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ABSTRACT 

 

ELECTRICAL APPAROACHES FOR SELECTIVE DETECTION OF CANCER BIOMARKER PROTEINS 

WITH APTAMERS 

 
 

Priyanka Ramachandran, M.S. 

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Dr. Samir Iqbal 

Cancer is a disease that is the central focus of many a researcher’s attention. As it is a disease 

that can spread very rapidly and can be fatal in many cases, its early detection and early treatment can 

dramatically change mortality. Towards the early detection of the disease, antibodies are most commonly 

used for the detection of cancer biomarkers. The use of antibodies in diagnostics has proven fruitful in the 

past. But advancements in molecular biology have introduced aptamers for diagnostic and therapeutic 

purposes. Aptamers are oligonucleotides or peptides that are usually synthesized by a selective process 

called SELEX. Aptamers are more advantageous as they are stable over wider physical conditions and 

have higher selectivity than antibodies.  

The Epidermal Growth Factor Receptor (EGFR) is a cell surface protein that plays a pivotal role 

during the tumorigenesis of the cancer cells.  It is over-expressed during the onset and the course of 
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cancer. A biomarker sensor was designed to electrically detect proteins.  For initial studies, the capture of 

R2Bm protein was demonstrated using double-stranded DNA that binds to it.  Towards a practical 

application of the detection approach, EGFR capture and detection was also done.  The EGFR was 

captured by the anti-EGFR RNA aptamer. To electrically detect the presence of the proteins, a 

Complementary Metal Oxide Semiconductor chip was fabricated with gold nano-electrodes for sensitive 

electrical detection of two model proteins. The electrical data obtained showed an increase in current by 

three orders when protein was captured between nano-electrodes in comparison with the control chips. 

The presence of the protein and the selective agent was optically confirmed in both cases. The use of 

CMOS chips in the detection system makes integration with other circuits units more feasible. Designing a 

microarray for the simultaneous electrical detection of many biomarkers is also possible. Also, to test the 

prototype device and technology of guided-more resonance, the EGFR aptamer was immobilized on a 

titanium dioxide surface. The technology involves the analysis of shift in wavelength after a binding event. 

Upon analysis it was found that the protein was indeed bound to the aptamer on the titanium dioxide 

surface. 
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CHAPTER 1 

INTRODUCTION 

 Cancer is a deadly disease that leads to death if not detected and treated at the right time. The 

diagnosis of cancer is a very important aspect of cancer treatment. The earlier diagnosis always proves to 

be better. There are numerous methods of cancer detection available in the market today that aid in 

detection. To design a device that can detect the presence of cancer biomarkers in the presence of a 

large background noise would be the ideal scenario. Antibodies are commonly used to functionalize 

nano-devices and nano-objects for detection of specific biomarkers.  Such antibody-based molecular 

recognition has limited capability for field-deployable or point-of-care modalities, as antibodies need 

certain range of temperatures, humidity and solution conditions to retain their structure.  In terms of the 

solution conditions, an important parameter is the need for low ionic strength.   Low ionic strength of the 

buffer solutions is needed to overcome surface Debye screening, but it also results in weaker interactions 

between the surface probe and solution target molecules.  A possible solution is the development of non 

antibody-based interactions that are at least as selective as antibody-based assays. 

 The thesis explores the design of biochips that can enable early detection with the aid of 

aptamers. Chapter 2 gives a brief background on the technologies and biological molecules used. 

Chapter 3 discusses the fabrication of a break junction chip. Chapter 4 discusses the design and 

development of a silicon oxide CMOS chip that was designed and tested with double stranded DNA and 

its binding protein – R2Bm. The measurements of electrical detection of the dsDNA and the protein 

bound to the DNA are presented. In chapter 5, the electrical detection of EGFR, a cancer biomarker 
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protein, on a similar silicon oxide CMOS chip utilizing complementary binding from EGFR RNA aptamer, 

is discussed. Chapter 6 discusses the detection of the cancer biomarker protein EGFR by EGFR RNA 

aptamer on titanium dioxide. The alternate attachment surface is to allow for more methods of cancer 

protein detection using RNA aptamer. 

1.1 Electrical detection of R2Bm protein using silicon chip 

R2Bm is a retrotransposon protein found in the organism Bombyx mori. In chapter 3, the 

immobilization of double stranded DNA (dsDNA) on the silicon oxide surface is discussed. The chapter 

also discusses the binding of the R2Bm protein with the dsDNA. The binding between the dsDNA and the 

protein molecule was confirmed optically using a fluorescent dye. Electrical measurements performed on 

the CMOS chip confirmed the presence of the dsDNA and the protein on the chip surface. 

1.2 Break Junction Fabrication using FIB 

Break junction is an electrical junction formed from thin metal strips. Chapter 4 discusses the 

fabrication of these break junctions on CMOS chips. Focused Ion Beam (FIB) was used to scratch thin 

metal lines and subsequent electromigration was done to create break junctions in a controlled manner.  

1.3 Electrical detection of EGFR protein by EGFR aptamer using silicon chip 

EGFR is a receptor protein found on the surface of cancerous cells. The early detection of the 

receptor can facilitate better and more effective treatment. Chapter 5 discusses the design of the CMOS 

chip for the protein detection. Aptamers were immobilized on the chip and the protein flown through it was 

captured. The presence of the protein and the aptamer was initially confirmed by using fluorescent dyes 

that bind to the aptamer and protein respectively. Electrical measurements that were performed on the 

chips conclusively proved the presence of the RNA aptamer and the captured protein on the CMOS chip 

surface. 
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1.4 Detection of EGFR protein by EGFR aptamer on titanium oxide 

In this chapter we discuss the attachment of the aptamer on the surface of the titanium oxide 

coated silicon chip and the detection of the EGFR protein. The same procedure was adapted to 

immobilize the RNA aptamer on the surface of titanium oxide titer well plates. The use of titanium oxide 

plates was to facilitate the detection of protein and aptamer through a different modality of resonant 

sensing.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Biomarkers 

 Biomarkers are biological indicators found within the body that give information on the 

homeostasis of the system. They also help understand when the homeostasis is thrown off balance [1]. 

These biomarkers can be any biomolecule found within the body. Typically these are hormones, 

enzymes, cells, molecules, genes or gene products. The name “biomarkers” is used in short for 

‘molecular biomarker’ [2]. There are certain levels in which these entities are present under normal 

conditions. But when a disease condition arises, one or a few of the biomarker levels change. Measuring 

the levels of the molecules often gives a clearer picture of the organ system under distress.  

 Proteins have an important role to play in the diagnosis of diseases as their expression is altered 

during the course of a disease. Technological advances have led to the development of proteomics, 

which is the study of the structure and function of human proteins in greater detail. The study of these 

proteins has proven to be the biggest advantage to researchers in the early diagnosis of diseases and 

also in drug discovery. Advances in proteomics combined with rapid developments in bioinformatics have 

led to numerous software tools being developed to predict the best selective agents or drugs in numerous 

diseases. Some of the proteins that aid as disease biomarkers include the amyloid protein that is 

deposited in the brain in the case of Alzheimer’s disease, or the detection of the thyroid hormones T3 and 

T4 in cases of Grave’s disease or the presence of specific antibodies in the cases of autoimmune 

disorders. In the diagnosis of AIDS, the antibodies that are produced against the virus are detected [3-5].  
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 Cells are also very important biomarkers. Cells from virus, protozoa, bacteria and fungi act as 

biomarkers in numerous infections. In the case of malaria, the organism from the protozoa family 

Plasmodium sp. is detected. In the detection of tuberculosis, the causative organism, Mycobacterium 

tuberculosis, is detected by culturing the bacteria on a petri-dish. Sickle cell anemia which is a genetic 

disorder affecting the red blood cells, is detected by visualization of the cell shapes. 

 In the case of cancers, the early detection of the cancer biomarkers is pivotal in effective 

treatment and recovery. The types of cancer biomarkers can vary depending on the cancer in question, 

although there are a few common features to all cancers. In the following table, some of the cancers and 

their biomarkers are mentioned. From the table, it can be seen that the protein EGFR is expressed in 

most of the mentioned cancers. 

 Table 2.1. Some cancers and their biomarkers 

Disease Biomarker  
References 

Breast Cancer CEA ,HER-2, EGFR  
 

[6], [7] 

Cervical Cancer Human Pappiloma Virus, EGFR  
 

[8, 9] 

Hepatocellular Carcinoma alpha – fetoprotein  
 

[10] 

Lung Cancer  EGFR , KRAS, BRAF  
[11, 12] 

 

Bladder Cancer 
EGFR  , fatty acid binding protein, HSP 27, 

Annexin  
 

[13, 14] 

Ovarian Cancer EGFR,  haptaglobin α, CA-125  
 

[15-17] 

Esophageal Cancer EGFR, periplakin  
 

[18, 19] 
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The discovery and validation of new biomarkers in conjunction with the technological advances 

paves way for the design of better and more sensitive diagnostic methods.  

2.2 Detection of Proteins 

 Protein detection has taken center stage with ever more understanding of disease pathways and 

cell signals.  There are currently numerous methods available for the detection of proteins. The methods 

of protein detection can be broadly classified as labeled detection and label-free detection. Labeled 

detection methods utilize a secondary organic, inorganic or radioactive molecule to bind to the protein in 

order to visualize or confirm the presence of the protein. For example, fluorescent dyes such as Alexa 

350, 488, etc, bind to antibodies that are specific to the proteins of interest. They are then detected with a 

fluorescent microscope. Some proteins are tagged with radioactive agents and the radioactivity is 

measured.  

 In order to detect a protein, selective agents are commonly used. Selective agents are those that 

specifically capture the protein of interest. They could be antibodies, chemical molecules, nucleic acids, 

etc. Traditionally, the detection of proteins is done by developing monoclonal antibodies or isolating the 

antibodies against the protein of interest. They are then allowed to bind and the antibodies are stained. 

This basic process has developed and given way to different protein detection assays detected mostly by 

antibodies in analytical formats like Enzyme Linked Immuno Sorbent Assay (ELISA), immunobead assay, 

western blotting, microarrays, etc. As the thesis is about the development of a biosensor for the detection 

of cancer, they will be dealt with in more detail than the other methods. 

 Biosensors are commonly defined as transducers that provide quantitative or semi – quantitative 

analysis. A biosensor consists of a biological molecule that recognizes the target molecule and a 

transducer element that utilizes the principles of mass, optical, thermal or electrochemical changes.  
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 Optical biosensors utilize the properties of light waves such as diffraction and reflection in the 

biosensor design. The most reported methods of optical detection are Surface Plasmon Resonance 

(SPR), fluorescence anisotropy and luminescence detection [20]. 

Figure 2.1. Representation of an SPR setup.  Reprinted by permission from Macmillan Publishers Ltd: 
[Nature Reviews Drug Discovery] [21], copyright (2002) 

 Mass sensitive biosensors have also been reported. Some of these use the microgravimetric 

methods of analysis performed on piezo-electric quartz crystals. They measure change in the resonant 

frequency of the signal is measured as a direct function of the change in the mass [20].  

 Potentiometric biosensors are those that measure the potential difference between two 

electrodes – a working and a reference electrode. Field-effect transistors (FETs) are the most commonly 

used types of devices in this class. Complementary metal-oxide semiconductor (CMOS) devices and 

Carbon nanotube FETs are the latest in potentiometric biosensors as they allow for miniaturization of the 

device as well. The devices discussed in chapter 3 and 4 belong to this class as well [20]. 
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 Electrochemical based biosensors are going to be discussed further in this section. There have 

been biosensors reported that use electrochemical transduction. Some of the methods include differential 

pulse voltammetry, alternating current voltammetry, square wave voltammetry, potentiometry or 

amperometry. The common factor between all these methods is that the outcome can be read as an 

increase or decrease in the output signal. Electrochemical impedance spectroscopy has been used to 

detect IgE molecules in a label-free manner [22]. Real – time monitoring of the sensor signal has been 

possible with impedance sensors. Impedance sensors allow the real-time monitoring of the signal and 

provide new insights into ligand-analyte interaction kinetics. With impedance measurements, a negative 

readout signal is obtained due to an increase in electron transfer resistance. However, there have been 

reports describing a positive readout signal due to the change of the surface charge from positive to 

negative when the protein is captured at the appropriate pH level [23]. 

 Electrical measurements allow for protein detection without the use of dyes. In some cases, 

metals, metal oxides or semiconductor nanoparticles such as Ag2S, CdS, CdSe, and TiO2  are used as 

nanoparticle tags in electrical assays with increased sensitivity [24].  

With advances in nanotechnology, nanowires are also being used to design novel devices. 

Nanowire arrays have been reported for the detection of proteins. They employ nanoscale wires made 

from metals and semiconducting materials such as silicon [25, 26]. Microcantilevers have also been 

developed for the detection of biological molecules and proteins in particular. Microcantilevers can 

operate in two modes – cantilever bending and resonance response variation [27]. Carbon nanotubes are 

also being used for the detection of the proteins. Single-wall carbon nanaotubes (SWNT) are grown and 

the appropriate surface chemistry is performed on these to attach the selective agent and bind the protein 

of interest [28-30].  

The Table 2.2 gives a comparison of the advanced methods of protein detection, the selective 

agents employed, and sensitivities that have been achieved for the protein detection.  
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Table 2.2. Different protein detection methods, signal amplification and detection sensitivity 

Method Signal amplification Detection sensitivity 
 

References 

SPR  None 
130 ng/mL of Folate 

Binding Protein (FBP) 
[31] 

QCM  Au nanoparticles 1.5 ng/mL FBP [32] 

ELISA  Enzyme 5-100 ng/mL 
[33] 

Optical Diffraction  Enzyme 50 pg/mL 
 

[34] 

2.3 Aptamers 

 The recent developments in the field of molecular biology and genetics have led to development 

of novel affinity binding agents such as aptamers. Aptamers are short lengths of peptide or nucleic acids 

synthesized with specific binding affinity for proteins, drugs and any other small molecule. Aptamers have 

been synthesized against a variety of molecules.  A few sample aptamers that have been used for 

molecular scale sensing include: (a) RT-26: a high-affinity DNA aptamer than can be used for the 

detection of the reverse transcriptase of the HIV type-1 as the target protein [35, 36]; (b) Anti-thrombin 

aptamer identified to interact with thrombin protein [37]; (c) 45-mer long aptamer for rapid detection of 

immunoglobulin E.  High level of IgE is seen in patients with allergic asthma & immune deficiency-related 

diseases, such as AIDS [38]; (d) RNA aptamers for the detection of β-amyloid peptide [39].  The 

Alzheimer’s disease is characterized by the deposition of this peptide in the brain. (e)  A host of DNA/ 

RNA aptamers for bio-warfare agents’ detection like ricin [40, 41]. 
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Figure 2.2. ATP binding RNA aptamer. Reprinted from [42] Copyright (2007), with permission from 
Elsevier  

 Aptamers exhibit high binding affinities with dissociation constants in the sub nano molar range 

for even closely related isoforms of proteins [43, 44]. The distinctive binding abilities of aptamer arise from 

its recognition of protein folding that play an important role in the functioning of the protein. It has also 

been observed by us and other researchers that aptamers retain their binding and recognition ability even 

upon immobilization on a surface. This flexibility allows for the application of aptamers in areas of 

purification, drug targeting, diagnosis and therapy [45-47].  

 DNA or RNA aptamers can be routinely isolated from synthetic combinatorial nucleic acid libraries 

by an in vitro automated process called SELEX (Systematic Evolution of Ligands by Exponential 

Enrichment) [48]. Random pools of nucleic acids are screened for ability to bind to a selected molecule. 

Through repeated cycles of the process, aptamers selective to the small molecule of interest are isolated 



11 

 

[49]. Several sequential steps are common to all aptamer in vitro selections.  Iterative rounds of selection 

and amplification are performed until the target-interacting sequences dominate the population. Over the 

last few years, considerable efforts have focused on automating in vitro selection procedures [50, 51]. 

Typically 6 to 18 iterative cycles of selection and amplification are required to generate suitable aptamers 

from a starting library. Within only a few weeks, aptamers for multiple targets can be selected and 

characterized in parallel, making aptamers rapidly available for the life sciences industry.  

 

Figure 2.3. Diagrammatic representation of the SELEX process [52].  With kind permission from Springer 
Science+Business Media: Applied Microbiology and Biotechnology, Aptamers—basic research, drug 

development, and clinical applications, 69, 2005, Daniela Proske 
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2.4 Antibodies and Aptamers 

 Aptamers and antibodies have similar functions in that they recognize and bind to specific 

molecules. Aptamers have certain advantages over antibodies. Aptamers are synthesized in vitro while 

antibodies require an in vivo approach. The usage of animals necessitates the induction of an immune 

system and the sensitivity of distinction between closely related proteins (toxins) maybe lost. Such is not 

the case with aptamers. As antibodies are obtained from a biological source, they need to be handled in 

close to physiological conditions. Aptamers, on the other hand are stable at higher temperatures and they 

can be regenerated easily upon denaturation. Aptamers have longer shelf life than antibodies. In most 

cases, further modifications of the antibody are not possible as that would interfere with the paratopic 

region. There are disadvantages associated with aptamers as well. They can be expensive to 

manufacture on a larger scale.  

2.5 DNA Immobilization on Surfaces 

 Through the years there have been many reports on nucleic acid attachment and detection on 

many different types of surfaces.  A large number of these attachments are done by modifying the DNA 

molecule. Most common modifications are thiol, amino with various spacer lengths, biotin, diaminopurine, 

2’-aminopurine, 5’-bromo, 5’-methyl, 5’-nitroindole and various fluorescent markers. These modifications 

are made to either the 3’ or 5’ ends of the molecule. These modifications made to the DNA molecule can 

confer changes to its properties. Changes can be seen in its molecular weight and melting temperature to 

name some. The modifications are done to the DNA molecules in order to aid in better immobilization on 

surfaces. Self-assembled monolayers (SAMs) are formed from variety of molecules, which stem from 

underlying forces that have affinities for a specific surface or chemical groups. SAMs are a simple and 

convenient method to modify the surface properties of metals, metal oxides and semiconductors. They 

are produced as organic assemblies by the adsorption of organic constituents from the solution or liquid 

phase. The organization of the organic constituents is specific based on affinities which the molecules 
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have for the surfaces. Molecules forming a SAM usually have a chemical group that has the affinity and is 

named the ‘headgroup’. SAMs are usually only a few nanometers thick. 

 

 

Figure 2.4. Schematic representation of a single-crystalline SAM of alkanethiolates supported on a gold 
surface with a (111) texture. Reprinted in part with permission from [53]. Copyright 2005 American 

Chemical Society. 

 To produce DNA SAMs, the molecules are modified as required. One of the common methods for 

DNA immobilization is the modification of the DNA with a thiol (-SH) group at the 5’ or 3’ end and allow for 

self assembly on gold layers or gold nanoparticles. Another common method is to use linker molecules 

such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to bind to surfaces that have a carboxy (-

COOH) group on them. EDC is often used in combination with N-hydroxysuccinimide (NHS) in order to 

increase stability and make an amine-reactive product. The presence of the amine group makes it 

possible to make more attachment chemistries. Another common method of DNA immobilization is the 

introduction of biotin modification on the 5’ or 3’ end to allow binding with a surface modified with 

streptavidin or vice versa. 

 Just as the DNA molecule goes through some modifications for better immobilizations, so does 

the surface. One of the most widely done modifications is the introduction of the silane layer on the 

surface. This is done by the application of many chemicals which possess the silane group. Silicon oxide 
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surfaces can be modified with a silane layer or an epoxide layer. After modification, the surface properties 

completely change, usually making it more suitable for DNA immobilization. Generally, in order to make 

the DNA immobilizations stable for other processes, Magnesium ions are also included in the DNA 

buffers. These ions serve to shield the negative charge of the DNA molecule. Some of the common 

surface and the best suited DNA modifications are listed below in Table 2.3. 
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Table 2.3. Common methods to immobilize DNA on surfaces [54]. Sensors and Actuators B: Chemical, 
92, P. E. Lobert, D. Bourgeois, R. Pampin, A. Akheyar, L. M. Hagelsieb, D. Flandre and J. Remacle, 

Reprinted from Immobilization of DNA on CMOS compatible materials , 8, Copyright (2003), with 
permission from Elsevier 
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2.6 EGFR Protein 

 Epidermal Growth Factor Receptor (EGFR) is a protein located on the cell surfaces – normal and 

cancerous [55]. It belongs to the ErbB family of receptors. It is the receptor that binds growth factors and 

upon activation induces proliferation and differentiation. The receptor upon binding with a growth factor 

activates tyrosine kinase, an enzyme found inside the cell. One of the major activation factors of the 

cascade is the dimerization of the receptor from its monomer stage. The tyrosine kinase in turn activates 

a cascade of reactions resulting in the activation of DNA synthesis, cell growth and also the activation of 

oncogenes fos and jun [56]. The protein is made of 1186 amino acids. and is used as a drug target for the 

treatment of some cancers. EGFR has also been used as a cancer marker for the disease progression in 

a number of cases such as breast cancer [7], ovarian cancer [16],  bladder cancer [13] and esophageal 

cancer [18] among others. 

2.7 R2Bm DNA and Protein 

 R2 is a part of the DNA that codes for a single polypeptide sequence that has a reverse 

transcriptase, nucleic acid endonuclease and nucleic – acid binding domains. It is also a non long 

terminal repeat (non LTR) retrotransposon [57]. It is specifically found in the 28S rRNA genes in many 

eukaryotes [58, 59]. Retrotransposons are DNA elements found in eukaryotes that are reverse 

transcribed to RNA and then to DNA again. During the process of retrotransposition, mutations that are 

formed remain stable and are included in the genome. Retrotransposons are mainly of two types, those 

with a long terminal repeat (LTR) and those without a long terminal repeat sequence (non LTR). The R2 

element has a central reverse transcriptase domain, a C – terminal domain and an N – terminal domain 

with a C2H2 Zinc Finger and a Myb – like nucleic acid binding motif [58, 60]. The R2Bm protein binds the 

dsDNA of the organism Bombyx mori in the Myb domain [57]. The zinc finger and Myb motifs of the 

protein bind to the dsDNA sequence described in [57, 61].  
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 Bombyx mori is the domesticated silk moth, the caterpillar of which is commonly known as 

silkworm. Silk is obtained from the cocoon of these caterpillars. It is of immense economic importance in 

many countries. As these organisms are large in size and also easy to culture, they are widely used in 

biology research. The genome of the insect has been studied extensively. Many advances in biology 

have been enabled by studies performed on the silk moth. 

2.8 CMOS Technology 

 Integrated circuits make use of the technology of Complementary Metal Oxide Semiconductor 

(CMOS). CMOS chips are widely used in electronic devices that find applications in research setting and 

also in everyday usage. They are usually combined with microfluidics devices in the detection of 

biological molecules [62]. CMOS technology has provided new tools and techniques to fabricate nano-

scale devices. CMOS chips can be made with many materials and the many smart-surface approaches 

that are possible provide capabilities to covalently attach a number of biomolecules on these materials. 

CMOS can play another crucial role of providing same-chip data-processing and read-out interface [63].   

2.9 Break Junctions 

 The technique of ‘Break Junction” was researched in depth by Moreland and co-workers at the 

National Bureau of Standards [64]. Break junctions are usually the simplest way to study the current flow 

through molecules. It consists of a thin metal strip in which a gap is formed by one of the many possible 

ways. The gap that is formed is usually in the nano or sub-nanometer range.  The break in the metal strip 

can be caused by a variety of methods.  The most common method uses electromigration.   

 Electromigration is a break-down phenomenon where application of voltage and current that flows 

results into a “break” in the metal line.  The application of an electric field produces a large current density 

in the metal strips. When an electric field is applied on the metal strip, the electrons in the metal move 

under the influence of the large current density. If a charged defect in the metal is encountered, the 

momentum transfers from the conduction electrons to that defect. In due course of time, the momentum 
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exchange becomes larger leading to the build-up of a force causing the atoms to move away from the 

defect. This results in the breakdown of the metal at that point. Added to this, the heating of the wire 

speeds up the process of breaking. Both the heating and the momentum exchange increase with an 

increase in the current density in relation with the applied electric field or the applied voltage. Usually, in 

these experiments, a threshold current is observed. This indicates the existence of an energy threshold 

required to induce the electromigration of metal atoms. With break junctions, these phenomena are used 

to break the wires in a controllable and self-limiting manner. These electrodes are then adapted for use in 

transport studies, and molecular and nanocrystal studies among others. 

 

Figure 2.5. SEM Micrograph of a metal line later used to create break junction on a CMOS chip. The chip 
was fabricated by the processes of E-beam and photolithography. 
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2.10 Resonant Sensors 

 The titanium oxide plates described in Chapter 6 are in fact grating structures that are coupled to 

guided-mode resonance sensors. The sensors are based on the sharp reflected and transmitted spectra 

produced by the sub wavelength periodic waveguides. When the refractive index or thicknesses of the 

resonant waveguide grating are changed, there is a change in the resonance frequency noted. A One-

dimensional resonant waveguide grating structure have separate reflectance peaks for different 

polarizations of incident waves. The guided-mode resonance occurs when an incident wave is phase 

matched to a leaky waveguide mode supported by the waveguide grating structure. For every 

measurement, two different peaks are available because of the different polarizations. This can be utilized 

to resolve both thickness and refractive index changes in a single temporal and spatial measurement. 

This aspect facilitates time resolved protein binding studies to be performed with greater accuracy. The 

technology also gives efficient reflection peaks with narrow line widths which give very high signal to 

noise ratio. This translates to reduced power requirements and increased accuracy. This sensor 

technology can be extended to medical diagnostics, drug development, industrial process control, 

genomics, environmental monitoring, and homeland security [65-67]. Some of the most marked 

advantages of the technology are: 

• The strong resonant peak response permits the use of low cost light sources and detectors. 

• The process allows for label-free sensing enabling real-time detection with no pre- or post-
chemical processing. 

• High resolution and high signal integrity is obtained because of the well-defined resonance peaks. 

• It is possible to differentiate between background changes and target binding events from the 
multiple data points obtained from multiple resonances. 

• Ultra-compact and highly integrated sensor systems can be made.  

• The size of the sensor element can be made very small to accommodate high density biochips. 
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Figure 2.6. Scanning electron micrograph of a fabricated grating based sensor [65]. Obtained from 
personal communication. 

 

 

 

 

 

 

 

 

 

 



21 

 

 

 

CHAPTER 3 

BREAK JUNCTION FABRICATION 

3.1 Introduction 

 Break junctions are electrical junctions between two electrical wires. The wire material is pulled 

apart electrically or mechanically to produce a gap in the nanoscale range forming electrodes of the 

electrical wires. This chapter discusses the fabrication of the CMOS chip and the introduction of the break 

junctions in brief. 

3.2 Fabrication of CMOS Chip 

 The fabrication of the CMOS chip involved a series of processes. Firstly, a specific pattern was 

chosen for the CMOS chip and a mask was designed using AutoCAD. A 4 inch silicon wafer was used for 

the fabrication process. The silicon wafer was first oxidized to produce a silicon oxide layer. The first 

process to be performed was that of photolithography to transfer the pattern on the mask to the silicon 

wafer.  

The break junctions were fabricated through a multi-step process. The processes involved in the 

fabrication of the break junction are as follows: 

1. Preparation of the appropriate mask pattern 

2. Photolithography to transfer the pattern on the silicon dioxide wafer 

3. E-beam evaporation to deposit the metalized layers(Ti/Au) 
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4. Lift-off to remove the metal from undesired areas 

These steps were performed in order to fabricate the first layer of the gold electrodes. The same 

processes were repeated in order to obtain the second layer of the probing pads. The chips were 

fabricated with no gap between the electrodes. After fabrication, the current-voltage characteristics across 

the electrodes were measured using the Agilent I-V Probe Station.  Two probes were placed, one on 

each side of the metal strip and the other on the probing pads to measure the current across the 

electrodes upon application of a voltage sweep. Then, an FIB process was performed on the chip to 

make a scratch on the surface of the metal. The FIB process allows for both manual and automated 

performance. The gold electrodes were scratched by use of a manual process.  

 The break in the electrodes was finally made by application of a high voltage across the 

electrodes. This resulted in the formation of nano-gaps at precise locations on metal strips.  The I-V 

measurements were recorded before and after the break of the junctions. 

3.3 Results 

 The break junction chip was effectively fabricated by the process mentioned in the previous 

section. An SEM image of a metal strip from the fabricated chip is presented in Fig. 3.1. After the chip 

was fabricated FIB scratching was done on the chip (Fig. 3.2). Fig. 3.3 shows the FIB scratch on the 

surface of the gold electrode. After the FIB scratch was made on the electrodes, a voltage sweep of 0 V 

to around 7 V was applied on the electrodes in order to break the junction (Fig. 3.3). The electrical data 

recorded before, during and after the application of the voltage is shown in Figs. 3.4 to 3.6.  
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Figure 3.1 SEM micrograph of break-junction chip after fabrication 

 

Figure 3.2 SEM micrograph of a break junction electrode after FIB scratch 
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Figure 3.3 SEM micrograph showing the nanogap between the gold electrodes 

 

Figure 3.4 I-V measurements before break 
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Figure 3.6 I-V measurements during break 

 

Figure 3.6 I-V measurements after break 
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3.4 Discussion 

 The results discussed in the previous section show that the break junctions were formed and 

characterized at each step. For the fabrication of the break junction chip, a specific mask design was 

decided upon. The nuances in the process of lithography had to be kept in mind when deciding the mask 

design. After the chip fabrication, it was initially proposed to break the electrodes by the application of a 

high voltage sweep. But upon completion of the process, it was seen that the gaps formed between the 

electrodes were in the micrometer range and were too large for use in a biological setting. This was 

attributed to the thickness of the gold electrode that was deposited on the silicon oxide surface. In order 

to overcome this problem, it was proposed to remove some of the gold material from the electrode. 

Towards this end, the FIB process was performed on the electrodes. This resulted in the removal of a thin 

layer from the gold electrode surface. After which the application of a high voltage sweep, resulted in 

gaps in the range of few hundred nanometers. 

The principle of the break junction formation is that of electromigration. It is the phenomenon 

where the application of an external electric field causes a large current density in the wires. The 

electrons of the metal move under the influence of such fields; if a defect in the metal is encountered, the 

momentum of the electrons is transferred to the defect. Slowly, the momentum exchange becomes larger, 

resulting in the build-up of a force. This causes the atoms to move away from the defect culminating in 

the effective breakdown of the metal. 

3.5 Conclusion 

 The fabrication of the break junction chip was done effectively. Nano-gaps of a few hundred 

nanometers were fabricated. The fabricated chips have wide applications in many diagnostic settings like 

in protein or cell detection. The break-junction chip is used for the detection of a cancer protein in Chapter 

5. 
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CHAPTER 4 

R2Bm DETECTION ON SILICON OXIDE CMOS CHIP 

4.1 Introduction 

R2Bm is a genetic element found in the organism B. mori. The double stranded DNA binds to a 

specific protein called the R2Bm protein. In this chapter the binding and detection of the dsDNA and the 

protein capture is discussed to demonstrate the working of a novel idea. A CMOS chip was used for the 

electrical measurements performed. 

4.2 Fabrication of CMOS Chip 

 The CMOS chips were fabricated by the process of lithography in two steps. The first step 

involved the formation of the first layers. Titatnium/Gold (Thickness 50 Å/150 Å) metal pads 500 nm apart 

were made using e-beam lithography.  Metal lift-off was performed to obtain well defined structures.  The 

second step was optical lithography to fabricate the probing pads to contact the thin film electrodes.   
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Figure 4.1 SEM micrograph of the CMOS chip used for protein detection 

4.3 Attachment of dsDNA and Capture of Protein R2Bm on Silicon Oxide 

 The silicon chip was cleaned using UV Ozone plasma system. This resulted in hydrophilic SiO2 

surface. The attachment chemistry was performed in a nitrogen glovebox in a controlled environment, as 

reported previously [68]. Briefly, the chips were silanized in a 5% Aminopropyltrimethoxysilane (APTMS) 

solution (made with 19:1 methanol-de-ionized water) for over 12 hours. These were then washed with 

methanol, de-ionized water (DIW) and dried with nitrogen gas. The chips were immediately immersed in a 

Dimethylformamide (DMF) solution containing pyridine and p-phenylene diisothiocyanate (PDITC) 

overnight. The chips were sequentially washed with DMF and 1,2–dichloroethane and dried under 

nitrogen gas. The dsDNA sequence solution was prepared at a concentration of 1 pmole/µl and chips 

were immersed in it immediately.  The chips were incubated overnight in order to facilitate the covalent 

attachment of the 3′-amino modified dsDNA with the PDITC cross linker molecules. The chips were again 

washed and dried under nitrogen. The unbound reactive groups from PDITC were deactivated by 
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immersing the chips in a solution of 6-amino-1-hexanol and diisopropylethylamine (DPEA) in DMF. The 

chips were then washed and dried with nitrogen gas.  

 The dsDNA used in these experiments was a 23 base-pair (bp) fragment of the ribosome gene 

that corresponds to the binding site of the R2Bm derived polypeptide [57].  In order to confirm that the 

purified R2Bm polypeptide is capable of binding to our short dsDNA, an electrophoretic mobility shift 

assay (EMSA) was run. Chips with covalently attached dsDNA were then incubated with 2.8 fmole/µl of 

R2Bm polypeptide for 30 minutes in binding buffer (50 mM Tris–HCl pH 8, 100 mM NaCl, 5 mM MgCl2).  

After the attachment of the dsDNA molecules on the silicon oxide surface, characterizations were 

performed to confirm the various surface modifications. Energy-dispersive X-ray spectroscopy (EDAX), 

contact angle and ellipsometry measurements were carried out at every step.   

4.4 Optical Detection of DNA Attachment and Protein Capture 

  The presence of dsDNA immobilized on the silicon surface was confirmed by fluorescence 

measurements of Acridine Orange stain at 525 nm wavelength using Zeiss Confocal Microscope.  The 

presence of the protein on the chip was initially confirmed by optical detection using fluorescent Sypro 

Ruby Protein Blot stain at 488 nm. The fluorescence intensity analysis was carried out using ImageJ 

software [69]. 

4.5 Electrical Detection of DNA Attachment and Protein Capture 

  The presence of the R2Bm protein captured by the dsDNA on the silicon surface was also 

confirmed by the electrical measurements. Direct Current (DC) measurements were performed on the 

CMOS chips after the immobilization of dsDNA and capture of the protein. The current-voltage (I-V) 

measurements were performed using Agilent Semiconductor Parameter Analyzer (4155C) on a probe 

station. 
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4.6 Results 

 The EDAX analysis was used to identify the elemental composition of the silicon surface as the 

different modifications were added.  The data in Table 4.1 show the elemental increase in Carbon and 

Nitrogen after dsDNA immobilization. Control chips without dsDNA showed no change in carbon and 

nitrogen. The Contact angle measurements showed the silicon surface becoming hydrophilic after 

functionalization with APTMS and less hydrophilic when later modified with PDITC (Table 4.1).   

Table 4.1. EDAX analysis – weight % of significant elements on chips with and without modifications 

                  Element 

Chip Surface C  N  O  

Clean Chip 0.2  8.2  320.4  

PDITC  7.3  9.1  329.2  

DNA  10.7  25.8  391.4  

Table 4.2. Ellipsometry measurements  

  Thickness SD 

Silicon dioxide 1203.66 2.18 

APTMS 1213.35 7.32 

 

 The Ellipsometry measurements gave the thickness of the SAM of silane modification as shown 

in Table 4.2. The difference in the two thicknesses is around ~10 nm.  The presence of dsDNA 
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immobilized on the silicon surface was confirmed by Acridine Orange (Fig. 4.2).  Acridine Orange gives a 

green fluorescence when it interacts with dsDNA [70].  The Acridine Orange stain fluorescence obtained 

is a conclusive test result of the presence of dsDNA covalently attached on the surface of the CMOS chip. 

 

Figure 4.2 Silicon oxide chip showing dsDNA stained with acridine orange 

 Prior to functionalizing the chips, the polypeptide binding to the 23 bp dsDNA fragment was 

confirmed using electrophoretic mobility shift assay (EMSA)—a polyacrylamide gel electrophoresis based 

method of detecting protein-DNA interactions (Fig. 4.3).  
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Figure 4.3 EMSA PAGE gel. The first 3 lanes (from L to R) 8.4 pmole, 2.8 pmole, 0.84 pmole, and 0.28 
pmole protein, respectively, of R2Bm protein bound to 1 pM of dsDNA. The last two lanes (5 and 6) are 

dsDNA and ssDNA, respectively, in the absence of protein 
 

 

 Importantly, we can also see the peptide binding to the DNA on the functionalized chip. Figure 4.4 

shows the protein stain Sypro Ruby data verifying the polypeptide binding to the DNA on the chip. Once 

the dsDNA immobilization on silicon chips and selective DNA-protein binding was verified with stains, the 

dsDNA and protein detection was done on nano-electrode CMOS chip, without any staining.  Figure 4.5 

shows the SEM micrograph of the nano-electrodes. 

1 2 3 4 5 6 
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Figure 4.4 Sypro stain intensity measurements on chips with the following surface modifications: Chip 1 
DNA & protein attached on chip; Chip 2: Only DNA immobilized on chip; Chip 3: Only APTMS 

modification on chip surface; Chip 4:  Piranha cleaned chip surface (no biomolecule) 

 

Figure4.5 SEM micrograph of the nano-electrodes 
 

N = 10 
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 The current-voltage (I-V) measurements were performed using Agilent Semiconductor Parameter 

Analyzer (4155C) on a probe station.  A chip without any biomolecules was used a control.  The I-V data 

was recorded from -1 V to +1 V across the metal electrodes. The I-V data showed linear trend after the 

capture of proteins on surface immobilized dsDNA (Fig.4.6).  The resistances of the devices ranged from 

few ohms to GΩ, indicating a varying number of proteins bridging the gaps between the electrodes. 

 

 

 
Figure 4.6  I-V measurements comparing current measured between nano-electrodes. Control data is red 
triangles and pink circles from chips with no surface bound dsDNA or protein and bound dsDNA only. The 

green squares show the I-V data for the chip with DNA and protein immobilized on the surface. 

4.7 Discussion 

 The various results obtained show that the protein and the dsDNA did bind. But in the 

experiments leading to these results, many more details were also learnt. These are discussed in the 

following sections.  
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4.7.1 Surface Modification 

 The initial set of experiments for optical detection was performed on the surface of plain silicon 

oxide chips. A silicon wafer was thermally oxidized to get an oxide layer in the thickness of 1500 Å. The 

wafer was covered with a photo-resist. It was diced using a dicing-saw to dies of of 6 mm by 4 mm.  Prior 

to using the chips for the experiments, the chips were immersed in acetone and placed in an 

ultrasonicator for 5 minutes to remove the photo-resist layer.  

 The different chemicals used in the surface modification process have specific roles to play in 

making the silicon surface ready for the attachment of the modified DNA molecule. Before beginning the 

surface modification process the chip surface was cleaned by UV ozone plasma. This cleaning also 

resulted in the chip surface becoming more hydrophilic and also introduced some –OH groups on the 

surface. The silicon present in the APTMS reacts with the –OH groups thus leaving the amine group 

available for reaction with PDITC linker modification. Of the two isothiocyanate groups present on the 

PDITC, one of those reacts with the APTMS and the other reacts with the amine group of the modified 

DNA molecule. The unreacted isothiocyanate groups were capped with 6-amino hexanol. This was done 

in order to prevent the attachment of the protein to the PDITC linker instead of the DNA. The protein was 

then flown in on the chips and the binding between the protein and the DNA was detected.  

 The EDAX, Ellipsometry and contact angle measurements were performed in order to confirm the 

different surface modifications. The results obtained from EDAX showed a higher concentration of carbon 

and nitrogen in the chips modified with PDITC and dsDNA when compared to a clean chip.  The 

increased concentration of the two elements confirmed the presence of PDITC and DNA which have 

more nitrogen because of the chemical groups present in them. PDITC has more carbon and nitrogen in 

its phenylene and isothiocyanate groups. The dsDNA has more carbon and nitrogen because of the 

nitrogenous bases that make the DNA. The contact angle measurements were performed on chips at 

various stages of surface modification to observe the change in hydrophilicity. It was seen that after the 

piranha clean and modification with APTMS that introduces a silane layer on the chip, the chip surfaces 
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became more hydrophilic. But upon modification with PDITC, the hydrophilicity was seen to decrease. 

This could be explained by the presence of hydrophobic benzene rings on the PDITC molecule. The 

ellipsometry measurements indicated an increase in the thickness of the chip upon modification. It was 

also noted that different incubation times brought about different thicknesses.  

 The surface modifications were performed as described earlier. Through small changes in the 

protocol it was seen that the entire length of the experiment could be effectively shortened to a little over 

2 days. The APTMS used to silanize the silicon surface was initially used at a concentration of 3% and 

the chips were incubated in it overnight. But later in order to shorten the effective experiment time, the 

APTMS concentration was increased to 5%. This reduced the incubation time to 4 hours.  

4.7.2 DNA Attachment and Optical Detection 

 The DNA used in the experiment was a double stranded one. Two complementary single strands 

were purchased (Alpha DNA, Quebec, Canada) and annealed to form a double strand before use. The 

sequence of one of the strands was (5′-CTTAAGGTAGCAAATGCCTCGTC-3′). To this DNA strand an 

extension of 10 adenine residues were added at the 3’ end. At the end of the adenine nucleotide 

extension, an amine modification was included also at the 3’ end. The adenine extension was done to 

prevent the direct attachment of the dsDNA molecule on the silicon surface. The direct attachment of 

DNA on a surface prevents free movement which may have been an issue in protein capture. The amine 

extensions at the end of the dsDNA molecule were added to attach the DNA on the modified silicon 

surface. The amine group reacts with one of the isothiocyanate groups of the PDITC linker molecule.  

 The DNA hybridization is a process where two strands of DNA are heated to their denaturation 

temperatures wherein they form single strands and slowly cooled to reform the double stranded structure. 

This is a technique that is commonly used to study the relation between DNAs of different origin. The 

hybridization reaction was performed between the two single strands in order to obtain the complete 

double stranded structure. The process was performed in an STE hybridization buffer containing 
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predetermined concentrations of TRIS, EDTA (Ethylenediaminetetraacetic acid) and salt. The whole 

mixture was heated to 70 °C and allowed to cool to room temperature. After cooling, the solution was 

added on the chip for the attachment of the double stranded DNA. The formation of the dsDNA through 

hybridization is dependent on numerous factors. The most important among the are the melting 

temperature of the participating strands and the hybridization temperature and the ionic strength of the 

buffer solution.  

 The attachment of the dsDNA on the silicon surface had some issues that were addressed. It was 

noticed that when experiments were performed in containers and glassware that were not autoclaved, the 

DNA attachment did not occur. This was attributed to the presence of DNase on the glassware. DNase is 

enzyme that acts on DNA molecule and degrades these. The high temperature of autoclaving degrades 

the enzyme, thus glassware becomes compatible for DNA experiments. 

 After the attachments were performed, in order to confirm the presence of dsDNA on the silicon 

surface, acridine orange staining was performed. Acridine orange is an inorganic stain used to identify 

nucleic acids. It can penetrate the cell membrane and bind to the nucleic acid inside. A few iterations 

were carried out to optimize acridine orange concentration for best staining results.  It was seen that if the 

concentration of the stain was low, the DNA molecules were not visible, and if the concentration was high, 

the background fluorescence from the control chips would saturate the image thus losing differentiation 

between control and real samples.  Acridine Orange gives a green fluorescence when it interacts with 

dsDNA [70]. It has an excitation maximum at 502 nm and an emission maximum at 525 nm when 

detecting dsDNA. When detecting RNA, which are single stranded molecules, the excitation maximum of 

the stain shifts to 460 nm and the emission maximum is at 650 nm. The acridine orange stain bears a 

positive charge and binds electrostatically with the dsDNA. Electrostatic interactions with non-specific 

polyanions was avoided by using a very low concentration of the stain (0.2% v/v) and including other 

cations like Mg2+, Na+ in the buffer solution that would compete for the binding with the dsDNA [71]. 
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 The fluorescent images were analyzed using the ImageJ software. For every chip, 2 to 3 images 

were taken. From every image 10 data points were randomly chosen and analyzed. 

4.7.3 Protein attachment and Optical Detection 

 The R2Bm protein was made in-house [57]. The R2Bm derived polypeptide sequence is 

MGSSHHHHHHSSGLVPRGSHMRTGDNPTVRGSAGADPVGQDAPGWTCQFCERTFSTNRGLGVHKRR

AHPVETNTDAAPMMVKRRWHGEEIDLLARTEARLLAERGQCSGGDLFGALPGFGRTLEAIKGQRRREPY

RALVQAHLARFGSQPGPSSGGCSAEPD. The protein has the zinc finger and Myb motifs that bind to the 

dsDNA sequence as described earlier [57, 61].  

 Prior to detecting the presence of the protein on the silicon chip, it was required to confirm the 

binding of the R2Bm protein with the fragment of the dsDNA that was used. Towards this goal, an EMSA 

(Electrophoretic Mobility Shift Assay) was performed. An EMSA gel is an electrophoresis technique used 

to study protein – DNA interactions. For the assay, half the single strands of DNA were radio-labeled with 

α-P32CTP which is the nitrogenous base cytosine with a radioactive phosphate group. After radio labeling, 

the two strands of DNA were annealed (as described earlier). The EMSA gel was then run, with different 

concentrations of the protein in different lanes. The DNA-protein interactions were observed. It was seen 

that the of protein was able to bind to the DNA at 0.28 pmole concentration as seen in figure 3.3.  

 For the binding of the R2Bm protein with the dsDNA on CMOS chips, the protein was made up to 

a concentration of 2.8 fmole/µL in phosphate buffered saline with a low concentration of Mg2+. The 

presence of the Mg2+ ions helps in shielding the negative charge of the dsDNA. The negative charge on 

the dsDNA molecule is because of the phosphate backbone. The shielding charges help binding the two 

negatively charged single strands through electrostatic attractions. The binding between the protein and 

DNA was allowed to proceed for 45 minutes. The binding between protein and DNA was initially 

confirmed by optical detection using a fluorescent microscope at 488 nm wavelength. A polypeptide 

selective stain, Sypro Ruby Protein Blot stain was used. The Sypro Ruby stain is a ruthenium based stain 
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that detects the amino acids lysine, arginine and histidine [72]. The R2Bm protein has these amino acids 

in its sequence and hence could be detected by the stain when viewed under a fluorescent microscope. It 

was noted that during the optical detection experiments, the fluorescence staining on the chips was the 

brightest and freshest only when imaged soon after the staining. If the stained chips were imaged after a 

few hours, a decrease in the fluorescent intensity was noted. As the results are based on the fluorescent 

intensity measured from the chips, it is required that the chips be imaged right after staining.  

 The images were analyzed using the ImageJ software. For every chip, 2 to 3 images were taken. 

From every image 10 data points were randomly chosen and analyzed. 

4.7.4 Electrical Detection of dsDNA and R2Bm protein 

 The CMOS chip was fabricated with patterned gold pads that were set at a width of a few 

nanometers. Before the surface modifications were performed on them, the gold pads had to be broken 

such that the gap in between them was in the order of a few hundred nanometers. In order to accomplish 

this, the gold pads were biased ramping 0 to 5-10V. The electro migration caused by the formation of 

break junctions in the order of a few hundred nanometers. The nano-gaps exposed the silicon dioxide 

layer beneath thus giving room for the dsDNA attachments to occur. 

 The CMOS chip with the brokens junction was cleaned with UV ozone plasma for a few minutes 

and the attachment chemistry was performed on it. After the attachment of DNA and DNA-protein binding, 

the I-V data from -1 V to +1 V was measured across the gold electrodes that were around 500 nm apart. 

In all, I-V data from 120 devices were measured in each case. As a control, a chip with no surface 

modifications was used and the I-V data was also measured. A linear trend in the I-V data was noticed 

after the capture of proteins by the immobilized dsDNA. The resistance was seen to decrease from GΩ to 

MΩ. The linear trend in the I-V data pointed towards the conducting behavior of the protein, while the 

control chip showed the behavior of an open circuit before and after functionalization. The current 

measured in the case of the functionalized chips can be explained by Simmons’ formula. It explains the 
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tunneling current seen in a system with nanogap electrodes with an insulator between them. Simmons’ 

formula can be given by: 

2
( ){ exp( ) ( ) exp[ ]}z z

z

J eV eV
α

φ δ φ φ δ φ
δ

= −Α − + −Α +  

where 2 2/(4 )eα π β= h , A=2β, φ is the average barrier height relative to Fermi level of the negative 

electrode, z is
 the barrier width, and eV represents the applied voltage across the nanoelectrodes. Β is 

the dimensionless correction factor, e and m are the charge and mass of electron respectively, and  is 

Dirac's constant. At small voltages when φ eV, the Simmons’ formula simplifies 

as ( / )exp( )z zJ V Aγ φ δ δ φ= − , where 2 2( 2 ) /(4 )e mγ βπ= h . In the case of small voltages, the 

barrier height φ  becomes independent of the applied voltage and the tunneling current becomes linearly 

dependent only on the applied voltage. The tunneling current characteristic can thus be modeled as two 

electrodes with high resistance between them. As the DNA and DNA-protein complex immobilize between 

the electrodes, the electrons find a path of lower barrier and hence tunnel current more efficiently.   

 During the I-V measurements there was a concern that the DNA immobilized on the chip surface 

and protein captured by it may degrade as the measurements were done in a dry state. Usually the 

electrical measurements are performed in the solution state, measuring the impedance from the devices. 

But, in this case, the measurements were in a dry state. The chips were dried with nitrogen gas as it is an 

inert gas and will not affect the outcome of the experiment in any manner. In order to avoid denaturation 

of the protein and the DNA molecules on the chip, the I-V probe measurements were completed within 

two days. It has to be kept in mind that once the protein has been attached on the surface of the chip, the 

detections will have to be performed as soon as possible. 
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4.8 Conclusion 

The R2Bm dsDNA was immobilized on the CMOS chip and the protein was captured by it. The 

protein capture was optically and electrically detected. The concentration of 2.8 fmol detected by the 

mode of detection is very competitive and compares to the commercially available and reported protein 

detection limits. The results obtained further validate the novel idea and design proposed for protein 

detection.  
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CHAPTER 5 

EGFR DETECTION ON SILICON OXIDE CMOS CHIP 

5.1 Introduction 

 EGFR is a biomarker protein for many cancers and other diseases.  This section describes the 

electrical detection of EGFR using the EGFR RNA aptamer as the selective agent. Aptamers are nucleic 

acids or peptide molecules that are selected for their highly specific binding to small target molecules. 

They are selected through a process called SELEX. The electrical detection of a cancer protein with the 

use of CMOS chips is described here. 

5.2 Fabrication of CMOS Chip 

  A CMOS chip was fabricated by the processes described in Chapter 3. The gold pads of the chip 

were made using optical lithography. Break junctions were made from these gold pads by 

electromigration. The junctions were spaced at a few nanometers. The I-V data from each of the 

electrodes pairs was recorded before and after the breaking was done. Scanning electron microscopy 

(SEM) of every electrode pin was taken and the nanogaps between the electrode pins were measured.  

5.3 Attachment of Aptamer and Capture of Protein on Silicon Oxide 

The silicon chip was cleaned using UV Ozone plasma system. This also resulted in hydrophilic 

SiO2 surface. The attachment chemistry was performed in a nitrogen glovebox in a controlled 

environment, as reported previously [68]. Briefly, the chips were silanized in a 5% APTMS solution (made 
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with 19:1 methanol-DIW solution) for over 4 hours. These were then washed with isopropanol, DIW and 

dried with nitrogen gas. The chips were immediately immersed in a DMSO solution containing pyridine 

and PDITC overnight. The chips were washed with ethanol, DIW and dried under nitrogen gas. The single 

stranded DNA (ssDNA) sequence solution was prepared at a concentration of 1 µM and chips were 

immersed in it immediately.  The chips were incubated overnight in order to facilitate the covalent 

attachment of the 3′-amino modified ssDNA with the PDITC cross linker molecules. The chips were again 

washed with ethanol and dried under nitrogen. To the single stranded DNA with an amine modification 

that was bound on the silicon surface, the RNA aptamer with an extension complementary to the bound 

single stranded DNA was attached. The chips were incubated for 2 hours. They were then washed and 

dried with nitrogen gas.  

The ssDNA used in these experiments was a short sequence of oligonucleotides, with an amine 

modification at the 3’ end. The RNA aptamer was developed by The Ellington Lab at UT Austin. The RNA 

aptamer had a short extension that was complementary to the amine modified ssDNA. Along with the 

RNA aptamer, a mutated RNA sequence was also used. This RNA sequence had a mutation which 

prevented it from recognizing the EGFR protein. Hence, it would not bind to the EGFR protein. 

 

Figure 5.1 Schematic representation of RNA aptamer binding and protein capture on the silicon 
oxide surface 
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Chips with the attached RNA aptamer were then incubated with 50 ng/µl of EGFR protein for 45 

minutes in PBS with 25 mM Mg2+. 

5.4 Optical Detection of Aptamer and Protein Capture 

  The attachment of the ssDNA and the RNA aptamer was confirmed by optical detection initially. 

This was done by the use of the inorganic stain, acridine orange. A concentration of 5 mg/mL was used in 

the staining experiments. The chips were incubated with the stain for 30 minutes. In order to confirm the 

capture of the EGFR protein, Sypro Ruby Protein Blot stain was used. The staining process was done for 

30 minutes. The chips were analyzed using a fluorescent microscope. The images were analyzed using 

the ImageJ software. For every chip, 2 to 3 images were taken. From every image 10 data points were 

randomly chosen and analyzed. 

5.5 Electrical Detection of Aptamer Attachment and Protein Capture 

  Towards the electrical detection of the protein, a voltage sweep of -1 V to +1 V was applied 

across the electrodes. The change in current was recorded.  

5.6 Results 

  The analysis of the images taken after the fluorescent staining confirmed the presence of the 

RNA aptamer and the EGFR protein on the surface of the chip.  
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Figure 5.2. Acridine orange staining on silicon oxide chips to confirm the presence of RNA aptamer on the 
chip surface. From L to R: Chip 1 – Control chip with APTES modification stained with acridine orange; 
Chip 2 – Control chip with PDITC modification stained with acridine orange; Chip 3 – Chip with mutant 

RNA immobilized; Chip 4 – Chip with RNA aptamer immobilized 

  Results obtained from the Sypro staining confirmed the capture of the EGFR protein by the RNA 

aptamer and not the mutated RNA as seen in figure 5.3. 

N = 10 
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Figure 5.3. Sypro staining on silicon oxide chips  to confirm the protein capture by the RNA aptamer. 
From L to R: Chip 1 and 2 – chips with APTES and PDITC modifications and protein; Chip 3 – Chip with 
Mutated RNA immobilized and EGFR protein; Chip 4 – Chip with RNA aptamer immobilized with EGFR 

protein captured 

  The electrical data from the protein detection give room for better results but a representative 

data shows the increase in current measured across the electrodes when the aptamer and protein were 

present. 

N = 10 
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Figure 5.4 I-V measurements comparing current measured between nano-electrodes. Control data is 
green triangles and red sqaures from chips with only the RNA aptamer and mutant RNA with protein. The 

blue circles show the I-V data for the chip with RNA aptamer and protein immobilized on the surface. 

 

5.7 Discussion 

5.7.1 Surface Modification 

  The surface modifications were performed based on the same principles of chemistry as 

explained earlier in Chapter 4. In these set of experiments a few changes were made to the protocol to 

ensure that the RNA was kept intact throughout the process. The de-ionized water used was treated with 

Diethyl pyrocarbonate (DEPC), to inactivate Ribonucleases (RNases). RNases are enzymes that act on 

RNA and degrade them. RNases are very stable enzymes that are not deactivated by autoclaving or 
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chemicals. RNases produced in almost every secretion of the body and can find its way to the glassware 

and other accessories used during the experiments. Hence, DEPC treated water was used to minimize 

the risks of RNase action. 

  The initial set of experiments for optical detection was performed on the surface of plain silicon 

oxide chips. A silicon wafer was thermally oxidized to get an oxide layer in the thickness of 1500 Å. The 

wafer was covered with a photoresist. It was diced using a dicing-saw to chips with a dimension of 6X4 

mm. Prior to using the chips for the experiments, the chips were immersed in acetone and placed in an 

ultrasonicator for 5 minutes to remove the photoresist layer.  

5.7.2 RNA Aptamer attachment and Protein Capture 

  The ssDNA fragment was first attached on the silicon oxide surface. Hybridization was carried out 

on the surface of the chip rather than in solution. Initial experiments were performed without the use of 

the ssDNA. The RNA with a short extension was used in the experiments. Upon confirmations with the 

acridine orange staining, it was seen that the RNA aptamer was indeed present on the chip surface. The 

EGFR protein was also captured by it. This is clearly seen in the following graphs in the figures 5.3 and 

5.4. The experiments had to be repeated however, as the reactions and chemistry leading to the binding 

of the RNA aptamer and protein capture could not be explained effectively. It is supposed that the 

nitrogen groups in the RNA molecule formed bonds with the isocyanate groups in the PDITC surface 

modification.  
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Figure 5.4. Acridine orange staining on siliocn oxide chips confirming the immobilization of RNA aptamer 
without modification (Chip 1) when compared to a control (Chip 2) 

 

1 2 

N = 10 
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Figure 5.5 Sypro Ruby protein blot staining on silicon oxide chips confirming the capture of EGFR protein 
by RNA aptamer without modification (Chip 1) when compared to a controls (Chip 2 and 3) 

  The experiments were repeated with minor changes to increase the binding efficiency. The 

solvent used was changed from DMF to Dimethylsulfoxide (DMSO). DMSO was used as it is a solvent 

commonly used with DNA attachment chemistries. DMSO is also very effective when used in 

hybridization experiments. At the step of DNA-DNA hybridization, a humid atmosphere was required. In 

order to provide a conducive atmosphere, the chips were placed in a hybridization chamber and placed in 

a water bath at 37 °C. It was observed that with th e change in protocol and experiment environment, 

better results were obtained. A few runs of the experiment had to be discarded, because in one case, the 

APTES incubation time was so short that efficient DNA attachment did not occur. This was rectified by 

increasing the APTES inubation time to over 5 hours. In another case, detection of the bound DNA was 

not possible as the acridine orange concentration used was very low. This was corrected by increasing 

the concentration by one order. In a third run of the experiment, due to faulty sealing of the hybridization 

chamber, samples were lost due to water leakage into the chamber. This was corected by double-

N = 10 
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checking every section of the chamber for effective sealing. Once the nucleic acids were attached  and 

detected, and the protein was flowed through, the protein was not detected by the optical analysis. Upon 

checking the  

  The sequence of the RNA aptamer that captures the EGFR protein is 5’-GGC GCU CCG ACC 

UUA GUC UCU GUG CCG CUA UAA UGC ACG GAU UUA AUC GCC GUA GAA AAG CAU GUC AAA 

GCC GGA ACC GUG UAG CAC AGC AGA GAA UUA AAU GCC CGC CAU GAC CAG-3’. The sequence 

of the mutant RNA used is 5’-GGC GCU CCG ACC UUA GUC UCU GUU CCC ACA UCA UGC ACA 

AGG ACA AUU CUG UGC AUC CAA GGA GGA GUU CUC GGA ACC GUG UAG CAC AGC AGA GAA 

UUA AAU GCC CGC CAU GAC CAG-3’. The underlined part represents the RNA sequence that binds to 

the 3’ amine modified single stranded DNA fragment. The sequence of the DNA oligonucleotide is 5’-CTG 

GTC ATG GCG GGC ATT TAA TTC-3’. In order to prevent denaturation by RNases, The Ellington Lab 

introduced modifications to the pyrimidines at the 2’ end. The modification was introduced to both the 

mutant RNA and RNA aptamer as well. This modification along with the use of DEPC treated water 

reduced the chances of denaturation by RNases.  

5.7.3 Optical Detection of Aptamer and Protein Capture 

  The RNA aptamer that was attached on the silicon oxide was detected by the acridine orange 

stain. As RNA is a single stranded nucleic acid, the fluorescence measurements were taken at an 

excitation maximum wavelength of 460 nm and the emission maximum wavelength of 650 nm. Because 

of the presence of the double stranded structure close to the surface, it was expected to see some 

fluorescence when analyzed at emission wavelength of 525 nm when excited at a wavelength of 502 nm. 

Fluorescence images of double stranded structures were also obtained confirming the presence of the 

double stranded oligos.  

  The capture of the EGFR protein by the RNA aptamer and not the mutant RNA confirmed the 

selectivity of the RNA aptamer. The graph on figure 5.4, confirms the capture of the protein by the 
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aptamer. The fluorescence intensity measured is double than the control chips. The selective binding of 

the aptamer is attributed to the folding and secondary structures of the RNA molecule. These changes 

even with the slightest change in the RNA sequence. This is evident in the mutant RNA not recognizing 

and binding the EGFR protein. The presence of the protein on the chip surface was confirmed by imaging 

the Sypro stain under a fluorescent microscope at a wavelength of 488 nm. 

5.7.4 Electrical Detection of Aptamer and Protein Capture 

 The graph in Fig. 5.3 shows the increase in current after the binding event of the RNA aptamer and 

EGFR protein. Though this gave an evidence of the presence of protein on the chip surface, there was 

not a high yield recorded in the experiment. The measure of current across the chip with only the RNA 

and the chip with mutant RNA and aptamer was recorded to be in the same nA range. This could be due 

to the non-binding event between the mutant RNA and the EGFR protein. As only a limited number of 

experiments have been performed, it would be too early to comment on the exact event as yet. 

5.8 Conclusion 

  The results obtained from the experiments of electrical detection in this section support the initial 

goal of electrically detecting a cancer protein. A protein concentration of 50 ng/µL was detected by a 

label-free process. In the future, experiments will be designed to analyze the different protein 

concentrations and the currents recorded against them for a particular RNA aptamer concentration and 

vice versa.  
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CHAPTER 6 

RESONANCE SENSING OF EGFR DETECTION ON TITANIUM OXIDE SURFACE 

6.1 Introduction 

 The detection process described in this chapter is based on guided-mode resonance. Guided-

mode resonance occurs when an incident wave is phase matched to a leaky waveguide mode supported 

by the waveguide grating structure. Because of the two polarizations that can be detected by the 

technology, real-time measurements of binding events are possible.  

6.2 Attachment of Aptamer and Capture of Protein on Titanium Dioxide 

  The attachment of the aptamer was performed on two different surfaces of titanium dioxide for 

different modes of analysis. In order to confirm the surface chemistry and the immobilization of the nucleic 

acid on the titanium dioxide surface, a silicon wafer was coated with a layer of titanium dioxide. This wafer 

was diced using a dicing-saw to dies of the size 6 mm X 4 mm. The attachment process performed on the 

chip is given below. 

The chips were cleaned with the piranha process, using sulfuric acid and hydrogen peroxide in 

equal ratios. This also resulted in hydrophilic SiO2 surfaces. The attachment chemistry was performed in 

a nitrogen glovebox in a controlled environment, as reported previously [68]. Briefly, the chips were 

silanized in a 5% APTES solution (made with 19:1 methanol-DIW solution) for over 4 hours. These were 

then washed with isopropanol, DIW and dried with nitrogen gas. The chips were immediately immersed in 

a DMSO solution containing pyridine and PDITC overnight. The chips were washed with ethanol, DIW 

and dried under nitrogen gas. The single stranded DNA (ssDNA) sequence solution was prepared at a 

concentration of 1 µM and chips were immersed in it immediately.  The chips were incubated overnight in 

order to facilitate the covalent attachment of the 3′-amino modified ssDNA with the PDITC cross linker 
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molecules. The chips were again washed with ethanol and dried under nitrogen. To the single stranded 

DNA with an amine modification that was bound on the silicon surface, the RNA aptamer with an 

extension complementary to the bound single stranded DNA was attached. The chips were incubated for 

2 hours. They were then washed and dried with nitrogen gas. Chips with the attached RNA aptamer were 

then incubated with 50 ng/µl of EGFR protein for 45 minutes in PBS with 25 mM Mg2+.  

The ssDNA used in these experiments was a short sequence of oligonucleotides, with an amine 

modification at the 3’ end. The RNA aptamer had a short extension that was complementary to the amine 

modified ssDNA. Along with the RNA aptamer, a mutated RNA sequence was also used. This RNA 

sequence had a mutation which prevented it from recognizing the EGFR protein. Hence, it would not bind 

to the EGFR protein when it was flowed in. 

The titanium dioxide chips were then analyzed for the presence of the RNA aptamer and the 

captured EGFR protein by using the fluorescent dyes, acridine orange and Sypro Ruby Protein Blot stain 

respectively.  

The second set of attachment chemistry was performed on titanium dioxide coated polyacrylate 

plates. The same attachment chemistry as mentioned earlier in this section was followed on the plate as 

well. The detection of the RNA aptamer and protein binding was confirmed by analyzing the resonance 

waves produced. The resonance shift measurements were performed in a 96 well micro titer plate. Each 

well was assigned a specific surface modification. The measurements were performed in the Vides 

Benchtop Plate Reader. These measurements were performed in real-time. Thus measurements were 

performed as the molecules bound to the different chemical groups on the surface. These surface 

modifications were closely monitored. 

6.3 Results 

6.3.1 Optical Detection of Aptamer Immobilization and Protein Capture 

  The figures 6.1 and 6.2 show the fluorescence intensity measurements from the staining 

experiments. There is a marked increase in the intensity measured from the chips with the RNA aptamer 

and EGFR protein when compared with the control chips. The fluorescence measurements were taken at 
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an excitation maximum wavelength of 460 nm and the emission maximum wavelength of 650 nm for 

acridine orange. The presence of the protein on the chip surface was confirmed by imaging the Sypro 

stain under a fluorescent microscope at a wavelength of 488 nm. 

 

Figure 6.1 Acridine orange staining to confirm the presence of RNA aptamer on the titanium oxide chip 
surface. From L to R: Chip 1 – Control chip with APTES modification stained with acridine orange; Chip 

2– Chip with mutant RNA aptamer immobilized; Chips 3 – Chip with RNA aptamer immobilized 

N = 10 
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Figure 6.2 Sypro staining to confirm the presence of protein on the titanium oxide chip surface. From L to 
R: Chip 1 – Control chip with APTES modification; Chip 2 – Control chip with PDITC; Chip 3 – Control 

chip with PDITC and EGFR protein; Chip 4 -  Control chip with mutant RNA and EGFR protein; Chip 5 – 
Chip with RNA aptamer and EGFR protein.  

 

6.3.2 Resonance Shift Measurements 

  Initial resonance shift measurements were performed on a polyacrylate 96 well micro titer plate 

coated with titanium dioxide. The results obtained from the analysis showed the attachment of the RNA 

aptamer on the titanium dioxide and the EGFR protein capture by the RNA aptamer and not the mutant 

RNA. 

N = 10 
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Figure 6.3 Resonance wavelength shift measurements showing the RNA aptamer (pink circle) and 
mutant RNA attachment (blue sqaure) attachment on the titanium oxide plate 
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Figure 6.4 Resonance wavelength shift measurements showing the EGFR protein attachment with the 
RNA aptamer (blue square) and not the mutant RNA (red circles) 

 

6.4 Discussion 

  The guided-mode resonance measurements show the attachment occurring between the titanium 

dioxide surface and the RNA aptamer. The data also show the protein capture by the RNA aptamer. The 

reasoning behind the obtained results is discussed in the following sections. 

6.4.1 Surface Modification 

  The surface modifications were performed as mentioned in the earlier section. During the surface 

modification experiments, there were a few issues that needed to be addressed. Initially, the polyacrylate 

plates were diced into smaller chips and used for initial analysis using the respective stains. The 
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polyacrylate substrate, being a polymer, is sensitive to many solvents. So care had to be taken so as not 

to use the wrong solvent that would dissolve the substrate, The APTES solution used for silanization is 

made in ethanol. The polyacrylate substrate was found to degrade if immersed in ethanol for long periods 

of time. Hence, the reaction time was shortened and the concentration of the APTES was increased. This 

proved effective in getting a silane layer and not affecting the substrate. Usually, the PDITC is made in a 

DMF solution. When DMF was used with the polyacrylate, it completely dissolved when immersed in DMF 

for a little over 6 hours. Hence, the solvent was changed to DMSO.  

  During later experiments, instead of the diced chips, a 96 well micro titer plate coated with 

titanium dioxide with the same polyacrylate substrate was used. When using DMSO, during the 

experiment, it was observed that the well separator was being affected by the DMSO solvent. The 

separator degraded and left black colored residues on the titanium dioxide surface. In order to overcome 

these issues, a 2 inch silicon wafer was coated with titanium dioxide. And experiments were performed on 

it. The change of the substrate ensured that effective results were obtained. 

6.4.2 Optical Detection of RNA Aptamer and Protein 

  The graph in figure 6.1 confirms the immobilization of RNA aptamer and the mutant RNA on 

titanium dioxide surface. As the RNA is a single stranded molecule, the fluorescence measurements were 

performed at an emission wavelength of 460 nm. The graph in Fig. 6.2 confirms the selective protein 

capture by RNA aptamer and not the mutant aptamer. In the graph it is seen that there is a high 

fluorescence intensity being recorded on the chip with the PDITC modification and protein flown on it. 

This can be explained by the fact that, proteins have many amine groups in them as an integral part of 

their structure. These amine groups are usually used up in the formation of peptide bonds. But in the 

cases of amino acids, such as lysine and arginine, that have amine side chains, the amine groups are 

available for reactions. These amine groups react with the diisothiocyanate groups in the PDITC and form 

bonds with them. This leads to the non-specific protein binding on PDITC modified chips. But it can be 
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seen that there is more protein binding seen on the chip with the aptamer rather than on the control chips. 

This shows the sensitivity and specificity of the aptamer for the EGFR protein. 

  While performing experiments with the polyacrylate substrate coated with titanium dioxide, after 

replacing the DMF solvent with DMSO, the substrates were seen to be stable and not degrade in the 

solvent. However, when trying to image the chips under a fluorescent microscope, a new problem arose, 

in that the thickness of the chips was an issue in adjusting the depth of focus. Hence, well focused 

images could not be obtained. In order to overcome the problem, a 2 inch silicon wafer was coated with 

titanium dioxide and the wafer was diced into smaller chips and used for experiments. This proved to be 

very fruitful as the attachment chemistry was performed on titanium dioxide chips and effective results 

were obtained from it. 

  In the aptamer immobilization experiments performed on the titanium dioxide surface, some of 

the initial experiments had to be repeated as the RNA aptamer was used without the DNA extension with 

the amine modification. The results obtained from those runs of experiments were deemed erroneous and 

not reported.  

6.4.3 Resonance Shift Measurements 

  The resonance shift measurements were not performed in the clean room like the other 

experiments as the Vides Benchtop Plate Reader was located in a different lab and was integrated with a 

computer and could not be shifted to the clean room. The experiments were performed with the same 

amount of care and precision as when performed in the clean room. The results from the Figures 6.3 and 

6.4 confirm the aptamer and protein attachment on the surface of the titanium oxide plate.  The binding 

events were seen in real-time.  

  The results obtained from the wavelength shift measurements in the figures 6.5 and 6.6 also 

confirm the protein capture by the RNA aptamer. But as the wavelength shift values were close, the 

experiments were repeated in order to make sure there was no background interference in the results 
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obtained by the different buffers used in the attachments of the RNA aptamer and the protein. This was 

corrected in the repeated experiment and protein capture by the RNA aptamer was observed. 

 

Figure 6.5 Wavelength shift measurement showing the real-time attachment of EGFR protein with the 
RNA aptamer 
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Figure 6.6 Wavelength shift measurements showing the protein capture by the RNA aptamer 
(Protein/RNA+) when compared with (Protein/RNA-) 

 

6.5 Conclusion 

  From the experiments described it was seen that the protein capture by the EGFR RNA aptamer 

could be detected in real-time by the guided-mode resonance technology. A concentration of 50 ng/µL of 

protein was detected. The obtained results demonstrate that the aptamer and protein capture can be 

effectively coupled to any detection modality.  

 

 

 

 

 



63 

 

 

 

CHAPTER 7 

 SUMMARY AND OUTLOOK 

 The works discussed here completely fulfill the initial goal of designing a biochip for the detection 

of proteins. With the use of the R2Bm protein and dsDNA, the initial idea of electrical detection of dsDNA 

immobilization and protein detection was demonstrated. With the CMOS chip, a new detection limit was 

set at 2.8 fmol. This shows the sensitivity of the device and technology discussed. The use of Sypro Ruby 

Protein Blot stain on chip surfaces is also being discussed for the first time, as the stain is most commonly 

used only in gel electrophoreses experiments.  

 In order to demonstrate a practical application of the device in a biological setting, cancer protein, 

EGFR was detected. A CMOS chip with break junctions in the nano-scale range was fabricated. The 

fabrication of the break junctions using FIB showcases the novel method of introducing nano gaps in 

CMOS chips. An EGFR protein concentration of 50 ng/µL was detected using the CMOS chip.  

 The RNA aptamer was also immobilized on the titanium dioxide surface for detections based on 

guided-mode resonance. The wavelength shift measurements also confirmed the EGFR protein capture 

by the RNA aptamer. The capture of the EGFR protein with the anti-EGFR RNA aptamer has been 

reported for the very first time only in this thesis. 

 The usage of aptamers as the selective agent in the biochip is advantageous as the aptamers 

have higher selectivity for the target molecules than monoclonal antibodies. The non-antibody based 

detection reported in all the sections of the thesis are aimed towards bionanotechnology advancement in 

biochip and biosensor design. It can be said with confidence that refinement of the process will lead to 

higher sensitivities and better yield. The usage of different surfaces and different surface modifications 
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show the flexibilities possible in using aptamers as the selective agents. It also highlights how stable the 

aptamers are under various physical conditions.  

 The works reported here have most definitely paved the way for the design of more efficient 

biochips using aptamers as selective agents. The CMOS chips used in the experiments can be integrated 

on a larger area to form a microarray with each section of the array dedicated to the detection of an 

individual biomarker. With the detection of individual biomarkers, many disease conditions can be 

detected with the same sample source.  

 The application of the chips could also be extended to environmental sample analysis as well, 

such as in bioterrorism to identify dangerous virus or bacteria or to identify contaminants in food and 

water, etc. The versatility of the aptamers can be exploited for other applications as well, such as sample 

preparation which requires concentration of samples with a particular biomolecule. 
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