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ABSTRACT

This dissertation investigates the size based separation of DNA molecules
in nanoparticle arrays under asymmetric pulsed electrophoresis. Crystalline arrays
of nanoparticles within microfluidic channels are fabricated using colloidal self-
assembly, yielding structures with pore sizes ranging from a few nanometers to a
few hundred nanometers. Angular separation of DNA molecules is achieved in
these matrices using asymmetric pulsed field electrophoresis. The DNA migration
mechanism in highly confined pores and the impact of pulse frequency and field
magnitudes on DNA separation are studied. It is observed that in confinements
smaller than the persistence length of DNA, the DNA molecule is fully stretched
and can be treated as a persistent chain due to its bending elasticity. The
frequency response of DNA separation is also investigated, showing four distinct
regions in frequency response curve; a low frequency rise, a plateau, a subsequent
decline, and a second plateau at higher frequencies. It is shown that this frequency
response is governed by the relation between the pulse time, relaxation time, and
the reorientation time of DNA. Real-time videos of single DNA migrating under
high frequency pulsed electric field show the DNA no longer follows the ratchet
mechanism seen at lower frequencies, but reptates along the average direction of
the two electric fields. A freely-jointed-chain model of DNA is developed to
calculate the frequency response of a chain under a pulsed external force. The

model exhibits a similar variation of angular separation with frequency.



Finally, the role of order within a separation matrix on DNA separation
efficiency is studied systematically. Colloidal arrays with two different sized
nanoparticles mixed in various proportions are prepared, yielding structures with
different degrees of disorder. Radial distribution functions and orientational order
parameters are calculated to characterize the scale of disorder. The DNA
separation resolution is quantified for each structure, showing a strong
dependence on order within the structure. Ordered structures give better
separation resolution than highly disordered structures. However, the variation of
separation performance with order is not monotonic, showing a small, but
statistically significant improvement in structures with short range order

compared to those with long range order.
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tor reorientation time of DNA (s)

b time taking DNA molecule to move one column in nanoparticle
array (s)

T absolute temperature (K)

T, pulse time (s)

U electrophoretic velocity (ms™)

w width of a DNA molecule (m)

Whp band width (m)

z valence of ions



Greek symbols

&0

&r

M1, U2

Mo

S
éotal

2
G bed

angle between the two applied electric fields (°)

angle between a line connecting two particles in a packed bed and

the horizontal direction (°)

scaled electric force applied on a DNA
vacuum permittivity (8.854 x 10, Fm™)
relative permittivity of an electrolyte
buffer viscosity (kgm’ls'l)

deflection angle of DNA streams (°)
maximum deflection angle of DNA streams
Debye length (m)

Odijk segment (m)

DNA electrophoretic mobilities in the direction of £; and £,
( m2v! S.1)

DNA mobility in a free solution (m*V's™h

friction coefficient of a bead in the Rouse bead-spring model

(kgs™)

friction coefficient associated with a Kuhn segment (kgs'l)
total friction coefficient of DN A molecule (kgs'l)

zeta potential of a particle (V)

variance of the fluorescence intensity profile associated with the

separation bed (m?)



G inj variance of the fluorescence intensity profile associated with the

injection channel (m?)

2 . . . .
0 total variance of the fluorescence intensity profile at the separation

chamber (m?)

7 Kuhn segment relaxation time (s)

T, relaxation time of the p-th mode (s)

7, longest relaxation time of a DNA molecule

X700 volume fraction of 700 nm particles in a bidisperse suspension of
320 and 700 nm particles

W orientational order parameter

Abbreviations

APFE asymmetric pulsed field electrophoresis
bp base pair

BRF biased reptation with fluctuation

BRM biased reptation model

CSA colloidal self assembly

Cv coefficient of variation

DNA Deoxyribonucleic acid

GE gel electrophoresis

HGP Human Genome Project

PCR polymerase chain reaction

PD peak distance



PDMS Polydimethylsiloxane
PFGE pulsed field gel electrophoresis
TBE tris borate Ethylenediaminetetraacetic acid

TIRF total internal reflection fluorescence microscopy



CHAPTER 1
INTRODUCTION

1.1 Introduction

With the completion of the Human Genome Project' (HGP) in 2003,
scientists now possess a library of information that has a potential to revolutionize
human health, medicine, and environment. Separation of DNA by size is at the
core of DNA analysis, which was the underlying technology utilized in
conducting and completing the HGP.>* The same underlying technology also took
part in the recent breakthrough in synthetic biology, the creation of a bacterium
with an artificial genome in 2010, by two biologists, Craig Venter and Hamilton
Smith.” DNA separation technology is used in many life-sciences applications,
including forensic, environmental, pharmaceutical, and medical researches.®!°
With a number of disease-related genes already being identified, DNA analysis
can further facilitate understanding the relation between genes and disease, which
may ultimately result in the development of new treatments for complex diseases
such as cancer.'' The continuous and steady growth of these genetically related
technologies, however, rely heavily on improved techniques for DNA separation,
which needs to be high in speed, high in throughput, and low in cost without

.. . . 16-1
compromising the separation resolution.'®"



Due to the negative electric charge of DNA molecules in aqueous
solutions, electrophoresis has been the preferred method of size separation for

8, 20
these molecules.™

DNA molecules in free solutions under an electrophoretic
force adopt a “free-draining-coil” conformation, meaning that both the electric
force and the hydrodynamic friction force vary in a similar fashion with the
molecular size, resulting in a migration rate that is molecular size-independent.”'”
** By conducting electrophoresis in a sieving matrix, a size-dependent mobility is
induced through interactions of the molecule with the porous structure.® 262
Agarose and polyacrylamide hyrogels are the two widely used separation
matrices, which, combined with the electrophoresis technique, form the basis of
conventional Gel Electrophoresis (GE) for size separation of DNA. 3! Gel

30-33
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electrophoresis can successfully resolve DNA molecules up to 10 kbp.
1984, Schwartz and Cantor’* developed a variation on the standard GE protocol,
by introducing a pulsed electric field instead of a constant electric field. The
method became known as Pulsed Field Gel Electrophoresis (PFGE). Using PFGE,
DNA molecules up to 50 Mbp can be separated.™

In practice, both GE and PFGE are conducted in either slab-gel or
capillary configurations. However, there are some drawbacks associated with each
configuration. In slab-gel configuration, a new gel should be cast prior to each
separation run, a large amount of DNA sample is required, and due to the large
scale of the device, the separation is conducted using low electric fields to

suppress problems associated with Joule heating, resulting in long separation

times of a few days.’®?’ Capillary electrophoresis is performed in thin capillaries



of 50-100 pm, so higher electric fields can be applied, since the generated heat is
easily dissipated due to the small scale of the device. However, due to the one-
dimensional geometry of capillaries, for separation of large DNA molecules, only
field inversion electrophoresis can be applied, where the two pulsed electric fields
are applied in opposite directions, resulting in significant reduction in migration
rate of DNA molecules despite the high values of the applied electric fields.*®*
With advances in micro and nanofabrication techniques during the last
decade, the application of micro and nanofluidic devices for separation and
analysis of DNA molecules has been proposed, investigated, and devised in a
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variety of designs and materials. Microfluidic systems have common

characteristics which make them an excellent candidate to replace the

conventional methods of DNA size separation.‘“"48

1.2 Objectives and Scope

The design and fabrication of fast, affordable, high throughput devices for
high resolution separation of DNA molecules which can be integrated in lab-on-a-
chip systems is still an ongoing challenge. This research is centred around the
challenges involved in electrophoretic DNA separation methods in microfluidic
devices. A microfluidic device for size separation of DNA has been developed in
our group, based on the colloidal self assembly (CSA) approach.* ** In this
device, a self assembled nanoparticle array serves as a separation matrix for

pulsed field DNA electrophoresis. The promising preliminary results proved the
3



feasibility of using nanoparticle array as a sieving matrix for DNA separation, but
the full potential of the self assembly approach for DNA separation and the
separation mechanism of DNA in our device is still unknown. The first objective
of this thesis is to investigate the scope and limitations of the self assembly
approach in the range of confinement sizes it can provide, and their structural
robustness at high electric fields. The simplicity inherent in CSA provides a
unique opportunity to fabricate ordered structures where the size of confinement
can easily be altered from hundreds of nanometres to just a few nanometres.
Taking advantage of this possibility, the effects of confinement size on DNA
separation performance under strong asymmetric pulsed fields were investigated.

The second objective of this thesis is to investigate the role of separation
matrix architecture on DNA separation performance. Most separation matrices
used for DNA separation are either highly disordered such as gels or highly
ordered, such as microfabricated arrays. Using the self assembly approach, we
fashioned highly ordered and highly disordered structures as well as structures in
between, systematically tuning the order. So, in addition to confinement size, the
role of confinement geometry or architecture on separation performance is also
investigated.

Asymmetric pulsed field electrophoresis is the latest subcategory of the
more general, well-studied pulsed field electrophoresis technique. Although the
overall separation mechanism for pulsed field electrophoresis is known, the
separation mechanism specific to the asymmetric pulsed field electrophoresis

within a nanoparticle array structure has not been fully investigated. Our



fractionation device serves as a reliable tool to study the DNA migration
mechanism under asymmetric pulsed electric fields. The third objective of this
thesis is to investigate the migration mechanism of DNA molecules in order to
explain the somewhat complicated separation behaviour of DNA under
asymmetric pulsed electric fields and the effects of different experimental
parameters on the separation performance. A combination of the self assembly
approach and high resolution real-time videomicroscopy of single DNA
molecules was used to observe the DNA dynamics. The relation between basic
polymer properties such as persistence length or characteristic relaxation time of
DNA and the separation behaviour within an ordered, nanoporous array across a
large range of frequencies was established. An attempt was also made to relate
DNA separation behaviour observed in asymmetric pulsed field electrophoresis to
the existing knowledge in the literature for pulsed field gel electrophoresis.

The specific objectives of this thesis can be summarized as:

e To study elements of the separation mechanism of DNA molecules under
asymmetric pulsed field electrophoresis in nanoparticle arrays.

e To identify the key parameters governing the separation performance of
DNA molecules in asymmetric pulsed electric field method.

e To explore and visualize DNA migration in nanoscale confinements under
strong pulsed electric fields.

e To investigate the role of the separation matrix architecture on DNA

separation performance in nanoporous materials.



1.3 Background Review

An alternative to the conventional, macro scale DNA separation
techniques is application of microfluidic systems for DNA separation. Micro and
nanofluidic technologies have common characteristics, making them a potential
replacement for the conventional methods of DNA fractionation. Due to the high
surface to volume ratio in microfluidic systems, the heat transfer is much faster in
these systems compared to the macro scale devices. For DNA separation, better
heat transfer means application of much higher electric fields is possible, which

3153 In contrast to a

directly results in significantly faster separation processes.
slab-gel apparatus that requires millilitre sample volumes, microfluidic systems
require only a few nanolitre sample volumes.>*

Microfluidic systems are potentially portable and can be deployed in field
locations for use in a variety of forensic, diagnostic, and biosensing applications.
Attempts have been made to miniaturize other DNA analysis elements such as
DNA purification, polymerase chain reaction (PCR) amplification, and detection,
so along with a DNA separation unit, they can form self-contained DNA analysis
system. These lab-on-a-chip concepts provide field equipment that does not rely

18, 45, 55-60 61 -
» Hopwood et al.”" devised a

on pre-existing laboratory infrastructures.
multistep microfluidic device for an on-site forensic investigation, which allows
DNA purification, amplification by PCR, and collection of the amplified product
for delivery to an integral capillary electrophoresis chip to produce a DNA profile

compatible with the data format of DNA databases. Mathies’s group™ *® ¢



developed a high-performance genetic analysis unit that combines high-
throughput microfluidic emulsion generator with PCR. In another study, Quake’s
group'® ® reported the use of single-molecule methods to sequence an individual
human genome, which enabled analysis of human genomic information without
the need for cloning, amplification or ligation. Their device is intended to
facilitate application of genome sequencing to personal genomics.

Since their early days, micro and nanofluidic system opened new
opportunities in developing new materials and unique mechanisms for DNA
separation that could not be realized in conventional methods. Austin’s group>> *
designed a “DNA prism”, where an array of micron-scale posts served as a
separation matrix for continuous-flow separation of DNA under asymmetric
pulsed electric fields. The DNA prism sorts DNA molecules in different
directions according to their molecular sizes, much as a prism deflects light of
different wavelengths at different angles. Another separation mechanism called

“entropic trapping” was realized by Craighead’s group.®®’

They invented a
nanofluidic device, consisting of many narrow constrictions and wider regions
that cause size-dependent trapping (entropic trapping) of DNA. This process
creates electrophoretic mobility differences, thus enabling efficient separation
without the use of a gel or pulsed electric fields. Viovy’s group® ® designed a
microfluidic DNA separation device, where the separation matrix is made with
columns of paramagnetic micron-size particles assembled upon applying a

69, 70

magnetic field. Baba’s group established a nanofabrication technique for

constructing nanopillars in a quartz microchip. The size of pillars and the spacing



between pillars are designed as a DNA sieving matrix for optimal separation of
large DNA fragments. DNA molecules were successfully separated within 10 s
under a direct current electric field.

In addition to microfabricated matrices for DNA separation, colloidal self
assembled structures were also employed within microfluidic devices for DNA
separation. Compared to nanofabricated structures, self assembled structures are
easier to fabricate and lower in cost. The migration and conformations of DNA
molecules in self assembled silica particle arrays were studied by the Wirth’s
group.”’ Their results suggested self assembling inorganic materials can serve as
possible alternatives to gels for higher speed electrophoresis. The self assembled
array in their device was fabricated using conventional vertical deposition
procedures. A new colloidal self assembly technique highly compatible with the

4930 t6 form crack-

microfluidic approach was developed by the Harrison group
free, macro scale, self assembled arrays within microfluidic devices. They
designed a microfluidic DNA separation device, which used the self assembled
nanoparticle array as a sieving matrix for separation of DNA molecules under
pulsed electric fields.

Not only does the micro and nanofluidic approach provide an opportunity
to examine different separation matrices for DNA fractionation, it also provides a
platform to discover innovative separation methods, which do not rely on
separation media. A matrix-free method of DNA separation proposed and

developed by Slater et al.*" 7> Their method was based on labelling DNA with a

large, uncharged molecule to overcome the DNA free-draining property. The



resulting methodology is called end-labelled free-solution electrophoresis. In
another attempt, similar to early works of Fung and Yeung”® in using capillaries
for DNA separation, Wang et al.”* reported using a narrow microchannel to
hydrodynamically separate a wide range of DNA fragments in a single run and in
a few minutes without the need for gels or wall coatings. Pel et al.”> demonstrated
a unique parameter for DNA separation in a microfluidic device that results from
the nonlinear response of DNA to superposition of synchronous, time-varying
electrophoretic fields. In another study, using nanofabrication techniques, Salieb-
Beugelaar et al.”* " investigated the transport behavior of lambda-DNA (48 kbp)
in fused silica nanoslits upon application of electric fields of different strengths.
Their preliminary experiments show that the migration rate of DNA in nanoslits is
size-dependent, suggesting that high field electrophoresis in nanoslits can be used
for DNA separation.

The ability of nanofluidic systems to approach molecular size scales
enables scientists to target single DNA molecules. Numerous DNA molecular
properties such as conformational, dynamic, and entropic properties have been
directly probed in micro and nanofluidic devices. Austin’s group
demonstrated a new method to fabricate single fluidic-channels with a width of a
few nanometres to measure DNA extensions and relaxation times in
nanochannels. Their observations showed that below a critical width, there is a
crossover in the polymer physics due to the confinement effects. Using

83-85

nanofabrication techniques, Doyle’s group experimentally investigated the

influence of slit-like confinement on the coil-stretch transition of single DNA



molecules and relaxation times of DNA in nanoscale confinement. Cheng et al.”*

% reported on the creation of micro-curvilinear flow through a microfluidic device
to observe real-time dynamics of DNA under mechanical stimulation, including
stretching and bending. They found that the flexible DNA molecules exhibited
multimodal responses related to both the elongation and bending dynamics
dictated by their locations within the curvilinear flow.

Despite all the above advances in developing microfluidic based
separation devices for DNA, the design and fabrication of microfluidic devices for
DNA size separation still pose a variety of challenges, such as the need to achieve
high-resolution separations over distances of a few centimetres or less, the
complicated nanofabrication techniques that usually require sophisticated
facilities and time-consuming, expensive fabrication procedures.'” ** 7% These
challenges suggest that further investigation and research is needed to transform
the concept of a commercial, affordable, hand-held DNA analysis system into

reality.

1.4 Organization of the Thesis

In this chapter, a general overview of DNA size separation has been
presented. The overall objectives and scope of this study have also been laid out.
In Chapter 2, we discuss the principles of electrophoretic methods of DNA size
separation. Different migration mechanisms of DNA in separation media under

electrophoretic force are discussed. A brief description of polymer physics in free
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solutions as well as nanoscale confinements is also presented, to facilitate our
discussions in the following chapters.

In Chapter 3, the effect of the void size that confines DNA, which will be
referred to as the confinement, on DNA separation is studied. Ordered
nanoparticle arrays with confinements as small as a few nanometres (~ 15 nm) are
fabricated using the colloidal self assembly approach. The mechanism of DNA
transport in ordered, highly confined pores was studied under asymmetric pulsed
electric field. DNA separation was conducted in ordered arrays with different pore
sizes. A simple geometric model is developed to explain the separation of DNA
molecules and its variation with experimental parameters such as electric field
strength, pulse frequency, pore size, and DNA size. The model shows a poor
agreement with experimental results in larger confinements. It is only in the
smallest confinement of 15 nm that a quantitative fit of the geometric model with
the experimental result is observed. Existing theories of DNA migration
mechanism and DNA stretching in nanoscale confinement are employed to
explain the agreement between the model and the experiment in nanoscale
confinement.

In Chapter 4, we study the frequency behaviour of DNA separation under
asymmetric pulsed electric fields. Four distinct regimes are observed in the
separation-frequency curve. High quality real-time movies of DNA migration
were acquired using Total Internal Fluorescence Microscopy (TIRF). These
movies were employed to understand the migration mechanism of DNA in each

frequency regime. The effect of DNA reorientation and relaxation times on

11



separation behaviour was also studied. A numerical analysis of DNA based on a
freely-jointed-chain model was also developed, to help understand the frequency
behaviour of DNA chain under asymmetric pulsed fields.

In Chapter 5, we investigate the role of order in a separation matrix on
DNA separation performance. Using the colloidal self assembly approach,
monodisperse suspensions of nanoparticles were used to fabricate highly ordered
structures. Bidisperse suspensions, on the other hand, provide disordered
structures, where the degree of disorder can be systematically changed by varying
the volume fractions of the two particles in suspension. Different analytical
parameters were calculated to characterize each structure. A DNA separation
experiment was conducted in each structure and the separation band distance,
band width, and separation resolution were measured and calculated. The results
show that DNA separation is significantly affected by the degree of disorder in the
separation matrix. A non-monotonic behaviour of DNA separation with the
degree of order is observed.

Finally, in Chapter 6, a summary of the key observations in this study is

provided and some directions for future research in this field are suggested.
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CHAPTER 2
BACKGROUND

2.1 Introduction

In this chapter the background knowledge of several fields relevant to this
thesis are presented. Polymer physics, in particular polymer relaxation and
stretching in confinements are highly relevant to the work presented in Chapters 3
and 4, and are reviewed here. The basic elements of DNA electrophoresis along
with the separation mechanism in pulsed field electrophoresis are also presented
here in order to facilitate understanding of our discussions in the following

chapters.

2.2 Polymer Physics

2.2.1 DNA Conformation in Free Solutions

Deoxyribonucleic acid, DNA is a flexible, linear polymer, which can exist
as a single or double stranded molecule. Throughout this thesis, the term DNA
corresponds to a double stranded DNA. DNA consists of building units called
base pairs (bp), where each base pair is around 0.34 nm long."” > DNA molecule
has a width of around 2 nm. In free solution, sufficiently long DNA assumes a
coiled conformation (Figure 2.1a).> The simplest model to describe the

conformation of DNA in free solution is the random walk or freely-jointed-chain
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(FJC), which is a static model.? In this model, the DNA is pictured as a chain of N
rigid cylinders with a constant length b, also known as the Kuhn length, linked
together with freely rotating hinges (Figure 2.1b). Kuhn length is twice the
persistence length (p ~ 50 nm)" > of DNA, b = 2p. In this model, the chain end-to-

end distance Ry, and gyration radius, R, of DNA chain are given by: >0

Q§>=6Q§>=A%2 @.1)
According to this relation, the gyration radius of the molecule, R, scales with the

number of segments, N, as:

R, < N'"? (2.2)

The maximum stretched length of a polymer is known as the contour length, and
is represented as Lopsour = Nb.

A dynamic model was introduced by Rouse'® which is called the Rouse
bead-spring model. In this model the DNA chain is pictured as a chain of spheres
connected together by springs with root-mean-square length of » as shown in
Figure 2.1¢.'" 2

In both of these models, the self-exclusion interaction between the Kuhn
segments (the fact that a position in space cannot be occupied by two segments
simultaneously) is ignored. Flory argued that the size of a flexible self-avoiding
polymer coil in solution can be obtained by balancing the effect of excluded-
volume interactions, which tend to swell the chain, with entropy, which decreases

13-15

if the coil size is increased and consequently favours smaller coils. Taking

into account the self-exclusion interactions, Eq. 2.2 is corrected by Flory as:
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R, o N (2.3)

Comparing Eq. 2.2 with Eq. 2.3, one can see that the size of a self-avoiding
flexible polymer in a solvent is larger than an ideal chain with no interaction
between the monomers.

Using the Rouse model, one can calculate the total friction coefficient of
the Rouse chain. Since in the Rouse model, the beads interact with each other
through the connecting springs, the total friction coefficient of the Rouse chain,
= N¢&, where & is

Erorar 18 the summation of the contribution from each bead; &

total

the friction coefficient of a bead. Using the Stokes-Einstein relation, one can

kT _ KT
calculate the diffusion coefficient of the Rouse chain as; D, =
‘ gtoml N§
where k; is the Boltzmann constant and 7 is the absolute temperature.” ' '® Using
this equation, the relaxation time of DNA, 7, can be calculated as:
R2
T~ v o NR;, (2.4)

D, kT
7, has some interesting significance; on time scales shorter than 7,, the chain

shows viscoelastic behaviour, whereas on time scales longer than 7, , the chain is

simply diffusive.'® Using Eq. 2.1, Eq.2.4 can be modified as:

2
kgT NR; =~ ]be N* ~t,N (2.5)

%

: o . b .
where 7, is the Kuhn segment relaxation time and is defined as; 7, ~ /f_T It is

stated in the literature that if DNA is probed on time scales shorter than 7, it does
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not move but exhibits elastic responses.” '° As described earlier, in calculating the
total chain friction coefficient, the Rouse model ignores the hydrodynamic
interactions between the beads and assumes they are interacting through
connecting springs. Zimm modified this model by adding hydrodynamic

17,18

interactions between the beads. In the Zimm model, the relaxation time of the

chain is defined as:
7o~ 7, NV (2.6)

Comparing Eq. 2.5 with Eq. 2.6 shows that hydrodynamic interactions between
monomers in a polymer chain decreases the relaxation time of the molecule.
2.2.2 DNA Conformation in Confinements

Polymer physics changes dramatically when moving from the case of a
polymer in free solutions to the case of a polymer confined in channels."’ In
channels which are smaller than the gyration radius, R,, but still larger than the
persistence length, p, of the polymer, de Gennes®” *' demonstrated that self-
exclusion divides the polymer into blobs, distributing the length of the molecule
along the channel as shown in Figure 2.2a. Using the Flory scaling constant, de

Gennes showed:

(pw)l/3

RN ~ contour 2/3 (27)
dj

where w is the DNA width and d_;, is the channel diameter. This equation provides
an estimate of how much a DNA molecule will stretch in a channel purely due to
the self-exclusion effect. The de Gennes theory has been successfully used in the

literature to calculate the relaxation time of the polymer in confinement:*'
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20,
(P VT/Z ULEGYE 2.8)
A7 kT

When the channel size is smaller than the persistence length, d.;, < p, the
DNA conformation is not governed by self-exclusion effects, but by both intrinsic
DNA clasticity as well as interactions of DNA with the channel walls. The DNA
conformation in the case of polymer in tight confinements (d., < p) was
investigated by Odijk and has become known as the Odijk regime.”” ** In the
Odijk regime, DNA length is stored in the nanochannel in deflections caused by

polymer encounters with the channel walls, as shown in Figure 2.2b. These

/3
deflections are on the scale of the Odijk segment, A = (dfh p) . Using Odijk

theory, DNA end-to-end distance in a nanochannel of d.; < p is given by: 2%’

2/3
1—0.361[%} (2.9)

Ry~ L

contour

In the Odijk regime, DNA friction is caused from the hydrodynamic
interaction of the Odijk segments with the channel wall.*! The relaxation time of

the molecule in this regime is calculated as:

d:h 77b2 N2
p (log o j kT

w

Tp & (2.10)
It should be noted here that there is a controversy over the exponent of the
channel size and how the relaxation time scales with the channel size, different

values ranging from 1.6 to 2 are suggested for a.*****
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2.3 Electrophoretic Separation of DNA

2.3.1 Electrophoresis

Electrophoresis is the motion of an entity bearing a surface charge in an
electrolyte solution under an externally applied electric field.*® The presence of a
charged particle in an electrolyte solution containing free ions polarizes the
electrolyte solution surrounding the particle, resulting in formation of an electric
double layer (Figure 2.3), where the thickness of the double layer is characterized

by the Debye length, ™', given by:

1/2
1 5ka

2e“zn
o0

for a symmetric electrolyte. Here, e is the charge of an electron, z is the valence of
the ions, and n, is the bulk number concentration of ions in the solution. The
double layer itself is divided into two layers, as shown in Figure 2.3: i) the
immobile Stern layer and ii) the mobile shear layer where the no-slip fluid
boundary condition can be applied. The electric potential at this layer is called the
zeta potential, ¢, which is different from the surface potential. It is this potential
that can be measured by electrophoretic potential measurements techniques.’”*'
Once the external electric field is applied, the particle starts to migrate
along the applied electric field due to its surface charge. But in addition to this
motion, the liquid around the particle that has developed a charge density starts to

move in the opposite direction of the particle motion and exerts a drag force on

the particle (Figure 2.4). The net velocity of the particle is called the
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electrophoretic velocity, U. Electrophoretic mobility, u is the ratio of velocity of a
: : : : U
charged entity, U, with respect to an applied electric field E, (= E The exact

calculation of electrophoretic mobility is complicated, but for a spherical particle,
analytical solutions can be found for two limiting cases:

i. ' >>a, (Hiickle solution)

0

- 67na,

(2.12)

where Q is the total particle charge, # is the electrolyte viscosity, and a, is the
particle radius.

ii. ' << a, (Helmholtz-Smoluchowski solution)

_ 808}’;
n

(2.13)

here, ¢y and ¢, are the vacuum permittivity and relative permittivity of the
electrolyte, respectively and { is the particle zeta potential, so the mobility is
independent of particle size and shape.’* !
2.3.2 Fundamentals of DNA Electrophoresis

In DNA electrophoresis buffers, ' is usually of order 1-5 nm and smaller
than the intrinsic persistence length of DNA. This means that DNA
electrophoresis is performed in the Smoluchowski regime, so DNA
electrophoresis mobility in free solution, u, follows an equation similar to Eq. 2.3

and will be independent of DNA size.** ** The thin double layer (small x') means

that the hydrodynamic interaction between different segments of DNA is screened
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in a very thin cylinder around the molecule, so the free solution mobility of DNA

can be written as:

ﬂ _ F;otal _ N(qu) _q_k
0 = = =
gtotalE Nng gk

(2.14)

here E is the applied electric field. Fi and &, are the total force and total
friction for the whole molecule, whereas g; and & are the effective charge and the
friction for the Kuhn length of the molecule, which is independent of size above
the Kuhn length.**

Equation 2.4 shows the well-known fact that the electrophoretic mobility
of DNA in free solutions does not depend on the molecular size. Therefore, size
separation in DNA electrophoresis is induced through different mechanisms by
adding a porous structure.***? Since DNA is a deformable molecule, the migration
mechanism and electrophoretic mobility of DNA in porous structures is strongly
affected by the ratio of DNA size relative to pore size of the separation matrix. In

DNA electrophoresis literature,'! 3!

three different regimes have been proposed
for DNA electrophoresis, as shown in Figure 2.5: 1) the Ogston regime, where the
size of the DNA coil, 2R,, is smaller than the pore size of the separation matrix
and the DNA molecules remain compact, migrating through the pores as in an
electric field driven filtration process, in this regime, DNA mobility, u, decreases
exponentially by increasing DNA size and separation is achieved using
electrophoresis methods.*' ii) Entropic trapping, where the pore size is more or
less the same size of the DNA coil. In this regime, there is a competition between
the chain staying coiled in larger pores versus deforming and migrating through

the smaller pores. In this regime, DNA mobility changes by DNA size as
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M~ 1/ M" (where M is DNA molecular weight and y > 0 is the strength of the

entropic effect).* iii) the Reptation regime, where the pore size is smaller than the
size of the DNA coil. At low electric fields or shorter DNA molecules, DNA
mobility is a strong function of DNA size and separation can be achieved using
DC electrophoresis. For very long DNA molecules or high electric fields, DNA
molecule stretches and reptates through the pores in the opposite direction of the
electric field, this is called reptation with orientation. In this regime DNA
mobility becomes independent of DNA size and different sizes of DNA molecule
move with a same velocity under DC electrophoresis so no separation can be
achieved.” *! Since in this thesis, all the DNA separation experiments have been
conducted in confinements much smaller than the DNA coil size, a more
comprehensive description of the DNA migration mechanism in the reptation
regime is presented here.

When a long flexible chain such as DNA is placed in a porous structure
such as a gel with pore sizes smaller than its gyration radius, DNA threads its way
in the gel like a snake by a process called “reptation”. This motion is similar to
what was proposed by de Gennes to describe diffusion of a polymer chain in tight

confinement. ¥

Reptation can be described as a curvilinear one-dimensional
motion along the chain axis (Figure 2.6a). An alternative to reptation is the
formation of loops or hernias when a pore is crossed by the chain twice instead of

. 20, 45
once, as shown in Figure 2.6b.”™

Upon application of an external electric field,
the reptation motion becomes biased in the direction of the electric field, with one

head usually leading the chain to thread its way through the porous structure. The
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phenomena is called the biased reptation model (BRM) by Slater and Noolandi.*"
* BRM was later amended to biased reptation with fluctuation (BRF) by Viovy et
al.* to take into account DNA length fluctuations during migration. BRF
successfully predicted the correct field dependence mobility of large DNA
molecules. Experimental observations and real-time videomicroscopy of long
DNA molecules migrating in gel under DC electric fields also validated BRF. *%#!
In the next chapter, we explain how a simple theoretical model can be developed
to explain the frequency dependent separation of DNA molecules based on biased
reptation model.
2.3.3 Separation Mechanism in Pulsed Field Electrophoresis

The pulsed field gel electrophoresis (PFGE) technique was developed to
overcome the limitations of constant field, DNA gel electrophoresis (GE) and to
increase the size of DNA molecules resolvable by electrophoresis methods.™ In
this method instead of a constant electric field direction, two electric fields of
typically the same magnitudes are applied alternately in two directions.
Experimental observations suggested that the highest separation resolution can be
achieved with an obtuse angle between the directions of the applied fields.”
Although in this study, angular separation of DNA was achieved using the
asymmetric pulsed field electrophoresis (APFE) technique, where the applied
electric fields have different magnitudes, the overall separation mechanism is the
same for APFE and PFGE. A brief review of the separation mechanism during
pulsed field electrophoresis i1s presented here to help understanding our

discussions in the following chapters.
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The fundamentals of pulsed field electrophoresis are very similar to those
of constant field electrophoresis, with the exception of an added reorientation
mechanism for the migration of DNA. Inside the porous structure, DNA
molecules travel through the pores in the direction of the electric field, once this
direction changes, the molecules reorient themselves to the new direction and
continue moving in the new direction. Recent advances in experimental methods
for tracking single DNA molecules facilitate the understanding of the
reorientation mechanism of the DNA molecules under pulsed electric field.” It
was observed that the reorientation mechanism is based on head and tail switching
of the stretched molecule chain. This means that when the electric field switches
its direction, the end of the molecule that was leading the chain along the previous
direction is now the tail, so the DNA molecule engages in a chevron type motion,

3334 The backtracking motion is caused due to the obtuse

as shown in Figure 2.7.
angle between the applied electric fields, a > 90°. It was observed experimentally
that when o < 90° the molecule engages in a zigzag type motion (Figure 2.7)
which results in poor or no separations.

Pulsed field electrophoresis is usually classified in two categories; 1)
Crossed field electrophoresis, where the angle between the applied electric fields
is 90° < a < 180° having a value of 120° or 135° in most of experimental
applications. ii) Field inversion electrophoresis, where a = 180°. The separation
mechanism for both of these categories is based on size-dependent reorientation

time of DNA molecules. Short molecules will reorient very rapidly in the

direction of the new field and will spend a good fraction of the pulse time
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migrating through the pores before the electric field is switched again. On the
contrary, long DNA molecules spend most of the pulse time for the reorientation
process, thus having only a short time for actual migration as shown in Figure
2.8.% This induces a net migration rate in the direction of the average field that is
size-dependent. On most circumstances, shorter molecules migrate faster

compared to longer molecules.

37



b) c)

Ry

DNA in a Free Solution Freely-Jointed-Chain Model | Rouse Bead-Spring Model

Figure 2.1. Schematic of a) DNA in a free solution as a coiled molecule. b) A
freely-jointed-chain model of DNA. Segments have constant length known as the
Kuhn length b (~ 100 nm) and are connected by freely rotating hinges. c) The
Rouse bead-spring model of DNA. Beads are connected with springs of root-
mean-square length of b. Ry is the end-to-end distance of the chain. In all of these

cases, the contour length of the DNA molecule is longer than the Kuhn length.
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b)

Figure 2.2. a) Conformation of a DNA molecule confined in a channel with a
diameter p < d., < R, (de Gennes regime). DNA length is distributed along the
channel as independent blobs due to self-exclusion interactions between different
segments. b) Conformation of a DNA molecule confined in a channel with a
diameter d.; < p (Odijk regime). DNA length is distributed along the channel by
deflections on the channel wall, due to the interplay between DNA intrinsic

elasticity and hydrodynamic interactions with the channel wall.
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Figure 2.3. Schematic of an electric double layer around a negatively charged
particle in an electrolyte solution. ' is the Debye length and represents the
thickness of the ion cloud surrounding a charged particle in an electrolyte

solution.
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Figure 2.4. Electrophoresis of a negatively charged particle in an electrolyte
solution. Both particle and free ions in the electrolyte are subjected to an electric
field E. Since the particle is negatively charged, the electric force F,; is applied in
the opposite direction of the applied electric field, but for the counter ions
surrounding the particle, F,; is in the direction of the applied field. The net
velocity of the particle relative to the media is called the electrophoretic velocity,
U, and is the result of electric force and hydrodynamic drag. The viscous shearing

is limited in the double layer for the special case defined in Eq. 2.3.
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(a) (b) (c)

R; < pore size R; = pore size R; > pore size

Ogstonsieving |Entropic Trapping| i) Reptation ii) Reptation with
Orientation

Figure 2.5. Three regimes of DNA electrophoresis; a) Ogston sieving, where the
pore size in the separation media is larger than the DNA coil size, R,. b) Entropic
trapping, where the size of pores in the separation media is around the DNA coil
size. ¢) Reptation regime, where the pore size is much smaller than the DNA coil
size. Reptation regime can be divided into two categories; i) small DNA
molecules or low electric fields, DNA keeps a random coil conformation. ii)

longer DNA molecules or higher electric fields, DNA stretches.
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a) DNA chainin a porous
structure without a loop or hernia

b) DNA chain in a porous
structure with a loop or hernia

Figure 2.6. Schematic of an unbiased motion of DNA in a separation matrix. a)

DNA moves through the pores in a curvilinear one-dimensional motion along the

chain axis. Each pore is crossed by the molecule once. b) DNA folds at a point

along its length and moves by developing a hernia or loop. Pores are being

crossed by the molecule twice.

43



a) Zigzag motion

b) Chevron motion

a > 90°

Figure 2.7. Schematic of migration mechanism of DNA in a porous media under

a) Pulsed electric fields with an acute angle between the electric fields. DNA

moves in a zigzag type motion with one head leading the motion. b) Pulsed

electric fields with an obtuse angle between the electric fields. DNA moves in a

chevron type motion with head and tail periodically changing (reprinted from

Gurrieri S. et al.>* with permission from Oxford University Press).
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. Reorientation
Pulse time time
a) D S
Short
DNA
Pulse time Reorit_antation
b) D EE— time
Long
DNA

Figure 2.8. Separation mechanism of DNA molecules in obtuse-angle pulsed
field electrophoresis. Due to the reorientation mechanism described in Figure 2.7,
reorientation time is highly size dependant. Shorter DNA molecules reorient
themselves faster, so they spend the majority of the pulse time migrating along the
field. Larger DNA molecules have longer reorientation times, so they spend the
majority of the pulse time reorienting instead of migrating. This difference
induces a migration rate that is size-dependent. Shorter molecules move faster
compared to the longer molecules along the direction of the average field in the
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pulsed field electrophoresis technique (reprinted from Gurrieri S. et al.”” with

permission from Oxford University Press).
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CHAPTER 3

DNA DYNAMICS IN NANOSCALE
CONFINEMENT

3.1 Introduction

The difficulty of fabricating ordered nanoscale confinements has limited
the understanding of DNA dynamics inside structures with pore sizes smaller than
the persistence length (~ 50 nm) of DNA molecules.'™ Our group has developed
colloidal self assembly (CSA) of crystalline arrays of nanoparticles within
microfluidic channels as a powerful tool for the easy fabrication of ordered
nanoporous media.* Angular separation of DNA has been achieved using
asymmetric pulsed field electrophoresis within such crystalline arrays.” Here,
nanoparticle arrays with particles as small as 100 nm (corresponding to ca. 15 nm
pore sizes) were successfully fabricated, and the mechanism of DNA transport in

highly confined pores was studied.

3.2 Experimental Section

DNA separation was conducted using a microfluidic chip filled with an

array of nanoparticles as a sieving matrix. A schematic of the PDMS

A version of this chapter is published in Angewandte Chemie International
Edition, 2010, 49, p. 3326-3329.
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(Polydimethylsiloxane) microchip is shown in Figure 3.1a. Aqueous suspensions
of monodisperse (particle size CV ~ 10 %) silica colloids (Bangs Laboratories,
Fishers, IN) of 100, 330, and 700 nm diameter were used to form self assembled
nanoparticle arrays inside the microchips.” > SEM images of the self assembled
structure reveal a closely packed hexagonal array of nanoparticles, where the size
of pores (the smallest opening between the particles, d,) were around 15% of the
particle size, i.e., d, = 15, 50, and 105 nm for 100, 330, and 700 nm particles,
respectively. A full description of the packing scheme is provided in Appendix A.

DNA samples, NoLimits™ DNA fragments (6, 10, 20 kbp, Fermentas Life
Sciences), A-DNA (48 kbp, New England Biolabs), and T4 DNA (166 kbp,
Nippon Gene) were stained by YOYO-1 (Molecular Probes) with dye-to-base
ratio of 1:10. Pulsed field electrophoresis was performed in 4x TBE buffer to
suppress electroosmotic flow to ten times lower than DNA electrophoretic
mobility.® 2-mercaptoethanol was also added with 4% v/v to reduce
photobleaching. Angular separation of DNA molecules under a pulsed field was
achieved by continuously injecting DNA samples into the separation chamber, as
illustrated in Figure 3.1b. The applied pulsed potentials generated asymmetric
obtuse-angle pulsed fields across the separation chamber, where the angle
between the pulsed fields is @ = 135° and £; = 1.4E; in all experiments (Appendix
A). Within the separation chamber, different sizes of DNA separate from each
other and form individual streams, each stream deflecting an angle € from the

injection angle, as shown in Figure 3.1c.
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3.3 Theoretical Section

It was observed that § was highly dependent on the frequency, electric
field strength, and DNA size. We have developed a geometric model that links
these operating parameters to molecular size and separation angle, . A geometric
model was first introduced by Austin et al.” to quantify one-dimensional zone
electrophoretic separation of DNA within a microfabricated array structure under
a pulsed field. Their attempt to fit the model to their observations required a
coiling factor,” ® accounting for incomplete stretching of DNA. Here, a similar
geometric model was developed for continuous two-dimensional angular
separation of DNA under a pulsed field. We have assumed fully stretched DNA,
so no fitting coefficient is utilized. The model is based on the known separation
mechanism of DNA molecules under obtuse-angle pulse fields.” '° According to
this model, DNA reptates along the direction of the electric field as a flexible rod
with a constant length (L). Once the direction of the electric field is changed, the
molecule backtracks to a new direction as shown in Figure 3.2a—c.

For small frequencies, when the molecule has enough time to reorient
itself to the new direction and travel distances larger than its own length, a simple
geometric equation can be derived (the description of derivation steps are given in
Appendix B). The model relates the net angular distance that the molecule travels
at the end of one cycle (deflection angle, 0) to the molecular size (L), electric

fields (£}, E>), and frequency (f):
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anf=1-2—21 3.1)
\/EﬂlEz 7
2f
where u; and u, are DNA mobilities along E; and E>, respectively. According to
Eq. 3.1, when the frequency is very small, tanf =1— ( U, / M, ) , implying that 4 is

independent of DNA size. On the other hand, when the frequency increases up to

a value of f = (,u2E2 )/(ZL), tan 6 = 1, giving a @ value of 45°. Here, the net

DNA displacement only occurs along the stronger field E;, since DNA cannot
reorient completely along £, and 6 reaches its maximum value of 45° independent
of DNA size. According to this simple model, further increase in the frequency
will result in trapping of DNA around a hook, since the DNA cannot align itself
completely with either field vector. The model does not include a tortuosity
factor. However, the use of experimentally determined mobility values (see

below) should compensate for this.

3.4 Results and Discussions

The geometric model assumes DNA migrates along the direction of the
electric field, leading with a head. In Figure 3.2a and b, n marks the head of the
DNA, whilst in Figure 3.2c, m marks the head. This approach follows the biased
reptation model developed by Zimm et al.'' and Slater et al.'”*> According to their
model, when an electric field is applied to DNA in a confinement smaller than its

gyration radius, migration occurs by one of two mechanisms: i) a sliding motion
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in the direction of the electric field led by one of the heads, which was termed
reptation by de Gennes'’; or ii) creation of loops or hernias in the middle of the
DNA chain. According to the biased reptation model, the formation of hernias
would be improbable as long as external forces applied on the DNA chain are

15 Viovy et al.' introduced a scaled electric force

smaller than thermal forces.
parameter ¢, which is the ratio of the electrostatic force to the thermal force

applied on a DNA chain:

d*u E
g = 10" (3.2)
k,T

where 7 is the buffer viscosity, uy is DNA mobility in free solution, k& is the
Boltzmann constant, and 7 is the absolute temperature. According to the biased
reptation model, when ¢ << 1, hernia formation and therefore DNA length
fluctuations are at a minimum inside the pores, whereas they become significant
for ¢ ~ 1. The value of ¢ in our experiments was calculated by substituting the
experimental parameters used, with 7 = 10~ m’s™, 4y =3.5x 10® m* V' s, E =
28000 Vm™, giving ¢ = 0.05, 0.60, and 2.61 for d,=15, 50, and 105 nm,
respectively. Thus, the probability of hernia formation in the larger pore sizes is
not negligible, while it should be negligible for 15 nm pores. A key assumption in
developing the geometric model was that DNA size fluctuation is negligible and
the length is the contour length of the molecule. The effect of confinement on
DNA stretching or elongation has been studied.” '“** Tegenfeldt et al.'® and
Reisner et al."” provided empirical equations that relate the ratio of L/Lonour to the
confinement size, stating:
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L d,

contour

p (3.3a)

7
L 1—0.361££J d,<p (3.3b)

contour ch
where p is the persistence length of DNA (~ 50 nm), w is the molecule width (~ 2
nm for double stranded DNA), and d_;, is the confinement size. Stretching of DNA
is assumed to be due to self-exclusion and the interplay of confinement and
intrinsic elasticity of DNA, when no external electric force is applied. Substituting
the pore sizes used in our experiments as d., in this equation, L/L.oniur Was
calculated for each pore size, giving 0.84, 0.34, and 0.21 for d, = d., = 15, 50, and
105 nm, respectively. These results cannot be used in our study to estimate the
length of DNA inside the nanoparticle array, since our experiments were
conducted under strong electric fields which further stretch DNA molecules.
However, according to Eq. 3.3b, mere confinement in pore sizes around 15 nm is
sufficient to stretch DNA molecules up to 84% of their contour length. If the
additional stretching of DNA under high electric field is considered too, it is
obvious that the assumption of fully stretched DNA employed in developing the
geometric ratchet model is valid for pore sizes of 15 nm or less.

A comparison between the predicted DNA deflection angle, Eq. 3.1, and
those obtained experimentally provides insight into the migration mechanism of
DNA molecules in pore sizes ranging around the DNA persistence length (~ 50

nm). In order to calculate the DNA deflection angle 6, predicted by Eq. 3.1, the

mobility u of DNA was determined. Movies of single DNA molecules migrating
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inside the nanoparticle arrays were acquired under varying electric fields. The DC
electrophoretic mobility of DNA was computed by averaging the velocities of
many molecules as they traversed through the array. For each field strength, 10
molecules were studied to calculate mobility, providing an average and a standard
deviation. For 20 kbp DNA migrating through 15 nm pores under 280 Vem™, the
mobility was u = (3.88 + 0.62) x10° cm?V's™. In calculating Eq. 3.1, the
molecule length L was assumed to be the contour length of the molecule, L =
Lecontour- The results are shown in Figure 3.3, which plots the variation of deflection
angle 6 for 20 kbp DNA molecules with respect to frequency. The solid line
represents 6 calculated by Eq. 3.1 while experimental results are shown by
symbols. The experiment was conducted for three different pore sizes, 15, 50, and
105 nm. Figure 3.3 shows that the geometric model has the best agreement with
experimentally obtained values of 8 for a 15 nm pore size, while the observed 6
for larger pore sizes do not match the predictions. This behaviour was further
investigated for other DNA sizes (48 kbp and 166 kbp) and similar behaviour was
observed.

As stated earlier, the simple geometric model predicts a rising curve for
DNA deflection angle that reaches a maximum of 45° with increasing frequency,
independent of DNA size. Figure 3.4 shows the experimentally observed
maximum deflection angle, 8,,,, corresponding to different DNA sizes ranging
from 10 to 166 kbp, in pore sizes ranging from 15 to 105 nm, at an electric field
of £, =280 Vem'™!. The frequencies were varied in each study, to determine 6,,4.

It can be seen from Figure 3.4 that for pore sizes of 50 nm and 105 nm, the
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maximum deflection angle 6, is strongly dependent on DNA size, contrary to
the prediction of the geometric model. We conclude that molecular dynamics of
DNA electrophoresis such as size fluctuation and hernia formation significantly
affect the deflection behaviour in larger pore sizes. However, for a pore size of 15
nm, B, is around 45° regardless of DNA size, as predicted by the geometric
model.

Our results in Figures 3.3 and 3.4 show that a pore size of 15 nm, which is
smaller than the persistence length of DNA and gives ¢ = 0.05 under our
conditions, allows a quantitative fit of the geometric model to the experimental
observations when full stretching is assumed. The larger pore sizes do not
sufficiently confine DNA and do not prevent the formation of hernias, resulting in
the deviation of deflection behaviour of a molecule from the geometric models.

One of the advantages of having an analytical expression to predict the
deflection behaviour of DNA is that the effect of different experimental
parameters on the separation efficiency can be known a priori. It has been shown
experimentally that the effects of field and frequency on DNA separation
resolution are coupled.™ * 2"+ #* Presently, many exploratory experiments are
required to determine the best conditions for resolving different DNA sizes.
Figure 3.5a shows the variation of # with respect to f for three different DNA
sizes; 20, 48, and 166 kbp in 15 nm pores. The solid lines represent 8 predicted by
the geometric model, Eq. 3.1, whereas the symbols represent 6 obtained
experimentally in 15 nm pores with an electric field of £; = 280 Vem™. We have

found that by rearranging Eq. 3.1 and employing the reorientation time of DNA, it
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is possible to normalize these results to provide a predictive model to establish

optimal separation conditions. Eq. 3.1 can be reaaranged to yield:

_ 27
tang =1-2 b, (3.4)
/ul 1_\/5/12 2ﬂ’
o E,

where u,/u; can be determined from independent mobility measurement (1.32 in
our experiment for d, = 15 nm). The term L/(u,E>) is the time for the molecule to
travel its own length under the applied electric field (reorientation time of DNA)
and 1/(2f) is the pulse time. Hence, the ratio of these two parameters is a

dimensionless number which can be considered as the scaled frequency, /*

S

= (3.5)
4 E,
2L
Making use of Eq. 3.5, Eq. 3.4 becomes:
ang=1-te_ 121 (3.6)
H, 1— \/E,Uz f*
Hy

The variation of # with respect to f* predicted by Eq. 3.6 is shown in
Figure 3.5b; the three solid lines of Figure 3.5a have merged into one line by non-
dimensionalizing Eq. 3.1. Figure 3.5b shows that in pore sizes smaller than the
persistence length of DNA, the frequency response for different sizes of DNA can
be normalized to one effective response curve, using the reorientation time of the
DNA, which is a size dependent parameter. This result shows that the effects of

electric field, frequency, and DNA size on the separation efficiency of DNA
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molecules can be integrally linked in one defining parameter. For instance,
according to the definition of /*, Eq. 3.5, if the electric field is increased, in order
to preserve the same separation efficiency, the pulse frequency should be

increased as well.

3.5 Conclusion

Several authors>>2¢

predicted that the migration of DNA in the regime
where pore sizes are smaller than the persistence length of DNA, follows the
biased reptation mechanism. DNA separation experiments in tight gels supported
their predictions. Based on their predictions, we developed a simple geometric
model which has a quantitative agreement with our experiments in fabricated,
ordered, porous media. Our results show that when the confinement scales are
smaller than the persistence length of DNA, the bending elasticity of the molecule
prevents formation of hernias and the molecule can be treated as a persistent
chain. This allows the use of much simpler deterministic models for simulating
DNA dynamics in nanoscale confinement. In contrast, DNA migration through
larger pores involves complicated conformations of the molecule such as hernia
formation and significant size fluctuation, which necessitate a more sophisticated
numerical simulation to model the deflection behaviour of DNA molecules. The
present study shows that small ordered confinements achieved by the colloidal

self assembly (CSA) approach can provide a reliable tool to study the dynamic

behaviour of DNA and to validate the existing theoretical models such as the
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reptation model or “lakes-straits” model of Zimm.”” We have shown that greater
confinement, allowed by the CSA fabrication method, leads to fully stretched

DNA and more efficient separation of DNA.
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Figure 3.1. a) Schematic of DNA separation microchip. Separation chamber is 4
mm x 4 mm x 0.01 mm. The electric field is applied across the separation chamber
by inserting platinum electrodes in buffer reservoirs (Appendix A). b, c¢)
photomicrographs of the DNA separation microchip used in this work. b) DNA
solution is injected continuously into the separation chamber. White arrows
represent the directions of the applied electric fields. c) The separation chamber is
filled with nanoparticle arrays. Different sizes of DNA molecules separate from
each other and form individual streams, each deflecting an angle 6 from the

injection angle.
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Figure 3.2. Geometric model for angular separation of DNA molecules during
one cycle of electric pulses; m and n label the ends of the DNA molecule. a)
Initial position of the molecule at the beginning of the cycle. b) Position of the
molecule at the end of half cycle. c) Position of the molecule at the end of one

cycle.
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Figure 3.3. Variation of deflection angle 8 of 20 kbp DNA with respect to

frequency f. Solid line represents the prediction of geometric mode, Eq. 3.1.

Symbols represent the experimentally obtained deflection angles of 20 kbp DNA

in three different pore sizes (d,); o: 15 nm, o: 50 nm, A: 105 nm. E; = 280 Vem'™!

(reproduced from Nazemifard N et al.?® with permission from Copyright Wiley-

VCH Verlag GmbH & Co. KGaA).
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Figure 3.4. Effects of DNA size on maximum deflection angle, 6,,,. Solid line
represents prediction of geometric model as, 6,,,, = 45°, independent of DNA size.
Symbols represent experimental values of 6, for three different pore sizes (d,);
0: 15 nm, o: 50 nm, A: 105 nm. E; =280 Vem™' (reproduced from Nazemifard N
et al.”® with permission from Copyright Wiley-VCH Verlag GmbH & Co. KGaA).
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Figure 3.5. a) Frequency dependent behavior of deflection angles of different
sizes of DNA molecules (20, 48, 166 kbp) in d, = 15 nm pores (4 = 3.88, 3.42,
and 2.29x10° cm?V's™!, correspondingly). E;=280 Vem™. Lines represent 6
predicted by the geometric model, Eq. 3.1, where symbols are the experimental
results for 6. A and ....: 20 kbp, o and ----: 48 kbp, 0 and —: 166 kbp. b) Variation
of @ with respect to scaled frequency, f*, for the data set shown in (a). A: 20 kbp,
o: 48 kbp, o: 166 kbp, —: geometric model Eq. 3.6. (reproduced from Nazemifard
N et al.*® with permission from Copyright Wiley-VCH Verlag GmbH & Co.

KGaA).
68



3.6

References

Viovy, J.L., Electrophoresis of DNA and other polyelectrolytes: Physical
mechanisms. Reviews of Modern Physics, 2000. 72: p. 813-872.

Austin, R., Nanopores - the art of sucking spaghetti. Nature Materials,
2003. 2: p. 567-568.

Odijk, T., DNA confined in nanochannels: Hairpin tightening by entropic
depletion. Journal of Chemical Physics, 2006. 125.

Zeng, Y. and D.J. Harrison, Self-assembled colloidal arrays as three-
dimensional nanofluidic sieves for separation of biomolecules on
microchips. Analytical Chemistry, 2007. 79: p. 2289-2295.

Zeng, Y., M. He, and D.J. Harrison, Microfluidic self-patterning of large-
scale crystalline nanoarrays for high-throughput continuous DNA
fractionation. Angewandte Chemie-International Edition, 2008. 47: p.
6388-6391.

Zeng, Y., Self assembled nanostructures for biomolecular analysis.
Chemistry. PhD Dissertation. 2007, Edmonton: Alberta. 158.

Duke, T.A.J., R.H. Austin, E.C. Cox, and S.S. Chan, Pulsed-field
electrophoresis in microlithographic arrays. Electrophoresis, 1996. 17: p.
1075-1079.

Huang, L.R., J.O. Tegenfeldt, J.J. Kraeft, J.C. Sturm, R.H. Austin, and
E.C. Cox, A DNA prism for high-speed continuous fractionation of large

DNA molecules. Nature Biotechnology, 2002. 20: p. 1048-1051.

69



10.

11.

12.

13.

14.

15.

16.

Bustamante, C., S. Gurrieri, and S.B. Smith, Towards a molecular
description of pulsed-field gel-electrophoresis. Trends in Biotechnology,
1993. 11: p. 23-30.

Gurrieri, S., S.B. Smith, K.S. Wells, I.D. Johnson, and C. Bustamante,
Real-time imaging of the reorientation mechanisms of yoyo-labelled DNA
molecules during 90 degrees and 120 degrees pulsed field gel
electrophoresis. Nucleic Acids Research, /1996. 24: p. 4759-4767.
Lumpkin, O.J., P. Dejardin, and B.H. Zimm, Theory of gel-electrophoresis
of DNA. Biopolymers, /985. 24: p. 1573-1593.

Slater, G.W. and J. Noolandi, Prediction of chain elongation in the
reptation theory of DNA gel-electrophoresis. Biopolymers, 1985. 24: p.
2181-2184.

Degennes, P.G., Reptation of a polymer chain in presence of fixed
obstacles. Journal of Chemical Physics, /971. 55: p. 572-&.

Akerman, B., Barriers to DNA loop formation in a porous matrix.
Progress in Biophysics & Molecular Biology, /996. 65: p. PB144-
PB144.

Akerman, B., Tube leakage during electrophoresis retards reptating DNA
in unmodified and hydroxyethylated agarose gels. Physical Review E,
1996. 54: p. 6697-6707.

Odijk, T., Scaling theory of DNA confined in nanochannels and nanoslits.

Physical Review E, 2008. 77.

70



17.

18.

19.

20.

21.

22.

23.

Tegenfeldt, J.O., H. Cao, W.W. Reisner, C. Prinz, R.H. Austin, S.Y. Chou,
E.C. Cox, and J.C. Sturm, Stretching DNA in nanochannels. Biophysical
Journal, 2004. 86: p. 596A-596A.

Tegenfeldt, J.O., C. Prinz, H. Cao, S. Chou, W.W. Reisner, R. Riehn,
Y.M. Wang, E.C. Cox, J.C. Sturm, P. Silberzan, et al., The dynamics of
genomic-length DNA molecules in 100-nm channels. Proceedings of the
National Academy of Sciences of the United States of America, 2004.
101: p. 10979-10983.

Reisner, W., K.J. Morton, R. Riehn, Y.M. Wang, Z.N. Yu, M. Rosen, J.C.
Sturm, S.Y. Chou, E. Frey, and R.H. Austin, Statics and dynamics of
single DNA molecules confined in nanochannels. Physical Review
Letters, 2005. 94.

Jendrejack, R.M., D.C. Schwartz, M.D. Graham, and J.J. de Pablo, Effect
of confinement on DNA dynamics in microfluidic devices. Journal of
Chemical Physics, 2003. 119: p. 1165-1173.

Huang, L.R., P. Silberzan, J.O. Tegenfeldt, E.C. Cox, J.C. Sturm, R.H.
Austin, and H. Craighead, Role of molecular size in ratchet fractionation.
Physical Review Letters, 2002. 89.

Chu, G., D. Vollrath, and R.W. Davis, Separation of large DNA-molecules
by contour-clamped homogeneous electric-fields. Science, 1986. 234: p.
1582-1585.

Duke, T.AJ. and J.L. Viovy, Simulation of megabase DNA undergoing

gel-electrophoresis. Physical Review Letters, /992. 68: p. 542-545.

71



24.

25.

26.

27.

28.

Heller, C., C. Pakleza, and J.L. Viovy, DNA separation with field-
inversion capillary electrophoresis. Electrophoresis, /995. 16: p. 1423-
1428.

Semenov, A.N., T.A.J. Duke, and J.L. Viovy, Gel-electrophoresis of DNA
in moderate fields - the effect of fluctuations. Physical Review E, 1995.
51: p. 1520-1537.

Slater, G.W. and J. Noolandi, Effect of nonparallel alternating-fields on
the mobility of DNA in the biased reptation model of gel-electrophoresis.
Electrophoresis, /989. 10: p. 413-428.

Zimm, B.H., Lakes-straits model of field-inversion gel-electrophoresis of
DNA. Journal of Chemical Physics, /991. 94: p. 2187-2206.

Nazemifard, N., S. Bhattacharjee, J.H. Masliyah, and D.J. Harrison, DNA
dynamics in nanoscale confinement under asymmetric pulsed field
electrophoresis. Angewandte Chemie-International Edition, 20/0. 49:

p. 3326-3329.

72



CHAPTER 4

FREQUENCY BEHAVIOUR OF DNA
ANGULAR SEPARATION

4.1 Introduction

Pulsed field gel electrophoresis or PFGE has been established as the
standard method to separate large DNA molecules.'” In this method, electric field
is applied periodically in two directions with an obtuse angle (a > 90°) *° as
shown in Figure 4.1a. A complete description of separation mechanisms in pulsed
field electrophoresis has been provided in Section 2.3.3. The major shortcoming
of PFGE is its long running times of about 10-200 h.”'® In order to overcome this
problem, microfluidic devices were developed, where due to the scale of these
devices, the separation of DNA molecules was achieved with reported running

18 However, due to the batch-mode nature of the

times of a few seconds.
transverse pulsed field electrophoresis and the small scale of the device, these
devices are limited in the amount of material they can analyze.'” Recently, a
microfluidic device was developed by Austin and coworkers'’ which fractionates
DNA molecules in different directions based on their molecular sizes, similar to
the deflection of different wavelengths of light to different angles in a prism. In
their design, asymmetric pulsed field electrophoresis (APFE) was applied to

fractionate large DNA molecules inside a microfabricated array as a sieving

matrix. Since different sizes of DNA can be directed to different channels (Figure
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4.1b), the separation can be operated as a continuous mode, hence, removing the
limitation of the amount of sample the device can analyze."’

Using a similar asymmetric pulsed field electrophoresis approach, we
have developed a microfluidic device for continuous angular separation of DNA

18, 19
molecules.™™

In our device, the microfabricated array of the DNA prism'’ is
replaced by self assembled nanoparticle arrays. From the early stages of our
experiments, it became clear that the angular separation was highly dependent on
the applied frequency,'’ as was observed and reported in the first DNA prism
developed by Austin’s group. In both of the devices, although the variation of the
angular separation with frequency was reproducible, it was complicated and not
fully understood. Due to the inherent simplicity of the self assembly approach, our
device is significantly easier and faster to fabricate. This provided a unique
opportunity to perform a large number of experiments to understand the
separation mechanism under asymmetric pulsed field electrophoresis, and the
effects of different experimental parameters such as pore size, electric field, and
frequency on the separation efficiency of APFE method.

The goal of this chapter is to explain the behavior of angular separation of
DNA molecules with respect to frequency under asymmetric pulsed field
electrophoresis. High quality real-time movies of DNA migration under different
frequencies were used to understand the effect of pulse time on DNA migration
mechanism. A simple numerical scheme of DNA migration in a microfabricated
array was also developed to further facilitate the understanding of DNA
migration. In the analysis presented in this chapter, the goal was to explain the

dominant mechanisms dictating the dynamic of DNA molecules under
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asymmetric pulsed electric fields, so the effects of Brownian diffusion and DNA
size fluctuations, which are responsible for deviations from the averaged results is

not considered.

4.2 Experimental Section

4.2.1. DNA Separation Microchip

DNA separation was conducted using a microfluidic chip filled with an
array of nanoparticles as a sieving matrix. A schematic of the PDMS microchip is
shown in Figure 4.2. PDMS microchips were fabricated using a standard soft
lithography technique, then sealed to clean glass slides prior to packing, as
described in detail elsewhere.'"® Aqueous suspensions of monodisperse silica
colloids (Bangs Laboratories, Fishers, IN) of 100 nm, 330 nm, and 700 nm
diameter were used to form the self assembled nanoparticle array inside the
microchips. Particle suspension concentrations were optimized for each particle
size to achieve crack-free, homogeneous packed structures. SEM images of the
self assembled structure revealed a closely packed hexagonal array of
nanoparticles,”” where the size of pores (dy) were around 15% of the particle size
i.e.,, d,=15nm, 50 nm, and 105 nm for 100 nm, 330 nm, and 700 nm particles,
respectively.”’
4.2.2. DNA Sample Preparation

DNA samples, NoLimits™ DNA fragments (6, 10, 20 kbp, Fermentas Life
Sciences), A-DNA (48 kbp, New England Biolabs), and T4 DNA (166 kbp,

Nippon Gene) were stained by YOYO-1 (Molecular Probes) with dye-to-base
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ratio of 1:10. Pulsed field electrophoresis was performed in 4x TBE buffer to
suppress electroosmotic flow with 4% v/v 2-mercaptoethanol added to reduce
photobleaching.
4.2.3. Asymmetric Pulsed Field Electrophoresis

Pulsed electric fields were generated by homebuilt high-voltage amplifiers
triggered by square wave signals from a synthesized function generator (Wavetek,
San Diego, CA). The separation chamber was connected to reservoirs where
pulsed electric potentials were applied using platinum electrodes. The applied
pulsed electric potentials generated asymmetric obtuse-angle pulsed fields, £; and
E,, across the separation chamber, where the angle between the pulsed fields is ~
135° and E; = 1.4 E; in all our experiments (£ is the horizontal field shown in
Figure 2). Typical electric fields used in our experiments are around 80 - 280
V/cm and the frequencies are between 0.1 to 100 Hz.
4.2.4. Fluorescence Imaging

DNA samples were excited by a 488-nm argon ion laser beam, and the
fluorescent emission was collected by a homemade microscope using a 4x
objective (0.1 N.A., Olympus, Tokyo, Japan) for separation imaging. For single
DNA imaging, a Nikon motorized TIRF (total internal reflection fluorescence
microscopy) microscope (Eclipse Ti, Nikon, Tokyo, Japan) was used with either
60x or 100x oil-immersion (1.4 N.A., Nikon, Tokyo, Japan) objectives. TIRF
microscopy is specially designed to enable single molecule visualization and
dynamic observation with a high signal to noise ratio. A complete description of

DNA visualization using TIRF techniques can be found in literature. *'**
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4.3 Results and Discussion

4.3.1. Angular Separation

Angular separation of DNA molecules was conducted by continuously
injecting DNA samples into the separation chamber by applying a DC electric
field in the DNA sample reservoir. Once the pulsed electric field is applied,
different streams of DNA are formed which corresponds to different DNA sizes.
Each stream then proceeds to one of the collecting channels in the bottom of the
microchip. The migration mechanism of DNA in our microchip is similar to the
typical mechanism of DNA migration under pulsed electric field in gel or
microfabricated array.”* Once the pulsed electric field is applied, DNA molecules
stretch and undergo a chevron type motion with the head and tail repeatedly
switching. As a result, larger DNA molecules deviate from the average field
direction (vertical line) more, compared to the smaller DNA molecules. We called
this deflection angle 4, as shown in Figure 4.2. The fluorescence image in Figure
4.2 shows three distinct streams of DNA corresponding to three different sizes of
DNA molecules; 20, 48, and 166 kbp. The packed structure was made with 700
nm silica particles. The electric fields were £; = 120 and £, = 86 V/cm and /=2
Hz.
4.3.2. Frequency Dependence of Angular Separation

Angular separation of DNA molecules was performed for different pulse
frequencies as explained in Section 4.2 and the values of 6 were recorded for each
DNA molecule at each frequency. Figure 4.3a shows the variation of deflection

angle, 6, with respect to frequency, f, for two different DNA sizes; 48 and 166
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kbp. It can be seen in Figure 4.3a that for either DNA molecule, 8 changes with
frequency in a non-monotonic way; @ increases initially with increasing
frequency, reaches a plateau, and then declines with further increasing the
frequency. Finally it assumes a constant value independent of the pulse frequency.
Similar separation experiments were conducted for DNA sizes ranging from 6 to
166 kbp in pore sizes ranging from 15 to 105 nm, at different electric fields and
frequencies. For all of these different scenarios, the variation of 6 with f was
similar to that shown in Figure 4.3a, although the maximum value of 4, and the
frequency of 6,,,, varied with DNA size and separation conditions.

The fact that angular separation is highly dependent on pulse frequency is

s 3,025, 26
not surprising,”

since pulse frequency is one of the key parameters
controlling separation efficiency in traditional PFGE. However, the non-

monotonic behavior of @ with f is rather complicated.'” . As discussed in

Chapter 3, in addition to pulse time, another critical time scale in any pulsed field

126-28 24, 29

electrophoresis scheme either in ge or microfabricated array is the
reorientation time of DNA, 7, In pulsed field electrophoresis, the reorientation
time of DNA has been defined as the time it takes DNA to completely align itself
to the newly applied electric field, once the direction of the electric field changes.?

In other words, it is the time it takes the molecule to travel its own length;**

L ) .

t, =——, where L is a fraction of the contour length of the molecule;
Y7

L=cL,,. (cis a coefficient between zero and one depending on pore size,

electric field angle, and buffer viscosity), # is the electrophoretic mobility of

DNA, and E is the applied electric field.
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. . . . . ¢ .
In PFGE, the ratio of pulse time (7)) to reorientation time (%), f, is
p

used to develop universal mobility curves in order to characterize the separation
behavior of different DNA sizes in one single curve. As shown in Chapter 3, a
similar approach can be taken for APFE for graphs such as the ones in Figures
3.5a and 4.3a, once the reorientation times of the molecules are known. Using
high quality real-time movies of DNA migrating in our nanoparticle array
structures, the reorientation times for 48 and 166 kbp DNA molecules were
calculated in 105 nm pores under a DC electric field of 114 V/cm (the
experimental conditions in Figure 4.3a). The reorientation times were 0.10 + 0.02
s and 0.28 += 0.06 s for 48 and 166 kbp DNA molecules, respectively. As

described in Chapter 3, Section 3.4, using the reorientation times, a scaled

S
1/2¢

or2

frequency can be defined using Eq. 3.5 (f~ = , since 114 V/cm is named

Ej, its associated reorientation time is named¢,, ). Figure 4.3b shows the variation

of @ with f~ for the same experimental parameters as in Figure 4.3a. It can be seen
from Figure 4.3b that by normalizing the horizontal axis using /', the four regimes
(rise, plateau, fall, and the second plateau) in Figure 4.3a seen at different
frequencies for 48 and 166 kbp DNA molecules, actually occur around the same
values of f * for the two DNA sizes. According to Figure 4.3b, for both DNA

sizes, at low frequencies, where f <1/2t 0 increases with increasing

or, ?

frequency (regime I). Once the frequency reaches a value around f = 1/ 2t , 0

2
ory

reaches its maximum value and remains constant until f ~ 2 x (1/ 2t,, ) (regime
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II). At higher frequencies, where f* > 2><(1/ Ztorz), 0 decreases with increasing
frequency (regime III). At very high frequencies, where f >10><(1/ 2t0r2), 0

reaches a constant value close to the average field direction and becomes
independent of frequency (regime 1V).

In order to understand the frequency behavior of angular separation of
DNA molecules, real-time movies of 166 kbp DNA were obtained using TIRF
microscopy. The results for four different frequencies corresponding to four

regimes in Figure 3b will be discussed in detail in the next four sections.

Regime 1, < 1. According to Figure 4.3, when frequency is smaller than

f
/2t
the frequency associated with the reorientation time (%) of the molecule, 6

ory
increases with increasing frequency. In order to understand the molecular details
of the electromigration in this regime, movies of 166 kbp DNA molecules
migrating under asymmetric pulsed electric fields at f= 0.5 Hz and £, =114 V/cm
were obtained in 105 nm pores. Figure 4.4 shows sequential fluorescence images
associated with this movie. The white arrows in Figure 4.4 represent the
directions of the applied electric fields at each snapshot.

It can be seen from the images in Figure 4.4 that the DNA molecules
under asymmetric pulsed field electrophoresis follow the same migration
mechanism reported for PFGE. As described in Chapter 3, due to the ratchet
effects of asymmetric pulsed electric fields, DNA molecules backtrack to different

positions based on their molecular size; larger DNA molecules deflect more
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compared to the smaller molecules with respect to the direction of the averaged
electric field.

Based on this migration mechanism, a simple geometric model (Eq. 3.1)
was developed to explain the frequency behavior of DNA in this regime as

3.1 30 1n this model, it was assumed that DNA is a flexible

described in Chapter
rod with a length L which is a fraction of its contour length. One can relate 6 to

the reorientation times of the molecule using Eq. 3.1, to give:

1
=
2t()}"

tané?:l—x/ilz— 4.1)
2w,

where 7, and ¢, are the reorientation times associated with E; and E,

L
and ¢, =

).
WE, hE,

respectively. (7, =

The variation of 8 with respect to f can be calculated using Eq. 4.1, if the
values of u;, u», and L are known. A more detailed description of the geometric
model and the range of its validity have been discussed in Chapter 3.*° It can be
seen in Figure 3.3 that by increasing the frequency, 6 increases as long

as f < 1/ 2t,, . Although a quantitative fit between the geometric model and the

experiment was only achieved in the smallest pore size of 15 nm, but even in the

larger pores, this simple model still predicted the trend of changing 6 with .

f
12t,

Regime II, 1 < < 2. According to Figure 4.3b, once the frequency is

: , o . 1
around the frequency associated with DNA’s reorientation time (2—),

ory
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S .
1/2t,, .

deflection angle, 6, reaches its maximum and remains constant up to

Movies of 166 kbp DNA molecules migrating at a frequency of 2 Hz (associated
with regime II) through 105 nm pores were obtained to facilitate understanding of
the migration mechanism. Time-lapse images are shown in Figure 4.5. Following
DNA motion through the images in Figure 4.5, one can see that DNA molecules

follow the same backtracking motion as in regime I. However, since the

1
frequency is around or higher thanT , the instant DNA backtracks and realigns

ory
itself in the direction of E>, the field direction changes to E;, so the molecule does
not have time to migrate along E», but tends to retrace the same path it just
followed. This means that there will be no net displacement in the direction of the
smaller field (£,), and the molecule follows the direction of the higher field (£;)
all through the separation chamber. As a result, 6 assumes the same angle as E; (=

45°) with respect to the vertical direction.

1
According to Eq. 4.1, for f =7 , 0 reaches 45° independent of DNA

o,
size. The maximum deflection angle, 6,,,,, for different DNA sizes were measured
and the results were presented in Chapter 3, Figure 3.4. It can be seen in Figure
3.4 that although there exists a 6,,, for all DNA sizes in all pore sizes in our
experiments, the value of 6,,,, is not always 45°. A reduced value of 6,,, relative
to 45° can also be seen in Figure 4.3b, where, although 48 kbp DNA reaches its

maximum deflection angle at f = 1/ 2t,, (regime II) its corresponding Opqx < 45°.

Our observations indicate that 8,,,, follows the prediction of the geometric model
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for molecules that do not have time to relax from their extended conformations

during their reorientations,?,, <7,, where 7. is the relaxation time of the

molecule. Since DNA molecules in our experiments are confined in pores smaller

than their gyration radius, their relaxation time (z,) can be calculated by de

31,32
Gennes theory as:”

n(pW)”]L o
,Z-r ~ conlou. (4.2)
( k,T dn

where # is the buffer viscosity, p is the persistence length of DNA, w is the width
of the molecule, %, is the Boltzmann constant, 7" is the absolute temperature,
Lecontour 18 the contour length of molecule, and d.; is the confinement size. The
schematics in Figure 4.6 show the difference in migration mechanism between a

molecule with #,. <7, and a molecule with 7, >7, ata frequency of /' ~ 1/ 2, .

The left column shows migration of a molecule with a relaxation time longer than
the reorientation time, meaning that the molecule remains stretched throughout
the reorientation. The right column shows migration of a molecule with a
relaxation time shorter than the reorientation time, meaning that the molecule has
time to relax from its stretched conformation during the reorientation time. The
solid lines in panel i show the position of the molecules after £, is applied. The
dashed lines are the initial positions of the molecules. Panel ii shows the
molecules after £, is applied and panel iii shows the positions of the molecules
after £, is applied again. The migration of the two molecules in panel i is similar.
The difference in the migration of the two molecules is in panels ii and iii. It can

be seen from panel ii, while the molecule in the left column (¢,, <7,) remains
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stretched, the molecule in the right column (z,, >7,) relaxes from its extended

conformation at some point in time after £, is applied. As a result, once the
electric field directions change to E; again (panel iii), the molecule in the left
column, slides off the same obstacle and backtracks to the same path in panel iii
as in panel i whereas, the molecule in the right column slides off a different
obstacle and backtracks to a different path in panel iii from that of panel 1.

Movies of 48 kbp DNA moving under pulsed electric fields of 160 and
114 V/ecm in 105 nm pores were captured at a frequency of 5 Hz (regime II).
Time-lapse images of this movie are shown in Figure 4.7. A comparison between
the images in Figures 4.5 and 4.7 shows the difference between migrations of the
two different sizes of DNA (48 and 166 kbp) in regime II. Tracking the 48 kbp
DNA through the images in Figure 4.7, one can see that, similar to the 166 kbp
DNA, upon applying the field in £; direction, the molecule stretches and moves in
the opposite direction. Once the electric field changes to E», the molecule
backtracks and reorients itself to the new field direction, and this process repeats
itself with each change in field direction. Examining Figure 4.5, 166 kbp retraces
the same path in the direction of E; as in previous cycle, so there will be no
displacement in E, direction. In contrast, 48 kbp DNA relaxes from its highly
extended conformation, and then backtracks in the direction of E; in a different
path from the previous cycle due to its change in extended length. As a result,
although the molecule does not have sufficient time to fully travel its length, L in
the direction of £, due to its relaxation there is a net displacement in the direction
of E;. As a result, the net deflection angle 6,, will be the summation of

displacements in both E£; and E, direction and smaller than 45°. Other effects such
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as Brownian diffusion and U-shape formation contribute to the dispersion of
angular separation around 6,,,, and are the reason for the presence of error bars in
Figure 3.4.

As shown in Figure 4.3, the angular separation of DNA under asymmetric
pulse field electrophoresis varies between the minimum value equal to the angle
of the average field and a maximum value equal to the angle of the larger field
(angle of average field < # < angle of larger field). So the difference between the
angle of the average field (0°, in our experiments) and the larger electric field
(45°, in our experiments) defines the separation window. It is important to know
which range of DNA sizes can be resolved within the maximum separation
window. Comparing the definition of the relaxation time, Eq. 4.2, with the
definition of reorientation time of the molecule, one can define a criterion for
which maximum deflection angle reaches 45°. As stated earlier, for 6, = 45°,

T, >t, , substituting the equations for 7, and #,., the criterion for having 6, =

45° can be defined as:

CD1/3
c, 1uE

(4.3)

23
here, c, :(%] and c=%. According to Eq. 4.3, for DNA sizes
b

larger than a critical size, relaxation time will always be longer than the
reorientation time, meaning that DNA stays stretched throughout the pulsed

electric fields. It can also be seen from Eq. 4.3 that the critical size decreases by

decreasing pore size and increasing electric field. This indicates that by having
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smaller pore sizes or higher electric fields, more DNA sizes would reach the
maximum deflection angle of 45°, as shown in Figure 3.4.
Another interesting feature of regime II that can be observed in Figure 4.3

is that the maximum deflection angle is not just a point, but it is a plateau. 6

: : 1 . o :
reaches its maximum at f =——and remains constant while increasing the

ory
frequency. For instance, according to the frequency curve in Figure 4.3a, 166 kbp
DNA reaches its maximum deflection angle at f~ 2 Hz and remains constant up to
f ~ 4 Hz. Movies of 166 kbp DNA molecules migrating through 105 nm pores
under asymmetric pulsed electric fields of 160 and 114 V/cm were obtained at
frequencies of 2, 3, and 4 Hz to understand the reason behind this plateau. As
presented in Figure 4.5 and described in detail earlier, at a frequency of 2 Hz, 166
kbp DNA has enough time to completely reorient itself to the direction of £, but
does not have time to migrate in this direction. At a frequency of 3 Hz, 166 kbp
DNA does not have time to either reorient itself completely or migrate in the
direction of E>, so it is just partially reoriented to E> when the direction of field
changes to FE;. The same migration mechanism was observed at higher

frequencies, so long as DNA has enough time to reorient completely in the

1
direction of E;. This means the plateau in regime II has an upper limit as /' <—,

on
where ) is the reorientation time in the direction of £;. The ratio between the

upper and lower limit for regime II can then be defined as:

12t
20 1 By (4.4)

V2t,, mE,
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In all of our experlments,E—1 =1.4 and the mobility ratio is measured to
2

be around £ =1.2 , SO / ?L ~1.7 which is close to the upper limit of regime II

) 2,
in Figure 4.3b. This result means that the plateau observed in the frequency
behavior of deflection angle is caused by the asymmetric nature of the applied
electric fields (E; > E;). As can be seen from Eq. 4.4, if the two electric fields
have the same magnitudes, (£; = E>), the maximum in Figure 4.3 would be a point
instead of a plateau. On the other hand, the plateau can be extended to higher

frequencies, by increasing the ratio of the two electric fields (£; > > E»).

S
121,

Regime I1I, 2 <

< 10. At higher frequencies, when the molecule does not

, , : S : 1
have time to reorient completely in the directions of either E; or E; ( f <—),

2t

or;
the migration mechanism changes compared to regime I and II. As was observed
in real-time movies of DNA migration, at smaller frequencies, one of the two ends
of the molecule usually lead the migration in the separation media. One can
imagine that if this was the dominant migration mechanism at higher frequencies,
DNA molecules would stop moving and would go back and forth in the directions
of E; and E, around a particle in the separation chamber, similar to what is called
“dynamic trapping” in the literature.”* However, our real-time movies of 166 kbp
DNA migrating at f = 10 Hz (associated with regime III in Figure 4.3) reveal a

different migration mechanism. Time-lapse images of such a movie are shown in
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Figure 4.8. This figure shows migration of 166 kbp DNA molecules at /= 10 Hz
in pores of 105 nm at asymmetric pulsed electric fields of 160 and 114 V/cm.
Following DNA molecules in the images of Figure 4.8, it can be seen that
they are not trapped around any particle, rather they move towards the collection
channels in the separation chamber. The direction of this migration is observed to
be a combination of directions of E; and E,. Contrary to the migration mechanism
in regimes I and II, where one of the two ends of the molecule typically lead the
migration, in regime III, for large pore sizes, a random point along the DNA chain
can lead the motion, with the molecule assuming a hairpin conformation. Our
observations of DNA motion in regime III show that in this regime, DNA
migration is a complicated combination of hernia formations, prolonged migration
in one direction for multiple cycles, and moving with the same head in a zigzag
fashion. As a result, the net deflection angle is reduced from the angle of the
larger field E; (45°), and comes closer to the direction of the average electric field
(0°). This is consistent with the behavior of DNA during pulsed field gel
electrophoresis, where the formation of hernias significantly and qualitatively

changes the separation behavior, as reported in the literature.”>

S
12t,,

Regime IV, > 10. According to Figure 4.3, the decline of deflection angle

by increasing frequency (regime III) is followed by a second plateau in the
frequency dependent curve. As can be seen in Figure 4.3a, around a frequency of
50 Hz, 6 reaches a value close to the angle of the average electric field (0°) and
remains relatively constant, with little frequency dependence for both 48 and 166

kbp DNA molecules. The same behavior was observed for DNA sizes of 6, 10,
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and 20 kbp. Real-time movies of 166 kbp DNA were captured at a frequency of
50 Hz, associated with regime IV, to help understand the migration mechanism of
DNA in this regime. Three sequential images are shown in Figure 4.9a (i, ii, iii).
Figure 4.9a shows migration of 166 kbp DNA molecules at a frequency of 50 Hz
through pores of 105 nm, under asymmetric electric fields of 160 and 114 V/cm.
Our real-time videos of single DNA molecules migrating under high frequency
pulsed electric field show the migration mechanism changes significantly. The
molecule reptates along the average direction of the two electric fields (Figure
4.9a) and no backtracking is observed.

Since the angle between the two electric fields («) is an obtuse angle, there
is a component of E; that is always in the opposite direction of E, (in our
experiments, since a = 135°, the horizontal component of E; has the same
magnitude as E,). This means that during one cycle, in the horizontal direction,
the electric field changes between two equal but inverse electric fields. In the
vertical direction, the electric field changes between zero and the normal
component of £;. From real-time videos of DNA migration, it appears that the
effect of the two inverse fields in the horizontal directions is insignificant at high
frequencies, so the molecule just follows the normal electric field component. In
order to verify this observation, two experiments with different configurations of
electric field were conducted, as shown in Figures 4.9b and c. In the first
experiment, the electric field was pulsed between zero and a vertical field equal to
the normal component of E; (Figure 4.9b). The frequency of the pulsed field was
50 Hz, the same as in Figure 4.9a. In the second experiment, a DC electric field (f

= 0 Hz) equal to the normal component of £; was applied (Figure 4.9¢c). The
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migration and configurations of 166 kbp DNA molecules under these three
conditions were observed to be significantly similar. In all of these experiments,
the DNA molecules were stretched and migrated along the vertical direction,
leading with a head (Figures 4.9a, b, and c¢) with occasional hooking and pulling-
free cycles.

One possible way of explaining the behavior of DNA molecules under
asymmetric pulsed electric fields at high frequencies is by considering the Kuhn
segment relaxation time, 7 (also known as shortest relaxation time of a
polymer).24’ 32,31 Polymer size scales with the number of segments in the chain,
so their relaxation time (z,) can be written as the product of time scale for the
motion of individual Kuhn segments and a power law in the number of segments

in the chain:*’

2/37.2
: z(k”T (pZ?B b ]Nz ~7,N? (4.52)
b ch
2/3
. LkLT i ]bz (4.5b)
b ch

here, N is the number of Kuhn segments in the chain and b is the size of Kuhn

segments (~ 2 x persistence length), so L = Nb . Substituting Leonour by Nb

contour
in Eq. 4.2, one can derive Eq. 4.5a. The importance of the Kuhn segment
relaxation time (zy), as explicitly stated in the literature,’’ is that “if polymer is
probed on time scales around 7y, the polymer will not move but shows elastic
responses”. This may be the reason why, at high frequencies in pulsed field
electrophoresis, DNA molecules do not undergo the backtracking (chevron type)

motion they exhibited at lower frequencies.
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According to Eq. 4.5b, 7, ~107s for b = 100 nm, which corresponds to a

frequency of 500 Hz. As can be seen in Eq. 4.5b, in contrast to 7z, which is
dependent on L onsour 2, 79 is independent of DNA size. The relaxation time, 7,

provided by Eq. 4.5a, known as the longest relaxation time of a molecule, is

around 7, ~19.7s (~ 0.02 Hz) for a 166 Kbp DNA molecule in a 100 nm channel.

The deflection angle for different DNA sizes reaches a plateau in regime IV
between these frequencies, consistent with the behavior of DNA in this frequency
regime being related to the Kuhn segment relaxation time. Between the shortest
and the longest relaxation times, 7y and z,, there are different modes of relaxation,
7p, which correspond to the coherent motion of a section of a chain consisting of P
Kuhn segments, where 1 < P < N and 7y < 7p < 7, . Since DNA is a self similar
object, 7p is similar to the longest relaxation time of a chain with P Kuhn
segments, 7, ~ 7,P’ 27 Substituting the pulse time corresponding to /= 50 Hz in
this equation as zp, the number of Kuhn segments associated with this relaxation
mode is calculated to be P ~ 3 Kuhn segments, or ~ 300 nm. It is interesting to see
that the equivalent length of three Kuhn segments is very close to the radius of
700 nm silica particles used to make the self assembled array in this experiment.
This implies that at pulse times larger than zp-;, the head of the molecule
corresponding to P ~ 3 Kuhn segments has time to react to the change in the
direction of the applied electric fields. At shorter pulse times, the molecule has
insufficient time to respond, and simply reptates along the direction of the average

field.
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Another possible reason for the behavior of DNA molecules at high
frequency might be found by considering the dynamic of backtracking motion
under obtuse angle pulsed electrophoresis. As observed in the previous three
frequency regimes, once the direction of the electric field changes, the molecule
backtracks to the direction of the new field. If the frequency of pulsed field is high
enough so that the molecule does not have time to backtrack, then it is reasonable
to assume that it would just move in the direction of the average field. The time
scale of this phenomenon can be calculated by calculating the time it takes for the
head of the molecule to travel one column in the horizontal direction in the
nanoparticle array structure, £,:

a
t =—2= (4.6)
g hE,

where a, is the particle radius. Substituting the values of a,, u», and E> as; 350x10°
? m, 5x10° m* V! s'l, and 11400 Vm'l, respectively, ¢, is calculated to be 0.006 s,

which corresponds to the frequency of around 80 Hz. This means that at pulse
frequencies around 80 Hz, once the direction of the field changes, the molecule
does not have time to backtracks even by one column, so it continues to move
with the same head in the direction of the average field. The difference between
the two time scales, 7, and ¢, discussed here is that although both are independent
of the DNA size, but 7, is also independent of the applied field, whereas, ¢, is
dependent on the applied electric field. This might provide the key to answer the
question of which one of these two time scales are dominant factor in defining the
behavior of DNA at high frequencies. Our experimental results for this frequency

regime do not show a strong electric field dependence of the frequency at which 6
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reaches a plateau. However, the values of the electric fields used in this study
where not orders of magnitude different. A more comprehensive parametric study
is needed to investigate the dependency of this frequency regime on electric field
and to verify which of the two above time scales are responsible for the behavior

of DNA in this regime.

4.3.3. Mobility Minima in Pulsed Field Gel Electrophoresis

As described earlier, in transverse pulsed field electrophoresis, the two
electric fields are applied in two directions with an obtuse angle and have the
same magnitude. Due to the backtracking mechanism, different molecules move
in the direction of the average electric field with different mobilities, as shown in
Figure 4.1a, which means DNA mobility in the direction of the average field is
representative of DNA separation. From the early years of pulsed field gel
electrophoresis, it became clear that DNA mobility under transverse pulsed
electrophoresis is highly affected by the pulse time or frequency. The variation of
mobility with frequency showed the presence of mobility minima at pulse times
close to the reorientation time of molecules for a wide range of DNA sizes at
different electric fields and gel concentrations. A similar behavior of mobility
with frequency was also observed for field inversion electrophoresis (o = 180°).
The phenomenon was called “anomalous mobility” or “mobility minima” in the
pulsed field electrophoresis literature.” *® ** 3 Numerous experimental and
theoretical studies were conducted to explain the anomalous mobility. It was

stated that DNA size fluctuation, along with hairpin or hernia conformations are
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responsible for the presence of mobility minima during pulsed field gel
electrophoresis.*®

In asymmetric pulsed field electrophoresis, the deflection angle or 6 is
representative of DNA separation. In order to probe the existence of mobility
minima in asymmetric pulsed field electrophoresis, the DNA mobility in the
direction of the average field (vertical direction) was measured. Figure 4.10
shows the variation of mobility, 4, along the vertical direction (dashed line) and
the deflection angle, 6, (solid line) for 166 kbp DNA under asymmetric pulsed
electric fields of 160 and 114 V/cm. The pore size was 105 nm. It can be seen
from Figure 4.10 that DNA mobility decreases with increasing frequency, reaches
a minimum, and then increases with further increasing frequency. It can also be
seen that the mobility reaches its minimum at exactly the same frequency as
deflection angle reaches its maximum. At low frequencies, when the pulse time is
larger than the reorientation time of DNA molecules (regimes I and II), the head
and tail switching mechanism is dominant for both asymmetric pulse field
electrophoresis (APFE) and transverse pulsed field gel electrophoresis (PFGE).
This results in a rise and a maximum in the 6 — f curve in APFE, while
corresponding to a decline followed by a minimum in the 4 — f curve in PFGE. At
higher frequencies, the migration mechanism is dominated by hernia formations
(regime III), and migration in the direction of the average field (regime IV). These
migration mechanisms are known to cause the PFGE frequency response of the
separation mobility (a decline, plateau, and a rise in the u — f curve).?® 25 3¢ 38

The same mechanisms give the frequency response observed in APFE (a rise,

plateau, and a fall in the 8 — f curve). These comparisons lead us to the conclusion
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that the basic polymer physics in the nanoparticle array, microfabricated posts,
and gel devices is clearly correlated and the presence of minima or maxima as a

function frequency are related to the same basic physics.

4.4 Theoretical Section

In this section, the frequency behavior of DNA angular separation under
asymmetric pulsed field electrophoresis is modeled numerically. A Langevin type

. . L . . 24, 41, 42
of simulation, similar to the simulations of Deutsch,” ™"

is developed to
investigate the frequency behavior of DNA chains. The DNA molecule is
modeled as a series of freely-jointed-chains (FJC) with a fixed segment size of the
Kuhn length 5.** A detailed description of the numerical scheme and the
parameters used in our simulation is presented in Appendix B. The separation
matrix is modeled as a network of hexagonally oriented posts, where the distance
between any consecutive posts is equal to the segment size. The chain moves
through the posts in the presence of a pulsed external force applied on each
segment of the chain. The external force is pulsed between two directions (#; and
F) separated by a = 135°, with a ratio of F; = 1.4 F>, similar to our experiments.
No thermal force is present. The simulation is conducted using Working Model
2D software (Design Simulation Technologies, Inc., Canton, MI, USA).
Deflection angles, 6, of two chains of different size; N = 12 and N = 6
(where N is the number of segments) are calculated using our numerical model.
The simulation is conducted for the two chains at the same frequency and pulsed

force magnitude. Once the chains reach the end of the hexagonal network, the
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deflection angles of the two chains are measured. The result is shown in Figures
4.11a and b. Figure 4.11 shows the deflection angles of the smaller (a) and larger
(b) chains at the end of the separation matrix. It can be seen that similar to what
we observed in our experiments, here also the larger chain deviates farther from
the normal direction compared to the smaller chain.

The frequency behavior of the longer chain (N = 12) was investigated
numerically by conducting the simulation at different frequencies and measuring
the deflection angle at the end of the hexagonal network for each frequency. The

reorientation time, 7, of the chain (the time it takes a chain to travel its own

f

length) was also measured and used to define the scaled frequency, f = 7y
tU}"

2

as described in Section 4.3.2. The result is shown in Figures 4.12. Figures 4.12a-d
are snapshots of the migration of the freely-jointed-chain in the hexagonal
network under asymmetric pulsed force at three different scaled frequencies; f "=
0.3, 1, 2.4 and 40. It can be seen from Figures 4.12a, b, and c that the dynamics of
the chain in a hexagonal array is very similar to what is observed in fluorescence
images of DNA molecules moving in a packed structure. Figure 4.12a
corresponds to the migration of a freely-jointed-chain at a frequency smaller than
the inverse of the chain’s reorientation time, f " =03, Figure 4.12a shows a
backtracking motion for a chain when the direction of the applied external force is
changed, similar to what was observed for DNA molecules under pulsed electric
fields. It can be seen from this figure that when f "< 1, the chain has enough time
to reorient and move in the direction of the applied force. Figure 4.12b shows
migration of a freely-jointed-chain at a frequency equal to the inverse of chain’s
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reorientation time, /= 1. The snapshots in Figure 4.12b show that at /"= 1, once
the chain reorients itself to the direction of the smaller force, F,, the direction of
the force is changed, so the chain has no time to move in the direction of the
smaller force and all the displacement occurs in the direction of the larger force,
F;. As a result, the net displacement of the chain will be in the direction of the
larger force, 6 = 45°.

Figure 4.12¢ corresponds to the migration of a freely-jointed-chain at a
frequency higher than the inverse of the chain’s reorientation time, "=23.Itcan
be seen from Figure 4.12c that in contrast to Figures 4.12 a and b, where the
motion of the chain was typically led by one of the two ends of the chain, at high
frequencies, the chain is folded and the motion is led by a segment along the chain
length. The conformation of the chain in Figure 4.12c is very similar to the
conformation of DNA in Figure 4.8. Figure 4.12d corresponds to the migration of
a freely-jointed-chain at a frequency much higher than the inverse of the chain’s
reorientation time, £~ = 40. It can be seen from Figure 4.12d that at high
frequencies, the backtracking and head and tail switching (chevron type) motion
of the chain, which was observed at lower frequencies does not happen. Instead,
the chain moves in the direction of the average force more or less with the same
end. This migration mechanism is similar to what was observed in real-time
movies of DNA molecules under pulsed fields at high frequencies. As mentioned
earlier, in this simulation the DNA diffusion is not considered, which means there
is no relaxation time similar to what is given by Eq. 4.5 for this freely-jointed-
chain. However, as seen in Figure 4.12d, similar to the behavior of DNA molecule

at high frequency regime, the FJC chain in this simulation also stops backtracking
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and moves in the direction of the average field. This might indicate that the time
scale associated with fourth frequency regime is dictated by the time it take the
chain to backtracks one column in the hexagonal array as given by Eq. 4.6.

The frequency behavior of this chain (N = 12) was studied by measuring 6
at the end of hexagonal array for each frequency and the results are summarized
in Figure 4.12e, showing the variation of 6 with respect to f . The plot illustrates a
rise, plateau, and fall in deflection angle curve, once frequency is increased. A
comparison between Figure 4.12¢ and Figure 4.3b shows that the frequency
behavior of 6 for a freely-jointed-chain in a hexagonal array network under pulsed
external forces is very similar to the frequency behavior of 6 for a DNA molecule
under pulsed electric fields. As explained above, this model is a mechanical
model which does not consider thermal noises and its subsequent effects, such as
molecular diffusion. The similarity between the predictions of our model and our
experimental results suggests that different regimes in the 6-f curve are caused
predominantly by the mechanics of a flexible chain in a network of obstacles
reacting to a pulsed external force field. As shown in Sections 4.3.2 and 4.3.3, the
frequency response of DNA separation (either u-f curve or 6-f curve) under
pulsed electrophoresis either in gel, microfabricated array, or self assembled
nanoparticle array can be characterized using the reorientation time of DNA. Here
we have shown the separation behavior of a freely-jointed-chain under pulsed
force field can also be characterized using the chain reorientation time. The way
reorientation time of a DNA molecule or a freely-jointed-chain varies with
separation parameters such as pore size, electric field, chain length, and geometry

of obstacles is significantly different and is specific to each separation method.
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However, the fact that for all of these pulsed-based separation methods the
separation behavior can be characterized primarily using its associated
reorientation time, further confirms our understanding that the observed frequency
behavior in our separation system is a natural response of a flexible chain to a

pulsed external force field.

4.5 Conclusions

Frequency dependence of angular separation of DNA molecules under
asymmetric pulsed field electrophoresis was studied both experimentally and
numerically. It was observed that there are four different regimes present in the
frequency response curve. Using real-time movies of DNA molecules, the
migration mechanism of DNA molecules in each frequency domain was
investigated. When frequency was less than the inverse of the molecular
reorientation time, the molecules follow the backtracking, chevron type motion
that was described in the literature for DNA pulsed field electrophoresis. At
frequencies around the inverse of the molecular reorientation time, the angular
separation reaches its highest value. However, at higher frequencies, we observe
that DNA migration becomes a complicated combination of chevron and zigzag
type motions, where the probability of backtracking decreases with increasing
frequency. The backtracking motion completely stops at higher frequencies. The
frequency dependant angular separation of DNA was verified theoretically as well
as by using a simple mechanical model of a freely-jointed-chain under an
asymmetric pulsed force applied on each segment. The same frequency dependant
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behavior was observed for the chain through a hexagonally arranged array
network.

Given the similarity between the mobility minima in gel and the deflection
angle maxima in a microfabricated array, the variation of deflection angle with
frequency in a self assembled nanoparticle structure undergoing APFE seems to
be intrinsic to DNA migration in porous media under pulsed electric field. The
definition of reorientation time of DNA molecules may vary in gel,
microfabricated arrays, or self assembled nanoparticle structures, depending on
the DNA migration mechanism and conformations in different porous structures.
However, in all of these structures, the ratio of pulse time with corresponding
reorientation time of DNA along with relaxation time of the molecule dictates the

separation efficiency of pulsed field electrophoresis of DNA.
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a) Transverse PFE b) Asymmetric PFE
(batch-mode separation) (continuous-mode separation)

a>90°
N,
EZ

(E; > E,)

Figure 4.1. Schematics of a) Transverse pulsed field electrophoresis (PFE). The
electric field is applied alternately between two directions with an obtuse angle
where the magnitude of the field remains constant. The separation is achieved in
the direction of the average electric field. b) Asymmetric pulsed field
electrophoresis (APFE). The electric field is applied alternately between two
directions where the field magnitude is larger in one direction compared to the
other one. The separation is achieved in different directions compared to the

average electric field.
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Chamber Reservoir

Figure 4.2. Left: Schematic of the microfluidic chip for angular separation of
DNA molecules. DNA samples are injected continuously into the separation
chamber which is filled by hexagonal packed arrays of silica nanoparticles. Using
the buffer reservoirs, the pulsed electric field is applied across the separation
chamber in the directions as shown by the white arrows in the right image. Right:
fluorescence image of three separated DNA sizes. Each stream of DNA deviates
from the vertical line with a deflection angle (#) depending on their size. Larger
DNA molecules have larger 6 compared to the smaller molecules. This

experiment is conducted in 105 nm pore size with £; =120 V/cm, /=2 Hz.
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Figure 4.3. a) Variation of 6 with respect to frequency for two different DNA
sizes; 48 and 166 kbp in 105 nm pore size where the electric field is pulsed
between 160 and 114 V/cm. b) Variation of 8 with respect to the scaled frequency

for the same DNA sizes under identical experimental conditions as in part (a). The

frequency behavior can be divided into four distinct regimes: (I) 0 2]; <1, 1

or2
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Figure 4.4. Sequential images of 166 kbp DNA migrating under asymmetric
pulsed electric fields of 160 and 114 V/cm at the frequency of /= 0.5 Hz. This
frequency corresponds to regime I in Figure 4.3. The pore size in this experiment

1s 105 nm.
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t=0.23s

N, \
t=1.01s t=1.72s

Figure 4.5. Time-lapse images of 166 kbp DNA moving in 105 nm pores at
frequency of 2 Hz under asymmetric pulsed electric fields of 160 and 114 V/cm
as E; and E,. White arrows show the direction of the electric fields for each

image.
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Figure 4.6. Schematic presenting the migration of two DNA chains under
asymmetric pulsed electric field. Left column presents migration of DNA chain
where its relaxation time is longer than its reorientation time. Right column
presents migration of DNA chain where its relaxation time is shorter than its
reorientation time. Three panels; 1, ii, and iii show the positions of DNA chains

after the electric field in each panel is applied.
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t=0.26s
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.

\ \

Figure 4.7. Time-lapse images of 48 kbp DNA moving at frequency of 5 Hz
under asymmetric pulsed electric fields of 160 and 114 V/cm as E; and E,. White

arrows show the direction of the electric fields for each image.
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t=0.53s

t=3.37s

[\

Figure 4.8. Sequential images of 166 kbp DNA migrating through 105 nm pores
at frequency of 10 Hz associated with regime III. The applied electric fields are
160 and 114 V/cm. White arrows represent the direction of the applied electric
fields.
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C) El = Eave
1DC field

Figure 4.9. Panels 1, ii, iii: sequential fluorescence images of 166 kbp DNA
migrating in 105 nm pores a) under asymmetric pulsed electric fields of 160 and
114 V/em at frequency of 50 Hz. b) under pulsed electric fields of zero and 114
V/cm at frequency of 50 Hz. ¢) under a DC field of 114V/cm in vertical direction.
The corresponding electric field configurations are shown at the top of each

column.
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Figure 4.10. Frequency behavior of deflection angle, 6 (solid line) and
electrophoretic mobility, p (dashed line) for 166 kbp DNA molecules under

asymmetric pulsed field electrophoresis. The electric fields are 160 and 114

V/cm, the pore size is 105 nm.
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Figure 4.11. Simulation of asymmetric pulse field electrophoresis of two freely-
jointed-chains with a) N = 6 and b) N = 12 in a hexagonal array. A time sequence
of the conformations is shown during three pulses; from the top £, — E> — E|.
The longer chain deflects farther from the injection angle compared to the smaller

chain, similar to the experimental observation.

111



a)f<(1/2t,) b) f=(1/2t,)

@ & 0.8
acg?cazceeooce @ @ e PSSP S SP
2o sl o0 2 000002 T TP PP PSS SR
eeoe > ¢ ® & © @ ¢ © © @ 2o o >0 OSSO
B T D T TS T D SD ® @ @ @ T e QPO PP
LI ee eacee e 2o o0 © 22 o2 SO S
e P @S P P DO DP S e @ PSS SO OSSO ESESS DD

S e PSS TS ST O S SD L @ 2 @ @ & @
eO S OSSO OSSO OGP SO 2SSO DRSO B DO
® e P PP DSOS EE DD LA R L

e e @ e e g9 TS S|P TS SO S DS O SL TS

T e T DD D @ e ¢ D 2 2 22 & & & & d
eo@wa@'w-b'o'H'@@gs 2 @22 @S S S DS eSS S &

® ¢ 20 22 230 O S @ S O OSSP SO O
R EE EEEEEEE X I R IR
T S TP ST P TS TR T DO OO ST TSSOSO
2 e P 20 00 CC ST E SO OSSO O OGO T O@
e e o @ Wweoe 2 eceece e 2 20 00 20 00 0

P S P e P O P T S S O PO PSSO S
TS @SS ® @ e & @ 2 e @@ S QS SS SO S
® & & ® & & e @ 2o o s ¢ TSSO OSSP PSSO PD

c)f>(1/2t,) d) f>>(1/2¢t,,)

S @ ® @
@e?&?oeeeseooeo oee‘eeaeeeooceo
2P0 2O CTOCOOPSES SQ »® @ e e e oSS SO
P OO S QT OSSOSO DO ® 2 oo O eSS ST
» ® ¢ o of 2 S OSSO e e ® P PP SO PP SO
eeeaa%es@eaeee ees e eees e OSSS SO
® oS ¢ oo eSS & PP P OO OSOO TSRO
o2 o0 o0 S0 20 00 @O e o

P DT PP PSP e PSSP
P O SO @D ST O T O O ©
2 @S @S @S e 2 @SS S D

P e e e e S ® e @S @
® 2SS S o o o0 e @O A
P D ® ® ® D ® ® O ¢ ® © ¢ © 8 0O © S © &

@ T ST S PO PSSRSO ? 2@ PP @ SIS ¢ PSSR
ER B B P PSS TP TE R TP
~

e 2@ 22 S S S @ S ®
P PP @ Q@ PO P PO PP
T 2P P PSSO ®

P2 2 e @ & S @@ @® C S
® PP TS PP OSSP SOS @@

T Ll
E) I N=12
a0 | :
[<h)
8B 30} =
| —
o>
B L
2.
= 20 -
10 } -
'l '

g

f

Figure 4.12. Frequency behavior of angular separation, d verified numerically for
a freely-jointed-chain of N = 12, at three different frequencies; a) f "=0.3, b) f =
1,¢)f =23, and d) f = 40. A time sequence of the conformations is shown

during three pulses; from the top £; — E, — E;. e) Variation of 8 with f " for the

same chain calculated numerically.
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CHAPTER 5

ROLE OF CRYSTALLINE ORDER ON
DNA SEPARATION

5.1 Introduction

The separation of DNA molecules by size is essential in molecular
biology. Microfabrication techniques have led to implementation of new
separation mechanisms for DNA, which essentially arise from the high level of
order that can be fabricated within the porous structure that makes up the
separation matrix. In other microfluidic separation devices, such as the work of
Baba and colleagues,' that replicate gel separation mechanisms, the random
geometry of the gel has been replaced by a highly ordered microarray of pillars,
with well controlled pore sizes. In contrast, conventional DNA separations are
performed in a gel made of Agarose or polyacrylamide, with a highly random
structure exhibiting a wide distribution of pore sizes.” * The opportunity to
fabricate porous structures with varying degrees of order, raises the interesting
question as to how an ordered, coherently repetitive structure will influence the

separation of large biomolecules. In this report, we examine the impact of order

A version of this chapter has been submitted for publication to Analytical
Chemistry. The work was done in collaboration with co-authors, Ledi Wang and
Wenmin Ye. A version of the submitted manuscript will appear in their thesis as
well.
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of the porous matrix on the quality of DNA separation, an issue which has not yet
been addressed experimentally, despite the opportunities presented by
microfabrication to control order in a porous matrix. Some modeling works*®
have suggested there can be important differences between ordered and disordered
porous materials, highlighting the importance of an experimental evaluation.
Pulsed field gel electrophoresis (PFGE) has been the conventional method
of separating long DNA molecules (> 10 kbp).”” In this method the electric field
is switched between two directions with an obtuse angle, allowing the negatively
charged DNA molecules to reorient themselves to the new field direction each
cycle. The separation mechanism in PFGE depends upon head and tail switching

(reorientation) of DNA molecules,'”

as larger molecules have a longer
reorientation time compared to smaller molecules,'” and involves substantial
collisions with the polymer matrix that makes up the separation media as
described in Section 2.3.3. The use of two-dimensional separation mechanisms in
a microfabricated array structure for DNA separation was pioneered by Austin,"
who employed soft lithography to fabricate microarrays in silicon, and separated
DNA molecules with obtuse-angle pulsed fields. Separation arises from the
pulsed electric field causing DNA molecules to stretch and reorient periodically,
with their head and tail repeatedly switched (Figure 5.1a). Due to this periodic
head and tail switching of the molecule, the net migration of DNA molecules of
different lengths is biased into different angles by the asymmetric fields; larger

molecules are deflected farther from the injection angle compared to smaller ones

as shown in Figure 5.1. The separation matrix provides the lanes for the DNA to
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travel and the narrow pores confine the DNA to remain significantly stretched for
the majority of the time.

Recently, we developed a microfluidic chip packed with self assembled
nanoparticle arrays for two-dimensional pulsed field DNA separation,'* '
following the ratchet mechanism explored by Austin and coworkers.' An
evaporation induced self assembly technique was employed to form hexagonal
close packed nanoparticles, known as colloidal self assembly (CSA), as has been

. 15,17, 18
described elsewhere.'> "

Interestingly, Wirth and colleagues'’ have speculated
that they achieved high efficiencies in CSA devices as a result of the high degree
of order, while Ahn and coworkers'® felt defects had prevented them from
achieving high efficiencies. The self assembly approach provides an opportunity
to systematically study the effect of order of the separation matrix on DNA
separation resolution and band broadening. Monodisperse particle suspensions
form uniform, ordered structures similar to microfabricated arrays, while
bidisperse particle suspensions, exhibit disorder as a function of the particle ratio,
and have some similarity to the disordered structure of gel. By changing the ratio
of the particle concentrations in bidisperse solution, structures with different
degrees of disorder can be fabricated. Using this scheme, structures varying from
highly ordered to essentially random structures, along with states in between, can
be reproducibly fabricated and used to probe the role of order on DNA separation
in a pulsed electric field.

Viovy' developed microarrays comprising randomly ordered self

assembled columns of magnetic beads, formed upon imposition of magnetic field.
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Several researchers® ° developed numerical simulations to study the effects of
order on DNA electrophoresis within these one-dimensional, sparse (dilute) arrays
of obstacles where the spacing between the obstacles (~ 1-4 um) was orders of
magnitude larger than the persistence length of DNA (~ 50 nm). The separation
of DNA in a sparse post array such as these magnetic bead arrays is based on
collision frequency of DNA molecules with the obstacles.””?! Patel and Shagfeh’
concluded that fully random post arrays would give better separation than fully
ordered post arrays. Mohan and Doyle” refined this model, calculating that a post
array with local order, but no long range order, would give better separation than
a disordered array, which would be better than a fully ordered array. Hickey and
Slater® calculated the diffusion coefficient of DNA in an ordered porous matrix.
They observed significant, non-monotonic changes in diffusion with order. These
intriguing calculations have not been tested experimentally. While the head to tail
switching-based ratchet mechanism used in our study is not the same as in the
sparse array models, the devices we have fabricated provide a powerful tool to
experimentally explore the importance of order in a porous structure on large

molecule separation.

5.2 Experimental Section

5.2.1. DNA Separation
DNA separation was conducted using a microfluidic chip filled with an

array of nanoparticles as a sieving matrix. A schematic of the PDMS microchip is
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shown in Figure 5.1b. PDMS microchips were fabricated using a standard soft
lithography technique, then sealed to clean glass slides prior to packing, as
described in detail elsewhere.'> ** Aqueous suspensions of silica colloids (Bangs
Laboratories, Fishers, IN) of 330 and 700 nm diameter were used to form the self
assembled nanoparticle array inside the microchips. DNA fragments (6, 10, 20
kbp, Fermentas Life Sciences) were stained with YOYO-1 (Molecular Probes)
using a dye-to-base ratio of 1:10. Pulsed field electrophoresis was performed in
4x TBE buffer to suppress electroosmotic flow, with 4% v/v 2-mercaptoethanol
added to reduce photobleaching. Pulsed electric fields were generated by a
homebuilt high-voltage amplifier triggered by square wave signals from a
synthesized function generator.”” DNA samples were excited with a 488-nm argon
ion laser beam, and the fluorescent emission was collected using a homemade
microscope using a 4x objective (0.1 N.A., Olympus). Digitized images were
analyzed using ImageJ (NIH, http://rsb.info.nih.gov/ij/).

Separation of DNA molecules was conducted by continuously injecting
DNA samples into the separation chamber inside the microchip, as described
previously.'> The fluorescence image shown in Figure 5.1c represents the junction
of the injection channel and separation chamber. The applied pulsed electric
potentials generate asymmetric obtuse-angle pulsed fields, £; and E, across the
separation chamber, where the angle between the pulsed fields is ~ 135° and £, =
1.4E, (as shown in Figure 5.1a) in all our experiments. The variance for each
DNA stream was calculated at a distance of 2.6 mm from the injection channel. A

description of the statistical procedure to calculate variances is provided in
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Appendix A. Differences in observed mean variances, or separation distances, or
resolution were evaluated for statistical significance at the 95% confidence level.
5.2.2. Self assembled Nanoparticle Array Structures

Monodisperse suspensions of silica particles (Bangs Laboratories,
Fishers, IN) of 320 and 700 nm or mixtures of the two were used to fabricate
ordered packed structures inside the separation chamber in the microfluidic
device. Particle suspensions have known volume fractions, so simple volumetric
mixing gives various volume fractions in the packed beds. SEM images of these
structures revealed homogenous, ordered, packed structures, where the pore size

is around 15% of the particle size for monodisperse arrays. **

5.3 Results and Discussions

In order to introduce defects and disrupt the regular crystalline geometry

of self assembled opal structures, bidisperse suspensions of 320 and 700 nm silica

beads with different volume fractions of the 700 nm particles (X, ) were

700
fabricated. This mixture produced packed structures with different degrees of

defects, with X, = 0 and X, = I representing the most ordered structures,

whereas 0 <X, < 1 produced less ordered structures. These two particle sizes
were used because the mixtures exhibit a small difference in porosity across the
range of X, . The porosity of binary packed structures of two particles with size

ratios around 0.45 (d/D = 320/700 = 0.45) is known to have a maximum 10%
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difference compared to the porosity of the monodisperse packed structures of
either particle.”” This relative uniformity means that the addition of the second
particle to the packed structure of the primary particle will affect degree of order
far more than the average porosity.

5.3.1. Characterization of the Packed Structures
Colloidal structures with different X, - were characterized by SEM images,

as shown in Figure 5.2a, panels II to V. Panel I shows an image of ideal
hexagonally packed spheres, which represents the highest degree of order. Using
image analysis techniques, the center of all the particles in the images were
located, and the location of the centers relative to each other was then analyzed.
Colloidal order in two-dimensional images can be evaluated by the radial
distribution function, g(r), where the number and magnitude of the peaks in the
plot of g(r) with respect to r represent the degree of order in the structures.”®>°
Figure 5.2b shows plots of g(r) calculated for the particle centers determined for

each corresponding SEM image. A single parameter is more useful for

characterizing two-dimensional order, and is provided by a global bond

1 Z exp(6if)

orientational order parameter given as i :N— p
p Ny

where i is the

imaginary unit, § is the angle between a line joining nearest neighbors and an
arbitrary reference axis, and N, is the total number of particles (Appendix A). y
approaches unity for perfect hexagonal order and approaches zero for fully

random configurations.***'
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Using the particle center coordinates, y was calculated for each structure,
as shown in Figure 5.2c. Panels I and II show that the self assembled array of 320

nm particles is highly ordered, y = 0.93, however, defects are present in the long

range order. Figure 5.2d shows the variation of y with respect to X, . The highest

degree of order is seen for monodisperse particles, while X/~ = 0.5 represents the

packed structure with the highest degree of disorder.

An important difference between mono and binary packed structures is
their pore size distribution. In mono-packed structures, the pore size distribution is
very sharp, whereas in binary packed structures, there is a broad pore size
distribution, which is strongly dependent on the size ratio of the two particles.’”
Assuming that each pore is formed by four adjacent particles in a hexagonal
lattice, there are five different possibilities for pore formation in a binary packed
structure of small (d) and large (D) particles as illustrated in Figure 5.3, taken

from Andrade.’” Also shown is the pore size frequency distribution, P, as a
function of volume fraction of the larger particle (X)) for a particle size ratio

around 0.45. While for mono-packed structures there is only one pore size

present, in binary packed structures Figure 5.3 shows there can be up to five
different pore sizes present, at certain volume fractions (e.g., X, = 0.75).
5.3.2. DNA Separation

In order to study the effect of disorder on DNA separation performance,
experiments were conducted in structures with X, varying from zero to unity.

Fluorescence intensity profiles were acquired at various distances from the
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injection channel, as shown in Figure 5.1e and f, from which DNA band positions
and band variances were calculated. The separation between band positions, the
band broadening or variance, and the resolution between bands provide a full
characterization of separation performance. As illustrated in Figures 5.4 to 5.7,
each of these performance parameters varies in a non-monotonic fashion with the
crystalline order, with some subtle variations modifying the overall trends. In

interpreting the results, several structural parameters illustrated in Figures 5.2 and

5.3 must be considered. Maximum order is observed at X7oo = (0 and 1, with
maximum disorder at X, - = 0.5. The pore sizes increase steadily on going from

Z00= 0 to 1, while the range in pore sizes is maximum at X, = 0.75.
Figure 5.4 shows the difference in separation distance of DNA bands with

respect to £, for 6-10 kbp and 10-20 kbp at a) £, = 160 V/cm, f= 15 Hz and b)

E; =280 V/cm, f= 20 Hz. The frequencies for each electric field were adjusted to

maximize the separation. The average values and error bars were determined from
three chips prepared at each X, value. Figure 5.4 shows that, as a general trend,

increasing the degree of disorder decreases the band separation distances between

DNA sizes. This effect is more pronounced at higher electric field. The minimum
band separation distance was observed at X, = 0.75 for all cases, though the
difference relative to X, /= 0.5 is statistically significant for higher field only. It

is noteworthy that the smallest separation distances are seen where the highest

pore size distribution is present.** It is also striking that the peak separation
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distance reached a maximum at )(700 = 0.1, with v = 0.47, rather than at X700 =0,

where the lattice is maximally ordered.

The smaller band separation distance in disordered structures can be
explained based on the separation mechanism. When DNA molecules are
subjected to an electric field, they stretch and move in the direction of the applied
electric field, once the direction of the electric field changes with an obtuse angle,
the molecules backtrack to the new direction of the electric field, with the tail in
the previous half cycle becoming the head. Due to this backtracking motion, the
overall distance that the molecule migrates in each cycle becomes strongly
dependent on the DNA size. This distance varies linearly with the fully stretched

12, 33
’ In

DNA length in ordered structures such as microfabricated arrays.
disordered structures such as gels, the DNA dynamics is more complicated. The
higher collision frequency of DNA molecules with the structure in disordered
matrices” * results in complicated conformations of DNA, so that the distance
traveled by the molecules will no longer be a linear function of DNA size."
Figure 5.5 shows that the observed band broadening, or variance, of the
DNA bands exhibits a mirror image response to the volume fraction (and hence
order) compared to the band separation distances. Here, band width is defined as
wp = 4o, where o is the variance of the fluorescence intensity profile. The
variance for each DNA stream was calculated at a distance of 2.6 mm from the
injection channel. The variance due to injection (Gzinj) can be calculated using the

fluorescence intensity profiles at the injection channel (Figure 5.1e), allowing

estimation of the variance due to other contributions (szed) 34,
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2 2 2
O-total - Ginj + O-bed (Sla)

Cog =+|Tral — O (5.1b)

total — Y inj
Obed 18 the band broadening due to DNA size fluctuations, Brownian diffusion,
electric field gradients, pore size distribution, and other components.
Figure 5.5 shows the variation of 6%bed With respect to X7oo for three

different DNA sizes: 6, 10, and 20 kbp at two field strengths. The band

broadening is highest for X, = = 0.5, the structure with the maximum degree of
disorder. Local minima, with similar values of band broadening are seen for X, =
0.25 and %, = 0.75 (which have very different pore size distributions).

Surprisingly, band broadening increases again for maximum ordered states, X, =

0 and 1 in a statistically significant manner, except at high fields and low value of
X0 These results show that band broadening is greatly affected by strong

disorder in the pore structure, and that this effect is much more dominant than the

effect of different pore sizes on variance in binary packed structures.
The non-monotonic behavior of variance around £, = 0.1 and 0.75 is not

understood, however it is consistent with Doyle® and Slater’s® calculations, that
show some form of non-monotonic response of DNA to order. Hickey and Slater’
predicted by Monte Carlo simulations that DNA diffusion coefficients in an array
of obstacles show non-monotonic behavior. They suggested that increasing order
favored reptation, while decreasing order favored entropic trapping, and that these

two models of molecular behavior exhibited diffusion coefficients with opposite
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dependence on order. In electromigration of DNA, Brownian diffusion is often a
minor contributor to band broadening, whereas other molecular dynamics play a

353% By analogy, increasing order will increase reptation like motion

larger role.
and decrease hooking, entanglement, hernia formation, and entropic trapping,

while decreasing order will increase the latter effects. The net result will be a

competition between band broadening effects that could also lead to non-
monotonic behavior. It should be noted that at X700 = (.1, where we observe a

minimum in band broadening, corresponds to a condition of short range, local
order, with longer range disorder. Mohan and Doyle’ have modeled DNA
separation in sparse magnetic particle arrays in which a different separation
mechanism is operative. They concluded that a non-monotonic dependence on
order should arise, with short range order providing the best separation. They also
agreed with the Patel and Shaqfeh® model that suggested disorder was better for
separation than order, contrasting strongly with our observation. Given the
difference in separation mechanism in our experimental study versus these
theoretical analyses, it is hard to interpret this discrepancy. However, our report is
consistent in identifying a non-monotonic dependence.

Separation resolution is a key performance parameter, and is defined as
the quotient of the band separation distance over the average standard deviation
(square root of band broadening) for two consecutive DNA bands; effectively

convoluting the data in Figures 5.5 and 5.6.

RS — PD6—10 — PDG—IO (52)
S0 Wy + Wy 2(0'6 +O'10)
2
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where Rse 19 is the separation resolution between 6 and 10 kbp DNA, PD is the
band separation distance, and 6 and o9 are the standard deviations for 6 and 10

kbp DNA, respectively. The separation resolution Rs, is shown in Figure 5.6 as a
function of the degree of order, y, for X,/ = 0 to 0.5. Figure 5.6 shows the

separation resolution increases significantly as the order increases. On the other
hand, comparing y = 0.47 and w = 0.93 shows that small scale, scattered defects
or disorder have either no significant or sometimes even positive effects on
separation resolution, so long as the local order in the structure is preserved. Once
the degree of disorder is increased such that the local order of the structure is
affected, the separation resolution decreases significantly.

The injection band broadening width contributes significantly to the

observed resolution in Figure 5.6. Using Eq. 5.1 to isolate 6>, , then substituting

bed’
these corrected values into Eq. 5.2 allows evaluation of the resolution arising

solely from the separation bed. Figure 5.7 shows the variation of the scaled “bed-

. * .
resolution”, RS peq = RSbed/RSbed,x700:o, with respect to X

200r ustrating  the

variation of separation resolution with the degree of disorder is more pronounced
for larger electric fields and longer DNA molecules. For a field of 280 V/cm, the

separation resolution between 10 and 20 kbp DNA molecules in a structure with

X100 = 0.5 drops to around one third of the resolution in ordered structures with X

= 0. This is particularly important, since most of the new DNA separation devices

perform in strong electric fields to accelerate the separation process.
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A comparison between the resolution for ordered (X, = 0 and 1) and

700

highly disordered (X, = 0.5) arrays shows that regardless of the pore size (~ 50

700
nm for £, = 0 and 105 nm for X,/ = 1), the resolution in ordered structures is
higher compared to disordered structures. The change in resolution is not

symmetric around X, = 0.5. This may be caused by the asymmetric pore size
distribution around X, = 0.5. Between X, =0 to 0.5, pore sizes introduced to the

structure are all larger than the initial pore size (dddd ~ 50 nm). Between X,/ = 1
to 0.5, the pore sizes introduced to the structure are all smaller than the initial pore
size (DDDD ~ 105 nm). As stated in the literature’, and shown in Figure 5.7,
separation resolution decreases by increasing the pore size. By changing the
structure from A, = 0 to X, - = 0.5, both the greater disorder and greater pore
sizes could contribute to decreasing the separation resolution. On doping the
structure from X, =1 to X, = 0.5, the pore sizes decrease while the order

decreases too. The observations show that the effect of order must dominate, since
the resolution decreases with increasing disorder, overcoming the effect of

decreasing pore size on separation resolution.

5.4 Conclusions

Our results clearly demonstrate that extended range order within a
nanoporous matrix has a significant effect on the separation performance

parameters for DNA. Further, doping self assembled colloids of monodisperse
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particles with a different sized particle provides a powerful and readily
controllable tool for exploring the role of order, by allowing the ready fabrication
of nanoporous arrays with varying degrees of order. In general, microfabrication
and nanolithography, as well as colloidal self assembly offer a unique opportunity
to examine the impact of coherent, reproducible separation processes. This feature
stands in contrast to the random structures that are in common use today in
separation science. Already, unique ratchet effects and methods such as entropic
trapping, that would not be available in random gel-based matrices, have been
demonstrated in lithography fabricated devices. The work presented here
illustrates that there is a potentially even richer impact on performance in
separation science, arising from the ability to create ordered separation matrices.
The separation mechanism employed in this work relies on highly
stretched DNA and on well defined transport pathways for DNA. In contrast, the
mechanisms modeled to date, in terms of the impact of order of the porous
structure, rely upon hooking, hernias, and specific collisions and interactions with
the separation matrix, which are enhanced by disorder. This difference in
mechanism may account for the disagreement between our observation that an
ordered matrix is up to 3 times more efficient than a disordered matrix, while the
modeling work predicts separation performance will be better in a disordered
matrix compared to a fully ordered matrix. Of greater importance though, is the
conclusion of both experiment and theory that the degree of order does impact the
separation efficiency, and that short range order does appear to offer somewhat

better efficiency than complete order. Our results demonstrate that controlling the
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order with a separation matrix should provide a fruitful means to improve

separation performance.
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Figure 5.1. (a) Separation mechanism under pulsed electric field is shown
schematically in a hexagonal array, where (1) is the initial position of two
molecules with different lengths (2) is the position of the molecules just before the
field direction changes from E; to E», and (3) is the position of the molecules at
the end of one cycle. (b) Schematic of the DNA separation microchip. (c)
Fluorescent image of the junction of the separation chamber and injection
channel. A mixture of three different sizes of DNA: 6, 10, and 20 kbp is
continuously injected into the separation chamber. (d) Fluorescent image of the
separated DNA molecules in the middle of the separation chamber. (e) and (f)
fluorescent intensity profiles at the injection and the middle of the separation

chamber along the dashed lines in (c¢) and (d), respectively.
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Figure 5.2. (a) SEM images of the self assembled packed structures of 320 and

700 nm silica particles with different volume fractions, X, |

from the top: X, /= 0,
0.09, 0.16, and 0.5. The top image I is an ideal hexagonal lattice of spheres
generated by image analysis software. (b) Radial distribution function calculated
for each structure shown in (a), where a, is the particle radius and r is the radial

distance from the particle center. (c) Global orientational order parameter, v,
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calculated for each structure shown in (a). (d) Experimentally determined

variation of global orientational order parameter, y, with respect to X, .
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Figure 5.3. Theoretical probability of the presence of five different pore sizes as a

function of the volume fraction of the larger particle, X, in the 3D binary packing

of spheres with size ratio of 0.45 (reprinted from Andrade JS** with permission

from Elsevier).
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Figure 5.4. Variation of band separation distance between (open) 6-10 kbp and

(filled) 10-20 kbp DNA molecules with respect to X, for (circles) £; = 160 V/em,
f=15Hz and (squares) E; =280 V/cm, =20 Hz.
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Figure 5.5. Variation of band broadening, 6°q, calculated using Eq. 5.1b, for 6,
10, and 20 kbp DNA molecules with respect to X, | for (a) £; = 160 V/em, =15
Hz and (b) £, =280 V/cm, f= 20 Hz.
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Figure 5.6. Variation of separation resolution, Rs calculated using Eq. 5.2,
between 6-10 kbp and 10-20 kbp DNA molecules with respect to ¥ for £; = 160
V/em, f=15 Hz and E; = 280 V/cm, =20 Hz. These results correspond to X, =

0-0.5. Error bars are standard deviations and in most cases, they are smaller than

the data symbols.
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Figure 5.7. Variation of scaled resolution corrected for band broadening due to
injection, Rs*other = RSped/RSbed 1790=0 With respect to X7oo for (a) £, =160 V/cm, f=

15 Hz and (b) £, =280 V/cm, f=20 Hz.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1 Concluding Remarks

The focus of the study presented in this thesis is to analyze and investigate
the separation of DNA molecules in self assembled nanoparticle arrays and the
key parameters affecting separation efficiency in a microfluidic platform. The
important conclusions based on the work described in this thesis are summarized
below.

e Using the colloidal self assembly approach, crack-free, large scale
structures of nanoparticle arrays were formed in a microfluidic chip for
DNA separation. By tuning the concentrations of particle suspensions,
ordered arrays with pore sizes as small as a few nanometres were
fabricated, which is hard to achieve using conventional nanolithography
techniques.

e Angular separation of DNA molecules in nanoparticle arrays under
asymmetric pulsed field electrophoresis (APFE) was studied by
developing a simple geometric model. The geometric model was
developed by modeling DNA as a flexible rod moving opposite to the
direction of applied fields with one of its heads. It was observed that in

confinements smaller than the persistence length of DNA, there is an
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agreement between the experimental results and predictions of geometric
model.

Our experimental results show that in nanoscale confinement, where pore
sizes are smaller than the persistence length of DNA molecule: i) mere
confinement is sufficient to stretch the molecule close to a substantial
fraction of its contour length and ii) the bending elasticity of the molecule
lowers the probability of hernia formations so that the molecule can be
treated as a persistent chain following the biased reptation mechanism for
its migration.

Frequency behaviour of DNA angular separation during asymmetric
pulsed field electrophoresis was investigated for a variety of DNA sizes,
pore sizes, and electric fields. In all of these experimental conditions, four
distinct regimes were observed in the frequency response of angular
separation; a rise, plateau, fall, and a second plateau. Using high resolution
real time movies of DNA acquired by TIRF microscopy, DNA migration
corresponding to each regime was studied.

Inspired by conventional pulsed field gel electrophoresis, DNA
reorientation time was measured and employed to define a scaled
frequency. It was observed that a universal curve can be defined based on
this scaled frequency, where different frequency responses for different
sizes of DNA can be normalized to one effective response curve.

In addition to angular separation, DNA mobility under asymmetric pulsed
field electrophoresis in the direction of the average electric field was
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measured. It was observed that similar to angular separation, DNA
mobility also varied in a non-monotonic fashion with pulse frequency. The
contrast was that, at the same frequency that angular separation reached its
maximum, mobility reached its minimum value. This shows that physics
behind the anomalous mobility minimum in PFGE and angular separation
maximum in APFE is directly related.

Variation of angular separation with frequency was also verified
numerically, using a freely-jointed-chain model of DNA. The nanoparticle
structure was modeled as an array of hexagonal posts. The chain migration
through the array was calculated under a pulsed external force applying on
all segments of the chain, while no thermal noise was taken into account.
According to this model, the angular separation of a freely-jointed-chain
exhibit a frequency dependant behaviour similar to what was observed in
our experiments for the same four regimes.

Using the self assembly approach (CSA), a new experimental procedure
was developed to fabricate nanoporous structures with different degrees of
crystalline order. Using electron micrograph images of the structures, the
degree of order was characterized in each structure by a radial distribution
function, as well as an orientation order parameter. It was observed that
the structures made with monodisperse particle suspensions have the
highest degree of order, while structures made with bidisperse particle
suspensions have different degrees of order, depending on the volume
fractions of the particles in the suspension.
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6.2

e The ability of CSA to provide reproducible structures, where the degree of

order can systematically be tuned, provided an opportunity to investigate
the effect of order in a separation matrix on DNA separation efficiency.
Peak separation distance, band width, and resolution were calculated for
different sizes of DNA in structures with different degrees of order. It was
observed that all three separation parameters are strongly affected by the
degree of order and vary in a non-monotonic fashion with degree of order
in separation media. To our knowledge, this is the first experimental

evaluation of the effect of order on separation efficiency.

Future Work

Based on the observations and experience from this study, a few

suggestions and recommendations are presented here for future research in this

field.

e Although a wide range of particle sizes was used, in all of our experiments

self assembled nanoparticle arrays were made with plain silica particles.
The feasibility of forming large scale, crack-free self assembled structures
with particles other than plain silica can be investigated since particles
with a variety of functional groups and surface chemistry are available
commercially. These structures can then be used for separation of DNA or
other biomolecules to study the effect of surface chemistry of the porous

structures on separation efficiency. Since surface chemistry affects the
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particle surface charge significantly, the interactions of DNA and particles
might have a significant effect on DNA mobility and conformations. The
result of such a study might benefit the problem of trapping large DNA
molecules at high electric fields by investigating the variation of trapping
probability with particle surface chemistry.

As observed in Chapter 3, a certain pore size provides a good separation
only for a certain range of DNA sizes. On the other hand, our experimental
results in Chapter 5 showed that DNA separation is lower in disordered
structures compared to ordered structures. This means that having a
random structure consisting of different pore sizes would not serve as a
good separation media to address both separation resolution and peak
capacity (the number of DNA sizes resolvable by a structure). In order to
introduce different pore sizes without disturbing the crystalline order of
our nanoparticle array structure, different particles can be introduced to the
separation chamber individually. This way, sequential stacks of arrays
would be formed, where each section has a different pore size from the
rest, and since each section is made with a monodisperse suspension, the
separation quality has been preserved as well.

DNA size fluctuation and relaxations under pulsed electric fields can also
be investigated in nanoparticle array structure. The effects of pore size and
electric fields on DNA relaxation times can be studied. This would help

understanding the behaviour of DNA molecules under high frequency
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pulsed electric fields and the time scales associated with the plateau
regime discussed in Chapter 4.

Due to the robustness of the self assembled structure in providing
reproducible DNA separation results, and the simplicity of our fabrication
process, our device has great potential to serve as a reliable tool for
producing a comprehensive dataset for DNA mobility and dispersion. An
extensive parametric study can be developed to measure mobility and
dispersion for a wide range of DNA sizes, in a variety of pore sizes, and
for a broad range of electric fields and frequency. This would provide a
much needed dataset, which can serve as a basis for developing universal
functions for DNA mobility and dispersion under electrophoretic forces.
As described in Chapter 5, DNA separation parameters all show a non-
monotonic behaviour with respect to the degree of order in the separation
matrix. A complete understanding of this behaviour might be achieved by
a numerical model of DNA separation in structures with varying degrees
of order under pulsed field electrophoresis. Such simulations exist for
DNA diffusion and DNA separation in sparse array structures, but the
separation mechanism in our experiments is different. Such a simulation
might provide an insight into the reasons behind the non-monotonic
variation of separation parameters with order.

Following the success of our microchip in separation of a wide range of
DNA molecules, our separation device can be further developed to serve
as an integrated, stand-alone, lab-on-a-chip device for DNA analysis. It
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has been shown in the literature that colloidal self assemblies can serve as
sample pre-concentrators. Other elements of DNA analysis experiment
such as polymerase chain reaction (PCR) and DNA sequencing can also be
integrated with our DNA separation microchip to form an integrated bio-

analytical microsystem.
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APPENDIX A

Experimental Procedures

A.1 Colloidal Self-Assembly

Colloidal self-assembled structures were formed within a microfluidic
device using an evaporation self-assembly technique. Aqueous suspensions of
silica colloids (Bangs Laboratories, Fishers, IN) of 100, 330, and 700 nm diameter
(10 % CV) were used to form the self assembled nanoparticle array inside the
microchips. Figure A.1 shows the steps taken for fabrication of the self-assembled
structures schematically. Particle suspensions were ultrasonicated for 10-15
minutes prior to packing. Once the PDMS microchip was sealed to a clean glass
slides, the device was filled with the particle suspension. All the reservoirs except
than one were covered by PDMS pieces to prevent the solvent evaporation, so that
the evaporation would take place only in open reservoir. Solvent evaporation
induced the crystal nucleation in the channels connected to the open reservoir and
the packed structure started to grow until the whole microchip was packed by
silica nanoparticle. The packing can be stopped at any time by replacing the
particle suspension with buffer solution in the reservoirs. It was observed that
fabrication of large scale, crack free structures depends on packing time (the time
it takes for colloidal crystal to form all through the microchip). A higher

probability of crack formation was observed when the packing was fast (less than
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an hour). On the other hand, when the packing was slow (around 24 h), the
interface of the reservoir and the channels would get dried, which prevented the
flow of the buffer into the separation chamber.

Since the packing relied on solvent evaporation, the packing time could be
controlled by tuning the temperature and humidity. However, since the fabrication
was conducted in room condition, controlling the temperature and humidity would
complicate the fabrication process. A simpler parameter to tune in order to control
the packing speed was found to be the particle concentration. For each particle
size, different particle concentrations ranging from 2.5 to 20 % w/v were used to
fabricate the packed structures. It was observed that optimum packing can be
achieved by using higher concentrations for smaller particles and lower
concentrations for larger particles. The optimized particle concentrations along
with corresponding packing times were presented in Table A.1 for three particle

sizes used in this study.

A.2 Generating Pulsed Electric Field

Pulsed electric fields were generated across the separation chamber by
applying alternating DC voltages to buffer reservoirs using platinum electrodes as
shown in Figure A.2. A four-channel function generator (TGA 1244, Thurlby
Thandar Instruments Limited, Cambridgeshire, UK) was used to generate square
wave signals. The outputs of the function generator were connected to two dual

channel high voltage linear amplifiers (F20AD, FLC Electronics AB, Partille,
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Sweden) to form the high voltage alternating signals shown in Figure A.2. The
signals were monitored continuously using a four-channel oscilloscope with

sampling rate of 1 Gs/s (TDS2004C, Tektronics Inc., Beaverton, OR, USA).

A.3 Calculation of Variance

Separation peak distances and band broadening for each DNA band can be
calculated using fluorescent intensity profiles extracted from fluorescent images
captured during separation experiments. The intensity profiles were captured at a
distance of 2.6 mm from the injection channel along a horizontal axis. Since the
DNA separation in our experiment is an angular separation, the intensity profiles
can also be captured along a cord for each DNA stream perpendicular to the
stream which would be another approximation. But in this study, we used the
intensity profiles along a horizontal axis (x) similar to conventional 1D DNA
separation. For each intensity curve, the average of the intensity signal can be
recognized as the peak location, and the variance, or the standard deviation o,
reflects the peak broadening. The peak location PD and variance o> of an intensity

curve I(x) can be calculated as:

~ I[ (x)xdx

- Il(x)dx
(Al)

, j I(x)(x— PD)*dx
° - [1(xax
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Since the actual intensity curve is formed by discrete data points, the
trapezoidal rule is used to evaluate all the above integrals using MATLAB

software (MathWorks, Natick, MA, USA):

I (x )+ 1(x,
Jrena =y (D () (A2)
i=1
Separation resolution is defined as the quotient of the separation peak
distances over the average width of the two peaks and is employed to evaluate the

performance of the separation:

_ PD,-PD,

Rs =
2(0,+0,)

(A3)
This equation applies when the peaks are Gaussian. Actually, our peaks

have small tailing, but still could be treated as Gaussian as approximation.

A.4 Orientational Order Parameter

In order to measure the degree of order in each packed structure in this
study, a parameter called orientational order parameter v is used, where y can be

calculated as:
1 exp(6if)
=) —— = A4
w N NZ ; (A4)

where f is the angle between the two lines joining the central particle to its nearest

neighbours, as shown in Figure A.3 and N, is the total number of particles in the
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image. In order to calculate y for each structure, first the coordinates of the
particle centres in an SEM image of the structure were defined using an image

analysis software, Image] (NIH, http:/rsb.info.nih.gov/ij/). Once the particle

coordinates were known, for each particle in the image, the angle S between the
lines connecting the centres of the central particle and its nearest neighbours can

be calculated, as shown in Figure A3. Using the values of S, the expression

was calculated for each particle in the image. The degree of order in

exp(6if3)
z 6

over the

the structure can be quantified by averaging the values of z—exp (66lﬂ )

total number of the particles in the image N, as given by Eq. A4. For a perfect
hexagonal structure,  assumes the value of one and for highly random structures

w assumes values close to zero.
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particle particle packing pore size

size (nm) concentration time (nm)
(% w/v) )
100 20 12-16 15
320 10 6-8 48
700 6 0.5-1 105

Table A.1. Particle sizes and optimized particle concentrations used for packing

in this study along with the packing time and resulting pore sizes.
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evaporation

Silica Particles:

Figure A.1. Schematic description of the microfluidic packing scheme. Particle
suspensions were ultrasonicated for 10-15 minutes prior to packing. Once the
PDMS microchip was sealed to a clean glass slides, the device was filled with the
particle suspension. All the reservoirs except than one were covered by PDMS
pieces to prevent the solvent evaporation, so that the evaporation would take place
only in open reservoir. Solvent evaporation induced the crystal nucleation in the
channels connected to the open reservoir and the packed structure started to grow
until the whole microchip was packed by silica nanoparticle. The SEM image

shows a hexagonal packed structure using 320 nm silica particles.
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Figure A.2. Generation of obtuse angle pulsed electric field across the separation
chamber. High-voltage square wave signals are applied to each buffer reservoirs
in order to form electric fields in the directions of £; and E,. Square wave signals
generated using a four-channel function generator (TGA 1244, Thurlby Thandar
Instruments Limited, Cambridgeshire, UK) and amplified using a two dual
channel high voltage linear amplifiers (F20AD, FLC Electronics AB, Partille,
Sweden). The resulting high voltage square wave signals are transferred to the

reservoirs using platinum electrodes.
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Figure A.3. Schematic of the scheme for calculation of orientational order
parameter . The particle centre coordinates in each SEM image of the structures

were defined using ImageJ (NIH, http://rsb.info.nih.gov/ij/). Once the particle

coordinates were known, for each particle in the image, the angle § between the

lines connecting the centres of the central particle and its nearest neighbours was

calculated. Using the values of 5, the expression was calculated for

exp(6if3)
276

each particle in the image and was averaged the total number of the particles in

the image N,,.
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APPENDIX B

Theoretical Analysis

B.1 Derivation of Geometric Model

The geometric was developed by assuming the DNA molecule as a
flexible chain moving in the porous structure with either of its heads in the
opposite direction of the applied electric fields (£; and E>). Figure B.1 shows the
displacement of a DNA chain at the end of one cycle. Three different locations of
the chain in this figure correspond to 1) initial position of the chain at ¢ = 0, 2)
position of the chain at the end of half cycle right before the field changed to E>,
3) position of the molecule at the end of one cycle right before the electric field
changed back to E; for a new cycle. A comparison between the initial (1) and
final (3) positions of the chain shows that there is a net angular displacement, &,
between the two positions. It can be seen from Figure B.1, that 8 can be calculated
as:

tan @ = o mdy,
d —d

ly

(BI)

2y
where dy, do, dyy, d», are the displacements in x and y directions under E; and E,
electric fields, respectively and can be defined in terms of the chain mobilities x;,

2, chain length L, frequency f, and the angle between the two electric fields a:
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_HE sina
2

Ix

E
Y Ll NN

vo2f (B2)
. E
d,, =Lsma+%—L

d,,=Lcosa

Substituting Eq. B2 in Eq. B1, an expression can be derived to relate 6 to the

experimental parameters such as E;, E», fand L:

(M—EI—L)sina—ﬂziEerL
2f

tand = 2/ i
('L;‘fl —L)cosa
(B3)
E, L
tanf =tana — E2f
(L —L)cosa
2f
since o = 135°, Eq. B3 can be further simplified to:
E,
anf=1-v2-2L (B4)
HE, I
2f

B.2 Description of FJC Model

Freely-jointed-chain (FJC) model of DNA was developed to study the
frequency behaviour of a DNA chain under asymmetric electric field. The

simulation is conducted using Working Model 2D software (Design Simulation
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Technologies, Inc., Canton, MI, USA). DNA molecule is modeled as a chain of
rigid rods jointed together with revolute joints. Figure B.2 shows the schematic of
the FJC model. All segments have the same length equal to the Kuhn length of
DNA chain. In order to simulate the electric fields, asymmetric external forces, F;
and F, (F; = 1.4 F,) with an obtuse angle of 135° (similar to the electric field
configurations in our experiments) were exerted on each segment in a distributed
fashion; one at the centre of the mass (CM), two at the two ends of each segment,
and the other two applied half way between the CM and the two ends, as shown in
Figure B.2.

The dynamic of this multi-body system of interconnected rigid rods under
the pulsed external force is solved using a constraint force algorithm, which is a
variation of Newton-Euler equations of motion. Working Model 2-d solves the
equations of motion using Kutta-Merson (Rung-Kutta 5) integration method based
on variable time step option. Table B.1 shows the parameters used in this
simulation. The porous structure is modeled as a hexagonal array of posts. Since
in packed structure of 700 nm particles, the pore sizes is around 105 nm and
similar to the Kuhn length (100 nm), the distance between any two consecutive
posts is set to be equal to the length of the segments of the freely-jointed-chain.

The simulation is conducted for different chains, N =6 and N =12 (N is
the number of segments in each chain) at different pulse frequencies and the value
of deflection angle 6, is measured at the end of the hexagonal array. For each

frequency, the chain is released at five different initial positions inside the
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injection channel and @ is calculated for each case, providing the average and

standard deviation (error bars in Figure 4.12¢).
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properties values

static friction coeff. 0.9
kinematic friction coeff. 0.8
elastic coeff. 0.0001

Table B.1. Parameters used in simulation of FJC model using Working Model 2D
software (Design Simulation Technologies, Inc., Canton, MI, USA).
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Figure B.1. Schematic of the migration of a DNA chain during one cycle under

E; and E, as assumed for developing the geometric model. m and n are the two
ends of the molecule. 1) initial position of the chain, 2) position of the chain and
the end of half cycle, 3) position of the chain at the end of one cycle. 6 is the net
angular displacement of the chain during one cycle. dix, djy, do, d», are the

displacement of the chain in x and y directions under £; and E>.
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Figure B.2. Schematic of the freely-jointed-chain model of DNA. Rigid rods are
connected with revolute joints. A constraint force algorithm is used to calculate
the equation of motion of this chain under asymmetric pulsed external forces. The
external force is pulsed between F; and F, with a configuration similar to the
configuration of the pulsed electric fields in the DNA separation experiment. The
force is applied on each segment in a distributed fashion; one at the centre of the
mass (CM), two at the two ends of each segment, and the other two applied half
way between the CM and the two ends.
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