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ABSTRACT 
 
 

This thesis focused on developing an inexpensive and user friendly “point- of- 

care” (POC) device for early disease diagnosis.  

Proteomics research has elucidated many new proteins as biomarkers that have 

the potential to greatly improve disease diagnosis. A combination of several biomarkers 

has been determined to provide the information necessary for robust diagnosis of a 

disease in any person within a population. 

This technology was employed in a clinical application to identify two disease 

states: (i) vulnerable coronary plaque rupture, which is the cause of acute coronary 

syndromes stroke; and (ii) neurodegenerative diseases, which are some of the leading 

causes of death and debilitation worldwide. 

In this thesis, nanomaterials were utilized to generate high surface-area-to-

volume structures in developing a biosensor platform for early disease diagnosis.  

These devices are known as nanomonitors. The protein-specific capacitance 

measurement method was employed as the basis for protein biomarker detection in a 

preoperative state.  Troponin T and alpha-synuclein were employed as the target 

protein biomarkers because they have been identified to be clinically relevant in 

identifying vulnerable coronary vascular plaque rupture and neurodegenerative disease 

states, respectively. 

The primary purpose of this thesis was to measure performance parameters 

such as limit of detection, specificity, dynamic range, and detection speed of 

nanomonitor devices for protein biomarker-based disease detection with accuracy 

greater than 95 percent.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

 Proteomic research reveals that proteins have the potential to increase the 

accuracy and ease of disease detection. Monitoring of specific biomarkers while 

expanding the performance parameters leads to presymptomatic disease diagnosis. 

Therefore, this study mainly focused on developing a label-free sensor platform for early 

diagnosis of cardiac and neurodegenerative disease. Nanoporous alumina membranes 

were utilized to generate high surface area-to-volume structures on a copper and gold 

electrode for trapping protein biomolecules. The protein-specific capacitance 

measurement method was employed as the basis for protein biomarker detection.  

1.1 Objectives 

Widespread use of multiple protein biomarkers in healthcare will ultimately 

depend upon the development of techniques that allow rapid, concurrent, and label-free 

detection of a wide range of biomarkers with high selectivity and sensitivity. This goal 

has not yet been attained with any existing protein-detection method, including enzyme-

linked immunosorbent assay (ELISA). In this thesis, the clinical application for this 

emerging technology is the identification of the disease state—vulnerable coronary 

plaque rupture, which is the cause of acute coronary syndromes stroke, and 

neurodegenerative disease conditions, such as Parkinson’s, Alzheimer's, and Lewy 

body dementia. 

Coronary heart disease (CHD) is a leading cause of death in the United States. 

Based on recent statistical data, approximately 17,600,000 people suffer from CHD, and 

almost half of them (about 8,500,000) experience heart attacks. Approximately 1 of 
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every 2.9 deaths in the country is a result of cardiovascular defects. Based on national 

health statistics in 2007, 25.4 percent of reported deaths were due to heart disease.  

Most individuals suffering from CHD have 5 to 7 times the risk of having a heart attack 

than the general population. Improvement in the survival rate can only be obtained if 

treatment begins within at least one hour after an attack. However, in most cases, 

patients were admitted 2.5 to 3 hours after symptoms occurred [1,2].  

Neurodegenerative disease is another leading cause of the increasing morality 

rate in America. In 2007, more than 90,000 deaths due to neurodegenerative disease 

conditions such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Lewy body 

dementia (LBD) were reported. For AD alone, more than 5 million Americans are 

currently living with the disease. Nearly half a million new cases are expected each 

year, and total yearly economic costs are estimated at $150 billion. Approximately 

50,000 new cases are reported each year for PD, and based on recent statistics, the 

annual number of deaths from PD has increased steadily [3]. In the early stages of 

dementia, patients are classified as having mild cognitive impairment (MCI). Emerging 

neurodegenerative disease conditions at non-disabling states are classified as MCI, a 

transitional state that does not always progress to dementia. Moreover, the extreme 

changes or specific biomarkers associated with these different dementias have been 

shown to occur long before symptoms are evident.  

However, the complexity and sensitivity of proteins that act upon these disease 

conditions make it impossible to provide a diagnosis at a presymptomatic stage using 

current detection methods.  In this thesis, an electrochemical proteomic sensor was 
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designed to monitor and quantify the minute elevations of protein biomarkers associated 

with these two disease states—coronary heart disease and neurodegenerative disease. 

1.2 Thesis Statement 

In this thesis work, a point-of-care (POC) device capable of performing label-free 

detection on protein biomarkers was developed. Performance of the integrated device 

was validated by diagnosing the biomarkers for vulnerable coronary vascular plaque 

rupture and neurodegenerative disease conditions. The designed biosensor device is 

called a nanomonitor.  

1.3 Sensor Background 

The term sensor originates from the Latin word “sentire” meaning “to perceive” 

[4]. Sensors were invented to measure a physical quantity and then process the data to 

generate an output stimulus that could be identified with an instrument or by an 

observer. Unlike detectors, sensors are employed to assess and quantify the variations 

of a particular quantity subject to measurement, or measurand, whereas a detectors’ 

function is simply to indicate the presence of the measurand [4,5]. Usually, when the 

measurand is exposed to certain background changes or parameter variations, it alters 

one or more properties: mass, electrical conductivity, capacitance, etc. These variations 

can affect, either directly or indirectly, the output stimulus in a significant manner.  

The primary purpose for inventing sensors was to improve the lifestyle by 

monitoring the surroundings and then relaying the acquired data. Therefore, it is 

accurate to say that sensors currently play a vital role in the world.  

Generally, sensors are made to be inexpensive, yet reliable and consistent. 

Sensors should provide accurate, stable, high-resolution output. In particular, sensors 
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must be sensitive to the measurand and insensitive to other measurable conditions. 

Each application of the sensor places diverse obligations on the sensor platform; hence, 

all environmental effects, such as temperature, humidity, shock, and vibration, must be 

considered while building the device.   

 Today, sensor technology has become an increasingly important area of study 

because of the need for physical, chemical, and biological recognition systems. Sensors 

are developing rapidly in today’s world and can be found almost everywhere. As 

illustrated in Figure 1, sensor applications can be found in medical diagnosis, 

environmental monitoring, industrial manufacturing, and defense. 

 

Figure 1. Diverse areas of sensor applications 
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 The majority of sensors can be encountered in day-to-day life: smoke detectors, 

climate controllers, refrigerators, automatic light switches, automatic door openers, and 

various automobile features such as oil pressure indicators, temperature sensors, 

altitude sensors, and fuel-level displays. Most electronic appliances, such as computers, 

smart phones, iPods, and iPads, carry voltage-sensitive transistors (sensors), which are 

not always obvious. Complex machineries are also crowded with sensors.  Embedded 

sensors in industrial-process controllers play a prominent role in development. Here, 

sensors continually monitor to ensure maximum efficiency and minimal production cost. 

Moreover, automotive sensors help control the parameters to function properly. For 

example, aircraft controls are dominated by a variety of sensors as they monitor 

position, wind speed, air pressure, altitude, life support, etc. Parallel to these 

developments, sensors are now integrated into environmental applications for improving 

the quality of people’s lives. Water quality monitoring and food quality monitoring are 

prominent sensor applications.   In the past few decades, sensor technology has 

broadly spread through the field of health care and diagnosis to determine the function 

of biological systems. Recent research has involved the development of sensors for 

monitoring disease conditions at different stages. One of the best examples of this is the 

glucose meter, which is used to perform on-site testing and determine blood sugar 

levels for millions afflicted with diabetes. 

 The research work in this thesis attempted to build a point-of-care device for 

early disease diagnosis. Such sensor platforms are integrated to be portable and highly 

sensitive in order to provide extremely accurate results in detecting disease conditions 
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at early stages. Minimal invasive method was adopted to integrate the biosensor which 

can be incorporated in onsite testing. 
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CHAPTER 2 
 

BASIC PRINCIPLES 
 
 

2.1 Biosensors 

Biosensors are point-of-care devices integrated to perform selective analysis 

through biochemical molecular recognition properties. Once the biosensors are applied 

to a molecular recognition element, the transducer converts the response into an 

external measurable quantity that can be determined through a readout [6]. 

Furthermore, biosensors can be utilized to not only detect and diagnose, but also treat, 

disease conditions inside the human body. Innovative bioaffinity sensors can employ 

proteins, DNA, or enzymes in performing molecular recognition assays (see Appendix 

A), which may lead to early diagnosis of disease conditions.  

In this proteomic research, a gold electrode biosensor platform was implemented 

to execute the ultra-sensitive label-free detection on two specific proteins. This chapter 

explains the working principles of these biosensors to provide a better understanding of 

the technique used throughout this study. Figure 2 demonstrates the step-by-step 

process carried out inside the biosensor. 

As discussed in the previous section, first, the targeted analyte or protein was 

sensed using a biosensor. Second, the targeted molecules were captured by utilizing 

specific receptors. Then the acquired biochemical data was sent through the transducer 

to process the measurable signal and convey the results. 
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Figure 2. Sensor working principle 

2.1.1 Transduction Techniques 

Sensor transduction techniques coupled with various bioreceptors are presented 

in this section. The major transduction platforms include the following: optical 

transduction, electrochemical transduction, and mechanical transduction. Figure 3 

shows the biosensor transduction techniques and some bioreceptors in a hierarchical 

format.  



9 

 

Figure 3. Biosensor transduction techniques coupled with bioreceptors 

2.1.1.1   Optical Transduction 

Optical transduction is one of the most prominent transduction techniques. Here, 

sensors utilize the interaction of optical waves. These infrared interactions change the 

properties of the sensor to convey the wave variations due to the transduction. The 

intensity, frequency, and polarization of the output stimulus are primarily affected to 

indicate the presence of the measurand. Various methods of optical transduction are 

bioluminescence, photoluminescence, and surface plasmon resonance (SPR).  

Luminescence techniques encompass either biomaterials, such as green 

fluorescent protein (GFP), or nanostructured materials, such as quantum dots, to emit 
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the optical output wave. The GFP extracted from jelly fish, Aequorea victoria, has 

served as a versatile tool in cell biology for studying biosensors. GFP generates 

fluorescence tags for the receptors, which in turn provide an output during the interface 

of the receptor and the target. The intensity or color of the light measures the target 

analyte.  

Surface plasmon resonance sensors are important for ultra-sensitive 

immunoassays (see Appendix A) that have applications in health diagnosis. Here a p-

polarized (see Appendix A) light source is excited to the SPR sensor surface. Then, as 

the biomolecules come into contact with the label-free optical sensor surface, the 

refractive index in this region is affected. These changes can be detected by the 

changed angle of the surface plasmon resonance. 

2.1.1.2 Electrical/Electrochemical Transduction 

Electrical/electrochemical transduction is another commonly used sensing 

technique. This method relies on the sensor’s electrical properties. Here, 

electrochemical transducers generate the output stimulus that results from chemical 

interactions. Two major categories of electrochemical sensors are voltammetry, in which 

the potential current result is formed from the intimate contact of two dissimilar metals, 

and amperometry, in which the potential current result is formed because of ion transfer 

that occurs between two conducting materials when placed in an electrolyte solution.  

Potentiometric electrochemical sensors measure the potential as the result of the 

oxidation reaction that occurs on the sensor surface. Generally, sensor platforms are 

comprised of two or three electrode systems: working, reference, and counter. The 

target analyte is involved in the reaction that occurs on the working electrode surface to 
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produce ions. The potential difference produced by the ions is then subtracted from that 

of the reference electrode to produce the final potential spectrum.  

Another type of electrochemical detection involves the field effect transistor (FET) 

based sensor. This type of biosensor is made of p-type silicon with two n-type silicon 

areas for the source and drain. The gate located between the two n-type areas is built 

with a thin layer of sensitive metal over a silica layer. When the potential is applied 

between the electrodes, current flow through the FET gate varies to indicate the 

biomolecule interaction on the metal surface of the FET-based sensor.  

2.1.1.3 Mechanical Transduction 

Mechanical transduction techniques are well known as mass-based transduction. 

Piezoelectric sensors, including quartz crystal microbalances (QCMs), surface acoustic 

wave (SAW) sensors, and microcantilevers, are among the most important mechanical 

sensors. 

The quartz crystal microbalance is a resonator based on the quartz crystal, which 

was the initially discovered piezoelectric material. The oscillating piezoelectric crystal 

resonance frequency is highly sensitive to masses developing on a crystal surface. 

Therefore, the piezoelectric immune sensors enable the monitoring of even small mass 

variations. The resonance frequency and bandwidth act as the central parameters of 

these sensors.  

SAW transducers also employ piezoelectric material to launch mechanical 

waves. In SAW sensors, propagation is confined to the region near the surface of the 

solid. Detection through a SAW sensor can be identified by variations of the phase 

velocity of the wave caused by the measurand. Variations in density and wave velocity 
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cause stiffness of the homogeneous non-piezoelectric material, whereas in piezoelectric 

materials, the velocity is affected by the electrical conductivity. Therefore, in SAW 

transducers, the multicomponent structure detection is entirely based on density 

variations, or on the elastic properties of the measurand [7]. 

Sensors utilized with microcantilever structures detect a mass through a vibration 

frequency and the deflection of the cantilever. A common use of microcantilever 

structures is for detecting viruses or cancerous cells. 

2.1.2 Detection Techniques 

This section briefly discusses the two main detection techniques: label-based 

detection and label-free detection.  

2.1.2.1 Label-Based Detection 

The most common practice of label-based detection is known as enzyme-linked 

immunosorbent assay (ELISA). ELISA has become the standard biological assay, which 

is used in sensing the presence of an antibody with the help of an enzyme. This high-

throughput optical detection assay generally performs in a 96-well microtiter. ELISA 

employs two antibodies, one of which is tagged with a fluorescent or chromatic 

molecule to emit light while performing the immobilization.  

First, the protein-specific receptor antibody is immobilized onto the substrate. 

Then the solution of interest is inoculated to perform the antigen antibody interaction. 

Following the immobilization, the secondary antibody, which reacts with the antigen 

antibody complexes, is incubated. Since the detection enzyme is tagged with the 

secondary antibody, the final product can be attained by adding a substrate that 
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produces a detectable signal as it interacts with the enzyme. Horseradish peroxidase 

(HRP) and alkaline phosphatase (AP) are the most frequently used enzymes.  

A general representation of the ELISA method with a single analyte binding is 

illustrated in Figure 4. 

 

Figure 4. ELISA technique for label-based detection. 

 Typically the ELISA response is identified by the color deviation of the solution in 

each well structure incorporating a spectrophotometer. As the color of the solution 

changes from clear to dark, the optical density changes; this solution is then used for 

subsequent analysis. Nevertheless, the ELISA method comes with a few limitations: 

 Time to perform the assay is extensive. 

 Trained laboratory personnel with full-scale lab facilities are required. 

 Fluorophore tags used in this assay might denature the proteins. 

Therefore, the research in this thesis was motivated by the need to find a solution by 

means of label-free detection methodologies.  
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2.1.2.2 Label-Free Detection 

Detection techniques not requiring labels such as enzyme or fluorophore tags are 

known as label-free detection technologies. Development of label-free sensors enables 

the rapid detection of targeted samples with ultra-high sensitivity. As discussed in the 

previous section, label-free detection can be attained through the variations of the 

electrical and mechanical components. 

In this proteomic study, a sensor with label-free detection competency was 

integrated, and the performance parameters of the sensor were determined through the 

impedance/capacitance variations that occur on the sensing site. 

2.1.3 Performance Parameters 

Overall sensor performance was monitored under several parameters. These 

characteristics help identify the quality of the device while mapping the output signal 

versus input with a high fidelity. In this section, the fundamental characteristics and 

terminology associated with the performance of the sensors are defined.  

2.1.3.1 Sensitivity 

Sensitivity is the relationship between the sensor output signal and the 

measurand. This can be expressed as the ratio of incremental change in the output of 

the sensor to its incremental change of the measurand [8]: 

       (2.1) 

where “S” is the electrical signal produced by the sensor, “a” is the intercept or output at 

zero input signal, “s” is the input or the stimulus, and “b” is the slope or sensitivity. 

Sensors with a higher sensitivity allow detection at lower concentrations. 
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2.1.3.2 Specificity 

A sensor’s ability to detect a single specific component in the presence of the 

others is known as sensor specificity. Generally, this is also known as the selectivity of a 

device. In proteomic research, selectivity or specificity play a vital role in identifying 

specific protein markers. Detection methods involving biosensors rely on the specific 

interaction between biomolecules. The most formidable challenge arises with the testing 

of real human samples due to their complexity. 

Generally in proteomic research, selectivity issues of the sensors have been 

addressed by incorporating specific protein receptors to perform the immunoassay. 

Furthermore, a blocking agent has been used prior to sample incubation in order to 

prevent non-specific binding of the biomolecules, which leads to misleading data.  

2.1.3.3 Noise 

Noise implies the random fluctuation of the output signal when the measurand is 

steady. Noise fluctuations can occur either internally or externally to the sensor.  Some 

external noises can be caused by mechanical vibrations, electromagnetic power 

supplies, and ambient temperatures. Internal noises may include electronic noise, which 

occurs as the result of random variations in the current and voltage; shot noise, which 

results from random fluctuations in the output signal; generation-recombination noise, 

which is generated from electrons or the holes in semiconductors; and pink noise, which 

is associated with the signal’s frequency spectrum [9].  

However, high noise levels may lead to inaccurate sensor results. The 

application biosensor in this thesis was placed inside a Faraday chamber to avoid the 

extreme noise fluctuations during the electrical impedance spectroscopy (EIS) readings. 
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2.1.3.4 Drift 

Drift refers to the slight unexpected changes in the sensor output signal while the 

measurand concentration remains constant. Drift can be attributed to material 

degradation, contamination, and temperature instability.  

Normally, gradual diffusion of the electrode metal can lead to deterioration of 

baseline values obtained using the sensor; however, this issue can be addressed when 

designing the sensor platform. 

2.1.3.5 Limit of Detection 

Limit of detection (LOD) is the smallest concentration of the measurand that can 

be detected through the sensor. Biosensors with a lower limit of detection can detect 

protein biomarkers earlier. 

2.1.3.6 Dynamic Range 

Response of the sensor to the range of measurand values (minimal and maximal 

stimulus) is considered the dynamic range. This span is generally verified as the 

performance range of a sensor; data obtained beyond the dynamic range can be 

undependable and may even cause server damage to the sensor device.  

2.1.3.7 Hysteresis 

The maximum difference between the output signal and the measurand is called 

hysteresis which is attained when approached initially with an increasing stimulus ‘x’, 

and then a decreasing stimulus ‘y’. Figure 5 demonstrates the hysteresis of a stimulus 

along with a linear transfer function. 
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Figure 5. Transfer function plotted with hysteresis 

2.1.3.8 Stability 

The ability of the sensor to produce errorless output to a given input component 

over a period of time is known as sensor stability. High stability of the sensor can be 

achieved by minimizing sensor drift.  

2.1.3.9 Warm-Up Time 

Warm-up time is the period required for a sensor to stabilize and function after 

providing the necessary power.  

2.1.3.10 Response Time 

The time taken to stabilize and produce the response stimulus is called the 

response time.  
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2.1.4 Nanotechnology and Biosensors 

The development of sensors in combination with nanomaterials opens new doors 

to the world. Increasing industry demands can be met with these new technological 

inventions, which enable the development of smart sensors for use in performing 

multiple applications. 

This study mainly focused on the development of a biosensor for disease 

diagnosis. This type of sensor has enhanced sensitivity when performing 

immunoassays. Due to their small structure and high surface area-to-volume ratio, 

nanostructure-based biosensors have become the best candidates for lower-limit 

detection, which in turn can lead to presymptomatic detection of disease conditions. 

Nanotechnology-based sensors can be customized in two ways: first, the sensors can 

be integrated with predeveloped nanomaterials, and second, the sensor surfaces can 

be fabricated with nanostructures tailored with conduction properties [9]. These 

achievements are capable of providing human health monitoring using minimally 

invasive technologies.  

The primary goal of nanotechnology utilization is to invent sensors that improve 

the quality of human lives. To date, researchers have successfully developed sensors to 

manipulate DNA and proteins for multiple applications [10, 11, 12, 13]. In this proteomic 

research, the nanoporous membranes were overlaid on a thin gold layer to integrate a 

label-free detection biosensor. This allowed an enormous amount of protein 

immobilization on a single-sensor platform, which then provided not only an ultra-

sensitive, but also highly accurate, output stimulus. Due to the nanowell structures, the 

trapped protein can maintain a high stability during the immunoassay. 
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2.2 Biochemical Aspects 

The biochemical aspects of this research are highlighted in this section. Antigen- 

antibody interaction along with “macromolecular crowding” theory are elaborated here to 

provide a better understanding of sensor performance.  

2.2.1 Antigen-Antibody Interaction 

Antigen-antibody interaction is similar to a lock-and-key mechanism. An antibody, 

also known as immunoglobulin, is a specific protein with the capability of detecting 

targeted molecules. Each antibody is produced by the human immune system and is 

capable of acting as a specific protein receptor to detect and eliminate a specific 

targeted material called an antigen.  

Generally the antibody is represented by “Y”-shaped structures, where each tip 

of the Y contains a paratope to capture the targeted molecule. Due to the antigen-

antibody interaction mechanism, only one specific protein can be identified through an 

antibody. The antibody-antigen interaction phenomenon is represented in Figure 6. As 

shown, out of six antigens provided, only one epitope (part of an antigen that is 

recognized by the immune system) qualifies as resembling the given antibody structure. 

This contributes to a high sensitivity and specificity to the immunoassays. 
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Figure 6. Representation of antigen-antibody interaction 

2.2.2 Macromolecular Crowding 

The macromolecular crowding phenomena defines the crowded environment 

inside a cell structure and the stability of the proteins. Unlike protein dilutions in typical 

biological systems, the cell environment is highly concentrated with trapped 

macromolecules, such as proteins, nucleic acids, lipids, and other cytoskeletons [14]. 

These high concentrations in the cells have various energetic consequences and size 

constraints on the smaller molecules, and the effect of these larger structures is known 

as “macromolecular crowding” [15, 16].  Volume restriction applied to the proteins in the 

cell environment helps enhance their stability. Therefore, proteomic studies conducted 

using test tubes does not provide exactly the same results as in vivo experimentations. 

Thus, one of the major goals of this research was to integrate a point-of-care device 

capable of detecting accurate protein concentrations from physiological fluids. 

Protein folding and aggregation have also been taken into consideration. The 

process of protein folding can be defined as the aggregation of protein polypeptides. 



21 

Here, the unfolded amino acid sequences of a polypeptide form a well-defined three-

dimensional structure (protein oligomer), also known as the native state. The process of 

folding occurs in a cellular environment without the input of any metabolic energy, while 

in in vitro studies, unfolded proteins reach the native state spontaneously. It was 

discovered that correct protein folding relies on molecular chaperones, which is pre-

existing protein machinery [17]. This provides protein confinement; hence, it was proven 

that crowding prevents aggregation of the partly folded peptides. Finally, it was 

confirmed that the macromolecular crowding stabilizes proteins and accelerates their 

folding significantly [18] 

In the biosensor design, nanoporous alumina membrane was overlaid on the 

gold electrode platform to provide nanowell structures to continue the assay. These 

nanoporous structures serve as spatial confinement, which helped to mimic the 

macromolecular crowding. The stability of the proteins as a result of the confinement 

enhances the sensitivity of the sensor while enabling the testing of real human samples. 
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CHAPTER 3 
 

SENSOR DESIGN 
 
 

In this chapter, the fabrication and assembly of the sensor is presented in detail 

along with the materials used. With the design of the biosensor, one of the major goals 

of the study was attained.  

3.1 Biosensor Components 
 
 As shown in Figure 7, the designed biosensor is comprised of three components: 

(1) a printed circuit board with a gold electrode pattern, (2) a nanoporous alumina 

membrane, and (3) a polydimethylsiloxane (PDMS) microfluidic chamber. The 

electrodes of the sensor were fabricated while holding a 2”x1” printed circuit board 

(PCB) as the base. The nanomembranes and the microfluidic chambers were utilized to 

develop the biosensor prototype. 

 
 

Figure 7. Image of assembled biosensor prototype 
 

3.1.1 PCB Sensing Site 

 The sensor deign is composed of two planar electrodes fabricated with the use of 

gold, copper, and nickel. A working electrode in the two-electrode system was 

13 mm 
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fabricated between the two reference electrodes. The primary purpose of the printed 

circuit board sensing site was to acquire greater simplicity and cost reduction than with 

the ELISA method. 

 Standard PCB manufacturing technology was used to fabricate the biosensor 

platform (PCB Universe). A rigid,1.57 mm thick PCB on which to build the two-electrode 

system was selected. Since the PCB is an insulator, a layer of copper was plated as an 

adhesive between the electrodes and the platform. A thin layer of nickel was then used 

as an undercoat to prevent diffusion between the copper and gold layers while 

increasing wear resistance. In PCB technology, a gold top layer is frequently used 

because of its good electrical conductivity [19]. The desired electrode pattern was then 

attained using photolithography. A graphical representation of the step-by-step 

manufacturing process of the PCB sensor surface is presented in Figure 8. Proportions 

of the concentric gold electrode pattern are shown below: 

 Dimensions:   3.96 cm x 2.46 cm 

 Space between traces:  0.9906 mm 

 All trace(track) widths: 1.016 mm 

 Outer ring diameter:  13 mm 



24 

  

Figure 8. Flowchart of printed circuit board plating 

3.1.2 Nanoporous Alumina Membranes 

 Unique properties of alumina have increased its use in diverse medical 

applications. Due to its electrical insulation and biocompatibility, alumina is employed in 

orthopedic prostheses and dental implants. Studies show that alumina can be improved 

with nanoscale architectural modifications. 

The two-step anodization technique was incorporated in fabricating nanoporous 

alumina membranes.  In anodizing aluminum alloy, temperature control and application 

of direct current voltage provides the ease of control over the size of the nanofeatures. 
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This process allows for deviation of the thickness and other membrane properties [20, 

21]. 

A field emission scanning electron microscopic (FESEM) image of nanoporous 

structures of the alumina membrane is presented in Figure 9. The density and the 

uniformity of pores in alumina membranes are illustrated through the microscopic 

images attained. 

  

Figure 9. FESEM image of 100 nm nanoporous alumina membrane:   
(a) pore density of the membrane and (b) uniformity of the pores 

 
Commercially available nanoporous alumina membranes with a thickness of 250 

nm were purchased from Fisher Scientific. The lateral diameter of the membranes was 

chosen to be 13 mm in order to cover the two-electrode sensor platform. Based on the 

proteomic research conducted, membranes with a uniform pore diameter of 100 nm 

were utilized to form the high-density nanowell structure on the sensor platform in order 

to mimic macromolecular crowding.   

3.1.3 Microfluidic Chamber 

A microfluidic chamber generated with PDMS was used to confine the fluid inside 

the sensor surface while preventing sample evaporation. The manifold created was 

 

200 nm 100 nm 

 a  b 
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capable of holding a sample of 150 μl, and the two holes of the chamber enabled the 

injection and ejection of the sample using a pipette. 

Figure 10 illustrates the specific microfluidic chambers utilized in this study.  

   

Figures 10. PDMS manifold 

 The PDMS manifold preparation protocol is explained below: 

 The master mold was rinsed off completely with ethanol and then air dried. 

 A release agent was applied and wiped off with a dry wipe to create an evenly 

distributed surface. 

 The mold curing process was repeated again. 

 A mixture was made using 3 mL of PDMS hardener and 25 mL of resin. 

 The master mold was set on the hot plate before pouring the PDMS mixture and 

distributing it evenly inside the manifold mold.  

 The mixture was left to cure thoroughly while maintaining the hot plate 

temperature at 100ºC. 

 After the cooling-down process of the mold, the PDMS manifolds were separated 

and removed using a razor blade. 

  



27 

3.2 Biosensor Assembly 

The final sensor design was achieved by integrating the nanoporous alumina 

membrane and the PDMS manifold along with the PCB sensor platform, as shown in 

Figure 11. The nanoporous alumina membrane with a pore diameter of 100 nm was laid 

over the fabricated dual electrode PCB platform to form a nanowell structure on the 

sensor surface. Following the placement of the membrane, the sensing site was 

covered using a PDMS microfluidic chamber to encapsulate the solutions. In order to 

obtain the impedance measurements using the integrated point-of-care device, two 

wires were soldered on the working and reference electrodes. 

 

Figure 11. Step-by-step process of biosensor assembly. 
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CHAPTER 4 
 

MATERIALS AND METHODS 
 
 

In this chapter, a brief description of the materials used for the sensor 

experiment, impedance measurement methods, and experimental protocols are 

discussed. 

4.1 Materials 

 Detailed descriptions of the materials used to build the immunoassays are 

presented here to aid in understanding the study and development of the label-free 

experimental protocol. This proteomic study mainly focused on detecting elevated levels 

of the cardiac protein troponin T, which leads to acute coronary syndromes, and alpha–

synuclein, which is a key biomarker for neurodegenerative diseases. 

4.1.1 DSP Linker 

 Dithiobis (succinimidyl propionate) (DSP) was purchased from Pierce (product 

code #22585). The amine reactive DSP cross-linkers contain N-hydroxysuccinimide 

(NHS) at each end of the chain and a cleavable disulfide bond on its spacer arm. In 

order to form a stable amide bond, the NHS is designed to react with primary amines at 

a pH of 7 to 9. Proteins, including antibodies, generally have several primary amines in 

the side chain of lysine (K) residues and the N-terminus of each polypeptide that is 

available as a target for NHS-ester crosslinking reagents. 

 The molecular structure of the DSP cross-linker is illustrated in Figure 12 to show 

the chemical binding between the surface and the antibody of the sensor.  
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Figure 12. Molecular structure of dithiobis (succinimidyl propionate) 

The cross-linker was prepared using the dimethylsiloxane (DMSO) buffer as a 

solvent. The prepared 4 mg/mL of DSP thiol linker was incorporated to immobilize the 

antigens and antibodies. The thiol side of the linker was used as an agent between the 

gold electrode surfaces, while the amine ends of the linker binded the antibody.  The 

DSP linker was selected in this study because of the rapid reaction of the NHS easter 

with any primary amine-containing molecule. Moreover, the cleavable cross-linker 

allowed for the separation of the cross-linked products and the DSP, also known as a 

membrane-permeable cross-linker. 

4.1.2 Phosphate-Buffered Saline 

 Phosphate-buffered saline (PBS) packets were purchased from Pierce Protein 

Research Products (product code #28372). After dissolving in 500 mL of Deionized 

water, each packet made 0.1 M sodium phosphate, 0.15 M NaCl, and pH 7.2 buffer. 

PBS was consumed throughout the assay. Most of the molecules and the proteins were 

diluted in this buffer. Moreover, PBS was used to wash off the sensor surface after each 

incubation, in order to extract the unbound particles or proteins. 

4.1.3 Human Serum 

 Diluted human AB serum, purchased from Fisher Scientific (product code 

#ICN823183), was used to detect the specificity and sensitivity of the biosensor. 
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Purchased human serum was diluted in PBS at a 1:1 ratio to produce a buffer and 

obtain a dose-response curve.  

4.1.4 Cardiovascular Biomarker 

 Descriptions of the cardiac biomarker, the specific antibody, and the blocking 

solution are provided in this section. The cardiac troponin T biomarker and the anti-

troponin T antibody were used to build the immunoassay for detecting increased levels 

of the protein that leads to acute coronary syndrome and myocardial infarction. 

SuperBlock® was used as the blocking solution to prevent adsorption of the non-

targeted proteins.  

4.1.4.1 Troponin T 

 Troponin is known as an essential protein that facilitates skeletal and cardiac 

muscle contraction. Troponin is a complex of three subproteins: troponin C (TnC), 

troponin I (TnI), and troponin T (TnT). Proteomic studies show that generally the 

troponin level of the human body is at an extremely low level; thus, even a slight 

elevation of the protein can indicate significant heart damage [22].  Generally, troponin I 

and troponin T are known to be extremely sensitive to myocardial injury and heart 

damage [23, 24]. 

In this study, the troponin T cardiac biomarker was used to perform 

presymptomatic diagnosis experiments of cardiac diseases. Cardiac troponin T is 

known as a classical biomarker for chest pains, myocardial infarction, and acute 

coronary syndrome [22]. These protein levels are considered a risk if they are above 0.1 

ng/mL level [25, 26]. A substantial increase of the troponin T protein level is predicted to 

lead to patient death, while modest troponin rises can eventually (estimated time: six 
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months) lead to the same fatality [26, 27]. A stereo view of the troponin biomarkers are 

illustrated in Figure 13. This study was conducted with the cardiac troponin T, which 

was purchased from U.S.-Biological (product code #T8665-25C). 

 

Figure 13. Stereo view of troponin: TnC, TnT, and TnI are colored  
in red, yellow, and cyan, respectively [28]. 

 
4.1.4.2 Anti-Troponin T 

 As discussed in Chapter 2, antibodies are capable of detecting specific antigens 

or proteins during an immunoassay. Anti-troponin T is known as the immune-specific 

receptor for the cardiac protein troponin T. This specific antibody was produced by 

employing the hybridoma technique and fusion of mouse myeloma cells [29]. Anti-

troponin T for this study was purchased from U.S.-Biological (product code #T8665-

22D). 

4.1.4.3 SuperBlock® 

 The SuperBlock® blocking buffer provides extremely fast and effective blocking 

for the immunoassay. This produces a high signal-to-noise ratio in detecting the 
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systems with microtiter plates, membranes, or tissues. Product specifications imply that 

the buffer is capable of blocking the membranes in 5 to 10 minutes, which leads to the 

rapid detection of the sensor. This blocking agent was purchased from Pierce (product 

code #37515). 

 4.1.5 Neurodegenerative Biomarker 

 This section discusses the biochemical materials incorporated in building the 

immunoassay for detecting neurodegenerative disease. The focus of this study was the 

detection of elevated levels of alpha-synuclein, which is a known biomarker for 

neurodegenerative abnormalities. 

4.1.5.1 Alpha-Synuclein 

 Axons act as transmitters between the central nervous system and other cells. 

They make contact with cells—usually with other neurons but sometimes muscle or 

gland cells at synapses junctions. At a synapse, an axon membrane closely adjoins the 

target cell membranes, and the special molecular structure serves to transmit electrical 

and electrochemical signals across the gap [30]. 

 Proteomic researchers have identified alpha-synuclein as a small protein of 140 

amino acids, which is abundant at the presynaptic region of axons, which plays an 

important role in the regulation of synaptic function [31]. Alpha-synuclein is a major 

component of neurodegenerative disease conditions. This protein biomarker is 

associated with Parkinson’s disease, Lewy body dementia, and Alzheimer’s disease 

[31, 32]. In most cases, various mutations of the alpha-synuclein gene as well as 

elevated protein levels can increase the risk of developing Parkinson’s disease. 

Experimental results indicate that certain morphologies of alpha-synuclein at an 
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increased level can be toxic and can lead to neuronal cell death. Primarily, the toxic 

protein elevations that cause the death of the cell population can be identified as alpha-

synuclein prefibrillar oligomers [31, 32, 33]. Figure 14 shows the atomic force 

microscopic (AFM) image of alpha-synuclein biomarker. 

 

Figure 14. AFM image of fibrillar alpha-synuclein (height 4–6 nm) [34]. 

 The order of 15 kda is known as the molecular weight of alpha-synuclein. Hence 

a concentration of 15 pg/ml corresponds to 1 picomolar concentration. Based on 

relevant clinical data, the lower picomolar regime concentration of the protein is 

associated with early disease diagnosis [35]. 

4.1.5.2 Single-Chain Fragment Variable  

 Increased levels of the alpha-synuclein protein biomarker can be identified with a 

designated single-chain fragment variable (scFv) antibody, which would increase the 

rate of survival from the unexpected neurodegenerative abnormalities. ScFvs can be 

utilized in detecting the alpha-synuclein mutations as well as controlling the aggregation 

of biomarkers. Experiments have proven that the isolated nanomolar scFv affinity with 
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the alpha-synuclein can decrease the risk factor while controlling the combination of 

biomarkers [31, 32].  

 A single-chain fragment variable antibody D10 has been labeled to have high 

affinity with the monomeric wild-type mutated alpha-synuclein, which is overly 

expressed in Parkinson’s disease conditions [31]. 

4.1.5.3 Bovine Serum Albumin 

 Bovine serum albumin (BSA) was selected as the blocking solution for the 

neurodegenerative disease-detection immunoassay. This blocking solution was 

specifically selected to impede the nonspecific molecule binding during immobilization. 

Commercially available BSA was purchased from Pierce (product code #37515). 

4.2 Impedance Measurements 

 This section explains the measurement methods and instruments employed in 

the experimentations. Electrical impedance spectroscopy (EIS) was primarily used to 

probe the impedance measurements by applying slight potential through the electrode 

terminals. Furthermore, the theory behind the EIS analyzer was examined while 

performing the antigen antibody immobilization. 

4.2.1 Electrical Impedance Spectroscopy 

 Electrical impedance spectroscopy was used as an analyzer to plot the electrode 

impedance over the applied frequency range. Generally the impedance component is 

used to illustrate the equivalent resistance and the capacitance changes in the solid-

liquid interfacial phenomena. EIS measurements can be made as the potential of the 

structure increases due to the variety of solutions with different concentration ratios. 
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This approach can be recognized as a heterogeneous electron transfer reaction of the 

solution; these parameters can be evaluated using the electrical double-layer structure. 

 The electrochemical systems and impedance measurement theories can be 

modeled using equivalent circuit components such as resistors, capacitors, and 

inductors. These circuit structures cannot easily be presumed. Designing of the 

equivalent electrical system requires a greater understanding of the reaction scheme 

taking place on the gold electrode surface.  

 In order to obtain the Faradic impedances, the Randels cell model was used and 

is shown in Figure 15. The Randels equivalent circuit is a simple model used to 

describe the process at the electrochemical interface. Direct measurements of the total 

impedance involve the resistance of the solution, RΩ and the double-layer capacitance 

Cd. Furthermore, the interpretation of the impedance spectra due to the electrochemical 

reaction is symbolized by charge transfer resistance Rct and Warburg impedance W.  

 

Figure 15. Equivalent circuit for EIS system at high frequencies 

 As antigen-antibody immobilization occurs on the sensor surface, the electrical 

double-layer capacitance changes while altering the measured impedance. The charges 

passing through the solution experience the resistance of the solution and the double-
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layer capacitance due to the immobilization. The charge-transfer resistance implies that 

the charged particles leaked through the double layer due to electrochemical reactions 

on the sensor surface. Warburg impedance denotes the bulk properties or the 

resistance to mass transfer. Compared to RΩ and Cd, the components of the Faradic 

impedances are not ideal due to changes in frequency. At much lower frequencies, the 

Warburg impedance becomes dominant, and the impedance readings solely come from 

this. As the frequency rises, the double-layer capacitance and the charge transfer 

resistance become important elements in the model. Double-layer capacitance 

contribution falls to zero at very high frequencies, whereas at low frequencies, Cd offers 

high impedance.  

In this thesis, application data was acquired using Reference 600, Gamry 

Instrument Inc., with an input alternative current (AC) of 10 mV. Initially the 

measurements of the total electrode impedance were collected as a function of 

frequencies ranging from 50 Hz to 5000 Hz, as presented in Figure 16. Since at a lower 

frequency regime the double-layer capacitance dominates the other components, the 

final impedance spectrums were analyzed at 100 Hz. This results in the accuracy of the 

EIS readings; the amount of molecule binding is directly proportional to the variation of 

the impedance due to the change in the electrical double layer.  
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Figure 16. EIS measurement of sensor (double-layer capacitance dominant frequency 
range indicated in colored region)  

 
4.2.2 Double-Layer Capacitance 

 Electrical double-layer capacitance is associated with biomolecule binding that 

takes place in a microchannel. The nanowell structure used in this study was discussed 

in the previous chapter. This nanowell structure is used to mimic the miniature microtiter 

plate. As the immobilization takes place, an electrical double layer is formed in each 

well structure. As the solid is immersed in the ionic solution, a major reaction with the 

solid-liquid interface occurrs and eventually leads to an equilibrium condition. The two-

way transfer resulting on the surface creates an electrical double layer, which leads to a 

variation of the capacitance as the biomolecules bind together. This phenomenon is 

exemplified in Figure 17 with the use of the Gouy-Chapman model with Sterns 

correction.  
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Figure 17. Illustration of solid-liquid interface and electrical double layer [36]. 

The Helmholtz-Gouy-Chapman model with Sterns correction is an acceptable 

model for representing the charge distribution dynamics at the metal-solution interface, 

where the Gouy-Chapmen theory defines the electrical double-layer binding and the 

surface charge densities. Based on this theory, as the concentration of the solution 

increases, a high polarization is created between the electrode and the solution which 

then attracts ions to the metal surface until the separation between them continuously 

decreases to zero. The Sterns modification redefines the Gouy-Chapman theory based 

on the finite size of ions. Therefore, even at high polarization condition, ions cannot get 

any closer to the metallic surface than the ionic radius.   

The layer closer to the gold electrode surface is created with specifically 

absorbed ions. This inner layer is also known as the compact, Helmholtz, or stern layer. 

The electrical locus of the ions in the inner layer can be identified as the inner Helmholtz 
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plane (IHP). The outer Helmholtz plane (OHP) is comprised of the closest layer of the 

solvated ions, which lies above the inner Helmholtz plane. The remainder of the 

nonspecifically absorbed ions are distributed in the diffuse layer, which extends above 

the outer Helmholtz plane [37]. 

Electrical double-layer capacitance modulation at each nanowell structure was 

captured via the probes connected to the two electrodes of the sensor platform. EIS 

readings designated the summation of the double-layer capacitances on the working 

electrode structure as layer-by-layer binding of the biomolecules occurred. 

Figure 18 illustrates the occurrence of the electrical double-layer capacitance in 

the nanowell structure. 

 
 

Figure 18. Schematic representation of electrical double-layer capacitance 
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The measured capacitance is a series of capacitance increases in the various 

components in each reaction well: 

 

    
  

 

          
   

 

                 
  

 

                
  

 

                 
  (4.1) 

where capacitance is denoted by C. The capacitance of the substrate contributes to the 

largest capacitance value of the double-layer capacitance. Since the impedance is 

inversely proportional to the capacitance,  

    
, it is equivalent to the impedance 

variations recorded using EIS. Therefore, the substrate capacitance can be neglected. 

4.3 Experimental Protocol 

 The immobilization assay protocol was similar in all experiments. Therefore, the 

general procedure to perform a dose-response experiment is explained in this section. 

 The electrode surface was cleaned using ethanol and air-dried to avoid foreign 

contamination to the assay. The nanoporous alumina membrane was utilized to cover 

the gold two-electrode system while creating high-density nanowell structures. The 

sensor integration was completed with the placement of the PDMS microfluidic 

chamber, which was incorporated to confine the fluid inside the sensing region.  

 After the sensor integration was completed, the sensor surface was cleaned with 

150 µL of PBS, which was purchased from Pierce. A DSP cross-linker was prepared 

using DMSO solvent. Following the extraction of PBS from the sensor surface, a 4 

mg/mL DSP cross-linker solution was incubated for 30 minutes to ensure proper affinity 

of the thiol end of the linker with the gold electrode surface. After immobilization of the 

linker in the nanowell structure, the sensing site was washed three times using PBS to 

extract the unbounded DSP cross-linkers. A predetermined concentration of the specific 

protein receptor (antibody) was incubated for an appropriate amount of time; this 
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concentration and the incubation time was identified at the antibody saturation assay. 

Following the antibody incubation a three times PBS wash was carried out to extract the 

antibodies that did not bind. A blocking agent in the amount of 150 µL was then 

incubated for 15 minutes to preclude the nonspecific bindings. The extensive particles 

of the blocking agent were extracted with a three times PBS wash. The sensing site was 

then incubated with ranging concentrations of antigen-diluted samples, each step 

followed by a 150 µL three times PBS wash after 15 minutes of incubation. 

 Figure 19 illustrates the immobilization of the antigen using specific protein 

receptors. 

 

Figure 19. Schematic of protein immobilization at nanowell structures 

 Biomolecule binding that occurred at each nanowell structure was measured 

using electrical impedance spectroscopy. As discussed in the previous sections, the 
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immobilization of these biomolecules resulted in the perturbation of the electrical double 

layer, which affects the change in capacitance. A significant change in the capacitance 

can be captured using EIS readings obtained after each incubation. 

4.3.1 Anti-troponin T Saturation 

 The initial experiment was designed to identify the saturation concentration of the 

antibody to perform the immobilization on the sensor platform. In this study, the anti-

troponin T antibody was used to perform the absorption isotherm to identify the 

maximum amount of antibodies that can saturate inside nanopores. Impedance values 

perceived as antibodies get absorbed and they were used to define the antibody 

concentration where there was no change in impedance.  The absorption isotherm is 

also known as the Langmuir isotherm. 

The integrated sensor surface was functionalized with the use of a 4mg/mL DSP 

cross-linker solution after cleaning the gold electrode platform with PBS. The next step 

involved injecting diverse concentrations of the anti-troponin T while collecting the 

impedance measurements. Anti-troponin T concentrations ranging from 1 ng/mL to 100 

µg/mL were incubated, and the EIS measurements were recorded at 15 and 30 minutes 

after incubation. The antibody saturation concentration and anti-troponin T incubation 

period were decided on using the data presented in Figure 20. 

4.3.2 Troponin T Dose Response in PBS 

 Following the antibody saturation, the sensor surface was inoculated with the 

reactant protein to determine the sensitivity of the biosensor. The impedance changes 

associated with the antigen binding across the various concentrations were measured 

using electrical impedance spectroscopy.  
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 Following DSP surface functionalization, the sensor was injected with 150 µL of 1 

ng/mL anti-troponin T solution and incubated for 15 minutes. Then the unbounded 

antibodies were extracted, and SuperBlock® was exerted to prevent the affinity of the 

nonspecific biomolecules. Finally, the dose-response curve below was acquired with the 

protein-specific capacitance measurements: troponin T concentrations ranging from 1 

ag/mL to 100 ng/mL were incubated for 15 minutes, and each step was followed by a 

PBS wash three times. 

4.3.3 Troponin T Dose Response in Human Serum 

 In order to explore further, a similar dose-response experiment was performed 

using a human serum buffer in place of PBS. First, commercially available human 

serum was mixed with a PBS solution in a 1:1 ratio to prepare the 50% diluted human 

serum buffer in order to mimic the interference of bodily fluid. Troponin T protein was 

then diluted in the pre-prepared buffer to attain the serial antigen dilutions ranging from 

1 ag/mL to 1 ng/mL.  

4.3.4 D10 Saturation 

 As discussed in section 4.3.1, the saturation experiment was performed to locate 

the saturation concentration of the antibody to perform the immunoassay. Here, single-

chain fragment variable, D10, was incorporated as the protein receptor to detect 

neurodegenerative disease biomarkers. 

In this experiment, three concentrations of the D10 scFv were prepared in a PBS 

buffer: 1 µg/mL, 10 µg/mL, and 100 µg/mL. First, three biosensors were assembled, and 

the platforms were functionalized with DSP cross-linkers. Each sensing site was then 

inoculated with different concentrations of the D10 antibody. Protein receptors were 
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incubated for nearly two hours, and meanwhile the EIS readings were collected every 

15 minutes to observe the antibody saturation.  

4.3.5 Alpha-Synuclein Dose Response in PBS 

 After completing the biosensor integration utilizing nanoporous alumina 

membranes with a uniform pore diameter of 200 nm, the sensing site was injected with 

D10 following the DSP cross-linker. Immediately after the 60-minute incubation of the 

10 µg/mL D10 concentration, the sensing site was then functionalized with a BSA 

blocking agent. Finally, the alpha-synuclein dose response was acquired with the pre-

prepared serial antigen dilutions ranging from 1 fg/mL to 1 µg/mL 

4.3.6 Alpha-Synuclein Dose Response in Human Serum 

 This section discusses a similar dose-response assay built into the biosensor 

using a more complicated sample with high interferences than PBS.   

 Primarily the alpha-synuclein serial dilutions ranging from 100 fg/mL to 10 ng/mL 

were prepared in the attenuated human serum sample. A no-disease (ND) human 

serum sample was obtained and soothed with PBS to a 1:10 ratio. The prepared ND 

human serum buffer was then inoculated with alpha-synuclein to prepare various 

antigen concentrations. The next step involved immobilizing the sensor surface with the 

DSP cross-linker and D10 antibody. Once the nonspecific binding was prevented with 

the BSA incubation, the prepared antigen concentrations were inoculated to attain the 

alpha-synuclein dose response curve in human serum buffer. 
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CHAPTER 5 
 

RESULTS 
 
 

 The experiments in this thesis were performed to demonstrate the effectiveness 

of biosensors in early disease diagnosis. This chapter explains the promising results of 

these experiments in attaining the primary goal of this research.  

Early disease diagnosis incorporating a designed point-of-care device was tested 

using two different biomarkers. The sensor platform adopted the label-free detection 

technique to perform the diagnosis of the targeted protein biomarker. As discussed in 

Chapter 4, all results were captured with the use of electrical impedance spectroscopy; 

impedance readings were collected based on the emerging variations of double-layer 

capacitance during the time of antigen-antibody immobilization.  

5.1 Troponin T 

 To perform the presymptomatic diagnosis of the disease states, the sensor 

platform was functionalized incorporating the layer-by-layer binding of the biomolecules. 

The troponin T biomarker was interrogated, incorporating the label-free technique to 

continue the experiments for coronary disease diagnosis. 

 This section discusses the results accomplished through the assays. First, an 

anti-troponin T saturation experiment was performed to identify the antibody saturation 

concentration, and troponin T dose-response data were collected in the PBS buffer and 

in human serum.  

The troponin T proteomic research employed the following experimental parameters 

and components: 
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 Pore size of membrane:  100 nm 

 Voltage:   10 mV 

 Analyzed frequency: 100 Hz  

5.1.1 Antibody Saturation 

 The antibody saturation concentration was inferred from the absorption isotherm. 

The impedance changes recorded over the experiment are illustrated with respect to the 

DSP reading. 

                             
               

    
       (5.1) 

where ZDSP is the EIS measurement noted after the linker incubation, and ZAntibody 

implies the impedance variation observed after the incubation of each anti-troponin T 

concentration. 

 

Figure 20. Anti-troponin T saturation curve 
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 Figure 20 represents data acquired with two biosensors and each sensor was 

incorporated to record three impedance readings at every antibody concentration. Anti-

troponin T saturation curve shows a large elevation in the percent change of impedance 

from 1 ng/mL anti-troponin T concentration. Furthermore, this graph illustrates a slight 

increment in the percent change in impedance over five orders of the antibody 

concentrations. Thus, 1 ng/ml concentration of the anti-troponin T was chosen as 

antibody saturation concentration, to conduct the immunoassay. The incubation time 

was determined to be 15 minutes, since there was no major differentiation between the 

two plots. 

5.1.2 Troponin T Dose Response in PBS 

 Sensor performance parameters were initially tested in phosphate-buffered 

saline. Troponin T dilutions were prepared in the PBS buffer, and the dose-response 

curve was obtained to evaluate the performance parameters of the integrated POC 

device.  

 Electrical double-layer changes associated with the troponin T binding taking 

place on the sensor surface were analyzed at 100 Hz and plotted in the bar graph 

shown in Figure 21. Each data point corresponds to the impedance measurements 

collected using two sensors. Five impedance readings were attained using each sensor. 

Hence, the impedance measurements shown in Figure 21 are average values of 10 

impedance variations.  

 The EIS measurements were plotted based on the impedance variation observed 

at antibody incubation. 

                             
                   

         
       (5.2) 
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where ZAntibody indicates the impedance variation observed while the antibody and the 

DSP linker consolidate, and ZAntigen denotes the double-layer capacitance deviations 

observed after each antigen insertion. 

 

Figure 21. Troponin T dose-response curve 

 As shown in Figure 21, the minimum limit of detection of the cardiac biomarker 

troponin T is at 1 ag/mL, and the dynamic range extends up to 100 ng/mL. An 

approximate impedance change of 22% can be seen at the limit of the detection 

baseline. It can be assumed that the linearity of the troponin T dose-response curve 

may have been compromised due to the various physical interferences: background 

noise, drift due to variations of the potential, and the current provided. Furthermore, the 

slight leakages observed during the assay might account for the inconsistency of the 

trend illustrated in Figure 21. Thus, the potential outliers that might have occurred due 
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to the physical interferences or the sensor leakages were identified using Z-score 

method. 

         
      

 
 (5.3) 

In equation (5.3), “y” indicates the raw measurement that needs to be 

standardized. The mean and the standard deviation of the data set are denoted by “µ” 

and “σ” respectively.  

Then, the data were analyzed using the empirical rule, where the measurements 

with a z-score of 3.0 and above were considered as outliers. Based on the results of the 

statistical analysis, three outliers were detected at 1 fg/mL, 10 fg/mL, and 10 pg/mL 

concentrations. Since each point of the graph was established using multiple 

responses, an outlier deviates excessively from the corresponding true values. Hence, 

the three calculated outliers were deleted from the calibration curve to maintain the 

accuracy of the dose response. 

 As derived in Chapter 4, troponin T is considered a risk factor at a threshold 

above 1 ng/mL; utilizing this device, the specific cardiac biomarker can be detected at 

about nine orders before the approximated risk concentration. Therefore, it can be 

concluded that the integrated point-of-care device is capable of presymptomatic 

diagnosis of diseases by incorporating label-free diagnosis technology. 

5.1.3 Troponin T Dose Response in Human Serum Buffer 

 The troponin T dose response was evaluated on the sensor surface to determine 

the sensitivity of the sensor using a real human sample. The analyzed EIS readings are 

presented in Figure 22. To demonstrate the enhanced sensitivity of the device due to 

the design components, a diluted human serum experiment was performed. 
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Approximately 14% change of the impedance was observed at the 1 ag/mL normalized 

to antibody baseline.  Figure 22 presents an impedance variation of about 15% over the 

dose range of 1 ag/mL to 1 ng/mL. Compared to the troponin T dose response in PBS, 

percent change in impedance of troponin T dose response in human serum buffer was 

not as high, yet a large increase of the percent change in impedance was observed 

from 1 ag/mL.  

 

Figure 22. Troponin T dose-response curve in diluted human serum buffer 

5.2 Alpha-Synuclein 

 The adopted label-free detection technique was then tested on the 

neurodegenerative disease biomarker alpha-synuclein. The specific biomarker was 
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 In this study, the single-chain fragment variable, D10, was incorporated as the 

protein receptor; this antibody is concentrated in order to locate Parkinson’s disease 

biomarkers.  

 This section presents the experimental results and the specific experimental 

protocols followed in detecting the alpha-synuclein biomarkers. Initially, a D10 single-

chain fragment variable saturation experiment was carried out on the gold electrode 

sensor platform to ascertain the antibody saturation concentration with the saturation 

time period. The next set of immunoassays was performed with the use of the 

distinguished antibody concentration to find the dose-response curves. Alpha-synuclein 

dose response impedance variations were recorded in both PBS and the diluted human 

serum buffer.    

 Experimental parameters and specific components utilized in this portion of the 

proteomic research are shown below: 

 Pore size of membrane:  200 nm 

 Voltage:    10 mV 

 Analyzed frequency:  100 Hz  

5.2.1 Antibody Saturation 

 As briefly explained in the previous section, the antibody saturation was an 

important assay, which helped to detect the specific concentration of the protein 

receptor to continue the immunoassay. The hypothesis of this observation is that all 

nanowells are equally filled with the same amount of the adsorbent molecules. 

Furthermore, the experiment aids in detecting the time needed to saturate the nanowell 

structures with the specific antibody.  
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 The collected impedance measurements were normalized to the DSP baseline 

and are illustrated in Figure 23. An identifiable change in the double-layer capacitance 

was observed from all three D10 concentrations starting from 15 minutes incubation. As 

illustrated, saturation primarily begins in the second half of the graph. Therefore, it was 

decided to employ 10 µg/mL concentration of the D10 receptor to continue the 

immunoassay. In the second half of the graph, the impedance variation can be 

observed within about 2%, whereas in the first 60 minutes of the incubation, the 

impedance varied over 10%. Therefore, the incubation period of the 10 µg/mL 

concentration of D10 antibody was selected to be at 60 minutes. 

 

Figure 23. D10 Saturation experimental data 
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5.2.2 Alpha-Synuclein Dose Response in PBS 

 After determining the D10 saturation concentration, the next step was detecting 

the alpha-synuclein dose response in a pure PBS sample. As discussed in Chapter 4, 

the alpha-synuclein is considered to be at a risk above the lower picomolar regime, 

which corresponds to the 10 pg/mL concentration; hence, the sensitivity of the device 

was investigated over nine orders of magnitude—from 1 fg/mL to 1 µg/mL. This is 

displayed in Figure 24. 

 

Figure 24. Alpha-synuclein dose response in pure PBS solution 

 Double-layer capacitance measurements captured using EIS was analyzed at 

100 Hz plotted normalized to antibody baseline. Figure 24 illustrates the percent change 

in impedance trend starting with about 8% change at the limit of detection. A total 

impedance variation of 25% was observed over the nine orders of dose concentrations. 

The alpha-synuclein dose response curve is plotted with data collected using four 
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replicates and the error bars represent the coefficient of variance (CV). The small 

magnitude of the error bars signifies the slight variations of the CV, which implies the 

reproducibility of the sensor. 

5.2.3 Alpha-Synuclein Dose Response in Human Serum 

 Enhanced sensitivity of the designed point-of-care device was highlighted with 

the human serum buffer experiment. Then, the readings of the immunoassay were 

probed through the working and reference electrodes connectors of the EIS device and 

plotted, as shown in Figure 25. 

 

Figure 25. Alpha-synuclein dose response in diluted human serum buffer 
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slightly decayed over the dose-response curve obtained with the pure PBS sample, a 

significant change of impedance could be seen over the antigen concentrations. 
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CHAPTER 6 
 

CONCLUSION AND FUTURE WORK 
 
 

6.1 Discussion and Conclusion 

 The point-of-care device developed in this research suggests the sensitivity and 

the reliability of label-free biomarker detection. As the results indicate, the biosensor 

design utilizing nanoscale architecture enhances the sensitivity of the assay, thus 

offering presymptomatic diagnosis of the disease biomarkers. 

 The promising results obtained employing the integrated POC device is 

summarized in Table 1. 

TABLE 1 
 

SUMMARY OF BIOSENSOR PERFORMANCE 
  

Biomarker 
Performance 
Parameters 

Sensor 
Performance in 

PBS 

Sensor 
Performance in 
Human Serum 

Troponin T 

Limit of Detection 1 ag/mL 1 ag/mL 

Dynamic Range 1 ag/mL–100 ng/mL 1 ag/mL–1 ng/mL 

Percent Change in 
Impedance at LOD ~ 22% ~ 15% 

Alpha-
Synuclein 

Limit of Detection 1 fg/mL 100 fg/mL 

Dynamic Range 1 fg/mL–1 µg/mL 100 fg/mL–10 ng/mL 

Percent Change in 
Impedance at LOD ~ 10% ~ 1% 

 
As illustrated in Table 1, the limit of detection for the acute coronary syndrome 

biomarker, troponin T was attained at 1 ag/mL, while the limit of detection for 

neurodegenerative disease biomarker, alpha-synuclein was found at 1 fg/mL. For both 



57 

cases, the biosensor platform was utilized to test nine orders of biomarker 

concentrations ascending from the LOD. Furthermore, detection of the biomarkers in 

bodily fluid was tested under diluted human serum buffer. Due to the high interference 

of the buffer, less variation of the EDL capacitance was perceived at the LOD. 

Nevertheless, the LOD of troponin T remained at 1 ag/mL, while the LOD of the alpha-

synuclein switched to 100 fg/mL. Although the impedance variations in the human 

serum buffer were less than the PBS dose responses, a significant variation of the 

impedance seen in both cases made it necessary to perform the quantitative analysis.  

As derived in the earlier chapter, the risk assessment levels of the two 

biomarkers are reported as follows: 

 0.1 ng/mL for cardiac biomarker, troponin [25,26] 

 15 pg/mL for neurodegenerative biomarker, alpha-synuclein [35] 

Therefore, the experimental results demonstrate the ability to interface nanostructures 

with a microelectrode platform to perform label-free diagnosis of biomarkers at 

presymptomatic stages.  

To show that all the objectives have been met in this thesis, a brief comparison of 

the current detection method and the integrated label-free technique is presented in 

Table 2.  

The gold standard method, or ELISA, which is among the prominent biomarker 

detection techniques, employs a colorimetric tag to perform the optical detection. 

Furthermore, the qualitative analysis of ELISA is generally attained under single-analyte 

detection, whereas in the integrated label-free biosensor, analysis was based on 

multiple-analyte detection. 
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TABLE 2 

COMPARISON OF LABEL AND LABEL-FREE BIOMARKER DETECTION 

Device Parameters ELISA Biosensor 

Detection Enzyme-Linked 
Colorimetric Assay 

Label-Free 
Impedance Detection 

Volume 3–5 mL 150 µL 

Portability Not Portable Portable 

Response Time Per 
Assay ~ 4 hours 15 minutes 

 

 This research has demonstrated the use of nanoporous membranes for ultra-

sensitive biomarker detection. The prototype was designed to fabricate the nanowell 

platform. Thus, multiple-analyte detection is feasible. Moreover, the nanoporous 

structure provides limited space to prevent the aggregation of proteins while mimicking 

the macromolecular crowding phenomena. Hence, the protein biomarkers have high 

stability during electrical immunoassay, unlike ELISA where proteomic research is 

conducted inside microtiter plates with higher volume. The high surface area-to-volume 

ratio of the nanostructures in the integrated sensor platform generates ultra-sensitive 

and extremely accurate stimuli. Therefore, even the slight elevations of biomarkers can 

be identified and treated at the early stages of the disease.  

 The biosensor enables real-time detection, and being a point-of-care device, the 

integrated sensor design has a low manufacturing cost.  The gold standard method of 

biomarker detection can be considered fairly expensive, and the assay time of the 

ELISA method is quite long. A label-free sensor platform serves the purpose of 

generating a rapid response of the electrical immunoassay; as indicated throughout the 
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research, the response of the assay can be attained after 15 minutes of sample 

incubation, and in total, the biosensor preparation time can be estimated to be about 

three hours. Additionally, the device parameters can be compared based on the 

volume: single-analyte testing using ELISA consumes 3–5 mL of sample, whereas 

multiple-analyte detection using the designed biosensor can be performed with 150 µL 

of sample. Also, qualitative analysis of the ELISA must be performed by trained 

personnel in a full laboratory environment, whereas the portability and simplicity of the 

biosensor allows for onsite testing without trained personnel.  

 As discussed in this section, the integrated biosensor makes a large contribution 

toward disease diagnostics at presymptomatic stages, yet there are certain limitations 

with this label-free electrochemical detection technique, which is primarily the lack of 

control over the EIS parameters—possible potential variations or the noise interferences 

during assay can lead to a drift of the output stimulus. Degradation of the electrode 

sensor surface is viable after an immunoassay. Therefore, a reliable and efficient 

means of sensor fabrication must be carried out before longterm practices. 

6.2 Future Work 

 The goals of this proteomic research have been achieved with successful 

integration and experimentation of the label-free biosensor. As presented in the 

previous chapters, the biosensor was primarily assembled with a nanoporous 

membrane and a gold electrode surface. The sensor parameters were then examined 

by incorporating two biomarkers: troponin T and alpha-synuclein. Performance of the 

biosensor in a PBS buffer as well as diluted human serum buffer was investigated with 

the use of antigen solutions. 
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 Although the sensitivity of the implemented device was studied with various 

concentrations of antigen dilutions, specificity of the sensor has not yet been tested. 

Therefore, electrochemical biosensor research should proceed with specificity 

experiments to validate sensor performance prior to launching to the market. Primarily, 

the antigen solutions prepared with other human serum samples could be tested to 

ensure stability of the biosensor.  

 An interesting addition to this series of experimentations would be to incorporate 

the dielectric technique to unite all biomarkers while enhancing the sensitivity of the 

sensor. The dielectrophoresis technique can be employed to attract all biomolecules to 

the bottom of the nanowell structure during immobilization. Moreover, proteomic 

research could be conducted using nanoporous alumina membranes with diverse pore 

sizes. Nanoporous membranes with uniform pore diameters of 100 nm and 200 nm 

were used in implementing this POC device. Based on the macromolecular crowding 

phenomena, pore confinement plays a vital role in biomarker detection; thus the 

biosensor could be assessed based on pore sizes.  

 Another challenge relative to this device would be to modify and engineer a 

hand-held biosensor monitor to perform on-site testing and attain instant results to 

improve the quality of human lives.  
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APPENDIX A 
 

GLOSSARY 
 
 

Assay – is an experimental protocol followed in a laboratory environment to obtain the 
qualitative or quantitative assessment of a targeted entity. 
 
Immunoassay – is a biochemical laboratory technique that uses to identify specific 
analytes through the binding of an antigen and antibody. 
 
P-polarized light – p-polarized wave is also known as transverse magnetic wave.  The 
optical transverse wave has an ability to propagate for relatively long distance before 
losing the intensity [9].    
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