
EFFECTS OF ULTRAVIOLET LIGHT IRRADIATION ON THE 

ELECTRICAL PROPERTIES OF DNA MOLECULAR WIRES 

 _______________ 

A Thesis 

Presented to the 

Faculty of 

San Diego State University 

 _______________ 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

in 

Bioengineering 

 _______________ 

by 

James Chi 

Spring 2014 



 

 

SAN DIEGO STATE UNIVERSITY 

The Undersigned Faculty Committee Approves the  

Thesis of James Chi: 

Effects of Ultraviolet Light Irradiation on the Electrical Properties of DNA 

Molecular Wires 

 _____________________________________________ 

Samuel Kinde Kassegne, Chair 

Department of Mechanical Engineering 

 _____________________________________________ 

Karen May-Newman 

Department of Mechanical Engineering 

 _____________________________________________ 

Mahasweta Sarkar 

Department of Electrical Engineering 

  

  

  

  ______________________________  

 Approval Date



 

 

iii 

Copyright © 2014 

by 

James Chi 

All Rights Reserved 

 



 

 

iv 

DEDICATION 

 I would like to dedicate this thesis to my family, my mother, Hsiu Hsu, my father, 

Bert Chi, and my sister, Grace Chi, who have always pushed and encouraged me to become a 

better person.    

  I would also like to thank this to Dr. Sam Kassegne and the members of SDSU 

MEMS research group that has always been there and acted as an extended family for me.



 

 

v 

 

Anyone who has never made a mistake has never tried anything new. 

--Albert Einstein



 

 

vi 
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Fabrication process for nanotechnology is approaching the barriers set by the 

fundamental laws of physics.  Alternative technologies for implementing long term 

molecular wires in electronics such as deoxyribonucleic acids (DNA) continue to be pursued.  

Specifically, this thesis recorded the electrical properties of double-stranded λ-DNA during 

exposure of ultraviolet (UV) light. 

Various researches have confirmed that DNA undergoes a biochemical change when 

exposed to UV light.  Further insight showed that the primarily damages occurred by the 

creation of cyclobutane pyridimine dimers (CPDs).  This will likely induce a change in the 

electrical conductivity of the system.  In this research, DNA is suspended between two 3-

dimensional microelectrodes, separated by a 10 micron gap, fabricated using negative 

lithography.  Afterwards, separate samples were either exposed to UV-C (254 nm) or UV-B 

(365 nm) light at 0.6 Joules/cm
2
 intervals.  Experimental results showed that electrical 

conductivity decreased dependent on the amount of UV irradiation absorbed by the DNA.  

Also, UV-C light produced a quicker response than UV-B light.  Additionally, oversaturation 

of UV light energy will eventually cause the DNA wire to dissociate.  

 The nature of molecular charge transport mechanisms in DNA postulates multiple 

responses from various researchers.  However, the specificity of UV light damage on the 

structure of DNA provided a unique experiment that helped test certain postulations.  This 

thesis will mainly discuss charge hopping and tunneling mechanism and its application after 

UV light radiation. 
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 CHAPTER 1  

INTRODUCTION 

The first integrated circuit (IC) that revolutionized the semiconductor industry was 

developed by Kilby and Noyce in the late 1950s [1].  This development opened up a 

floodgate in semiconductor research.  By 1965, Moore from Intel famously projected that the 

semiconductor industry will be able to double the amount of transistors on a given IC board 

every year [2].  Ten years later, he revised his outlook to what semiconductor professionals 

now describe as Moore’s Law, where he projected that the amount of transistors on per chip 

will double every two years [3].  Essentially, this idea guided computers into having vast 

processing powers while only occupying a limited physical space.  Eventually, researchers 

acknowledged that technological advancements indeed followed his projections which 

effectively acted as a precognitive roadmap for the semiconductor industry [4].  These earlier 

works led to the modernization of the personal computer and development of current 

smartphone technology.   

In contribution to the growth of the semiconductor industry, the readily availability of 

silicon and its unique electrical and mechanical properties generated worldwide interest.  The 

key feature silicon demonstrated involves the process of impurity doping, which alters the 

substance electrically from an insulator to a semiconductor.  Further experiments proved that 

silicon also offered advantages as a platform for mechanical, thermal, optical, and fluidic 

devices.  Therefore, silicon wafers became the most widely used substrate within the 

industry.   

Currently, industrial standards for semiconductor fabrication entail photolithographic 

and chemical processing steps.  Since most features in the semiconductor world are on the 

micron scale, the convenience of lithography and batch manufacturing becomes purely 

economical.  This means that as the parts get smaller, industries can fabricate more products 

from the same batch thus leading to more commercial products based off the scales of 

economics [5].  Ideally, in conjunction with Moore’s Law, this concept will lead the 

semiconductor industry towards becoming a self-sustaining business.  Unfortunately, when 
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approaching molecular scales of around 1 nm, diverse barriers challenges the validity of 

Moore’s Law. 

1.1 MOORE’S LAW DILEMMA 

Recently, researchers have postulated multiple dilemmas that would challenge 

Moore’s Law.  One finding pointed out that when the oxide layer reaches three atoms, there 

will be poor insulation thus causing charge leakage [6].  Next, there is a feasibility limit to 

the amount of components applied on an IC with respect to the computer’s processing power.  

In context of microprocessors, the maximum computational speed depends on the speed of 

light, quantum scale, and gravitational constant which all have finite limits [7].  This means 

that there is a finite limit to the amount of components that will actually enhance functional 

capabilities.  It has been suggested that according to Moore’s Law, this computational barrier 

will occur in 2036 [8].  With an imminent problem approaching, a better understanding of 

electron transfer at the atomic level is first required. 

Another obstruction regarding further miniaturization in semiconductors is the 

functional understanding of charge flow at the molecular level.  Since molecular structures 

are more sensitive to the external environment than macrostructures, there are additional 

variables in effect that would modify traditional charge transfer mechanisms.  Some of these 

factors include increased thermal influence in conductivity, a geometric dependence of 

charge transportation, and external radiation exciting molecules causing alteration of 

electrical properties [9].  Currently, the micro-fabrication industry is trying to circumvent 

these problems by implementing various designing tricks like introducing a ventilation 

cooling systems to combat thermal overheating.  However, these factors become an 

exponential conundrum at the molecular level that transforms into financial burdens that 

researchers cannot overlook.   

 Further, a pressing need involves the financial feasibility for fabricating smaller 

structures.  Logically, fabrication of higher precision nano-scale semiconductors requires 

costlier instruments to implement commercially.  Eventually, the economic advantages that 

current lithography process brings will become invalid due to multiple factors including but 

not limited to the limitations of the ultraviolet light’s aspect ratio for molecular scale 

fabrication.  This hefty initial financial investment reduces willingness for meaningful global 
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production of these chips [10].  Therefore, the semiconductor industry remained heavily 

invested in spearheading the search for cheaper alternatives in fabricating semiconductors. 

1.2 SYNTHETIC VERSUS ORGANIC WIRES 

The semiconductor industry is content on passively following the trend mentioned in 

Moore’s paper.  As of now, Intel highlights 22 nanometer technology as the smallest gap 

distance between features on an IC board [11].  By extrapolating Moore’s Law, the 

fabrication of synthetic molecular wires of 1 nm would happen by 2022 with the atomic limit 

of 250 pm occurring by 2036 [8].  Therefore, to demonstrate the feasibility of molecular 

wires, an investigation in biomimetics provided multiple options.  As a result, the most 

appealing option with respect to size and in vitro sustainability directed towards using 

deoxyribonucleic acid (DNA) as molecular wires.   

DNA provides a recognizable geometry that is composed of only four different 

chemical structures.  These structures are either adenine (A), thymine (T), guanine (G), or 

cytosine (C) that is bound to a sugar-phosphate backbone.  Starting from the late 1990s, 

researchers started using DNA as a molecular wire while conducting electrical conductivity 

tests.  However, there have been conflicting reports characterizing the electrical properties of 

DNA ranging from conductive [12] to semi-conductive [13] and even insulative [14] traits.  

In relation with synthetic wires, DNA wires will provide the groundwork for charge transfer 

at the molecular level.  In addition, the application of organic wire provides multiple 

advantages including being abundantly available and providing a 500 year half-life [15].  

With those desirable properties, DNA as molecular wires warrants an investigation. 

1.3 CONDUCTIVITY OF DNA: IS IT AN INSULATOR OR 

CONDUCTOR? 

The main question present for using DNA as molecular wires is whether it is an 

insulator, conductor, or semiconductor.  As a result, the precise mechanism of charge transfer 

through DNA has been highly debated amongst researchers.  However, it has been widely 

deduced that classical laws do not completely justify this phenomenon due to quantification 

at a molecular level.  Therefore an examination at the atomic level, originating from quantum 

mechanics theory, shows a superior clarification of charge transfer in DNA.  Essentially, all 

charge transport requires an electron to move from a donor orbital in one molecule to an 
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acceptor orbital in another.  In quantum mechanics, an electron can travel from one orbital to 

another even if it does not possess the necessary means to do so.  This phenomenon, called 

quantum tunneling, has been used to highlight electron transport in DNA based on the close 

interacting proximity between aromatic rings, called π-stacking [16].  However, researchers 

have found that the conductivity of DNA is temperature dependent ruling out tunneling as the 

sole propagator [17].  Therefore, experimental data presented in this thesis provides another 

perspective on charge transport through DNA. 

1.4 PURPOSE OF STUDY 

With the purpose of using DNA as molecular wires, this research investigated 

multiple influences with the consequences of ultraviolet (UV) light replicated in each 

experiment.  This thesis begins with a literary investigation that transition from a general 

study of molecular wires to a specific inquiry on UV damages DNA molecular wires.  The 

next chapter explores the foundation of this thesis which is the biological influences of UV 

light on DNA molecular wires.  Afterwards, the succeeding chapter describes the method and 

materials used to demonstrate DNA molecular wires.  Subsequently, the next chapter 

describes the experimental conditions and results regarding the effects of UV light on the 

electrical conductivity of DNA molecular wires.  Following the results, the discussion will 

look to interpret and postulates the data that includes possible charge transfer mechanisms.  

Finally, the last chapter will describe future applications and all concluding thoughts.  In 

essence, this thesis investigates the long-term feasibility of DNA molecular wires after UV 

light exposure.  In addition, as the semiconductor industry rapidly approaches the fabrication 

of molecular wires, the insight towards electrical conductance on molecules such as DNA 

will provide a landmark in nanotechnology applications. 
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 CHAPTER 2  

LITERTURE REVIEW 

This chapter explores possible ways of circumventing Moore’s Law starting with a 

discussion on the relevant research done in potential molecular wires.  Afterwards, this thesis 

specifically investigates in DNA as a molecular wire and the effects that UV light presents 

structurally and electrically on DNA. 

2.1 MOLECULAR WIRES 

Currently, the photolithography process in IC fabrication does not provide enough 

definition to create molecular wires on silicon.  However, previous research has 

demonstrated other ways of modeling molecular wires such as conjugated hydrocarbons, 

carbon nanotubes, porphyrin oligomers and DNA emerging as viable candidates [18].  For 

example, a conjugated hydrocarbon is a synthesized linear chain of carbon molecules with 

alternating single and triple bonds (Figure 1).  Also, this chain only grows two carbons at a 

time that averages about 12 angstrom in distance.  In addition, metal ions sandwich the wire 

that limits the segment to only twenty carbon atoms.  This allows the possibility of electrical 

conductivity by neighboring the atomic orbitals of the metal ions while using the carbon 

atoms as a roadway [19].  However, the problem arises from trying to synthesizing a chain in 

the nano-range without the metal ion road-stops in-between. 

 
Figure 1: Chemical structure of 

conjugated hydrocarbons [19]. 

Carbon nanotubes provide another ideal option for molecular wires that traps metal 

ions in the middle of a hexagonal lattice filled with carbon rings (Figure 2).  The aromatic 
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rings provide a rigid support while, similarly to conjugated hydrocarbons, the metal ions 

facilitate conductivity.  Also, researchers have shown using a scanning tunneling microscope 

that a slight change in the diameter or wrapping angle of the nanotube will alter the overall 

electrical conductivity [20].  The main issue deals with the production of carbon nanotubes, 

where current techniques such as pyrolysis of carbon materials over metal catalysts do not 

offer any significant consistent control over the tube’s diameter or wrapping angle.  

 
Figure 2: Chemical structure of carbon 

nanotubes as possible molecular wires [18]. 

 Porphyrins are organic molecules that form naturally and are similar to the heme 

group of red-blood cells.  Individually, the structure spans 16 Angstroms and shows no 

obvious electrical conductance pathway.  However, researchers found that joining multiple 

porphyrins together to form a conjugated oligomer demonstrated promising results regarding 

possible electrical conductivity [21].  Currently, attachment can only be done by either fusing 

or bridging (Figure 3) the porphyrins together.  In the end, the key component in increasing 

the electrical conductance for this material is reducing the gap between the conjugated 

porphyrins of the highest occupied and lowest occupied molecular orbital (HOMO-LUMO) 

[21].  This physical problem has been a difficult issue that researchers continue to look at. 

 
Figure 3: A tetrakisporphyrin system with carbon rings bridging 

between each porphyrin [18]. 

There has been an abundant amount of dogma regarding the molecular structure and 

physical properties of DNA [12-14].  The persistent issue with using DNA as a molecular 
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wire becomes the controllability and molecular positioning at the nanometer scale [12].  The 

next sections will provide more contexts on the research done regarding DNA as a molecular 

wire. 

2.2 DNA AS A MOLECULAR WIRE 

The most intrinsic property of DNA is its ability to self-assemble molecule by 

molecule in a consistent manner.  This desirable behavior will eventually allow the 

manipulation of DNA structures into more complex electrical components besides wires.  

Furthermore, an inspection of biological molecules such as DNA, proteins and peptides 

provides unique design advantages including highly selective recognition mechanisms, 

simultaneous or sequential molecular interactions at the 3-dimensional level, and entropic 

constraints that limits defections [22].  These desirable biological traits continue to influence 

researchers in designing synthetic molecules.  As a result, the concept of modifying DNA 

molecules to increase the probability of electrical conductivity continues to inspire current 

research.  Known possibilities include replacement of the phosphate backbone with peptides 

called peptide nucleic acids (PNA) or the introduction of a transition metal ion in-between 

the base pairs.  PNA is a neutral molecule with a backbone containing amine-carboxyl 

interactions instead of the negative charge found in phosphate-ribose interactions [23].  The 

removal of the negative charge increases the probability of electrons being able to travel 

through the PNA molecular wire in comparison with the DNA molecular wire.   

 
Figure 4: Chemical structure of DNA 

and PNA [23]. 

On the other hand, Switzer et al. demonstrated that the addition of a nickel atom 

between base pairs of DNA (Pur
p
•Ni•Pur

p
) provided greater structural stability [24].  They 
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showed that introducing specifically nickel atoms at adenine-thymine sites increases the 

melting temperature profile of DNA.  This means that a stronger structure in addition to the 

introduction of electrically conductive metal ions provides a durable medium for current to 

pass through.  Furthermore, researchers believe that this modification within DNA will allow 

access towards a tunable electrical attribute [25]. 

 
Figure 5: Nickel ion addition between A-T base pairs 

throughout the DNA [24]. 

 The process of evolution through time has ensured that only the most efficient course 

remains.  Therefore, this supports the argument that biological structures are becoming 

keystones in solving technological problems.  With that, conclusive observational data 

regarding the electrical traits of DNA is needed before any mass marketing applications.  The 

next section will look at literature done on DNA acting directly as a medium for charge 

transfer. 

2.3 ELECTRICAL PROPERTIES OF DNA 

 The possibility of fusing genetic with digital data while blurring the organic/synthetic 

life form barrier will be a monumental milestone in terms of scientific goals.  The first step 

starts with the analysis of DNA as simple wires in an electrical component.  Currently, there 

has been conflicting literature regarding the experimental results for the electrical properties 

of DNA.  Within each experimental result lies a multiplex solution that is dependent on 

considerable amount of variables.  The most noticeable variables producing significant 

differences involves manipulating either DNA length, measuring environment, and/or 

electrode setup.   
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By 1999, Fink and Schönenberger pioneered some of the earliest works done in 

characterizing the electrical properties of dry DNA [12].  Their experiment roped λ-DNA 

across a 2 μm well using a low-energy electron point source microscope for visually 

confirmation.  Afterwards they introduced a manipulation-tip to contact and break apart the 

DNA.  Next, they applied an electric potential across the DNA strand and recorded the 

current.  They found that DNA demonstrated conductive patterns in the milli-voltage range 

and that the electrical resistance is highly dependent of the measured length (Figure 6).  This 

experiment was the first to show promising evidence that dry DNA was a possible medium 

for charge transfer. 

 
Figure 6: Fink’s results displayed DNA’s conductive behavior [12]. 

Fink and Schönenberger’s promising results regarding the application of DNA as a 

molecular wire sprouted additional research into its commercial viability.  In 2000, Porath et 

al. trapped poly(G)-poly(C) DNA oligomers using electrostatic forces across two platinum 

nanoelectrodes on a silicon oxide wafer [13].  They planned for DNA to span across an 8 

nanometer gap and then applied a -4 to 4 volt electric potential while measuring the output 

current.  Their findings showed that DNA demonstrated semiconductor qualities where low 

electric potentials blocked the flow of electric current, while higher electric potentials 

allowed the flow of electric current (Figure 7).  Another interesting note is the electrical 

resistance values reported by Porath are around one thousand times higher than Fink and 

Schönenberger’s findings.  Their work showed that the electrical conductivity of DNA is 
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more than a one-dimensional setting with promising capabilities, like an electric switch, 

possible after a full electrical characterization study.   

 
Figure 7: Porath et al. results showed semiconductor behavior of DNA [13]. 

In another study done by Storm et al., they decided to test the electrical conductivity 

at extended lengths ranging from 40 to 200 nanometers while using a mixed sequence DNA 

and homogeneous poly(dG)•poly(dC) DNA oligomers [14].  They fabricated the 

nanoelectrodes on silicon oxide wafers using electron-beam lithography coated with platinum 

metal.  Afterwards, they bound DNA to a platinum surface using thiol (-SH) terminated end 

groups.  Previous research found that sulfur demonstrated a natural binding affinity with 

either platinum or gold metals by forming a covalent bond.  An atomic force microscope 

(AFM) recorded the attached DNA across the metal electrodes (Figure 8).  Afterwards, an 

electric potential was applied across the DNA and the current flow was measured.  They 

found that DNA presented insulator-like qualities where the electrical resistance measured at 

the lowest bound was 10 tetra-ohms.  This finding showed that either the sequence of DNA 

or the length of DNA significantly slowed current flow across that medium. 
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Figure 8: Storm et al. atomic 

force microscope image of 

nanoelectrode platform [14]. 

These finding gave an interesting perspective on DNA’s electrical conductivity by 

providing multiple modifiable conditions and ranges that demonstrated beneficial 

characteristics currently unavailable in synthetic wires.  As a result, researches involving 

DNA molecular wires blossomed involving a dynamic range of reports that documented the 

electrical properties of DNA (Figure 9).  All of these reports pointed back to the basic 

question of the viable mechanism(s) of electron transport present through DNA.   

In all, the combination of being able to manipulate the electron transfer mechanism 

and the innate ability of biological molecules to self-assemble shows promising 

characteristics towards the application of DNA molecular wires in modern electronics.  The 

expansive range on the reports of electrical conductivity though DNA offers a unique 

characteristic that can be compared similarly to the semiconductor industry’s use of silicon 

for electrical components. 
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Figure 9: Literary survey detailing the characterization of the electrical properties 

found in DNA [26]. 

Conflicting results regarding DNA’s electrical conductivity shows that there is still 

some unknown heading into this process.  However, reports have shown successful electrical 

conduction through DNA with a wide ranging hypothesis on charge transport mechanisms.   

The next section will discuss the possible theories involving charge transport through DNA. 

2.4 DNA CHARGE TRANSPORT 

The theory of charge movement in DNA at the molecular level remains an elusive 

problem.  Classical physics describes the flow of electrons as the only mean to produce 

current.  However, at a quantum level, there is also slight movement of the protons at a local 

level that will generate current.  Some of the earlier theories regarding DNA charge transport 

describe the inherent stacking and overlapping of π-orbitals from the aromatic rings of base 

pairs as a high possibility for charge transport [12, 13].  Afterwards, experimental data 

suggests a thermal coupling effect leading to theorizing a charge hopping mechanism 

between non-overlapping orbitals [17, 27].  However, achieving conclusive data might be 

within reach due to new chemical bio-modification of DNA molecules, such as PNA, that 

will help deduct and isolate charge transfer mechanisms. 
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Figure 10: Literature on DNA charge transfer theories. 

Currently, researchers are basing charge transfer mechanism through DNA by experimental 

data where its biochemical structure.  Such factors include UV light as described in the next 

section. 

2.5 UV LIGHT INDUCED DAMAGE ON DNA 

UV light damages cells by mutating their DNA and hinders simple cell functions 

including reproduction and protein production [29].  Chemically, the most common and 

cytotoxic mutation occurs when adjacent thymines form cyclobutane pyrimidine dimers 

(CPDs) (Figure 11).  Additionally, another known mutation is the (6-4) photoproduct that 

forms a different biochemical bond between adjacent thymines but at a far lesser rate than 

CPDs and not as cytotoxic [29].  Interestingly enough, UV light specifically targets 

Thymine-Thymine sequences and does not appear to be an instantaneous reaction [30].  From 

a structural standpoint, a kink is formed within the DNA at the damaged sites where the base 

pair’s hydrogen bonds are dissociated and the phosphate backbone is stretched away from its 

normal configuration [29].  The rest of the section will approach the biological studies done 

on assessing DNA damage due to UV light irradiation. 
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Figure 11: The formation of thymine dimers caused by UV light. 

 Damage from UV light is dependent on the wavelength of the UV light and the 

amount of energy the DNA absorbs.  First, UV light is a particle traveling in a waveform 

defined by having a wavelength less than 400 nanometers.  Furthermore, industrial standards 

divide UV light based on wavelength into four forms: UV-A (400-315 nm), UV-B (315-280 

nm), UV-C (280-200 nm), and Vacuum UV (< 200 nm).  The next factor relies on the 

amount of energy DNA absorbs which is directly dependent on the intensity of the light and 

the amount of exposure time.    

In a study done by Kuluncsics et al., they isolated supercoiled DNA in a Petri dish 

and exposed it to an array of lights ranging from visible to UV [30].  Next, they used a 

specific enzyme (T-4 endonuclease V) that cleaved the phosphate backbone of DNA at any 

sites that had cyclobutane pyrimidine dimer formation.  Finally, they separated the DNA 

fragment using agarose gel electrophoresis and charted the amount of lesions created by the 

UV light.  They found that more lesions formed using less energy under UV-C light 

irradiation than any other light (Figure 12). 

 
Figure 12: Kuluncsics’s showed that more lesions form as more 

energy is absorbed by DNA [30]. 
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In another experiment done by Jiang et al., they also showed that more lesions formed 

in DNA as they increased the dosage of UV light irradiation.  Similarly to Kuluncsics’ et al. 

experiment, they used supercoiled DNA, exposed it to UV-C light and cleaved the lesion 

sites with T-4 endonuclease V.  Afterwards, the damaged DNA is imaged using AFM that 

electrostatically immobilized DNA using a positively charged aminopropyl silatrane-

functionalyzed mica surface tiles [31].  As shown in their images (Figure 13), more 

fragments appeared as more energy is applied denoting that there is an increased allocation in 

the formation of CPDs within the DNA. 

 
Figure 13: Jiang demonstrated increases in DNA lesions using AFM [31]. 

The uncertainty factors in damaging DNA with UV light include the preference of 

possible sites that gets damaged earlier and the chemical structural coordination that favors 

creating CPDs under UV light.  However, previous biological studies provide solid evidence 

that UV light indeed damages DNA.  The following table summarizes the literature recorded 

on the effects of UV light irradiation on DNA. 

Table 1: UV Light Damage on DNA 
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In addition, other known variables that alter DNA molecules include increasing 

temperature and applying electromagnetic fields which have shown to cause denaturation.  

The next section investigates the application of electric current across UV damaged DNA. 

2.6 CHANGES IN ELECTRICAL PROPERTIES AFTER UV 

DAMAGE 

In a study done in 2012, Gomes et al. applied alternating current through DNA after 

UV light damage.  This study used calf thymus DNA linked on gold electrodes and kept in a 

nitrogen environment [32].   Afterwards, they took the samples and exposed it to UV-C (254 

nm) light at preset time intervals with impedance measurements taken using alternating 

current from a range of 0.1 hertz to 10 megahertz.  They found that at 1 MHz, the measured 

conductivity followed an exponential decay with respect to increasing time of irradiation 

(Figure 14a).  In addition, they stated that at frequencies greater than 1 MHz, the loss tangent 

curve trended at a constant value that decreased with increasing UV light exposure.  The loss 

tangent is defined as the inverse tangent of the phase angle shift occurring after application 

through a resistive medium.  In Cartesian coordinates, the loss tangent is represented by the 

ratio between the real vector and the complex vector.  In addition, they reported a unique 

shoulder appearing in the loss tangent versus frequency graph between 1 kilohertz to 500 

kilohertz range that does not dramatically shift with respect to irradiation (Figure 14b).  They 

believed that this phenomenon occurred due to the polarization of DNA and is unlikely 

caused by the UV radiation. 

 
Figure 14: Gomes et al. results showed (a) a loss of conductivity after 

longer periods of irradiation and (b) a selective shift of loss tangent after 

each irradiation periods [32]. 
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 Their results showed that UV light exposure caused a molecular damage that shifted 

the electrical conductivity of the system.  Additional experiments done by Gomes et al. used 

a Fourier transfer infrared spectroscopy (FTIR) to identify the changes in chemical bonds 

after UV light exposure [33].  FTIR works by emitting infrared light through a substance and 

records the transmittance levels after specific chemical bonds absorbs certain ranges of light 

waves that becomes its unique identifier.  According to literature based on various controlled 

experiments, thymine peak absorbance ranged around the waveform of 1390 cm
-1

[33].  In 

accordance to their results, they found an increase in the peak area ratio of thymine groups 

and other known molecules after VUV irradiation (Figure 15).  This meant that there is a 

stretching of chemical bonds occurring within DNA that is consistent with the biological 

results.  

 
Figure 15: Absorbance spectra before and 

after VUV irradiation [33]. 

 Their data presented a unique endeavor identifying specific molecular damage 

effecting overall electrical conductivity under alternating current conditions.  In addition, 

they continued and hypothesized that based on FTIR data, the depreciation of electrical 

conductivity of DNA from UV light exposure correlated with the increased stretching of 

chemical bonds occurring at the phosphate and base pairs that are vital in their proposed 

electron hopping mechanism.   

The next chapter explores the nature of UV light and the biological responses of 

organisms used to combat DNA damage occurring from UV light. 



 

 

18 

 CHAPTER 3  

UV LIGHT DAMAGE ON DNA 

Most human eyes can visually discern light in terms of colors between the ranges of 

400 nm (violet) to 750 nm (red).  In addition, light from sources such as the sun emits 

multiple wavelengths that objects either absorbs or reflects.  This chapter discusses the 

properties of UV light and the biological responses to UV induced DNA damage.  

3.1 UV LIGHT 

In general, light is a photon particle that follows a waveform similar to a sinusoidal.  

As described in the previous chapter, UV light is a form of radiant energy traveling 

quantitatively as a particle at a wavelength less than 400 nm and qualitatively as being 

invisible to the naked human eye.  Fortunately, opaque materials completely filters out UV 

light while most transparent materials blocks out all biologically lethal levels of UV light that 

have wavelengths less than 315 nm.   

 
Figure 16: Quantitative separation of light by wavelength [34].    

 The production of artificial UV light is similar to florescence lighting where 

electricity flows through a vacuum chamber with an inert gas (nitrogen) and some mercury 

surrounding the environment.  After applying an electric potential, the mercury emits a 
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photon in the UV wavelength that is dependent on the vacuum’s pressure level.  A high 

pressure (~1 atm) mercury bulb will generate a UV-A light (315-400 nm) while a low 

pressure (~ 0.001 atm) mercury bulb will emit a UV-C light (200-280 nm) [35].  In addition, 

special glass materials such as fused silica and quartz allow transmittance of UV light less 

the 315 nm.   

 
Figure 17: Transmittance range of fused silica used in mercury light bulbs [36]. 

 The wavelength of UV light is approximately the size of most molecules.  As such, 

various researches have documented the chemical effects with respect to the material due to 

UV light.  Over time, certain developments from UV light prove advantageous such as the 

chemical effects occurring during the photolithography process [37].  Additionally, UV light 

is expressed in terms of intensity, where multiplying the time of exposure would give the 

amount of energy absorbed by the object.  The next section investigates the biological 

responses occurring due to UV light damage on DNA. 

3.2 UV LIGHT DAMAGED DNA 

As previously stated, UV light is a particle containing energy in the form of 

electromagnetic radiation.  However, certain ranges of UV light falls within the absorbance 

spectra of certain DNA molecules.  In response, the absorbed energy from UV light excites 

certain molecules in DNA, causing permanent structural realignment towards a favorable 

state under the higher energy condition.  Therefore, any wavelengths lower than UV-B (315 
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nm) light demonstrated higher energy absorbance by DNA, specifically the pyrimidine 

molecules of thymines base pairs.  Currently, there are two accepted forms of UV light 

damage that biochemically alters the structure of DNA: the cyclobutane pyrimidine dimers 

(CPDs) and the 6-4 photoproducts (6-4 PPs) including their entire Dewar valence isomers.  

These damages form at a ratio of 3:1 with respect to CPDs and 6-4 PPs [29]. 

 
Figure 18: Before (a) and after (b) the formation of CPDs (circled) caused by UV light. 

UV light causes the formation of CPDs that structurally alters DNA by creating a 7°-

9° kinking between base pairs [29].  CPDs are the most common and cytotoxic biochemical 

mutation occurring between adjacent thymines on the same strand of the DNA.  Essentially, 

the UV light energy excites and breaks the carbon-carbon double bonds in the pyrimidines, 

and causes a 4 single bonded carbon ring to form, thus linking together the two thymines.  

Biologically, this mutation will inhibit DNA’s ability to duplicate by preventing a vital 

replication enzyme from transcribing at the damaged site.  

The 6-4 PPs creates a more dramatic 44° kinking between base pairs.  This also 

specifically occurs between adjacent thymines where a 6-4 bond forms between the 

pyrimidines.  In addition, the Dewer isomers form is dependent on the wavelength of the UV 

light source.  UV-C (254 nm) light damages DNA with the formation of the Carbon-Carbon 

bonds between neighboring thymines while the UV-B (312 nm) light causes additional 

mutation by breaking nitrogen’s double bond with carbon in favor of 2 single bond carbons 

that distorts the aromatic ring of the pyrimidine (Figure 19).  Biologically, this creates a 

mutagenic effect that transcribes to RNA that causes certain proteins to recognize this 

sequence as TATA box that initiates protein synthesis of an usually inactive (intron) 

sequence segment [29].  However, most of the mutagenic proteins remains harmless and 

deteriorates within the cell.   
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Figure 19: The biochemical formation of UV light induced 6-4 PPs [29]. 

A possible alternate laboratory detection method for UV light damage includes the 

use of DNA microarrays. One possible method uses passive microarrays that works by 

fluorescently tagging immobilized single stranded DNA and forcing hybridization with a UV 

damaged DNA strand.  During the imaging process, the UV damaged section of DNA will 

prevent complete hybridization and cause the florescence to emit at a lesser intensity [38].  

Furthermore, the use of an active microarray decreases hybridization time by implementing 

external forces for transport of DNA [39].  Possible active array includes using electrical or 

centrifugal forces to provide efficient hybridization [40].  In addition, the use of electric 



 

 

22 

forces in DNA microarrays allows researchers to relate DNA’s hybridization efficiency with 

a numerical model that could bring insight in specifically detecting UV light effects on DNA 

[41].  The last detection method uses a lead magnesium niobate–lead titanate (PMN–PT) 

resonator that functions as a piezoresistive cantilever beam [42].  A normal DNA will likely 

reflect a different piezoelectric property on the beam than DNA damaged by UV light. 

The challenge towards the application of DNA molecular wires, specifically after UV 

light exposure, is the ability to demonstrate self-sustainability in vitro without the aid of any 

biological molecules.  As of now, biological systems provide the ultimate mean with the 

most efficient mechanisms regarding the repair of UV light damaged DNA. 

3.3 DNA REPAIR 

 In response to UV induced damage, DNA encodes within its genome potential 

enzymes that regulates and repairs itself.  Currently, the production of these enzymes 

coincides with species that are susceptible to UV light damage.  Bacterium is a common 

example where its membrane often does not provide enough protection from UV damage.  

Also, plants are in a contradictory role where sunlight not only activates photosynthesis that 

is vital for survival (glucose production), but also exposes its DNA to increasing levels of 

damaging UV light irradiation.  As a result, based on Darwin’s Theory of Evolution, these 

surviving species continue adopting and enhancing the methodology developed by their 

ancestors that found a way to negate DNA damage from UV light exposure.  

 There are two biochemical processes for the repair mechanism of UV light damaged 

DNA.  One process involves removing the damaged site and replacing it with the same 

sequences found.  The responsible enzyme, T-4 endonuclease V (Endo V) extracted from 

bacterium, recognizes and repairs CPDs found within DNA.  The Endo V cleaves the 

phosphate backbone, starting from the 5‘ end leading up to the 3’ end of the damaged DNA 

segment, before removing the section from the strand (Figure 20) [43].  Next, additional 

enzymes and proteins follow the general procedure in repairing the DNA by correctly 

matching up the base pairs.  This will return DNA molecularly back to its original state 

before UV damage. 
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Figure 20: DNA repair process of UV damaged DNA using Endo V [43]. 

 Another process found mostly in plants directly interfaces with the CPDs to restore 

DNA.  This repair mechanism uses the enzyme, DNA photolygase, to start the process of 

undoing the biochemical damage done by UV light (Figure 21).  First, light activates DNA 

photolygase that starts a chain reaction of proteins that repairs UV damaged DNA.  Similarly 

to Endo V, the active proteins vary between species, but also attach at the site of the UV light 

inducing CPDs.  However, the function of this protein is to start the cyclic electron transfer 

process.  This process introduces an excess electron in the pyrimidine molecule.  The protein 

then applies the unshared electron on the oxygen atom of the C=O bond.  This causes the 

double bond at that site to dissociate and allow the C=C bonds to shift freely inside the 

pseudo-carbon ring.  As a result, this creates an unfavorable bonding position for the CPDs to 

remain there.  The CPDs eventually breaks, and the correct undamaged DNA chemical 

structure self-aligns.  At this time, the protein extracts the electron and releases the repaired 

DNA [44].  
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Figure 21: DNA photolygase repair mechanism commonly found in plants [44]. 

 Currently, there are only complex biological molecules done in vivo that can restore 

or repair DNA damaged by UV light.  Additionally, there is no known antithesis regarding 

the energy absorbed by DNA from UV light.  The main specific damage done within DNA 

by UV light provides a difficult obstacle towards restoring DNA by non-biological means 

and towards its practical application in modern electronics. 
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 CHAPTER 4  

EXPERIMENTAL PROCEDURE 

The basis of this investigation started with the ability to suspend DNA across two 

microelectrodes.  The microelectrodes were fabricated at San Diego State University (SDSU) 

MEMS (microelectromechanical systems) Lab using photolithography techniques.  

Afterwards, biochemical reactions connected the DNA to the electrodes.  Finally, ultraviolet 

(UV) light was applied to irradiate the DNA on the electrode.  This chapter documents the 

optimal steps taken starting from microelectrode fabrication, leading to biological attachment 

of DNA across the microelectrodes and ending with UV light testing conditions.   

4.1 MICROELECTRODE FABRICATION 

The MEMS Lab at San Diego State University has already studied the optimization 

process for the fabrication of the microelectrodes [45].  Afterwards, the SDSU MEMS 

Bionanoelectronics research group developed the next generation of Mithras chips that is 

designated for attachment of DNA molecular wires.  The design of the Mithras chip had 

multiple dimensional and biochemical interaction requirements.  The optimal design 

recorded by our researchers had a 10 micrometer gap at the center for DNA attachment with 

a four point probe designated to separate the power source from the measuring source (Figure 

23).  In addition, our researchers believed that an insulator substrate, such as silicon oxide, 

provided better data regarding the electrical characterization of DNA [45].   

 
Figure 22: Silicon oxide wafer used for Mithras. 
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Figure 23: Design of the Mithras chip to be used for DNA attachment [45]. 

The next sub-sections describes the fabrication process of the Mithras chip leading to the 

processing steps done before application in this researcher’s experiment. 

4.1.1 Photolithography of Mithras  

 The Mithras chips are fabricated using standard photolithography procedures where 

UV light dictated the microstructure features.  SDSU researchers conducted all 

nanotechnology fabrication processes in the class 100 cleanroom at SDSU MEMS Research 

Lab.  The overall process used a positive photoresist and followed general negative 

photolithography protocols where a better aspect ratio is achieved in comparison to positive 

photolithography.  Also, wafers were limited to a 2 inch circumferential diameter that 

ensured better contrast for the UV light exposure.  The optimal fabrication size used a 1 by 2 

inch rectangular wafer that produced 2 rows by 3 columns of Mithras chips. 
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Figure 24: SDSU MEMS research lab Class 100 cleanroom equipment for lithography. 

 Initially, all silicon oxide (SiO2) wafers (purchased from University Wafer) 

underwent a liquid cleaning by rinsing with the following order of liquids: distilled water, 

acetone, isopropyl alcohol, and distilled water.  Next, the wafers are baked on a hot plate at 

150°C for at least 2 minutes to ensure that all liquid dehydrates.  The next step applied a thin 

layer of photoresist on top of the silicon oxide substrate.  The photoresist used was SU-8 10 

(purchased from Microchem) centrifuged at 3000 revolutions per minute for 60 seconds that 

reduced the air bubble formation during depositing.  The composition of SU-8 10 consisted 

mostly of an epoxy-based polymer.  The wafer, cooled down to room temperature, is then 

placed on a spin coater where 5 milliliters of SU-8 10 positive photoresist is deposited at the 

center.  Following deposition, the system is spun at 3000 revolutions per minute for 30 

seconds that ensured a constant thin layer across the substrate.  The thickness of the SU-8 

photoresist layer approximately followed the equation below where K is the calibration 
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constant, C is the polymer concentration, η is the intrinsic viscosity, and ω is the revolution 

per minute [46]: 

 

Additionally, the exponential coefficients (α, β, γ) are determined from experimental data.  

According to the Microchem manufacturing specifications, the setting done resulted in a 10 

micron polymer thickness [47]. 

 
Figure 25: Microchem specifications chart relaying 

thickness (microns) versus spin speed (rpm) [47]. 

Afterwards, the chips are soft-baked starting at 40°C and linearly increased to 100°C 

over 50 minutes then held at 100°C for an additional 5 minutes.  Next, the wafers are cooled 

gradually back to room temperature and held for at least 20 minutes.  This step ensured 

partial evaporation of the photoresist, improved adhesion on the substrate, improved 

uniformity of the photoresist, and optimized the light absorbance characteristics of the 

photoresist.  Subsequently, the wafers are then placed under the OAI ultraviolet light mask 

aligner for alignment and exposure.  The mask (Designed in CoventorWare and purchased 

from CAD/Art services) outlined the features of the Mithras chips was then placed on top of 

the wafer (Figure 26).  The system is then exposed to 8 mW/cm
2
 of 365 nm UV light for 30 

seconds that activated the crosslinking within the photoresist polymer.  This imprinted the 

wanted features on the SU-8 10. 
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Figure 26: Mask used for Mithras microelectrodes. 

After UV light exposure, the wafers are post-baked starting at 40°C and linearly 

increased to 100°C over 35 minutes then held at 100°C for an additional 5 minutes.  The 

wafer is then allowed to gradually cool back to room temperature for at least 20 minutes.  

This step further enhanced the adhesion of the cross-linked polymer to the substrate.  Next, 

metal is deposited on the wafer where gold has to be coated on the top layer to provide the 

biochemical linkage to DNA.  For the Mithras chip, 6 nanometer of platinum followed by 6 

nanometer of gold were deposited on the wafer using sputter deposition.  The platinum 

provided better linkage to the polymer than the inert nature of gold which resulted in firmer 

microelectrodes.  The QT150 Sputter Coater coated the microelectrodes with platinum and 

gold.  The system used argon plasma that bombarded the target metal plate which caused 

atoms to whittle off and deposit on the Mithras chip placed below. 
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Figure 27: QT150 Sputter Coater used for metal deposition on the Mithras chip. 

After deposition, the wafer is developed, where the non-crosslinked polymers are 

washed away, using an ultrasonic bath filled with SU-8 chemical developer (purchased from 

Microchem) for 3 minutes.  The developer consisted of 1-Methoxy-2-propyl acetate.  

Eventually, after the wanted features have been developed and visually confirmed, the wafers 

undergoes a hard-bake at 120°C for 10 minutes that evaporated any remaining unwanted 

photoresist while also providing continued better adhesion.  The chips are then allowed to 

cool back to room temperature. 

 
Figure 28: Final production of the 

Mithras chip. 
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Figure 29: Overview of lithography process for Mithras chip [44]. 

Finally, before the application of biological samples, the Mithras chip undergoes 

plasma etching that cleaned the surface of microelectrodes.  The Technics Series 85-RIE 

injected oxygen plasma at 70 watts of power inside a 750 mtorr pressure chamber for 10 

seconds. 

 
Figure 30: Mithras chip undergoing plasma etching.  

4.1.2 Processing Microelectrodes 

 After fabrication of the Mithras chip, a quality assurance step checked each chip that 

used visual and electrical references.  Initially, a qualitative visual inspection used the Hirox 

3-D microscope that confirmed if there was a clean fissure at the proposed attachment site.  

A clean fissure meant that there are no metal or photoresist residues crossing the two 

microelectrodes.  Also, the metal of the 3-D electrode has to be visually confirmed that its 

structural integrity is not compromised near the gap site.  This meant that there are no signs 

of flaked or overdeveloped electrodes that would increase the gap size. 
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Figure 31: Hirox image of 10 micron gap. 

Next, the electrical test proved a quantitative data proving that there is no unwanted 

connectivity between the two microelectrodes before DNA attachment.  This research used a 

Keithley 2420 Digital Source Meter that applied a 21 volt potential between the two 

electrodes.  Any resistance values measured beyond the maximum sensitivity of the 

equipment (1 giga-ohm) qualified the chip for use.  

 
Figure 32: Keithley digital source meter measuring no conductivity between electrodes. 

4.2 DNA ATTACHMENT 

Lambda DNA (purchased from New England Biolabs) used in the DNA attachment 

process has 48,502 base pairs, where one base pair averages 0.34 nanometers that gives a 

total length of 16.5 micrometers (μm).  This encompassed the gap between the 
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microelectrodes that left 6.5 μm unaccounted towards factors such as DNA coiling and the 

structural nonlinearity of DNA.  In addition, all biological samples were extracted using 

reverse pipetting techniques from a Thermo Scientific micro-pipette. 

 
Figure 33: Schematic of DNA closing the circuit between 

the two microelectrodes with thiolated oligomers [48]. 

4.2.1 Annealing of Oligomers 

The initial concept started with anchoring oligonucleotides on the electrodes that 

functioned similarly as cell receptors sites, but bound with DNA by phosphorylation.  First, 

the two complementary oligonucleotide (Oligo A: 5’ –/5Phos/GT ATG CTT CGT GAT CTG 

TGT GGG TGT /3ThioMC3-D/– 3’ and Oligo B: 5’ –CCC ACA CAG ATC ACG AAG 

CAT AC -3’ ) (purchased from Integrated DNA Technologies, Coralvile, Iowa) underwent a 

serial dilution using 10X Tris-EDTA buffer from 500 μM/μL to 1 μM/μL at room 

temperature.   

 
Figure 34: Biological attachment of the electrodes to the oligonucleotides and the 

oligonucleotides to the λ-DNA. 

The additional base pairs on Oligo A accounted for the thiol group.  Next, 50 μL of 

oligo A and 50 μL of oligo B are mixed in a 2 mL microtube.  Afterwards, the microtube, 
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with the contained oligos, is placed in a water bath heated to 105°C for 5 minutes.  The tube 

is then removed from the water bath and allowed to gradually cool back to room temperature.  

All unused oligos are then stored at 4°C until use or after 30 days.  This process created a 

double stranded oligomer that increased the likelihood of phosphorylation between the 

double-stranded λ-DNA and oligomers. 

4.2.2 Reduction of Oligomers 

 To enable the biological attachment between the oligomers and electrodes, the thiol (-

SH) at the 3’ end of Oligo A must be reduced from the disulfide linkage using TCEP gel 

(purchased from Thermo Scientific).  First, 40 μL of TCEP gel placed in a microtube gets 

centrifuged at 2000 rpm for 1 minute.  Afterwards, the supernatant is removed from the gel to 

isolate the reactant used to free break the disulfide bond.  Following that, 40 μL of the 

annealed oligomers in the microtube are mixed gently using the pipette for 10 minutes.  Next, 

the entire mixture is centrifuged at 2000 rpm for 1 minute where the supernatant is extracted 

from the microtube which contained the reduced oligomers.  Immediately after reduction, 2 

μL of oligos are dropped in-between the electrodes of the Mithras chip and left for incubation 

at room temperature for 30 minutes. 

 
Figure 35: Reduction of oligomers exposing the thiol for bonding with gold.  

4.2.3 λ-DNA End Repair 

 For the λ-DNA to be able to be combined with the oligos, blunt-ended double-

stranded DNA (dsDNA) was needed.  A DNA end-repair kit procedure was done at room 

temperature (purchased from Epicentre Illumia) that created blunt-ends.  This required 

mixing together, by pipetting up and down in a microtube, the solutions in the following 

order: 24 μl of Tris Buffer, 10 μl of λ-DNA, 5 μl of ATP, 5 μl of end-it buffer, 5 μl of dNTP 

mix, and 1 μl of enzyme.  Afterwards, the repaired DNA was diluted from 500 μg/ml to 5 

μg/ml using 10X Tris-EDTA buffer.  Also, all repaired λ-DNA was stored at 4°C until use or 

after 30 days. 
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Figure 36: Blunt end oligomers fusing with blunt end 

DNA [47]. 

4.2.4 DNA Ligation 

 The ligation process combined λ-DNA with the oligomers by phosphorylation.  A 

rapid DNA ligation kit (purchased from Thermo Scientific) increased the probability and 

hastened the ligation process.  The ligation kit process mixed these solutions together in the 

following order: 4 μl of buffer, 1 μl of DNA ligase and 15 μl of nucleated water.  Next, 1 μl 

of repaired λ-DNA is dropped in the same spot as the oligomers on the Mithras chip followed 

immediately by 1 μl of the ligation mixture.  Afterwards, the Mithras chip is incubated at 

room temperature for 1 hour and electrically biased at 21 volts for 5 seconds every 15 

minutes.  Furthermore, the Mithras chips that contained the attached DNA can be stored at 

room temperature in a UV protected nitrogen environment.   

 
Figure 37: Diagram of successful attachment of DNA on Mithras microelectrodes. 
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Table 2: DNA attachment process 

Step Materials Parameter Description 

1. Diluting 

Oligomer 

Oligomer A and 

Oligomer B 

Dilute both oligomer to 

1 μM and mix 50 μl 

together 

Preparing annealing of 

oligomers 

2. Annealing 

Oligomer  

Oligomer A and 

Oligomer B 

Heat in a water bath at 

105°C for 5 minutes and 

cool back to room 

temperature 

After cooling back to 

room temperature, store 

in 4°C until use 

3. TCEP Slurry Gel 

Preparation 

TCEP slurry gel Centrifuge TCEP slurry 

at 2000 rpm for 1 

minute and remove the 

supernatant  

Concentrated slurry 

used to expose sulfide  

4. Mixing 

Oligomer and 

Slurry 

Oligomer A/B and 

TCEP slurry gel 

Mix 40 μl of oligomers 

and 40 μl of slurry 

together 

Reduced oligomers can 

not be stored long term  

5. Incubation of 

Oligomers  

Oligomer A/B and 

TCEP slurry gel 

Incubate for 10 minutes Allow biochemical 

reaction 

6. Reducing 

Oligomers 

Oligomer A/B and 

TCEP slurry gel 

Centrifuge sample at 

2000 rpm for 1 minute 

and extract the 

supernatant 

Slurry exposes the thiol 

on Oligomer A  

7. Oligomer 

Attachment 

Oligomer A/B and 

Mithras Chip 

Drop 2 μl of oligomers 

on the target site of the 

Mithras 

Sulfur from oligomer A 

covalently bonds with 

gold electrode 

8. Oligomer 

Incubation 

Mithras Chip Incubate at room 

temperature for 30 

minutes 

Allow thiol to bond 

with gold 

9. DNA Repair Lambda DNA and 

End Repair Kit 

Mix 24 μl of Tris 

Buffer, 10 μl of lambda 

DNA, 5 μl of ATP, 5 μl 

of buffer, 5 μl of dNTP 

mix, 1 μl of enzyme 

Repair for Blunt-ended 

DNA 

10. DNA Ligation DNA Ligation Kit Mix 4 μl of buffer, 1 μl 

of DNA ligase and 15 μl 

of water 

Ligation of DNA with 

oligomers 

11. DNA 

Attachment 

Ligation Kit, DNA 

and Mithras chip 

Drop 1 μl of DNA and 1 

μl of ligase on the target 

site of the Mithras Chip 

Ligation of blunt end 

DNA with blunt end 

oligomers  

12. DNA 

Incubation  

Mithras Chip Incubate at room 

temperature for 1 hour 

biasing 5 seconds every 

15 minutes 

Increase probability of 

DNA attachment across 

the microelectrodes 
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4.2.5 Processing DNA Attachment 

 After the attachment process, the Mithras chip is washed and dried.  This process 

used 2 μl of DI water to wash the DNA bridge that removed the excess buffer salt and 

unattached DNA.  Next, a lint-free wipe is carefully placed near the attachment site that 

removed the excess solution.  The system is then tested for DNA attachment. 

 A successful DNA attachment is based off of qualitative data from visual florescent 

microscopy and quantitative data from an impedance analyzer.  First, this thesis used DNA 

SYBR Stain florescent tag (purchased from Life Technologies) that interacted with the DNA 

by either intercalated between base pairs, attached through electrostatic means or extended 

contact with the grooves of the DNA [49].  The florescent dye had to be first diluted from 

10,000x to 1x concentration using deionized water at room temperature in a dark room.  The 

stain is then incubated and protected from light for 30 minutes before use.  Afterwards, 1 μl 

of diluted SYBR stain is dropped on the purposed DNA attachment site of the Mithras chip. 

The chips are then incubated at room temperature in a dark room for 10 minutes.  Next, a 

Leica DMRBE Microscope is used for florescent imaging using a blue light illumination that 

the stain will absorb.  A positive reading showed green illuminations surrounding the gap 

between the microelectrodes.  

 
Figure 38: Leica DMRBE Microscope 

used for qualitative analysis. 
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 After florescent imaging, successfully imaged Mithras chips went through an electric 

conductivity test using the Solartron Impedance Analyzer that proved that the circuit became 

closed.  First, the chips are kept in a closed container at room temperature and left to dry (~1 

hour) before electrical tests can be done.  Next, two readings are taken for the chip in the 

following order: linear sweep voltammetry (direct current) ranging from -2 to 2 Volt at a rate 

of 100 mV/s and galvanostatic impedance (alternating current) ranging from 1 MHz to 1 Hz 

at a 3 milli-Amp amplitude.  A positive reading for the electrical conductivity of DNA 

showed resistance values less than 1 giga-ohm.  

 
Figure 39: Solartron Impedance Analyzer used for 

quantitative analysis. 

4.3 UV LIGHT EXPOSURE 

 The Mithras chip containing the DNA molecular wire is then placed in a clear acrylic 

housing, purged with nitrogen passing through calcium sulfate desiccant (purchased from 

Drierite) for 2 minutes.  This control system allowed regulation of a consistent environment 
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(25°C in N2) and protected from external UV light damage.  Additionally, wire extruded from 

the box prevented compromising the integrity of the environment within the system when 

taking electrical readings. 

 
Figure 40: Control box used for the control of the UV experiments: (a) top view of box, 

(b) close-up view of electrode connectivity within the box.  

 Two different UV lamp sources were used in this experiment that differed by 

wavelength.  The UVP B-200A UV lamp emitted UV-A (365 nm) light at an intensity of 10 

mW/cm
2
 while the UVP UVG-54 UV lamp emitted UV-C (254 nm) light at an intensity of 

0.3 mW/cm
2
.  The attached DNA molecular wire is exposed to UV light at a distance of 75 

mm for 0.6 J/cm
2
 of energy every 37 minutes for the UV-A light and 5 minutes for the UV-C 

light until the circuit was no longer closed.  This resulted in an exposure time of 1 minute for 

the UV-A (365 nm) lamp and 33 minutes for the UV-C (254 nm) lamp. 

 
Figure 41: UV light exposure of the DNA. 
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4.4 FTIR SPECTROSCOPY 

 A Fourier Transfer Infrared (FTIR) spectroscopy works by sending multiple light 

wave frequencies from one end and then interpreting the transmittance strength of each 

wavelength at the other end.  In between, certain vibration and angular occurrences between 

chemical bonds of certain functional groups within the sample will absorb specific infrared 

light frequencies that act as optical markers.  A Thermo Nicolet iS50 FTIR-ATR machine 

was used on λ-DNA and UV-irradiated λ-DNA that demonstrated a structural change 

occurred in DNA after UV light irradiation.   

 
Figure 42: FTIR spectroscopy. 

A calcium fluoride (CaF2) crystal served (purchased from Thorlabs) as the substrate 

that measured at ½ inch diameter and 3 mm thickness.  Furthermore, the total transmittance 

of CaF2 measured between the waveform values of 900 to 55,000 cm
-1

.  The samples used for 

FTIR applied 10 μl of 500 μg/ml concentration of λ-DNA (purchased from New England 

Biolabs) on the substrate.  Next, the samples were dried in vacuum desiccated for 10 minutes.  

Afterwards, the first FTIR readings were took before being separated into two different UV 

light irradiation of 2 hours.  The UV-C (254 nm) light exposed λ-DNA to 2.16 J/cm
2
 of 

energy while the UV-A (365 nm) light exposed λ-DNA to 72 J/cm
2
 of energy.  In addition, 

standard background samples for FTIR analysis were taken of the air particles, CaF2 
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substrate and 1X Tris-EDTA buffer that were applied in a subtractive manner.  A Gaussian 

smoothing was applied to the curve that the FTIR took using 32 scans at a resolution of 4 that 

gave a data spacing of 0.5 cm
-1 

per waveform that ranged from 400 to 4000 cm
-1

. 
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 CHAPTER 5  

RESULTS AND DISCUSSION 

This chapter describes the results found following the procedures mentioned in the 

previous chapter.  The first section documents DNA attachment using florescent microscopy 

and electrical conductivity tests.  The next part records the electrical characterization of DNA 

molecular wires using direct and alternating currents.  The following segment relays similar 

electrical conditions of DNA molecular wires, but after the influence of UV light exposure.  

Afterwards, the results from FTIR spectroscopy shows molecular change occurring in DNA 

after UV light irradiation.  Finally, the last section discusses possible outcomes of electron 

transfer mechanisms after UV light exposure based on the data gathered from this thesis. 

5.1 DNA ATTACHMENT 

As mentioned in the previous chapter, confirmation of DNA attachment is done 

through both visual and electrical methods.  This thesis first started with control experiments 

using florescent imaging that confirmed the biochemical process of attachment.  As stated in 

the previous chapter, the stain absorbed blue light and reflected green light only after binding 

in-between the hydrogen bonds of double stranded DNA.  When viewed, DNA with the 

applied stain provided a noticeable contrast than the background.  In addition, since the 

images were recorded on a black and white camera, the bright white contrast defined the 

qualitative data for the presence of DNA.   

 
Figure 43: Florescent imaging under different controls: 

(a) DNA, (b) Oligos, (c) Oligos and DNA. 
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 First, solution that contained only DNA was placed at the attachment site yielded no 

visual attachment result (Figure 43a).  This was expected since no biochemical reactants 

anchored the DNA to the metal electrode.  The next experiment dropped solution that 

contained only thiol exposed oligomers (Figure 43b).  The results displayed illuminations 

that surrounded both edges of the electrodes, but not completely across the gap.  This 

confirmed that the oligomer, measured at a length of 9 nm, was unable to attach by itself 

across the electrodes.  Finally, solution that contained both oligomers and DNA (Figure 43c) 

illuminated the gap.  This process confirmed the biological importance of both the DNA and 

oligomers for DNA attachment across the microelectrodes. 

The next set of florescent microscopic imaging data (Figure 44) revealed that the 

attachment of DNA rested above the substrate, but below the top layer of the electrode.   

 
Figure 44: Florescent image focusing on different planes: (a) substrate, (b) top of 

electrode, (c) DNA. 

The images above showed that DNA was not present at the substrate level or at the 

top layer of the electrode.  Further focusing found illuminated DNA in-between the electrode 

and substrate.  This result executed an experimental goal that isolated electrical 

measurements to only the gold and DNA of the Mithras chip.  In addition, the substrate 

(silicon oxide) and the negative photoresist (SU8-10) were found to have insulative qualities 

that do not conduct a current which made their influence in electrical characterization 

negligible.  

The next set of experiments documented optimization of DNA concentration through 

the intensity of the illustrated florescent images. 
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Figure 45: DNA concentration versus stain intensity of Mithras chips that saw 

electrical conductivity between the two microelectrodes. 

The results showed that a lower DNA concentration yielded a higher probability of 

less molecular wires across the gap, thus leading to lower quantitative intensity at the 

attachment site.  Interestingly enough, certain Mithras chip demonstrated electrical 

conductivity even though florescent images proved otherwise, but never the opposite.  This 

meant that under these conditions, electrical conductivity measurements provided a more 

sensitive categorization of DNA presence than florescent imaging.  Furthermore, equation 1 

related the concentration values to the amount of DNA molecules available to form 

molecular wires. 

 

The molecular weight was given by New England Biolabs at 3.2x10
7
 g/mol and the gap 

volume was measured at 12 pico-liters. Therefore, a concentration of 50 μg/ml would 

account for 11,000 molecules of DNA possible for attachment.  

 
Figure 46: DNA molecules versus concentration. 
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 A successful attachment is confirmed by measuring the electrical resistance of dried 

DNA molecular wires that ranged from 2 to 25 mega-ohms.  Statistically speaking, DNA 

attachment confirmed using electrical tests occurred 59% of the time.  Interestingly enough, 

varying concentrations yielded no noticeable probability trend of successful DNA attachment 

for this thesis.  This likely occurred due to oversaturation of the DNA molecules at higher 

concentrations with respect to the amount of oligomers available for attachment.  While at 

lower concentrations, there are more open oligomers which increased the probability for 

same electrode attachment.  Therefore, a paradox existed for the optimizing of the 

concentration of DNA versus successful DNA attachment.  

 
Figure 47: Attachment success versus concentration. 

5.2 ELECTRICAL CONDUCTIVITY OF DNA 

The following set of data represented the electrical characterization of DNA using 

direct and alternating currents.  The electrical characterization done in this thesis took into 

account the entire circuit system.  This meant that the extruded copper wires and the gold 

electrodes also provided some resistive influence in these results.  Nonetheless, each 

experiment maintained consistent external connectors in the electrical characterization 

process.  Following the Solartron spectroscopy procedure described in the previous chapter, 
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the key results reported in this thesis included the current versus voltage (IV) curve and the 

impedance versus frequency Bode plot.   

5.2.1 Initial IV Curve 

The first experiment explored the basic relationship between the current and voltage 

of DNA molecular wire. 

 

Figure 48: IV curve of DNA. 

The general nonlinear relationship between the current and voltage shown in Figure 

48 defined DNA molecular wires as having a wide band gap semiconductor trait.  According 

to the results, DNA presented higher conductivity (found by the slope of the IV curve) at 

higher electric potentials.  The conductivity of the system is the inverse of the resistance that 

can be found by the application of Ohm’s law. 

 

 A 2 volt electric potential applied for the 5 μg/ml sample measured 20 nA/cm
2
 of current 

density.  This meant that the conductivity of the DNA circuit measured approximately 1e-8 

S/cm
2
.  In comparison with the gold used for the microelectrodes, a 2 volt electric potential 

gave 10 mA/cm
2
 of current density that translated towards a conductivity of 0.01 S/cm

2
.   
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Figure 49: IV curve of gold. 

5.2.2 Initial Dielectric Spectroscopy 

The next electrical tests done in this thesis used a dielectric spectroscopy that 

measured the impedance of the system with respect to the application of a sinusoidal current 

at multiple frequencies.  

 
Figure 50: Dielectric spectroscopy Bode plot. 

The graph above shows that at frequencies less than 100 Hz, the DNA circuit exhibits 

impedance properties similar to metals where the frequency did not influence the impedance 

values and there was a negligible phase difference.  In addition, the measured 10 mΩ of 



 

 

48 

impedance from the Bode plot matched the resistance value applied by the direct current due 

to the near zero phase difference.  Another interesting note saw similar behavior of 

impedance stabilizing at 1 mega-ohm consistently between 1 to 10 kHz with a significant 

phase lag.  Gomes et al. also reported such findings using an Alpha-N analyzer and 

suggested that at those frequencies, DNA polarization occurs [27].  Also, at those frequency 

ranges, the changes in the phase began to transition slower which showed a reduction in the 

change of phase lag time.  In addition, the brief stabilization and impedance drop seen after 

10 kHz might also be tied to the increasing capacitance effect from the gold microelectrodes. 

Further analysis showed that at frequencies approaching 1 MHz, the impedance of 

DNA reduced to 10 kΩ.  This phenomenon compared similarly to the characteristics of a 

capacitor.  This capacitance is likely due to the effects of the gold microelectrodes being 

subdued to an alternating current with a gap in the micron level.  Due to those uncertainties, 

further control experiments were done that showed the significance of the capacitance.    

The next control experiment recorded the dielectric spectroscopy of an unconnected 

Mithras chip.  Eventually, this graph defined open circuitry for measurements using dielectric 

spectroscopy.   

 
Figure 51: Dielectric spectroscopy of empty Mithras. 
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    The empty Mithras impedance analyzer showed that there is capacitance occurring at 

certain ranges due to the gold microelectrode.  In comparison with the DNA Bode plot, the 

impedance values of the control remained above the DNA molecular wire until after 10 kHz.  

Following the rule that current travels the path of least resistance, a capacitance effect did not 

appear until after 10 kHz.  Coincidentally, the flattening of the impedance curve also ended 

at that value, meaning that the capacitance effect superseded the DNA molecular wire thus 

causing a premature decrease in the perceived impedance.  Additionally, results in the next 

section regarding the dielectric spectroscopy of UV light damage DNA also shows effect of 

capacitance after 10 kHz. 

5.2.3 UV Light Damaged IV Curve 

 This section of experiments will detail the IV curve result of the DNA circuit after 

UV light irradiation. 

 
Figure 52: IV curve after 3 J/cm

2
 of UV exposure. 

First, UV light irradiation provided noticeable change on the electrical conductivity of 

DNA.  Additionally, factors such as wavelength, intensity and duration of the UV light 

effected change in the IV curve.  In comparison with the initial IV curve (Figure 48), the 
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conductivity at 2 volts of the 5 μg/ml concentration decreased by 25% after UV-A light 

irradiation and by 50% after using UV-C light irradiation.   

Also, UV irradiated DNA molecular wires followed behavior similarly to electronic 

diodes.  As seen in the IV curve (Figure 52), current tended to favor flowing in the positive 

orientation at electric potentials between -1 and 0 volts.  Electronic diodes are made of 

semiconductor materials where one terminal is made of P-type silicon (doped silicon with 

excess holes) and the other terminal consisted of N-type silicon (doped silicon with excess 

electrons).  This is done when silicon crystals are introduced to impurities such as boron, 

which creates electron holes, and phosphorous, which creates excess electrons.  These 

terminals controlled the flow of the current; where one direction allowed free electron flow 

and the other direction contributed to immense resistance.   

 
Figure 53: Silicon doping. 

In comparison, UV irradiated λ-DNA presented similar properties where UV light 

damage, instead of chemical doping, created a “P-type” terminal throughout the DNA strand 

that restricted flow.  The biochemical process of CPDs formation in DNA due to UV light 

irradiation saw a reorientation of the bonds that also included the electrons.  During 

irradiation from the UV light, this could have created a temporary electron hole at the 5-6 site 

of the pyridimine during the thymine “cross-linking” (Figure 54).  In terms of the entire wire, 

a heavily damaged section would have created brief periods of multiple electron holes that 

would function similarly as one side of an electrical diode.  The effectiveness of such a diode 

would then be dependent on the sequence of the DNA since UV light only targeted specific 

sequenced molecules.  Essentially, biological molecules with more potential damage sites 

will allow UV light to create more electron holes and provide a better diode. 
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Figure 54: UV light damage transition period 

creating an electron hole at the 5-6 carbon. 

5.2.4 UV Light Damaged Dielectric Spectroscopy 

The next set of results shows the dielectric results of DNA after UV light exposure. 

 
Figure 55: Dielectric spectroscopy Bode plot after 3 J/cm

2
. 

 In general, the shape of the Bode plot for the impedance and phase angle of DNA 

wires remained unchanged after UV light irradiation.  The values found still replicated a high 

pass filter where higher frequencies reduced the impedance values.  
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Figure 56: Bode plot documenting rise in impedance after UV-C irradiation. 

 
Figure 57: Impedance percentage increase versus 

frequency over prolonged UV-C light exposure. 

The most noticeable difference occurred at frequencies lower than 100 Hz where 

there was almost a 1000 percent increase in the impedance.  That value compared similarly 

with the result obtained from the IV curve.  However, at higher frequencies, impedance 

values only increased by 50 percent.   In addition, the stabilization of impedance between 1 

to 10 kHz remained, which meant that the segment is either a capacitance induced artifact or 

a new biological maker.   
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Figure 58: Change in phase angle after UV-C irradiation. 

Additionally, the phase angle values also followed the general impedance trend of the 

system that showed increase at all frequency ranges after UV irradiation.  Similarly to the 

impedance values, the increased increments after each UV light exposure were not constant.  

In addition, since UV light would molecularly affect DNA only, the shifted impedance and 

phase angle values found must have meant that DNA was successful attached across the 

microelectrodes.   

 
Figure 59: Average impedance change percentage 

between 1 hz to 1 Mhz of DNA molecular wires after UV-

C light irradiation. 
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The averaged impedance values increased after each UV light exposure.  However, 

since lower frequencies demonstrated greater impedance increases than higher frequencies, a 

significant impact in the change of either the DNA and/or the system must have happened.  

As proposed earlier, the significant capacitance effect occurred after 10 kHz which remained 

consistent in the UV light data due to the low impedance increases.  To account for the 

increased value in impedance, there is likely a dual effect that came from the DNA molecular 

wire and capacitance of the gold microelectrodes at frequencies greater than 10 kHz.   

5.2.5 Dielectric Characterization after Coupling UV 

Light and Temperature Effects 

The following set of experiments exposed UV light under different temperature 

conditions until the DNA attached Mithras chip presented open circuit qualities. It was found 

that UV-C (254 nm) light dissociated DNA using less energy than UV-A (365 nm) light.  In 

addition, most experiments regarding UV-A light often did not do enough damage to cause 

DNA dissociation that translated towards an open circuit reading. 

 
Figure 60: Temperature and UV light effects on DNA dissociation. 

The data showed that at the higher temperatures, less energy from UV light 

irradiation was required to dissociate DNA.  This was consistent with temperature models 

done concurrently in another SDSU thesis where 40°C started the denaturation process of 
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DNA that broke the hydrogen bonds of the double helix and created single stranded DNA.  

The hydrogen bonds were found to be broken first by a simplified calculation derived from 

the Gibbs free energy equation regarding the bond dissociation temperature.  This allowed 

the characterization of single stranded DNA that results described as an insulative material. 

Table 3: Bond Dissociation Temperatures. 

Bond Location 
Bond 
Name 

Molecules After 
Dissociation 

Dissociation 
Energy (ΔHdis) 

at 298 K 
(kcal/mol) 

Dissociation 
Temperature 

(C) 

Electrode-Oligos Au – S Au + SH 253.6 168.97 

Oligonucleotide S – O SH + PO4 124.69 117.41 

Backbone O – P P & 2O2 142.3 177.56 

 
C- O Ribose + PO4 256.89 147.22 

 
C – C Ribose + CH3 144.2 147.01 

Base Pairs H- H Guanine + Cytosine 104.19 45.54 
    Adenine + Thymine 104.19 46.82 

Also, the CPDs created from UV light weakened the hydrogen bonds between base 

pairs and in combination with thermal baking that approached the melting temperature of 

DNA, resulted in a quicker dissociation.  In addition, the increased impedance value from 

temperature effects is likely due to an increased distance between atoms.  This is caused by 

thermal stretching that occurred between chemical bonds after excitation induced from 

thermal energy. 

5.3 FTIR SPECTDROSCOPY 

 This section discusses the FTIR results that validated structural change occurring in 

DNA based on UV light irradiation.  As mentioned in the previous chapter, IR spectroscopy 

reacts to the vibration and angles of the chemical bonds within a certain functional group.  

This thesis found through literature that most functional groups of DNA absorbed light 

between the waveforms of 900 to 1800 cm
-1

 [33].  Furthermore, the spectra range of DNA 

can be separated into three different groups composing of the DNA’s phosphate backbone 

(900-1250 cm
-1

), sugar molecules (1250-1450 cm
-1

) and base pairs (1450-1800 cm
-1

).  The 

first experiment recorded FTIR readings using 500 μg/ml of dry dsDNA that underwent a 
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UV-C (254 nm) exposure that absorbed around 2.16 J/cm
2
 of energy.  The second experiment 

recorded FTIR readings also used 500 μg/ml of dry dsDNA that instead underwent a UV-A 

(365 nm) exposure that absorbed around 72.0 J/cm
2
 of energy. 

 
Figure 61: Infrared absorbance spectra of DNA before and after exposure to 2.16 

J/cm
2
 of 254 nm UV light.  

In accordance to the biochemistry literature, the damage from UV light causes a new 

aromatic ring to form between adjacent thymine base pairs.  Furthermore, this causes a 

distortion in the dsDNA that stretches the phosphate backbone.  The results from DNA 

exposed to UV-C light showed an increase in the absorbance at peaks 1 through 9 (7% to 

75% increase), with peak 10 (120% increase) being absorbed into the spectra.  According to 

literature, peak 10 (1702 cm
-1

) correlates to the thymine peak identifier of the carbon-oxygen 

bond which is affected after the formation of CPDs.  In comparison with the literary 

biological data, the disappearance of the peak showed that UV light specifically damaged 

thymines in DNA that caused a structural change to occur throughout DNA.  The general 

increases in the absorbance after UV-C light exposure can be attributed to the aftermath of 
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the formation of thymine dimers that caused general stretching to occur between chemical 

bonds throughout the DNA. 

 
Figure 62: Infrared absorbance spectra of DNA before and after exposure to 72 

J/cm
2
 of 365 nm UV light. 

In comparison with the undamaged DNA, the UV-A light displayed increases in 

absorbance of the peaks that reflected mostly in the phosphate backbone of DNA.  In 

addition, the absorbance differences before and after UV irradiation was found to be more 

significantly skewed under UV-C light than UV-A light.  This was consistent with the 

electrical measurement found previously where the UV-A light required more energy to 

achieve open circuit than the UV-C light.  Also, this is comparable and in agreement with the 

biological literature regarding UV light damage where more CPDs in DNA were found using 

UV-C light than UV-A light.  However, there was still more significant damage occurring in 

the phosphate backbone which likely meant that the resonant frequency from UV-A light 

correlated better than UV-C light in relation to the stretching of the phosphate backbone.   
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Figure 63: FTIR absorbance percentage increase versus wavenumber of 

UV-A versus UV-C light. 

The graph above showed that the percentage increase in the absorbance values spiked 

at certain waveforms with respect to the type of UV light.  For UV-C light (254 nm), 

absorbance values spikes occurred at the thymine identifier peak (1702 cm
-1

) more 

significantly than the UV-A light (365 nm).  Also, the UV-A light demonstrated more 

significant absorbance increases and more spikes occurred in the phosphate range.  This 

meant that the strength of the increase in the absorbance directly relates to the structural 

damage that occurred in DNA after UV light damage based off of the thymine identifier 

peak.  The assignment of the spectra ranges to its known chemical bonds or functional groups 

in DNA are defined by literature and listed below. 

Table 4: FTIR Spectral Regions [33]. 
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5.4 CHANGES IN CHARGE TRANSPORT MECHANISM 

 The introduction of UV light biochemically changed DNA that increased impedance 

values which meant a modification in the charge transfer model.  Classical physics defines 

current as free electrons moving across a conductive medium.  Atomically, the conductive 

medium has to provide a sufficient electric field that would not only tightly bind all of its 

electrons to the nucleus, but also allow free electron flow on its outermost orbital.  In 

addition, if the potential of the electron has less energy than the barrier from the electric field, 

the electron will remain in that area indefinitely.   This trend holds true under macroscopic 

scales.   

 

Figure 64: Electric field barrier (E) from the atom’s 

nucleus prevents the electron (V) from escaping.   

However, under molecular scales of the same condition as before, electrons have 

demonstrated the ability to escape the electric field.  This phenomenon directed towards 

understanding quantum mechanics that offered a superior model of charge transport.  

According to quantum physics, the electron moves as a wave function that has a probability 

of escaping the electric field by tunneling through. 

 
Figure 65: Quantum tunneling allowing electrons to 

escape electric field.   

This behavior is widely seen in the application of semiconductors built in transistors.  

Recently, researchers also believe that this theory applies to charge transport in DNA.  This 
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thesis will explore the application of two charge transport mechanisms postulated by multiple 

researchers regarding direct and alternating current transport mechanisms.  Afterwards, 

experimental results obtained by this thesis will either further validate or contradict those 

theories.   

When applying a direct current through DNA molecular wires, electrons are 

subjugated to travel in one direction.  The theory of charge tunneling is defined under this 

condition.   Tunneling occurs through the phosphate backbone where electrons shift down the 

phosphates.  Overall, the electrons travel through DNA starting from a high occupied 

molecular orbital (HOMO) donor to a low unoccupied molecular orbital (LUMO) acceptor 

using the phosphate backbone as a railway to bypassing certain distances.  

 
Figure 66: Charge tunneling from donor to acceptor using DNA as a bridge [50]. 

 The fundamental charge transfer theory in DNA molecular wires after UV light 

damage does not change.  However, data from this research constantly showed an increase in 

the resistance of the system with respect to UV light irradiation.  This meant that the pathway 

UV light interfered with has to be critical in the charge transport mechanism.  In relation with 

charge tunneling, UV light increased the distance between certain phosphate backbones 

without changing the length of the entire DNA strand.  This decreased the probability of 

electron to flow past this detour.  Therefore, the electrons require more energy to move past 

this barrier while stalling at the damage site that causes an increase in the resistance of the 

system.  In addition, the more UV irradiation DNA absorbed, the more kinking occurred 

within the stand that also gradually increased the resistance.  This charge tunneling theory 

under direct current matched the results found in this research that saw UV light induced 

increase in the electrical resistance of the DNA molecular wire. 
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Figure 67: Charge transfer of direct current before UV 

damage (left) and after UV damage (right). 

When applying an alternating current, electrons are shuffled back and forth 

throughout the DNA strand.  This thesis applied the theory of charge hopping between 

guanine and thymine (GC) base pairs under alternating current.  Due to the unsymmetrical 

nature of energy throughout DNA, charges always occupied the lowest potential well of 

energy.  Upon further examination, the GC hydrogen bonds between the dsDNA represented 

the lowest energy potential.  Unfortunately, there is approximately at 0.24 nanometers of 

space between hydrogen base pairs.  Under classical laws, that space hindered any likelihood 

of charges hopping between the hydrogen bonds.  However, under quantum laws, chargers 

moved by energy dispersed in wave packets that enable motion past un-conductive regions.  

Wave packets are probability waves measured by its position and momentum and its electric 

field barrier it must overcome.  This phenomenon explains the probability of charges that 

travels from one equilibrium state to another by hopping past potential local barriers [27].   
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Figure 68: Charge hopping between lowest 

potential energy, GC base pairs. 

However, when DNA is exposed to UV light, the distance between base pair orbitals 

from the undamaged to the damaged site increased due to structural kinking.  If the damage 

becomes significant enough, the probability for quantum hopping decreases as the distance 

increases.  However, most theories believe that GC base pairs are the orbitals favorable for 

charger hopping [50].  In relation to DNA damage, UV light specifically targets adjacent 

thymine base pairs and leaves the discrete molecular orbitals (GC) that conduct charge 

hopping untouched.  Based on the results, impedance did increase dependently on the energy 

from UV light exposure.  This meant that the distance of the conductive base pairs (GC) 

increased due to UV light damage.  This increase can be seen from the FTIR data that 

showed stretching occurring in the phosphate backbone.  An increase in the distance between 

phosphate backbones also meant an expansion between each base pair that likely caused the 

rise in the impedance measurements. 
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Figure 69: Charge hopping between discrete molecular orbitals, likely GC base pairs 

[50]. 

 
Figure 70: Charge hopping in alternating current before UV 

damage (left) and after UV damage (right). 

In comparison with all of the results, UV light fundamentally increased the electrical 

resistance of the DNA molecular wire.  The structural change found from FTIR spectroscopy 

supported the electrical data from this experiment that is further backed by the theoretical 

approach currently found in literature. 
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 CHAPTER 6  

CONCLUSION 

This study detailed the electrical characterization of UV light damaged DNA 

molecular wires, which was found to have semiconductor like traits.  What this research 

found was that UV light created an irreversible effect that reduced the electrical conductivity 

of DNA.  As a result, the reported reduction in conductivity of the system due to UV light 

supported the electron tunneling and charge hopping mechanisms described through 

literature.  In addition, DNA molecular wires were shown to be resistant to dissociation under 

UV-A light when compared to UV-C light.  Afterward, the main question remained of the 

long-term feasibility of DNA molecular wires.  This chapter discusses future research 

directions to influence the commercializing of DNA molecular wires.  

6.1 INCREASING CONDUCTIVITY OF DNA 

The conductivity of molecular wires in general is dependent on the molecular shape 

and atoms [51].   The λ-DNA strand used for this experiment consisted of an even 

distribution of Guanine-Cytosine to Adenine-Thymine base pairs.  However, if a DNA 

molecular wire consisted of only GC base pairs replaced the λ-DNA on the Mithras chip, the 

impedance values would theoretically decrease.  This is due to the hydrogen bonds between 

GC base pairs having the lowest energy barrier within DNA, thus causing a higher 

probability of quantum tunneling.  In addition, based on the charge transfer theory discussed 

in this thesis, an increase in GC base pairs would also shorten the railway or distance 

between charge hopping rest stops that would hypothetically create better electrical 

conductivity in DNA.  The increase in the electrical conductivity would provide more range 

in terms of current flow that would produce better application towards electronic 

components.  The hypothetical application of DNA molecular wires as organic 

semiconducting molecules would then provide a landmark in miniaturization of 

semiconductors. 
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In relation to this application of UV light, a GC filled DNA strand would theoretically 

pose no threat to DNA.  Therefore, the electrical conductivity of GC filled DNA strand 

would not change with respect to UV light irradiation.  This type of molecular wire would 

provide long term feasibility and sustainability in terms of environmental exposure due to 

UV light.  Unfortunately, there is no documentation of naturally occurring DNA composing 

of only GC base pairs and if such a sequence would be structural stable.  Finally, a GC filled 

DNA strand would likely provide dangerous cytotoxic effect if introduced in a human 

system. 

6.2 APPLICATION OF DNA MOLECULAR WIRES 

 The nature of semiconductors allowed the production of complex technological 

systems by integrating and controlling current flow in electrical components. UV light 

provides an opportunity to manipulate the properties of DNA for the purpose of engineering 

electrical components.  The application of a light activated enzyme found in plants that 

restored UV damaged DNA back to its original state would create a simple molecular switch.  

This system induces UV irradiation on DNA to create insulative behaviors while illuminating 

light from the visible spectra to activate enzymes that restore conductivity.  However, the 

biological problem remains from the extraction and purification of the enzymes from its 

natural organism and maintaining its properties in vitro. 

6.3 MEASUREMENT OF DRY DNA MOLECULAR WIRE 

 The demonstration that researchers can control DNA molecular wires on a substrate 

with precision in terms of position and orientation still remains a challenging task.  The 

trapping of DNA molecular wires in this experiment assumes that DNA is mainly responsible 

for charge transport.  One of the key components that remain unanswered in this thesis is the 

precise amount of DNA molecular wires that are actually gapping the two microelectrodes.  

The introduction of a microfluidic delivery system will help control the amount of DNA 

attachment, but not necessary isolate single molecular attachment.  Therefore, the next 

research can confirm single DNA attachment by using atomic force microscopy (AFM) or 

PMN-PT resonators [52] after careful optimizing of the DNA concentration with the use of a 

microfluidic system.   
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In addition, the composition of the molecular wire at the Mithras chip’s attachment 

site likely contains additional molecules beyond DNA.  In reality, residues from the salt 

solution unintentionally trap themselves within the major grooves of the DNA.  This likely 

influences the conductivity of the purposed molecular wire.  However, these additional 

abnormalities throughout the DNA molecular wires likely provided insufficient and 

insignificant amount of influence regarding electrical conductivity with respect to the DNA 

strand as a whole.  In addition, prolong exposures to an open environment would cause 

oxidation within the DNA.  Similarly to UV light, oversaturation by oxidation would cause 

DNA to dissociate at certain junctions throughout the strain. The next research needs to 

further neutralize those effects and investigate the optimal environmental conditions for 

storing DNA molecular wires. 
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APPENDIX A 

MOORE’S LAW 
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Figure 71: Moore’s Law versus Intel products. 
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APPENDIX B 

DNA ATTACHMENT DOCUMENTATION 
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Figure 72: Florescent images of Mithras chips with electrically confirmed 

attachment of DNA molecular wires.
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Table 5: Documentation of Attachment Success Rate.  
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APPENDIX C 

ELECTRICAL CONDUCTIVITY OF DNA 



76 

 

 

 

 

Table 6: Experimental Parameters. 

 

 
Figure 73: Chip 4 before and after UV exposure. 
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Figure 74: Chip 9 before and after UV exposure. 

 
Figure 75: Chip 11 before and after UV exposure. 
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Figure 76: Chip 15 before and after UV exposure. 

 
Figure 77: Chip 16 before and after UV exposure. 
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Figure 78: Chip 22 before and after UV exposure. 

 
Figure 79: Chip 28 before and after UV exposure. 
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Figure 80: Chip 29 before and after UV exposure. 

 
Figure 81: Chip 30 before and after UV exposure. 
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Figure 82: Chip 31 before and after UV exposure. 

 
Figure 83: Chip 32 before and after UV exposure. 
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Figure 84: Chip 40 before and after UV exposure. 

 
Figure 85: Chip 44 before and after UV exposure. 


