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ABSTRACT

The long-term objective of this work is to develop an integrated continuous-flow 

microfluidic device for the analysis of genetic changes in DNA. Initially, this required the 

development of new techniques to simulate and then quantify DNA damage using 

existing laboratory instrumentation. Many analytical protocols exist for the quantification 

of varied types of DNA damage, which span a range of complexity and sensitivity. As an 

efficient alternative to the existing procedures, this work demonstrates the application of 

quantitative polymerase chain reaction (qPCR) and high-resolution DNA melting 

analysis (HRMA) to the detection and quantification of intramolecular DNA damage 

and/or strand breaks. These proven molecular biology methods are essentially single-step 

processes. When implemented with a third-generation saturating DNA dye, we have 

demonstrated that high sensitivity can be obtained with both qPCR and HRMA. This 

work reinforces the applicability of these techniques in the real-time analysis of 

biological changes using existing laboratory instrumentation.

In order to begin the next step of miniaturizing these protocols, we have refined a 

microfluidic fabrication protocol. Using these optimized processing conditions to 

manufacture prototype microfluidic devices, we have successfully achieved on-chip DNA 

amplification, which is the most critical component of the qPCR methods that we have 

developed for DNA damage analysis. By further integrating a fluorescence-imaging 

functionality into this system (which is beyond the scope of this current project), this



microfluidic system will provide a rapidity and sensitivity of DNA damage quantification 

that does not currently exist.
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CHAPTER 1

INTRODUCTION

In spite of the self-reparability of living cells, they are susceptible to various 

higher levels of damage when exposed to radiation, resulting in mutations and also 

cellular death. Radiation can either interact directly with the cellular components or 

indirectly with the water molecules inside the cells, thereby forming water-derived 

radicals [1-3]. Either way, radiation may cause short term or long-term consequences 

that would hinder cell functionality. The type of radiation-induced damage may occur in 

various forms such as: strand breaks, base damage, and inter-strand crosslinks [3,4]. The 

severity of DNA damage is proportional to the time and intensity of radiation exposure.

1.1 Goal

The major goal of this project is to develop methods and tools for real time 

analysis of DNA damage when exposed to radiation. This includes experimental 

protocols for use on existing laboratory equipment, as well as the creation and validation 

of an integrated microfluidic system.

1.2 Hypothesis

Our hypothesis is that DNA damage in living cells can be quantified in real time 

using existing laboratory instrumentation and also in a micro-fabricated device, both of 

which are fluorescence-based systems. In an effort to prove our hypothesis, we have

1



quantified different types of DNA damage using a real-time instrument. Our aim is to 

show high sensitivity and also to demonstrate the capability of an integrated microfluidic 

system for the amplification of DNA.

1.3 Demonstration and Significance

We were able to demonstrate an efficient way of detecting different types of 

radiation damage in DNA in real time. These include intramolecular DNA damage, as 

well as strand breaks. We have developed fluorescence-based techniques for early DNA 

damage detection and also quantification of DNA damage using a commercially available 

real-time instrument. We have been able to amplify different targets in a DNA template 

in a single run in the real-time instrument. We have differentiated the damage caused 

from different types of UV radiation. We have been able to fabricate a microfluidic 

device, which along with a thermal and an optical set up was used to show on-chip 

quantitative Polymerase Chain Reaction (qPCR) and High Resolution Melting Analysis 

(HRMA). The microfluidic setup can be integrated further with a cell culture system, thus 

forming a stable microenvironment for cell growth and on-demand genetic analysis. The 

microfluidic system can thereby possess the ability for rapid and efficient detection of 

DNA damage.

DNA damage affects living cells in a number of ways. There is a clear need to 

combine different detection methods to quantify the damage and gain further insight into 

the related cellular disorders such as carcinogenesis and genomic instability. This thesis 

demonstrates the feasibility of damage analysis in living cells by using the microfluidic 

system such that the repair mechanisms can be studied with higher precision.
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1.4 Background and Prior Work

1.4.1 Basics of DNA

Deoxyribonucleic acid (DNA) is the genetic material within the cell nucleus. 

DNA (Figure 1-1) is a polymer made up of four different types of nucleotides/bases 

called A (Adenine), T (Thymine), G (Guanine), and C (Cytosine). The backbone of DNA 

is a polymer consisting of sugar molecules with alternating phosphate groups. Two DNA 

strands running anti-parallel to each other are held together in a double helix structure 

with the help of complementary bases to form a double-stranded DNA molecule. The 

complementary base pair AT uses two hydrogen bonds, whereas GC uses three hydrogen 

bonds. This base pairing allows the GC pair to form a stronger bond compared to the AT 

pair.

Figure 1-1: Structure of DNA.
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1.4.2 DNA Amplification

Prior to cell division, DNA is replicated with the help of enzymes and proteins. 

The initial parent double-stranded DNA starts to unwind itself to form two separate 

single strands, onto which complementary bases are rearranged with the help of an 

enzyme called DNA polymerase, thus forming two double-stranded daughter strands. 

This process of DNA replication/amplification is synthesized in the laboratories by 

adding the necessary amounts of reagents to the initial DNA template. In the presence of 

sufficient reagents and the required temperatures, the DNA continues to amplify and is 

known as the Polymerase Chain Reaction (PCR). PCR is performed in multiple cycles of 

temperature changes consisting of denaturing step, annealing step, and an extension step. 

A double-stranded template converts to single-stranded at the denaturing step. Short 

strands of DNA called primers are bound to the ends of the single-stranded DNA at the 

annealing temperature. At the extension temperature, the complementary bases are 

polymerized all along the length of the single-stranded DNA, thus converting the two 

single-stranded DNA into two double-stranded DNA molecules. Multiple strands are thus 

formed from a double-stranded template DNA. The PCR technique was first developed 

for amplifying DNA in 1984 by Kary Mullis and has since then revolutionized areas 

including biological, medical, and clinical analyses [5]. PCR has become one of the most 

widely used techniques for nucleic acid analysis due to its high reproducibility and 

sensitivity [6].

1.4.3 aPCR and HRMA

qPCR is a PCR technique used to monitor the progression of the amplification 

and to determine the initial amount of DNA template present in the reaction mixture. A
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dye is included in the PCR mixture and loaded into the real-time thermal cycler. In the

thermal cycler, the dye exhibits fluorescence in the presence of double-stranded DNA, 

which shows the fluorescence signal to increase gradually with the number of PCR 

cycles. The proportional increase in the fluorescence intensity with the cycle number 

allows the quantification of DNA. A representative qPCR curve is shown in Figure 1-2. 

The cycle number (referred to mostly as Cp or Ct) where the amplification curve crosses 

the threshold and starts to give a fluorescence signal is a function of the DNA template 

concentration.

35

< 20

30

5

0
0 5 10 15 20 25 30

Cycles

Figure 1-2: Sample qPCR amplification curves. The mixture with a higher initial DNA 
concentration (the leftmost curve in this example) starts to show fluorescence 
at an earlier cycle number.
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The amplified DNA can further be analyzed in the real-time thermal cycler using 

HRMA, which is a rapid and cost-effective technique. In this technique, the sample is 

heated in a very controlled way up to and past the temperature at which the double

stranded DNA separates/melts. The initial double-stranded DNA therefore exhibits a high 

level of fluorescence that gradually decreases with an increase in the temperature. The 

first derivative of the resulting fluorescence versus temperature curve reveals the melting 

temperature [7] of the DNA, where 50% of the DNA is denatured. A representative graph 

of the DNA melting curve and its derivative plot is shown in Figure 1-3.

D
<

§E

100

80

60

40

20

0
9070 75 80 85 95 100

Temperature (C)

75 80 85

Temperature (C)

Figure 1-3: DNA melt curve and its derivative plot.

In the presented work, the real-time PCR instrument Light Scanner 32 (LS32) has 

been used for qPCR and subsequent HRMA on the samples. The subsequent HRMA on 

the PCR product is a measure of certainty that the fluorescence signal is from the actual 

product and not any non-specific amplification. The shape of the melting curves is a 

function of the sequence, length, and also the GC content [8]. When compared to the



conventional gel electrophoresis, HRMA can differentiate between different AT/GC ratio 

products having the same lengths.

1.4.4 DNA Damage

DNA damage can be a result of either daily activity in the cellular functioning or 

any external reacting agents. DNA damage can be caused through a wide variety of 

external factors such as ionizing and non-ionizing radiation, UV light, and also chemical 

agents such as hydrogen peroxide [3, 9, 10]. Table 1-1 summarizes a few different 

external agents capable of damaging DNA.

Table 1-1: DNA damaging agents.

Damaging
agent

Major damage detected Detection methods Reference

UV-A radiation • TT dimers
• Oxidized bases

• High performance 
liquid
chromatography- 
mass spectrometry 
(HPLC-MS) assay

• Immuno-dot-blot 
assay

[1,11-14]

UV-B radiation • TT dimers
• TC dimers
• Photoproducts

• HPLC-MS assay
• Immuno-dot-blot 

assay
• PCR assay

[1,12-16]

UV-C radiation • TT dimers
• Oxidative damage

• High performance 
liquid
chromatography- 
electrochemical 
detection (HPLC- 
ECD) assay

• Immuno-dot-blot 
assay

• Electrochemical 
methods

• qPCR assay
• Long amplicon

[13,16- 
21]
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qPCR assay

Ionizing
radiation

• Single-strand 
breaks

• Double-strand 
breaks

• Oxidative damage

• HPLC-ECD assay
• Comet assay
• Flow cytometry
• Long amplicon 

qPCR assay

[2,17,21,
22]

Hydrogen
Peroxide

• Base damage
• Single-strand 

breaks

• Gas 
chromatography- 
mass spectrometry 
(GC-MS)

• Comet assay

[9,23,24]

DNA when damaged may cause simple base changes or even complex alterations 

leading to mutations followed by cell death [4]. Since radiation exposure is one of the 

least understood of the damaging agents with DNA, in the presented work we have 

chosen to model DNA damage caused from radiation. The predominant forms of 

radiation damaged DNA are shown in Figure 1-4.
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Radiation 
Damage to 

DNA

I
H

Strand Breaks 
(Single/Double)

IL

Cyclobutane 
Pyrimidine 

Dimers (CPDs)

H
6-4

Photoproducts
Oxidative

lesions

Figure 1-4: Major types of DNA damage.

Strand breaks, as the name suggests, are breaks produced either in a single strand 

(single-strand break) or in both the strands (double-strand break). Single-strand breaks 

can be produced directly by damaging agents or as intermediates in the process of repair 

[4]. Double-strand breaks are formed by ionizing radiation [4, 25] to a major extent even 

though formed with relatively lesser rate by non-ionizing radiation [11]. The coupling of 

the double bonds between adjacent pyrimidine bases forms CPDs [1]. Though occurring 

in less frequency when compared to CPDs, 6-4 photoproducts are considered to have 

more lethal effects when not repaired. The formation of 6-4 photoproducts involves the 

singlet-excited state caused by the coupling between the double bond of the pyrimidine 

and the carbonyl group [1, 22]. Oxidative damage to DNA is a result of photo-oxidation
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reactions leading to products like hydroxyl radicals. Oxidative mechanisms are proven to 

be mutational and carcinogenic [1,26].

1.4.5 Microfluidics

A dominant aspect of this thesis work deals with the improvement or acceleration 

of damage detection through the application of microfluidic technologies. Microfluidics 

deals with the manipulation and analysis of small amounts of fluids within the 

microchannels. This feature of miniaturization has applications ranging from industries 

such as biomedical, chemical, automotive and pharmaceutical to food and healthcare [5, 

27]. Microfluidics, also known as micro total analysis systems or lab-on-a chip, gained 

traction in the 1990s, and since then it offers promising potential in the miniaturization of 

conventional equipment throughout academia and industry [28, 29]. The benefits of 

microfluidic systems include rapid analysis with short reaction times, high-throughput, 

handling small fluid volumes leading to low waste levels and less consumption of 

reagents, and lower cost.

1.4.6 Microfluidics for Biology

A variety of biological applications of microfluidics have been demonstrated 

including protein analysis, PCR amplification, and DNA sequencing. Microfluidics has 

been implemented towards integrated microfluidic PCR including micropumps, capillary 

electrophoresis and sample purification methods [6, 30, 31]. Conventional PCR would 

require a high consumption of reagents and also post-PCR analysis needs to be done off

line, making it difficult for integration onto the microsystems [5]. Research has been 

done to miniaturize thermo-cyclers to allow fast PCR cycle rates [30, 32]. Since the speed 

of PCR depends on faster temperature changes and heat transfer between the samples and
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the device, rapid thermal cycling achieved through micro-fabricated PCR devices would 

be of great advantage. The added advantages of microfluidic devices include scope of 

parallel operation for multiple analyses and also the portability [32], Integration of PCR 

with pre and post-amplification modules and also portable versions of these microfluidic 

devices have been reported [33] incorporating automated sample handling and also 

increased thermal response rate with a uniform temperature distribution [6].

1.4.7 On-Chip Microfluidics

The size of the microchannels defines the fluid flow in microfluidics to be laminar 

as shown by the Reynolds number Re in Eq. 1.1:

R« = ppDh/r), Eq. 1.1

where p, p, Dh and p are the density, flow velocity, hydraulic diameter and the dynamic 

viscosity in the microchannel, respectively. R« is also referred to as the ratio of the 

inertial forces to the viscous forces as shown in Eq. 1.1. The small size of microchannels 

leading to a very low value of Re thus indicates the dominance of viscous forces (p) when 

compared to the inertial forces (ppDh).

Chip-based microfluidic PCR can be classified into well-based PCR [34-36] and 

continuous flow PCR [32, 37-39]. In well-based PCR, the sample inserted into the chip 

undergoes heating and cooling thermal cycles along with the chip which leads to larger 

thermal mass and longer cycling time. Continuous-flow PCR in turn uses fixed 

temperature zones through which the sample is flowed in order to attain the thermal 

cycling. The difference in the thermal cycling between the two approaches offers 

advantages to continuous-flow PCR in terms of rapid thermal cycling, less energy 

consumption, and ease of sample integration with other microsystems.
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The initially developed continuous-flow PCR device by Nakano et al. [40] was 

capillary-based, which achieved a 50% amplification yield by using only 10% of the 

processing time compared to the commercial thermocyclers. Several other capillary- 

based devices were reported [41, 42]. In spite of the high amplification yield and speed, 

the difficulty lies in the integration of capillary-based devices.

A chip-based continuous-flow PCR device was first developed by Kopp et al. 

[39] in a Coming glass chip. This research group has reported on-chip amplification with 

a cycle time of 1 minute and the final PCR product was shown comparable to the 

commercial thermocyclers. Since then several groups have worked on the miniaturization 

and integration of the continuous-flow amplification systems and Table 1-2 gives a 

summary of the various continuous-flow PCR chips reported.

Table 1-2: Continuous-flow amplification systems reported [5,43].

Layout Heaters Demonstration Features Reference
Fixed-loop 

with 20 
cycles

Amplification 
of 176-base 

pair (bp) 
fragment in 
90seconds

First on-chip 
continuous-flow PCR

[39]

Fixed-loop 
with 25 
cycles

Integrated
heaters

Amplification 
of 700-base 

pair (bp) 
fragment in less 
than 30 minutes

Proposed a 
liquid/liquid two phase 

PCR

[44]

Fixed-loop 
with 30 
cycles

Integrated 
Indium-tin- 

oxide heaters

Amplification 
of 450-base 

pair (bp) 
fragment in 19 

minutes

On-line fluorescence 
monitoring system

[45]

Fixed-loop 
with 

multiple 
cycles 20,

Amplification 
of 230-base 

pair (bp) 
fragment after

Integration of DNA 
and RNA 

amplification with 
cycle number

[46,47]
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25, 30,35, 
and 40

30 cycles in 
only 6 minutes

selection; laser- 
induced fluorescence 

detection system
Fixed-loop 

with 30 
cycles

Integrated 
Indium-tin- 

oxide heaters

Amplification 
of 1460-base 

pair (bp) 
fragment in 60 

minutes

[38]

Fixed-loop 
with 50 
cycles

Amplification 
of 113-base 

pair (bp) 
fragment in 40 

minutes

Prevention of air 
bubbles in 

microchannels; laser- 
induced fluorescence 

detection system

[48]

Fixed-loop 
with 20 
cycles

Amplification 
of 632-base 

pair (bp) 
fragment in 
14.6 minutes

Coupled with a solid- 
phase reversible 

immobilization chip

[37]

Fixed-loop 
with 20 
cycles

Amplification 
of 90-base pair 
(bp) fragment

Numerical simulation 
for device optimal 
design; Reduced 
transition time 

between the 
temperature zones

[49]

Closed- 
loop design

Amplification 
of 500-base 

pair (bp) 
fragment in 
13.5 minutes

Magnetohydrodynamic 
force used to pump 

fluid

[50]

Fixed-loop 
with 30 
cycles

Amplification 
of 290-base 

pair (bp) 
fragment in 
18.7 minutes

Coupled with 13 
cycles for an allele- 

specific ligation 
detection reaction

[51]

Oscillatory 
PCR chip

Demonstrated 
to determine 
the threshold 
cycle number 

for their device

Proposed a parallel 
design to increase 

throughput; On-line 
optical detection 

system to monitor 
fluorescence level

[52]

Fixed-loop 
with 40 
cycles

Integrated
heating/cooling

elements

Amplification 
of 108-base 

pair (bp) 
fragment in less 
than 9 minutes

N arrowing/widening 
channels to manipulate 
temperature gradient; 

resulted in smaller 
device footprint

[43]
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On-chip continuous-flow PCR does suffer from a few limitations such as the 

generation of air bubbles in the microchannels, lack of flexibility in controlling the flow 

velocity regionally as per the PCR requirements, and a pressure-driven flow requiring an 

external syringe pump. However, a few alternative approaches have been developed to 

overcome the above issues. The generation of air bubbles has been addressed by having a 

fluorinated oil cap just ahead of the PCR sample into the microchannels [48]. Regional 

velocity control in the microchannels with an improved heating configuration has been 

reported for an efficient on-chip PCR [49]. The requirement of an external pump can be 

eliminated by the use of an electro-osmotic flow driven PCR [53-55].

PCR requiring smaller volumes helps to reduce costs and also enables rapid 

thermal cycling but may not reduce the amplification time needed if an efficient heater 

assembly is not used. The thermal mass of the system thus plays a crucial role in the 

speed of the PCR [56]. Table 1-3 presents on-chip continuous-flow PCR experiments and 

the parameters used by different research groups.

Table 1-3: Chip-based continuous-flow amplification [56],

Reaction 
volume (nl)

Amplicon 
length (bp)

Amplification 
time (s)

Amplification 
cycle number

Time per cycle 
(seconds/cycle)

100 430 480-1800 30
500 500 1086 27 -40
1000 -900 35 -26

-6000 145 2100 25 84
4500 240 2280 23 -12
8000 372 300 40 7.5
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1.4.7.1 Materials for Microfabrication

The first material used for microfluidics was silicon, followed by glass [29, 56- 

58]. Recently, the use of elastomers such as polydimethylsiloxane (PDMS), 

polymethylmethacrylate (PMMA) and polycarbonate as alternative substrates has 

increased [56, 58]. Commonly used methods for the fabrication of microfluidic devices 

include wet or dry etching, reactive ion etching, photolithography, soft lithography, laser 

ablation, hot embossing, and xurography [29, 30, 59].

Each of the substrates is associated with several advantages and disadvantages 

and therefore the appropriate substrate is chosen based on factors such as desired 

application, available technology and cost associated. The high thermal conductivity of 

silicon ensures a uniform temperature distribution and thus rapid thermal cycling. 

However, silicon is not compatible with PCR; its thermal conductivity causes problems 

with thermal insulation; its electrical conductivity creates problems in integration; its 

optical opacity in visible light is a limitation [29, 56-58]. Glass devices are beneficial in 

terms of mechanical strength, optical properties, biological sample compatibility, gas 

impermeability, relatively low nonspecific adsorption and well-known surface chemistry 

[29, 30, 58]. However, the higher costs, material and energy requirements in silicon and 

glass processing have led to the investigation of disposable microfluidic devices made out 

of polymers. Being an inexpensive elastomeric polymer, PDMS possesses several 

advantages such as flexibility, simplifying formation of multi-layer devices, better optical 

transparency, higher biocompatibility than silicon, and also ease of integration with on- 

chip fluidic pumps/valves [56, 57]. However, the low thermal conductivity of all 

optically-clear polymers is a severe disadvantage, particularly for continuous-flow
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systems. The presented work deals with fabrication of glass micro devices owing to their 

optical and thermal properties necessary for on-chip PCR and fluorescence based 

detection.

1.4.7.2 Surface Treatment o f  Microchannels

The high surface-to-volume ratio in the microchannels causes problems with the 

PCR mixture flow. The irregularities inside the fabricated channels such as surface 

roughness limit the PCR efficiency by increasing the possibility of interaction/adsorption 

of the biomolecules with the channel walls. This suggests the need for surface 

modification/treatment for the operation of on-chip PCR. Different techniques for surface 

modification have been investigated and can be classified into static and dynamic 

treatment [6, 28, 32, 56, 60, 61]. Static treatment refers to the pre-coating of the surface 

during fabrication or just before chip use with materials such as silicon dioxide, silanizing 

agents, polymer coatings, and bovine serum albumin (BSA) [6, 56, 60]. Surface 

modification of PDMS from hydrophobic to hydrophilic has been possible through 

oxygen plasma treatment [32, 56]. Dynamic coatings of channels using SigmaCote 

(Sigma-Aldrich, USA) silanization methods have also been investigated [62]. The other 

widely used dynamic reagents include BSA, polyvinylpyrrolidone (PVP), polyethylene 

glycol (PEG) and Tween 20 [6, 32, 44, 56]. BSA and Tween 20 when added optimally 

can improve the PCR efficiency by decreasing the adsorption of the DNA polymerase 

[44, 56].

1.4.7.3 DNA Detection Methods

Several DNA detection methods have been investigated both off-line and also on- 

chip. Off-line detection techniques use intercalating dyes such as SYBR green, LCGreen
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plus and RDT-D1 in combination with gel electrophoresis to detect the post amplification 

products [31, 56]. A few other off-line detection techniques include flow cytometry [63- 

65] and electrophoresis systems [66-68]. However, the off-line techniques are time- 

consuming and have an increased risk of contamination during the sample loading 

process.

On-chip detection methods can be optical, electrochemical or mass spectrometry 

detection. Optical detection methods were the most commonly used due to the 

advantages such as good detection limits, reasonable equipment requirements, isolation 

from the sample, and ease of implementation [29, 30]. Fluorescence-based detection 

methods are widely used in detection due to their sensitivity. Off-chip fluorescence 

typically uses a laser excitation source with charge-couple device (CCD) cameras or a 

photomultiplier to detect the fluorescence [29, 30]. With the increasing popularity of 

fluorescence-based detection, labeling or intercalating dyes have been developed. Real

time DNA detection has been developed based on the fluorescence emitted from the 

interaction of the dyes with the increased amount of double-stranded DNA after 

amplification. The end-point analysis is obtained by measuring the sample fluorescence 

before and after amplification, which is an indication of the amplified double-stranded 

DNA. In addition to fluorescence, chemiluminescence (production of light through a 

chemical reaction) and UV absorbance detection methods are also used in microfluidics 

[29,30].

1.5 Roadmap

The experimental design and the various steps undertaken to achieve the goal of 

this project have been summarized in the following chapters. Chapter 2 focuses on
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different types of simulated DNA damage and its detection by applying qPCR and 

HRMA techniques on the real-time PCR instrument LS32. It also discusses different 

analyses performed using LS32. Most of the results presented in this chapter have been 

published in the Journal of Microbiological Methods [69]. Chapter 3 discusses the 

fabrication materials and procedures used in the fabrication of the microfluidic device. It 

also covers the complete experimental set-up of the microfluidic system including the 

microchip, heating assembly, optics, and the pumping system. The results of the on-chip 

microfluidic PCR have been presented. Chapter 4 discusses the conclusions and the 

direction of future work. It also highlights the differences between the conventional 

instrumentation and the microfluidic system.



CHAPTER 2

EXPERIMENTS ON CONVENTIONAL INSTRUMENTATION

2.1 Background

DNA in vitro and in vivo is prone to damage when exposed to high-energy 

radiation [1]. This damage can be a breaking of one or both of the strands in the DNA 

helix, a fusing of the two strands to each other, to themselves (dimers), or other types of 

molecular damage to the nucleotides. Fragmented DNA can be observed directly using 

conventional techniques such as capillary electrophoresis [70] and the comet assay [71]. 

The observation of internal damage has typically required more circuitous analysis, such 

as high performance liquid chromatographic-mass spectrometry (HPLC-MS/MS) [16], 

hydrolysis of DNA followed by chromatographic separation [17], electrochemical 

measurements [18], or the enzymatic conversion of photoproducts into strand breaks 

[16].

This chapter reports the use of intercalating dye strategies to directly detect strand 

breaks as well as intramolecular damage of DNA by means of qPCR and/or HRMA in 

the LS32. This chapter also discusses the use of the real-time PCR instrument not only 

for multiplex amplification and detection of samples (two different amplification 

products being distinguished in a single tube), but also detection of damaged DNA in 

multiplexed samples. Being cost-effective, detection of real-time multiplex PCR damage 

also proves to be advantageous in terms of time needed for distinguishing different

19
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products. The techniques demonstrated here provide a wide range of applications within 

the field of microbiological sciences. For example, the qPCR method could be used to 

determine the relative resistance of genes of interest to different damage mechanisms, or 

the qPCR and/or the HRMA technique could be used to evaluate the effectiveness of 

sterilization techniques for medical tools [72], food processing [73, 74], industrial 

cleanroom environments [75], and to detect food-borne pathogens such as Escherichia 

coli [76], and Brucella species [77], clinical laboratories for diagnosing multiple viruses 

[78].

2.1.1 qPCR

An intercalating DNA dye added with other reagents used for DNA amplification 

performs quantitative PCR. This particular family of dyes exhibits an increase in 

fluorescence emission when in the presence of double-stranded DNA (dsDNA). As the 

concentration of amplicon increases with each successive PCR cycle, the increase in the 

fluorescence intensity reveals the real-time kinetics of the amplification. This is used to 

determine the initial concentration of DNA in a given PCR mixture [79]. Neither internal 

damage (e.g. photoproducts) nor external damage (e.g. double-strand breaks) produces 

change in the initial DNA concentration. However, it does reduce the amount of 

amplifiable DNA in the sample [80, 81]. This equates to an effectual reduction in the 

initial DNA concentration, which can be measured by qPCR. In this way, the rapid 

processing and high sensitivity of qPCR can be used to quantify DNA damage. This 

technique can be applicable not only to quantify the damage to DNA, but also in various 

fields of genetic engineering [82], environmental detection, and quantification of
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microorganisms such as airborne Thermoactinomyces vulgaris [7], E. coli [83, 84], and 

thermophilic bacilli in milk powder [85].

2.1.2 HRMA

High-resolution DNA melting analysis is commonly used as a label-free 

fluorescence technique for DNA genotyping and mutation scanning [86, 87], and it is 

sensitive enough to distinguish even single-base changes to a DNA sequence [88]. Other 

applications of HRMA include pre-sequence screening, variant fraction quantification, 

methylation studies [89], detection of mutations in Plasmodium falciparum genes related 

to malarial drug resistance [90], and diagnosis of cryptosporidiosis, an intestinal disease 

in humans [91]. HRMA is performed on a concentrated DNA mixture containing an 

intercalating dye (such as qPCR amplicon) by observing the fluorescence decay as the 

sample is heated above its melting temperature. As the DNA denatures, the fluorescence 

decreases as a function of strand separation. Maximum sensitivity is obtained when a 

saturating intercalating dye is used [92]. HRMA is perfectly compatible with qPCR 

amplification, and it can be performed as an endpoint analysis in several commercially 

available PCR instruments [93]. For complex HRMA data sets, the melt curves can be 

deconvoluted into critical parameters [94]. At its essence, HRMA is simply a measure of 

the binding energy between the DNA strands. “DNA melting” occurs when the thermal 

energy provided by the increasing temperature exceeds the binding energy between the 

two strands of DNA. The hydrogen bonds are then broken and the strands dissociate. Any 

change in the overall or local binding energy will change the behavior of the melt. This 

produces a shifting and/or shape change of the fluorescence versus the temperature DNA 

melting curve. Even more than the melt curve itself, the slope of the melt curve as a
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function of temperature (called the derivative plot) highlights differences between the 

samples. This allows HRMA to reveal any quantitative and qualitative changes in the 

DNA samples. Because damaged DNA has a lower total binding energy, degrees of 

damage can be monitored with HRMA. This chapter demonstrates the use of qPCR and 

HRMA to monitor biological changes in real-time. To model intramolecular DNA 

damage, UV-C was used to induce cyclobutane pyrimidine dimers (CPDs) in the DNA 

[95]. To model double-strand breaks (DSBs), a restriction enzyme was used to cleave 

DNA. To detect multiplex PCR damage using qPCR and HRMA, two different primer 

sets have been added to the master mix along with the other PCR reagents. A variety of 

plasmid templates and amplicon targets were used for experiments presented in this 

chapter.

2.2 Experimental Materials and Methods

2.2.1 Procedures

2.2.1.1 PCR

The PCR mixture was prepared with DNA template, 0.5 mM of each of the 

forward and reverse primers, 200 mM of each deoxynucleotide triphosphate (dNTP), 0.08 

U/pL of KlenTaql polymerase (AB Peptides, MO, USA), 0.08 U/pL Monoclonal Anti- 

Taq Antibody (eEnzyme, MD, USA), and 3 mM MgC12 in a 50 mM Tris (pH 8.3) buffer. 

The mixture included 1 X of a third generation saturating dye (LCGreen Plus, BioFire 

Diagnostics, Inc., UT, USA) optimized for the real-time PCR instrument (LS32, BioFire 

Diagnostics, Inc., USA) and sample glass capillaries (LightCycler® Capillaries, Roche) 

used in these experiments. Reaction volumes of 10 pi were used for all PCR tests. Up to 

32 samples were simultaneously amplified in accordance with the manufacturer’s
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instructions and known rapid PCR protocols [96]. The parameters of the amplification 

protocol (cycle number and the denaturing, annealing, and extension temperatures) were 

optimized for each template/primer combination used. For all PCR experiments, the hold 

times at each temperature were: 3 s -  denaturing, 3 s -  annealing, and 3 s -  extension. 

The ramp rate between each temperature was 5°C/s.

2.2.1.2 DNA Damase

Damage by UV irradiation (creating CPDs) was performed by exposing DNA 

samples in a UV-C crosslinker (CL-1000, UVP, CA, USA), having five 8 W UV-C bulbs 

(G8T5, Sanyo Denki America, Inc., CA, USA) with an emission wavelength of 254±2 

nm. For other experiments, DSBs were formed by digesting PCR-amplified DNA using 

the CaC8I restriction endonuclease (New England Biolabs, MA, USA). The digestion 

was performed in accordance with the vendor-supplied protocol. Briefly, the chosen 

target sequence was amplified, after which the dsDNA amplicon was purified by ethanol 

precipitation. The digestion was then performed in a 50 pi mixture by combining 34 pi 

water, 5 pi IX NEBuffer4 (New England Biolabs, MA, USA), 10 pi amplified DNA and 

lpl CaC8I. After overnight digestion, the DNA was again purified by ethanol 

precipitation, and then suspended in a Tris (pH 7.6) buffer, the same as the undigested 

control sample. For testing, multiple ratios of the digested and undigested DNA were 

combined.

2.2.1.3 qPCR

The crossing point (Cp) of a qPCR amplification curve refers to the cycle number 

where the fluorescence exceeds a given threshold, thus indicating the presence of a PCR 

product in a sufficient amount to be detected. The crossing point is related to the
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amplification efficiency ( t | p c r )  and the initial template concentration (Xo). Changes in the 

crossing point (ACP) and percent changes in the initial template concentration (AXo) can 

be correlated as shown in Eq. 2.1:

AX0 = (1 + tipcr)ACpX  100%. Eq. 2.1

The amount of the initial template was the same for all the samples used in this study. 

However, an increasingly damaged template was expected to cause a decrease in the 

amplifiable DNA, thereby producing a shift in the qPCR crossing point. The magnitude 

of this shift was used to infer the extent of DNA damage.

2.2.1.4 HRMA

For HRMA, DNA melting curves were analyzed in the LS32 either immediately 

after PCR (without the need to take the samples out of the LS32) or after UV damage. 

The same sample volumes (10 pi) and capillaries were used for HRMA as for the qPCR. 

The melting of all samples was performed by heating each sample from 50° to 95° C, at a 

heating rate of 0.3° C/s. The melt curves were analyzed on the native BioFire software, 

and also parameterized using a numerical software (MATLAB, MathWorks, MA), 

echoing the technique demonstrated by another group [94].

2.2.1.5 Gel Electrophoresis

When gel electrophoresis was used for size or quantity evaluation, 8 pi of each 

sample (plus 2 pi loading dye) was loaded in a 2% agarose gel (Sigma, USA), immersed 

in a TBE buffer, and 110 V was applied for 45 minutes (Galileo Bioscience, MA, USA; 

Enduro power supplies, Labnet International, Inc., NJ, USA). The DNA ladder N3234S 

(New England Biolabs, MA, USA) was used as a sizing reference. After electrophoresis,
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the gels were imaged using a UV transilluminator (GelDoc-It, UVP LLC, CA, USA). We 

performed subsequent excision of the products manually.

2.2.2 Experimental Design

2.2.2.1 aPCR to Detect CPDs

To detect intramolecular DNA damage (CPDs) using qPCR, two different primer 

sets shown in Table 2-1 were used, targeting a 112-bp (base pair) and a 106-bp segment 

of the pET-24b plasmid (Novagen, Darmstadt, Germany).

Table 2-1: Primer sets and associated details for DNA damage studies.

Experiment
Set

Primer sets and amplified regions Product
size

Primer
Tm

qPCRto 
detect CPDs, 
qPCR and 
HRMA to 
detect CPDs 
in multiplex 
PCR

Source: E.coli 
Low risk sequence:
Amplified region on plasmid: 3442-3553 
Forward: 5’- AGT TCG GTG TAG GTC GTT 

CG-3’
Reverse: 5’- GTC TTA CCG GGT TGG ACT 

CA-3’

112-bp

56.8° C 

56.5° C

High risk sequence:
Amplified region on plasmid: 4495-4600 
Forward: 5’- ATT CTC ACC GGA TTC AGT 

CG-3’
Reverse: 5’- GAT TCC GAC TCG TCC AAC 

AT-3’

106-bp

54.5° C 

54.7° C

HRMA to 
detect CPDs

Source: E.coli 
Strain: HF 4704
Amplified region on plasmid (0X174-1): 260- 
369
Forward: 5’- GGT TCG TCA AGG ACT GGT 

TT-3’
Reverse: 5’- TTG AAC AGC ATC GGA CTC 

AG-3’

110-bp
55.1° C 

54.9° C

HRMA to 
detect DSBs

Source: E.coli 
Strain: HF 4704
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Amplified region on plasmid (0X174-2): 802- 115-bp
916 53.7° C
Forward: 5’- CAG AAG AAA ACG TGC GTC

AA-3’ 55.9° C
Reverse: 5’- GCC TTT AGT ACC TCG CAA

CG-3’

The two PCR targets were selected such that one would be more susceptible to 

UV damage than the other. Others have done this by amplifying targets of significantly 

different sizes [81]. However, a goal of this present work was to use PCR targets below 

200-bp, thereby enabling rapid PCR thermocycling [96]. Therefore, the entire plasmid 

sequence was analyzed with MATLAB to identify regions of high and low damage 

susceptibility, based on the presence of specific base pairs (TT>TC>CT>CC) and their 

complements. Risk of damage for the respective based pairs was correlated to the damage 

site frequency values previously obtained by Douki and Cadet for UV-C [97]. The 

potential damage sites and their relative degree of damage risk are shown in Figure 2-1. 

The high risk 106-bp sequence is approximately 50% more susceptible to UV damage 

than the low risk (112-bp) sequence. qPCR was used to evaluate UV damage of both 

plasmid regions under identical exposure conditions. The resulting shift in qPCR crossing 

point was correlated to the template exposure time for the “high risk” and the “low risk” 

targets.
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p n n rc rc g iq a
High risk sequence

PRtocrreiiQn

■i H i  i
ATTCTCAOCGGWTtA<nOS!rC*CtCATCSTGArTTCrC*CnGATAAOCfWTnTISAOG*<XiGGAAArr*W*GCTTCT<nC^KnTGGACGACTOG6A/Jd

I IT  I TC CT I CC AA i AG I GA I GG

Low risk sequence

primer region pnmerregion

/̂ TTCSITGW<i<nCCiTTCOCTCCAAGOlj<aXTGTOTGCACGAAaXCCCGnCA(KCI3&ACCOCreCGCCTTArCCGGTMCrWCfiTCTt6A61CCAACXXIOTAA6AC

Figure 2-1: The high risk and low risk DNA sequences, with vertical lines indicating the 
location and relative susceptibility of the potential dimerization sites. Using 
the risk scale developed by Douki and Cadet, the high risk sequence is about 
50% more susceptible to UV damage than the low risk sequence.

For these experiments, the template DNA samples were loaded into the glass 

capillaries. The control (undamaged) samples were left in the refrigerator and the rest of 

the samples exposed to UV-C radiation ranging from a few seconds to several minutes. 

After exposure, the PCR reagents were added, reducing the template concentration from 

136 pg/pl to 13.6 pg/pl. The samples were subsequently amplified in the LS32 instrument 

for 30 cycles at temperatures of 96° C -  denaturing, 62° C -  annealing, and 72° C -  

extension. The damage in the DNA samples was observed by comparing the crossing 

points (Cp) of their amplification curves with those of non-irradiated samples.
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2.2.2.2 HRMA to Detect CPDs

HRMA was used to detect damage (CPDs) to PCR-amplified DNA samples. A 

PCR mixture was used with forward and reverse primers shown in Table 2-1 targeting a 

110-bp (base pair) segment of the <J>X174 bacteriophage (New England Biolabs, MA, 

USA), 0X174-1. For these tests, aliquots from a bulk PCR mixture were used. The PCR 

protocol for amplification in the LS32 consisted of 40 cycles, with temperatures of 96° C 

-  denaturing, 65° C -  annealing, and 72° C -  extension. At the conclusion of the PCR, 

HRMA was performed on all samples. The capillaries were then placed inside the UV 

crosslinker. The crosslinker was turned on and one capillary was removed every 10 

seconds so that the last capillary removed had experienced a total of 10 minutes of 

radiation exposure, resulting in a total of 61 samples. The capillaries were then returned 

to the LS32 instrument for a subsequent HRMA. The results from HRMA were also 

compared with the gel electrophoresis.

HRMA was also used to analyze its ability in detecting the damage to PCR- 

amplified DNA when exposed to UV-A, UV-B and UV-C radiation. The targeted 110-bp 

segment of the <J>X174 DNA as given in Table 2-1 was amplified using 40 cycles, with 

temperatures of 96° C -  denaturing, 65° C -  annealing, and 72° C -  extension. At the 

conclusion of the PCR, HRMA was performed on all samples. Being a closed tube 

technique, the amplicon inside each of the capillaries was subsequently exposed to UV- 

A, UV-B and UV-C radiation. The UV crosslinker was used with interchanging UV-light 

bulbs for each of the UV-A, UV-B and UV-C exposures. The capillaries were split into 

three groups of five samples each. We exposed each of the five samples to different 

amounts of UV exposure times with each type of UV exposure. A subsequent HRMA
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was performed on all the exposed PCR-amplified samples in comparison with the 

unexposed PCR-amplified samples.

2.2.2.3 HRMA to Detect DSBs

DSBs were created using a restriction enzyme and HRMA was used to quantify 

any resulting differences in the DNA melting behavior. The approach was to amplify a 

115-bp long segment of the 0X174 bacteriophage initially, 0X174-2 with primers given 

in Table 2-1, and using a 40-cycle PCR with amplification temperatures of 96° C -  

denaturing, 65° C -  annealing, and 72° C -  extension. CaC8I was used for these tests 

because this endonuclease generates blunt cleavages. Therefore, the amplicon would only 

be divided into separate pieces, such that the complementary pairing of all bases 

(hydrogen bonding) would be identical to that of the undigested DNA. Furthermore, this 

enzyme would cleave the amplicon into significantly different strand lengths (39-bp and 

76-bp), making them individually distinguishable using gel electrophoresis. The 

undigested DNA was mixed with the digested DNA in varying proportions and loaded 

with 1 X of the LCGreen Plus dye into the glass capillaries for HRMA on the LS32. 

Afterward, the samples were also analyzed using gel electrophoresis.

2.2.2.4 qPCR and HRMA to Detect CPDs in Multiplex PCR

Multiplex PCR has been performed by adding two different primer sets in the 

PCR mixture thereby amplifying two different regions, namely low risk sequence and 

high risk sequence (see Table 2-1) in the 0X174 DNA. The PCR protocol consisted of 30 

cycles, with temperatures of 96° C -  denaturing, 62° C -  annealing, and 72° C -  

extension. The amplification protocol had to be optimized in order to amplify the two 

targets in a single capillary. The PCR mixture was loaded into glass capillaries and each
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of the capillaries was exposed to UV-C radiation in the UV-crosslinker for different 

exposure times. The exposed capillaries along with the unexposed control sample were 

amplified and analyzed using the LS32.

2.3 Results and Discussion

2.3.1 qPCR to Detect CPDs

qPCR was used to detect DNA damaged from UV irradiation prior to 

amplification. The crossing points were obtained from the individual amplification curves 

generated on the LS32. The crossing point for each damaged sample was compared 

against the average crossing point of the undamaged samples. The change in crossing 

point as a function of exposure time is shown in Figure 2-2.

6
High risk sequence 
Low risk sequence5

4

3

2

1

0

40 60 80 100 1200 20
UV-C exposure time [seconds]

Figure 2-2: The low risk DNA sequence shows a remarkably slower degradation than the 
high risk sequence. The lower exposure times 5, 10 and 15 seconds have data 
points from 16 samples each (n = 16). The higher exposure times 25, 30, 60, 
90, and 120 seconds have data points from 8 samples each (n = 8). The 
exposure time was plotted against the difference in the cycle number averaged 
from multiple samples at each of the exposure times.
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These results clearly indicate that the two amplified DNA sequences have a 

distinctly different sensitivity to UV-C radiation. With high sample numbers per batch (n 

= 16 in this instance), the difference in damage sensitivity was detected after as little as 

15 s of irradiation. According to the relative damage risks of the two DNA targets (see 

Table 2-1), only a 50% difference in damage was anticipated. Interestingly, however, the 

effect appeared to be much more significant. This could be caused in part by the high risk 

sequence being more susceptible to damage due to the clustered nature of the damage 

sites. However, it is beyond the scope of this work to explore the compounding damage 

mechanisms that are implied in this data set. Rather, the emphasis of this section is to 

highlight the ability of qPCR as an analytical tool for such investigations.

While qPCR proved very adept at detecting template damage prior to PCR, 

HRMA did not. After qPCR, the samples were further examined by HRMA, as well as by 

gel electrophoresis. The DNA melting curves and the gel electrophoretograms revealed 

no statistical difference between the irradiated and control samples. The DNA 

concentration of all amplified samples was approximately the same, since each qPCR 

was continued into the plateau phase. The lack of shape change in the melt curves (shown 

in Figure 2-3) provided a strong indication that no damaged DNA could amplify, or at 

least that no UV-C damage was propagated into the PCR product (as a base substitution 

or partial mismatch, for example). Whichever the case, there was clearly no record of the 

radiation exposure in the PCR amplicon. In contrast, the high accuracy, precision, and 

ability to quantify the amplification products of nucleic acids in real time make qPCR a 

preferred method for DNA analysis.
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Figure 2-3: DNA melting curves for PCR amplicon of the: (a) “high risk” sequence, and 
(b) “low risk” sequence, for six different UV-C exposure times. All six data 
curves exactly overlap. This lack of shape change is an indication that the 
PCR product is identical in sequence and structure to the healthy DNA.

2.3.2 HRMA to Detect CPDs

When 0X174-1 DNA was irradiated after PCR, the melting curves were observed 

to change as a function of UV-C exposure time. The derivative plots of the fluorescence 

curves are shown in Figure 2-4-a. The Tm of the undamaged PCR product was 

approximately 81.5° C. The derivative curve was found to peak (which occurs at the Tm) 

at lower temperatures (see Figure 2-4-b) and reach a lower maximum (see Figure 2-4-c) 

with increasing UV exposure. This was attributed to intramolecular changes in the DNA 

(CPDs in this instance), which altered the overall hydrogen bond energy and hence the 

melting behavior.
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Figure 2-4: The derivatives of the fluorescence versus temperature plots obtained by high 
resolution melting analysis (HRMA) reveal changes in the melting behavior 
due to the formation of CPDs. The curves of <I>X 174-1 in (a) are the derivative 
plots for 5 samples irradiated from 0 seconds to 10 minutes in a UV-C 
crosslinker. The plot in (b) shows how the Tm changes with exposure. The 
plot in (c) shows how the peak height changes with exposure. The plots in 
both (b) and (c) consist of 61 data points obtained from samples irradiated in 
10 second increments between 0 and 10 minutes.

To verify that the shifting in the melting curves was not caused by double-strand 

breaks, samples were also evaluated using gel electrophoresis. As seen in Figure 2-5, no 

band broadening or multiple bands were observed. Only a slight decrease in maximum 

intensity was revealed, likely due to the decreased number of undamaged base pairs 

available for ethidium bromide intercalation. The consistency of the electrophoretic 

mobility of the DNA indicated that the molecular mass of the DNA remained unchanged; 

no double-strand breaks were present.
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Figure 2-5: 0X174-1 samples were analyzed by gel electrophoresis after HRMA. The 
lack of multiple bands or band broadening indicated that no fragmenting of 
the DNA occurred during the UV exposure. Other than that, though, little 
details of the damage itself can be obtained from such electrophoretograms.

Unlike such analytical methods that differentiate by size and/or mechanical 

mobility, HRMA -  as a measure of binding energy -  precisely reveals the intramolecular 

changes to the DNA molecule. In addition, being essentially a closed-tube process, 

HRMA may provide a welcome analytical simplicity to studies with which this approach 

is compatible.

Figure 2-6 demonstrates the differences in DNA damage with respect to the 

exposure type of UV radiation. In the results presented in Figure 2-6, the UV-induced 

direct base damage can be observed in the UV-B and UV-C exposed samples over time, 

but not the UV-A sample. This supports the findings of other researchers who have 

reported that UV-B and UV-C can cause damage to DNA by direct absorption of 

radiation by the bases and UV-A causes damage to DNA by photosensitization followed 

by oxidative damage (indirect damage) [1]. Since these present experiments were 

performed with plasmid DNA (PCR-amplified) rather than with living cells, UV-A did 

not generate base damage.
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Figure 2-6: PCR-amplified samples exposed to different types of UV-radiation.

2.3.3 HRMA to Detect DSBs

HRMA was evaluated to determine its ability to detect double-strand breaks. 

Figure 2-7-a shows the derivative plots of 0X174-2 with the undigested DNA, the 

completely digested DNA, and four different combinations of the undigested and 

digested DNA mixtures. In Figure 2-7-b, the individual melt curves of each of the 

combinations were plotted.
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Figure 2-7: Detection of strand breaks in the <5X174-2 sequence, (a) Melting analysis 
clearly identifies the degradation in the samples in the form of double-strand 
breaks. The legend denotes the ratio of undigested (U) to digested (D) DNA in 
each sample. As a single-strand (115-bp, GC% = 50.4), the DNA exhibits a 
two-regime melting profile (Tm ~ 85°/88°). When the amplicon was cleaved 
into two strands, the longer fragment (76-bp, GC% = 42.1) melts at nearly 
80.5°, and the shorter fragment (39-bp, GC% -  66.7) melts near 84.5°. (b) The 
individual melt curves of each of the U:D combinations showing the 
formation of strand breaks, (c) The gel electrophoresis of these samples 
confirms the size of the DNA fragments and the completeness of the 
digestion.

The derivative plots (Figure 2-7-a and Figure 2-7-b) of the undigested DNA (see 

U:D of 10:0 in the legend) reveal two peaks, indicating that the DNA has a two-regime
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melting profile. The peaks are at approximately 85° and 8 8 ° C. Since the nucleotides 

guanine and cytosine have a higher binding energy than does the adenine/thymine 

pairing, local DNA sequence significantly affects melting behavior. In the 115-bp 

segment evaluated here, the total percentage of hydrogen bonds that were G/C nucleotide 

pairs (called GC%) was 50.4%. However, distribution of the G/C pairs was concentrated 

to a particular region of the DNA. This caused a bimodal melting behavior. The two- 

regime melting curve was confirmed to be from a single 115-bp product using gel 

electrophoresis (see Figure 2-7-c). The derivative plot of the completely digested DNA 

(U:D of 0:10) again shows two melting peaks, around 80.5° and 84.5° C.

However, the digested sample was essentially a heterogeneous mixture of the two 

digestion fragments (76-bp, 39-bp). This was confirmed by gel electrophoresis (see 

Figure 2-7-c). The individual bands were excised, re-purified and subsequently analyzed 

by HRMA. The melts of the individual digestion fragments (data not shown) confirmed 

that the 80.5° C peak was from the 76-bp fragment and the 84.5° C was the melting of the 

39-bp fragment. This counter-intuitive result (the smaller fragment melting at the higher 

temperature) is due to the fact that HRMA is particularly sensitive to GC%, and that the 

longer fragment had a significantly lower GC% (42.1%) than the shorter fragment 

(66.7%).

The samples containing a mixture of digested and undigested DNA had melt 

profiles that include all four melting peaks (85° and 8 8 ° from the undigested, 80.5° and 

84.5° from the digested DNA). Three peaks are only visible in the melt curves, though, 

since the 84.5° and the 85° peaks are almost exactly superimposed. Since the 80.5° peak 

is completely absent from the undigested melt curve, any melting at this temperature is a
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clear indicator of DNA fragmentation. Even a melt of the 10% digested sample 

definitively reveals the presence of the fragmented DNA. In contrast, the gel 

electrophoretogram of the same sample (9:1) does not show the digested portion. Even 

the sample that is 30% digested (7:3) displays the fragments only faintly.

Clearly, HRMA is a much more sensitive tool than gel electrophoresis for 

detecting a low concentration of fragmented DNA. Sensitivity in this context refers to the 

lower threshold of sample damage that can be clearly detected using a given analytical 

method. For HRMA, the 10% damaged sample produced a measurable change (Figure 

2-7-a), whereas with the gel electrophoresis, the 50% damaged sample was the first that 

revealed a noticeable second band (Figure 2-7-c).

The temperature curves from Figure 2-8 were extracted from the peak height data 

points from HRMA of the 0X174-2 sequence. The ascent in the curve 80.5° C identifies 

the gradual formation of the 76-bp fragment with an increase in the ratio of the digested 

DNA in the mixture with a simultaneous descent in the curves 84.5° C and 8 8 ° C. The 

curve 8 8 ° C nears zero in the 0:10 mixture ratio denoting the diminishing of the 115-bp 

fragment. The decrease in the curve 84.5° C is in accordance with the formation of the 

39-bp fragment from the 115-bp fragment.
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Figure 2-8: The gradual change in the peak height at different temperatures with increase 
in the digested DNA in the mixture denotes the presence of the double-strand 
breaks in the 0X174-2 sequence.

This work demonstrates that HRMA is very effective at detecting DSBs. While 

CPDs cause changes in the hydrogen bonding between the two strands of the dsDNA, 

there is no change in the nucleotide pairing with DSBs; all bases are still healthy and all 

remain bonded with their complement. Rather, the strands are just divided into shorter 

fragments. It is known that the thermal stability of dsDNA is partially enhanced by the 

nearest-neighbor construct of the DNA sequence [98, 99]. Therefore, longer fragments 

melt at higher temperatures than do shorter fragments having the same GC%. As shown 

in this work, the resulting changes in the HRMA curves for even slightly fragmented 

DNA can be significant. This approach can be applied to all mechanisms of DNA 

fragmentation, whether through enzymatic digestion (as done here), chemical damage, 

ionizing radiation, or other causes.

Since HRMA is a non-destructive technique, gel electrophoresis of the samples 

can be performed afterward. However, there is a significant advantage to using HRMA 

instead of gel electrophoresis. For example, HRMA in small batches is much faster. For 

these HRMA experiments, each sample was analyzed in 2.5 minutes. In contrast, the gel
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analysis needed 60 minutes for each run. There are also many processing steps such as 

the gel preparation, sample preparation/loading, and manual evaluation of the gel samples 

with a UV transilluminator, which can be avoided with HRMA. In addition, HRMA 

requires no additional instrumentation, since the thermocycler used for this work (LS32) 

possesses both PCR and HRMA functionality. Since HRMA is also much more sensitive 

to DSBs (see Figure 2-7), further damage studies would be well suited to this analytical 

methodology.

2.3.4 qPCR and HRMA to Detect CPDs in Multiplex PCR

qPCR was used to detect differences between the DNA samples that experienced 

varying degrees of radiation exposure. HRMA was used to distinguish the susceptibility 

of DNA to UV damage between two different targets in the template (the high risk target 

being more susceptible to UV damage compared to the low risk target). The two 

sequences targeted by the two different primer sets mixed together in the PCR mixture 

(multiplex PCR) are given in Figure 2-1. The amplification curves of the multiplexed 

samples after being exposed to UV-C radiation for 0, 10, 20, 40, 60, and 100 seconds 

obtained from LS32 are shown in Figure 2-9.
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Figure 2-9: Amplification curves of multiplex PCR exposed to UV-C radiation obtained 
from LS32.

The amplification curve of the control sample (0 seconds exposed) clearly depicts 

the two different slopes that correspond to the two different sequences being amplified. 

The gradual delay observed in the crossing points (the cycle number showing the start of 

rise in the amplification curve from its baseline) with an increase in the exposure time 

can be seen from Figure 2-9. The qPCR data obtained in about 15 minutes proves that it 

can be a proficient technique in the early detection of DNA damage.

Subsequent to qPCR, the samples were analyzed using HRMA in the LS32 

without the need of additional processing steps/instrumentation. The derivative peaks of 

the different exposed and amplified multiplexed samples are given in Figure 2-10.
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Figure 2-10: The derivative curves of the different UV-C exposed and then amplified 
multiplexed samples.

The high and the low risk sequences are clearly identified by the HRMA. The 

melting temperature of the high risk sequence is at -80° C and of the low risk at ~8 8 ° C. 

The gradual peak height decrease in the high risk sequence with an increase in the 

exposure time can be observed from the derivative curves of Figure 2-10. This gradual 

decrease of the peak height in the high risk sequence corresponds to the increase in the 

DNA damage (formation of CPDs). The differences in the peak height of the melt curves 

around the high risk melting temperature is also because the amplification is stopped at 

30 cycles which did not allow all the samples to reach their plateau phase in the 

amplification curve. Due to the damage in the samples in accordance with the exposure
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time, the more exposed samples had lesser time to amplify before the amplification is 

stopped, which provided facilitated damage detection in the high risk sequence using 

HRMA. In the case of the low risk sequence, there was no sign of any damage 

corresponding to the exposure times. This implies that all the low risk samples had 

already reached the plateau phase in their amplification that made it difficult to detect any 

damage in the low risk sequence using HRMA. In summary, HRMA is able to detect 

damage in DNA prior to PCR, provided the amplification is stopped before the DNA 

reaches its plateau (maximum final concentration), which might not be feasible in most of 

the applications. For this reason, qPCR rather than HRMA would be preferred as an 

efficient technique for the detection of damage (CPDs) occurring in pre-amplified DNA.

2.4 Conclusions

The results of this chapter indicate that qPCR and HRMA can be effective tools in 

the study of DNA damage. This includes intramolecular damage as well as strand breaks. 

In this work, CPDs were created by exposing samples to UV radiation either before or 

after DNA amplification. When exposed before amplification, the initial concentration of 

amplifiable DNA decreased. This decrease was revealed by a distinct shift in the qPCR 

crossing point. By examining different regions of the DNA genome in this way, the 

relative susceptibility of each to UV damage was evaluated. This suggests that qPCR 

could be a reliable and efficient technique for the quantification of many types of 

intramolecular DNA damage, on both the global (genome) and local (gene) level. When 

samples were exposed to UV radiation after amplification, the generated CPDs were 

found to alter the hydrogen bonding energy within the damaged dsDNA molecules. This 

produced a decrease in the thermal stability of samples, which was detected using
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HRMA. Significantly, this analysis method is a closed tube technique, needing no 

purification. Moreover, it is a single step process that can be carried out on existing real

time PCR instrumentation. In other experiments, DSBs were induced using restriction 

enzyme digestion. Fragmentation of DNA molecules was shown to reduce their thermal 

stability. DNA samples with even a small amount of DSBs exhibited a melting behavior 

distinctly different from that of undamaged samples. These differences were easily 

detected using HRMA. The results of this work indicate that HRMA is both faster and 

more sensitive than gel electrophoresis.

The results of this chapter confirm that qPCR and HRMA can be used to evaluate 

the two damage mechanisms (UV-C and CaC8 I) experimentally tested. Furthermore, the 

damage characteristics (CPDs and DSBs) are common products of many harmful 

environments (e.g. high-energy radiation, chemical exposure, etc.). Therefore, the 

underlying physical manifestations that are measured by the techniques used in this 

article (amplifiability for qPCR, and thermal stability for HRMA) may be generally 

applicable. Main advantages of these methods include procedural simplicity and 

sensitivity. There is a great need for such technologies in the advancing research areas of 

radiation biology. In particular, the virtually real-time nature of these techniques can have 

a significant impact in the study of DNA repair kinetics. The ability to quantify the DNA 

damage through the presented techniques, qPCR and HRMA can also be applicable in 

various areas of biotechnology such as biosafety, genotyping, and genetic stability 

testing.



CHAPTER 3

EXPERIMENTS ON AN INTEGRATED MICROFLUIDIC SYSTEM

3.1 Background

The fabrication of microfluidic devices is a complex series of processes, each of 

which needs to be optimized for desired performance. The choice of the substrate 

material greatly determines the fabrication methods that are required. Glass and silicon 

are the most commonly used substrates for microfluidic devices. The superior qualities of 

glass such as high chemical and heat resistance, insulating properties, and low optical 

absorption offer a wide range of applications in bio-MEMS, RF-MEMS, optical MEMS, 

and chemical and biomedical devices [100-102]. In the presented work, we have chosen 

glass as the substrate for our microfluidic device. For glass microfluidics, the fabrication 

process flow must be performed in a cleanroom environment, and generally includes: 

photolithography, glass patterning, and bonding. This chapter discusses the details of 

microfabrication including photolithography, etching and bonding that are used to form 

the glass microdevice. The complete microfluidic system set up for on-chip PCR is 

discussed and the results are presented.

3.1.1 Photolithography

Photolithography, also called UV lithography, is the process of transferring 

patterns from a photo mask onto a substrate. The major steps in photolithography include

45
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substrate cleaning, applying photoresist to the substrate, mask alignment, exposure and 

development.

The initial step in photolithography is to clean the substrate and apply a layer of 

required photoresist on top of the substrate using a spin coater. The spin coater uses a 

centrifugal force to coat the substrate with photoresist evenly. Two types of photoresist 

are used in lithography namely, positive and negative. A positive photoresist is used to 

transfer the pattern as it is from the mask onto the substrate, whereas a negative 

photoresist is used to transfer the pattern opposite to that on the mask. Following the 

application of the photoresist, the substrate is exposed under the mask to UV light in a 

mask aligner. In the case of the positive photoresist, the UV exposure interacts with the 

photoresist chemically, thus making it weaker in the areas exposed. The interaction of the 

UV light with the negative photoresist polymerizes it, making it stronger in the areas 

exposed. The substrate is then immersed in a developer solution, which dissolves the 

weaker parts of the photoresist (the exposed areas in the case of positive photoresist and 

the unexposed areas in the case of negative photoresist). The micropattem is now 

transferred from the mask onto the substrate, which completes the initial stage of 

fabrication.

3.1.2 Glass Patterning

Glass patterning for microfluidic devices can be done using two different 

approaches, namely wet and dry etching processes. Wet etching is an isotropic etch 

causing glass etching in both vertical and horizontal directions. Wet etching is performed 

in a hydrofluoric acid (HF) based solution. Dry etching process results in an anisotropic 

etch profile caused due to its directionality. Dry etching is usually performed in a plasma
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induced reaction ion etch (RIE) chamber. A variety of etchants are used depending on the 

glass composition and the etch depths required for the application. Table 3-1 gives a 

summary of different etching parameters used for glass.

Table 3-1: Typical glass etching parameters [57].

Etch process Etchants Masking layers Etch rate
Wet etching HF/HC1 (10/1) 

HF 
HF/NH4F

■ Chrome/gold/photoresist
■ Amorphous silicon
■ Molybdenum/photoresist
■ Amorphous 

silicon/amorphous silicon 
carbide/photoresist

Up to 7-8 
pm/min (for 

Coming 7740 
glass)

Dry etching s f 6, c 4f 8, c f 4, 
c h f 3

■ Nickel plated
■ Thick amorphous silicon
■ SU8  resist

Up to 0.5-0.8 
pm/min

Dry etching of glass is only chosen when anisotropic profiles are required and 

etch depth is not much of a concern. Dry etching of glass is a relatively slow process 

requiring a low pressure ranging from 5-10 mTorr and producing an etch rate of 0.5-0.7 

pm/min (as opposed to 7-8 pm/min for Coming 7740 glass through wet etching). With 

the thermal conductivity of glass being 1 0 0  times lower than that of silicon, the dry 

etching process (using plasma RIE reactors) creates temperature gradients across the 

substrate [57]. The gradients can lead to damage to the substrate and also result in poor 

selectivity relative to the mask. Gases used for dry etching of glass include SF6 , C4F8, 

CF4, and CHF3 [103-106]. The low selectivity necessitates thick masking such as 

electroplated Ni, amorphous silicon, SU-8 , and bulk silicon [57, 104, 107]. The 

requirement of etch depth in the microchannels of around 70-80 pm with a minimal
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roughness made us choose wet etching rather than dry etching of glass for the 

microfluidic system.

3.1.3 Glass-to-elass Bonding

The glass bonding techniques that are used for microfluidic applications can be 

categorized mainly into direct/fusion, anodic and adhesive bonding. The type of bonding 

is chosen according to factors like the device application, the surface characteristics of 

the materials to be bonded or any temperature limitations. A brief summary of the 

different bonding techniques is given in Table 3-2.

Table 3-2: Major glass bonding techniques.

Bonding technique Substrate material Typical parameters

Direct/fusion bonding 
[57,102,108, 109]

Glass/glass Around 600° C

Sequential plasma 
activation of glass/glass or 

silicon/glass

O2 followed by N2 plasma, 
115-400°C

Anodic bonding [57, 109- 
1 1 1 ]

Glass/silicon or 
Glass/silicon/glass

300-550° C, up to lkV

Adhesive bonding [57, 
109]

Glass/glass or glass/silicon Around 150° C

Fusion bonding is performed in annealing furnaces and requiring high

temperatures. The use of really high temperatures may cause fractures due to substantial 

temperature gradients in the substrate. For most types of glass substrates, the softening 

point being around 600° C might cause distortions in the channels [57]. Direct bonding 

requires clean bonding surfaces either by rigorous cleaning or by using plasma activation 

of surfaces. Surface activation followed by lower annealing temperatures has been
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reported to increase bond strengths between the substrates [112, 113]. Anodic bonding is 

used typically for bonding silicon to glass provided the chosen glass substrate has a 

thermal expansion coefficient matching with the silicon. Glass/glass anodic bonding is 

also achieved using metallic intermediate layers [57, 114]. Adhesive bonding is a simple 

and less inexpensive technique using polymers, usually thermoplastic materials. Various 

groups investigated the use of adhesives such as parylene, SU-8 , and polyimide [115- 

117]. The major disadvantage in the use of adhesive layers is the possibility of the 

adhesive layers to get into the microchannels. Taking into consideration all the available 

bonding techniques, we have chosen to activate the glass surface, apply pressure, and 

then anneal it at low temperatures when compared to the other available techniques.

3.2 Experimental Materials and Methods

3.2.1 Types of Substrates Used

Glass is composed of several different oxides, which affect the etching behavior 

and also the etchants used. The oxides contained in glass like CaO, MgO and AI2O3 

create insoluble products when they react with the HF solution, thereby decreasing the 

etch rate and increasing the surface roughness [57, 101, 107], So it is essential that the 

glass chosen for fabrication should have less proportions of the insoluble oxides, thus 

forming smoother microchannels. We were able to create microfluidic patterns on two 

types of glasses, namely the borosilicate (also called pyrex/coming) and the soda lime 

glass. Soda lime glass has been purchased from Fisherfmest and the borosilicate glass 

(more specifically, Borofloat 33) from Bullen. The compositions of both glasses are 

given in Table 3-3 as per the manufacturers.



50

Table 3-3: Composition of the glasses used.

Components Borosilicate glass Soda lime glass
Si0 2 81% 72.20%
B2O3 13%
Na20 4% 14.30%
AI2O3 2% 1 .2 0 %
CaO 6.4%

Other oxides 5.9%

In spite of the lower cost of soda lime glass, the presence of oxides giving rise to 

insoluble products in larger quantities (as can be seen from Table 3-3) creates rougher 

etched channels when compared to borosilicate glass. The structural characteristics and 

also the excellent transmission make borosilicate glass an ideal choice for a wide range of 

applications in analytical and optical equipment. The Borofloat 33 glass has also been 

designed to withstand high temperatures up to 450° C for long periods, thus having high 

temperature stability.

3.2.2 Type of Etching and Etchants Used

We have etched both soda lime glass and borosilicate glass using wet etching. The 

etchants used for soda lime glass were 49% HF, nitric acid (HNO3), and water (H2O). 

After a series of experiments involving different proportions of the etchants for 

optimizing the etch depth and the surface roughness, the optimum etchant compositions 

for soda lime glass were found to be 3:2:25 (HF: HNO3 : H2O) with an etch rate of 50-55 

pm/hr and an average roughness value (Ra) varying from 5-10 nm as measured by the 

Tencor surface profilometer. The etchants used for borosilicate glass were 49% HF and 

hydrochloric acid (HC1) in proportions of 10:1 (HF: HC1). This ratio of HF:HC1 is known
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to have an optimal etch rate and surface roughness [100, 101]. The observed etch rate 

was around 5 pm/min with an average roughness value (Ra) of around 60 nm as 

measured by the Dektak surface profiler.

Roughness inside the etched microchannels is one of the factors affecting the 

selection of the type of substrate and also the etchants. Rough channel surfaces create 

unwanted fluorescence signals to the optical detection system. Since our microfluidic 

system is a fluorescence based optical detection system that detects the DNA 

amplification through the level of fluorescent signal received from the microchannels, the 

unwanted fluorescence due to the rough microchannels is undesired. Roughness also 

leads to the adsorption of molecules in the PCR mixture to the channel walls, thus 

disturbing fluid flow and causing loss of reagents. Few of the factors affecting the 

channel roughness are the type of substrate and the etchants used. The higher percentage 

of SiC>2+B2 0 3  content when compared to other oxides in borosilicate glass causes an 

increased etch rate and a decreased surface roughness [107], The purpose in addition of 

HC1 in the wet etching of glass is that the insoluble oxide products from glass formed 

after reaction with HF are converted into soluble products, thus resulting in smoother 

surfaces [1 0 0 ].

Figure 3-1 shows an example of the etch depth values inside a 115 pm etched 

chip as measured by the surface profiler. The roughness values inside the wide channels 

were measured to be around 1.5 pm. The channel width is also measured to be 750 pm 

and 350 pm between the top edges of the wide and the narrow channels respectively as 

opposed to the values (350 pm for wide and 30 pm for narrow channels) as per the 

designed mask. The widening of the channels is an unavoidable isotropic etch nature of
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the wet etching. A single scan from the surface profiler instrument allows for the re

positioning of the cursors to obtain measurements such as etch depths, roughness values, 

and channel widths in the microchannels.

- 10.00        -   -  -    -   .........

0 1250 2500 3750 5000
Micrometers

Figure 3-1: Etch depth measurement from the surface profiler.

3.2.3 Masking Lavers and Mask Design

An important aspect in patterning glass substrates is choosing the masking layer 

during etching. Several masking layers for wet etching of glass have been reported such 

as photoresist, Chrome (Cr)/Gold (Au), Cr/photoresist, SU-8 , amorphous silicon, silicon 

carbide, PECVD amorphous silicon, and LPCVD polysilicon [57, 100, 118-120]. The 

successful mask layers include multilayer depositions of Cr/Au with photoresist, low 

stress amorphous silicon/photoresist, and low stress amorphous silicon/low stress silicon
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carbide/photoresist [57, 118]. The residual stress in the mask’s layers (compressive or 

tensile) and the hydrophobicity play an important role in its functioning [121-123]. 

Defects in the masking layer can also lead to tensile stress and cracks in the layer, 

through which the HF solution seeps into, thus forming pinholes. A hydrophobic mask 

reduces the risk of the HF solution seeping through the defects in the mask. The 

hydrophobicity of hard-baked photoresist when used along with the other masking layers 

also reduces the penetration of HF through the defects in the mask [57].

L-edit software has been used to design the mask required for UV 

photolithography. The mask design that was transferred onto the substrate is shown in 

Figure 3-2. The mask is 125 mm X 125 mm in size with the pattern centered on it and the 

substrate is a circular wafer of 100 mm in diameter. The substrate can be directly placed 

in the substrate holder of the mask aligner during the photolithography without any 

orientation requirement with respect to the mask. With the initial glass substrate being a 

circular wafer, the laborious work of alignment of the mask with respect to the substrate 

is avoided. The three designs in a single mask allow the transfer of the complete mask 

pattern onto the circular glass substrate, which results in three separate glass devices upon 

dicing at the completion of fabrication. The pattern contains an inlet and an outlet with 

alternating wide and narrow serpentine channels. The wide channels allow the sample to 

have slower temperature ramp towards the denaturing temperatures (the hot end of the 

chip). The channels where temperature ramping is not necessary while the sample gets 

cooled down are narrow to allow rapid temperature changes.
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Figure 3-2: Fabrication mask design.

3.2.4 Steps Followed for MicroChannel Fabrication

The procedure followed for fabricating microchannels in glass using 

photolithography and wet chemical etching is shown in Figure 3-3. The complete 

fabrication process is performed in a clean room environment.
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Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Figure 3-3: Steps for glass patterning.
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Step 1: The substrate was initially annealed at 550° C for 5 hours. The annealing 

step causes redistribution of oxides in glass leading to a higher etch rate and also better 

surface quality [122, 123]. The substrate was then coated with layers of Cr/Au using 

sputtering. The thicknesses of the Cr and Au layers were 5 nm and 200 nm, respectively. 

The Cr layer is used as adhesion layers while the Au layer works as etch resistance 

layers.

Step 2: The substrate was hard-baked at 250° C for 20 minutes to drive off any 

solvents. A layer of positive photoresist was then spin-coated on the substrate to a 

thickness of 1 pm. The substrate was soft-baked for about 50-60 seconds at 115° C to 

remove solvents and avoid photoresist from sticking to the mask during exposure.

Step 3: The substrate was placed in a substrate holder under the mask and exposed 

to UV in a mask aligner for about 10 seconds. The UV rays that pass onto the substrate as 

per the designed mask cause photosolubilization of the exposed areas. '

Step 4: The substrate was immersed into a developer solution, Microposit MF 

319, for about 40-60 seconds. This causes the UV exposed regions of the photoresist on 

the substrate to get washed away. The pattern on the designed mask was transferred onto 

the photoresist layer on the substrate. The substrate was then hard-baked for about 10 

minutes at 125° C. The hard-baking step was essential to resist easy penetration of the 

glass etchants through the photoresist.

Step 5: The substrate was immersed serially in Au and Cr etchants for 1.5-2 

minutes and 1 minute, respectively. Au etchants, also called aqua regia, contains HNO3 : 

HC1 (1:3). Cr etchants are typically a mixture of perchloric acid and eerie ammonium
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nitrate. The substrate was then stripped off the photoresist, Au, and Cr layers in the 

required channel regions according to the designed mask.

Step 6 : The substrate was submerged into the glass etchant mixture, HF: HC1 

(10:1) for 15 minutes resulting in an etch depth of 75 pm with an average roughness 

value (Rg) of around 65 nm. The substrate was then sprayed over with acetone to remove 

any remaining photoresist layer, followed by serial immersions in Au and Cr etchants to 

remove all the layers on the substrate surface. The final acquired substrate was a glass 

wafer with etched microchannels in it.

The substrate was then cleaned using a laboratory powdered contaminant- 

cleaning agent, 2% solution of Alconox (Alconox Inc., NY). Etch depth and the surface 

roughness measurements in the microchannels were obtained using a Dektak surface 

profiler. The circular glass substrate was then diced using a programmable wafer-dicing 

machine (Paxco Ind. Inc., TX) which resulted in three rectangular substrates having 

dimensions of 45 mm X 22.5 mm.

3.2.5 Steps Followed for Glass/glass Bonding

The bonding technique chosen involved the surface activation of substrates in a 

piranha solution composed of 3 parts of sulphuric acid (H2SO4) and 1 part of hydrogen 

peroxide (H2O2). It is well known that piranha solution clears off any organic residues on 

the substrates. Piranha has been used to successfully bond glass substrates at room 

temperatures [124, 125]. It modifies the surface chemistry of glass, rendering it to 

become hydrophilic by the formation of Si-OH groups on the surface. The hydrolyzed 

surfaces when put together for extended time periods, the Si-OH groups dehydrate, thus
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forming siloxane bonds and terminating with a condensation-polymerization reaction as 

shown in Eq. 3.1 [108, 113, 126]:

Si -  OH + OH -  Si -» Si -  O -  Si + H20 . Eq.3.1

Following the fabrication of microchannels in the glass substrate and dicing, it 

needs to be bonded with another plain glass to form a sealed microfluidic device. The 

steps followed for glass/glass bonding as performed in a cleanroom are discussed in this 

subsection.

Step 1: The plain glass substrate was drilled with holes at the inlet and the outlet 

corresponding to the etched substrate pattern.

Step 2: Both glass substrates were cleaned with a laboratory glass-cleaning agent, 

Alconox (2% solution) to get rid of dust particles.

Step 3: Both glass substrates were then blown dry using a nitrogen gun and 

immersed in a container with piranha solution, H2SO4 : H2O2 (3:1), for about 30 minutes. 

The piranha activates the surface of the soaked substrates by hydrolyzing them.

Step 4: The substrates taken out of the piranha solution were rinsed well in de

ionized (DI) water and pressed together carefully in the presence of running DI water 

such that no contaminants from the air came into contact with the bonding surfaces.

Step 5: The substrates were kept pressed together while we dried off the outer 

surfaces followed by placing them carefully in a substrate holder. A weight of about 15 

lbs was placed on top of the substrates to ensure that they were in intimate contact with 

each other. The formation of the hydrolyzed layer in between the substrates allowed 

covalent bonding between them.
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Step 6: The substrates were left in the holder under the weight for 5-6 hours. In 

case of any improper bonding with each other, the interference fringes (Newton’s rings) 

were visible in the bonded substrates. In the presence of Newton’s rings, the substrates 

were carefully tried to separate from each other and the bonding procedure was repeated 

from step 2.

Step 7: If the substrates look well-bonded, then they need to be bonded 

permanently. The substrates need to be annealed at least at low temperatures to undergo 

condensation reactions, thus forming permanent bonds with each other. In order to 

condense the silanol groups Si-OH to form permanent Si-O-Si, the bonded substrates 

were placed in a furnace that is heated up to 250° C for 2 hours. The substrate was 

removed from the furnace once it is cooled down and now the bonding of glass/glass is 

permanent to form a sealed microfluidic device.

3.2.6 Coating of Microchannels

The large surface-to-volume ratio in the microchannels necessitates focus on the 

surface characteristics such as roughness and compatibility with the biological samples 

used. Several surface passivation coatings have been investigated by research groups to 

create smooth channels for sample flow, to prevent reagent adsorption, and also avoiding 

any contaminants from the microfabrication process or stiction effects in the channels 

[127, 128]. We have chosen a chemical solution Pico-Glide™ 1 (Dolomite Microfluidics, 

UK) to coat the microchannels. The coating procedure for Pico-Glide was followed as per 

the manufacturer’s instructions from the catalog.

Step 1: The fabricated microdevice was exposed to oxygen plasma in a Technics 

micro-reactive ion etch (RIE) system for 5 minutes to activate the surface of the
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microchannels. The plasma treatment activates the channel surface by creating hydroxyl 

groups rendering it hydrophilic.

Step 2: Immediately upon oxygen plasma treatment, the microchannels were 

filled-in with the Pico-Glide solution using an external pump at a flow rate of 2 pl/min.

Step 3: The filled-in microdevice was covered at the inlet and the outlet holes to 

prevent evaporation. The device was left at room temperature for 1 hour.

Step 4: The Pico-Glide was pulled back into the syringe out of the microchannels. 

The microchannels were then refilled with Fluorinert™ FC40 oil, which was later pulled 

back. The fluorophilic layer formed in the microchannels ensures improved droplet 

performance.

3.2.7 Experimental Set Up

The experimental set up showing the arrangement of the fabricated microdevice 

fixed onto the chip holder can be seen in Figure 3-4. The metal chip holder (Dolomite 

Microfluidics, UK) was supplied with holes for the tubing to be inserted at the inlet and 

the outlet holes on the chip. The microfluidic chip was screwed into the metal chip holder 

such that it maintains an airtight contact at the inlet and the outlet tubing/chip interface.
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Microfluidic chip

Microfluidic chip holder

Figure 3-4: Experimental set up of the microfabricated chip.

A metal block was machined and attached to the edge of the microdevice parallel 

to the chip holder using a conductive tape. A linear temperature gradient was maintained 

across the microfluidic device by using a pair of heaters and thermocouples at the top and 

bottom edges of the microdevice, respectively. The heaters and the thermocouples were 

connected to a circuit board, which was remotely controlled using a computer with 

installed graphical user interface (GUI). The circuit board was connected to the computer 

using Bluetooth. A uniform temperature distribution across the microdevice plays an 

important role in the performance of on-chip PCR affecting the formation of the PCR 

product. An infrared camera was used initially to determine the set points required for the 

heaters in order to maintain the exact temperatures along the microchannels needed for 

on-chip PCR.
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3.2.8 PCR Analysis
P

The PCR mixture was prepared with 0.48 ng/pl of DNA template, 0.5 pM of each 

of the forward and reverse primers, IX buffer and 0.08 U/pL of enzyme mix (Takara Bio, 

Inc., Japan), 0.25 mg/ml BSA (Sigma-Aldrich, MO, USA), and IX LCGreen. The 

primers amplified a 110-bp portion of the 0X174 bacteriophage (New England Biolabs, 

MA, USA). From the prepared master mix of 120 pi, one sample of 10 pi was amplified 

on the LS32 as a control sample. The remaining PCR mixture was flown through the chip 

using an external pump at a flow rate of 0.5 pl/min. Once the chip was filled completely 

with the PCR mixture, the heaters were turned on. Since it takes approximately 7 minutes 

for the temperature gradient to be stabilized on the chip, after about 2 0  pi was flown, the 

sample out of the chip was collected in separate vials in 15 pi intervals. The collected 

sample was loaded into glass capillaries (LightCycler® Capillaries, Roche) to analyze in 

the LS32. Each capillary was loaded with 9 pi of the chip-flown mixture and 1 pi of the 

LCGreen dye. The samples were melted on the LS32 to determine the amplification on 

the chip.

3.3 Results and Discussion

3.3.1 Microfabrication

The fabricated glass/glass device used in these experiments is a 62 pm deep 

etched chip with a channel roughness of around 50 nm in the wide channel. The different 

curves/areas in the patterned substrate after developing of photoresist (at the end of 

photolithography) and prior to etching are shown in Figure 3-5.
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Figure 3-5: Microscopic view of the patterned channels on the chip prior to etching
showing (a) a hot end of the channels when performing PCR, (b) a pair of the 
wide and the narrow channels in the center, and (c) a cool end of the channels.

The etching profile in the microchannels can be seen clearly from the microscopic 

image shown in Figure 3-6. The etched microchannels were measured for channel widths 

at the bottom and the top edges of the wide channel and the measurements are shown in 

Figure 3-6. The isotropic etch also caused the fusing of the channels with each other in 

the 115 pm deep etched chip.
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Actual channel border as observed at the 
bottom of the channel (350 p m )

Resulting channel border due to 
isotropic etch as observed towards the top 
surface o f the channel (750 pm)

Figure 3-6: Etching profile in the microchannels of the 115 pm etched chip. The view of 
the isotropic etch in the channels is clear in the area surrounding all the 
channels.

The bonding yield of the glass/glass devices is 90%. The yield is dependent on 

various factors such as the cleanroom environment, the cleanliness of the substrate prior 

to surface activation by piranha, and the application of the required pressure to keep the 

substrates close for easier formation of silanol bonds between them. The improper 

bonding between the glass substrates results in interference fringes as shown in Figure 

3-7. The interference fringes observed are a result of the reflection of the light from the 

interface between the substrates, which is an indication of the weak bonding between the 

bonded substrates.
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Weak bonding

Figure 3-7: Perfectly bonded device (top) and improper bonding showing interference 
fringes (bottom).

3.3.2 On-chip Microfluidics

The total volume of the 62 pm deep etched chip is about 16 pi. The flow rate used 

in this chip is 0.5 pl/min resulting in a cycle time of 1 minute. The channel height in the 

chip is 11 mm. The temperatures as measured by the infrared camera on the top and the 

bottom of the channels are 95 and 60° C. The cycle time for the wide channel is about 45 

seconds which is translated to a heating rate of 0.8° C/s. The cycle time for the narrow 

channel of about 15 seconds is translated to a cooling rate of 2.3° C/s.



66

The chip-amplified samples were also melted on the LS32 and we compared them 

with the LS32 amplified control sample. Figure 3-8 shows the melt curve and peak of the 

LS32 amplified sample.
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Figure 3-8: The melt curve and melt peak of an aliquot from the bulk PCR mixture 
amplified in the LS 3 2 as a control sample is shown.

From the remaining bulk PCR mixture flown through the chip, the samples were 

collected from the outlet in 15 pi intervals. Figure 3-9 shows the melt curves and peaks of 

the chip-amplified samples, in which the samples were numbered in the order they were 

collected from the chip.
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Figure 3-9: The samples are numbered in the legend in the order they were collected from 
the chip. Sample 1 is collected after 35 pi was flown through the chip and the 
rest of the samples were collected in 15 pi intervals.

The comparison between the melting peaks from Figure 3-8 and Figure 3-9 

indicates the amplification of the specific 1 1 0 -bp product and no non-specific 

amplification (primer dimers). It was observed from the melts of the chip-flown samples 

that the amplification product increased with time, and after a certain time, it gradually 

decreased. Since the chip was initially filled-in with the PCR mixture and then the heaters
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were turned on, the initial samples collected from the chip would have flown through less 

number of temperature cycles resulting in a lesser product. This accounts for the increase 

in the product between the samples 1, 2, and 3. After the collection of sample 3, the 

product decreased again gradually. This decrease can be attributed to several factors such 

as an unstable temperature gradient along the channels over time, the clogging inside the 

channels because of the addition of BSA to the PCR mixture, also any channel coating 

particulates (from picoglide) inhibiting PCR after extended use of the chip at high 

temperatures. Nevertheless, the microfluidic set up has been successfully validated in 

terms of performance of rapid PCR.

3.4 Conclusions

This work has mainly focused on the microfabrication of a glass-to-glass bonded 

device to analyze DNA. We have successfully fabricated a glass/glass microdevice and 

investigated the performance of on-chip rapid PCR in a cycle time of 1 minute for both 

the heating and the cooling phases together. The fabrication steps included 

photolithography, wet etching and bonding to form the microfluidic device. We have 

used the Pico-Glide coating to passivate the channel surface in order to reduce the reagent 

adsorption and create a smooth flow throughout the microchannels. The surface 

passivation can be further investigated to ensure its compatibility with the temperatures 

and the protocol used in these experiments. While the experiments in this work used an 

arbitrarily chosen flow rate of 0.5 pl/min, a higher flow rate can be used to decrease the 

cycle time needed for amplification. The integration of the microfluidic system with 

high-resolution CCD camera optics will provide high-resolution images. This will enable 

the analysis of fluorescence data collected directly from the chip. This will eliminate the
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steps followed in this current work for sample collection from the chip and analysis on 

the conventional instrument. To summarize, the integrated microfluidic system possesses 

the capability of real-time analysis of genetic changes in the DNA including a rapid and 

an efficient damage analysis system. The micro-scale consumption of the reagents, the 

short reaction times, high throughput, and the portability of the entire integrated 

microfluidic system prove advantageous in a wide variety of areas such as clinical, 

biological, and pharmaceutical industries.



CHAPTER 4 

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

This chapter summarizes the results obtained on the conventional instrument and 

the on-chip microfluidics. The future prospects of the work presented here by possible 

further experimentation/integration of several variables is also discussed.

4.1.1 Summary of Findings on Conventional Instrumentation

We have successfully performed real-time monitoring of biological changes in 

DNA using fluorescence-based techniques on an existing instrumentation. In order to 

create the biological changes, we have created known damage to DNA in several forms at 

the intramolecular level as well as strand breaks. Simplified damage models were used in 

these experiments: UV-C irradiation to produce photoproducts, and restriction enzyme 

digestion to simulate double-strand breaks. The techniques applied in this work, qPCR 

and HRMA have been demonstrated successfully to distinguish the difference between 

different levels of damaged DNA samples. A reliable quantification of DNA damaged 

prior to amplification has been performed using qPCR. HRMA has also been shown as an 

efficient closed-tube, sensitive and non-destructive sequential analysis to PCR without 

the need of additional instrumentation. Our work here represents the first time that 

HRMA has been used to measure DNA damage induced by radiation. We have compared 

this technique with the conventional amplicon analysis system, gel electrophoresis, and

70
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proven it to be much more sensitive at the detection of these genetic changes in DNA. 

While gel electrophoresis poses problems in distinguishing between amplicons of similar 

lengths, HRMA can be used to accurately differentiate between different products based 

on their melting behavior (which is sequence-dependent). The findings of this work, 

however, can be intuitively applied to the broad scope of DNA damage mechanisms. The 

simplicity, sensitivity and the specificity of these techniques offer a wide variety of 

applications ranging from medical diagnostics to forensic science.

4.1.2 Summary of Findings on Microfluidic System

The ability to perform rapid PCR on a microfluidic chip has been demonstrated in 

this work. We have been able to pattern and fabricate a borosilicate glass microdevice 

with minimal etch defects. Wet chemical etching has been used to fabricate the 

microchannels with aspect ratios (depth to width ratio considering the width at the top 

edge of the channels) of about 0.18 in the wide channels and 0.38 in the narrow channels 

in a 115 pm deep etched glass substrate. We have been successful in bonding glass-to- 

glass through surface activation (using piranha) and annealing the substrates at low 

temperatures. To our knowledge, no one has reported permanent glass/glass bonding of 

borosilicate substrates at a temperature as low as 250° C in a short time of 8-10 hours. 

We have tested the bonding between the glass substrates at different flow rates ranging 

from 0.5-4 pl/min and the bonded chip remained intact without any leakage. The 

microdevice has been able to perform rapid PCR with a cycle time of 1 min (combining 

both the heating and the cooling cycles). The fabricated device has been integrated with a 

pair of heaters and thermocouples to set up a micro-PCR device, which can also be
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integrated with a high quality CCD camera to observe the amplification or genetic 

changes in DNA in real-time.

4.1.3 Conventional Instrumentation versus Microfluidic System

The microfabricated system for PCR offers the possibility of portable devices that 

can be of great use in medical and biological applications. The major limiting factor for 

the speed of PCR is the capability of fast temperature changes and the heat exchange 

between the device and the sample. The reduction in thermal mass in the microfluidic 

system when compared to the conventional instruments allows rapid thermocycling and 

lower power consumption. The other advantages of the microfluidic system include 

reduction in sample volumes used, decreased analysis time, and the possibility of 

integration of multiple components in the microdevice.

4.2 Future Work

A variety of improvements can be made involving different factors. A few 

possible modifications/additions to the existing work have been pointed out for an 

improvised system.

4.2.1 Improvements in Fabrication

Since deeper channels give rise to an increased volume of PCR mixture per each 

microchannel, the fluorescence signal emitted would increase making it easy for real-time 

on-chip qPCR and HRMA. The slight improvements needed in the fabrication process to 

accommodate the channel depth and increase the fluorescence signal are discussed in the 

following sub-section.
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4.2.1.1 Revised Mask Desisn

The spacing between the channels used in this work is 400 pm. Since wet etching 

has been performed, the isotropic nature of the etch narrows the spacing between the 

channels. When deeper etching (-100 pm) was performed, some of the channels nearly 

fused with each other. Channel fusing has been noted from the surface profiler 

measurements and also when looked under the microscope (the spacing between the 

channels looked merely like a line rather than a flat edge). An increase in the spacing 

between the channels provides scope for deeper channels to avoid the risk of channels 

fusing with each other.

4.2.1.2 Increased Mask Thickness

The Cr/Au (5 nm/200 nm) mask used in this work was not found to be intact

when taken out of the HF solution after 15 minutes of etching. Thicker layers of Cr/Au

(60 nm/400 nm) will need to be deposited to facilitate deeper etching (-100 pm). Also, 

multilayers in the sequence Cr/Au/Cr/Au can be deposited if the 60 nm/400 nm is still not 

found to be intact when removed from the HF solution.

4.2.2 Potential Directions

4.2.2.1 On-chip qPCR

The importance of qPCR in terms of sensitivity and reliable quantitation of 

nucleic acids has been discussed in this work. Unlike the conventional PCR, the ability of 

the real-time qPCR to monitor the accumulating products allows quantitation while in the 

exponential phase of the PCR. The integration of the currently developed microfluidic 

system with high quality optics will enable fluorescence-based detection of nucleic acids. 

Fluorescence-based signals extracted from a single image during the continuous-flow on-



74

chip PCR can be used to analyze both the qPCR and the DNA melting curves. By 

extracting fluorescence signal across the channels in the chip, qPCR can be performed by 

making use of the change in fluorescence with respect to the cycle numbers. The melting 

curve can be obtained by extracting the fluorescence signal in a single channel with 

respect to the temperature distribution in it. Although qPCR in the conventional 

instruments allows real-time monitoring of the generated amplicon, it does not offer the 

flexibility of choosing to analyze the amplified DNA during the amplification process or 

while the instrument is still running the sequential analyses after PCR. The advantage 

offered by microfluidic PCR is that simultaneous and also selective channel analysis 

(generating both the amplification data and the DNA melting curves) can be performed 

during the amplification.

4.2.22 On-chip Multiplex PCR

It has been proven in this work that multiplex PCR can be performed on the 

conventional instrumentation. The ability of the conventional instrument to identify 

differences in the damage between the DNA exposed to varying radiation exposure time 

has been shown in Chapter 2. However, of the two different products, namely the high 

risk and the low risk amplified in the multiplex reaction, the conventional instrument was 

able to observe the damage in just the high risk sequence. The reason for not being able 

to identify the damage in the low risk sequence is that it amplified to the maximum extent 

reaching the plateau phase in its amplification cycle because of which all the damaged 

and the undamaged portions of the low risk sequence showed the same product in the 

melting curves (since the difference between the damaged and the undamaged samples 

can be quantified using melting curves when only the reaction is stopped in the
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exponential phase of the PCR). This issue can be overcome easily using on-chip 

multiplex PCR since it is convenient to extract fluorescence data from any of the 

channels desired from several images collected during the amplification. Though we have 

focused on detection of damages in multiplex PCR in this particular work, just the 

detection of multiplex PCR will be of great advantage in distinguishing several products 

in a single reaction mixture, thus minimizing the overall reagent cost, sample volumes, 

and it is also labor and time-effective.

4.2.2.3 Replacing the External Pump

The external pump currently used in this work is heavy and bulky posing a

problem to the portability of the microfluidic system. Microfluidic devices fabricated 

from glass can make use of electrokinetic phenomena for pumping and sample flow in 

the microchannels. Incorporating electro-osmotic flow [91] induced pumping reduces the 

space requirements of the microfluidic system and also benefits convenience in operation 

due to the miniaturization.

4.2.2.4 Integration o f  Cellular Analysis Components

An ideal microanalysis system should possess features such as integration with

components like cell isolation, ability to accept crude biological samples such as blood, 

capable to extract DNA/RNA, amplify the DNA by overcoming any PCR inhibitors, and 

be efficient enough to distinguish the products. Cell handling is one of the critical aspects 

to be considered in on-chip microfluidics. The scaling feature in microfluidics should 

provide a favorable and stable local microenvironment for cell culture. Integration of cell 

culture systems can be an advantage, in that growth can be controlled easily in the 

microenvironment rather than the culture flasks. This would also allow analysis at the
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cellular level, thus providing a deeper insight for various biological applications.

In summary, fluorescence-based techniques/tools have been developed for the 

real-time DNA damage quantification using conventional laboratory instrumentation. We 

have demonstrated the ability of our microfluidic system to amplify DNA. The 

techniques demonstrated in this work on the conventional instrument can be extended and 

applied to the integrated microfluidic system to develop a more cost and time-sensitive 

approach to analysis of biological changes in real-time.
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