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ABSTRACT OF THE THESIS 

DNA Attachment to Pyrolyzed Carbon Electrodes for  

Bionanoelectronics Platforms 

by 

Mieko Hirabayashi 

Masters of Science in Bioengineering: Bioinstrumentation 

San Diego State University, 2012 

   

Research to understand the electrical properties of DNA as an electrical component 

continues with the objective of determining the use of DNA as the next generation 

nanoelectronics component.  

This study experimentally investigates the possibility of generating electronic 

platforms for DNA using carbon electrodes generated from patterned negative tone 

photoresist. The use of negative tone photoresist allows for the development of three 

dimensional platforms consisting of electrodes and traces that can be designed and patterned 

using conventional lithography techniques.   

In this study, electrodes with bump pads were designed and manufactured using 

negative tone photoresist.  In order to alter the structure of the negative tone photoresist into 

a form of conductive carbon, the photoresist structure underwent a pyrolysis heating process. 

In the pyrolysis process, a reduction in oxygen was expected. This decrease in oxygen was 

confirmed by Electron Dispersion X-ray Spectroscopy (EDX).  

   By nature, carbon tends to be inert except at edges and defect locations. In order to 

attach anything to carbon, the area of attachment needed to be functionalized. 

Functionalization of carboxyl group on the surface of the electrode was done via oxygen 

plasma treatment. Confirmation of carboxyl groups was done with EDX and FTIR. 

 With carboxyl groups on the surface on surface of the pyrolyzed carbon, carboxyl-

amine cross linkers could be used to attach aminated oligonucleotides. This was done 

utilizing a reaction between 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 

(EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) to generate a peptide bond between the 

carboxylated electrode and the aminated oligonucleotide.  After the carboxyl-amine 

crosslinking reaction was completed, the sticky ends of the DNA were hybridized with 
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complementary oligonucleotides.  Successful oligonucleotide and DNA attachment were 

confirmed using fluorescence.  

While many approaches have been made to attach DNA onto carbon, this method 

differs in that (i) negative tone photoresist was used  making that platform patternable,  and  

(ii) attachment was done using oligonucleotides and DNA rather than just DNA which allows 

for  the possibility of attaching one strand of DNA to two separate electrodes for DNA wire 

testing and applications. 
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CHAPTER 1 

INTRODUCTION 

In the late 1990s, the idea of using DNA as a molecular wire began to spark 

researchers’ interests. Several groups began investigating the conductivity of DNA under 

various conditions, including number of bases and DNA sequence [1].  Years of research 

eventually planted the idea of using DNA as transistor and a possible substitution for silicon 

in smaller components [2].  Even more recent research has suggested that DNA has the 

capacity to be used as a processor [2].  While DNA has been explored as an electrical 

component, other researchers have focused on using DNA to develop biosensors to detect 

mutations in DNA strands [3]. The purpose of this study is to develop a bio-nanoelectronics 

platform for DNA attachment onto negative photoresist derived carbon electrodes that can be 

used for DNA molecular wire testing, DNA computing, or biosensors.   

1.1 DNA STRUCTURE AND PROPERTIES 

Dioxyribose Nucleic Acid (DNA) is a helical strand of nucleotides generally found in 

the nucleus of cells.  Each nucleotide contains a phosphate group, a sugar molecule, and a 

hydrophobic base, either adenine (A), guanine (G), cytosine (C), or thymine (T). At the 

center of the DNA helical structure, bases attach to one another, adenine to thymine or 

guanine to cytosine, though hydrogen bonding.  The phosphate group exists along the 

backbone of the helix, giving DNA its slightly negative innate charge.  DNA also has a 

polarity. Its ‘top’ position is known as the 5’ end, where the DNA terminates with a 

phosphate group. Its ‘bottom’ position is known as the 3’ end; here the DNA terminates with 

a hydroxyl group [4].  

DNA’s chemical structure results in π-bonds along the back bone in the phosphate 

and sugar molecules and in several locations in each of the bases.  It is believed that electrons 

travel along the π-bonds to conduct electricity [5]. DNA is prevalent in nature, present in all 

organisms and can be extracted from cell and sequenced or synthetically generated for 

specific base pair sequences. It is small, having a diameter of only 2 nm [5]. It can be made 

or found at any length.  Furthermore, under appropriate condition, DNA also has the ability 
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to self-assemble into nanostructures [6].  These properties of DNA, namely conductive, 

nano-scalable, and self-assembly, make DNA a promising component in bio-nanoelectronics.  

1.2 MOTIVATION OF THE STUDY 

This study investigates the fundamental problems in DNA attachment onto pyrolyzed 

SU-8 (a negative tone photoresist) and solutions to surface chemistry problems for 

bionanoelectronics platforms. While many other groups have worked on DNA wires and 

DNA immobilization on various surfaces, none of these groups have investigated how to 

work on a platform that allows for testing and development of DNA as a biosensor or an 

electrical component.  DNA wire research has been done are various types of electrodes, 

including gold and platinum. This research has been useful in investigating properties of 

DNA wires but the electrode designs for these research studies were not optimized for other 

applications, and thus could not be used as a bionanoelectronics platform. Other studies 

investigating DNA attachment onto carbon involved carbon nanotubes or glassy carbon. 

Carbon nanotubes generally were in solution which generates a new hurdle of immobilization 

of carbon nanotubes before carbon nanotubes can be used as a bionanoelectronics platforms.  

Glassy carbon generally is a larger electrode used in electrochemical experiments making it a 

good application for biosensors but not for bionanoelectronics. Pyrolyzed SU-8 (PSU-8), 

however, can easily be pattered into a design on the centimeter or micron level easily for 

DNA wire or component prototype and testing applications or biosensor applications.  

Nanowires have also been made using pyrolyzed SU8, making the nano-scale a possibility as 

well [7]. Therefore, in order generate reliable PSU-8 bionanoelectronics platforms, the 

surface chemistry properties of PSU-8 electrodes and reliable methods for DNA attachment 

must first be investigated.   

1.3 ORGANIZATION 

The following chapter discusses past relevant research in DNA wires and DNA 

immobilization (Chapter 2). Chapter 3 outlines the fabrication process of the PSU-8 

electrodes. Chapters 4 and 5 discuss the various method used to attach oligonucleotides and 

DNA to the electrode. Chapter 6 is an overview of the conclusions drawn from each 
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experiment (each experiment is outlined in the appendix). The final chapter is a discussion of 

possible future directions for this research.  
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CHAPTER 2 

LITERATURE SURVEY 

The focus of this study is to experimentally demonstrate the ability to use pyrolyzed 

SU-8 (PSU-8) as a platform for bionanoelectronics. The following chapter discusses relevant 

research done in the realm of bionanoelectronics and functionalization and DNA 

immobilization on carbon platforms. 

2.1 BIONANOELECTRONICS RESEARCH 

Moore’s law predicts that the standard transistor capacities in integrated circuits (IC) 

will double approximately every two years. While this has been true since 1975, Morore’s 

law has been met mostly by increasing the density of silicon transistors; increasing density 

means increasing the number of transistors per unit area which is done by both decreasing the 

size of each transistor and increasing the number of transistors used in a given area.  

However, standard silicon IC technology will at some silicon reach its limit; at some density 

silicon will no longer be capable of stable computing [2]. If increasing computing speed can 

no longer be feasible by just increasing transistor density, it becomes imperative to research 

new platforms for technological advancement--bionanoelectronics and DNA-based 

technologies have the potential to provide such a platform.  The following section reviews 

the background literature in bio-nanoelectronics, and specifically describes research done in 

DNA computing, DNA molecular wires, and DNA attachment onto carbon electrodes.   

 

2.1.1 DNA Molecular Wires 

Current-Voltage analyses of DNA have shown semiconductor properties in DNA. 

Figure 1 shows a study done in 2000 done by the Delft University of Technology on 30 base 

pairs of double stranded poly(c)-poly(G). The curve shows the S shape of typical 

semiconductor [1]. A study done at San Diego State University on λ- DNA and gold coated 

SU-8 microelectrodes, also showed an s-shaped tendency in the I-V curve, as shown in figure 

2 [7].  Both of these research studies supports Braun’s early finding with λ- DNA which 

showed that DNA had semiconductor behavior before silver deposition onto the DNA and 

linear conductor behavior after silver deposition [8].  
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Figure 1: Poly(C) –Poly(G) Conduction Graph. Source:  

Danny Porath, Alexey Bezryadin, Simon de Vries, and  

Cees Dekker, “Direct  measurement of electrical transport  

through DNA molecules”Nature 403(2000):  635-638. 

  

 

 Figure 2: λ- DNA attachment onto gold electrode. Source:  

Nasim Vahidi. “Electrical Characterizations of Three  

Dimensional DNA-Based Bionanoelectronics Platforms”  

(Master’s Thesis, San Diego State University, 2011) 
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As seen in both the figures above, the actual sequence of the bases seems the affect 

the conductivity of the DNA. Furthermore, other research has found that length of the DNA 

(the number of base pairs) and how much the DNA is stretched can have an effect on the 

conductivity [1].  Despite these variables, however, within most applicable conditions, 

research has mostly pointed to DNA wires as functioning as semiconductors despite the 

sequence, length, or stretching.  

2.1.2 DNA Computing 

Due to the very nature of DNA, DNA computing is highly parallel, low power 

dissipation (maximum of 10^9 operations per Joule), and has a giant capacity for memory 

storage of 1 bit for every cubic nanometer [9].  Because the study of DNA computing is still 

in its infancy, its full benefits are still being assessed. Though DNA computing is highly 

parallel, this does not always mean faster; because of its complexity, DNA computers would 

take minutes to hours to access memory where a hard drive access memory in milliseconds 

[9]. Another potential problem with DNA computing is its complexity; methods to obtain and 

analyze the solution require a certain amount of skill and knowledge of DNA and 

biochemical and computer science processes [9].     

Inherently, DNA processing is complicated. Even if no solution is found to the 

complexity of DNA computing, there may be problems that DNA computing can solve that 

standard processors cannot ever solve. For this reason alone, this method is still worth 

pursuing. The departments of Chemistry and Computer Science at the University of 

Wisconsin worked together to put together a DNA processor to solve an SAT problem [10].  

To do this, the group used standard methods of oligonucleotides onto gold. ‘Marking’ was 

done by hybridization; those strands that did not hybridize were not a match to the 

complementary strand. An Enzyme was then used to eliminate the sets of single stranded 

DNA.  The final step involved returning the strand of DNA to its single stranded state and 

reading out the DNA sequence using polymerase chain reaction [10].  

This method of DNA computing shows the importance of being able to easily 

immobilize DNA on the surface.  The methods described in this study involve similar 

attachment and hybridization methods that are on carbon instead of gold that could be 

adapted for optimum DNA computing.  
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2.2 DNA ATTACHMENT ONTO CARBON ELECTRODES 

For the purposes of biosensor research, one group attempted DNA attachment onto 

glassy carbon by first modifying the surface via attachment of 4-amino benzoic acid through 

cyclic voltammetry [3]. While 4-ABA provides the carboxyl group needed for DNA 

attachment, the method requires a controlled anhydrous environment just for surface 

modification and would be difficult to perform on specialized patterned electrodes.  

Various methods of functionalization have been on carbon nanotubes including acid 

oxidation ozonolysis, and diazonium attachment [11].  Because of its simplicity, acid 

oxidation seems to be the popular method for DNA attachment [12]. Functionalization has 

been done using both Nitric and Sulfuric acid, and in some cases a mixture of the two strong 

acids [13].   

At Florida International Institute, a similar project was completed [14]. The group 

was able to attach DNA to the surface of pyrolyzed SU8. In this project, the surface of the 

carbon was aminated and the DNA was carboxylated. There are a couple disadvantages to 

this method.  One is that an extra step was added to the process in order the aminate the 

surface. First the carboxyl group needed to be generated; then the amine group attached to 

the carboxyl.  This is not necessary since the DNA can be aminated and attached directly to 

the functionalized carbon surface. Furthermore, this group attached DNA directly rather than 

using oligonucleotides. Using oligonucleotides allows for more control, in  theory, of the 

DNA attachment location.  
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Table 1: Summary of Previous Bio-nanoelectronics Work 

 

Authors Electrode 

Material 

Type of 

DNA 

DNA 

Attachment 

Application Discoveries 

Vahidi, Nasim AuPd 

coated 

SU-8 

λ-DNA Yes, Likely 

Hydrostatic 

DNA wire Developed Method for 

Hydrostatic DNA attachment 

on AuPd electrode. 

 

Demonstrated semi-

conducting properties of λ- 

DNA.  

 

Porath et. Al. Pt Poly(C)-

Ploy(G) 

“trapped” in 

electrode 

gap 

DNA wire Semiconducting behavior of 

DNA. 

Temperature dependence only 

when below cryogenic 

temperatures 

Differential conductance 

shows peak structure which 

supports charge conductance 

via pi-bonds 

Qinghua, Lui 

et. al. 

Gold  Thiol 

terminate

d ss-

oligonucl

eotides 

yes DNA 

computing 

Developed a method of DNA 

computation using successive 

DNA hybridizations and PCR 

to read out answer. 

Yang, Jung-

Hoon et. al. 

Pyrolyzed 

SU-8 

COOH 

Terminat

ed ds-

DNA 

Yes-

Covalent 

attachment 

Biosensor Developed a method of 

aminiating pyrolyzed carbon 

and covalently attaching ds-

DNA 

Huey Fang 

The et al 

Glassy 

Carbon 

Carboxyl

ated ds-

DNA 

Yes-

Covalent 

attachment 

to PABA 

Biosensor Developed a method for 

attaching DNA via Para-

amino-benzoic acid (PABA). 

Used cyclic voltammetry to 

immobilize PABA to a glassy 

carbon electrode 

Braun et al Gold Thiol-

Terminat

ed 

Oligonuc

leotides 

and  λ-

DNA 

Yes-

Covalent  

Self- 

assembled 

Silver wire 

Developed method for 

attaching λ-DNA to gold 

electrodes using thiol-

terminated oligonucleotides  

Demonstrated semi-conductor 

characteristics in λ-DNA 

electrical testing 

Developed a means of using 

λ-DNA to generate a silver 

nano-wire   
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CHAPTER 3 

FABRICATION OF CARBON ELECTRODES 

 

The goal for this research study was to develop a carbon platform for DNA 

attachment that could be used for various applications. To keep the end application open, 

using pyrolyzed SU-8 (PSU-8) was used which allowed for the design to be altered for the 

specific need for future applications. The design of the electrode used in this study was also 

used for previous studies at San Diego State University [6]. This design, developed by SDSU 

MEMS Bionanoelectronics group (BioNANO), was known as Mithras. The design provided 

large bump pads for electrical testing and biasing and a small gap (10-15 um) in the center 

for possible suspension of DNA (figures 3 and 4). 

 

       Figure 3: SDSU MEMs BioNANO Mask ver 2  
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Figure 4: Diagram of Mithras design. 

 

The following sections describe, in detail, how the Mithras design was manufactured 

using SU-8 and standard photolithography procedures and converted to conductive carbon 

(pyrolyzed SU-8 or PSU-8). This chapter also discusses how EDAX measurements were 

used to extrapolate the changes at the structural level of SU-8 as a result of pyrolysis. 

3.1 PHOTOLITHOGRAPHY OF MITHRAS DESIGN 

Standard photolithography procedures generally involve exposing a photosensitive 

polymer, a photoresist, under a patterned mask to ultraviolet light. When positive photoresist 

are used, portions exposed to ultra-violet (UV) light depolymerize and become weak. This 

polymer however tends to have low viscosity and this tends to produce low aspect ratio 

features. In order to make high aspect ratios, a negative photoresist, SU-8 from Microchem, 

is used.  When exposed to UV light, this polymer generates crosslinks and becomes stronger, 

generating features like those shown in figure 5.  Figure 6 shows the cleanroom area where 

the lithography is performed.  

 

Size of Gap in 

microns 

Small Bump Pads 

Large Bump 

Pads 

Center Gap for 

DNA Bridge 
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Figure 5: Silicon wafer with SU-8 BioNANO features 

 

 

 

To start the lithography process, the silicon wafer was washed with water, acetone, 

isopropyl alcohol, and water and then dried with an air gun. Then, to ensure silicon wafer 

was completely dry, the wafer was place on at hot plate for two minutes at 200
o 
C for 

dehydration bake, and then taken off the hot plate and allowed to cool for 15 minutes. Next, 

the silicon wafer was placed on the chuck of the spin coater and a layer of SU-8 was 

deposited. The SU-8 was spin coated at 3000 rpm for 45 sec, then removed from the chuck 

and place on the hotplate at 45 degrees Celsius for soft baking. The temperature was 

increased up to 95 degrees Celsius over a period of 40 minutes, held at 95 degree Celsius for 

Spin 

Coater 

Hirox 

Microscope 

UV Lamp 

Mask 

Aligner 

Figure 6: Cleanroom lithography station 
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5 minutes and then allowed to cool for 30 minutes. During the cooling process, the UV lamp 

was set up to expose 10mW/cm
2
. Once the wafer was cooled, the wafer was set up under the 

UV lamp with the mask placed over it. The wafer was then exposed for 30 seconds and the 

mask was removed and the wafer was placed back on the hot plate for post-baking. Post 

baking was done at 50 degrees Celsius to 100 degrees Celsius over a period of 30 min and 

then allowed to cool for 15 minutes.  Finally, in order to remove the portions of the polymer 

that were not exposed to UV light and thus not cross-linked, the wafer was placed in SU-8 

developing solution. Developing time was different for each chip depending on the exact 

thickness of the SU-8 layer and the size of the wafer itself. However, for features that were 

expected to be about 10 microns in height, development time was not expected to take more 

than 5 minutes. Therefore, after about 1 minute in developer, the wafer was rinsed with 

isopropanol. If a white film showed up, then the wafer was rinsed with acetone and placed 

back in developing solution for no more than 15 seconds. If not the wafer was rinsed with 

water and dried with the air gun and taken to the microscope for imaging to ensure that there 

was no need for further development.   

In this process, two types of SU-8 could be used, namely SU-8 (100) and SU-8(10). 

The first variety, SU-8(10) generates features of about 10 microns high with the procedure 

above, whereas SU-8 (100) generates features of about 50 micron high with the procedure 

above.  Nitride and Silicon Dioxide coated silicon wafers were used in the procedure; 

however, changing the wafer type did not change any of the parameters. Figure 7 and table 2 

summarize the lithography process described above.  

 

 

Figure 7: Lithography Process 

 

 

 

 

 

 

1._Start with Si Substrate 2. Spin-coat SU8 and Soft Bake 3. Apply Patterned Mask  4. Expose to UV 5. Remove  Mask, Post 

Bake,  and Develop 
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Table 2: SDSU MEMs Cleanroom Photolithography Procedure for Mithras Features 

 

Step Materials Parameters  Procedural Description 

1. Cleaning Si 

Substrate 

Acetone, 

Isopropanol, DI 

water, air gun 

 Rinse Si surface with acetone, then 

isopropanol, and then DI water. Use air gun to 

dry. 

2. Dehydration 

bake 

Hot Plate 15 min at 

200
o
C 

Place wafer on hot plate at 200
o
C for 15min 

3. Spin Coat Spin Coater 

SU-8(10) or 

SU8(100) 

45 sec @ 

3000rpm 

Center wafer on chuck and apply 1mL per 1 in
2
 

of wafer of SU-8.  Spin coat at 3000 rpm for 45 

sec. 

4. Soft Bake Hot plate 45-95
o
C 

over 50 min 

95
o
c for 5 

min 

Place wafer on hotplate at 45
o
C. Increase 5 

degrees every 10 minutes. Hold at 95
o
C for 5 

minutes.  

5. UV 

exposure 

UV Lamp, 

Patterned Mask 

10mw/cm
2
 

for 30 sec 

Place wafer on mask aligner and turn on 

suction to hold down wafer. Align mask on 

wafer and expose.  

6. Post Bake Hot plate 50-100
o
C 

over 30 

minutes 

Place wafer on hotplate at 50
o
C. Increase 5 

degrees every 6 minutes. 

7. Cool  Air 

temperature, 

15 min 

Remove wafer from hot plate and allow cooling 

at air temperature.  

8. Develop SU-8 Developer, 

Acetone, 

Isopropanol, DI 

water, air gun 

> 2 min for 

SU-8 10 

features 

>5 for SU-8 

100 features 

Place wafer in developing solution for at least 

one minute. Agitate slightly. Remove from 

solution and rinse with Acetone. If white film 

shows up, place back in solution. Otherwise, 

wash with water and dry with air gun. 

9. Image Hirox 

Microscope 

 Use 3D and 2D imaging to assess quality of 

features.  
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3.2 PYROLYSIS 

Pyrolysis is a method of heating up organic materials to high temperatures in a nearly 

oxygen-free environment in order to change their structure. For polymers like SU-8 the end 

result is a form of conductive carbon. However, the rate of heating, the amount of nitrogen 

flow, and the substrate, becomes important when attempting to developed electrodes with 

high conductivity and a strong bond between the substrate and the conductive material.  

Figure 8 shows the pyrolysis chamber used in the experiments.  

 

 

Figure 8: Pyrolysis Chamber 

 

Best pyrolysis results were found when SU-8-(10) structures on silicon a silicon 

wafer with a silicon dioxide wafer were heated at the rate described in table 3.  

 

Table 3: Pyrolysis rate 

 

Temperature Time 

Room-700
o
C 1.5 hours 

700-900
o
C 1.5 hours 

900-1000
o
C 1.5 hours 

1000
o
C 1.5 hours 

1000-900
o
C 1.5 hours 

900-700
o
C 1 hour 

700
o
C -room Auto off 

 

Quartz Tube 

Pressure Gauge 

Flow Meter 

Pyrolysis 

Oven 

Nitrogen Inlet Vacuum valve 

Sample Plate 
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When SU-8 (100) was used, structures would peel off likely due to too much surface 

tension from such large features. When silicon nitride wafers were used as the substrate 

features came out nice, but would lift off when exposed to any liquid, implying that the 

nitride layer was preventing full bonding between the PSU8 and the silicon wafer.   

3.3 ANALYSIS OF PYROLYZED CARBON ELECTRODES 

Electron Dispersion X-ray Spectroscopy uses silicon drift detectors (SDD) and 

integrative software systems to determine the elements in a material by bombarding the 

material with X-rays, allowing the material to absorb the X-rays which thus becomes a 

charge that strikes the detector and is converted to a voltage signal through a preamplifier 

[15]. The amount of X-ray absorbed is dependent on the element and since the output voltage 

is directly proportional to the amount of X-ray absorbed [15], the elements in each sample 

can easily be quantified. Using the electron microscope facilities at SDSU, EDX profiles of 

SU-8 and pyrolyzed SU-8  (figure 9) were done using Oxford Instruments scanning electron 

microscope and electron dispersion x-ray spectroscopy (EDS) with a silicon drift detector 

(SDD) and INCA software. Results in figure 10 show that C/O ratios increase after pyrolysis.  
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Figure 9: Conformation due to pyrolysis.  Source: Manoj Joshi, Nitin Kale, Rakesh Lal 

, V. Ramgopal Raob, and Soumyo Mukherji, “A Novel Dry Method for Surface 

Modification of SU-8 for Immobilization of Biomolecules in Bio-MEMS,” Biosensors 

and Bioelectronics 22 (2007): 2429–2435 

 

 

 Figure 10: Change in oxygen weight percentage due to pyrolysis 

 

In order to further support theory for the expected structure of pyrolyzed SU-8, edges 

and surface defects were also analyzed. In previous research, carbon nanotubes were found to 

 

SU-8 Pyrolyzed SU-8 

(a) SU-8  chemical structure  (b ) Likely chemical structure of PSU-8  

(c) SEM of SU-8 Electrode (d ) SEM of PSU8 Electrode  

Pyrolysis 

Pyrolysis 
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have more carboxyl groups along the end caps and defects [16, 11]. Thus, in our electrodes, 

we expected to see an increase in oxygen and thus a decrease in carbon to oxygen ratio when 

compared to the smooth surface [18]. In this experiment, three different electrodes from the 

same pyrolyzed batched were analyzed using EDS.  Values from several different spectra 

were analyzed and displayed in figure 11. 

 

 

Figure 11: Difference in oxygen weight percentages at a smooth  

surface versus an edge or defects. 
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CHAPTER 4 

FUNCTIONALIZATION OF CARBON 

ELECTRODES 

 

In order to attach DNA to PSU-8, the PSU-8 surface needs to be reactive. Though the 

surface of pyrolyzed carbon has yet to be studied in full detail, most recent research suggests 

that the surface behaves has a structure much like highly oriented pyrolytic graphite or glassy 

carbon  which would give it a structure that looks like  figure 9b in section 3.3, making the 

surface only reactive at the edges and defects [11, 19]. Similar reactions occur in carbon 

nanotubes under oxidation. Figure 15 below shows a reaction scheme that occurs under 

plasma oxidation [19].  

 

 

 Figure 12: How plasma oxidation breaks carbon nanotube bonds to 

generate aldehydic, ketonic, alcoholic, and carboxylic groups. Source: 

Sarbajit Banerjee and Stanislaus S.Wong, “Rational Sidewall 

Functionalization and Purification of Single-Walled Carbon  

Nanotubes,” J. Phys. Chem. B 106 (2002): 12144-12151. 

 

When defects are present in the carbon electrode, an increase in oxygen 

concentrations can be detected, as seen in the results in section 3.3, implying oxidation at 

these points, and thus a break in the carbon lattice. Each beak in the carbon lattice then can 

possibly generate a carboxyl functional group, or other functional groups such as aldehydes, 

keytones, alcohols, and carboxyl groups [19]. These functional groups are much more 
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reactive than the inert carbon surface. However, though many types of functional groups can 

be generated through oxidation, carboxyl groups specifically are needed to generate a 

covalent bond between aminated DNA and the carbon. Still, even though oxidation itself is 

not specifically producing carboxyl functional groups, it is an easy means of generating a 

reactive surface with a high probability of producing the carboxyl groups needed for DNA 

attachment. 

Another method of functionalization can be done by an addition of another molecule. 

If the surface is resistant to oxidation or becomes degraded when oxidized, then these 

methods can be more beneficial.  Furthermore, when an intermediate molecule is introduced, 

the type of functional group at the end is always known to be a carboxyl group, rather than 

some other functional group that cannot form covalent bonds with the DNA.  

4.1 ACID TREATMENT 

One method for functionalization would be to treat the surface with a strong oxidizer. 

In order to be a strong oxidizer, electrons need to be available for oxidation, which is found 

in strong acids containing oxygen, such as sulfuric and Nitric acid.  These acids, in theory, 

interact with the carbon lattice and are able to break the carbon to carbon bonds. The 

following sections described the various protocols used in treated the PSU-8 with strong 

acids.   

4.1.1 HNO3 Acid Surface Treatment Protocol 

Pyrolyzed chips were placed in 5M nitric acid with a stir bar for two hours as shown 

in figure 13. Carbon Nanotubes were used as a control and treated with nitric acid under the 

same conditions. After two hours, the pyrolyzed carbon had lifted off the substrate so both 

the CNTs and the pyrolyzed carbon needed to be filtered from the acid.  Both CNT and the 

PSU8 features were filtered and rinsed with acetone then water.  
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        Figure 13: Acid treatment set-up 

 

Since attachment could not be done on these loose carbon features, FTIR (Fourier 

Transform Infrared Spectroscopy) was done to assess functionalization. 

The following experiments performed were without the stir bar to prevent lift off the 

PSU8 feature. Instead, small amounts of acid were placed on the surface of the electrode for 

various amounts of times. 

 

4.1.2 H2SO4 Acid Surface Treatment Protocol 

Later experiments were done with sulfuric acid to compare with the effects of nitric 

acid. A similar setup was done where pyrolyzed chips were placed in concentrated acid for 

16 hours. Analysis of functionalization was done with EDX analysis.  

4.2 4-AMINO BENZOIC ACID ATTACHMENT 

While surface modification can be done by mere oxidation of the surface, other 

methods of functionalization can be done by an addition of another molecule. If the surface is 

resistant to oxidation or becomes too degraded when oxidized, then these methods can be 

more beneficial.  If these molecules have a terminal amine group, then the amine group can 

undergo diazotization in order to make it reactive [20, 21]. In this reaction, the amine group 

is reacted with an NO+ molecule, allowing for the generation of a nitrosammonium ion. In 

the presence of water and acid, a diazonium ion can be formed [20].  The complete reaction 

is shown in figure 14.  
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 Figure 14: Diazotization process of an amine.  

 Source: “Mechanism of Diazotization,”  

 accessed August 4, 2012,http://clem.mscd.edu/ 

 ~wiederm/oc2chp/oc2chpamines/page8.htm. 

 

 In order to utilize this diazonum ion, the aminiated molecule would need to be 

terminated at the other end with a carboxyl group for reaction with oligonucleotides. 

Paraaminobenzoic Acid or 4-Amino Benzoic Acid (PABA or 4-ABA) is a molecule with an 

amine group at one end and carboxyl group at the other (figure 15).  Using diazotization, 4-

ABA can bond with carbon by generating the diazonum ion. This diazonium ion reacts with 

electrons from the carbon surface and generates a carbon-carbon bond with the 4-ABA [21].  

 

 Figure 15 : 4-ABA structure. Source: 

 Jianyun Liu, Long Cheng, Baifeng Liu,  

 and Shaojun Dong, “Biocompatible  

 Covalent Modification of a Glassy  

 Carbon Surface by 4-Aminobenzoic  

 Acid,” Langmuir16 (2000): 7471-7476. 

 

The following sections describe the protocols used to attach 4-ABA to the PSU-8 

electrode.  
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4.2.1 Diazonium Ion Formation Protocol 

In order to prepare the 4-ABA for attachment onto the carbon, first, a flask of 

deoxygenated milli-Q water was prepared. Next, a cold solution of NaNO2 (68.99mg, 

1mmol) in 0.25 mL in milli-Q H2O and  1mmol (137.14g) 4-ABA 1mL 1M HCl was 

prepared. The 4-ABA solution was added to an acetone ice bath and put under a nitrogen 

environment. NaNO2 was slowly added to the 4-ABA solution using a syringe using though a 

septum. The amine group reacted with the carbon electrode at approximately 4
o
C for 20 

minutes or 40 minutes, or under a voltage scan using cyclic voltammetry. 

 

4.2.2 Cyclic Voltammetry Protocol 

Electrochemical attachment of 4-amino benzoic acid to  pyrolyzed SU-8 electrode 

was promoted with cyclic voltammetry In this set up, a platinum electrode was used was used 

as the counter electrode, a silver-silver chloride electrode was used as the reference electrode, 

and 0.1 M KCl 50mM Histidine and 5 mM K4[Fe(CN)6] were used as buffer solutions for 

calibration. Attachment was done in the cold diazo-salt solution. A scanned voltage ran from 

.1-0.9 V at 0.1V/s.  

      
 Figure 16: Cyclic voltammetry set-up 
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4.3 OXYGEN PLASMA TREATMENT 

When a gas has an electrical field applied to it and put under vacuum, the gas 

becomes partially ionized and becomes less stable; this this point, the electron movement 

between the ions in the gas becomes more reactive and the gas becomes a plasma [22].  In 

the case of oxygen plasma, the oxygen gas atom first ionize themselves and then energize the 

surface, make the surface more polar than before. Depending on the energy of the plasma 

that was exposed to the surface, the surface may just become more hydrophilic, or the surface 

can oxidize further and generate various types of functional groups: hydroxyl, carboxyl 

carbonyl [ʇ].  The protocol used to treat the surface of the PSU-8 using oxygen plasma is 

described in the following section. 

 

4.3.1 Plasma Treatment Protocol 

In order to functionalize the carbon, electrodes we place in an oxygen plasma 

chamber shown in figure 17, samples were treated between 0.35 and 0.75 T at various times 

and powers shown in table 4 below. 

 

        Figure 17: Plasma chamber with close up of chip in chamber 
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Table 4: Plasma treatment parameters 

 
Time (s) Power (W) 

7 25 

60 25 

7 50 

60 50 

7 75 

60 75 

7 150 

60 150 

7 300 

60 300 

 

  4.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)  

Infrared (IR) spectroscopy works by sending and reading an IR signal through a 

sample. This signal is then compared to the known signal in air. Areas in the spectrum where 

the signal was absorbed results in a change in the signal. Absorption occurs in the bonds of 

the sample, and thus, the changes in the absorption or the percent transmittance in the known 

incident beam. These changes in the incident beam can be correlated with bonds that exist in 

the sample [23]. Output of the spectra is generally displayed in absorption or percent 

transmittance versus wavenumber.  If the known signal has a wavelength of λ, then the wave 

number is: 

 [23]. 

 Organic compounds exhibit numerous absorption bands in the mid-IR region, 

making it difficult to find a solvent that does not have overlapping peaks. To avoid saturation 

of the absorption signal by the solvent, spectra are obtained by grinding down the solid 

sample to particles smaller than the wavelength of the radiation and pressed into a solid 

matrix. KBr is a commonly used solid solvent used for pellet formation. Solid samples can be 

mixed with the KBr, and ground down using a mortar and pestle and then pressed in a die at 

10,000 to 15,000 pounds per square inch. At this high pressure, the KBr pellet becomes 

translucent. In order to prevent KBr from showing a spectrum, the KBr is kept dry in a 

desiccator or oven [23]. 
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Fourier Transform spectrometers work by splitting the incident beam from a laser into 

beams varying them periodically to generate appropriate interference patterns before hitting 

the sample. Once the incident beam hits the sample, an infrared transducer picks up the 

signal for processing [23]. The output of FTIR allows for the analysis of bond types in a 

sample which can be used for determining if the various types of oxidation were successful 

in producing carboxyl groups.  The following sections describe the protocol used to do FTIR 

and the results from the FTIR analysis.  

 

4.4.1 FTIR Protocol 

Thermo Nicolet® FTIR-ATR was used to collect FTIR spectra and OMNIC Spectra 

software was used to process data. Features were removed from silicon using a spatula, 

mixed well with KBr with a pestle and mortar. The sample was then pressed into a solid 

pellet. Background was collected before each sample. Software was used to calculate 

%transmittance and to correct baseline.  Final data was exported to excel, graphed and 

analyzed. 

 

4.1.2 FTIR Results and Analysis  

 The output for FTIR is a spectrum characteristic of the material analyzed. In this 

spectrum are peaks at specific wavenumbers which can be correlated with bond types. 

Therefore, since purpose of the surface treatment was to generate carboxyl groups on the 

surface, actual presence of carboxyl groups can be confirmed with the FTIR spectra by 

looking for C-O peaks, C=O peaks, OH peaks, and C-OH peaks.  The spectra shown in figure 

18  are from PSU-8, which is labeled ‘control’, oxygen plasma treated PSU-8 at various 

times and power, which are labeled by the power (Watts) and time (seconds) used in the 

treatment (Power W Time s), and finally one spectrum from a PSU-8 electrode treated in 5M 

nitric acid for two hours. Each spectrum has a major peak between 3600cm-1 and 3050cm-1. 

This peak is attributed to OH stretching [24]. At 1820, there is a small peak that can be seen 

in most of the spectra which is associated with C=O asymmetrical streching [23]. The peak at 

1610 cm-1 is characteristic of C-C with a C=O present [23]. Finally, the peaks at 1060cm-1 

and 1300 are characteristic of C-OH stretching vibrations [24] in carboxylic acids [23]. Since 
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carboxyl groups consist of C=O, C-O, C-OH, and OH, the results show that carboxyl groups 

are present in all samples tested. 

 While the spectra confirm the presence of carboxyl groups, some of the results found 

in the various spectra were not expected. Firstly, the OH peak is very prominent in all the 

samples regardless of the characteristics from the rest of the spectra. This is likely due to 

water molecules that could be present in the KBr. Secondly, the control shows little 

difference from the other spectra. This indicates that carboxyl groups are present in the 

sample before treatment. EDX analysis discussed in section 3.3 confirms that presence of 

oxygen on surface and even more on the edges; the EDX analysis in combination with the 

FTIR suggests that carboxyl groups are indeed present before surface treatment. In theory, 

transmittance is inversely proportional to concentration [23], but because some of the OH 

bonding could be due to water in the sample and the other peaks are small with a lot of 

surrounding noise, a significant difference in concentration could not be detected using 

transmittance.   Therefore, even though the spectra confirm the presence of the carboxyl 

groups, another method of analysis should be done in order to draw conclusions about the 

concentration of carboxyl groups and thus, the effectiveness of each surface treatment. 
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Figure 18: FTIR analysis of surface treated electrodes 

 

4.5 ELECTRON DISPERSION X-RAY SPECTROSCOPY (EDX) OXYGEN 

CONCENTRATION ANALYSIS 

 Though FTIR gives information about the bonds, the amount of noise in the spectra 

yields transmittance values not precise enough to detect differences in concentration in order 

to evaluate the effectiveness of the various surface treatments. Electron Dispersion X-ray 

Spectroscopy (EDX), however, can determine weight percent values of various atoms in the 

electrode material. Since carboxyl groups contain two oxygen atoms, the weight percent of 

oxygen should increase if the treatment was more effective.  Weight percent is given by the 

equation: 

(Atomic Mass of Atom)/(Molecular Weight of the Molecule) x 100. 

 This equation shows that the weight percent of oxygen will be smaller if the molecular 

weight is larger. Residues from water containing sodium, chlorine, calcium, and potassium 

are sometimes found on the surface. These molecules will always show up in different 
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various concentrations, if at all. When these molecules are found on the surface, they are 

included as a part of the molecular weight of the molecule; this results in a decrease in the 

weight percent of the oxygen but not in the concentration. Therefore, in order to account for 

the other adhered molecules that may be found on the surface, a normalized value of carbon 

to oxygen is presented. To get this value, the weight percent of carbon is divided by the 

weight percent of oxygen which removes the molecular weight from the equation.  This 

normalized value allows for direct comparison of oxygen values in different electrodes.  

 

4.5.1 EDX Protocol 

 Each electrode tested was placed inside the SEM chamber.  A copper grid was used to 

calibrate the SSD and spot size, electron beam voltage, and aperture were adjusted for 

optimal dead-time of about 50 percent. Most samples were found to have an optimal dead-

time with a spot size of 4, an aperture of 4, and electron beam voltage of 15keV.  For each 

electrode, the beam was focused on the Mithras gap and a measurement was taken on the 

silicon surface, at the edge of the electrode, and on the surface of the electrode. The INCA 

software output weight percent ratios for each atom found in the measurement. The final data 

was processed in excel. 

 

Figure 19: Oxford Instruments FEI Scanning Electron  

Microscope 

Silicon 

Drift 

Detector 

Sample 

Chamber 
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4.5.2 EDX Results and Analysis 

 Figure 24 shows the atomic weight ratio of carbon to oxygen for SU-8, PSU-8, PSU-8 

plasma treated at various powers and times, PSU-8 treated with nitric and sulfuric acid, and 

PSU-8 after diazotization with 4-ABA.  From these results, an increase in the carbon to 

oxygen ratio can be seen as a result of plasma treatment at 25-75 W. Though a decrease 

would be expected, it is likely that the lower powers were only capable of removing adhered 

water molecules from the surface resulted in a decrease in oxygen weight percent and thus an 

increase in the carbon to oxygen ratio. Significant change in the ratio seems to occur at 

higher powers. The strong acid treatments also seem to generate a significant change in the 

carbon to oxygen ratio; these electrodes, however, were also partially destroyed as a result of 

the treatment.  

 

Stage 

Cameras 

EDX 

Software 

SEM focusing 

panel 

Sample 

Image 

Figure 20: SEM imaging and EDX set-up 
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Figure 21: EDX analysis of surface treatments 
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Table 5: Summary of Various Electrode Surface Treatments 

 

Treatment Materials Used Protocol Characterization/ 

Verification 

4-Amino 

Benzoic Acid 

4-ABA,  NaNO2, 

HCl, Benzoic Acid, 

Potentiostat and 

electrochemical 

set-up, 

deoxygenated H20 

Make a cold solution of NaNO2 (68.99, 

1mmol) in 0.25 mL in milli-Q H2O and 1 

mmol (137.14g), 4-ABA 1 mL 1M HCl. 

Add 4-ABA solution was added to an 

acetone ice bath and put under a nitrogen 

environment. Slowly add NaNO2 to the 4-

ABA solution using a syringe using though 

a septum. Allow the amine group to react 

with the carbon electrode at approximately 

4 degrees Celsius. 

Add solution to the electrochemical cell and 

run voltage scan.  

 

Fluorescence 

Microscopy, EDX 

Acid-Nitric Concentrated Nitric 

Acid (66%), Stir 

Plate, Stir Bar, 

Glass Syringe 

Place electrode in concentrated Nitric acid.  

1-5M for 2hours  on stir Plate with Stir Bar 

2-5M at various times 

2-66% concentrated for 15 hours on stir 

plate with Stir Bar 

FTIR, EDX 

Fluorescent 

Microscopy 

Acid-Sulfuric Concentrated 

Sulfuric Acid 

(98%), Stir Plate, 

Stir Bar, Glass 

Syringe 

Place electrode in concentrated sulfuric acid 

(98%) for 15 hours, on stir plate with stir 

bar.  

EDX, Fluorescent 

Microscopy  

Oxygen 

Plasma 

 Oxygen Plasma 

Chamber 

Place electrode in chamber  and  Generate 

Plasma (Optimal Parameters: 150W for  2 

minutes under 350 mT of pressure) 

FTIR, EDX, 

Fluorescent 

Microscopy 
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CHAPTER 5 

OLIGONUCLEOTIDE ATTACHMENT AND DNA 

HYBRIDIZATION 

 

In order to attach oligonucleotides to the carboxylated carbon surface, the surface 

chemistry is altered further.  This is done through a reaction with 1-Ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC), a type of carboamide, and N-

hydroxysuccinimide (NHS).  Because the EDC/Sulfo-NHS reaction generates an amine 

reactive surface, oligonucleotides terminated with an amine group are used.  When added to 

the surface of the electrode, the amine group interacts with modified electrode surface. 

Finally, oligonucleotides are hybridized with the complementary “sticky ends” of λ- DNA.  

The following chapter covers the theory behind the oligonucleotide attachment and DNA 

hybridization, and the protocols used to perform each of these steps.  

5.1 GENERATING AN AMINE REACTIVE SURFACE ON ELECTRODE  

1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) is a 

crosslinking agent often used to react amine and carboxyl groups. As shown in figure 22a 

EDC reacts with a carboxyl molecule to form an unstable amine-reactive  O-acylisourea 

molecule.  If the O-acylisourea molecule encounters a amine molecule, a stable amide bond 

can form; otherwise, as shown in figure 23b, the carboxyl group will regenerate [25].  
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Figure 22: EDC reaction (a) in the presence of an amine forms a stable amide bond but 

(b) in the absence of an amine the carboxyl group is regenerated. Molecules 1 and 2 

react with EDC to form an amide bond.  1 refers to molecule attached to the carboxyl.  

2 refers to molecule attached to primary amine. Source: “EDC: A water-soluble 

carbodiimide crosslinker for zero-length, carboxyl-to-amine conjugation.” Thermo 

Fisher Scientific Inc., accessed July 18 2012, 

http://www.piercenet.com/browse.cfm?fldID=02030312. 

 

In order to increase the amide bond formation, EDC can be used in combination with 

Sulfo-NHS (N-hydroxysulfosuccinimide) , shown in figure 22,  or its uncharged analog NHS 

(N-hydroxysuccinimide)  [26]. When used with sulfo-NHS, EDC converts carboxyl groups 

into semi-stable amine reactive sulfo-NHS esters [25]. When used on a carbon surface 

functionalized with carboxyl groups, the EDC reacts with the carboxyl group and from the 

unstable O-acylisourea ester.  When sulfo-NHS is added,  semi-stable amine reactive NHS 

ester forms.  When the aminated oligonucleotide is added, the reactive ester forms an amide 

bond with the amine at the end of oligonucleotide. While the reaction shown in figure 23a 

also takes place, the ester in figure23a is less stable and thus less likely to encounter an amide 

before hydrolyzing ester and regenerating the carboxyl group. Therefore, the Sulfo-NHS is 

added to generate a more stable intermediate amine reactive ester, thus increasing the 

probability of amide bond formation [26].  

+ 

+ 

+ 

(a) EDC reaction with primary amine 

(b) EDC reaction without primary amine 
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Figure 23: (a) EDC reaction with carboxylated carbon surface forms an unstable 

reactive ester. This ester is reacted with Sulfo-NHS to form (b) a more stable amine 

reactive ester that can be reacted with an aminated oligonucleotide and form a stable 

amide bond between the carbon surface and oligonucleotide.   

 

EDC and carboxyl molecule reaction occurs most readily at pH values of 4.7-6.0; the 

subsequent reaction between intermediates then depends on the concentration of the amine 

molecules [25]. However, because the amine reactive esters also react with the aromatic 

amines found in the bases of the oligonucleotides, especially at pH values below 7 [27], the 
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(a) EDC reaction with carboxyl attached to carbon ring and then reacted with Sulfo-NHS 

(b) Ester generated from Sulfo-NHS reacting with aminated oligonucleotide 
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oligonucleotide attachment ( figure 23b) is either carried out in a separate solution or the pH 

of the solution is increased. 

 

5.1.1 EDC/Sulfo-NHS Protocol 

The time for the EDC to react with the Sulfo-NHS and generate the amine reactive 

esters is not well known. In order to find the optimal time for this reaction to occur, the 

electrode (which has carboxyl groups on the surface after treatment) was allowed to react 

with the EDC and sulfo-NHS for various amounts of time. Also, various concentration, pH 

values, and setups for the reactions were tested to optimize the reaction.  The various 

experimental set-ups are described below. 

Some protocols suggest that the excess EDC/NHS be washed the electrode off after 1 

hour and applying the oligonucleotide to the surface of the electrode [ɠ]. Other protocols 

suggest allowing the carboxylated surface to react with the EDC/NHS for 5-15 minutes and 

then increase the pH and add the aminated molecule [27,28].  Both of these methods were 

tested and both seem to allow for attachment. However, the latter method seemed to produce 

more attachment. In the former protocol, ideal timing for the EDC/NHS to react with the 

surface of the electrode was varied from 1-3 hours before washing off the EDC/NHS and 

adding the oligonucleotide to the solution.  

EDC and sulfo-NHS concentration ratios were kept mostly consistent at 2mM of 

EDC to5mM of sulfo-NHS, as many protocols suggested [25,28, 29]. Therefore, the initial 

concentrations attempted were at  about 2mM EDC and 5mM NHS, then ~8mM EDC and 

20mM NHS, then ~20mM EDC and 50mM NHS,  and  finally ~40mM EDC, 100mM NHS. 

Best results were found at higher concentrations.  

Initial solution was made in 7.2 PBS. However, because EDC initial reaction more 

readily occurs at lower pH values [25, 28, 29], a small amount of highly diluted HCl was 

added to the PBS solution to generate a solution with a pH of 5.8. When the oligonucleotide 

was added to the solution of EDC and Sulfo-NHS, the pH was increased by adding a solution 

of NaOH and PBS to the mixture until pH had increased to above 8.  
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 Figure 24: EDC/NHS reaction set-up 
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Figure 25: Summary of EDC/NHS Protocol 
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5.2 OLIGONUCLEOTIDE ATTACHMENT  

An oligonucleotide is a small piece of single stranded DNA that is only several base 

pairs long. The oligonucleotide is generally used as an intermediate linker between a surface 

and a DNA strand, and thus, the oligonucleotide has bases complementary to the “sticky 

ends” DNA it will later hybridize with.  

In this study, two different oligonucleotides are used as an attempt to attach DNA to 

the surface of the electrode at both ends of the strand and control the location of attachment. 

Ideally, the first oligonucleotide, OligoA, would attach on one side of the electrode near the 

gap and the second oligonucleotide, OligoB, would attach on the other end of the electrode, 

and the DNA’s sticky ends would hybridize across the gap, diagramed in figures 26 and 27. 

 

 

 

10μm 

OligoA OligoB 

 

 Figure 26: Ideal attachment for oligonucleotide A and B on Mithras  

 electrode 
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Figure 27: Ideal oligonucleotide and DNA attachment. DNA Image Source:  Richard 

Wheeler, “Lambda Repressor Protein on Operator DNA,” accessed on June 5, 2012, 

http://www.molecularstation.com/molecular-biology-images/502-dna-pictures/31-

lambda-repressor-protein-on-operator-dna.html?size=big. 

 

In this experiment, λ- DNA was used. λ -DNA in nature is circular. In order to 

linearize the DNA, a restriction enzyme, EcoRI, is used to cut the DNA. This enzyme 

recognizes a certain sequence of base pairs, then slices through one side of the backbone and 

then separates a sequence of base pairs, and then slices through the other side of the 

backbone (diagramed in figure 29). The end result is a strand of DNA with two sticky ends, 

which by nature are complementary to one another [31].  

If the sticky ends are complementary, then it follows that the oligonucleotides must 

also be complementary to one another. The implication of having two complementary 

oligonucleotides is that if the two oligonucleotides are not carefully separated during 

attachment reactions, then rather than attaching to the surface of the carbon electrode, the two 

oligonucleotides may hybridize together, preventing hybridization of the DNA in later steps 

of the protocol.  

 

 

 

 

PSU-8 Electrode 

Oligonucleotid

es 

“Sticky Ends” 

complementary to 

Oligonucleotides 

λ- DNA 
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Figure 28: Diagram of restriction enzyme cut in λ -DNA. (a) Circular λ-DNA with green 

line representing restriction enzyme cut. (b) Sequence restriction enzyme cuts through 

[31] (c) Straightened λ-DNA after cut showing sticky ends.  

 

5.2.1 Oligonucleotide Hybridization Protocol 

In order to control the location of attachment of the oligonucleotide without the risk 

of hybridization between OligoA and OligoB and to limit the risk of reactive esters 

interacting with aromatic amide bonds in the bases, modifications to the traditional means of 

amide bond formation through EDC/NHS reactions were made. As stated in Section 5.1, the 

two separate protocols were followed depending on whether the oligonucleotides were added 

to the solution or not. In most of the experiments, the protocol described in figure 25 as 

protocol1 was followed. This protocol did not involve mixing the EDC and sulfo-NHS 

solution with the oligonucleotides. Instead, 1-2uL of the oligonucleotides was added to the 

surface of the electrode after being removed from the EDC and sulfo-NHS solution.  .  

Through experimentation, it was determined that a minimum of 18 hours was needed 

to allow the oligonucleotide to react with the sulfo-NHS generated ester. In order to further 

promote the reaction, some of the electrodes had a positive bias applied to the electrode at 5V 

for 2 minutes (figure 29). This gave the electrode a positive charge which would bring the 

negatively charged oligonucleotide closer to the surface, thus increasing the likelihood of 

reaction. Overall, electrodes that had a bias applied experienced more attachment than those 

not biased.  
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5VDC 

Voltmeter 

Oligonucleotide Solution 

 

 Figure 29: Electrode Biasing Setup  

5.3 DNA HYBRIDIZATION 

 DNA hybridization is the process of two portions of single stranded DNA attaching 

two one another through hydrogen bonding between the bases, adenine and guanine or 

cytosine and thymine. This process occurs readily when the complementary sequences are 

close enough to one another to interact. In the specific case where one side of the 

complementary sequence is immobilized, the governing forces of hybridization become bulk 

phase transport mechanisms, convection and diffusion, that bring the DNA to the surface, 

which is described by the equation: 

[32] 

Where c is the concentration of the DNA in solution, D is the diffusion constant, t is time, 

and ν is velocity. In order to increase the likelihood of reaction, the concentration of DNA at 

the surface where the oligonucleotide is available for attachment should be increased. This 

can be done by increasing the concentration overall or increase velocity. An increase in 

velocity can be done by increasing the temperature. Some models, mathematical and 

experimental predict that in as little as 20 seconds, full hybridization will occur [32]. 

However, this is only the case when immobilization of the oligonucleotide is controlled 

enough to prevent steric hindrance. Where oligonucleotides are too close to one another, 
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steric hindrance may only decrease the probability of hybridization or may prevent it all 

together. In order to ensure that all hybridization that is possible has taken place, the reaction 

conditions can be maintained for several hours. 

 While hybridization occurs readily between the bases, the negatively charged 

phosphate group at the 5’ sticky end of the λ- DNA can hinder hybridization. Therefore, in 

order the allow hybridization between an oligonucleotides and the λ -DNA, the Phosphate 

group needs to be cleave off. This can be done with a dephosphorliation enzyme. FastAP
TM

 

is a thermosensitive alkaline phosphatase that cleaves off phosphate groups on overhangs 

when activated at 37
o
C [ʒ]. The following section describes the protocol used for DNA 

hybridization.  

 

5.3.1 DNA Hybridization Protocol  

For every 10μL of DNA, 50μL of FastAP buffer, 20μL of Fast AP, and 420μL of 

PBS solution were vortexed in a vial for 1 minute. The vial was then heated to 42
o
C for 10 

minutes and then heated to 80
o
C for 5 min to stop the reaction and help linearize the DNA. 

The solution was then vortexed again and 250μL of solution per microelectrode was placed 

in a beaker with a stir bar. Over the course of 4 hours, the DNA was allowed to stir with the 

microelectrode at 40
o
C allowing the DNA to hybridize with the oligonucleotides 

immobilized on the microelectrode.  
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CHAPTER 6 

IMAGING AND DISCUSSION OF RESULTS  

In order to verify that the DNA attachment was successful, fluorescent microscopy 

was performed on each of the electrodes. The following chapter discusses the theory behind 

fluorescent microscopy, the procedures used, and an overall analysis of the results.  

6.1 FLUORESCENT MICROSCOPY 

Fluorescence occurs when there is less than a microsecond time delay between 

photon absorption and emission. Fluorescent microscopy uses this property by exposing a 

sample to light at its excitation wavelength and using a sequence of filters to detect the 

emission spectra at appropriate wavelength [34].   

While some materials naturally fluoresce under certain wavelength, most 

biomolecules require a fluorescent stain in order to induce this property.  DNA stains can 

bind to DNA along the backbone (external binder) or between the bases (intercalator), or 

across the bases (groove binders) depending on which stain is being used (figure 30).  

 

 

 Figure 30: Types of DNA Stain Binding. Source:  

“Nucleic Acid Detection and Analysis—Chapter 8,”  

Life Technologies Corporation, accessed August 4,  

2012, http://www.invitrogen.com/site/us/en/home/ 

References/Molecular-Probes-The-Handbook/ 

Nucleic-Acid-Detection-and-Genomics-Technology 

/Nucleic-Acid-Stains.html. 
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Once the DNA stain is bound to the DNA, a fluorescent microscope can be used to 

excite and view the emissions from the stain. The excitation and emission wavelengths 

depend on the type of stain used. The fluorescent stain used in this study was SYBR Safe 

Stain from Invitrogen.  This stain has excitation wavelengths between 400 and 530 nm and 

emission wavelengths between 500 and 700 nm.  However, optimal imaging conditions exist 

where excitation and emission wavelengths overlap. For SYBR safe stain, this is at 470-

530nm [36].  

 

Figure 31: Excitation and Emission Spectra for  

SYBR Safe Stain Source: “SYBR® Safe DNA Gel  

Stain,” Life Technologies Corporation, accessed  

August 4, 2012, http://products.invitrogen.com/ 

ivgn/product/S33102. 

 

6.1.1 Protocol for Staining and Imaging Electrodes 

For each electrode, 0.5 uL of DNA Safe Stain was diluted in 2mL of DI water. The 

electrode was placed in a beaker with the diluted stain and agitated for 10-30 minutes using a 

magnetic stir bar and stir plate. The electrode was then removed from the solution, rinsed 

with DI water, and placed on a microscope slide for imaging.  The microscope (figure 32) 

was then set up to use a blue light for excitation and a green filter.  
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 Figure 32: Fluorescent Microscope 

6.2 SUMMARY AND ANALYSIS OF RESULTS 

  In experiment 080411, the diazotization surface treatment protocol was tested. 

Though some fluorescence was seen, very little attachment was seen on the surface. While 

the surface treatment may have promoted attachment, the results suggested that the carboxyl 

concentration on the surface was limited. Because of the limited success with this protocol 

and the simplicity of other protocols, the diazotization of 4-ABA method was not tested any 

further.  

Experiments, 090811, 102711, and 122811, tested various acid protocols. These 

experiments showed that acid treatments can have a tendency to remove the carbon electrode 

from the silicon substrate.  Depending on how strong the bond is between the silicon and the 

carbon, acid molarities as low as 5M can interact with these bonds and strip off of the carbon 

electrode from the substrate. Electrodes with stronger bonds between the silicon and the 

carbon survived 10 M acid treatments and had some attachment.  More fluorescence was 

seen on electrodes that were submerged in an acid that was consistently being stirred with a 

stir bar (090811) than those just exposed to droplets of acid for a longer period of time 

(102711).  

Experiments 021412, 021712, 031712, 032412, 032712, 040412, and 072512 tested 

various experimental parameters including, parameters for plasma treatment, experimental 

methods for performing the EDC/NHS reaction, and alternate methods for promoting 

oligonucleotide attachment and DNA hybridization.  Experiments 032412, 032712, and 
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072512 specifically test the time and amount of power needed to generate a plasma that can 

generate enough carboxyl groups for sufficient oligonucleotide attachment. These results 

showed that 50W for 60 seconds seems to promote attachment, overall, longer and stronger 

plasma treatments result in more attachment. At 150W, however, the bond between the 

carbon and the silicon is weakened (tested in experiment 072512) and the electrode tends to 

come off of the electrode during subsequent reactions.  EDC and NHS parameters, time, pH, 

concentrations, and experimental setup were tested in experiments 021712,032412, 032712, 

and 072512. These experiments showed that the parameters described in figure 25 (chapter 5) 

for protocol 1 were optimal (5.8 pH solution for 1.5 hours at 40 mM EDC and 100 mM 

Sulfo-NHS). Experiment 072512 showed that protocol II was just as effective. Experiments 

021312, 031712, and 032412 tested the biasing approach of oligonucleotide attachment. 

Though biasing seems to assist in attachment, it does not seem necessary for oligonucleotide 

attachment (shown clearly in experimental electrodes 040412_5 and 040412_6).   

Experiment 031712 showed the difference in mixing the electrode in a DNA solution versus 

directly applying the DNA to the surface for hybridization. Overall, the electrodes that were 

mixed in a DNA solution had brighter fluorescence indicating that there was likely more 

successful hybridization.  

The following is a list of experiments that were discussed above in table format 

discussing experimental parameters and observations and conclusions drawn from each 

experiment.  Each experimental table has the following format: 

 

Table 6: Description of experimental table format 

 

Experiment: Date of experiment 

Purpose: Short explanation of parameters tested 

Overall Conclusion: Overall conclusions drawn from experiment 

ID Surface 

Treatment 

EDC/NHS Oligo Attachment DNA Observations 

Number 

used to 

identify 

electrode  

Type of 

surface 

treatment 

(protocols 

discussed 

in Chapter 

4) 

Concentration 

of EDC/NHS, 

time in 

solution, pH 

if other than 

7.2 

“overnight”-

oligonucleotides left on  

electrode for more than 

15 hours 

Indicates if Bias was 

used, Voltage, time 

voltage was applied, how 

long oligonucleotides 

were left on electrode 

Y-d DNA 

was applied 

directly onto 

electrode 

Y-s- DNA 

was diluted in 

PBS and 

mixed in a 

beaker with 

Observations 

made during 

fluorescent 

imaging 
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before being washed off. electrode 

N-No DNA 

used 

 

Following each table are fluorescence images from the experiment described above.   
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Table 7: Experiment 080411 

 

Experiment 080411 

Purpose: Test Diazotization Surface Treatment Protocol 

Overall Conclusion: Protocol has too many variables to know what is causing limited attachment. A 

simpler method for attachment should be used. 

I

D 

Surface 

Treatment 

EDC/NHS Oligo 

Attachment 

D

N

A 

Observations 

1 Diazo_no 

CV_in 

solution 

20min 

2/5 mM, 

1hr 

overnight Y

-

d 

DNA in gap and some on substrate  

2 Diazo_CV 2/5 mM, 

1hr 

overnight Y

-

d 

Very little fluorescence on surface of carbon, 

Looks like DNA in gap.  

3 Diazo _no 

CV_in 

solution 

40min 

2/5 mM, 

1hr 

overnight Y

-

d 

Fluorescence around edges only. Could be 

from stain getting stuck or bacteria or fungi 

along edges. Not conclusive 

(a) 080411_1 at 10x 

magnification 

(b) 080411_2 at 40x 

magnification 

(c) 080411_c at 40x 

magnification 

Figure 33: Fluorescent images from experiment 080411 
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Table 8: Experiment 090811 

 

Experiment 090811 

Purpose: Last experiment indicates that oxidation was not substantial. This experiment tests a different set 

up with acid in which carbon electrode is stirred in acid with a magnetic stir bar. 

Conclusion: Control was mixed with test electrode for stain binding. Control should be mixed in separate 

stain solution in order to ensure that DNA is not adhering to surface of electrode.  Attachment may be 

occurring but difference between experimental and control is not substantial. It is likely that this method is 

still not producing enough oxidation for attachment. 

I

D 

Surface 

Treatment 

EDC/NHS Oligo 

Attachment 

D

N

A 

Observations 

1 3h 5M HNO3, 

Stirred 

20/40 mM, 

50min 

overnight Y

-

d 

More fluorescence on treated surface than 

control.  

C Control_Stain Only 

 

Fluorescence on surface but less abundant than 

test electrode 

 

 

 

(a) 090811_C at 10x 

magnification 

(b) 090811_1 at 10x 

magnification 

Figure 34: Images from experiment 090811 
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Table 9: Experiment 102711 

 

Experiment 102711 

Purpose: More than 3 hours in Nitric acid solution removed features. Therefore, a new experimental set-up 

was tested using a glass syringe to deposit a small droplet of nitric acid to surface of the electrode. 

Conclusions: The droplets method of acid oxidation also seems to cause loss of features 

I

D 

Surface 

Treatment 

EDC/NHS Oligo 

Attachment 

D

N

A 

Observations 

1 5M HNO3 for 

24.5hr, 

Droplett  

2/5mmM 

1 hr 

overnight Y

-

d 

Strong fluorescence all over. Likely DNA 

attachment but feature lost. Need another method 

for treatment that will not remove carbon from 

silicon.  

1

0 

5M HNO3 for 

12.5hr,  

Droplett 

2/5mmM 

1 hr 

overnight Y

-

d 

Most fluorescence along bump pads rather than 

center. DNA could be adhering and not attaching 

and moves off to the side when being rinsed 

aggressively. 

1

2 

5M HNO3 for 

4.5hr,Droplett 

2/5mM 

1 hr 

overnight Y

-

d 

Many crevices in carbon and substrate. Dim 

fluorescence in these areas but could be from 

fluorescent stain getting stuck in the crevices.  

C Control: Stain Only  4 spots with strong fluorescence. DNA has a 

globular structure when stuck together or small 

and oblong when evenly spread. It is generally 

not large and round.  DNA attachment can be 

determined by how it looks under fluorescent 

microscope 

 

 

(a) 102711_C at 40x 

magnification 

(b) 102711_1 at 10x 

magnification 

(c) 102711_2 at 10x 

magnification 

(d) 102711_3 at 10x 

magnification 

Figure 35: Images from experiment 102711 
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Table 10: Experiment 122811 

 

Experiment 122811 

Purpose: Acid oxidation causes removal of electrode features from silicon so a new method of oxidation is 

tested.  This experiment tested a new method of treating the carbon surface using oxygen plasma. This 

experiment also tests if biasing the electrode will bring the oligonucleotides to the surface and promote 

attachment. 

Conclusion: Not conclusive. However, oligonucleotides may be hybridizing with one another which can 

interfere with attachment to surface and would prevent DNA hybridization. Oligonucleotides can be 

detected but are much smaller than DNA strands and do not have a distinct structure that allows for 

differentiation from fluorescent noise. 

I

D 

Surface 

Treatment 

EDC/NHS Oligo 

Attachment 

D

N

A 

Observations 

1 Plasma, 50W, 

7sec, 0.75T 

6/10 mM 

1hr 

Bias: 5V 

OligoA for 

20min, 

rinsed 

OligoB for 4 

min 

 

Y

-

d 

No Attachment  

2 Plasma, 50W, 

7sec, 0.75T 

6/10 mM 

1hr 

Bias: 5V 

OligoA for 

20min, 

risnsed,  

OligoB for 

12 minutes  

Y

-

d 

No Attachment 

3 Plasma, 50W, 

7sec, 0.75T 

6/10 mM 

1hr 

overnight Y

-

d 

No Attachment 

4 Control_Stain_Only  Showed fluorescence. Need to ensure all 

electrodes are clean before using.  

Figure 36: Images from Experiment 122812 

(a) 122811_C at 

10x magnification 

(b) 122811_1 at 

10x magnification 
(c) 122811_2 at 

10x magnification 

(d) 122811_3 at 

10x magnification 
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Table 11: Experiment 021412 

 

Experiment: 021412 

Purpose: Test Various times of biasing to promote oligonucleotide attachment. Also, last few 

experiments indicate that conclusions may be hard to draw from just oligonucleotides since these 

molecules are much more difficult to see than DNA and are hard to distinguish from noise if they 

are well distributed. 

Conclusion: Very little fluorescent noise. All fluorescence looks like DNA attachment. 
I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1 Plasma, 

50W, 7sec, 

0.75T 

40/100

mM 

1hr 

Bias: 

OligoB, 5V,  

2 min 

Y

-

d 

Fluorescence on surface and edges. Oligonucleotide 

Attachment successful and repeatable.  

2 Plasma, 

50W, 7sec, 

0.75T 

40/100

mM 

1hr 

Bias: 

OligoB, 5V 

8.5 min 

Y

-

d 

Fluorescence on surface and edges. Oligonucleotide 

Attachment successful. Bias time does not seem to make 

a difference.  

3 Plasma, 

50W, 7sec, 

0.75T 

40/100

mM 

1hr 

Bias: 

OligoB, 5V 

4.5 min 

Y

-

d 

Fluorescence on surface and edges. Oligonucleotide 

Attachment successful. Bias time does not seem to make 

a difference. 

 

 

 

 

(a) 021412_1 at 

10x magnification 

(b) 021412_2 at 

40x magnification 

(c) 021412_3 at 10x 

magnification 

Figure 37: Images from Experiment 021412 
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Table 12: Experiment 021712 
Experiment 021712 

Purpose: This experiment tested the effects of 4 different parameters in the attachment experiment: 

 (1) Different lengths of time electrode sat in EDC/NHS solution.  

(2) Length of time electrode was biased, if biased at all.  

(3) Amount of time oligonucleotides were allowed to attach before being washed off.  

(4) The effect of increasing the volume of DNA solution so that solution could be mixed with the electrode 

using a magnetic stir bar. 

Conclusions:  

(1) There seems to be little difference in attachment due to more than 1.5 hours in EDC/NHS reactions 

(comparison of electrodes 3 and 4).  

(2) Longer biasing does not seem to be beneficial (comparison of electrodes 5, 6,7,8,9).  

(3) Biasing does not decrease the time needed for oligonucleotide attachment to below 4 hours (electrodes 

1,2,3).   

(4)Overall, all electrodes that were placed in larger volume of DNA solution and mixed (indicated by s) 

rather than having a small amount of electrode solution dropped on (indicated by d), showed more 

attachment. 
I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1 Plasma, 

50W, 7sec, 

0.75T 

40/70

mM, 

1.5 hr 

Bias: 

OligoA, 5V, 

3 min, 3 

hours 

Y

-

d 

Small amount of fluorescence on surface. 

2 Plasma, 

50W, 7sec, 

0.75T 

40/70 

mM, 

1.5 hr 

Bias: 

OligoA, 5V, 

6 min, 4 

hours 

Y

-

d 

Very little fluorescence, small difference from 

control electrode. 

3 Plasma, 

50W, 7sec, 

0.75T 

40/70 

mM, 

1.5 hr 

Oligo A; 

overnight 
Y

-

d 

Some fluorescence on surface. Overnight 

oligonucleotide application works better than 

biasing and waiting less than 15 hours before 

rinsing. 

4 Plasma, 

50W, 7sec, 

0.75T 

40/70 

mM, 4 

hrs 

Oligo A; 

overnight 
Y

-

d 

Very little fluorescence, small difference from 

control electrode. 

5 Plasma, 

50W, 7sec, 

0.75T 

40/70

mM, 

4hrs 

Oligo A; 

2min, 5V, 

overnight 

Y

-

s 

Substantial amount of fluorescence. Looks like 

more attachment on rough carbon surface. Biasing 

for 2 minutes seems to promote attachment. 

6 Plasma, 

50W, 7sec, 

0.75T 

40/70 

mM, 

4hr 

Oligo A; 

2min, 5V, 

overnight 

Y

-

s 

Substantial amount of fluorescence. Looks like 

more attachment on rough carbon 

7 Plasma, 

50W, 7sec, 

0.75T 

40/70

mM, 

24hr 

Oligo A; 

12min, 5V, 

overnight 

y

-

s 

Some fluorescence on surface.  

8 Plasma, 

50W, 7sec, 

0.75T 

40/70 

mM, 

24hr 

Oligo A; 

9min, 5V, 

overnight 

Y

-

s 

Some fluorescence on surface. Longer biasing does 

not seem to be beneficial. 

9 Plasma, 

50W, 7sec, 

0.75T 

40/70 

mM, 

24hr 

Oligo A; 

overnight 
Y

-

s 

Substantial amount of fluorescence. Looks like 

more attachment on rough carbon 
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(a) 021712_C at 

10x magnification 

(b) 021712_1 at 

10x magnification 
(c) 021712_2 at 

40x magnification 

(f) 021712_5 at 

10x magnification 
(e) 021712_4 at 40x 

magnification 
(d) 021712_3 at 40x 

magnification 

(g) 021712_6 at 40x magnification (h) 021712_7 at 40x magnification 

(i) 021712_8 at 10x magnification (j) 021712_9 at 10x magnification 
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Table 13: Experiment 031712 

 

Experiment 031712 

Purpose: Determine optimal parameters for oxygen plasma treatment. Test if lowering pH will allow use 

of less EDC/NHS. 

Conclusions: pH 5 solution may be too low for EDC/NHS reaction. Though DNA attachment looks like it 

is occurring at the edges, with plasma treatment, only the surface is treated. Most successful attachment 

seems to be when surface is treated at 50W for 60seconds. 

I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1

a 

Plasma, 

50W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V , 

2 min, 

overnight 

Y

-

s 

Little fluorescence along edges and surface but not 

substantial. Little difference from control. 

1

b 

Plasma, 

50W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V , 

2 min, 

overnight 

Y

-

s 

No fluorescence. 

2

a 

Plasma, 

50W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V, 

2 min, 

overnight 

Y

-

s 

Fluorescence along edges and surface but not substantial. 

Little difference from control but seems to be a couple 

locations with attachment. 

2

b 

Plasma, 

50W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V, 

2 min, 

overnight 

Y

-

s 

Fluorescence along edges and surface but not substantial. 

Little difference from control but seems to be a couple 

locations with attachment. 

3

a 

Plasma, 

25W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V , 

2 min, 

overnight 

Y

-

s 

Fluorescence along edges and surface but not substantial.  

3

b 

Plasma, 

25W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V, 

2 min, 

overnight 

Y

-

s 

Fluorescence along edges and surface but not substantial.  

4

a 

Plasma, 

25W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V , 

2 min, 

overnight 

Y

-

s 

Fluorescence along edges. Looks like noise rather than 

attachment 

5

a 

Plasma, 

10W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V,  

2 min, 

overnight 

Y

-

s 

Fluorescence along edges. Looks like noise rather than 

attachment.  

5

b 

Plasma, 

10W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V,  

2 min, 

overnight 

Y

-

s 

Fluorescence along edges and surface.  

6

a 

Plasma, 

10W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V,  

2 min, 

overnight 

 Fluorescence along edges and surface.  
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I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

6

b 

Plasma, 

10W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V,  

2 min, 

overnight 

Y

-

s 

Fluorescence along edges. Some on surface. Looks dirty 

rather than DNA attachment 

7

a 

Plasma, 

50W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

 overnight Y

-

s 

Fluorescence along edges. Looks like dirty rather than 

DNA. No difference from control. 

7

b 

Plasma, 

50W, 

60sec, 0.6T 

4/10 

mM, 

2.5hr, 

pH5 

overnight Y

-

s 

No Fluorescence. 

C

1 

No 

Treatment 

4/10 

mM, 

2.5hr, 

pH5 

Bias: 

OligoA, 5V,  

2 min, 

overnight 

Y

-

s 

Fluorescence looks like noise 

C

2 

Control: Stain Only Fluorescence along edges. Looks like dirty rather than 

DNA.  

 

 

(a) 031712_5a at 40x magnification (b) 031712_6b at 40x magnification 

(c) 031712_7a at 40x magnification 
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(e) 031712_1a at 40x magnification 

(d) 031712_C at 40x magnification 

(f) 031712_2a at 40x magnification 

(g) 031712_3a at 40x magnification (h) 031712_4a at 40x magnification 

Figure 38: Images from experiment 031712 
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Table 14: Experiment 032412 

 

Experiment 032412 

Purpose: This experiment tests  

(1) 50W vs 25W power plasma treatment  

(2) pH 6.0 and 7.2 for EDC/NHS reactions and  

(3) Effect of biasing for 2 minutes at 5V 

Conclusions:  

(1) Longer plasma treatment and at higher power promotes attachment.  

(2) Decreasing the pH for the EDC/NHS reaction seems to promote the reaction.  

(3) Overall, biasing shows the electrode at 5V for two minutes seems to promote oligonucleotide 

attachment. 

I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1

a 

Plasma,50 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

Equal fluorescence along on substrate and edges. Does 

not look dirty. Small amounts of successful attachment. 

Biasing more successful. 

1

b 

Plasma,50 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V, 

2 min, 

overnight 

Y

-

s 

Fluorescence along on substrate and edges. Some edges 

look like stain that was stuck. Small amounts of 

successful attachment. Biasing more successful. 

1

c 

Plasma,50 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr 

OligoA 

Overnight 

Y

-

s 

Equal fluorescence along on substrate and edges. Does 

not look dirty. Small amounts of successful attachment. 

Less successful than pH 5.8. 

1

d 

Plasma,50 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr 

Bias: 

OligoA, 5V, 

2 min, 

overnight  

 

Y

-

s 

 No fluorescence. 

 

2

a 

Plasma,50 

W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

Minimal attachment (edges and surface) Not dirty. 

2

b 

Plasma,50 

W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V, 

2 min, 

overnight 

Y

-

s 

Minimal attachment (edges and surface) Not dirty. 

2

c 

Plasma,50 

W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr 

OligoA 

Overnight 

Y

-

s 

No attachment. 

3

a 

Plasma,25 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

No attachment. 

3

b 

Plasma,25 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Minimal attachment (edges and surface). 

3

c 

Plasma,25 

W, 60sec, 

0.6T 

4/10 

mM, 

2.5hr 

OligoA 

overnight 

Y

-

s 

Minimal attachment (edges and surface). 
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I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

4

a 

Plasma,25 

W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

No attachment. 

4

b 

Plasma,25 

W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Minimal attachment (edges and surface). 

4

c 

Plasma,25 

W, 7sec, 

0.6T 

4/10 

mM, 

2.5hr 

OligoA 

overnight 

Y

-

s 

Fluorescence along edges only. If there is attachment, 

very minimal and only on edges. 

C Control_Stain only No fluorescence.  
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(a) 032412_1a at 40x magnification (b) 032412_1b at 40x magnification 

(c) 032412_1c at 40x magnification (d) 032412_2a at 40x magnification 

(e) 032412_2b at 40x magnification (f) 032412_3b at 40x magnification 

(g) 032412_4b at 40x magnification (h) 032412_4c at 40x magnification 

Figure 39: Images from Experiment 032412 
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Table 15: Experiment 032712 

 

Experiment 032712 

Purpose: This experiment tests  

(1) 50W vs 75W power plasma treatment  

 (2) Effect of biasing for 2 minutes at 5V 

(3) EDC and NHS concentrations were increased to test if the decreased amount of attachment in overall 

experiments was due smaller concentrations of EDC and NHS  

Conclusions:  

(1) Longer plasma treatment and at higher power promotes attachment.  

(2) Overall, biasing shows the electrode at 5V for two minutes seems to promote oligonucleotide 

attachment 

(3) EDC and NHS concentrations seems to slightly improve amount of attachment but not to the 

same degree as previous experiments.  

I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1

a 

Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

No fluorescence 

1

b 

Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

No fluorescence 

1

c 

Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Dim fluorescence all over surface. Looks like 

attachment. 

2

a 

Plasma, 50 

W, 7sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

No fluorescence 

2

b 

Plasma, 50 

W, 7sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Dim fluorescence. Some attachment. 

2

c 

Plasma, 50 

W, 7sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Dim fluorescence. Small amount of attachment. 

3

a 

Plasma, 75 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

OligoA 

Overnight 

Y

-

s 

No fluorescence. 

3

b 

Plasma, 75 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Dim fluorescence.  Very small amount of attachment. 
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I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

3

c 

Plasma, 75 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Dim fluorescence.  Very small amount of attachment. 

4

b 

Plasma, 75 

W, 7sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Substantial fluorescence but looks dirty. May be some 

attachment but cannot conclusively say.  

4

c 

Plasma, 

75W, 7sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

No attachment. 

5 No 

Treatment 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

 No attachment. 

C Control: Stain Only Fluorescence due to fiber stuck on surface. Substantial 

washing removes stain stuck in edges but fluorescence 

seems to dim.  

 

(a) 032712_1a at 40x magnification (b) 032712_2b at 40x magnification 

(b) 032712_3b at 40x magnification (d) 032712_4b at 40x magnification 

Figure 40: Images from Experiment 032712 
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Table 16: Experiment 040412 

 

Experiment 040412 

Purpose: Repeat Experimental parameters with best results. 

Conclusion: Substantial covalent DNA attachment can be obtained on surface of pyrolyzed carbon. 

Amount of attachment varies even when all parameters are the same. 

I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Attachment on edges only 

2 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Attachment on surface and edges on parts of the 

electrode 

3 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Attachment on surface and edges but more substantial on 

edges.  

4 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

Substantial even attachment all over electrode 

5 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

OligoA, 

overnight 

Y

-

s 

Substantial even attachment all over electrode (slightly 

less than electrode 4) 

6 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

2.5hr, 

pH6 

OligoA, 

overnight 

Y

-

s 

Even attachment on some parts of electrode, none on 

others (less  attachment than electrode 4 and 5) 

7 No 

Treatment 

40/100 

mM, 

2.5hr, 

pH6 

Bias: 

OligoA, 5V 2 

min, 

overnight 

Y

-

s 

 

C Control: Stain Only Very small amount of fluorescence (mostly stuck on 

edges). 
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(a) 040412_C at 40x magnification (b) 040412_1 at 40x magnification 

(c) 040412_2 at 40x magnification (d) 040412_3 at 40x magnification 

(e) 040412_4 at 40x magnification (f) 040412_5 at 40x magnification 

(g) 040412_6 at 40x magnification (h) 040412_7 at 40x magnification 

Figure 41: Images from experiment 040412 
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Table 17: Experiment 072512 

 

Experiment 072512 

Purpose: (1) Correlate attachment with oxygen concentration data from EDX 

(2) Test effect of protocol II for EDC/NHS (Chapter 5 figure 25) reaction 

Conclusions: (1)  Electrodes with higher  concentrations of oxygen (detected in Nitric and Sulfuric acid 

experiments with EDX) has more attachment than the electrodes with lower concentrations of oxygen 

(2)Protocol II for EDC/NHS has slightly more attachment. 

I

D 

Surface 

Treatment 

EDC/

NHS 

Oligo 

Attachment 

D

N

A 

Observations 

1 Plasma, 50 

W, 60sec, 

0.6T 

40/100 

mM, 

15min,

pH6-

pH8.5 

OligoB, 

overnight 

Y

-

s 

Substantial attachment mostly on rough areas.  

2 Nitric 

Acid, 66%, 

15 hours 

40/100 

mM, 

15min,

pH6-

pH8.5 

OligoB, 

overnight 

Y

-

s 

Substantial attachment. However, much of the feature 

lost. 

3 Sulfuric 

Acid, 98% 

15hours 

40/100 

mM, 

15min,

pH6-

pH8.5 

OligoB, 

overnight 

Y

-

s 

Substantial attachment. However, feature is no longer 

smooth. 

4 Nitric and 

Sulfuric 

Acid 

Mixed 

40/100 

mM, 

15min,

pH6-

pH8.5 

OligoB, 

overnight 

Y

-

s 

No Significant attachment but feature lifted off from 

substrate. 

C Control_stain only Minimal fluorescence along edges. Stain or fibers stuck   
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(a) 072512_1 at 40x magnification (b) 072512_2 at 40x magnification 

(c) 072512_3 at 40x magnification (d) 072512_1 at 40x magnification 

Figure 42: Images from experiment 072512 
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CHAPTER 7 

FUTURE DIRECTIONS 

 This study covers methods functionalizing the surface of a pyrolyzed SU-8 electrode 

for the purposes of attaching oligonucleotides and methods for immobilization of DNA on P-

SU-8. The experimental data showed that oxygen plasma treatment was the most effective 

means of functionalizing the PSU-8 electrode for the purposes of oligonucleotide attachment.  

However, there still may be more optimal parameters for plasma treatment. Furthermore,   

while fluorescent microscopy allows for verification of attachment and visual assessment of 

the success of the experiment, these images alone do not provide a means of quantifying or 

monitoring oligonucleotide attachment or DNA hybridization. The following sections 

describe future work that could be done in developing the PSU-8 based bio-nanoelectronics 

platform.  

7.1 OPTIMIZATION OF PLASMA TREATMENT  

The results of this study indicate that plasma treatment at 50 watts provides a means 

of oxidizing the surface without weakening the bonds between the silicon and carbon or 

destroying the carbon electrode itself.  However, these treatments did not show a detectable 

difference in oxygen concentration when compared to the untreated pyrolyzed carbon.  

Therefore, a higher power plasma treatment or longer plasma treatment may provide more 

carboxyl groups on the surface allowing for more consistent and uniform oligonucleotide and 

DNA attachment.  

7.2 QUANTIFYING OLIGONUCLEOTIDE AND DNA ATTACHMENT 

The results in this study used fluorescent microscopy as a means of verification of 

oligonucleotide attachment and DNA hybridization. While fluorescent microscopy provides a 

good qualitative analysis, attempting to quantify what is seen in the images would misleading 

or subjective. Quantifying fluorescence usually involves intensity image analysis. In theory, 

the brighter the fluorescence, the more DNA present. However, because this method of 

imaging produces a lot of noise that can be detected by the eye but not necessarily described 

accurately in a program, images with more noise would output a number that would imply 
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more intensity.  Thus, other methods may be more accurate in quantifying the amount of 

attachment.  

One method that can be used to detect oligonucleotide attachment is the use of 

electrochemical methods, including cyclic voltammetry and differential pulse voltammetry. 

If the PSU-8 electrode is used as a working electrode in the electrochemical cell (in an ionic 

solution), then electrical and electrochemical properties of the electrode can be analyzed 

using electrochemical methods. These properties change depending on the material that is a 

part of the working electrode, and, thus, would change as oligonucleotides and DNA interact 

with the surface.   

In Cyclic voltammetry current response to an increasing a decreasing voltage will 

produce oxidation and reduction peaks characteristic of that electrode. When a molecule 

capable of adhering to the surface is added to the ionic solution, the voltage scan will cause 

movement of these molecules to the surface resulting in a change the properties of the 

electrode and, thus, a change in the current response [23].This property can be used to detect 

oligonucleotide attachment to the surface of an electrode [37]. One group at East Normal 

China University investigated this method and found that after oligonucleotides attached to 

the surface, the oxidation and reduction peaks deceased substantially in amplitude and the 

difference between the current responses to increasing voltage sweep and decreasing voltage 

sweep was also smaller [37]. Using a similar set-up, oligonucleotide attachment on PSU-8 

electrodes could also be detected. 

Differential pulse voltammetry (DPV) uses the same electrochemical cell set-up as 

cyclic voltammetry but differs in the voltage sent to the electrochemical cell. Rather than 

sending a linear sweep of voltage, the input signal is a series of pulses whose derivative 

corresponds to a desired linear sweep [37].  The same group at East Normal China University 

found that the DPV current response to oligonucleotide coated electrodes had a peak between 

0.2 and 0.4 V vs. SCE.  The magnitude of this peak increased when complimentary 

hybridization occurred [37].  Thus, if DPV were used on an oligonucleotide coated PSU-8 

electrode, a detectable change in the current response may indicate that hybridization was 

successful. 

  Cyclic voltammetry and differential pulse voltammetry would allow for a more 

quantifiable means of detecting oligonucleotide attachment and DNA hybridization. This not 
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only provides more objective data to support confirmation of attachment, but also provides 

more experimental control over intermediate steps and, thus, more control over the whole 

process.  
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