Ethanol (washing grade), Hydrogen 

peroxide (35%) from MERCK, Potassium Hexaferocyanide from Sigma Aldrich, 

KCl (EMSURE), Phosphate Buffer Saline from Life Technologies, Perfluorodecane 

thiol from MACK, Toluene from Riedel-de Haën, Aptamer 8 from Integrated DNA 

technologies, and IgG. These chemicals were used for various experimental 

procedures and were purchased from reputable companies to ensure high quality and 

reproducibility of results. Careful attention was given to proper storage and handling 

of each chemical in accordance with the manufacturer's recommendations. 

2.6 Characterization Equipment 

Several characterization techniques were employed in this study to investigate the 

physical and chemical properties of the samples. The contact angle was measured 

using the Drop shape analyzer-DSA25 from KRUSS to determine the wetting 

behavior of the samples. ATR-FTIR (Agilent Cary 630 FTIR Spectrometer) was 

used to study the chemical composition of the samples and to analyze the functional 

groups present. The surface morphology of the samples was studied using SEM 

(JOEL JSM-6490LA) and AFM (JSPM-5200), which provided high-resolution 

images of the surface topography. XRD (Seimens D5005 STOE & Cie GmbH 

Darmstadt, Germany) was used to identify the crystalline phases present in the 

samples. Additionally, the electrochemical behavior of the samples was investigated 

using a Gammry Potentiostat (Gamry Interface ® 1010E) to measure their 

electrochemical properties. Each characterization technique was carefully selected 

based on the information needed to address the research questions and was 

performed using appropriate parameters and settings to ensure accurate and 

reproducible results. 
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2.7 Methodology 

2.7.1 Washing of IDEs 

Before being functionalized, IDEs were cleaned and activated in accordance with the 

company's protocol (MICRUX Technologies), which included dipping in piranha 

solution (H2SO4:H2O2 in a 3:1 ratio) and then producing hydrogen and oxygen 

electrochemically to clean the metal surface of dust particles. The IDEs were 

chemically cleaned by being sonicated for 30 minutes in each of the solvents: 

Piranha solution, DI water, absolute ethanol, and   Electrochemical cleaning was 

carried out after drying in a drying oven by running CV between -1.0 and +1.3V at a 

sweep rate of 100mV/s with 0.05M H2SO4 as the background electrolyte. Each IDE 

took 10 minutes to complete the 12 cycles of electrochemical washing and 

completely cleaned IDEs were dried in the drying oven for further use.  

2.7.2 PFDT Solution and SAM Preparation 

To successfully get PFDT SAM onto IDEs working area, first PFDT was added into 

toluene under constant magnetic stirring until a 1 mM solution was formed. The 

floruos effect in the PFDT helps in phase separation. Afterwards, IDEs were put in 

PFDT solution to cover their working area in the Eppendorf tubes for 24 hours. The 

next day each IDE were washed with DI water for 10 seconds with the help of wash 

bottle to rinse off unbound molecules and left to dry in glove box with Nitrogen 

environment [109].  

2.7.3 Anchoring of Aptamer 8 

Each IDE received a 200 mL aliquot of Aptamer 8 that had been diluted from stock 

in 1 x PBS to a range of concentrations before being incubated for an hour at room 

temperature. The IDEs were then dried with nitrogen flow after being rinsed with 1 x 

PBS for 10 seconds per electrode. 

2.7.4 Incubation with IgG 

To investigate the possibility of specific binding between Aptamer 8 and IgG, a 

series of IgG dilutions were incubated at room temperature for one hour on the 

sensor area of the IDEs. After incubation, the electrodes were rinsed with 1 x PBS 

using a water bottle flow for 10 seconds per electrode to remove any unbound 
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molecules. This step was crucial in determining the evidence of specific binding 

between the aptamer and IgG. 

2.7.5 Electrochemical Studies parameters 

All electrochemical studies including were carried out using KCl (0.1 M)  salt within 

PBS (1X), and [Fe(CN)6] 3-/4- as redox couple (5mM) [110] and three electrode 

system was used throughout the series of experiments i.e. Ag/AgCl (reference 

electrode), Pt wire (counter electrode) and IDE (working electrode) as done in 

previous studies [111, 112]. All the electrochemical studies were conducted at 

maximum current of 0.5 mA.  

Table I: Parameter for electrochemical testing 

 

Technique 

 

Parameters 

 

CV 

 

Potential Window (-1 V to 1 V) 

Scan Rate (100 mV/s) 

Step Size (2 mV) 

 

EIS 

 

 

DC Voltage (0 V) 

AC Voltage (10 mV) 

Frequency Range (100 KHz-0.01 Hz) 

 

DPV 

 

 

Initial E (-0.4), 

Final E (0.8), 

Sample Period (5s) 

 

 

SWV 

 

Initial E (-0.4), 

Final E (0.8), 

Sample Period (5s) 
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Chapter: 4  

3 Results and Discussion 

3.1 Contact Angle 

The wetting behavior of the IDEs surface was studied using contact angle 

measurement. Prior to the surface modification, the IDEs showed a contact angle of 

83 degrees, indicating moderate hydrophobicity. After the deposition of PFDT-SAM, 

the contact angle increased significantly to 120 degrees (Figure 2a and 2b), 

suggesting a highly hydrophobic surface. This increase in contact angle can be 

attributed to the hydrophobic nature of PFDT and its uniform distribution on the 

IDEs surface [113]. 

Subsequently, Aptamer 8 was used to functionalize the PFDT-modified IDEs 

surface, and the contact angle was measured again. As shown in Figure 2c, the 

contact angle decreased significantly, indicating an increase in surface 

hydrophilicity. This result can be attributed to the hydrophilic nature of Aptamer 8, 

which has a high affinity for IgG [114]. Furthermore, several dilutions of IgG were 

incubated on the biosensor, and the contact angle was measured again. As expected, 

the contact angle decreased further (Figure 2d), indicating an even more hydrophilic 

surface due to the presence of IgG. These results suggest that the biosensor surface is 

highly responsive to the presence of IgG and can be used for sensitive and selective 

detection of this biomolecule. 
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Figure 7: Concat angle measurements of Bare-IDE (a), PFDT-IDE (b), Apt.8-

PFDT-IDE (c) and  IgG-Apt.8-PFDT-IDE (d). The contact angle of b is greater 

of all the samples due to the hydrophobic nature of PFDT while aptamer 8 and 

IgG incubation reduced this angle down to 62.4 degrees and 72.2 degrees 

respectively. 
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3.2 XRD 

The bare and functionalized electrodes were examined to look for the elemental 

analysis and crystal structures. The peak of bare IDE was matched with JCPDS card 

in Xpert high score, and it was a hundred percent match with gold (111) with 2 theta 

value at 38 degrees. The peak intensity of the other three samples PFDT-IDE, Apt.8-

PFDT-IDE, and IgG-Apt.8-PFDT-IDE was seen to be reduced which can occur due 

to a phenomenon known as surface-induced structural changes. The PFDT 

monolayer can affect the intensity of the gold peak by altering the electron density 

around the gold atoms in the interdigitated electrode, which leads to changes in the 

intensity of the diffraction peaks. In particular, the PFDT monolayer can cause a 

decrease in the intensity of the gold peak due to its insulating properties and the fact 

that it covers some of the gold atoms in the electrode. 

When the biomolecules adsorb onto the gold surface, they can undergo 

conformational changes that can affect their XRD pattern. Additionally, the presence 

of the biomolecules on the surface can also create a more disordered surface 

structure, which can also contribute to a reduction in peak intensity in the XRD 

pattern. In general, biomolecules such as aptamers, antibodies, and proteins do not 

typically give additional peaks in X-ray diffraction (XRD) analysis when absorbed 

onto a substrate such as a gold surface. Instead, the presence of the biomolecules on 

the surface can affect the intensity and/or shape of existing peaks, as well as create a 

more disordered surface structure, which can contribute to a reduction in peak 

intensity. However, in some cases, specifically when the biomolecules are 

crystallized, it is possible for them to show extra peaks in XRD analysis, but it is not 

a common scenario as biomolecules are mostly in amorphous form. 
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Figure 8: XRD peaks of Bare-IDE, PFDT-IDE, Apt.8-PFDT-IDE, and  IgG-Apt.8-

PFDT-IDE where difference is seen in the intensities of Au (111) peak for all 

samples. This peak is more intense in Bare-IDE because of changes in the intensity 

of the diffraction peaks.  
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3.3 SEM 

The SEM analysis is a powerful imaging technique that allows for the visualization 

of surface features and morphologies. In this study, SEM analysis was used to 

investigate the surface morphology of the bare gold interdigitated electrode (IDE) 

and the modified IDEs, including PFDT-IDE, Apt.8-PFDT-IDE, and IgG-Apt.8-

PFDT-IDE. The SEM analysis revealed that the bare IDE had some ridges on its 

surface, which could be attributed to multiple washing steps during the preparation of 

the electrode. On the other hand, the PFDT-IDE surface was uniform, smooth, and 

continuous with a thin and homogeneous film of PFDT molecules covering the entire 

surface of the gold electrodes. This confirms that the PFDT molecules are self-

assembling and form a well-ordered monolayer on the IDE surface, without any 

visible defects or gaps in the coverage [77].  

In the case of Apt.8-PFDT-IDE and IgG-Apt.8-PFDT-IDE, uniform ridges were 

observed on the surface of the PFDT monolayer. This indicates that the aptamer 

molecules were successfully immobilized onto the PFDT monolayer, resulting in a 

modified surface with a unique morphology. However, individual aptamer or IgG 

molecules were not visible under the imaging conditions used in this study. It is 

important to note that the details of the aptamer's conformation and the individual 

nucleotides or base pairs in the aptamer may be visible under different imaging 

conditions. The SEM analysis provides valuable information about the surface 

morphology of the modified IDEs and confirms the successful surface modifications 

with PFDT, aptamer 8, and IgG. 

In summary, the SEM analysis confirmed the successful modification of the gold 

interdigitated electrode surface with PFDT, aptamer 8, and IgG. The PFDT 

monolayer was found to be uniform, continuous, and free of defects or gaps, which 

indicates the effectiveness of the self-assembly process. The uniform ridges observed 

on the surface of Apt.8-PFDT-IDE and IgG-Apt.8-PFDT-IDE suggest that the 

aptamer molecules were successfully immobilized onto the PFDT monolayer, 

resulting in a modified surface with a unique morphology. SEM analysis is a 

powerful technique for visualizing surface features and morphologies and provides 

valuable information about the effectiveness of surface modification strategies.  
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Figure 9: SEM images of Bare-IDE (a), PFDT-IDE (b), Apt.8-PFDT-IDE (c) and  

IgG-Apt.8-PFDT-IDE (d) on 30k resolution.  

 

Figure 10: SEM images of Bare-IDE (a), PFDT-IDE (b), Apt.8-PFDT-IDE (c) and  

IgG-Apt.8-PFDT-IDE (d) at 10k resolution. 
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3.4 ATR-FTIR 

The ATR-FTIR technique is a powerful tool for analyzing the functional groups 

present in a sample. In this case, the technique was used to analyze samples of a gold 

interdigitated electrode (IDE) both before and after modification. The resulting 

spectra showed several characteristic peaks, indicating the presence of various 

functional groups. One of the most prominent peaks observed in the spectra was the 

stretching vibration of the carbonyl group, which appeared at a frequency of 2158 

cm-1. This peak is typical of molecules containing a carbonyl group, such as ketones, 

aldehydes, and carboxylic acids. Additionally, a peak at 2032 cm-1 indicated the 

presence of a C=O group, which is also commonly found in carboxylic acids and 

other organic compounds. Another important peak observed in the spectra was a 

C=C bond at 1977 cm-1. This peak is typical of molecules containing a carbon-

carbon double bond, such as alkenes and aromatic compounds. A peak at 1100 cm-1 

indicated the presence of a C-O bond, which is often found in alcohols, ethers, and 

esters. 

In addition to these common functional groups, several peaks were also observed at 

specific frequencies that are characteristic of certain molecules. For example, a peak 

at 923 cm-1 indicated the presence of a C-H bond, which is typical of alkanes and 

other hydrocarbons. A peak at 1654 cm-1 indicated the presence of a -COOH bond, 

which is found in carboxylic acids. Finally, a peak at 1557 cm-1 indicated the 

presence of a nitrile bond, which is common in organic compounds such as amides 

and amino acids. Interestingly, all these peaks were observed in the spectra of all the 

samples analyzed, including the bare gold IDE as well as the modified PFDT-IDE, 

Apt.8-PFDT-IDE, and IgG-Apt.8-PFDT-IDE samples. The defined peaks of the 

PFDT, aptamer 8 and IgG functional groups were not observed because of the lower 

concentration of all these components used for each sample. There is typically a 

minimum concentration of a functional group that is required to be detectable by 

FTIR spectroscopy. The sensitivity of FTIR spectroscopy depends on the strength of 

the absorption of the functional group, which is related to the concentration of the 

functional group in the sample. In general, a higher concentration of the functional 

group in the sample will lead to a stronger absorption signal, which will be easier to 

detect. Contrary to that, the characteristic peak  
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of bare IDE at 1100 cm-1 was gradually seen to deintensify after each modification 

and peak at 1250 cm-1 was seen to be intensify after each modification. This suggests 

that these functional groups are either present in the starting material or are formed 

because of the modification process. Overall, the ATR-FTIR spectra provides.  

valuable information about the chemical composition of these samples, which can be 

used to guide further analysis and characterization. 

 

 

 

Figure 11: ATR-FTIR peaks of Bare-IDE, PFDT-IDE, Apt.8-PFDT-IDE, and  IgG-

Apt.8-PFDT-IDE. 
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3.5 AFM 

The AFM technique is a powerful tool for analyzing the surface roughness and 

topography of solid surfaces, and it was used to analyze all samples including bare 

and modified electrodes. In this case, the AFM analysis was used to study the surface 

properties of the gold IDE before and after modification with PFDT, aptamer 8 and 

IgG. The AFM analysis revealed that the surface roughness of the bare IDE was 

higher compared to the modified IDEs. The surface coverage of PFDT molecules on 

the IDE surface was high, and the monolayer was found to be uniform. This resulted 

in a lower height profile in the 3D AFM image, indicating a smoother surface 

compared to the bare IDE. The reduction in surface roughness can be attributed to 

the ability of the PFDT molecules to form a self-assembled monolayer on the IDE 

surface, effectively filling in the gaps and crevices and creating a more uniform 

surface. 

The height profile of an electrode is influenced by numerous factors such as the 

sample, the method of application, the thickness of the PFDT layer, the surface 

roughness, and other physical properties of the electrodes. In this case, the reduction 

in surface roughness can be attributed to the formation of a well-ordered monolayer 

of PFDT on the IDE surface. Aptamer 8, on the other hand, is a much longer 

molecule than PFDT, typically consisting of several hundred nucleotides in length. 

The length of the aptamer may vary depending on the specific sequence. The AFM 

analysis did not provide any specific data on the length of the aptamer, but it is 

expected to have a more significant impact on the height profile of the IDE compared 

to the smaller PFDT molecules. 

Overall, the AFM analysis provides valuable information about the surface properties 

of the IDEs and how they are affected by modification with PFDT and aptamer 8. 

The reduction in surface roughness and the formation of a uniform monolayer of 

PFDT on the IDE surface demonstrate the effectiveness of this modification strategy 

in improving the surface properties of the IDE. The impact of aptamer 8 on the 

height profile of the IDE is expected to be more significant due to its larger size, 

which highlights the importance of considering the physical properties of the 

modifying molecules when designing surface modification strategies. 
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Table II: Rq values of Bare-IDE, PFDT-IDE, Apt.8-PFDT-IDE, and  IgG-Apt.8-

PFDT-IDE obtained by AFM analysis.  

 

 

 

 

 

 

 

Figure 12: 3D images of Bare-IDE (a), PFDT-IDE (b), Apt.8-PFDT-IDE (c) and  

IgG-Apt.8-PFDT-IDE (d) obtained by AFM analysis.  

 

Samples Rq 

Bare-IDE 3.98 

PFDT-IDE 0.853 

Apt.8-PFDT-IDE 1.75 

IgG-Apt.8-PFDT-IDE 7.45 
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3.6 Electrochemical characterization of samples 

3.6.1 Confirming the deposition of PFDT 

Two different concentrations of PFDT (1 mM and 2.5 mM) were used for the SAM 

deposition, and the resulting surfaces were characterized using electrochemical 

methods, including CV, EIS, and DPV. The results showed that increasing the 

concentration of PFDT led to an increase in the number of PFDT molecules being 

deposited onto the IDE surface. However, this also led to an increase in the 

resistance of the resulting SAM, as shown in Figure (b). This is because a thicker 

layer of PFDT increases the distance between the electrode surface and the 

electrolyte solution, leading to a higher resistance. 

Furthermore, the total current flowing through the IDE decreased with increasing 

PFDT concentration, as shown in Figure (c). This is because the higher resistance of 

the thicker PFDT layer limits the flow of current through the IDE. Based on these 

findings, it was decided to use a lower concentration of PFDT (1 mM) for the SAM 

deposition. This concentration was previously reported in the literature and was 

found to provide enough PFDT coverage while still leaving some space for the 

aptamer 8 to bind to the IDE surface. 
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Figure 13: Electrochemical characterization of two different concentrations of 

PFDT  (1mM: blue line, 2.5 mM: red line) via EIS (a), CV (b), and SWV (c). KCl 

(0.1 M)  salt within PBS (1X), and [Fe(CN)6] 3-/4- as redox couple (5mM). 
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3.6.2 Effect of Layer-by-layer deposition of PFDT 

In another way it was aimed to investigate the effects of depositing two layers of 1 

mM PFDT on the electrochemical properties of interdigitated electrode arrays 

(IDEs). To achieve this, IDEs were immersed in a 1 mM PFDT solution for 24 hours, 

dried, and then immersed again in a fresh PFDT solution. Our results showed that 

after two incubations, the working area of the electrode was completely covered, 

which was evidenced by the presence of a loop in the cyclic voltammetry (CV) 

curve. Additionally, a high resistance and zero current were generated in the 

differential pulse voltammetry (DPV) curve, indicating successful deposition of 

PFDT on the IDEs surfaces. 

These findings suggest that the deposition of PFDT on IDEs can have a significant 

impact on their electrochemical behavior. Specifically, the presence of PFDT may 

alter the surface chemistry of the IDEs, leading to changes in their electron transfer 

rate and affecting their electrochemical properties. The observation of a loop in the 

CV curve is consistent with the occurrence of redox reactions on the surface of the 

IDEs, which is due to the presence of the PFDT layer. Additionally, the high 

resistance and zero current observed in the DPV curve further confirm the successful 

deposition of PFDT on the IDEs surfaces. 
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Figure 14: Electrochemical characterization of PFDT-IDE with two layers of PFDT-

SAM via CV (a), EIS (b), and SWV (c). KCl (0.1 M)  salt within PBS (1X), and 

[Fe(CN)6] 3-/4- as redox couple (5mM). 
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3.6.3 Aptamer Concentration Study:  

After keeping the concentration of PFDT constant as 1 mM, different concentrations 

of the aptamer were incubated onto IDEs to investigate the effect of concentration on 

electrochemical properties of PFDT-IDE. It was revealed that increasing 

concentration of aptamer led to the decrease in current as can be seen in Figure 15 

and 2ug/ml was the concentration that was used in further studies.   

 

Figure 15: DPV results for various concentrations of aptamer 8. KCl (0.1 M)  salt 

within PBS (1X), and [Fe(CN)6] 3-/4- as redox couple (5mM). 
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3.6.4 Aptamer Deposition and Electrochemical Studies 

After the deposition of aptamer 8, a comparative study was conducted for bare, 

PFDT-IDE and Apt. 8-PFDT-IDE. The bare ide gave redox peaks while area under 

the cyclic voltammograms was reduced upon the deposition of PFDT as well as 

aptamer 8. The reason a cyclic voltammogram may not show oxidation and reduction 

peaks when PFDT is functionalized onto gold interdigitated electrodes (IDEs) is 

since PFDT forms a SAM on the surface of the gold electrodes, which can act as a 

barrier layer that prevents the oxidation and reduction of species in solution from 

occurring at the electrode surface. This is because the SAM is composed of highly 

ordered, densely packed molecules that can prevent the transport of electrons and 

ions to and from the electrode surface, effectively blocking the electrochemical 

reactions from taking place. Additionally, PFDT has a high electron-withdrawing 

ability and low electron-donating ability, this causes a low electron transfer rate and 

low electroactivity, which also leads to no or weak oxidation and reduction peaks 

observed in the cyclic voltammogram. Similarly, Aptamer sample deposition further 

covers the electrode area. 
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Figure 16: Electrochemical characterization of Bare-IDE, PFDT-IDE, and Apt.8-

PFDT-IDE via CV (a,b), EIS(c), and SWV (d). KCl (0.1 M)  salt within PBS (1X), 

and [Fe(CN)6] 3-/4- as redox couple (5mM).  
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3.7 Analyte recognition study 

The response of a biosensing platform was evaluated by subjecting it to a range of 

dilutions of IgG, ranging from 0.25 µg/ml to 100 µg/ml. To measure the response, 

the electrical impedance spectroscopy (EIS) technique was employed for each IgG 

concentration. The results of this study revealed that the response of the biosensing 

platform was linearly proportional to the concentration of IgG. Specifically, as the 

concentration of IgG increased, the resistance of the biosensing platform also 

increased as depicted in figure 15. 

This increase in resistance can be attributed to several factors. First, as the 

concentration of IgG increases, the amount of antigen-antibody binding sites also 

increases, resulting in a higher number of bound IgG molecules. This, in turn, causes 

an increase in the effective thickness of the sensing layer and an increase in the 

distance between the sensing electrode and the bulk solution. As a result, the 

diffusion of the electrolyte ions is hindered, leading to an increase in resistance. 

Furthermore, at higher IgG concentrations, the binding sites on the sensing layer 

become saturated, resulting in a decrease in the number of available binding sites. 

This causes an increase in resistance as there are fewer available sites for further 

binding of IgG. Additionally, the formation of a densely packed IgG layer can lead to 

an increase in steric hindrance, further inhibiting the diffusion of electrolyte ions and 

increasing resistance. 

In summary, the linear increase in resistance observed in the biosensing platform in 

response to increasing concentrations of IgG can be attributed to a combination of 

factors, including an increase in effective thickness, a decrease in available binding 

sites, and steric hindrance. These findings provide important insights into the 

behavior of biosensing platforms and their response to varying concentrations of 

analytes. 
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Figure 17: a represents the fitted data in Nyquist plots (EIS spectra) of faradaic 

measurements in KCl (0.1 M)  salt within PBS (1X), and [Fe(CN)6] 3-/4- as redox 

couple (5mM). The slope was 1356.41 which gave an estimated LOD of 13 ug/mL. 

 

 

 

 

 

 

 

 



49 

 

3.8 Limit of Detection (LOD) 

The lowest concentration of analyte that the measuring method can dependably 

detect is known as the LOD. The signal-to-noise ratio (S/N), which is the ratio of the 

peak current to the background noise, was calculated using EIS data to establish the 

LOD.  

Using the following calculation, a detection limit (DL) of 13 ug/mL was determined 

in the current study. 

DL= 3S.D/S 

where;  

S.D is the standard deviation of the blank sample and S is the slope of the 

straight line.  

The value of S.D from blank sample’s Rct values (charge transfer resistance) values 

was calculated in excel and it happened to be 3135.156 while slope was calculated 

from calibration curve which was 1356.41. Applying these values in the above 

equation; 

DL= 3*3135.156 /1356.41 

DL=13.8 ug/ml 
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Conclusion 

In the conclusion of the thesis, it can be stated that a two-step fabrication platform 

was successfully developed for the biosensing of IgG. This biosensing platform 

utilized PFDT and aptamer as anchoring elements and biorecognition elements, 

respectively. The use of these elements resulted in a sensitive and selective platform 

for the detection of IgG. 

The modified gold IDE was characterized using various techniques to study the 

surface morphology and functional groups present on the surface. SEM and AFM 

were utilized to study the morphology of the modified IDE surface, while FTIR 

spectroscopy was employed to investigate the presence of functional groups on the 

surface. 

Electrochemical studies were also conducted to investigate the response of the 

biosensing platform towards IgG. The platform exhibited a highly linear response 

towards varying concentrations of IgG, with a low limit of detection (LOD). The 

specificity of the biosensing platform towards IgG was also demonstrated using 

control experiments with non-specific analytes. 

Overall, the developed biosensing platform demonstrated excellent performance 

characteristics, including high sensitivity, selectivity, and a low LOD of 13 ug/mL. 

The use of PFDT and aptamer as anchoring and biorecognition elements, 

respectively, proved to be a successful strategy for the development of an overly 

sensitive and selective biosensing platform for the detection of IgG. The 

characterization and electrochemical studies provided valuable insights into the 

behavior of the biosensing platform and its response towards IgG. These findings 

have important implications for the development of biosensing platforms for a 

variety of applications in clinical and diagnostic settings. 
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Future Aspects 

The successful development of the two-step fabricated platform for the biosensing of 

IgG provides an excellent foundation for future research in this area. One potential 

avenue for future work could involve the optimization and fine-tuning of the 

biosensing platform to improve its sensitivity, selectivity, and reliability. This could 

be achieved using different anchoring and biorecognition elements, or through 

modifications to the surface chemistry of the platform. 

Another potential area of future research could involve the development of 

biosensing platforms for the detection of other analytes of interest, such as other 

antibodies or biomolecules. The versatility and adaptability of the two-step 

fabrication platform make it well-suited for the development of biosensors for a wide 

range of applications. 

Moreover, the biosensing platform developed in this project could be further 

integrated with advanced technologies such as microfluidics or nanoelectronics to 

improve its performance characteristics and expand its potential applications. The 

integration of these technologies could enhance the sensitivity and specificity of the 

platform, reduce the detection time, and enable the detection of multiple analytes in a 

single assay. 

Finally, the biosensing platform developed in this project could be evaluated and 

validated using real-world samples to evaluate its performance in clinical and 

diagnostic settings. The platform's sensitivity and selectivity towards IgG could be 

further optimized for different biological matrices and fluids, such as blood, serum, 

or saliva, to enable the detection of IgG in different disease states. 

Overall, the biosensing platform developed in this project holds enormous potential 

for future research and development in the field of biosensors and could have 

important applications in clinical and diagnostic settings. 
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