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Abstract

in this work, we developed novel techniques for genetic analysis o f nuclear DMA and 

mitochondria] DNA on microchips. In the first chapter o f this work, the background chap­

ter. we explain various concepts used in the rest o f  the thesis. In the second chapter, we 

developed a method for mutation detection o f PCR products and we integrated both label­

ing and denaturation o f D N A on the chip. In the th ird  chapter, we proposed a labeling 

method w hich may be capable o f increasing the resolution o f separations. Although the ex­

pected results were not obtained, the idea for on-chip labeling may increase the resolution 

and sensitivity o f mutation detection techniques.

Mutations in m itochondrial D N A  may play an important role in some diseases, such as 

Parkinson's and Alzheimer's. In the last chapter o f the thesis, we introduced prelim inary 

w ork toward the development o f  a novel mtDN.A purification method that w ill be used in 

the analysis o f the m itochondrial DNA. We also tried to develop a protocol used for sizing 

o f m tD N A as the first step toward the on-chip characterization o f mtDN'A. Although the 

presented results in this chapter are promising, there are some issues to be resolved before 

this technique can be used in lab-on-a-chip technology.
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Chapter 1

Background

1.1 Nucleotides and Nucleic Acids

1.1.1 DNA Structure

One o f the major kinds o f macromolecules w ith in  cells is the nucleic acid. Nucleic acids, 

coming in two varieties: deoxyribonucleic acid (D N A ) and ribonucleic acid (RNA). serve 

as the inform ation storage devices o f cells. D N A  is often referred to as the hereditary' 

material since the information that specifies what an organism is like can be copied and 

passed down to its descendants by D N A replication. The alternative form o f nucleic acid. 

RNA. plays an intermediary role in converting the information contained in DN A into 

proteins [2].

Nucleic acids are long polymers o f subunits called nucleotides. Each nucleotide con­

sists o f a sugar (deoxyribose). a nitrogen containing base attached to the sugar, and a phos­

phate group. Four different types o f nucleotides have been found in DNA. which d iffe r only 

in the nitrogenous base. They are given one-letter abbreviations as shorthand for the four 

bases: A  fo r adenine. G for guanine. C fo r cytosine, and T  for thymine. The deoxyribose 

sugar o f the D N A backbone has 5 carbons and 3 oxygens. The carbon atoms are numbered 

1. 2. 3. 4. and 5 to distinguish from  the numbering o f the atoms o f the base rings. The 

hydroxyl groups on the 5- and 3- carbons link  to the phosphate groups to form the D N A

1
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backbone [2].

Watson and C rick first discovered the structure o f D N A  double helix in 1953 (F ig­

ure 1.1) [2]. Duplex D N A is a right-handed helix formed by tw o individual DN A strands 

aligned in an anti-parallel fashion. This means that one strand is oriented in the 5 ’ - > 3 ' 

direction and the other in the 3 '- > 5 ’ direction. The tw’O strands are held together by hy­

drogen bonds, a short, noncovalent. and directional interaction between a covalently bound 

hydrogen atom (donor) and a negatively charged acceptor atom. The negative charge (ac­

ceptor) is provided by electrons on a carbonyl oxygen ( -C = 0 )  or the lone pair o f electrons 

on nitrogen. Base stacking near the center o f the cylindrica l helix provides considerable 

stability to the double helix. The sugar and phosphate groups are on the outside o f the helix 

and form  a "backbone" for the helix [3].

Figure 1.1: Double-stranded DN A showing a double helix formed by two individual D N A  

strands aligned in an anti-parallel fashion

To fit into a chain, a large base must always be opposite a small one. A  and T  can pair
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only w ith  one another because o f  these size and bonding restrictions, sim ilarly G and C 

pair w ith  one another. This is called the complementary feature o f dsDNA and it makes 

possible the precise duplication o f  the hereditary' inform ation [2].

Double helix D N A  can be in three forms: A , B, and Z. A -form  D N A  is a form o f D N A 

w ith  tilted base pairs and has more base pairs per turn than does B-form  DNA. The most 

common form B-D N A. which has about 10 bases per turn o f the helix, is the right-handed 

helical form  commonly found fo r D N A  in solution.

A  dominant feature o f  B-form  D N A is the presence o f  two distinct grooves, a major and 

a m inor groove. Proteins and other molecules can interact w ith DNA. recognizing double­

stranded DN A by the phosphoribose backbone, and form ing specific interactions based 

on the D NA sequence through access to the major and m inor grooves. Most interactions 

occur in the major groove because o f its size, and because there is an additional potential 

hydrogen bond donor from  A -T  residues in the major groove [3]. The groove in the A -D N A  

form  is not as deep as in B -D N A. and the bases are much more tilted. The Z -D N A  form  is 

a left-handed helix that is very d ifferent from  right-handed D NA forms. The Z -D N A  can 

form  under conditions that include high salt concentrations, the presence o f certain divalent 

cations, or D N A  supercoiling [3].

1.1.2 Physical Properties of Double-Stranded DNA

1.1.2.1 Ultraviolet Absorption by DNA

D N A  absorbs ultraviolet (U V ) ligh t in a band centered around 260 nm [4], The absorption 

profile o f  D N A can be used as a measure o f the concentration and purity o f a DNA sample. 

There is a relation between UV absorbance and nucleic acid concentration, which can be 

described by the Beer-Lambert equation (equation 1.1)

A =  ecl (1.1)

where A is the absorption o f  a material, c is the concentration o f DNA or R N A (in 

m ol/L). /  is the distance o f the ligh t path (in cm), and £ is the extinction coefficient which
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is 6600 L/(m ol.cm ) fo r D N A  [3]. Since the extinction coefficient for DN A is known, the 

unknown D N A  concentration would be calculated fo llow ing this formula.

Extinction coefficients vary with the type o f nucleic acid. Nucleic acids have a peak 

absorbance in the u ltraviolet range at about 260 nm. When the spectrophotometer has a 

path length o f 1 cm. we define the optical density (O .D.) as:

O.D. =  ec  (1.2)

A  pure solution o f double stranded DN A at a concentration o f 50 jUg/ml has an absorbance 

at 260 nm equal to 1 and sim ilarly a pure solution o f RNA at a concentration o f 40 /ig /m l 

has an absorbance at 260 nm equal to 1 [4]. U V  is absorbed by proteins maximally at 2S0 

nm. therefore, the ratio o f .4;6o/-42so is a measure o f the purity o f a DNA preparation and in 

general, a pure D N A sample w ill have an .4260 -̂4:so ratio between 1.7 and 1.9 (DNA qualitv 

measurement is based on the fact that O.D. at 260 nm is twice that at 2S0 nm i f  ihe solution 

contains pure DNA).

A t present, there is not sufficient information to reliably predict the extinction coeffi­

cients o f D N A . RNA and dsRNA. and mixed double- and single-stranded structure [5], The 

major disadvantage o f the absorbance method is the inab ility  to distinguish between DNA 

and RNA and the relative insensitivity o f the assay (an A 260 o f 0.1 corresponds to a 5 uc/m l 

dsDNA solution).

1.1.2.2 Denaturation of Double-Stranded DNA

The double-stranded (ds) structure o f D N A  is remarkably stable. This stabilitv is derived 

from two chemical forces: hydrogen bonding and base stacking interactions (section 1.1.1). 

In addition, water molecules cover the helix by form ing a "shell o f hydration" around 

the DNA. To melt the two strands or denature the D N A. all these stabilizing forces must 

be overcome. The two strands o f DN A come apart readily on incubation at pH >  12 or 

pH <2  due to ionization o f the bases. Ionization results in a change in the hydrogen bond 

donor/acceptor properties o f the bases, which w ill disrupt the normal A .T  and C.G hydro­

gen bonds. In addition, the shell o f hydration surrounding the D N A is disrupted at very
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hiiih or low pH by destabilizing the base stacking. Increasing the temperature o f  D N A  also 

destabilizes the double helix by disrupting the hydrogen bonds and destroying the shell o f 

hydration o f DNA. leading to a loss o f forces holding the two strands together and it results 

in the separation o f the two strands [3j.

The melting temperature o f a dsDNA sequence. T„.. is the temperature at which 509c 

o f the dsDNA melts to form  single-stranded (ss)DNA. The main factors affecting T„, are 

salt concentration. D N A  concentration, the presence o f denaturants (formamide). DNA se­

quence and DNA length. Formamide reduces the melting temperature o f  D N A  duplexes 

in a linear fashion (by 0.72: C for each percent o f formamide). and the melting tempera­

ture o f hybrids in the presence o f formamide can be calculated according to the fo llow ing 

equation |6J:

Tm — SI .5 — 16.6 - logM  — (9r4I .Oli C  — C) — (9J-72.0)!/ ormamide) (1.3)

where Tm is the melting temperature in Celsius. M  is the monovalent salt molarity, and 

(rcG+C) is the percentage o f guanine plus cytosine residues in D N A sample. A  more 

detailed investigation o f the effect o f formamide on the melting temperature can be found 

in [6-101.

D N A denaturation can be monitored in many different wavs. One method would be 

the measurement o f a characteristic increase in the absorbance at 260 nm. Single stranded 

DNA has an approximately 40 cr  higher absorption than double stranded D N A. since the 

heterocyclic rings o f the bases absorb more light i f  they are not piled up or connected by 

hydrogen bonds inside the double helix. Another method employs enzymes specific for 

single-stranded D NA [3],

1.13 DNA Supercoiling

Plasmid DNA. a small c ircular piece o f  DNA. is one o f the most common genetic vectors 

used in molecular b iology applications and it can exist in different topoisomers. A  topoi- 

somer is a topological form  o f D NA w ith  the same sequence as another but d iffering in 

linking number (the number o f times one strand crosses the other when the D N A  is made

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to lie flat on a plane). A  covalently closed circular DN A molecule (cccDNA), called fo rm  

I  D N A. is negatively supercoiled (tending to unwind the he lix), and is the natural form  

o f a simple plasmid molecule purified from  a bacterial cell. Covalently closed means that 

the two phosphodiester backbones are covalently continuous. I f  a cccDNA molecule con­

tains a single nick (by breaking even one phosphodiester bond) in one o f the strands, the 

supercoils are lost. The nicked or open circu lar molecule has been called fo rm  I I  D N A . 

they could also be called "relaxed" since there are no supercoils. C ircular D N A  would 

be unknotted by cleaving both strands: thus a linear D N A  molecule, called fo rm  I I I .  w ill 

be formed by breaking both phosphate backbones at the same point (or nearly the same 

point) along the helical axis [3]. These three isomers can be separated by electrophoresis 

in agarose gels [11-131.

One topological property o f a D N A  molecule is its link ing  number. L . The link ing 

number is on ly changed by chemical o r enzymatic cleavage breaking o f  the phosphodiester 

backbone. The topology o f D NA is described by the simple equation:

L — W — T  (1.4)

where L  is the link ing  number. T  is the number o f helical turns in the D N A. and \V  is 

the w rith ing number o f D N A  which describes the supertwisting or coiling o f the helix in 

space. When a molecule is relaxed and contains no supercoils, the link ing  number is equal 

to the tw ist number since W=0. A rough estimate for the link ing  number o f relaxed D N A  

is Lq = AVI 0.5. where .V is the number o f base pairs in the D N A  fragment. Negatively 

supercoiled DNA has a deficiency in the link ing number compared w ith relaxed DNA. L <  

U )- Underwinding results in more base pairs per helical turn and a decrease in the angle o f 

tw ist. Positively supercoiled D NA (tending to w ind the helix) is overwound w ith  respect to 

the number o f helical turns compared w ith  relaxed DNA. L >  Lq. Overwinding results in 

fewer base pairs per helical turn and an increase in the w inding angle. D NA is a dynamic 

molecule that can exist in many states w ith different values o f helical turns and supercoils. 

Although the link ing  number is not changing and must be an integer, the number o f tw ists 

can vary in positive and negative increments w ith  offsetting negative and positive changes
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in the writhe number [3].

The level o f negative supercoiling increases by increasing the temperature since changes 

in temperature affect the w inding o f dsDNA. Sim ilarly, as temperature decreases, the tw ist 

angle in D N A  increases, resulting in fewer base pairs per helical turn. The salt concentra­

tion also may influence the w ind ing o f the DNA. For higher concentrations o f a monovalent 

cation Na+ or a divalent cation M g ~2, w rithe o f plasmids in solutions increases [3].

1.1.4 A Vocabulary of Genetics

In this section, there are some b rie f descriptions for the genetic terms that have been used 

in the rest o f the thesis.

E ukaryo te : The eukaryotic cells contain a well-defined nucleus, bounded by a mem­

brane. w ith in  which D N A is formed into distinct chromosomes [2],

P rokaryo te : Prokaryotes are organisms whose cells lack organelles. There are no any 

specialized segregated structures such as nuclei, mitochondria, and chloroplasts in prokary­

otes. Prokaryotic D N A is not arranged in chromosomes but forms a coiled structure called 

a nucleoid [2].

Chrom osom e: The interiors o f eukaryotic cells are subdivided by membranes in a com­

plicated way. The D N A o f the cell is present w ith in  the nucleus, associated w ith  protein, 

in units called chromosomes. Eukaryotic D N A  is able to co il up into a highly condensed 

form  during cell division because o f its association w ith  protein [2].

Gene: The basic unit o f hereditary is called the gene. A  gene is a sequence o f D N A  

nucleotides on a chromosome that contains the information necessary to make a protein 

and so determines the nature o f an individual's inherited traits [2].

Homozygous: Humans typ ica lly  have two copies o f each gene, and i f  the genetic in ­

formation carried by the two copies is identical, it is called homozygous.

Heterozygous: I f  the genetic inform ation carried by the two copies is different, it is 

called heterozygous.
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W ild -type : Any genetic sequence that does not contain mutations (i.e. normal) is 

referred to as being w ildtype. W ild-type samples are often used as controls in genetic 

analysis.

M u ta tio n : Mutation is a rare change in the D N A o f genes that ultimately creates ge­

netic diversity.

SNP:

In two randomly selected human genomes, 99.9% o f the DN A sequence is identical. 

The remaining 0.1 % o f  D N A  contains sequence variations. The most common type o f 

such variation is called a single-nucleotide polymorphism, or SNP. SNPs are h ighly abun­

dant. stable, and distributed throughout the genome. These variations are associated w ith  

diversity in the population, indiv idua lity, susceptibility to diseases, and individual response 

to medicine [14],

S
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1.2 Microfluidic Devices

M icro flu id ic  technologies arc used for contro lling the llow  and reaction o f minute amounts 

o f liquids or gases in a miniaturised system 115). Whole blood samples, bacterial cell sus­

pensions. proteins, nucleic acids or antibody solutions and various buffers are commonly 

used in m icrotluidie devices. M icro tlu id ic  devices offer the ab ility  to work with smaller 

reagent volumes, shorter reaction times, and the possibility o f parallel operation [ 16). A l­

though the idea o f m iniaturizing analytical systems has been around for years, the technol­

ogy to do so was not available until the development o f photolithography for producing in ­

tegrated circuits. The main idea was that i f  photolithography could create paths and control 

elements for electrons, it could also produce components fo r the control and mobilization 

o f fluids [ 17-201. In the same way that integrated circuits allowed for the miniaturization 

o f computers from the size o f  a room to the siz.e o f a notebook, miniaturization has the 

potential to shrink a room fu ll o f  instruments into a compact iab-on-a-chip [211.

Most m icroflu id ic systems have two modes for transporting fluids: pressure-driven and 

electrokmeticallv-driven flow. Electrokinetic transport refers to the combination o f elec- 

troosmotic and electrophoretic transport. In pressure-driven flow, movement o f the fluid 

is provided w ith  pumping through the device via positive displacement pumps, such as 

svringe pumps. In this flow, the velocity profile is parabolic (i.e. fastest in the middle o f 

the channel) and the mean flow  rate w ill depend on the channel cross-sectional area. An 

advantage o f pressure driven flow, depending on the application, is that K ith  charged and 

uncharged molecules can be moved w ithout separation [22|. The electrokinetic flow  and 

its velocitv profiles w ill be discussed in next sections.

1.2.1 Electroosmosis

I f  the walls o f a microchannel have an electric charge, an electric double-layer o f oppo­

site ions (in the microchannels) w ill form at the walls (Figure 1.2). When an electric field 

is applied along the channel, the ions in the double-layer move towards the electrode o f 

opposite polaritv. The electric double-layer creates motion o f the flu id near the walls that
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transfers via viscous forces into convective motion o f the bulk flu id (22]. In other words, 

electroosmosis refers to the bulk movement o f  an aqueous solution passing a stationary 

solid surface due to an externally applied electric field. Electroosmosis requires the exis­

tence o f a charged double-layer at the so lid -liqu id  interface. In glass capillaries, surface 

silanol groups become deprotonated and therefore are negatively charged. This negatively 

charged surface attracts positive ions present in the flow (23], which w ill be discussed more 

in section 2.3.

€> ©  (t> G  ©  ©  &  ©  ©  ©  o
c : *--------  • B
— ' t r> g y g in a x r tg ) g K T ) g > < s » O Q O g v o 0 ®

Figure 1.2: Electroosmotic flow  made by electric double layer formation upon applying an 

electric voltage.

1.2.2 Electrophoresis

Electrophoresis, the commonly used form  o f  m icroflu id ic transport, is the method o f sep­

arating large molecules (such as D N A  fragments or proteins) from a mixture o f s im ilar 

molecules. An electric current is passed through a medium containing the mixture, and 

each kind o f molecule travels through the medium at a different rate, depending on its 

shape, size and electrical charge [22].

Organic chemicals and biochemicals are made o f a range o f functional groups w ith 

some being uncharged and others carrying charges o f different magnitudes and polarities 

and these charged groups may be evenly distributed over the molecules giving a significant 

average charge, like phosphate groups in nucleic acids [22].

The net charge divided by the molecular mass o f D N A. not the absolute value o f the 

charge, is an important factor in electrophoretic separation. Charge to mass ratios are 

v irtua lly  constant fo r nucleic acids. The addition o f one nucleotide increases both the
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molecular weight and charge, so that the charge-to-weight ratio is independent o f fragment 

length. This proportionality dramatically affects the procedures that have been used for 

their separation. The strong negative charge o f nucleic acid at neutral pH values ensures 

that they w ill all migrate towards the anode; however, because o f their constant charge 

to mass ratios in open-pored system (a system w ith no sieving effect) they tend to move 

together. Therefore, the separation has to rely on sieving effects acting on the differently 

sized molecules and the w ide range o f molecular sizes requires the availability o f a wide 

range o f gel pore sizes {22].

The surface charge o f molecules being separated electrophoreticaily can vary' depend­

ing on the chemical environment. In a pure solution, a simple molecule w ill have a certain 

charge dependent on the nature o f its ionizable groups. In electrolyte solutions (i.e. elec­

trophoresis buffers) the molecules attract an ion cloud which changes the effective surface 

charge. Most organic charged groups are rather weak, consequently they are frequently 

only partially ionized. pH value can influence the extent o f ionization w ith  molecules 

becoming more positively charged as pH falls and vice versa. Small changes in pH are 

important in changing molecular charge and o f course pH extremes can cause serious, irre­

versible changes in molecular structure [22].

1.2.3 Comparison of Different Fluidic Flows

One o f the advantages o f  electrokinetic flow is that electroosmotic flow produces a nearly 

uniform  plug profile, which results in reduced sample species dispersion as compared to the 

velocity gradients associated w ith  pressure-driven flows [24], However, sample dispersion 

in the form  o f  band broadening is still a concern for electroosmotic pumping. Another 

advantage to electrokinetic flow  is that it is straightforward to couple other applications 

on the chip. However, electrokinetic flow  often requires very high voltages, making it a 

d ifficu lt technology to m iniaturize w ithout o ff-ch ip  power supplies [24],

It is important to note that electroosmosis results in a net mass transfer o f the aque­

ous solution; whereas, electrophoresis causes movement o f charged particles or molecules
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through a stationary solution. In capillary electrophoresis, the ionic double layer at the 

capillary-wall surface is typ ica lly  immobilized to suppress electroosmotic flow. Suppres­

sion o f electroosmosis enables the D N A to migrate from the cathode toward the anode 

w ithout the influence o f bulk flu id flow  [24].
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1.3 Microchip Capillary Electrophoresis (CE)

Slab-gel electrophoresis is s till a common technique used for the separation o f proteins and 

nucleic acids. Running the gel can be very slow because o f the low electric field applied in 

gel electrophoresis. In principle, capillary' electrophoresis has several advantages over slab 

gel electrophoresis. The small diameter o f the capillaries minimizes the heat dissipation 

and therefore the band broadening due to Joule heating. The band broadening phenomenon, 

which reduces the band resolution o f the separation during gel electrophoresis, lim its the 

separation capability in sequencing runs. One possible explanation o f this phenomenon is 

that the distribution o f the m obilities arises mainly from the conformational distributions. 

Other sources o f band broadening can be listed as pH. temperature gradients and gel/D N A 

interactions [25.26]. Strong electric fields (up to 400 V/cm  and more) can be used, therefore 

the run time and diffusion are reduced. Capillaries are available in a variety o f diameters 

(about 10-300 pim) and their length can be chosen in a wide range.

The sensitivity o f capillary electrophoresis is v ery high and minute amounts o f sample 

can be analyzed. Because o f the narrower peaks, capillary electrophoresis has potentially 

a very high separation efficiency and it is expected to have a better performance compared 

to slab gel systems. In contrast to slab gels, only one sample can be loaded at a time: how­

ever. capillary arrays and capillary microchannels have been proposed to circumvent the 

problem [27-29], Backhouse et al. also presented 50 cm long microchannels in a mono­

lith ic  device for high resolution and long read-length DNA sequencing [30], In summary, 

capillary electrophoresis offers the possibility o f rapid and automated analysis w ith high 

reproducibility and improved quantification [31].

Developments in m icrofluidics and microinstrumentation during the last several years 

have opened the possibility o f fabricating devices w ith increased functionality and com­

plexity for chemical and biochemical applications. Various electrically driven separation 

techniques for liquid-phase analysis such as capillary electrophoresis (CE) have been suc­

cessfully adapted to a m icrochip format [32-37].

Perhaps the most compelling reason to build micro-chip devices is the potential to inte-

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



grate sample handling, analysis, and the ab ility  to obtain precise optical positioning across 

an array o f channels, (i.e. M icro  total analysis system (/t-TAS)). There are some interesting 

reports on the integration o f  PCR amplification and CE. Recently, a successful method was 

presented in [381 for the integration o f PCR-CE using PDMS instead o f a glass micro-chip. 

Since the m icrofabrication procedure is based on photolithography, high-density arrays, for 

high throughput applications, can readily be obtained.

The separation performance o f a m icro-chip system was compared w ith  conventional 

capillaries in [30.391. Backhouse et al. demonstrated that the microchannel geometry or 

glass composition did not contribute significantly to band broadening compared to cy lind ri­

cal fused-silica capillaries. They also concluded that the advantage o f microchips for DNA 

sequencing may lie in ease o f manufacturing o f large numbers o f high density arrays and 

the future integration o f sample preparation w ith  these devices [3 0 1. Rodrigues et al. be­

lieved that the main disadvantage o f the m icrochip system is the lower sensitivity obtained. 

They also expected that the detection sensitivity could be enhanced by using higher con­

centration o f the sample, contro lling the injection channel potentials during separation to 

eliminate leakage, or by using better optics, a brighter source and a more sensitive photon 

detector [39],

13.1 Separation Methods

In traditional gel electrophoresis, the gel has two main functions: it is used as an anti- 

convective medium as w e ll as a sieving matrix fo r separation [40], Convection is rather 

low in capillars- electrophoresis and micro-chips due to small dimensions o f the capillaries. 

This m ight increase the possibility o f gel-free separation. However, as discussed in section 

1.2.2. biopolymers such as D N A  and RNA have constant charge to mass ratio and no sep­

aration would occur in free solution. There are some possible approaches for separating 

biopolymers electrophoretically. D N A  or RNA can be modified so that the charge to mass 

ratio is not constant (Free Solution Electrophoresis). A  separation matrix as in traditional 

electrophoresis can also be used. Recently. Han et al. proposed the "m icrofabricated en-
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tropic trap array”  in [41J. A  nanotluidic channel device, consisting o f many entropic traps, 

causes electrophoretic m obility  differences. A  b rie f description o f these three methods is 

given in the fo llow ing  subsections.

1.3.1.1 Free Solution Electrophoresis

The idea o f m odify ing biopolymers in order to obtain electrophoretic separation in free 

solution was proposed in the early 1990's by two groups. [42] and [43]. It is based on the 

fact that by attaching the same molecule to one or both ends o f  all biopoiymer molecules 

to be separated, the charge to mass ratio would not be constant any more. Therefore, it  is 

called "end-labeled free-solution electrophoresis" or ELFSE. The attached molecule should 

have a different charge to mass ratio than D NA but has to be exactly the same for all D N A  

molecules. The ELSFE m obility  o f a D N A fragment is given by [43]:

/i/jUO =  1/(1 (1.5)

where /ty is the free solution m obility o f a bare D N A  fragment. M  is the length o f the 

D N A (bp), and a  is the fric tion  coefficient o f the label relative to that o f  one DN A base 

pair.

13.1.2 Matrix Based Separation

Electrophoretic separation was adapted from slab format to capillary format by using the 

same matrices (e.g. cross-linked polyacrylamide or agarose). The gels can be prepared in 

the same manner as slab gels, however, gel-filled capillaries have lim ited life  times. The 

small dimensions o f the capillary w ith low convection and strong capillary forces made it 

possible to use polym er solutions instead o f cross-linked polymers. For separating D N A in 

capillary electrophoresis, a number o f different polymers have been reviewed [44.45].
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1.3.1.3 Microfabricated Entropic Trap Array

Large D N A  fragments (longer than 5000 bp) can be separated by an entropic trap array. 

The basic design o f the entropic trap array consists o f alternating thin and thick regions in a 

m icrofabricated channel. The channel depth o f the thin region is smaller than the radius o f 

gyration o f the D N A  molecules being separated, and thus it  works as a molecular sieve [41]. 

The radius o f  gyration can be thought o f as the effective radius o f the mass distribution with 

respect to its inertial response to rotation ( 'gy ra tion ') about the chosen axis.

1.3.2 Separation Regimes

The exact transport mechanism o f D N A  in capillary electrophoresis is generally thought 

to be a complex function o f the electric field strength and the size o f the gel pores relative 

to the effective D N A  size. Mechanisms proposed fo r D N A electrophoresis through gels 

include simple Ogston sieving (for small D N A ) [461. simple biased reptation. reptation 

u 'ith  fluctuations, reptation w ith  stretching and others (reviewed in [47.4SJ).

The first mechanism proposed fo r the description o f gel electrophoresis, the Ogston 

model [46], assumes that the m obility  o f a particle is proportional to the fraction o f the 

volume available to it in the gel. The low -fie ld electrophoresis o f small analytes in a gel o f 

concentration C  is often interpreted using the Ogston model [49], Using purely geometric 

arguments. Ogston derived an expression fo r the m ob ility  o f a globular particle in a random 

array o f fibres [50]:

u =  Hoexp{-Kf{C) (1.6)

where Uq is the m obility  in pure solvent, K k is the retardation coefficient (proportional to 

/?“ , the particle radius) and C is the gel concentration.

The Ogston model does not account correctly fo r the m obility  o f large D N A molecules, 

so that a number o f models based on the so-called reptation concept were developed. The 

biased reptation model predicts that the electrophoretic m ob ility  in D N A  electrophoresis 

is approximately related to the D NA molecular size and the electric field. In the biased
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reptation model (BR M ), the DN A chain is assumed to thread its way, w ithout changing its 

length, through a "tube”  defined by the fibres (fo r a rig id  mesh) o r the "b lobs" (fo r a flexible 

network) surrounding it [50]. As the chain migrates through the gel. it creates new tube sec­

tions o f length, a, the mean gel pore size. These chain sections are oriented by the electric 

forces in order to m inim ize their potential energy. Another model is the "biased reptation 

w ith fluctuations" (BRF) [51], a generalization o f the earlier biased reptation model. The 

biased reptation w ith  fluctuation model allows fo r reptation tube length fluctuations during 

the m igration [49].

1.3.3 Detection Methods

The m icro-chip technology has matured very rapidly, however, the development and avail­

ab ility  o f effective detectors has lagged behind. New detection protocols are highly desir­

able to meet the growing needs o f m icroflu id ic systems and fo r integrating the analytical 

m icro-chip and the control instrumentation [52],

U V  absorption measurement, the most w idely used detection method in High Perfor­

mance L iqu id  Chromatography (HPLC) and conventional CE. is not very sensitive among 

the detection methods used. Laser-Induced Fluorescence (L IF ) or Mass Spectrometry (MS) 

are two common detection methods fo r microchip electrophoresis, however, the high cost 

and large size o f  the instrumental set-up for these techniques are incompatible w ith the 

concept o f low cost /i-TA S . A lternative detectors that can be micro-fabricated on a chip 

can reduce both cost and size [53].

133.1 Laser-Induced Fluorescence (LIF)

Lower amounts o f  sample are used in capillary electrophoresis because o f the smaller size 

o f the capillary reservoirs, so sensitive detection methods are needed in capillary elec­

trophoresis. Am ong the several detection methods, laser induced fluorescence (L IF ) is 

the most w idely used fo r detection o f micro-chip separation, despite its lim itations. The 

main disadvantage o f the L IF  method is that it is only applicable fo r fluorescent samples or
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samples capable o f fluorescent labeling. Nevertheless. L IF  has now become the standard 

detection method fo r m icro-chip separation.

In laser induced fluorescence (L IF ). a fluorescent molecule absorbs radiation from a 

laser and some o f its molecules are excited to higher energy leveK. Fluorescence is emitted 

at wavelengths longer than the exciting radiation. Fluorescence detection is more sensitive 

than absorption measurements since the emitted wavelength is different from the exciting 

wavelength. Single atoms and molecules have also been detected in a capillary by L IF  [54). 

Usage o f intercalating dyes followed by L IF  detection is a common labeling method in 

m icro-chip electrophoresis.

133 .2  Mass Spectrometry (MS)

Mass Spectrometry (M S) is a method fo r identifying molecules based on the detection 

o f the mass-to-e'narge ratio o f ions generated by vaporization and electron bombardment. 

Due to the increased interest in proteomics and the analysis o f biological samples present 

at very low concentrations, demands for this sensitive and highly valuable analysis system 

have increased [531. Capillary Electrophoresis Mass Spectrometry (C E -M S ) detection on 

m icro-chip has been studied extensively by [55.56J.

1 3 3 3  Electrochemical Detection (ECD)

Electrochemical detection has attracted great interest in recent years fo r various reasons: 

its easy operation, low cost, selectivity, and high sensitivity w ithout the need for additional 

systems. Unlike LIF. there is no need for labeling in electrochemical detection [531.

Electrochemical detection can work on different principles. The most common way is 

to control the potential o f  the working electrode at a fixed value and monitor the current 

as a function o f time. Such controlled-potential detectors are ideally suited for monitoring 

analytes that are easily oxidizable or reducible compounds. Additional compounds may 

be detected in connection to proper derivatization reactions. The proper use o f Capillary 

Electrophoresis Electrochemical detection (CE-EC) in micro-chips requires knowledge o f
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the redox reactions o f the target analytes and their dependence upon the composition o f the 

running buffer and the working-electrode material [52], The suitability o f electrochemical 

detection for m icro-chip electrophoretic systems has been demonstrated in connection to 

fixed-potential amperometric measurements in [57-59J.
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1.4 Micro-chip Based Mutation Detection

W ith the com pletion o f the Human Genome Project, genetic characterization has become 

very important in the detection and treatment o f human disease. Screening fo r mutations in 

D N A samples is essential for a variety o f applications such as molecular diagnosis o f  com­

plex inherited disorders, population screening fo r genetic diseases, studies o f the genetic 

basis o f variable drug response (pharmacogenetics) as w ell as the discovery and investiga­

tion o f new drug targets (pharmacogenomics) [60],

D N A  sequencing is s till considered as the gold standard fo r mutation detection and is 

typ ica lly used to establish the identity o f the specific nucleotide variation(s) resulting in 

genetic disease. Sequencing technology has improved dramatically over the past decade, 

however, it is s till too laborious and costly for screening large numbers o f samples. Thus, 

a substantial amount o f effort has been spent in the development o f alternative mutation 

detection strategies [ 1 ].

M utation detection strategies may be divided into two types: those that identify spe­

cific . known sequence variations, and those that detect unknown sequence variations. These 

strategies are termed specific and scanning methods, respectively. Examples o f mutation 

specific detection technology are prim er extension, allele-specific amplification, allele- 

specific oligonucleotide hybridization, and oligonucleotide ligation assay. Mutation scan­

ning technology includes methods such as single-stranded conformation polymorphism 

(SSCP). heteroduplex analysis (H A), denaturing gradient gel electrophoresis (DGGE). tem­

perature gradient gel electrophoresis (TGGE). and methods utiliz ing  either D NA repair 

enzymes or resol vases (a group o f enzymes that mediate site-specific recombination in 

prokaryotes) fo r the detection o f mismatches [ 1 ].

The Human Gene M utation Database [61] reports that over 90 o f disease-causing 

mutations in human are caused by micro-lesions (single-base transitions, transversions, 

small deletions and/or inversions), as opposed to gross lesions (repeat expansions, complex 

gene rearrangements, gross insertions, deletions or duplications). Therefore the issue o f 

sensitivity (the percentage o f mutations that are successfully detected) in both the specific
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and scanning methods is significantly important.

SSCP and HA are both w idely used mutation scanning methods because o f their relative 

sensitivity and technical simplicity. The next sections discuss these methods in more detail.

1.4.1 Heteroduplex Analysis (HA)

Heterozygous Sample 

mutant normal

IHeteroduplex  
Analysis (HA)

H o m o d u p ln o s

Heteroduplexes

Figure 1.3: Schematic illustrating the principle o f  heteroduplex analysis. The heteroduplex 

containing the mismatched bases usually tends to have lower electrophoretic mobility.

The principle o f heteroduplex analysis (H A ) is simple and it depends on the confor­

mation o f duplex DNA, which consists o f complementary strands or strands that have a 

sequence mismatch [ 1 ]. DNA is normally double stranded but in many procedures such as
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genetic amplification methods, the D N A  is separated into single strands. Under the right 

conditions (often simply a lower temperature), in a process o f self-assembly, these single 

strands w ill have the chance to recombine. In doing so. they each may recombine w ith  a 

perfectly complementary' sequence (form ing a homoduplex) or a nearly complementary se­

quence (form ing a heteroduplex, e.g. a mutant sequence paired w ith a w ild-type sequence). 

The imperfect fit in a heteroduplex creates a bulge or bubble and this affects the shape o f the 

assembled molecule, typically lowering its m obility  during electrophoretic movement [1]. 

A  heterozygous sample w ill generate four different duplexes, two homoduplexes and two 

heteroduplexes, as it is shown in Figure 1.3. and since the heteroduplexes typ ica lly migrate 

more slowly than the homoduplexes, heterozygous sample can be distinguished from ho­

mozygous sample. Unfortunately, the molecules often co-migrate such that separate peaks 

are not resolved [62].

1.4.2 Single-Strand Conformation Polymorphism (SSCP)

Orita e: al. developed SSCP more than 10 years ago for polyacrylamide gel electrophore­

sis [63]. The process o f SSCP involves the PCR amplification o f the fragment o f inter­

est. denaturation o f the double-stranded PCR product w ith  heat and/or formamide. and 

electrophoresis on a nondenaturing matrix. During electrophoresis, single-stranded D N A 

fragments fold into a three-dimensional shape according to their primary sequence. The 

electrophoretic m obility  o f separation then becomes a function o f the shape o f the folded, 

single-stranded molecules. I f  the w ild-tvpe sequence differs from that o f the fragment be­

ing tested, even by only a single nucleotide, it is possible that at ieast one o f the strands, i f  

not both, w ill adopt different three-dimensional conformations and exhibit a unique elec­

trophoretic m obility [ 1 ]. Figure 1.4 shows a sim plified illustration o f SSCP.

The advantages o f SSCP analysis are: (i) s im plic ity o f usage; ( ii)  no special equipment 

necessary'; ( i i i)  mutant bands separated from  w ild-type can be isolated for analysis; (iv) 

non-radioactive labeling available. The disadvantages o f SSCP analysis are: ( i) the size o f 

fragment analyzed is lim ited: ( ii)  absence o f predictive theory: ( ii i)  multiple conditions to
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H « l t r o < y 9 « u t  S a m p le

normal

IDenaturation

Figure 1.4: Schematic illustrating the principle o f SSCP analysis during electrophoresis in 

a nondenaturing medium 11 ].

detect all mutations: (iv ) gels sometimes are d ifficu lt to interpret: and (v) less applicable to 

D NA w ith unknown sequence 11 ].

The H A method involves the use o f electrophoretic conditions that enhance velocity 

differences between the duplexes so that the process o f duplex self-assembly can be used 

to determine the presence o f  a heterozygous state. S im ilarly, in SSCP. by altering the 

kinetics o f the self-assembly process so that each strand o f ssDNA does not encounter its 

complementary strand, portions o f  each strand may find near-complementary sequences on 

the same strand, w ith  the result that the strand folds upon itse lf in a sequence dependent 

manner form ing new- conformations. This is an overly simplified description since both
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ssDNA w ithout self-sim ilar sequences, and dsDNA w ithout mismatches, may already have 

complex structures [62],

1.4.3 Combined SSCP and HA

Although H A  achieves a sensitivity o f about SO %, and SSCP about 95 %. Kozlowski and 

K rzy2osiak [64] achieved 100 % sensitivities by combining two methods. This achieve­

ment was based on a method in which the pre-labelled dsDNA and ssDNA w'ere prepared 

separately in a procedure that involved thermal processing and extensive d ilu tion (40 to 

160 times) before recombining. S im ilarly. Kourkine et al. [65] used both SSCP and H A  

to achieve detection sensitivities o f 100 % by combining these two methods. The ir suc­

cess was also based on a method o f snap-cooling pre-labelled samples in a manner that 

produced both dsDNA and ssDNA. and they prevented the renaturation o f the ssDNA by 

d ilu ting  the sample considerably (by 10 to 40 times). The drawback to such approaches 

is that they require significant preparation that does not lend itse lf to on-chip integration. 

Moreover, microchip-based methods may have d ifficu lty  in analyzing dilute samples w ith ­

out significant degradation in the signal-to-noise ratio. It is worthwhile to note that neither 

o f the above reports ( [64] and [65]) was microchip-based. A lthough these works have 

demonstrated a very powerful capillary-based combination o f electrophoretic approaches 

to mutation analysis (SSCP and H A ), a more general application to micro-chips w ill re­

quire further improvements in terms o f sample preparation, signal intensity, labeling and in 

developing separation conditions that are compatible w ith both SSCP and H A  [62].
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1.5 Intercalating Dyes

The term intercalator was first used by Lerman [66] in the 1960s to define a molecule 

containing a planar aromatic structure that inserts itse lf between two base pairs (bp) o f 

dsDNA. In this process, the compound inserts between two stacked base pairs o f D N A  

by positioning itse lf w ith in  the center o f the D NA double helix. Hydrophobic stacking 

interactions w ith  adjacent base pairs stabilizes the intercalated molecule. The binding o f 

an intercalating molecule results in a lengthening o f the D NA helix, since two adjacent 

base pairs must physically separate to accommodate the intercalated molecule. In addition, 

intercalation results in the unwinding o f dsDNA by relaxing negative supercoils [3].

Intercalating dyes, chemicals that are weakly fluorescent and become strongly fluores­

cent upon form ing complexes, are excellent fo r C E -L IF  because o f their low backgrounds. 

Common intercalating dyes include ethidium homo-dimer (EthD). benzoxazolium-4-pyridinium 

dimer (POPO-3). benzoxazolium-4-quinolinium dimer (Y O Y O -1). benzothiazolium-4-quinolinium 

dimer (TOTO-1), and ethidium  bromide (EtBr) which all have planar aromatic or hctcro- 

aromatic rings that can be inserted between adjacent base pairs o f dsDNA.

Yan et al. evaluated different nucleic acid stains fo r sensitive dsDNA analysis w ith  CE 

separation. Among the five tested nucleic acid stains, the Svtox Orange stain was shown 

to have the best sensitivity fo r dsDNA detection by CE [67], Ren et al. showed labelling 

o f dsDNA and ssDNA w ith  an inverse-flow labelling technique using thiazol orange [6S].

D imeric cyanine nucleic acid dyes developed by Molecular Probes have been reported to 

o ffer the best detection lim its  o f any o f the fluorescent probes available fo r nucleic acid 

staining [69]. In addition to their high a ffin ity  fo r nucleic acids, these probes are essentially 

nonfluorescent in the absence o f nucleic acids and exhibit 100- to 1000-fold fluorescence 

enhancements upon binding to D N A [70]. Gibson et al. examined some o f the cyanine in ­

tercalation dyes, especially POPO-3. fo r rapid and sensitive detection o f D N A  fragments by 

capillary electrophoresis [69]. A  rapid on-column D N A  labeling technique was used [71 ] to 

detect vira l restriction D N A  fragments by capillary electrophoresis w ith  laser-induced fluo­

rescence (L IF ) detection using intercalating dye POPO-3. Figevs et al. reported separation
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o f dsDNA fragments by labelling them w ith the intercalating dyes POPO-3, YOYO-3 and 

YOYO-1 [72]. Staining the D N A on chip gives significant advantages in providing strong 

signals and in being able to deal w ith  PCR products from  reactions w ith unlabeled primers. 

It is also a significant step toward higher levels o f integration. The on-chip labeling could 

be used to analyze D N A without the need fo r amplification by means o f PCR.
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Chapter 2

Integrated Method for Mutation 

Detection Using On-Chip Sample 

Preparation by SSCP and HA

2.1 Introduction

A  rapid m icroflu id ic technique that can produce single stranded DNA tssD N A > and het­

eroduplexes o f renatured double-stranded D N A (dsDNA) from a sample o f dsDNA is pre­

sented in this chapter. The technique also involves the application o f two complementary 

methods o f mutation detection. The mutation analysis o f ssDNA is by means o f single­

stranded conformation polymorphism analysis (SSCP) and the mutation analysis o f dsDNA 

is by means o f the method o f heteroduplex analysis (HA). As part o f this process it is also 

possible to fluorescently label the ds and ssDNA. The denaturation. renaturation. labelling 

and both methods o f mutation detection are performed upon a m icroflu id ic chip w ithout the 

need for reloading the chip. This combination o f several procedures on a single chip repre­

sents a significant step in the development o f higher levels o f  integration upon m icroflu id ic 

devices.

As discussed in the previous chapter, w ith  the completion o f the sequencing o f the hu-
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man genome, genetic characterization has become increasingly important in the detection 

and treatment o f human disease. M uch o f this genetic characterization centers around the 

detection o f changes in genetic sequence such as the detection o f inserted or deleted bases, 

or substitutions o f one base fo r another (i.e. single nucleotide polymorphisms or SNPs). 

Perhaps the most important characteristics o f the methods used to detect mutations are the 

cost and the sensitivity. Both SSCP and H A  are mutation detection methods that are based 

on the self-assembly o f D N A  and are far less costly than sequencing, although the sensitiv­

ity  o f  each method is significantly lower <ca. 90 9c). By combining these tw o techniques 

(e.g. as in the capillary-based work o f [65]) it has been reported that sensitivities o f 100 

9c can be achieved. A  m icrochip integration o f SSCP and HA is presented in this chapter. 

This chapter is based upon the recently published journal paper by Vahedi et al. [62],

2S
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2.2 Materials and Methods

2.2.1 General

D N A  was extracted from the lymphocytes o f  volunteers (prepared w ith  informed consent) 

and was then purified using phenol-chloroform-isoamyl alcohol extractions [73] or w ith  the 

Q IA m p D NA Blood k it (Q IAG EN , Mississauga. ON). A fte r purification, the D N A  was sol­

ubilized in TE buffer (pH 8.0) that consisted o f tris(hydroxvmethyl)aminomethane (Tris) 

and ethylenediaminetetraacetic acid tetrasodium salt (ED TA) and stored at 4°C. Geno­

types were confirmed by sequencing on an A B I Prism 377 Slab Gel Sequencer (Applied 

Biosvstems. Streetsville, ON), using an A B I Prism BigDye Terminator v3.0 Ready Reac­

tion Cycle sequencing K it w ith  AmpliTaq D N A Polymerase (Applied Biosystems). For 

showing this integration o f H A  and SSCP. we amplified regions o f two different genes: 

Exon 20 o f the gene BRCA1 (associated w ith  cancer predisposition) and Exon 2 o f the 

gene HFE (associated w ith  haemochromatosis).

2.2.2 PCR

HFE Exon 2 (234 bp) was PCR-amplified fo r a test panel o f c lin ica lly  relevant D N A  tem­

plates. The genomic D N A obtained from  the individuals w ild-tvpe (denoted -/-). heterozy­

gous (denoted +/-) and homozygous (denoted +/+) for fo r the H63D and S65C mutations 

in HFE Exon 2. PCR was performed in 25 juL reactions, w ith  thermal cycling as follows: 

94°C fo r 2 min. 37 cycles o f  (94°C for 30 s. 55°C fo r 30 s. and 72°C fo r 30 s). and finally 

72°C for 10 min. For all samples, the PCRs were performed w ith  6 ng o f genomic template 

DN A. 200 u M  o f dNTPs. 1.5 m M  o f M g C K  lx  reaction buffer. 2.5 units o f Platinum Taq 

D N A  Polymerase and w ith  the primers as detailed in Table 2.1.

BRCA1 Exon 20 (234 bp) was PCR-amplified from  a test panel o f c lin ica lly  relevant 

D N A templates. The samples contained w ild-type (denoted -/-) as w ell as heterozygous 

(denoted +/-) fo r the 5 3 9 6 + lG > A  and 53S2insC mutations. PCR was performed in 50 l l L  

reactions, w ith  thermal cycling as follows: 95CC fo r 3 min. 35 cycles o f (95°C fo r 45 s.
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60°C fo r 30 s. and 72°C fo r 30 s), and finally 72°C for 10 min. For these samples, the 

PCRs were performed w ith  12 ng o f genomic template DNA, 200 o f dNTPs, 1.5 mM 

o f MgCU, lx  reaction buffer, 2.5 units o f Platinum Taq D NA Polymerase and w ith  the 

primers (w ith the final concentration o f 0.4uM) as detailed in Table 2.1.

Table 2.1: Unlabelled Primers Used for PCR

Amplicon-Primer Sequence Final Cone.

HFE Exon 2-forward 5 '-T C A  GAG CAG GAC CTT GGT C TT TCC-3' 0.4z<M

HFE Exon 2-reverse 5 '-C A T  ACC CTT GCT GTG G TT GTG ATT-3* 0.4zzM

BR C AI Exon 20-forward 5 '-G A A  GGA AGC TTC TCT TTC  TC T  TA-3* 0.4uM

BRCA1 Exon 20-reverse 5 '-A G T  C TT A C A  A A A  TG A AGC GG-3' 0.4z<M

PCR reagents (buffers, primers and polymerase) were purchased from  Invitrogen (Burling­

ton, ON). The 10x reaction buffer fo r PCR, the stock solution, contains 200 m M  Tris-HC l 

(pH S.4) and 500 mM KC1. Follow ing PCR. the samples were stored frozen at -20°C. 

More details about this PCR protocol could be found in [74] and [751 - The primers were 

not fluorescently labeled and were not designed specially fo r this application but were cho­

sen simply to bracket the desired mutation, . not to am plify homologues. The present 

micro-chip based HA/SSCP method requires no off-chip preparation o f the D N A  sample 

in terms o f labelling and denaturation. and needs only that the D N A sample be on the order 

o f 200-300 bp in length, the size range generally used in HA and SSCP work.

2.2.3 Microchip Equipment

The micro-chips used here were manufactured by M icralyne (Edmonton. A B ). These chips 

had a simple cross design consisting o f  4 wells (each containing ca. 3 ,uL) in 2.2mm thick 

borofloat glass. These wells are linked by two micro-channels that are nom inally 50 gm  

wide and 20 j im  deep. One o f the channels provides a separation channel approximately
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80 mm in length (Figure 2.1). As described previously by [76], the M icro flu id ic  Tool 

K it (^ T K . M icralyne. Edmonton. A B ) provided high voltages power supplies and a laser 

induced fluorescence (L IF ) system w ith excitation at a wavelength o f 532 nm and detection 

at 57S nm. The application o f high voltages to the micro-chip is fu lly  controlled by the 

u T K  and the interface to the / iT K  is provided by a compiled Labview program (supplied 

by M icra lyne) running on a PC connected to the juTK by a serial link. The /zTK  acquired 

the L IF  signal at 200 Hz and the data were recorded by the PC. The fluorescence signal is 

recorded in Volts and is graphed as relative fluorescence units (RFU) versus time.

In jection Separation

buffer well 0V

400V

sample w e l lH  sample-waste well

buffer-waste well 6000V

Figure 2.1: Diagram o f the simple cross microchip made o f glass. The circles represent 

reservoirs 2 mm in diameter and 1.1 mm deep, each holding ca. 3 u L . The lines form ing 

the cross represent microchannels nominally 50 urn wide. 20 urn deep and having an 

approximately semi-circular cross section, a) The microchip in the injection phase b) The 

microchip in the separation phase.
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2.2.4 Microchip Electrophoresis

A ll operations upon the ^ T K  were automated through the use o f a LabVIEW  interface. 

These operations consisted o f sample injection and sample separations. In sample injection, 

by applying a potential o f 400 V  fo r 60 s at the sample waste w ell and 0 V at the sample 

well (corresponding to an electric field o f 500 V7cm) (the buffer and buffer waste wells are 

electrically disconnected automatically) the negatively charged D N A  is moved from the 

sample w e ll through the injection channel and into the sample waste well. This is depicted 

in Figure 2 .la.

In sample separations, by applying a potential o f 6000 V fo r ISO s at the butter waste 

w ell and 0 V  at the buffer well (corresponding to applying an electric field o f 740 V'/cm) 

(w ith  the sample and sample waste wells electrically disconnected automatically) the DNA 

w ith in the intersection o f the channels is moved down the separation channel toward the 

buffer waste well. This is depicted in Figure 2.1b.

Tne laser-induced fluorescence was detected at a point located 76 mm from the inter­

section (indicated by an \  in Figure 2.1). A fte r the first two runs (each consists o f 60 s 

injection and ISO s separation), additional runs were performed by using 5 s injections 

each fo llowed by ISO s separations. Each sample was analyzed w ith  four runs and the 

arrival times o f the D N A during the separation varied by less than ca. 1 c.c. As w ill be 

discussed later (section 2.2.6). no formamide was present in the first run o f each load in 

order to validate the on-chip denaturation.

2.2.5 Reagents

A  Tris Borate w ith  EDTA buffer (TBE) was made w ith Tris Base and Boric Acid from 

Fisher Scientific <NJ. USA) and EDTA from Merck (Darmstadt. Germany). GeneScan 

polym er from  PE Applied Biosvstems (Foster City. C A) was mixed w ith  glycerol from 

Sigma (Saint Louis. M O ) and TBE buffer so that the final concentration o f Genescan was 

5 *7- (w /w ) and the final concentration o f glycerol was 10 <7- (w /w ). This dilu tion, re­

ferred to as 5GSI0G . was used as the sieving medium for electrophoresis. The running
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buffer, referred to as IxTB E lO G . was made from glycerol and TBE buffer so that the final 

concentration o f g lycerol was 10 % (w /w ). A  d ilution o f this solution to 1 part in 10 in de­

ionised w'ater is used fo r sample preparation and is referred to as O .lxT B E lG . Deionized 

formamide (m inim um  99.5 %) w'as purchased from  Sigma (Saint Louis. M O).

Sytox Orange, an intercalating dye suitable for labelling dsDNA, was obtained as a 5 

m M  stock solution in D M SO  (D im ethylsulfoxide) from  Molecular Probes (Eugene. OR). 

A  second DN A stain. POPO-3. was also purchased as a 1 m M  stock solution in D M F  

(D imethylformamide) from  M olecular Probes. Sytox Orange and POPO-3 solutions were 

diluted to 0.2 f iM  and 0.5 a.M in IxT B E  respectively.

2.2.6 Chip Preparation

The channels o f a m icro-chip, either a new or rinsed (see below) one. were first filled 

by a mixture o f  5GS10G w ith  0.2 u M  Sytox Orange (the final concentration) using a 1 

m L syringe. A fte r 1 m inute the m ixture was flushed out o f the channels, the wells were 

rinsed w ith  de-ionised water for 30 s. and the wells and channels were dried by forcing air 

through the channels w ith  a lm L  syringe. To remove excess Sytox Orange, the channels 

were filled w ith 1 M  sulphuric acid fo r 2 minutes and then the channels and wells were 

each rinsed w ith  de-ionised water fo r 30 s. The wells and channels were then again air- 

dried. We observed artifacts (discussed later) indicative o f excessive dye labelling (heavy 

labelling) w ithout this sulphuric acid treatment. A fte r drying the chip and the wells, the 

channels were filled  w ith  the sieving matrix. 5GSI0G. The sample well o f  the m icro-chip 

was loaded w ith 2.7 /j.L  o f  d iluted running buffer. O .lxT B E lG . and 0.3 u L  o f  unlabeled 

PCR product. The buffer well and sample-waste well were loaded w ith 3 u L  o f running 

buffer. IxTBE lO G . In order to label dsDNA and ssDNA on the chip, fo llow ing  the inverse- 

flow method, the buffer-waste w e ll was loaded w ith  3 juL o f the m ixture o f  IxTBE lO G  

w ith 0.5 j iM  POPO-3 (the final concentration). Following the above loading procedure we 

performed four runs, each consisting o f a sample-injection stage and a separation stage. 

The first run consists o f  a run w ith  a 60 second injection and a ISO second separation
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and it shows only dsDNA. Follow ing this first run, 2 / iL  o f the mixture in the sample 

w e ll was replaced w ith formamide (in order to denature the D N A  w ith in  the sample well). 

A fte r the addition o f the formamide a second run w ith a 60 second injection, and 180 

second separation was performed. In the second separation stage both ds and ssDNA were 

present. Two subsequent runs were made fo r verify ing reproducibility, each w ith a 5 second 

injection and 180 second separation (data not shown) that gave results sim ilar to those o f 

the second run.

The process fo r pre-treating the m icro-chip requires several minutes but once it  is pre­

pared the chip is capable o f being used fo r three samples (a total o f 12 runs). A fte r the 

th ird  sample loading, the intensities o f peaks are too low fo r reliable use. w ith peaks that 

are less than 0.1 V  (data not shown), this is the time that the chip should be cleaned and 

re-treated w ith  Sytox Orange. This cleaning step consists o f loading the m icro-chip w ith 

1 M  sulphuric acid fo r 20 minutes. We verified that this 20-minute sulphuric acid treat­

ment removes any residual Sytox Orange from  the m icro-chip by analyzing a sample o f 

BRCA1 Exon 20 53S2insC and verify ing that no signal was present i.e. the D N A sample 

was unlabeled (data not shown).

2.2.7 Data Analysis

A  C++ program performed the analysis o f the fluorescence data by removing the spurious, 

isolated spikes due to electrical noise (i.e. peaks consisting o f a single point). The data 

were recorded at 200 Hz. much faster than the signals from D N A  passage, and so this 

processing did not affect the peaks due to the passage o f DNA. In successive runs w ith  the 

same sample the peaks from D N A were consistently present. The analysis program then 

wrote postscript files fo r all o f  the analyzed data. More details can be found in [76].
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2.3 Results and Discussion

The integrated method o f SSCP and H A  that is demonstrated in this chapter is rapid, easily 

performed, and is compatible w ith higher levels o f m icro-chip integration. The ab ility  to 

stain the D N A  on-chip gives significant advantages in providing strong signals. Following 

this on-chip labeling method, it is possible to deal w ith PCR products from  reactions w ith 

unlabelled primers. This method could also be used fo r analyzing D N A  from  sources other 

than PCR am plification. Signal strength given by such stains has led to demonstrations o f 

single-molecule detection (e.g. [77]).

Methods have been developed for performing accurate and high-resolution capillary 

electrophoresis separations o f dsDNA using dimeric intercalation dyes as noncovalent la­

belling reagents. A lthough the use o f intercalators such as POPO-3 (e.g. [71]) and Sytox 

Orange (e.g. [67] has been w idely reported w ith pre-labelled D N A  or w ith the intercalator 

present in sieving matrix, we have found that such methods are very sensitive to subtle vari­

ations in preparation and concentrations (especially o f salts). M arino er al. also reported 

that when the D N A was complexed with dimeric dyes and injected in the column, poor 

results were obtained evidenced by low signal and loss o f resolution, m ainly due to peak 

broadening [66].

In particular, these dyes are often in a dynamic equilibrium  w ith  their environment 

such that pre-labelled D N A  (i.e. that contains the intercalator) is. in our experience, often 

not fluorescent by the time it reaches the L IF  detection point. Using glass chips, we have 

attributed this to the uptake o f the intercalator by the channel walls since channel walls 

are deprotonated (i.e. they are negatively charged) and intercalating dyes are positively 

charged. These effects appear especially strong w ith POPO-3 (and may also be exacerbated 

by our use o f  conditions that enhance conformation effects). C lark er al. investigated the 

ionic effects on the stability and electrophoretic m obility  o f D NA-dye complexes (i.e. pre­

labelled D N A  w ith  intercalating dyes) in [7S]. Backhouse er al. have used Sytox Orange 

successfully in the past [79] and the method appears relatively stable against such effects 

but unfortunately Sytox Orange does not stain ssDNA [SO].
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Figure 2.2 shows the fluorescence versus time o f the HFE Exon 2 w ildtype sample. As 

can be seen there is no signal for the first 60 s o f injection and it is followed by a slightly 

higher baseline once the laser is turned on. The laser would be slightly more stable i f  left 

on for a long period before the analysis, however, turning it on at the beginning o f the 

separation step provides a convenient marker and prevents the possible photobleaching o f 

the fluorescence w ith in  the separation channel by means o f undesired waveguiding effects 

in the microchannel.

As the unlabeled DN'A travels through the micro-chip, dye molecules, that also travel 

through the m icro-chip but in the opposite direction, intercalate in both the single-stranded 

(POPO-3) and double-stranded (Sytox Orange) forms. A t about 140 s weak signals were 

detected from  the arrival o f the primers; the dsDNA at about 168 s and the four ssDNA 

peaks at about !85 s arrived after the primers. A fter adding formamide. in the injection 

step, the neutral formamide is left behind as the ssDNA enters the microchannel. Once in 

the microchannels the ssDNA may then self-assemble. Figure 2.2b shows the period 165 s 

to 205 s w ith  higher resolution. In the same figure, there are four peaks related to ssDNA 

in the electropherogram o f  the w ild-type sample, i.e. more than one peak per sequence o f 

ssDNA. This could be due to multiple secondary structure o f the ssDNA or it may be due 

to primer-ssDNA constructs that were formed during denaturation [65.81 [. Kourkine et al. 

demonstrated this primer-ssDNA mechanism w ith an experiment in which removal o f the 

primers led to the disappearance o f primer-ssDNA constructs, and the re-addition o f the 

primers resulted in the re-appearance o f the construct peaks [SI ]. Whatever the source o f 

the peaks, the basis o f the SSCP method is that the eleetropherograms o f the w ildtype and 

mutant samples need only differ.

In the present work, we found it effective to passivate the microchannels w ith  Sytox Or­

ange. We applied the inverse-flow method by adding POPO-3. an intercalating dye (section

2.2.5). to the buffer waste w ell [681 (after passivating the channels) to label both ssDNA 

and dsDNA. The whole idea o f the inverse-flow method is that the negatively charged DNA 

fragments migrate from the negative polarity to the positive polarity, while the positively- 

charged dye ions migrate in the opposite direction. When DNA fragments meet w ith dye

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ions. DNA-dye complexes are formed and the complexes continue m igrating to the positive 

end, due to their net negative charge. We also tried the same experiment, i.e. inverse flow 

method for labelling, w ithout Sytox Orange pre-treatment and obtained no fluorescence 

(data not shown). We found out that w ithout the Sytox Orange pre-treatment, the D N A  

would not be fluorescent at the detection point since dye ions (POPO-3) would stick to the 

negatively charged walls (no D NA-dye complex would form).

As discussed in section 2.2.6. there is a stage o f sulphuric acid treatment after Sytox 

Orange passivation (to make inactive or less reactive the surface by chemical treatment) 

to prevent the accumulation o f  excessive amounts o f Sytox Orange. W ithout the 2 minute 

filling  o f the channels w ith  1 M  sulphuric acid we observed that the peaks were broadened 

to the extent that there was insufficient resolution for HA/SSCP. Under these circumstances 

the peaks may arrive s ignificantly later than expected, also as reported [6S. 82]. The late 

arrival is probably due to the positive charge o f the dye decreasing the overall charge-to- 

mass ratio o f  the DNA-dye complexes.

The 2-minute sulphuric acid treatment provides a high enough resolution for HA/SSCP 

and reliable arrival times. Sulphuric acid probably removes the extra dye molecules stuck 

to the channels. Unless otherwise specified a ll runs utilized a 2-minute sulphuric acid treat­

ment in the chip procedure. The use o f  DN A  stains in this manner provides strong signals: 

however, the 2-minute sulphuric acid treatment decreased the intensity. The peaks for on- 

chip labeled samples in the present work are s till stronger than primer-labeled samples. 

Figures 2.3 and 2.4 show examples o f heavy labelling and normal labelling for BRCA1 

samples i.e. heterozygous sample o f 53S2insC and 5 3 9 6 + lG > A  respectively. In F ig­

ure 2.3a (w ith  a 2-minute sulphuric acid treatment) the dsDNA and ssDNA are labelled 

normally w ith  the dsDNA peaks showing the m ultip le peaks characteristic o f when het­

eroduplexes are present, and the ssDNA peaks all being de fied  as is often characteristic o f 

a heterozygous sample. In Figure 2.3b (w ithout a 2-minute sulphuric acid treatment) there 

is evidence o f  heavy labelling i.e. very strong peaks and low resolution to the extent that 

the ssDNA clefts have been lost and the dsDNA m ultip le peaks smeared considerably. The 

same could be said fo r Figure 2.4a and Figure 2.4b fo r 5396+1G >A  sample.
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To demonstrate that the formamide is denaturing the DN A w ith in  the chip we show 

the results before and after the addition o f formamide. Figure 2.5 shows the runs for the 

m ixture o f w ildtype o f HFE Exon 2 w ith  the homozygous mutant S65C before and after 

adding formamide to the sample well. The first analysis, done w ithout the addition o f 

formamide. shows as a single dsDNA peak -as expected from a non-denatured sample o f 

homoduplexes 2.5a(2.6a). As shown in Figure 2.5b. only after the addition o f formamide 

are the ssDNA peaks evident, verify ing that the formamide denatured the sample DNA. In 

addition, the dsDNA profile  is now indistinguishable from that presented by a H A  analysis 

o f a heterozygous sample (data not shown). This indicates that the dsDNA peaks are from 

D NA that was reassembled on-chip. Figure 2.6a and Figure 2.6b also corresponded to two 

runs before and after the addition o f formamide for the m ixture o f w ildtype o f HFE Exon 

2 w ith the homozygous H63D.

As described above, we found the effective use o f formamide to denature the dsDNA 

in the sample w ell. The act o f injection leaves the formamide behind in the sample well 

since it is uncharged. Depending upon the amount o f time given the ssDNA once it is in 

the microchannel. the degree o f recombination can be controlled to the extent that mainly 

ssDNA or m ainly dsDNA can be produced. Perhaps most importantly, this gives us the 

ab ility  to compare tw o sources o f D N A  on-chip by denaturing and then perform ing H A  

and/or SSCP. A  more detailed investigation o f the control o f DN A self-assembly in this 

manner w ill be presented elsewhere [S3].

As discussed in 1.1.2.2 and equation 1.3. formamide reduces the m elting temperature o f 

DN A duplexes in a linear fashion (by 0.72CC fo r each percent o f formamide). Calculating 

Tm fo r our samples from  equation 1.3. having <T(G +C)= 51 for HFE Exon 2 (234 bp) and 

47 for BRCA1 Exon 20 (234 bp). 9cformamide= 66 and \ I =  1.7S m \ l  (consisting o f Na-i- 

ions from EDTA in TB E  buffer and K+ ions in PCR buffer), we found Tm o f ca. 9.2“C and 

7.6°C for HFE Exon 2 and BRCA1 Exon 20 samples respectively. This calculation shows 

that on-chip denaturation/re-hybridization in room temperature presented in this work is 

theoretically feasible. The presence o f ssDNA in Figure 2.5b(2.6b) indicates successful 

on-chip denaturation.
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Figure 2.7 shows the results o f H A  and SSCP for the BRCA1 Exon 20 wildtype and 

heterozygous samples after adding formamide to the sample well. Figure 2.7a shows the 

results for a w ildtype sample o f BRCA1 Exon 20. The reassembled w ildtype dsDNA 

contains sequences that are exactly complementary (i.e. a homoduplex). As expected then, 

one peak is seen in the electropherogram o f the dsDNA (Figure 2.7a). The wildtype sample 

provides D N A that contains two sequences o f ssDNA once denatured by the action o f the 

formamide in the sample well. Three peaks are seen in the electropherogram o f the ssDNA 

(Figure 2.7a).

The heterozygous sample o f BRCA1 Exon 20 5396+1G >A  produces both homodu­

plexes and heteroduplexes and. given the subtlety o f the mutation (a SNP) the change in 

the dsDNA profile is relatively subtle. The electropherogram o f the dsDNA o f this sam­

ple. (Figure 2.7b) shows tw o closely spaced peaks, like ly  the homoduplexes (first peak) 

followed by the heteroduplexes. The electropherogram o f the ssDNA o f this sample shows 

three peaks, the last two each having two clefts. The heterozygous sample o f BRCA1 

53S2insC produces both homoduplexes and heteroduplexes and. given the less subtle nature 

o f the mutation (1 base insertion) we can now distinguish more resolved duplexes. Figure 

2.7c shows the analysis o f a heterozygous sample o f 53S2insC. The electropherogram o f 

the dsDNA o f this sample (Figure 2.7c) shows three peaks while that o f the ssDNA shows 

another 3 peaks, each clefted. Comparing Figures 2.7b and 2.7c w ith  2.7a. both heterozy­

gous 53S2insC and 5396+1G >A  mutations can be detected by this combined HA/SSCP 

method.

Figure 2.8 also shows the results o f H A  and SSCP for the HFE Exon 2 wildtype and 

homozygous samples after adding formamide to the sample well. Figure 2.Sa shows the 

results for a w ildtype sample o f HFE Exon 2. The reassembled w ildtype dsDNA contains 

sequences that are exactly complementary (i.e. a homoduplex). As expected then, one peak 

is seen in the electropherogram o f the dsDNA (Figure 2.8a).

The homozygous sample o f HFE Exon 2 S65C plus w ildtype produces both homod­

uplexes and heteroduplexes. The electropherogram o f the dsDNA o f this sample. (Figure 

2.8b) shows two closely spaced peaks, like ly  the homoduplexes (first peak) followed by
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the heteroduplexes. The electropherogram o f the ssDNA o f  this sample shows three peaks, 

the last two each having two clefts. The homozygous sample o f HFE H63D plus w ildtype 

produces both homoduplexes and heteroduplexes. Figure 2.8c shows the analysis o f a ho­

mozygous sample o f HFE H63D plus w ildtype. The electropherogram o f the dsDNA o f 

this sample (Figure 2.8c) shows a clefted peak while that o f the ssDNA shows another 4 

peaks, each clefted. Comparing Figures 2.7b and 2.7c w ith  2.7a. both homozygous H63D 

and homozygous S65C mutations can be detected by this combined HA/SSCP method.

2.4 Conclusion

A n effective integration o f a method for on-chip denaturing and re-hybridizing o f D N A. for 

the on-chip labelling o f the resulting ss and dsDNA. and fo r performing SSCP and H A  has 

been demonstrated in this chapter. We analyzed three different PCR products for each type 

o f sample i.e. BRCA1 Exon 20 (w ildtype. heterozygous 5 3 9 6 + lG > A  and heterozygous 

53S2insC) and HFE Exon 2 (w ildtype and homozygous H63D. w ildtype and homozygous 

S65C) and we had reproducible results from run to run fo r each PCR product. The present 

HA/SSCP method has shown readily interpreted electropherograms that show a clear dis­

tinction between w ildtype and mutant samples. A lthough Tian er al.. [S4] demonstrated 

SSCP on a micro-chip, in the present work we use unlabelled samples and can perform all 

processing o f the sample on chip (rather than requiring, e.g. off-chip thermal treatments).

Taking several minutes for the preparation o f  the m icro-chip before each set o f runs, our 

m icro-chip HA/SSCP method is only slightly more complex than the very direct and rapid 

method Backhouse er al. previously presented (fo r H A  alone) [751. The H A method in 

[75] used fluorescentlv labelled primers in PCR reactions to produce end-labelled dsDNA. 

obviating the need fo r the use o f intercalating dyes. A lthough our present method achieved 

s im ilar electropherograms. in comparison, two features stand ou t- the present work has 

significantly stronger signal-to-noise ratios (i.e. the effects o f noise were quite apparent in 

the previous method) and the mutation sensitivity o f the present method is higher (i.e. the 

electropherograms o f mutations have more structure).
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W ith the significant research towards integrating multiplexed PCR and electrophoretic 

analysis arrays it has been suggested that m icro flu id ic  systems may provide throughputs 

that are as much as 100 times higher than presently attainable [85]. This integrated mutation 

detection device is a significant step towards that goal.
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Figure 2.2: a) The electropherogram o f a w ild type sample o f HFE Exon 2 w ith the x-axis 

representing time and the v-axis the fluorescence intensity in relative fluorescence units 

(RFU). An injection was performed for 60s fo llowed by a separation o f ISOs. Primers. 

dsDNA and ssDNA peaks are seen at approximately 140s, 16Ss and lS5s respectively. 

Analysis done immediately after the addition o f formamide. b) The inset shows the dsDNA 

and ssDNA peaks o f a) in higher resolution.42
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Figure 2.3: Examples o f heavy and normal labelling for BRCA1 Exon20. heterozygous 

53S2insC. Analysis done immediately after the addition o f formamide. a) normal labelling 

b) heavy labelling
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Figure 2.4: Examples o f heavy and normal labelling fo r B R C A I Exon20. heterozygous 

5396+1G >A . Analysis done immediately after the addition o f  formamide. a) normal la­

belling b) heavy labelling
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Figure 2.5: Mutation analyses o f HFE Exon 2 D N A samples by HA/SSCP before and alter 

adding formamide for the mixture o f  w ildtype and S65C (homozygous) in the sample well, 

a) dsDNA for HFE Exon 2 (S65C homozygous + \VT) before adding formamide b) dsDNA 

and ssDNA for HFE Exon 2 (S65C homozygous + \VT). Analysis done immediately alter 

the addition o f formamide.
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Figure 2.6: Mutation analyses o f HFE Exon 2 D N A  samples by HA/SSCP betore and after 

adding formamide for the mixture o f w ildtype and H63D (homozygous) in the sample well, 

a) dsDNA for HFE Exon 2 (H63D homozygous + VVT) before adding formamide b) dsDNA 

and ssDNA for HFE Exon 2 (H63D homozygous +  \VT). Analysis done immediately after 

the addition o f formamide.
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Figure 2.7: Mutational analyses o f BRCA1 Exon 20 D N A  samples by HA/SSCP for w ild- 

type. heterozygous 5396+1G> and heterozygous 53S2insC after addition o f formamide. 

a) dsDNA and ssDNA for BRCA1 Exon 20 W T b) dsDNA and ssDNA for BRCA1 Exon 

20 heterozygous 5 3 9 6 + lG > A  c) dsDNA and ssDNA fo r BRCA1 Exon 20 heterozygous 

53S2insC
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Figure 2.8: Mutational analyses o f HFE Exon 2 D N A samples by HA/SSCP fo r w ildtype. 

homozygous H63D and homozygous S65C after addition o f formamide. a) dsDNA and 

ssDNA fo r BRCA1 Exon 2 W T b) dsDNA and ssDNA for BRCA1 Exon 2 homozygous 

plus W T  S65C c) dsDNA and ssDNA for BRCA1 Exon 2 homozygous plus W T  H63D
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Chapter 3 

Preliminary Work Towards Enhanced 

Resolution in Separations Using 

Intercalators

3.1 Introduction

The ab ility  to do on-chip labeling using intercalating dyes gives significant advantages by 

providing low cost and sensitive detection techniques. The signal strength given by such 

stains has led to the demonstration o f single-molecule detection (e.g.. [77]) and the on-chip 

labeling could be used to  analyze D N A w ithout the need for amplification by means o f 

PCR. However, the use o f intercalating dyes typ ica lly results in reduced electrophoretic 

resolution due to the statistical distribution o f dye molecules.

Intercalating dyes can also cause slight unraveling and elongation o f the duplex D N A 

[86]. This may change the conformation o f DN A  and consequently can affect the sensitiv­

ity  (the percentage o f mutations that are successfully detected) o f mutation detection tech­

niques like heteroduplex analysis (H A). H A  is an easy and inexpensive mutation detection 

method although it does not have a detection sensitivity that is as good as D N A sequenc­

ing [1], The optimum conditions o f different parameters in HA like sample preparation.
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labeling, assay temperature, sieving matrix and buffer composition should be investigated 

in order to increase the sensitivity o f this mutation detection technique.

A  method was proposed in this chapter in order to detect bright D N A  sample without 

losing the resolution o f separation using intercalating dyes. In this method, dye molecules 

label the dsDNA at the end o f  the channels just prior to detection and this w ill ensure 

m inim al disruption o f the m obility  o f dsDNA molecules, enabling high resolution analyses. 

This idea may also serve to increase the mutation detection sensitivity o f H A  by introducing 

m inim al change in the conformation o f  heterodupiexes.

3.1.1 Intercalating Dyes Usage in C E -L IF

M icro-ch ip  capillary electrophoresis in conjunction w ith laser-induced fluorescence (L IF ) 

provides remarkable speed, sensitivity and resolving power [87]. however, this technology 

requires the fluorescent labeling o f target nucleic acids. There are a number o f fluorescent 

reagents that are commercially available fo r labeling D NA and proteins.

The covalent labeling o f  D N A  w ith highly fluorescent and stable non-intercalating dyes, 

such as Lissamine rhodamine-B sulfonvl chloride (Lissamine 20). tetramethyl-rhodamine 

isothiocyanate (TR ITC). sulfoindocvanine succinim idyl ester (Cv5) is common for DNA 

analysis by C H -LIF  [S7],

The addition o f dye dilu tions to the D N A  sample prior to separation, usually involved 

w ith  different periods o f  incubation time, is called pre-column labelling. When working in 

pre-column mode, the main advantages o f covalent dyes include: (1) conditions for deriva- 

lization and separation can be independently chosen for optimum sensitivity and separation 

efficiency; (2) the separation system is relatively simple and flexible. However, attention 

must be paid to overcome problems associated w ith  poor labeling efficiency and multiple 

labeling o f the analytes [S7], Most covalent labeling reactions rely on reagents that at­

tack prim ary amines. These reagents do not distinguish effic iently between the different 

amine groups in the sample and the ones associated w ith lysine residues, and as a result, 

the labeling reaction produces a complex m ixture o f products [88].
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Intercalating dyes, chemicals that are normally weakly fluorescent and become strongly 

fluorescent upon form ing complexes, are a simpler alternative to covalently attached dyes 

for labeling D N A  fragments [89], The intercalating dyes lend themselves to higher levels 

o f integration in m icro-chip analysis since they can be used fo r the on-column labeling o f 

DNA. A  potential drawback o f  the use o f this kind o f  dye in m icro-chips is the exchange 

o f intercalating dyes between DNA, running buffer, and in our experience, the glass walls 

o f the micro-channels.

Complicated band sp litting patterns or band-broadening have been reported in cases 

where D N A fragments were pre-stained prio r to sample loading [90-92 ], Carlsson et al. 

showed the gel electrophoresis o f the dsDNA (38 kbp) and YO YO  (the intercalator) com­

plexes at various dye concentrations (Figure 2a o f [90]). Below the dve/bp ratio o f 0.10 two 

zones could be observed (band-splitting) where the faster component continues the trend o f 

increasing velocity as the amount o f dye added decreases [90], Zhu et al. also showed the 

bands in the preformed DN A-TO TO  complex separation were broad and overlapping, and 

this result persisted under a wide variety o f conditions (Figure 3 o f [92]). Tan et al. [71] 

explained these observations as follows: when the D NA-dye complexes migrate toward 

the detection end. they traverse a dye-depleted zone as the unbound dye molecules migrate 

toward the in jection end. The complexation equilibrium  w ill favor the formation o f free 

dye and D N A in this dye-depleted region. The loss o f dye results in a heterogeneous dis­

tribution in the number o f  dye molecules complexed w ith  the D N A  strands, which leads to 

peak broadening [71 ] (as shown in Figure 3.1). This can greatly reduce the resolution o f 

separations in capillary electrophoresis.

3.1.2 Intercalating Dyes and Heteroduplex Analysis

Heteroduplex analysis (H A ) is one o f the most w ide ly used methods fo r screening un­

known mutations [1], H A  relies on the fact that, under native conditions, homoduplexes 

and heteroduplexes w ith  a mismatched base pair(s) (formed during PCR amplification) 

usually have different electrophoretic m obilities [ I ]. Providing proper conditions so that
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Figure 3.1: Schematic presentation o f the heterogeneous distribution o f dye molecules 

(circles) on D N A strands.

the m obility  difference is high enough to be detected through heteroduplex analysis can be 

a challenge for subtle mutations, especially i f  the resolution is degraded. Much work has 

been done in applying H A  fo r mutation detection (more in section 1.4). Rossetti et al. de­

veloped a sensitive heteroduplex analysis technique by staining the dsDNA w ith  ethidium 

bromide [93]. Tian et al. explored the potential o f capillary and m icrochip electrophoresis 

fo r HA-based mutation detection in [S4.94.95]

Kaji et al. [96] showed that YO-PRO-1. an intercalating dye, stacks between the base 

pairs and extends the contour length (the maximum end-to-end distance o f a polym er chain) 

o f the D N A  and also changes the electric charge o f the D N A. Habbersett et al. recently 

developed an analytical system based on a compact flow cvtometer fo r D N A  fragment 

sizing and single-molecule detection [97]. They believe that the intercalation extends the 

D N A polym er by doubling the interbase-pair distance from 3.4 to 6.S A [9S], and unwinds 

the helix by 1S° fo r each intercalated dye molecule [99],
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In order to achieve higher sensitivity, conditions fo r mutation detection techniques like 

H A  and SSCP should be optimized when m icrochip capillary electrophoresis is used. Ro­

drigues et al. expected that the detection sensitivity could be enhanced by using higher 

concentration o f the sample, controlling the injection channel potentials during separation 

to elim inate leakage, or by using better optics, a brighter source and a more sensitive pho­

ton detector [39]. Andersen et al. reviewed different parameters, like  sample preparation, 

assay temperature, sieving matrix and buffer composition, that can affect the mutation de­

tection sensitivity o f SSCP in [100], From the above references, the intercalating dyes are 

able to change the inter-base-pair distance, net charge and conformation o f DNA. In this 

work, we investigated the effect o f labeling method on the conformation o f heteroduplexes 

in HA.

3.2 Materials and Methods

3.2.1 General

B R C A l Exon 20 (234 bp) was PCR-amplified from a test panel o f c lin ica lly  relevant DN A 

templates. The samples were w ild-type (denoted -/-) or heterozygous (denoted +/-) for the 

53S2insC mutations. The samples were PCR-amplified fo llow ing the same protocol pre­

sented in section 2.2.1. GeneScan-500 (PE Biosvstems. Foster City. CA). a size standard, 

containing 16 fragments (35-500bp), was used in the chip calibration protocol.

3.2.2 Inverted Microscope

A  microscope (Axiovert 200) fo r transmitted light and epifiuorescence was purchased from 

Zeiss (Gottingenn. Germany). The Axiovert 200 is an inverted microscope and is mainly 

used fo r the examination o f cell and tissue cultures and o f sediments in culture flasks in 

transmitted and reflected light.
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3.2.3 Microchip Equipment

The micro-chips used here were manufactured by M icralyne (Edmonton. A B ). Since the 

experimental p latform  in chapter 2 and this chapter is the same, details are provided here 

only when they d iffe r from  those in section 2.2.3.

3.2.4 Microchip Electrophoresis

More information can be found in section 2.2.4. No formamide was added to the well fo r 

this experiment since there was not any denaturation.

3.2.5 Reagents

A  Tris Borate w ith  EDTA buffer (TBE) was made w ith Tris Base and Boric Acid  lrom  

Fisher Scientific (NJ. USA) and EDTA from Merck (Darmstadt. Germany). GeneScan 

polymer from PE Applied  Biosystems (Foster City. CA) was mixed w ith  glycerol from 

Sigma (Saint Louis. M O ) and TBE buffer so that the final concentration o f Genescan was 

5 f r  (w /w ) and the final concentration o f glycerol was 10 r f  < w /w). This d ilu tion , referred 

to as 5GSI0G. was used as the sieving medium for electrophoresis. The running buffer, 

referred to as 1 xTBE lO G . was made from glycerol and TBE buffer so that the final concen­

tration o f glycerol was 10 (w /w ). A  d ilu tion o f this solution to 1 pan in 10 in de-ionised

water is used fo r sample preparation and is referred to as O .lxT B E lG . Sytox Orange, an 

intercalating dye suitable fo r labelling dsDNA. was obtained as a 5 m M  stock solution in 

DMSO (D im ethylsulfoxide) from Molecular Probes (Eugene. OR). Sytox Orange solution 

was diluted to 0.2 g M  in IxTBE lO G .

3.2.6 Chip Calibration Protocol

The calibration protocol was developed in the Backhouse lab (University o f A lbena. Ed­

monton) and it has been used for measuring the performance o f m icro fiu id ic  chips. The 

channels o f acleaned m icrochip (section 2.2.6) were filled w ith 5GS10G. The sample well
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was loaded with 2.7 juL o f diluted running buffer (O .lxT B E lG ) and 0.3 f i L  o f Genescan- 

500 (PE Biosystems, Foster C ity. CA). The buffer well, the sample-waste well and the 

buffer-waste well were loaded w ith  3 o f  running buffer, IxTBE lO G . Placing the laser 

at 76 mm from the intersection, the first run o f the calibration load consisted o f a 60 s in jec­

tion followed by a ISO s separation. The second run consisted o f a 10 s injection followed 

by a ISO s separation, and it checked the reproducib ility o f the first run.

The fu ll-w idth-half-m ax (FW H M ) o f  three peaks in Genescan-500 size standard, i.e.

200. 250 and 300 bp. were calculated by a C ++ program perform ing the analysis o f the 

fluorescence data. For a chip w ith good performance, we expect the FW HM  to be less than 

0.3 s.

Another procedure called the flow check was started after the second injection-separation. 

In the flow check run. the laser point was located 125 .urn from  the channel intersection to­

ward the sample well. The electric voltages and tim ings o f the u T K  for this test are listed 

in Table 3.1. The flow check run included three re-injection stages. In each stage, a sepa­

ration voltage was applied fo r 5s to remove the sample plug from  the channel intersection 

and move it towards the L1F detection point (steps 2. 5 and 9 in Table 3.1). An extra 40s 

injection was added before the 5 seconds separation in the 1st stage (step 1 in Table 3.1). 

The sample in the injection channel was then pulled back toward the sample well and the 

sample waste well respectively (steps 3. 6. and 10 in Table 3.1). In the next steps, the 

separation voltage was applied between the buffer well and the buffer waste well fo r var­

ious durations (0s. 30s and 60s fo r each stage respectisely). A fte r each such separation, 

the sample was again moved toward the intersection (step 4. S and 12 in Table 3.1). Each 

o f these re-injection stages tests the time that takes fo r the D N A sample to return to the 

detection point after different separation intervals.

The returning time o f the sample in each flow check stage (named I to r each 

stage respectively) was calculated based on the derived data o f electropherograms o f the 

flow  check. First, the average and standard deviation o f the returning times are calculated 

fo r the L IF  data in the last part o f the preceding pullback step (when no DNA is present). 

The time when the signal is equal to the average plus 100 times the standard deviation is
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Table 3.1: Voltage and Electric Polarity Settings for The Flow Check Procedure

Step Time Sample-waste well Buffer-waste well Sample well Buffer Well

1 40s 0.40 kV Float Ground Float

2 5s Float 6.00 kV Float Ground

0 15s 0.20 kV Float 0.20 kV Ground

4 10s 0.40 kV Float Ground Float

5 5s Float 6.00 kV Float Ground

6 15s 0.20 kV Float 0.20 kV Ground

7 30s Float 6.00 kV Float Ground

S 10s 0.40 kV Float Ground Float

9 5s Float 6.00 kV Float Ground

10 15s 0.20 kV Float 0.20 kV Ground

11 60s Float 6.00 kV Float Ground

12 10s 0.40 kV Float Ground
1

Float

defined as the sample returning time. The difference between the 2nd re-injection and the 

1st re-injection is defined as d\ — 1-> —1\ and the difference between the 3rd re-injection and 

the 1st re-injection was defined as dz — f? — tz- The chips w ith  good resolution have d\ and 

dz smaller than 0.5s. More detail about the flow  check in microchips can be found in [ 101].

3.2.7 Chip Preparation

In this chapter, in order to label the dsDNA on the chip, a m icro-chip was passivated by 

one o f two methods. In the first method, the channels o f a m icro-chip, either a new or 

cleaned (see below) one. were first filled  by 0.2 u.M Sytox Orange diluted in IxTBE lO G  

w ithout using a syringe. In this method, the buffer-waste well was loaded w ith 3 ptL o f 

0.2 j iM  Sytox Orange diluted in IxTB E lO G . W ithout the aid o f a syringe, the channels 

were filled w ith this m ixture by the capillary forces. Three minutes after the channels were
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filled  properly, the mixture was flushed out o f the channels, the wells were rinsed w ith  

de-ionised water fo r 30 s. and the wells and channels were dried by forcing air through the 

channels w ith a 1 mL syringe. F inally, the channels were filled w ith the sieving matrix, 

5GS10G. The sample well o f the m icro-chip was loaded w ith 2.7 fj.L  o f diluted running 

buffer. O .lxT B E lG . and 0.3 / iL  o f  unlabeled PCR product, either heterozygous BRCA1 

Exon20 53S2insC or homozygous BRCA1 Exon20 w ild-type. The buffer well, sample- 

waste well and the buffer-waste w e ll were loaded w ith  3 u L  o f running buffer. lxTB E lO G . 

This method has been called the "slow -labeling method" fo r the rest o f the chapter since 

the dye mixture fills  the microchannels s low ly ( it took approximately 10 s).

The second method is the same as the first one except in the dye m ixture loading step. 

In this method, the channels o f a m icro-chip, either a new or cleaned (see below) one, were 

first filled by 0.2 .uM Svtox Orange diluted in lxT B E lO G  using a 1 m L syringe. A ll other 

steps were the same as the first method. This method has been called the "fast-labeling 

method" fo r the rest o f the chapter since the dye m ixture fills  the microchannels qu ick ly  

compared to the previous method ( it took approximately 1 s).

Follow ing the above loading procedure, fo r each passivation method, we performed 

three runs, each consisting o f a sample-injection stage and a separation stage. The first 

run consisted o f a run w ith a 60 second in jection and a ISO second separation. Follow ing 

this first run, two subsequent runs were made fo r verify ing reproducibility, each w ith  a 10 

second injection and ISO second separation (data not shown) that gave results s im ila r to 

those o f the first run.

In order to remove the residual effects o f  Sytox Orange, the chip should be cleaned after 

each load by fillin g  the channels w ith  1 M  sulphuric acid fo r 20 minutes. As discussed in 

section 2.2.6. we verified that this 20-minute sulphuric acid treatment removes any residual 

Sytox Orange from  the m icro-chip by analyzing a sample o f BRCA1 Exon 20 53S2insC 

and verifying that no signal was present i.e. the D N A  sample was unlabeled (data not 

shown).
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3.2.8 Data Analysis

As discussed in 2.2.7, more details can be found in [76],

3.3 Results and Discussion

3.3.1 Calibration of the Microfluidic Chip

Calibration is an important issue in microchips because o f  aging phenomena that can intro­

duce artifacts in electrophoretic analyses [101]. Since the resolution o f different methods 

was investigated in this work, the chip used was calibrated each day before starting experi­

ments.

A t the Backhouse lab (University o f Alberta. Edmonton), a calibration protocol (section

3.2.6) is used to measure the performance o f m icrochips (more detail could be found in the 

previous w ork [101]). The criterion for a well-perform ing m icrochip, in terms o f resolution, 

is to have an FVVHM o f less than 0.3 s for the 200. 250 and 300 bp fragments in the 

Genescan-500 size standard (more detail provided in section 3.2.6).

Figure 3.2 shows an electropherogram fo r the size standard separation. Genescan-500 

(end-labeled PCR products), when the chip is cleaned. The FW H M  o f the 200. 250 and 

300bp fragments in Figure 3.2 were measured to be around 0.24 s. an indication o f good 

performance.

Figure 3.3 shows the separation o f Genescan-500 on the same chip when it had Sytox 

Orange residues (the separation o f GS-500 was done fo llow ing  a load presented in section 

3.3.3). In this figure, the baseline has some additional features, there are more peaks than 

expected and some o f the peaks are clefted. An explanation fo r the extra peaks would be 

the existence o f unlabeled fragments in Genescan-500. The FW H M  o f the 200. 250 and 

300bp fragments were measured to be around 0.4 s, and it shows that the intercalation has 

slightly decreased the resolution o f the Genescan-500 separation. Defining Rs to be:

RS=  \px - P .J ^ F W H M  (3.1)
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where P\ and Pi are the peak arrival times during separation. FW HM  is the fu ll-w idths 

at ha lf maximum o f the desired peak. We defined the resolution as the product o f the 

difference in the fragment length between a given peak and the next peak (in this case 50bp. 

the difference between 250bp and 300bp) divided by Rs. The addition o f  intercalating dvcs 

to an end-labeled D NA decreased the resolution o f the separation from 3 bp (Figure 3.2) to 

5 bp (Figure 3.3). This peak broadening is explained in the next section.

3.3.2 Poisson Distribution of Intercalating Dyes

The statistical distribution o f dye molecules into D N A molecules can be assumed to be 

Poisson ( 11021). I f  ,u is the average number o f dye molecules, then the standard deviation 

(the square root o f the variance, used as a measure o f  the variations in a distribution) in 

Poisson distribution is V /U. W ith this assumption, the number o f  dye molecules intercalated 

into a DNA molecule w ill be in the range o f ju ±  X;1J. Since intercalators are positively 

charged molecules, they can change the net charge o f D N A  samples upon the formation 

o f DNA-dve complexes. A  d istribution o f charge o f D N A  fragments is the consequence 

o f the distribution o f intercalating dyes. Since D N A fragments (o f the same length) w ith  

different charges migrate w ith  d ifferent velocities, a broad peak would be detected after the 

separation.

A  bigger value fo r a (and hence fo r v '7r) w ill generatea broader peak (bigger deviation 

o f charge distribution). I f  f i  is small enough, then almost all D N A  molecules w ill have 

either no dye molecule u=0 (undetected) or a dye molecule u. = 1. This gives a sharp profile 

(high resolution), however, it requires s im ila rly  sensitive (and expensive) equipment to that 

needed in work w ith  end-labeled DNA.

33 3  Increasing the Resolution of On-Chip Labeling

An ideal goal fo r on-chip labeling is to detect a bright DN A sample w ithout losing the res­

olution o f separation. The idea o f our method was that i f  dye molecules label the dsDNA 

only at the end o f the channels jus t p rio r to detection, the band-broadening should be sup-
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pressed because the D N A  fragments w ith  the same length but d ifferent charges do not have 

the time to separate.

We in itia lly  believed that in the slow-labeling method (section 3.2.7). dye molecules 

move slowly enough that they are adsorbed at the end o f  the channel, while in the fast- 

labeling method, the fast entry o f  the m ixture distributes the dye molecules more evenly 

through the channel. We also observed the fluorescent intensities o f the channels fo llow ing 

two methods by looking at the chips under the fluorescent microscope. These observations 

showed that the end o f  the channels were fluorescent in  the slow-labeling approach while 

more distribution o f dye molecules was present in fast-labeling method (visual observa­

tion). However, we were not able to record those images when we ran the experiments 

(recording software was not available at that time).

Figure 3.4 shows the dsDNA profile o f  homozygous sample o f BRCA1 Exon20 w ild - 

type fo llow ing the slow-labeling method presented in section 3.2.7 w ith the measured 

FW H M  being 0.66 s. W hile  Figure 3.5 shows the dsDNA profile  o f the same sample 

fo llow ing the fast-labeling method in section 3.2.7 w ith  the measured FW H M  being 0.57 

s. We observed sim ilar profiles fo r homozygous sample o f BRCA1 Exon20 w ildtvpe fo l­

lowing the two represented labeling methods. The arrival tim ing, peak intensity and the 

resolution o f slow-labeling method, i.e. using no syringe fo r the passivation stage, do not 

show a significant difference over the arrival tim ing, peak intensity and the resolution o f 

the fast-labeling method, i.e. using a syringe fo r passivation stage. This observation sug­

gests that the slow labeling and fast labeling method may have had sim ilar a distribution 

o f dyes along the channels, not as expected. We also applied the same methods to label 

heteroduplex samples and investigated i f  any difference in the heteroduplex conformation 

can be obtained fo llow ing  these two methods. Figure 3.6 shows the heteroduplex analysis 

o f  heterozygous sample o f  BRCA1 Exon20 53S2insC fo llow ing  the slow-labeling method 

presented in section 3.2.7 w hile  Figure 3.7 shows the dsDNA profile o f the same sam­

ple fo llow ing the fast-labeling method in the same section. Unlike the w ild tvpe sample, 

we observed different profiles fo r the heterozygous sample o f  BRCA1 Exon20 53S2insC 

fo llow ing the two represented labeling methods.
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Labeling heteroduplexes by intercalating dyes may cause unwindings o f  the double he­

lix  (Gao et al. [99]). A  possible explanation fo r the different profiles in Figure 3.6 and 

Figure 3.7 can be as follows: in the fast-labeling method, the D N A-dye complex forms 

early in the channel and this m ight affect the heteroduplex conformation since the interca- 

lators have more time to unwind the helix and consequently change the conformation o f 

the heteroduplexes. On the other hand, in the slow-labeling method, D N A  is labeled at the 

end o f  the channel just before being detected and the conformational change o f heterodu­

plexes is m inimal. Given the prelim inary nature o f these experiments, it  is like ly  that the 

dye distributions are not reproducible and further investigation is needed.

There were only two loads for each sample fo llow ing each method (each load contained 

three runs) in our database. The reproducib ility o f these results was not tested because o f 

the shortage o f time.

3.3.4 Fluorescence Images

Recently we were provided w ith  a camera that could record the fluorescent images and the 

images o f  the fluorescent molecules at the glass surfaces. Figure 3.8. were recorded fo llow ­

ing each o f the two chip preparation methods. Figure 3.Sa and Figure 3.Sb are related to 

the passivation o f a chip fo llow ing  the slow-labeling method and the fast-labeling method, 

respectively. Both images were taken after loading the chip w ith  the dye m ixture (and be­

fore loading the sieving matrix). The patterns for two methods recorded by the microscope 

were reproducibly seen for three loads o f the chip.

Figure 3.9a and Figure 3.9b showed the fluorescent intensity versus distance (pixel 

number from  the loading w e ll) fo r Figure 3.8a and Figure 3.Sb. respectively. As can be 

seen in Figure 3.9a and Figure 3.9b. the slow labeling and fast labeling method have a 

sim ilar distribution o f  dye along the channels thereby explaining the s im ila r resolution in 

Figure 3.4 and Figure 3.5.

Figure 3.S shows approximately 40 mm o f the channel, and only 1/4 o f  this part o f  the 

channel showed different fluorescent intensities (from pixel number 439 to pixel number
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239 in Figure 3.9) suggesting that the DNA-dye complex may form  around 1cm earlier in 

Figure 3.9b than Figure 3.9b.

Since the images (Figure 3.8) were taken two months after the experiments in Figure 

3.4. Figure 3.5. Figure 3.5 and Figure 3.7 they m ight not be representative o f the dye 

distribution at the time o f in itia l experiments.

3.4 Conclusion

Intercalating dyes are used fo r on-chip labeling o f a wide variety o f D N A  samples, how­

ever. they are capable o f inducing peak-broadening in m icrochip electrophoresis. The peak 

broadening (lower resolution) can be explained by Poisson distribution o f dye molecules. 

D N A  fragments w ith  the same size but different charges would migrate w ith  different ve­

locities and they w ill be detected at different timings (the peak-broadening phenomenon). 

An idea for elim inating the peak-broadening is to intercalate at the end o f the channel so 

that the DNA-dye complexes could form  just prior to the detection point. We in itia lly  be­

lieved that our slow-labeling method (section 3.2.7) had most o f the dye molecules just 

at the end o f the channels while the fast-labeling method (section 3.2.7) distributed the 

dye molecules along the entire channel (from  our observations under the fluorescent m i­

croscope by eye). However, our fluorescent images (Figure 3.S and Figure 3.9) and our 

electropherograms o f  W T  samples (Figure 3.4 and Figure Figure 3.5) showed that the two 

labeling methods have almost the same distribution o f dye molecules.

Another set o f experiments showed that the profiles o f heterozygous samples (Figure

3.6 and Figure 3.7) were different fo llow ing  two methods. Since the fluorescent images 

might not be representative o f the dye distribution at the time o f in itia l experiments, further 

loads are needed on the heterozygous sample to see i f  the resutls are repeatable. A  less 

probable explanation was also based on the earlier formation o f DNA-dye complex in fast- 

labeling method versus slow-labeling method. The difference between the tim ing o f DNA- 

dye formation in tw o methods m ight have been enough to generate different conformations 

o f the heteroduplexes in (Figure 3.6 and Figure 3.7).
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There were two experiments (each experiment contained three runs) for each sample 

fo llow ing each method and the fluorescent images were taken two months after the experi­

ments. The results presented in this work should be reproduced fo r a conclusive result and 

images should be taken at the time o f the experiments.

Although our proposed labeling protocols did not show what we expected, the principle 

is valid and we need to develop a more effective method o f contro lling the dye distribution. 

The effect o f intercalating dyes like Sytox Orange on DN A may be useful in manipulating 

the conformation o f  D N A  in heteroduplex analysis methods. This may be able to increase 

to the mutation detection sensitivity.
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Figure 3.2: Calibration Electropherogram: GeneScan-500 Separation, freshly-cleaned 

channels a) zoomed electropherogram. b) The inset shows 200.250 and 300bp
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Figure 3.3: Calibration Electropherogram: GeneScan-500 load fo llow ing  a load presented 

in section 3.3.3 (w ith  no cleaning o f  the chip w ith  sulfuric acid) a) zoomed electrophero­

gram. b) The inset shows 200. 250 and 300bp
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Figure 3.4: The electropherogram o f a w ildtvpe sample o f B R C A 1 Exon 20. the chip was 

passivated w ith  Sytox Orange using the slow-labeling method represented in section 3.2.7. 

Measured FW HM =0.66 s
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Figure 3.5: The electropherogram o f a w ild tvpe sample o f BRCA1 Exon 20. the chip was 

passivated w ith  Sytox Orange using the fast-labeling method represented in section 3.2.7. 

Measured FW HM=0.57 s
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Figure 3.6: Heteroduplex analysis o f a heterozygous sample o f  BRCA 1 Exon 2 0 .53S2insC. 

the chip was passivated w ith Sytox Orange using the slow-labeling method represented in 

section 3.2.7
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Figure 3.7: Heteroduplex analysis o f a heterozygous sample o f BRCA 1 Exon 2 0 .53S2insC. 

the chip was passivated w ith  Sytox Orange the fast-labeling method represented in section 

3.2.7
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(a)

(b)

Figure 3.S: Fluorescent Images o f the chip after the two presented labeling methods. Each 

images took 40 mm o f a m icrochip from  the loading well (buffer-waste well). The laser was 

located 4mm from  this w ell (76mm from  the intersection), a) Image o f the chip after the 

passivation fo llow ing the slow-labeling method b) Image o f the chip after the passivation 

fo llow ing the fast-labeling method
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Figure 3.9: Fluorescent intensity versus distance (x axis represent pixel number)!made by

a C program called "Image slice intensity", written by Guijun Dai in the Backhouse lab)

that calculates the average pixel value fo r each column o f a slice and output the result

to a data file. Whole distance corresponds to around 40 mm o f a m icrochip from the

loading well (buffer-waste well). The laser was located 4mm from  this w ell (76mm from

the intersection), a) Fluorescent intensity versus distance corresponds to Figure 3.Sa. b)

Fluorescent intensity versus distance corresponds to Fieure 3.Sb
71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4

Preliminary Work Towards the Rapid 

Genetic Analysis of Mitochondrial DNA 

Using Microfluidic Devices

4.1 Introduction

The major goal o f this chapter is to develop a reliable sizing protocol on microchips 

that would allow  us to detect the large m tD N A deletions characteristic o f Keams-Savre 

Syndrome (KSS) and other m itochondrial myopathies. Mutations in mitochondrial DNA 

(m tD N A) may play a role in a variety o f  diseases like cancer, Alzheimer's and Parkinson's. 

The preparation o f m tD N A is one o f the most critical issues in m tD N A mutation detec­

tion techniques because it is labor intensive and very small amounts o f m tDNA could be 

obtained from  large amounts o f tissue. In this prelim inary work, we may have purified 

m tD N A from nuclear D N A and i f  this statement is proven to be correct, then this is the first 

report fo r the on-chip m tD N A purification from nuclear D N A contaminants. A  success­

fu l on-chip sample purification followed by on-chip mutation detection could revolutionize 

m tD N A research. This is a preliminary' report toward that goal and further work is needed. 

We believe that the D N A  used as a template in PCR amplification (prepared by phenol-
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chloroform-isoamyl alcohol extractions [73]) typically contains both nuclear D N A  and 

m tD N A. Upon applying an injection voltage between the sample well and the sample- 

waste well, the nuclear D N A  (3.2 b illion  base pairs ) may stay behind and it  may not enter 

the porous medium (the sieving m atrix) in the microchannels because o f its size whereas 

the m tD N A (16.5 kbp) may enter the microchannels. We also examined a sample that lacks 

m tD N A to establish a reference experiment to be compared w ith template DNA.

4.1.1 Mitochondria and Mitochondrial Diseases

Mitochondria are organelles responsible fo r generating energy in cellu lar processes [103]. 

Over the past twenty years, m itochondrial defects have been implicated in a w ide variety 

o f  degenerative diseases, aging, and cancer [104], Human mitochondrial D N A is a double­

stranded. circular molecule that encodes 13 protein subunits o f 4 enzyme complexes and 

24 RNAs (2 ribosomal RNAs [rRNAs] and 22 transfer RNAs [tRNAs].) that are required 

fo r the intra-mitochondria! translation o f  the protein-coding units [105J. M itochondria, 

which probably evolved from  independent organisms that became part o f the cell, are able 

to replicate, transcribe, and translate the ir D N A independently o f nuclear D N A. however, 

ce llu lar function and m itochondrial function are interdependent 1106].

The mitochondrial D N A is reported to be in supercoiled form [ 107.1 OS], however, there 

are also topoisomerase (enzymes that control and modify the topological states o f D N A  in 

cells) activities in mitochondria. Mansouri e ta l. believed that supercoiled m tDNA m ight be 

converted to circular DN A because o f the activation o f topoisomerases [109]. M itochon­

dria l DN A is maternally inherited and is not thought to recombine: therefore, mutations 

accumulate sequentially through maternal lineages [103], Normal and mutant m itochon­

dria l D NA can coexist w ith in  the same cell and this condition is known as heteroplasmy 

while  homoplasmy is the presence o f a single population o f either completely normal or 

completely mutant m itochondrial D N A  [103].

The first pathogenic m itochondrial D N A  (m tD N A) mutations were described in 19S8 

[103], Keams-Savre Syndrome (KSS) exhibiting progressive external ophthalmoplegia.
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pigmentary degeneration o f the retina, myopathy and cardiac conduction defects was found 

to be associated w ith  large m tD N A deletions encompassing several structural and tRNA 

genes [1 10J. Wallace et al. demonstrated a point mutation in the ND4 gene (G 11778A) in 

Leber's Hereditary Optic Neuropathy (LH O N ) was a major cause o f maternally inherited 

blindness [111]. Shortly thereafter, two further maternally inherited disorders, myoclonic 

epilepsy w ith ragged-red fibers (M ERRF) [112. 113], and mitochondrial encephalopathy 

lactic acidosis and stroke-like episodes (M E LA S ) [114] were linked to m tD N A point muta­

tions. Since then, a vast number o f point mutations and large-scale m tD N A rearrangements 

associated w ith  a diversity o f c lin ical phenotypes have been reported [115].

4.1.2 Genetic Analysis of Mitochondrial DNA

The advances in understanding the molecular genetic basis o f m itochondrial diseases have 

already had a significant effect on the ir detection and evaluation. A  set o f sensitive and 

specific molecular genetic analysis methods has been developed for a number o f m itochon­

drial mutations [ 115-119]. The unambiguous diagnosis o f a mitochondrial disease by such 

methods is obviously the first step in appropriate genetic counselling and treatment [103]. 

The other step would be the investigation o f  the correlation between nutrition deficiencies, 

environmental factors and m itochondrial condition.

Capillary' electrophoresis (CE) w ith  laser-induced fluorescence (LIE ) detection has been 

used to detect known point mutations in m tDNA. Piggee er al. detected three different 

point mutations in human m itochondrial D N A  associated w ith Leber's Hereditary Optic 

Neuropathy (LH O N ) by annealing a prim er immediately 5 ' to the mutation on the template 

and extending the primer by one fluorescentlv labeled dideoxy terminator complementary 

to the mutation [120], PCR-based analysis by capillary electrophoresis (CE) had been 

used to discriminate the h ighly polym orphic m itochondrial D N A  (m tD N A) D-Ioop region 

(the non-coding h igh ly variable region o f human m tD N A) [121]. Application o f C E -L IF  

fo r analysis o f PCR-amplified D N A fragments from three different genetic loci including 

mitochondrial D N A  was presented [122],
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High-performance hereditary haemochromatosis and short tandem repeat genotyping 

assays were demonstrated on m icroflu id ic devices along w ith rapid mitochondrial D NA se­

quence polymorphism analysis [S5]. Guttman el al. also used agarose to analyze m itochon­

drial DN A heteroplasmy in diabetes [118]. They did the PCR-amplification o f the desired 

region o f m tD N A containing a point mutation prio r to chip loading. The PCR products o f 

m tD N A were then separated using a lScm x7.5cm xl90jum  float glass microchip cassette 

(essentially a very thin slab-gel) [123]. They suggested that a PCR-RFLP based diagnostic 

test in conjunction w ith  their reported gel m icro-chip electrophoresis [ 123] could facilitate 

the analysis o f specific point mutations in m tDNA.

4.1.3 Supercoiled DNA Separation

Ding ei al. [124] developed a Lab-on-a-chip plasmid assay that runs on the Agilent 2100 

Bioanalyzer. They also used P D M A  as the sieving matrix and Taps as the separation buffer. 

The assay determines the sizes o f  the m ultiple forms o f plasmid samples. For each purified 

plasmid sample, the major topological isoforms were separated. The migration order fo r 

all plasmids tested showed that the supercoiled closed-circular molecules appeared first, 

followed by the linearized plasmid, and then the open circle form (defined in section 1.1.3).

In order to obtain high resolution fo r the separation o f supercoiled DNA ladder optimum 

conditions should be investigated. The effect o f M gCF on electrophoretic separation o f 

supercoiled D NA was described previously in [125] and was attributed to the increased 

writhe o f plasmids (section 1.1.3) in solutions containing M g -*  ions or high concentrations 

of NaCI. Meisner et al. investigated the addition o f cesium chloride to the sieving matrix 

[126]. Obtaining higher resolution by the addition o f a lkali metal cations was observed to 

increase w ith the size o f the cation. Changes in D N A structure due to interactions w ith 

the cation as well as changes in the m obility  were proposed to occur [127]. Furthermore, 

cations such as sodium or cesium are thought to interact w ith  the present free binding sites 

on the coated capillary' wall and. in this way, suppress any residual electroosmotic flow 

(EOF) [128].
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DNA separations by capillary and m icrochip electrophoreses are accomplished mainly 

through the use o f a sieving matrix (section 1.3.1). Polymers such as cellulose derivatives, 

linear poly(acrylamide) (LPA). poly(dimethylacrylam ide) (PD M A). poly(ethylene oxide) 

(PEO), po ly(vinylpyrro lidone) (PVP). poly(N-isopropylacrylam ide)- g-polv(ethyleneoxide) 

and poly(dimethylacrylamide- co-a lly l g lyc idy l ether) (PDM A-AG E) have been used by 

other researchers as the sieving matrices to separate D N A  molecules. Several polymers, 

such as PDM A. PVP. HPM C (hydroxvpropylmethylcellulose). PEO. and PDM A-AGE. 

have been used as a dynamic surface coating for D N A  analysis in bare fused-silica cap­

illaries and plastic microchips. The proposed mechanisms fo r the dynamic surface coat­

ing include the surface adsorption o f the polymers via the hydrogen bonding o f the poly­

mer [129]. In this set o f experiments, we synthesized P D M A in our laboratory fo llow ing 

the procedure reported by D ing et al. [ 124],

Oana et al. [130] and Mao et al. [131] have provided good experimental descriptions 

o f supercoiled plasmid m igration in a diluted polymer. Mao et al. [131] reported a CE 

separation o f pBR 322 in an HPMC-based buffer. Despite all this, a consistent model 

fo r the migration o f D N A  circular forms (supercoiled molecules, single topoisomers. and 

open-circular forms (section 1.1.3)) in diluted or semi-diluted polymers is not currently 

available.

4.1.4 Agarose Based Separation of Large Linear DNA and Circular 

DNA

Gurrieri et al. investigated the movement o f megabase-pair DNA molecules [132] using 

1% agarose gel in 0.5xTBE buffer and the field strength o f 5 V/cm. They showed that large 

D N A  molecules became trapped in agarose gel pores during electrophoresis i f  the electric 

field exceeded a few volts per cm [132],

Ohsugi et al. showed that large D N A  remained at the orig in o f the gel and could not 

penetrate the agarose gel matrix [133], D N A  samples were separated in O.S9c agarose gel 

containing in TAE  buffer (40mM Tris base. 20mM acetic acid and Im M  EDTA) and were
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electrophoresed in this solution at 8 V /cm  [ 133).

Singh ci al. employed a method fo r assessing damages to m tDNA caused by radiation 

upon agarose gel electrophoresis, b lo tting (a technique fo r transferring nucleic acid from  an 

electrophoresis gel matrix to a microporous membrane), and visualization by hybridization 

w ith  m tD N A probes 1134], They used 0.7 9c agarose gel in TBE. pH=S, containing 2 /ig /m l 

o f ethidium bromide. The samples were run at 100V for 2 hours. In order to purify  the 

m tDNA (isolated from mouse liver), employing slab gel electrophoresis they believed that 

the nuclear D N A  was retained on the top o f the gel whereas the m tDNA entered the gel. 

However, there were some bands in agarose gel electrophoresis distinct from m tD N A as 

identified by nuDNA-hybridized blots. These bands were not like ly to be circular duplex 

DNA molecules because they disappeared upon heat denaturation. They were not also re­

lated to RNA since they were not elim inated after the RNAse treatment. They believed that 

the lack o f  clear identification o f m tD N A  as fluorescent bands reflects the low concentration 

o f these bands relative to contaminant nuclear D N A  1134],

Guttman et al. also used agarose in m icrochip electrophoresis to analyze PCR-ampIified 

mitochondrial D N A  fragments [ I IS ] .  They also employed 2 9c agarose in TBE buffer in 

their float glass m icrochip cassette (section 4.1.1) [ 123] applying 500 V separation voltage.

4.1.5 Highly Integrated mtDNA Purification Using Microfluidic Chips

Very small quantities o f  m tD N A can be extracted fo llow ing labor intensive preparation 

protocols, consequently, the process o f m tD N A isolation is very costly. There has not been 

any work so far. to our knowledge, on m icrochip electrophoresis mutation detection using 

the circular m tD N A without PCR-ampiirtcation.

In this work, we tried to develop an on-chip m tD N A purification protocol fo llow ing  

the proposed method by Singh et al. [134], The template DNA (normally used in PCR- 

amplification) which is expected to contain both nuclear D N A and m tDNA was tested to 

see i f  the nuclear D N A  is able to enter the porous medium in the channels upon applying an 

injection voltage. We also examined a sample that lacks m tDNA. to establish a reference
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experiment to be compared w ith  that o f  template DNA.

Three sieving matrices, i.e. P D M A  diluted in Taps (section 4.2.1), agarose (diluted 

in TBE) and Genescan (diluted in TB E ) were used in this work fo r the separation o f the 

circular DNA. P D M A  was chosen since we tried to repeat the D ing et al. work [124], 

Agarose was tried because o f the previous report o f the separation o f nuclear D N A from 

m tD N A [ 134], Genescan was also used as a polymer because o f its dynamic coating and 

its common usage in the Backhouse lab.

Keams-Sayre syndrome (KSS) is a sporadic disorder characterized by mitochondrial 

D N A (m tD N A) w ith  a 4.977-bp common deletion in the m tDNA o f muscle and other tis­

sues [135]. A  continuously updated summary- o f the human m tD N A deletions in KSS may­

be found in the M 1TO M AP at [ 136]. We have developed a method to size supercoiled D N A 

ladder (2-16kbp). Since the m tD N A  is typ ica lly  in supercoiled form  ( [  107.1 OS]), it is like ly  

that the ab ility  to effective ly size a supercoiled D N A  size standard w ill enable us to size 

m tDNA. This may ultim ately a llow  us to detect the large m tD N A deletions characteristic 

o f Keams-Sayre Syndrome (KSS).

4.2 Materials and Methods

4.2.1 Reagents

A  Tris Borate w ith  EDTA buffer (TB E ) was made w ith  Tris Base and Boric Acid from 

Fisher Scientific (NJ. USA) and ED TA from Merck (Darmstadt. Germany). GeneScan 

polymer from PE Applied  Biosvstems (Foster City. C A ) was mixed w ith glycerol from 

Sigma (Saint Louis. M O ). TB  buffer and M gC i; so that the final concentration o f Genes­

can was 0.2 c 'c (wAv). the final concentration o f glycerol was 10 (w/w) and the final

concentration o f M gC F was 3 m M . This d ilution, referred to as 0.2GS10G. was used as 

the sieving medium fo r electrophoresis in one set o f our experiments.

The running buffer, referred to as lxTB E lO G . was made from glycerol and TBE buffer 

so that the final concentration o f glycerol was 10 c/c  (w /w ). A  d ilu tion  o f this solution
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to 1 part in 10 in de-ionised water is used fo r sample preparation and is referred to as 

O .lxT B E lG . Another running buffer, referred to as lxTB lO G , was made from  glycerol. TB  

buffer and M gC F so that the final concentration o f glycerol was 10 % (w /w ) and the final 

concentration o f M gC F was 2 m M . A  dilution o f this solution to 1 part in 10 in de-ionised 

water is used fo r sample preparation and is referred to as 0.1 xTB 1G. Since 0.2GS 10G and 

lxTB lO G  were made in TB  buffer, they do not contain EDTA.

Taps (N-tris[hydroxymethyl]methyl-3-am inopropanesulfonic acid). pH S.O. was from 

Sigma-Aldrich. A  d ilu tion  o f 200 m M  Taps plus 5 mM M gC F was used as the separation 

buffer. PD M A. polydimethylacrylam ide. was made in our laboratory based on [124] at 0.2 

% concentration in the running buffer (200 m M  Taps. 5 m M  MgCU. pH S.O). This solution 

was used as sieving matrix fo r one set o f our experiments. Agarose gel powder (Gibco 

BR L) was added into lx  T B E  buffer so that the final concentration was one percent (w /w ) 

and it was heated and stirred until a homogeneous liquid was formed. This solution was 

used as sieving matrix in some o f  the separations.

Sytox Orange, an intercalating dye. was obtained as a 5 m M  stock solution in DM SO 

(D im ethylsulfoxide) from  M olecular Probes (Eugene. OR). The Sytox Orange solution 

was diluted to 0.2 jlzM  in lxT B E lO G . RNAse (DNAse free) (w ith  the concentration o f 

lOmg/mL) was purchased from  M olecular BioProducts.

4.2.2 Supercoiled DNA Ladder

Supercoiled D N A  ladder (catalog number 15622-012) was purchased from Invitrogen Corp. 

(Carlsbad. CA). The supercoiled D N A  ladder contains eleven D N A  plasmids fo r sizing su­

percoiled D N A  from  2 to 16 kb. Agarose gel analysis. Figure 4.1, shows that all eleven 

bands are distinguishable. The concentration o f the sample was 250ng/)iL.

4.2.3 Template DNA Preparation

Template D N A  was extracted in the Molecular Diagnostics Laboratory (M D L ) (University 

o f Alberta. Edmonton) from  the lymphocytes o f volunteers (prepared w ith  informed con-
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bp
—  1 6 , 2 1 0
—  1 4 , 1 7 4
—  12, 138 *
—  1 0 , 1 0 2  s

—  3 0 6 6  7
—  7 0 4 5  •

—  6 0 3 0  '

—  5 0 1 2  ,

—  3 9 9 0

—  2 9 7 2

— 2067 ,

Figure 4.1: Supercoiled D N A  Ladder, Extracted from  "Supercoiled DNA Ladder Manual". 

(Copyright 2004 Invitrogen Corporation. A ll Rights Reserved.) Used W ith Permission. 

The number at the right o f each band corresponds to the length o f the plasmid DNA. We 

also numbered the bands (1 -11) fo r our reference.

sent) and was then purified using phenoi-chloroform-isoamyl alcohol extractions [73] or 

w ith  the Q IAm p D N A  Blood k it (Q IAGEN. Mississauga. ON) (section 2.2.1). The con­

centration o f the aliquoted samples was 15ng/jUL.
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4.2.4 rhoO DNA Preparation

This part was extracted from  the thesis o f Karmon Helmle (Glerum Lab. University o f 

Alberta. Edmonton) [137]: ”  Primary fibroblast cell lines were cultured in T25. T75. or 

T150 vented tissue culture flasks (Com ing) w ith  Dulbecco Modified Eagle Medium which 

contained 10 % Fetal Bovine Serum. 100 |x/m L Pen/Strep. 50 p./mL uridine and 100 ju lm L 

sodium pyruvate (G ibco) at 37°C. Once fibroblast cells were confluent, cells were washed 

two or three times w ith  sterile IX  Phosphate Buffered Saline (PBS) (Gibco). Cells were 

then trypsinized w ith  two to four m L o f 2.5 9c trypsin (Gibco). preheated to 37°C. and 

rocked gently fo r one to three minutes. Cells were released from the flask by a sharp 

tapping motion. Then, approximately S m L o f the culture media was qu ick ly  added to halt 

the trypsin digestion, and the cells were redistributed to two or more new culture flasks."

Fibroblast cell lines lacking m tDN A (rhoO) (Dr. Brian Robinson. Hospital fo r Sick 

Children. O N) were grown fo llow ing the above manner in the Glerum lab and the culture 

media was supplemented w ith  20 9c Fetal Bovine Serum. The concentration o f  D NA in the 

rhoO sample (aliquoted) was 15ng/uL.

Karmon Helm le (G lerum lab. University o f Alberta. Edmonton) designed PCR primers 

specific to a sequence in the D-loop region o f m tD N A (the non-coding h igh ly variable re­

gion o f human m tD N A. approximately 1150 bp long, and is used for the purpose o f forensic 

genetics [ 13S]). Primers were tested on a rhoO cell line to verify that the amplification o f 

nuclear pseudogenes did  not occur [139], In other words, since the prim er sequence was 

known to be unique to m tD N A. this was a test o f the presence or absence o f m tDNA in 

rhoO samples.

4.2.5 Mitochondrial DNA Preparation

M itochondria l D N A  was prepared by Dr. Ivette Sosova. in the Glerum lab (University o f 

Alberta. Edmonton) as follows: A fte r removing the medium o f the confluent human skin 

fibroblasts. 1 m L o f sucrose buffer (SB) (sucrose 0.25 M /Tris 20 m M /ED TA 1 m M . pH 7.4) 

was added and subsequently, it was removed from  the mixture. Cells were scraped w ith a
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rubber policeman (scraper) (glass w ith  rubber sleeve; used to stir, assist in pouring liquids, 

and fo r removing precipitates from  a container) after the addition o f 1 m L o f SB to the first 

plate. This m ixture was then transferred to the next plate. It was scraped, transferred and 

so on until a th ick suspension o f  scraped cells in SB formed. The suspension was homoge­

nized in Glass/Glass T ight (Wheaton A ) homogenizer w ith 30 passes. SB was added then 

to increase the volume to 6 m L. The m ixture was then centrifuged at 3.000 rpm for 7 mins. 

followed by a 10. 000 rpm centrifugation fo r 10 mins. A fte r the second centrifugation, 

the pellet was resuspended in 2 m L SB in Teflon homogenizer and homogenized (5 passes 

were enough fo r fu ll resuspension and it was brought up to 5 ml). The final centrifugation 

would be at 3.000 rpm for 7 mins followed by a 10.000 rpm for 10 mins. The final pellet, 

pure mitochondria, was resuspended in a desired volume o f 50-2000 u L  SB.

M itochondria l D NA (m tD N A ) was extracted from highly purified m itochondria (above 

recipe). The m itochondrial pellet (573 jug) was resuspended in 500 u L  75mM NaCl and 

50 m.VI EDTA (pH 7.6). and 62.5 / iL  o f proteinase K  (Sigma. 20 mg/ml stock) was added. 

A fter 30 min incubation at 50 'C . SDS was added to a final concentration o f 0.5*7- (w /v). 

and the incubation was extended fo r another 120 min. To purify  m tD N A from  proteins 

and lipids, phenol-chloroform-isoamvl alcohol (25:24:1) was added 1:1 (v /v) and mixed 

by several hand inversions. The sample was then centrifuged at 7.000 rpm fo r 10 m in in a 

tabletop microcentrifuge at 4~'C. A fte r three successive phenol-chloroform-isoamy 1 alcohol 

extractions, the aqueous phase was transferred to a new 1.5 m L m icrocentrifugation tube, 

and 0.05V (volume) o f  5N1 NaCI was added, followed by the addition o f  3V (volume) o f 

ice-cold (4CC ) 100 *7 ethanol and incubation fo r 40 min at —SO’ C (V  represents the volume, 

it means i f  the sample volume is 100 j i L. the solution volume is 300 ^ L ) .  Precipitated 

m tD N A was sedimented in a tabletop microcentrifugation at 12.000 rpm. at 4 'C . fo r 30 

min. The pellet was washed tw ice w ith  70*7- ethanol, vacuum-dried for 10 min (SpeedVac 

Plus SCI 10 A . Savant), and resuspended in 20 j j.L sterile TE buffer (10 m M  Tris-HCI. 

0.1 mM EDTA. pH 7.6). The concentration o f purified m tDNA was determined in a UV- 

1601 PC spectrophotometer (Snimadzu Corp.. Japan). In this technique. .4:60 and -^so 

are measured. The ratio w ill show the purity  o f  the sample. More detail was provided in
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section 1.1.2.1. The concentration o f m tD N A in aliquoted samples was 300 n g /^L .

4.2.6 RNAse treatment of Mitochondrial DNA

( 1) (2) ( 1) (2)

Figure 4.2: Gel Electrophoresis showing the RNAse treatment o f m tD N A in the Glerum 

lab. a) Lane 1 shows the supercoiled D N A  ladder and Lane 2 shows the untreated m tDNA 

b) Lane 1 shows the supercoiled D N A ladder and Lane 2 shows the RNAse treated m tDNA

Dr. Ivette Sosova (G lerum lab. University o f Alberta. Edmonton) showed that there 

is RNA contamination in the isolated m tD N A presented in previous section. Figure 4.2a 

shows the gel electrophoresis o f  m tD N A prior to RNAse treatment (an enzyme that cat­

alyzes the hydrolysis o f  RNA). Lane 1 corresponds to plasmid D N A ladder and Lane 2 

corresponds to untreated m tDNA. In Figure 4.2b the RNAse treatment o f m tD N A fo llow ­

ing the below procedure shows one band (Lane 2) fo r m tDNA separation corresponded to 

a I6kbp plasmid in supercoiled D NA ladder (Lane 1).

In order to make template D N A plus RNAse (and rhoO D N A plus RNAse) mixtures. 1 

f iL  o f D N A. 9 u L  o f T E  buffer (Taps buffer in the PD M A based experiments) and 0.2 u L  

o f RNAse were mixed and heated to 37°C for ha lf an hour using the thermo-cvcler prior 

to the chip loading. Since the concentration o f the template or rhoO D N A  was 15 ng//tL . 

by preparing the m ixture fo llow ing  the above procedure, the D N A  concentration would be
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1.5ng //tL  (the final concentration o f the DNA in the m ixture). The addition o f 2 o f this 

m ixture to the sample well provided 3 ng o f D N A in each load. The RNAse treatment in 

the PDMA-based method was not successful since the high concentration o f Taps had not 

been considered. More detail is given in section 4.3.1.

In order to do RNAse treatment for m tDNA. 1 f iL  o f  m tD N A. 9 u L  o f TE buffer 

(Taps buffer in the P D M A  based experiments) and 0.2 ^tL  o f RNAse were mixed and 

heated to 37°C fo r ha lf an hour using the thermo-cycler p rio r to the chip loading. Since the 

concentration o f  the m tD N A (section 4.2.5) was 300 n g /uL . 1 u L  o f  this mixture provided 

30 ng o f m tD N A  in the sample well in each load. The m ixture was stored frozen at -20°C.

4.2.7 Mitochondrial DNA Purification Using Gel Filtration

RNAse-free purification o f plasmid DNA has been reported in [140. 141], Duval et al. 

proposed a filtration method that takes advantage o f the significant size difference be­

tween RN A and plasmid D N A to remove RNA in an RNase-free plasmid purification 

process [141], Enzmann et al. believed that digestion w ith  RNAse eliminated the RNA 

contamination o f  their samples however the supercoiled m tD N A  was transformed into the 

relaxed form  by the RNAse treatment [ 142],

Other methods have also been reported for the purification o f plasmid D N A from chro­

mosomal D N A  and RNA. Levy et al. showed the use o f nitrocellulose membranes to 

decrease chromosomal D N A  contamination in plasmid D N A  [143]. They believed that the 

chromosomal D N A  was selectively retained by the nitrocellulose membrane while most su­

percoiled plasmid D N A  was recovered in the filtrate. They also showed that under specific 

condition a fraction o f contaminant RNA was also retained by the membrane filter [143], 

Wang et al. used multi-compartment electrolvser separated by u ltrafilter membranes to 

remove the contamination o f RNA. genomic D N A and protein from plasmid DNA [144], 

A  multi-compartment electrolvser with isoelectric membranes has the character o f elec­

troseparation and membrane separation to purify biological materials [ 144],

Our presented purification was used as an alternative fo r the RNAse method since the
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usage o f RNAse m ight change the conformation o f the m tD N A [142], The procedure 

described in this section depends on gel filtration chromatography [145], which separates 

molecules based on their relative size. I f  a molecule can enter and exit the pores o f the 

gel matrix, its rate o f movement is determined by the flow o f the buffer and the diffusion 

properties o f the molecule. Smaller molecules enter and leave many pores o f the matrix, 

thus traversing the length o f the colum n relatively slowly. Larger molecules do not enter 

the gel pores and therefore elute rapid ly from the column [ 146]. Uchiyama et al. reported 

the separation o f low molecular R N A from  high molecular R NA species employing a high­

speed gel filtration method [147],

In order to remove the RNA present in m tDNA. some o f the m tD N A was purified by gel 

filtration using Sephacryl S I000 (a sorbent) (Amersham Biosciences) by Alexey Atrazhev 

(Cross Cancer Institute. Edmonton). A  1 mL plastic pipette was plugged w ith  glass wool 

and used as a column. It was filled w ith  Sephacryl S I000. the sorbent, and equilibrated 

w ith  4  m L o f Taps buffer by attaching a funnel to the pipette and it was left overnight. Ten 

jUL o f m tD N A mixed w ith  a dye was loaded into the pipette. The column was then washed 

once the dye reached ha lf o f the column w ith  50 jUL o f Taps buffer and the purified m tDNA 

was collected in an eppendorf tube. This process was repeated eight times and the m tDNA 

fractions were collected in eight tubes. The idea is that dye molecules travel more slowly 

in the sorbent than m tD N A since they are smaller molecules and they are a rough estimate 

fo r the arrival o f m tD N A to the bottom o f the column. A liquots o f 4 u L  o f  each tube were 

analysed on 1 % agarose gel in TBE/ethidium  bromide and the tubes containing m tDNA 

were mixed in one tube. One band was observed on agarose gel by Alexey Atrazhev and 

the size corresponded to m tD N A size. Starting from the m tD N A concentration o f  300 

ng/juL. the concentration o f the purified sample was measured to be 20 ng//xL <O.D.=0.3S) 

(section 1.1.2.1). However, as mentioned in section 1.1.2.1, this value m ight correspond to 

the presence o f both D N A  and RNA.
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4.2.8 Microchip Equipment

The m icro-chips used here were manufactured by M icra lyne (Edmonton. AB ). Since the 

experimental platforms fo r the experiments in chapter 2 and this chapter are the same, 

details were provided here only when they d iffe r from those in section 2.2.3.

4.2.9 Microchip Electrophoresis

The details o f  the experiments are as fo llows: in the PDMA-based method: detection 

point=10mm. injection time=60s. separation voltage=3000V; in the agarose-based method: 

detection point=10mm. injection time=200s. injection voltage=100 V. separation voltage=400V; 

in the GeneScan-based method: detection point=22mm. injection time=45s. separation 

voltage=3000V.

The sample well o f the m icro-chip was loaded w ith  D N A  samples as follows: m tDNA 

40ng and supercoiled D N A ladder 75ng. The amount o f D N A  used in rhoO or template 

D N A experiments varied from lOng to 30ng. We are able to detect lower amounts o f D N A  

( 1 ng) on our microchips, however, the above values were chosen for the developing 

protocols to ensure ready detection.

4.2.10 Chip Preparation

Passivation (to make inactive or less reactive the surface by chemical treatment) was used 

in a ll three methods for labelling the plasmid D N A: the channels o f a m icro-chip, either 

a new or rinsed one (see section 2.2.6), were first filled  by a m ixture o f lxT B E lO G  w ith

0.2 u M  Svtox Orange (the final concentration) using a 1 m L syringe. A fte r 3 minutes, the 

m ixture was flushed out o f the channels, the wells were rinsed w ith  de-ionised water fo r 30 

s. and the wells and channels were dried by forcing a ir through the channels w ith  a 1 m L 

syringe.

In the first method, called PDMA-based chip loading, the channels were filled  w ith  

the sieving m atrix. 0.2 % P D M A  plus 5 m M  M gC L. using a 1 m L syringe. The amount 

o f D N A  in  the sample well was in the range o f 5-75 ng (more detail in section 4.2.9).
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The buffer w e ll and sample-waste well were loaded w ith  3 jxL  o f the running buffer, i.e. 

(200 m M  Taps, 5 m M  M gC L). The final concentration o f running buffer in the sample 

well, in all three methods, should be one tenth o f the other wells in order to produce the 

sample stacking effect ( [ 148]). otherwise w ith higher amounts o f ions in the sample well, 

the negative D N A  has a lower chance to enter the intersection because o f the competition 

between buffer ions and D N A  molecules [148].

In the second method, called agarose-based chip loading, the channels were filled with 

the sieving m atrix. I % agarose in IxTB E . In order to facilitate loading w ith agarose, the 

chip should be s ligh tly  heated on the hot plate (still touchable). The agarose was carefully 

introduced into the microchannel through the buffer waste w ell using a 1 m L syringe and 

matured for 5 m in at room temperature. The microchannels should be tota lly filled w ith the 

introduced gel and in order to prevent gel contraction, there should be some extra pressure 

w ith  the syringe to partia lly f i l l the wells (10 more seconds o f pressure w ith the plunger 

when the channels have been filled). The amount o f  D N A  in the sample well was in the 

range o f  5-75 ng (more detail in section 4.2.9). The buffer w ell and sample-waste well 

were loaded w ith  3 u L  o f the running buffer. IxTBE lO G .

In the th ird method, called GeneScan-based chip loading, the channels were filled w ith 

the sieving m atrix. 0.2GS10G plus 3 m.M M g C K  using a 1 m L syringe. The amount o f 

D N A  in the sample well was in the range o f 5-75 ng (more detail in section 4.2.9). The 

buffer w e ll and sample-waste well were loaded w ith 3 u L  o f the running buffer. lxTB lO G  

plus 2 m M  M g C K  The data related to the GeneScan-based experiments were collected by 

Ekua Yorke. the summer student o f the Backhouse lab.

4.2.11 Data Analysis

As discussed in 2.2.7. more details can be found in [76].
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4.3 Results

Three sieving matrices, i.e. P D M A  diluted in Taps (section 4.2.1). agarose (diluted in TBE) 

and Genescan (diluted in TBE) were used in this work for the separation o f the circular 

DNA. D N A  samples were labeled in three methods by the passivation method (section 

4.2.10). In the PD M A  based method, the peaks corresponding to very small amount o f 

DN A had a higher intensity when the detection point was closer to the intersection. This 

can be explained by the absorbance o f dye molecules by the walls when very small amount 

o f D NA has been used. In order to have consistent results, all the experiments in the PDM A 

based method were detected at 10 mm from the intersection. Very' low voltage was used in 

agarose based method and the detection was done early after the intersection i.e. 10 mm. 

The detection point chosen fo r the Genescan method was 22 mm since the D N A samples 

could be detected at this point.

4.3.1 PDMA Based Supercoiled DNA Separation

In this work, we modified D ing's work [124] using our microchips. We employed 0.2 °Ic  

PD M A (in  200 m M  Taps) as the sieving m atrix and Taps as the separation buffer to separate 

the supercoiled D N A ladder (section 4.2.2). Figure 4.3 and Figure 4.4 show the profiles o f 

the supercoiled D N A ladder at two detection points, i.e. 30 mm and 10 mm from  the 

microchannel intersection. Each peak, numbered from  1 to 11. corresponds to a plasmid 

D NA (and a band numbered from  1 to 11) shown in Figure 4.1.

As expected, the peak spacing at 30 mm (Figure 4.3) is more than that at 10 mm (Figure

4.4). We observed that the peaks corresponded to very small amount o f D NA had a higher 

intensity when the detection point was closer to the intersection as explained earlier.

Although the patterns o f separation were very' sim ilar w ithout the addition o f M gCF 

(data not shown). P D M A  in 5 m M  M gC F showed a better resolution for supercoiled D NA 

ladder separation. Figure 4.5(a and b) and Figure 4.6 show the profiles o f the template 

DNA and rhoO D N A. respectively, in 0.29c PD M A  (detail in  section 4.2.9). The peaks in 

Figure 4.5(a and b) are broader and have higher intensity than the peak in Figure 4.6. The
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Figure 4.3: P D M A  Based Supercoiled D N A  Ladder Separation, detection at 30mm. in jec­

tion time 60s. separation voltage 3000V.

tim ing and the peak profile fo r these two tests were reproducible (around 29c variation) (6 

runs fo r rhoO D N A  and 3 runs fo r template DN A at this detection point). There were some 

spikes present in Figure 4.5a and Figure 4.5b (two runs o f one load). The spikes were also 

repeated in two more runs (o f the same load, data not shown). However, the tim ing o f the 

spikes are not reproducible (more detail fo r the spikes in section 4.3.4 and 4.4.4).

RNAse should be added to each template DNA and rhoO D NA to explore the presence 

o f RNA. In itia l attempts to do so were not successful in the PD M A based method. No 

sample was successfully injected after the RNAse treatment w ith  the recipe in section 4.2.6 

because o f the inappropriate m ixture o f the sample and the Taps buffer w ith RNAse. The 

Taps concentration in the sample well was 0.6 o f the other wells (as described before, in 

order to have sample stacking [1481 it should be 0.1). For both rhoO DNA and template 

D N A. the amount o f D N A  in the sample well was very small (3 ng. section 4.2.6). There
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Figure 4.4: PD M A Based Supercoiled D N A Ladder Separation, detection at 10mm. injec­

tion time 60s. separation voltage 3000V. a) zoomed eleetropherogram b) the inset shows a) 

in higher resolution 77 s to S2 s

were higher amounts o f ions in the sample well and the small amounts o f negative D N A 

had lower chance to enter the channel because o f the inappropriate concentration o f the 

buffer.
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Figure 4.5: PD M A Based Template D N A Separation, detection at 10mm. injection time 

60s. separation voltage 3000V’. a and b are the protiles o f two runs in one load

Figure 4.7 and Figure 4.S show the profiles o f the m itochondrial DN A (section 4.2.5) 

before and after the RNAse treatment, respectively. There are three peaks in Figure 4.7 

which may correspond to m tD N A and RN A left from  the preparation process as expected 

from  the previous test on slab-gel (Figure 4.2. section 4.2.6).
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Figure 4.6: P D M A Based rhoO D N A  Separation, detection at 10mm. injection time 60s. 

separation voltage 3000V

In Figure 4.2a (Lane 2) the bands which came earlier in the gel disappeared after the 

RNAse treatment and only one band remained in Figure 4.2b (Lane 2). This result might 

be sim ilar to the RNAse treatment on the chip (Figure 4.S). The peaks in Figure 4.7 from 

75 s to S1 s might be related to R N A and the remaining peak in Figure 4.8 m ight be from 

m tDNA. However, the only peak in Figure 4.S does not exactly correspond to the 11th peak 

o f supercoiled ladder or the peak in Figure 4.7 at S3 s. and it is slightly shifted.

It should be noted that since the amount o f m tD N A in the sample well after the RNAse 

treatment was 30ng (10 times more than the rhoO D N A and template DNA). a peak was 

present after the RNAse treatment, however, as can be seen in Figure 4.S the peak is very 

weak.

We also tried to purify  the m tD N A  sample from  RNA. Figure 4.9, fo llow ing  an alter­

native method to avoid using RNAse (section 4.2.7). Figure 4.9 shows two profiles o f the 

m tDNA purified by the method presented in section 4.2.7. In Figure 4.9a. the remaining 

peak is broad and a spike is also present at 85 s. and in Figure 4.9b. there is another peak
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Figure 4.7: P D M A  Based M itochondrial D N A  Separation, detection at 10mm. injection 

time 60s. separation voltage 3000V

present after the broad peak and the spike (at S4 s) (the spikes in Figure 4.9a and Figure 

4.9b had the same tim ing and intensity). There are tw o broad peaks in Figure 4.9b (one 

from  S2s to S5.and the other from S5s to S7s) which m ight be related to RNA. and sim ilarly 

there are two broad peaks in Figure 4.7 (one from  7Ss to SOs and the other from S3s to 85s). 

The profiles in Figure 4.9b and Figure 4.7 suggests that the purification was not properly 

done.

43.2  Agarose Based Supercoiled DNA Separation

Figure 4.10 and Figure 4.11 show the profiles o f the template D N A and rhoO D N A. re­

spectively. in 1 7c agarose in TB E  (detail in section 4.2.9). A  very low separation voltage, 

i.e. 400V (the separation current fo r 400 V  was around 0.5.uA). was applied to be rep­

resentative o f the standard slab-gel protocol. This test m ight be possible to run at higher 

voltages but the resolution may be lost. The profiles in Figure 4.10 and Figure 4.11 seem 

to be sim ilar to those o f Figure 4.5 and Figure 4.6. In Figure 4.10 and Figure 4.5. there is a
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Figure 4.S: PDM A Based M itochondrial D N A  plus RNAse Separation (section 4.2.6). 

detection at 10mm, injection time 60s. separation voltage 3000V

broad peak which comes later than the narrow peak in Figure 4.11 and Figure 4.6. Usage 

o f very low separation voltages can explain the huge difference between the timings o f the 

peaks in Figure 4.10 and Figure 4.11. Lower voltages would result in higher arrival tim ing 

difference which can be explained as follows: assume two samples are being tested w ith 

m obilities _u\ and jU;. In system #1 using the voltage Vj. the peak for sample #1 comes at 

t\ and the peak fo r sample #2 comes at ty. In the same manner, in system #2 using voltage

Vj the peak for sample #1 comes at t\ and the peak fo r sample #2 comes at r j. For each

sample in each system we can assume:

v — jj. x  V /D  (4.1)

where v is the velocity and ju is the m obility  o f D N A. V  is the separation voltage and D is 

the distance that the voltage was applied. The velocity is:

v =  d / t  (4.2)
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Figure 4.9: PD M A Based m tD N A Purified by Gel Filtration Sorbent, section 4.2.7. detec­

tion at 10 mm. injection time 60s. separation voltage 3000V

a and b are profiles o f  the same sample from two runs o f different loads o f the sample 

prepared in section 4.2.7.

where d is the distance and t is the time. It can be said for each sample in each system:

fj. x  V x r — constant (4.3)
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Figure 4.10: Agarose Based Template D N A  Separation, detection at 10mm. injection time 

200s. injection voItage=100V. separation voltage 400V

Assuming the m obility  o f each sample is constant in tw o systems, fo r sample #1:

V, x  n =  V, x t\ (4.4)

For sample #2:

Vj x  /s =  Vj x i'i (4.5)

It can concluded that:

Vj ,/Vj (r; -  / | ) (4.6)

In other words, the tim ing difference between the arrival tim ing  o f sample #1 and sample 

#2 in system #2 can be changed by the factor (V j/V j) comparing to the tim ing difference

between the arrival tim ing o f the same samples in system #1. I f  Vj is 10 times smaller than

V 1, the difference between the tim ings in two systems would be 9 times different.

As discussed in the previous section, the peak in the rhoO profile  could be related to 

R N A  le ft from  the preparation procedure. To have a more conclusive result. RNAse should

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.2

0.19

0.18

0.17

0.16

0.15

0.14

0.13

0.12

0.11

400300 350250 450 t

Tim#{ second)

Figure 4 .11: Agarose Based rhoO DNA Separation, detection at 10mm. injection time 200s. 

injection vo!tage=100V, separation voltage 400V

be added to each template DN A and rhoO DN A (fo llow ing  section). This test was not done 

in agarose-based method because o f the shortage o f time.

The D N A size standard was tested using higher voltages i.e. 1000V (no test was done 

at 400V due to the lack o f time). Using 0.1 and 0.7 9c agarose (at 1000V) as compared 

w ith 1% agarose d id  not show significant resolution improvement (data not shown, see 

the supplementary file  fo r timestamps o f the supercoiled D N A  ladder separation) for the 

separation o f  size standards. For each sample, supercoiled D N A  ladder and Genescan-500. 

a broad peak w ith  a variable tim ing was obtained (data not shown). We related this huge 

tim ing variation (20 to 50 seconds from run to run) to the high separation voltage (1000V. 

~  4 u A ) which may melt the agarose. No test had been done fo r the supercoiled DNA 

ladder under the same conditions as Figure 4.10 and Figure 4 .11 because o f the shortage o f 

time.

The injection voltage was 100 V  for both experiments in Figure 4.10 and Figure 4.11. 

Assuming the same m obility  for DNA over the range o f 400V separation (47 V/cm) to
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100V injection (125 V /cm ), the appropriate value for the injection time based on the arrival 

tim ing o f template D N A  in Figure 4.10 is 500s (the template D N A arrival was 250 s after 

injection). Since the detection point is at 10mm. 500s is needed fo r the same sample to 

reach the intersection from the sample well i.e. around 5mm). How'ever, in our experiment 

the results were repeatable (from  first to later runs o f same load) and this suggests that 

the sample did reach the intersection w ith in  200s- possibly due to the m ob ility  not being 

constant over the range o f  400V separation (47 V/cm) to 100V injection (125 V/cm).

4.3.3 GeneScan Based Supercoiled DNA Separation

Sim ilar experiments were done using GeneScan as the sieving matrix. Figure 4.12 shows 

the profile o f the supercoiled D N A ladder separation in 0.2GS10G w ith  the detection point 

22 mm from  the intersection o f the microchannels. Figure 4 .13(a-c) (three successive runs) 

and Figure 4.14(a-d) (four successive runs) show the profiles o f the template D N A before 

and after the RNAse treatment.

The broad peak related to template D N A still exists after the RNAse treatment (Figure

4.14 after the RNAse treatment and Figure 4.13 before the RNAse treatment). There was 

also a spike present a few seconds before the broad peak, however, the tim ing for the 

spikes in Figure 4.14(a-d) is not repeatable and it does not corresponds to the spikes in 

Figure 4.13(a-c). The sporadic presence o f the spikes in Figure 4 .14(a-d) suggests that they 

are not related to RNA contamination. The broad peak and the spikes also came later after 

the RNAse treatment (Figure 4.14(a-d)) and one possible explanation fo r this observation 

is the slight change in D N A  charge because o f the RNAse treatment.

It should also be noted that the SYTO dyes, reported in M olecular Probes handbook 

[SOI. can stain both D N A  and RNA. Although there has not been any report on the labeling 

effect o f  Sytox dyes on RNA. we believe that Sytox Orange is able to label double-stranded 

conformation o f RN A which may exist in RNA solutions.

The profile o f rhoO D N A  is shown in Figure 4.15. The RNAse treatment to rhoO DNA 

did not show presence o f  any peak (i.e. flat baseline. Figure 4.16). It can be concluded that
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Figure 4. i 2: GeneScan Based Supercoiled D N A  Ladder Separation, detection at 22 mm. 

in jection time 45s, separation voltage 3000V. a) zoomed electropherogram b) the inset 

shows a) in higher resolution S6 s to 94 s
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the peak in Figure 4 .15 (or other rhoO profiles) is related to the presence o f RNA. However, 

since this experiment was done only once (shortage o f time) by the summer student. Ekua 

Yorke, the reproducib ility o f the result should be tested (more detail in section 4.3.4).

We also tried to separate the purified m tD N A sample in GeneScan. Figure 4.17 (section 

4.2.7). The remaining peak is broad and in contrast to Figure 4.9. only one peak is present. 

There was only one experiment done (because o f the shortage o f  time) by Ekua Yorke. 

the summer student, and further loads are needed to check the reproducib ility o f this result. 

This result can not be compared with the untreated m tD N A  sample since there has not been 

any load o f this sample at 22mm detection point at Ekua Yorke w ork (the shortage o f the 

sample).

The spikes present in some o f  the presented experiments m ight come from the labelling 

procedure because o f their random nature in time. A lthough we labelled all the samples in 

all the methods fo llow ing the passivation procedure, there m ight have been some floating 

dye molecules dissolved from the walls in the sieving matrix or separation buffer. More 

detail fo r the spikes and the reproducibilities is given in next section.

4.3.4 Reproducibility of the Results

In order to develop a reliable technique for genetic analysis, the reproducib ility o f the re­

sults is an important issue. As discussed earlier in the introduction section, the procedure 

o f  m tD N A  preparation is labor intensive and we also developed our protocols using lim ited 

amount o f  m tD N A. As discussed in section 4.3.1. the peaks corresponding to very small 

amount o f  D N A  had a higher intensity when the detection point was closer to the inter­

section. The optimum detection point fo r both supercoiled D N A ladder and m tDNA was 

found after a set o f  trials. Hence, there are not many experiments fo r both supercoiled DNA 

ladder and other samples (m tD N A. template D N A  and rhoO D N A ) at this detection point,

i.e. 10 mm for P D M A  based and agarose based experiments and 22mm for Genescan based 

experiments, and further experiments are needed to test the reproducib ility o f the results.

In some cases, we were not able to repeat the results because o f the shortage o f the
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sample. Ekua Yorke's work did not have the profile o f untreated m tD N A  at 22mm (the 

detection point she tried fo r other samples).

She also had only one experiment (because o f the shortage o f time) corresponding to 

the separation o f template D N A  after the RNAse treatment and she had S successive runs 

in this load w ith  a reproducible peak sim ilar to Figure 4 .Inconsisten t tim ing and intensity 

for the broad peak, and also stable current). However, the spikes in Figure 4 .14(a-d) were 

not repeated at the same time in these four profiles (a-d).

One experiment was only present in her work (because o f  the shortage o f  time) cor­

responding to the RNAse treatment o f  rhoO DNA. In this experiment, she could see flat 

baseline (w ith  stable current) as in Figure 4.16 and it was repeatable in four successive 

runs. A lthough we relied on this single load in our reasoning, this experiment should be 

repeated in future to see the repeatability o f the result.

The profile in Figure 4.S. corresponding to the RNAse treatment o f  m tD N A. was only 

present at this run (the first run o f the experiment) and it is like ly  that it is due to the carry­

over from the previous load since the peak was present in the profile o f the previous load ( 

the detection point was at 20mm and the arrival time was two times the arrival time o f the 

peak in Figure 4.S).

The other profiles, related to supercoiled D NA ladder. rhoO D N A  and template D N A 

were reproducible (consistent results in m ultiple runs fo r m ultip le loads), however, the 

tim ing variation made the sizing procedure very sensitive since the samples were separated 

only 10 mm (or 22mm) after the injection. For example, the tim ing  difference fo r the 

separation o f 2kbp and 1 lkbp  supercoiled DN A was only 6 seconds (Figure 4.12). The 

arrival tim ing o f the peaks in the supercoiled D N A  ladder and m tD N A  (untreated) had 

some variations (less than 3 s). however, this variations could not be ignored and further 

loads are needed to confirm  the results.

Spikes were seen in some o f the electropherograms o f this work. As discussed before, 

the spikes in (Figures: 4 .5 ,4.13,4.14. 4.15.4.17) m ight come from the labelling procedure 

because o f their random behavior. These spikes were not present in the P D M A  based and 

agarose based experiments (Figure 4.10 and Figure 4.5) suggesting that they were only
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related to the reagents used in the Genescan based method. However, the spike at S5 s in 

(Figure 4.9) was reproducible (the same tim ing and intensity were present in three runs 

from three experiments) and as discussed earlier it  should not be ignored.

Three profiles o f template D N A  from three runs were shown in Figure 4.13. There is 

a spike in Figure 4.13a and Figure 4.13c at 85 s. The broad peak is very' weak in Figure 

4.13b however there is a spike at 83 s. These results were obtained from  one experiment 

o f Ekua Yorke and further work is needed to test the reproducibility o f  the results. The 

spike arrival times in Figure 4.14(a-d) were not repeatable in these four runs, however, this 

sporadic behavior may be related to the presence o f supercoiled D N A and it should not be 

ignored. The statistical investigation o f these spikes is given in section 4.4.4.

4.4 Discussion

In this set o f experiments, we tried to differentiate the nuclear DNA, m tD N A and RNA 

contributions to electropherograms o f  DN A samples (template D N A, rhoO D N A . untreated 

m tDNA).

4.4.1 Was RNA Detected in Presented Methods?

In the GeneScan method, the treatment w ith RNAse (section 4.2.6) did not elim inate the 

major fluorescent peak in the template DNA (Figure 4.13 and Figure 4.14 before and after 

the RNAse treatment, respectively) although RNAse m ight have removed the overlapping 

RNA in Figure 4.13.

However, the addition o f the RNAse to rhoO D N A resulted in a flat baseline (Figure

4.15 and Figure 4.16 before and after the addition o f RNAs. respectively). W ith  these 

two experiments, it can tentatively be concluded that the peak present in al! rhoO D N A 

profiles is related to the presence o f R NA in the sample. Since rhoO sample contains nuclear 

DNA. it can also be concluded that the nuclear D N A  in rhoO D N A was not injected into 

microchannels. This also suggests that upon applying the injection voltage the nuclear
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D N A  in template D N A is retained in the sample well.

The RNAse treatment to rhoO D N A and template D N A  were not tested in agarose-based 

and PDMA-based methods (because o f the shortage o f  time and the lack o f sample stacking 

(section 4.3.1). respectively). It is a pan o f future w ork to test the reproducibility o f this 

result in a ll three methods.

4.4.2 Was Nuclear DNA Detected in Presented Methods?

Referring to the conclusion in the previous section that the peak in rhoO profile (Figure 

4.15) may be related to RNA and the remaining peak in template D NA profile after the 

RNAse treatment (Figure 4.14) may show presence o f  no RNA. there are two possibilities 

fo r the source o f the peak in the template D NA profile  (Figure 4.14). This peak m ight be 

from  either nuclear D N A  or mtDNA. It is less probable that this peak corresponds to the 

nuclear D N A  because i f  the nuclear DNA had a chance to enter the channels, there should 

have been one peak in the rhoO DNA profile after the RNAse treatment (Figure 4.16).

Nuclear D N A  might be sheared into smaller fragments [149] and the profile o f sheared 

nuclear D N A  would contain random peaks because o f  the random shearing o f the nuclear 

DNA. The broad peak in the template D NA profile (Figure 4.14 (a-d). Figure 4.10. Figure

4.5) is not like ly  to be related to the sheared nuclear D N A  since it was reproducible w ith 

the same tim ing, w idth and intensity from run to run.

4.4.3 Was mtDNA Detected in Presented Methods?

The broad peak in template DNA profiles (Figure 4.14) does not correspond to either RNA 

or nuclear D N A  (as described above) and it is probable that this peak is from the pres­

ence o f m tD N A. In both the PDMA-based and Genescan-based methods the broad peak 

corresponding to template DNA (Figure 4.13 and 4.5) is s till much broader than a single 

supercoiled plasmid D N A  in the size standard. The broad peak in Figure 4.13a is 10 s wide 

(90 s to 100 s) while the supercoiled D NA ladder profile  (2-16kbp) in Figure 4.12 is 6 s 

wide (starts at 87 s corresponds to 2kbp plasmid and ends at 93 s corresponds to 16kbp
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plasmid). However, the spikes in Figure 4.13(a-c) and Figure 4.5 (a-b) m ight correspond to 

supercoiled m tDNA. The tim ing o f these spikes were not repeatable although they appeared 

a few seconds before the broad peak.

We also tried to size m tD N A prepared by Dr. Ivette Sosova presented in section 4.2.5. 

We realized that the sample contains some RNA since two peaks disappeared in the elec- 

tropherogram after the RNAse treatment (Figure 4.7 and Figure 4.8 before and after the 

RNAse treatment, respectively). The remaining peak after the RNAse treatment (Figure

4.8 around 78 second) does not correspond to the 11th peak o f  supercoiled D N A ladder 

(Figure 4.4 the peak at S2 second). This observation may suggest that the prepared m tDNA 

is not in supercoiled form. However, the reproducib ility should be tested since we had only 

two runs showing this tim ing (shortage o f m tDNA).

Since the m tDNA purified by Alexey Atrazhev (section 4.2.7) (Figure 4.9(a-b)) and the 

untreated m tD N A (Figure 4.7) showed sim ilar profiles, we believe the m tD N A purification 

has not been done properly (more detail in section 4.3.4).

4.4.4 Statistical Investigation of the Peaks

In an effort to explain the occasional occurrence o f the spikes w ith  reproducible tim ing, 

we investigated whether they could be due to the occasional presence o f a copy o f chro­

mosomal D N A  or m tDNA. We first tried to calculate the number o f  chromosomes in tem­

plate D N A (in each run) corresponding to the experiments in Figure 4.5 and Figure 4.13. 

Referring to Backhouse et. a l [ 150], the plug separated in the separation stage typically 

carries 1/10.000 o f the D N A  in the well. Since 1 bp approximately corresponds to 650 

amu (atomic mass unit=1.67377x 10-24g). the nuclear DN A (3.2 b illion  basepairs) o f a 

cell w ill weigh 1.67 x  10~24 x  650 x  3.2 x 109 =  3.481 x  10“ 12g. Since each cell con­

tains 46 chromosomes, a chromosome w ill weigh 3.4S1 x 10~12/46  =  7.56 x  10“ 'Tg. We 

used approximately 20ng in the sample well in each experiments corresponding to Figure

4.5 and Figure 4.13. Therefore, the number o f nuclear D N A  genomes in the w ell can be 

calculated as 20ng/3 .4S l x  10“ 12 =  5745. The number o f chromosomes can also be cal-
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culated as 20ng/7.56 x  10~14 =  2.6 x  105. Separating 1/10,000 o f this value as the plug. 

2.6 x  105/ 10.000 =  26.6 chromosomes were roughly been able to be separated i f  they had 

a chance to leave the well. The same calculation fo r m tD N A  in this sample can be done: 

there are 20ng/3.4S l x  10“ 12 =  5745 nuclear D N A  (from  5745 cells) in the sample well, 

and since there are roughly 1000 m tD N A loop in each cell [I03J. there are 5.745 x  106 

m tDNA loop in the sample w ell and 1/10,000 o f this value w ill be separated as the plug 

corresponding to rougly 574 m tD N A loops. This rough calculation shows that the ratio o f 

the number o f m tD N A loops to chromosomal D N A  in the template D N A is 22.

The same calculation for m tD N A corresponding to Figure 4.9 (purified by gel filtra tion) 

can be done: each m tD N A loop ( 16.5kbp) approximately weighs 1.67377 x 10-24 x  650 x

16.5 x  10' — 7.071 x  10 IS£. Having approximately 20ng o f m tD N A in the w ell, the 

number o f m tDNA loops in the sample well would be 2 0 n g /(7.071 x  10" lsg) and 1/10.000 

o f this value w ill be separated as the plug: 20ng/(7.071 x  10_lsg )/1 0 .0 0 0  =  2.S x  lO^. 

It means that 2.S x  105 m tD N A loops (in  section 4.2.7) could have been separated in each 

run.

It is also w orthwhile to investigate the statistical behavior o f the spikes. The spike 

present in the m tD N A purified by the RNAse-free method (section 4.2.7) appeared in 4 

runs (out o f 10 runs) o f one load. The spike in Figure 4.9a appeared at S5s and the FW H M  

o f the spike was 0.1 Is while the spike in Figure 4.9b appeared at S4.5s and the FW H M  

o f the spike was 0.12s. The other two profiles o f this sample were detected at another 

detection point (data not shown) w ith  the FW H M  o f 0 .1 15s and 0 .110s.

The behavior o f  the spikes in the template D N A  profile Figure 4.13 was also investi­

gated. Since the baseline was spiky, in all the profiles there were many spikes w ith  the 

FW H M  o f  0.1 Is o r 0 .115s (as described earlier m ight come from the labeling process) 

making it d ifficu lt to find any reproducible spike. There was a spike at S5s in Figure 4.13a 

w ith the FW H M  o f 0.15s and it was almost reproduced in Figure 4.13b at S6.5s w ith  the 

FW H M  o f 0.165s and Figure 4.13c at S4.8s w ith  the FW H M  o f 0 .115s.

Because o f the random behavior o f  the spikes in Figure 4.13. Figure 4.14 and Figure

4.9 (the FW H M  was usually either 0.11 or 0.115. the same FW H M  fo r the random spikes)
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and the tim ing was not reproducible, we are not able to conclude that the spikes correspond 

to m tDNA loop at this stage and more experiments are needed.

4.5 Conclusion and Future Work

This work showed prelim inary experiments toward the detection o f the large m tDNA dele­

tions characteristic o f Keams-Savre Syndrome (KSS). Since m tDNA preparation is a costly 

and laborious process and only small quantities o f m tD N A could be extracted, we proposed 

an on-chip m tD N A purification method. We used template DNA (used in PCR amplifica­

tion) which typ ica lly contains both nuclear D N A  and m tDNA and we tried to separate 

m tDNA from  nuclear D N A  relying on the fact that the nuclear DNA might not enter the 

microchannels and may remain in the sample well. We are not sure i f  m tDNA was sepa­

rated from  nuclear D N A  in template D N A  since the sizing o f the remaining peak after the 

addition o f the RNAse (to remove the RN A contamination)(Figure 4.14) did not correspond 

to the 16kbp supercoiled D NA in the size standard.

There are many more experiments that could be done for a conclusive result. In GeneS- 

can based method, each o f  template D N A  and rhoO D N A  should be loaded w ith  and w ithout 

RNAse to see i f  the results are reproducible. It is also suggested to detect the DNA samples 

after longer separation times.

There is one probability that the broad peak in template DNA profile (Figure 4.14) 

is related to open-circular or linear conformation o f m tDNA. Levy et al. [151] proposed 

a method to m onitor the content o f supercoiled form  in D N A solutions. They employed 

0.6-0.S9c agarose gel in lxT B  buffer fo r the separation o f the ambient and heated (95; C 

)-cooled plasmid DNA. They took advantage o f the reversible denaturation o f supercoiled 

DNA [151] by relying on the fact that the complementary strands o f supercoiled D N A  can 

not be separated by heating.

A  recommendation fo r the future experiments would be the addition o f formamide to 

the template D N A in sample well and to the sieving matrix or the usage o f a denaturant siev­

ing matrix. The denatured DNA return to their native configuration when they are cooled
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(or no denaturant is present) and show high fluorescence upon binding to Sytox Orange. In 

contrast, a portion o f open-circular and linear form  o f circular D N A remain singe-stranded 

and show m inimal fluorescence upon binding to Sytox Orange. I f  the broad peak in tem­

plate D N A  profile is related to the open-circular or linear conformation o f m tDNA, i t  would 

not be detected by Sytox Orange upon denaturation. The sporadic behavior o f the spikes 

(few seconds before the broad peak in Figure 4.13) in template DNA profile can also be 

explained i f  they remain in the electropherogram after the addition o f formamide.

The final goal would be developing a reproducible and reliable sizing protocol on mi- 

crofiuidic chips. This would lead us to detect Kearns-Savre Syndrome (KSS) which was 

found to be associated w ith large m tD N A deletions. Using another architecture o f m i­

crochips can integrate the sample purification (our proposed method), enzymatic digestion 

o f the desired region, and the novel HA/SSCP method in chapter 2 and this integration 

would allow us to detect other point mutations in m tDNA.
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Figure 4.13: GeneScan Based Template D N A Separation, detection at 22 mm. injection 

time 45 s. separation voltage 3000V. a. b and c are three successive runs

10S

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T*w «<»«co*4)

(a) (b)

$z  n o •

& 04

* 4  90 130 13%

» (To*r) P r M t u n  (T o fr)

(c) (d)

Figure 4.14: GeneScan Based Template D N A after the RNAse treatment (section 4.2.6) 

detection at 22 mm. injection time 45 s. separation voltage 3000V'. a-d show successive 

runs
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Figure 4 .15: GeneScan Based rhoO D N A  Separation, detection at 22 mm. injection time 

45s. separation voltage 3000V
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Figure 4.16: GeneScan Based rhoO D N A  plus RNAse (section 4.2.6). detection at 22 mm. 

injection time 45s. separation voltage 3000V
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Figure 4.17: GeneScan Based m tDNA Purified by Gel F iltration Sorbent, section 4.2.7. 

detection at 22 mm. injection time 45s. separation voltage 3000V
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Chapter 5

Conclusion

In these experiments, we developed different techniques that lend themselves to higher 

levels o f integration in m icrochip capillary electrophoresis. The work done in chapter 2. can 

be used for single point mutation detection employing m icroflu idic devices. It eliminates 

the pre-labelling procedures fo r PCR-products and also off-chip denaturation. Combining 

HA/SSCP. 100 % sensitivity could be achieved and further experiments could be done by 

applying the same method and a variety o f mutations could be detected.

In chapter 3 we showed that the intercalators can decrease the resolution o f separation 

and by proper labeling o f D N A  sample on the chip higher resolution m ight be obtained. A  

labeling method was suggested to increase the resolution and it was also suggested that it is 

able to change the conformation o f heteroduplexes. The desired results were not obtained 

fo llow ing our methods, however, further work should be done in order to develop the proper 

labeling protocol.

As discussed in chapter 4. since mutations in m tDNA are recognized as important in 

diseases ranging from Parkinson's. Alzheim er's, heart disease, fatigue syndromes to nu­

merous genetic conditions, it is essential to develop a rapid analysis tool fo r detection o f 

m tD N A mutations. Using m icroflu id ic chips, we tried to extract m tD N A from the mixture 

o f nuclear D NA and m tD N A. We also tried to develop a sizing method fo r m tD N A so that 

it could be used fo r the diagnosis o f Keams-Svre Syndrome (KSS) which was found to be
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associated w ith  large m tD N A  deletions. The successful results were brought in this chap­

ter. however, there are more experiments to do for developing a more reliable diagnosis 

tool fo r m tD N A mutation detection. The list o f future experiments are presented in section 

4.5.
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APPENDIX : List of the samples used in chapter 4
Sample DN A Stock Cone. Orig. Vol./Remained Vol.

m tD N A (untreated) 300ng/juL 6 /iL /O juL

Diluted m tD N A  (untreated) 15ng/jUL 20/tL /3 juL

m tD N A plus RNAse 30ng/juL 10 /iL /3 ju L

RhoO D N A 15ng/^L N A /100 /iL

iM D L template D N A 15ng/^L NA/50.UL

m tD N A purified by gel filtration 20ng//tL 50llU 3 0 u L

Supercoiled D N A  Ladder 250ng/juL 25juL720/tL

A ll the samples are stored frozen at -20°C in a box labeled as "m tD N A  BOX".
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