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Chapter 1

Introduction

Electrophoretic separation of DNA is important in many areas of science
and medicine. While the separation of short DNA molecules is fast and
inexpensive, there is still room for improving the separation of long DNA.
Many new methods relying on microfabrication have emerged that are able
to separate long DNA molecules orders of magnitude faster than traditional
methods. One of the more promising methods utilizes arrays of posts with
diameters in the micrometer to nanometer range. The research described
here explores the interaction of DNA molecules with the micofabricated post
array geometry through single molecule videomicroscopy experiments. In-
formation gathered from these experiments guides simulation methodology
and ultimately leads to very good agreement between experiments and sim-
ulation of DNA transport in microfabricated post arrays. A new theoretical
model is proposed that accurately predicts bulk transport properties from the
micro-scale physics of the DNA-post array interactions. Analysis of this new
model led to the design of a new post array separation device, the nanofence,
whose separation properties are discussed in in the context of the proposed
theoretical model.
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1.1 DNA Mapping and Sequencing

Deoxyribonucleic acid (DNA) is a polymer that contains genetic information.
DNA consists of a phosphate group attached to deoxyribose and one of four
nucleotide bases: adenine, cytosine, guanine, or thymine. A single strand of
these bases attaches to a second complementary strand by hydrogen bonding
to form the familiar double stranded DNA double helix. Genome sequencing
is the process by which the order of these base pairs is identified. The com-
pletion of the human genome project opened up many possibilities for DNA
sequencing in medicine [1]. Genes and other genetic markers can indicate a
predisposition to certain diseases, or give doctors a clue to a specific patient’s
drug response.

Sequencing currently has many applications including forensics, genealogy,
medical diagnosis, and biotechnology research. Most DNA size separation re-
quired during Sanger sequencing involves relatively short (<1000 base pair)
single stranded DNA. However, separation of long double stranded DNA is
required for restriction mapping. Figure 1.1 shows the restriction mapping
process. Because restriction enzymes cut DNA only at specific sequences,
a restriction map provides information about the number of cleavage sites
and their location. This information is useful in determining the order of the
randomly placed, sequenced ∼700 bp regions resulting from Sanger sequenc-
ing.

Restriction mapping is also a simple and cost-effective method for disease
screening [2] compared to whole-genome sequencing. Scientists can culture
an unknown pathogen, then extract its DNA. After cutting the DNA with a
restriction enzyme, the results of a size separation (Fig. 1.1) can be compared
to known restriction maps. The Centers for Disease Control and Prevention
maintains a database of the restriction maps for many known pathogens.
This process, which relies on long DNA separation, rapidly identifies biolog-
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Figure 1.1: Schematic of the restriction mapping process. A chromosome is
cut by one or more restriction enzymes. The smaller strands of DNA that
result make up a restriction map of the chromosome.

ical threats to human well-being. Restriction maps are also very important
for analyzing eukaryotic genomes, which contain areas that are difficult to
sequence by DNA strand extension.

1.2 Electrophoresis of DNA

In addition to the utility of long DNA size separation, the dynamics of these
large biopolymers is an interesting fundamental problem. DNA is a model
polymer for studying polymer dynamics [3]. DNA is suited to single molecule
microscopy studies because (i) it is large enough to be imaged by optical mi-
croscopy; (ii) there are several very bright DNA dyes; and (iii) its small
diffusion coefficient allows video frame rates. DNA is separated in solution
by the application of an external electric field in a process called electrophore-
sis. The following discussion of DNA as a polymer and of electrophoresis is
primarily based on the book Polymer Chemistry [4] and a review article by
J. L. Viovy [3].
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Figure 1.2: Two random walks of Nk = 160 steps on a three dimensional
lattice. λ DNA is ∼160 Kuhn steps long and has 48500 base pairs.

1.2.1 DNA in solution

Small DNA in a good solvent behaves as a random walk with end to end
distance R = lkN

1/2
k , where lk is the Kuhn length of double stranded DNA

(dsDNA) and Nk is the number of Kuhn lengths. The DNA molecule behaves
as a random walk of Nk steps. Kuhn length is dependent on the solution
conditions; for typical DNA buffer solutions lk ≈ 120 nm.

The random walk model breaks down for longer DNA because the molecule
cannot fold back upon itself. The excluded volume of the DNA increases the
size of the molecule. The end to end distance of an excluded volume chain
(Rv) in an athermal solvent is

Rv =
l2k
d

(
Nk

Nv

)v

. (1.1)

In Eq. 1.1 d is the diameter of the Kuhn segment, Nv is the size of the poly-
mer where excluded volume effects become important (∼10 kilobase pairs
for dsDNA [3]), and v is the Flory exponent (approximately 3/5). In ad-
dition to the end to end distance, another useful measure of the size of a
polymer is the radius of gyration, Rg = Rv/

√
6. The radius of gyration is

the root mean squared distance from the center of mass of the polymer to

4



its monomers.

In solution, DNA dissociates into a large negatively charged macroion and
counterions, as shown in Fig. 1.3. The phosphate backbone of the DNA
molecule carries negative charges. Charges interact strongly over the Bjeruum
length (lB). Beyond this length thermal forces dominate electrostatic inter-
actions. Bjeruum length is defined as

lB =
e2

4πε0εkBT
, (1.2)

and has a value of 0.7 nm in water at room temperature. Electrostatics
lead to a layer of counterions permanently adsorbed to the surface of the
DNA polyelectrolyte. This layer is called the Stern layer and its thickness
is roughly given by the Bjeruum length (lB) in Eq. 1.2 [3]. Outside of the
Stern layer, counterions are attracted to the polyelectrolyte strongly enough
to cause a higher concentration of counterions than coions. This layer of
charges is the Debye layer. The length of the Debye layer (κ−1) is

κ−1 =

√
ε0εkBT

2e2I
. (1.3)

In Eq. 1.3, the permittivity of free space ε0 = 8.854×10−12 F/m, ε is the
bulk solution permittivity, the Boltzmann constant kB = 1.381×10−23 J/K,
T is the temperature, and the fundamental charge e = 1.602×10−19 C. The
ionic strength I = 1

2

∑
i z

2
i ci where zi is the valence of ion i and ci is the

concentration of ion i. Beyond the Debye layer, the solution is electrically
neutral. In common biological buffers, the Debye length is 1-10 nm.

DNA has an ionizable phosphate group in each base, and these bases are
separated by only 0.34 nm. Charges along the polyelectrolyte chain interact
and would repel each other strongly over lengths less than lB; however, Man-
ning showed that counterions condense onto the chain such that the effective

5



Figure 1.3: A polyelectrolyte in solution is surrounded by ions. In the Stern
layer counterions are strongly bound to the polyelectrolyte. The Debye layer
defines the region where the charges are non-uniformly distributed. Figure
courtesy of Michel Gauthier.

charge spacing is equal to lB [5].

1.2.2 Electrophoresis in Free Solution

Under the influence of an externally applied electric field, a charged parti-
cle will experience an electrophoretic force. Using the Rouse model, which
assumes the polymer chain is freely draining, each chain segment acts in-
dependently. Rouse dynamics are applicable to electrical forces where the

6



Figure 1.4: Polyelectrolyte dynamics in free solution under an applied electric
field are dominated by two forces: electrophoretic force (Fele) and drag force
opposing motion (Fdrag). Because DNA is negatively charged, it is driven in
the opposite direction of the electric field.

interaction length is the Debye length. The chain is not free draining for
non-electrical forces. The electrophoretic force is Fele = qkNkE, where qk is
the charge on a Kuhn segment and E is the applied electric field. The motion
due to this force is opposed by a drag force defined as

Fdrag = UNkξk, (1.4)

here U is the velocity of the polyelectrolyte and ξk is the friction coefficient
of a Kuhn segment. Writing these forces in terms of the number of Kuhn
steps is valid for long polyelectrolytes with many Kuhn steps. Because the
velocity is strongly dependent on the electric field, electrophoretic mobility
(defined in Eq. 1.5) is a more relevant parameter than the velocity. Mobility
is given by

µ =
U

E
. (1.5)

The free solution mobility can be calculated from a force balance on the
molecule. Equating the electrophoretic force and the drag force to solve for

7



velocity and using Eq. 1.5 we get

µ0 =
qk
ξk
∼ N0. (1.6)

This free solution mobility does not depend on the size of the molecule if
the polyelectrolyte has constant charge per length. Therefore, long DNA
molecules cannot be separated by size in free solution.

1.2.3 Sieving Media

To separate a polyelectrolyte such as DNA by size, some type of geometry is
required that will lend the mobility a size dependence. In practice, polymeric
gels are used to act as obstacles to the electrophoresis of DNA. Convection is
limited in a gel so that only the electrophoretic force and drag force are acting
on the DNA. The two most common gels are agarose and polyacrylamide with
average pore sizes of 200 nm to 500 nm and 5 nm to 100 nm, respectively
[3].

Large globular particles traveling through a gel cannot sample all of the
pores in the gel due to size restrictions. Smaller particles can move through
smaller pores, and thus pass through the gel more quickly. DNA with radius
of gyration smaller than the pore size does not need to deform to pass through
the gel, and it can be treated as a globular particle. DNA with Rg greater
than the mean pore size can also pass through the gel, but it must deform
slightly and pay an entropic cost. This potential barrier slows DNA based
on its size.

8



Figure 1.5: Different modes of DNA transport in gel electrophoresis. The left
chain is small enough not to deform while moving from pore to pore. The
center chain moves by repatation without orientation, and the right chain
moves by reptation with orientation. Figure reproduced from [3].

1.2.4 Reptation

As the DNA polymer increases in length it encounters more obstacles in the
gel matrix. The chain is forced to thread its way through the gel fibers as
shown in Fig. 1.5. The gel fiber obstacles form a tube through which the
polymer travels. We can describe the chain as containing multiple blobs that
act as ideal Gaussian chains. The number of these blobs (Nblob) depends on
the pore size a,

Nblob = Nk

(
lk
a

)2

. (1.7)

Sections of the polymer move from one blob to the next, and only exit the
tube at either end. P. G. de Gennes called this mechanism reptation [6].
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To find the mobility of a chain moving by reptation in a gel, we need to find
the electrophoretic force acting on the chain in the direction of the electric
field. Written in terms of the total charge of the chain (Q), end-to-end
distance in the direction of the field (hx), and contour length (L), this force
becomes

F = QE

(
hx

L

)
. (1.8)

Relating the electrophoretic force to the drag force and substituting µ0 =

Q/ξ, we can solve for the the tube velocity and obtain

Utube =
µ0Ehx

L
. (1.9)

To find the mobility of the molecule in the field-direction (x), we need to find
the velocity in that direction. This velocity is simply the fractional extension
of the chain in the x direction times the tube velocity, Ux = Utube(hx/L).
Substituting Eq. 1.9 for the tube velocity and taking the average extension
over many tubes we obtain

µ = µ0

〈
h2

x

L2

〉
. (1.10)

A separation requires that mobility is dependent on molecular size in some
way. Whether Eq. 1.10 yields a size dependence is determined by the extent
to which the chain is stretched in the direction of the field. For small forces
and relatively small molecules, the chain is not extended much in the direction
of the field and behaves as an ideal chain: 〈h2

x〉 ∼ L. This case is known as
biased reptation without orientation and gives a size dependent mobility:
L ∼ N and thus µ ∼ 1/N . If the force on the chain is large, the chain
will be almost completely extended in the direction of the field, 〈hx〉 ∼ L
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Figure 1.6: Mobility dependence on electric field in a 1.0% agarose gel. The
mobility becomes independent of size for higher electric fields in agreement
with Eq. 1.12. Figure reproduced from [7].

and µ ∼ µ0. This case, called biased reptation with orientation, gives no
separation based on size.

In a weak applied field, defined by the dimensionless electric field, ε =

qkEa/kBT � 1, orientation per segment is small. Short chains are unori-
ented, and long chains are oriented in the direction of the field. If we define
N∗ as the cross over size for orientation, we have:

µ

µ0

∼ 1/N, N < N∗ (1.11)
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µ

µ0

∼ ε2, N > N∗ (1.12)

The reptation model correctly predicts that above a certain size (N∗ ∼ ε−2),
continuous field electrophoresis cannot separate DNA. This model is extended
by the biased reptation with fluctuations model [8], which gives the correct
scaling of N∗ ∼ ε−1, as shown by the experimental data in Fig. 1.6.

1.2.5 Pulsed-Field Gel Electrophoresis

Because long DNA molecules become oriented in the direction of the field,
a very low electric field must be used for separation. Fig. 1.6 shows that
λ DNA (48.5 kbp) has no mobility dependence for E > 0.1 V/cm. The
time required for such a separation makes the experiments impractical. Gel
electrophoresis can separate long DNA in a timely fashion, but the electric
field cannot be applied in a constant unidirectional manner as it is for short
DNA. Altering the direction or duration of the electric field is called pulsed-
field electrophoresis and was introduced by Schwartz and Cantor [9] and Carle
and Olson [10]. The mobility of DNA is not dependent on its size, but the
time it takes to become oriented in the field direction is size dependent.

Cross field electrophoresis requires changing the direction of the electric field
to drive DNA in a direction in which it is not oriented. Once the molecule is
re-oriented, the field is switched again. During reorientation, the molecule is
not moving forward through the gel. Shorter molecules re-orient faster and
thus move faster through the gel. The separation time is very long, with
a single separation requiring 4 to 72 hours [11]. Figure 1.7 shows a single
molecule during cross field electrophoresis.

Field inversion electrophoresis changes the direction of the electric field by
180◦. The pulse time and pulse strength are different in each direction. The
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Figure 1.7: T2 DNA (164 base pairs) is originally oriented with the field and
moving to the lower left (frame A). The field direction is then changed by
120o and the chain reorients in the new field direction. Figure reproduced
from [12].

reverse pulse allows the DNA molecule to relax. It is then driven forward
by the forward pulse. This method requires only two electrodes to apply the
field, while cross field electrophoresis requires more complex equipment to
apply a field at various angles. Field inversion has a mobility minimum for
certain sizes of DNA depending on the experimental parameters [13]. The
occurrence of a mobility minimum is a serious drawback to field inversion
electrophoresis.
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1.2.6 Capillary Electrophoresis

Capillary electrophoresis is the current industry standard for separating short
DNA molecules. It uses a thin capillary (inner diameter 50-100 µm) filled
with an entangled polymer solution [3]. DNA interacts with the polymer
in a similar way to how it interacts with a gel. Capillary electrophoresis
is advantageous because it suppresses convection, can be easily automated,
and dissipates heat from the electrical resistance of the fluid allowing the
use of high electric fields which shorten separation times [3]. Capillary elec-
trophoresis devices use either UV-absorbance or laser induced fluorescence
at a small window to detect the DNA in the capillary. Because of the small
detection window, this method does not need to separate DNA by a large
physical distance to detect a size difference.

Direct current capillary electrophoresis has difficulty resolving DNA larger
than 40 kbp [14] for the same reason that slab gel electrophoresis breaks
down. Pulsed-field capillary electrophoresis has been used to separate longer
DNA (48.5 kbp to 1 Mbp) in three hours [15]. This is much faster than in
slab gel PFGE owing mostly to the increase in electric field. PFGE uses a
maximum electric field of 10 V/cm [12], while capillary electrophoresis can
use an electric field of 100 V/cm [15].

1.3 Microfabricated separation devices

The difficulties in separating long DNA motivate the search for a more effi-
cient, faster method. Many of the emerging methods rely on microfabrication
techniques pioneered by the microelectronics industry. These new methods
have the potential to form a DNA size separation component in integrated
lab-on-a-chip devices. Miniaturization of the required lab equipment also
reduces the the amount of DNA sample necessary for sizing. Below, we
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summarize several of these emergent microfluidic methods of long DNA sep-
aration.

In free solution DNA exists in a coiled conformation to maximize its entropy.
The entropic recoil method uses an electric field to drive the coil of DNA
from a region of high entropy to a region of lower entropy [16]. The low en-
tropy region can be constructed from an array of nanopillars fabricated using
electron beam lithography and reactive ion etching of a sacrifical polysilicon
layer. The etched portion of the polysilicon is filled in with silicon nitride,
and the polysilicon is dissolved away leaving only the silicon nitride. The final
device had 80 nm pillars with 135 nm between pillars [16]. These nanopillars
are roughly the same size as the Kuhn length of DNA, thus they sterically
limit the conformations that the DNA polymer is allowed to adopt.

A time varying electric field is applied in the device to drive DNA into the
low entropy region as shown in Fig. 1.8. When the posts are very densely
spaced, the DNA needs to pay an entropic penalty when it unravels and
beings to reptate through the post array. If the electric field is turned off
and the DNA is only partially inserted into the post array, it will recoil back
to the entrance of the array to maximize its entropy [17]. Since the time
to completely unravel and enter the post array is a function of molecular
weight, gradually increasing the duration and/or strength of the “Drive” pulse
of the electric field should produce a separation as a function of molecular
weight [16]. During the shorter pulses, the short DNA will be injected into
the array and thus not feel the entropic recoil effect. As the pulse time
increases, the short DNA will continue to move through the array but the long
DNA will still remain outside the array until the pulse time is sufficient for
complete injection. While the entropic recoil effect does lead to a separation
via this mechanism [16], the resulting bands are very broad. Because DNA
in a hairpin formation are injected at a different time than the same sized
DNA that enter the array head-first they contribute to the high observed
dispersion.
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Figure 1.8: Scheme used to separate DNA by length using entropic recoil
method. DNA is driven to the interface of high and low entropy regions
during the Gather phase. A stronger field then drives the DNA into the
pillar array - Drive phase. DNA not completely driven into the array recoils
during the Recoil phase. Figure reproduced from [16].

Biomolecule separation based on Brownian motion was first proposed by
Duke and Austin [19] and Ertaş [20]. Charged molecules are driven by an
electric field through a two-dimensional array of asymmetric obstacles. The
molecules diffuse by Brownian motion while traveling through the array. The
array is designed such that the molecule can deflect to one direction with a
much higher probability than the other direction as shown in Fig. 1.9. High
molecular weight DNA with a small diffusion coefficient is less likely to diffuse
to the next row of the array than a smaller molecule with a large diffusion
coefficient. Cabodi et al. [18] used 3 µm by 12 µm obstacles in oxidized silicon
to separate T7 and T4 DNA. The separation can be further improved by
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Figure 1.9: Principle of Brownian ratchet. Molecules are driven by an elec-
tric field, larger molecules have a lower diffusion coefficient than smaller
molecules, and are more likely to continue in a straight line. Figure repro-
duced from [18].

tilting the direction of the applied electric field with respect to the array [21].
The tilted Brownian ratchet [21] increases the probability that a molecule will
jump to a new row of the array. This method continuously separates DNA
because it moves the DNA laterally rather than using a mobility difference
in a one dimensional channel.

Arrays of large non-conducting polymer (PDMS) pillars with diameter of 15
µm, similar to the contour length of dyed λ DNA (L ∼ 22µm), have been
used to separate λ and T4 DNA [22]. These posts are too large for the DNA
to wrap around the pillar; instead, the DNA is forced to shoot through the
1 µm gaps in between the posts. The entropic barrier for passing through
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Figure 1.10: Path of DNA through an array of large PDMS posts. DNA can
relax in the spaces between posts, then must squeeze between the next set
of posts. Figure reproduced from [22].

these narrow gaps is larger for longer DNA molecules [22]. The 1 µm gap
falls between the radius of gyration for λ DNA (Rg = 650 nm) and T4 DNA
(Rg = 1.2 µm). Spaces between the pillars allow the DNA to relax to its
coil conformation. Since a pulsed field is not required for this separation
mechanism, the separation time is significantly reduced. The separation
mechanism in this case is the entropic penalty for DNA motion through the
narrow gaps between pillars.

A more direct use of the entropic trapping separation method utilizes a chan-
nel with alternating thin and thick regions as shown schematically in Fig.
1.11. In the thick regions the channel thickness (td) is larger than the radius
of gyration of the DNA, the DNA can relax to its maximum entropy coiled
form. In the thin regions, channel thickness (ts) is smaller than radius of
gyration, the molecule must flatten out to a more or less two-dimensional
conformation. This entropic trap delays the motion of the DNA molecule
through the channel.

Experiments in these devices show that longer DNA has higher mobility [23],
in contrast to the large PDMS pillars [22]. These results have been con-
firmed by Monte Carlo [24] and Brownian dynamics [25–27] simulations. The
molecule passes the low entropy region based on three time scales: approach
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Figure 1.11: Side view of the entropic trapping device used by Han and
Craighead [23]. DNA relaxes in large wells, while the thin regions are entropic
barriers to DNA migration. Figure reproduced from [23].

to the entrance of the thin channel, entry of the thin channel, and cross-
ing the thin channel [26]. The approach and entry times are smaller for
long DNA while the crossing time is larger. In the Han and Craighead ex-
periments [23], longer DNA showed higher mobility because approach time
dominated crossing time [26]. Activation time dominates the total passage
time for long DNA [26]. The activation time increases for larger molecules be-
cause the large molecule has more monomers that can enter the low entropy
region.

While there are many more ideas for microfluidic based DNA separation, the
methods have been reviewed elsewhere [3, 28]. The research presented here
focuses on microfabricated post arrays, which are discussed in detail in the
following chapter.

1.4 Research Outline

The remainder of this dissertation discusses advances the post array separa-
tion method through the use of experiments, Brownian dynamics simulations,
and theory. A brief description of each of the chapters is given below.
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Chapter 2

We describe the prior work on DNA separation in post array devices. This
discussion includes the techniques developed to fabricate posts with diame-
ters from hundreds of nanometers up to a few microns over centimeter long
separation channels. We summarize the separation resolution achieved in
experiments to date. This chapter also contains a discussion of the modeling
of DNA dynamics during electrophoresis in post arrays.

Chapter 3

We present a study of the electrophoresis of long DNA in a strong electric
field through a hexagonal array of cylindrical microscale posts spaced such
that the pore size is commensurate with equilibrium coil size of the DNA.
Experimental mobility, dispersivity, and videomicroscopy data indicate that
the DNA frequently collide with the posts, contradicting previous Brownian
dynamics studies using a uniform electric field. We demonstrate via simula-
tions that the frequent collisions, which are essential to separations in these
devices, are due to the nonuniform electric field, highlighting the importance
of accounting for electric-field gradients when modeling DNA transport in
microfluidic devices.

Chapter 4

Several continuous-time random walk models exist to predict the dynamics
of DNA in micropost arrays, but none of them quantitatively describes the
separation seen in experiments or simulations. In this chapter, we examine
the assumptions underlying these models by observing single molecules of
λ DNA during electrophoresis in a regular, hexagonal array of oxidized sili-
con posts. Our analysis takes advantage of a combination of single-molecule
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videomicroscopy and Brownian dynamics simulations. Using a custom track-
ing program, we automatically identify DNA-post collisions and thus study
a large ensemble of events. Our results show that the hold-up time and the
distance between collisions for consecutive collisions are uncorrelated. The
distance between collisions is a random variable, but it can be smaller than
the prediction of existing models of DNA transport in post arrays. The cur-
rent continuous-time random walk models correctly predict the exponential
decay in the probability density of the collision hold-up times, but they fail
to account for the influence of finite sized posts on short hold-up times. The
shortcomings of the existing models identified here motivate the development
of a new continuous-time random walk approach.

Chapter 5

Using the two-state, continuous-time random walk model, we develop ex-
pressions for the mobility and the plate height during DNA electrophoresis
in an ordered post array that delineate the contributions due to (i) the ran-
dom distance between collisions and (ii) the random duration of a collision.
These contributions are expressed in terms of the means and variances of the
underlying stochastic processes, which we evaluate from a large ensemble of
Brownian dynamics simulations performed using different electric fields and
molecular weights in a hexagonal array of 1 µm posts with a 3 µm center-
to-center distance. If we fix the molecular weight, we find that the collision
frequency governs the mobility. In contrast, the average collision duration is
the most important factor for predicting the mobility as a function of DNA
size at constant Péclet number. The plate height is reasonably well-described
by a single post rope-over-pulley model, provided that the extension of the
molecule is small. Our results only account for dispersion inside the post
array and thus represent a theoretical lower bound on the plate height in an
actual device.
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Chapter 6

We present the design and implementation of an oxidized silicon "nanofence
array" for long DNA electrophoresis. The device consists of a periodic ar-
ray of post-filled regions (the nanofences) alternating with empty channel
regions. Even in this prototype version, the nanofence array provides the
resolving power of a hexagonal nanopost array without requiring any direct-
write nanopatterning steps such as electron-beam lithography. Through de-
tailed single molecule investigations, we demonstrate that the origin of the
resolving power of the nanofence array is not a reduction in band broad-
ening, which might be expected from the theories for DNA electrophoresis
in post arrays. Rather, the enhanced stretching of the hooked DNA by the
uniform electric field between nanofences increases the efficiency of the colli-
sions.

Chapter 7

We used top-down fabrication techniques to create both an ordered hexagonal
array and a disordered array of 1 µm diameter cylindrical posts in a silicon
dioxide microchannel with the same number of posts per unit area. The
electrophoretic mobility and dispersion coefficient of λ DNA in each of the
arrays were obtained as a function of the electric field using ensembles of DNA
molecules in a double channel device that minimizes experimental artifacts.
To deepen our understanding of the transport, we also used fluorescence
microscopy to examine the dynamics of single DNA molecules as they interact
with the arrays at a fixed value of the electric field. Based on the results of
these two types of experiments, we conclude that the electrophoretic mobility
is not dependent on the array order but that band broadening in the device
is greater in the disordered array.
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Chapter 2

Microfabricated Post Arrays

Microfabricated post arrays contain many posts with diameters in the micron
or hundreds of nanometers range. A typical videomicroscopy image of DNA
collisions in a post array is shown in Fig. 2.1. While moving through the
post array, the DNA molecules collide with a post, unravel, and disengage
by a rope-over-pulley mechanism in a time that depends on the length of the
molecule [29,30]. An electric field strength of at least 10 V/cm is required to
significantly stretch the DNA molecule to form a hooking collision [31, 32],
and the nature of the collision depends strongly on the relative distance
between the center of mass of the DNA and the post (the impact parameter)
[31, 33–35]. Since the electric field dominates diffusive motion, unhooking
from the post is effectively a deterministic process even when the lengths
of the two arms of the chain extending from the post are relatively similar
[36]. During a collision DNA forms the four types of collisions (U, J, X, W)
observed in Fig. 2.2 [37,38]. These only represent the types of collisions with
a single isolated obstacle; there is a veritable alphabet soup of shapes are
observed in the collision with multiple obstacles [39–41].

The DNA-post collisions are the basic unit of the electrophoretic separation

23



10 μm

Figure 2.1: Epifluorescence microscopy image of dyed λ DNA molecules in-
teracting with a hexagonal array of 1 µm diameter oxidized silicon posts. The
electrophoretic motion is from left-to-right under an applied electric field of
10 V/cm.

in post arrays, and many collisions are required to yield a separation [30].
There are two ways to quantify the time that the DNA interacts with the
post. From a modeling standpoint, the unhooking time is a convenient
quantity. Indeed, most of the data for the collisions in Fig. 2.2 (except for
the W collisions) collapses onto a simple model expressed in terms of the
length of the short arm during the collision [37,42]. However, the unhooking
time overestimates the contribution of a collision to the separation because
it fails to account for the translation of the center of mass of the molecule
during the collision [37]. Rather, the relevant parameter for separations is
the hold-up time, defined as the delay in the center of mass motion due to
a post collision [43].

The electrophoretic mobility of DNA in a post array depends on the fre-
quency of collisions and the hold-up time of the collisions. Since the collision
frequency is independent of the electric field [44] and the hold-up time is in-
versely proportional to electric field [37], the mobility is independent of elec-
tric field [44]. The holdup time itself depends on the molecular weight [29,30],
which is the mechanism behind the separation [28]. In contrast to these
hooking collisions, roll-off collisions resulting in little DNA deformation do
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Figure 2.2: Examples of (a) U, (b) J, (c) X, (d) W collisions of T4-DNA
(166 kbp) with an isolated 1.6 µm diameter post during Brownian dynamics
simulations. The numbers on the left side of the images correspond to the
dimensionless time between two successive snapshots. Figure reproduced
from [38].

not significantly contribute to a sized based separation [43].

2.1 Artificial Gels

The protocols for making post array devices have matured through the years,
with Fig. 2.3 showing the evolution of nanopost array technology from the
first device [45] in 1992 to a very impressive high aspect ratio device [46] in
2006. In the devices used for separations, the channel widths are typically
around 25 to 50 µm, with depths in the 4 to 10 µm range. The array itself
extends along the axis of the channel. When electron beam lithography is
used to pattern the array, which is common for densely packed nanoposts
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Figure 2.3: SEM images of microfabricated post arrays showing improve-
ments in the fabrication process. (A) 1 µm diameter, 150 nm tall posts
appearing in 1992 [45]; (B) 200 nm diameter, 600 nm tall posts appearing in
2004 [48]; and (C) 300 nm diameter, 15 µm tall posts appearing in 2006 [46].
Figures reproduced from [45], [48], [46]

[47–52], the array of posts with diameters in the hundreds of nanometers
typically spans a millimeter in length. Moreover, electron beam lithography
allows the posts to be patterned with very small gaps between them. These
length scales can be reduced to such a small scale that nanopost arrays have
also been used to filter out large DNA by a simple filtration process [53].
While the gel fibers of an agarose gel are much smaller that the nanoposts
used in these arrays, the pore size in the device can be tuned to match the
pore size of agarose gels. Indeed, the first post array device highlighted the
potential for these systems to act as models for gel electrophoresis [45]. In
contrast to the random, disordered fiber placement of a gel, nanopost arrays
are highly ordered sieving matrices.

Note that electron beam lithography is not the only method for creating
nanopost arrays. It is also possible to create densely spaced posts using
nanosphere lithography, where a colloidal crystal serves as the etch mask [54]
or soft UV nano-imprint lithography to produce high density, high aspect
ratio nanopillars [52]. Yet another technique involves the removal of a sac-
rificial layer resulting in an insulating silicon nitride device [55]. Zinc oxide
nanowires also create a dense array of very thin nanoposts [34]. While these
nanowires are easily grown via solution chemistry and much thinner than the
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silicon-based posts, the arrays are not ordered. Moreover, the experiments
need to be performed at a pH near the isoelectric point of ZnO to avoid
charging of the wires [34]. Although ZnO nanowires have been used success-
fully to study the physics of DNA collisions with isolated small posts [34],
they have not yet been used as a separation medium.

2.2 Sparse Post Arrays

Arrays created by conventional photolithography techniques, which can pat-
tern micron sized posts [29,45,56–60] as well as sub-micron posts [46,61–63]
are capable of producing centimeter long separation channels. Moreover,
projection lithography permits access to sub-micron sized posts while main-
taining a reasonably large area pattern [46,61,63]. If one desires a wafer-scale
pattern of sparse nanoposts, it is possible to first pattern an array of micron
sized posts in photoresist and then thin the post diameter down to several
hundred nanometers using an oxygen plasma [35,62].

The final device must be electrically insulating to allow electrophoretic mo-
tion of DNA through the channel. Fabricating the device in an insulating
material such as quartz [48, 49] or fused silica [52] accomplishes this. An
alternate approach is to build the channel geometry in silicon, and then
grow an insulating layer on the silicon using thermal oxidation [46]. The
growth of an oxide layer significantly increases the post diameter; however,
Fig. 2.3c shows posts with a final diameter of 300 nm fabricated with this
technique [46]. It is important to remember that the device fabrication often
includes an undercut of the mask during reactive ion etching [63], so the
diameter of the bare silicon posts pattern prior to etching is smaller than the
original mask.

An alternative technique to produce sparse post arrays relies on the self-
assembly of super-paramagnetic bead suspensions [44, 64–66]. In this ap-
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proach, a solution containing super-paramagnetic beads with size around
600 nm is pumped into a PDMS microchannel. After the hydrodynamic flow
is stopped, an external magnetic field of approximately 10 mT is applied with
a magnetic coil, trapping the beads into a metastable quasi-hexagonal array
of columns. Different array structures can be formed by washing the beads
with different surfactants [44]. Due to aggregation of the columns as they
form, the resulting array has micron sized posts with several microns be-
tween the posts. These arrays are considered only quasi-ordered due to this
aggregation effect as well as defects introduced by the shape of the channel
boundaries [67,68]. The order of the magnetic bead array can be increased by
placing nickel dots on a glass substrate that act as seed points for magnetic
bead self assembly [69].

2.3 Post Array Separations

The quality of a separation is measured by the separation resolution. This
dimensionless group is defined for two species by the ratio of the peak-to-
peak distance (X2 −X1) and the sum of the peak widths (σ1 + σ2) as shown
below:

Rs =
X2 −X1

2 (σ1 + σ2)
. (2.1)

As a general limit, Rs = 0.5 is the limit for the detection of two peaks [70];
while Rs = 1.5 is considered baseline resolved.

Table 2.1 summarizes the separation data obtained in the various devices de-
scribed here. Several trends are immediately clear from these results. First,
the bands in the devices are usually resolved but not always baseline resolved
in several minutes. Since the resolution should increase with the separation
time, it should be possible to increase the resolution simply by increasing the
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Table 2.1: Experimentally realized separation resolutions in post arrays.
Description E (V/cm) DNA sizes (kbp) Time (s) Rs Ref.
500 nm, dense 10 1 and 10.1 130 1.45 [48]
500 nm, dense 10 10.1 and 38.4 170 2.69 [48]
500 nm, dense 10 4.4 and 6.6 520 1.08 [48]
500 nm, dense 10 6.6 and 9.4 520 1.04 [48]
500 nm, dense 10 9.4 and 23 680 2.39 [48]
300 nm, dense 500 48.5 and 166 120 1.0 [52]
150 nm, dense 30 2 and 5 60 1.43 [47]
150 nm, dense 30 5 and 10 75 1.56 [47]
1 µm, sparse 20 2.7 and 48.5 500 0.96 [59]
360 nm, sparse 10 15 and 33.5 1150 1.66 [62]
360 nm, sparse 10 33.5 and 48.5 1250 1.22 [62]
Nanofence 10 15 and 48.5 400 1.8 [63]
Nanofence 10 33.5 and 48.5 400 0.91 [63]
Magnetic beads 3.2 48.5 and 97 2000 2.0 [64]
Magnetic beads 3.2 48.5 and 145.5 2300 1.3 [64]
Magnetic beads 7 15 and 48.5 800 2.6 [64]
Magnetic beads 7 33.5 and 48.5 800 1.0 [64]
Magnetic beads 20.3 48.5 and 97 275 1.27 [65]
Magnetic beads 20.3 97 and 168.9 275 1.16 [65]
Magnetic beads 18.8 48.5 and 97 250 1.84 [65]
2 µm posts Pulsed 48.5 and 168.9 660 17.96 [57]
2 µm posts Pulsed 48.5 and 168.9 10 1.0 [57]

size of the post arrays. However, the lithographic techniques used to pat-
tern the arrays have limited spatial extent. While it is possible to increase
the separation channel length with the same device footprint by introduc-
ing serpentine turns in the channel, these turns can give additional disper-
sion [71–74]. Moreover, as the separation time increases, the signal-to-noise
ratio deteriorates due to the band broadening. Recall that the depth of the
channels (several microns) is commensurate with the radius of gyration of
long DNA, so the number of DNA per unit volume is not very high. It is our
experience that post arrays that include a serpentine channel to increase the
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separation channel length do not lead to the expected square root increase in
separation resolution, which we attribute to this increased band broadening
and lower signal-to-noise ratio. Second, most of the experiments reported in
the literature only use a few DNA species per experiment. Indeed, the most
common experiments are separations of λ DNA (48.5 kbp) and its dimer,
or between λ DNA and T4 DNA (168.9 kbp) or some other binary mixture.
The reason for choosing these binary mixtures is the ready availability of
these DNA and the inability for dc gel electrophoresis to resolve such long
chains. Based on the available data in the literature, it appears that the band
capacity (i.e., the number of species that can be resolved) for these devices
is relatively low. While two species can be readily resolved in a manner of
minutes, it remains to be seen whether a more complicated mixture of long
DNA can be resolved in a single electrophoretic run. Based on our own work,
we are not optimistic that the band capacity can be increased much beyond
the separation data reported in the literature without increasing the depth
of the channels, which is a technological challenge that has only been met in
rare cases [46] like Fig. 2.3c.

While the particular arrays highlighted in Fig. 2.3 feature relatively dense
arrays of posts, they require sophisticated fabrication techniques. We have
wondered whether similar quality separations are possible using sparse, or-
dered arrays. Sparse ordered post arrays are easily fabricated using step-and-
repeat masks and conventional photolithography, and these ordered devices
have large spaces (relative to the DNA radius of gyration) between neighbor-
ing posts. If the array is very sparse [59], the DNA molecules tend to move
in the interstices between posts and rarely collide with the posts of the ar-
ray. This effect is known as channeling [58]. Brownian dynamics simulations
have suggested that the long range orientational order in a post array leads to
channeling [75]. Another simulation study showed that hairpin formation (or
collision) is more frequent in disordered arrays, and that random post posi-
tions are essential for separations [76]. However, these simulations neglected
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the deflection of the electric field lines around the insulating posts. Later
Brownian dynamics simulations that accounted for the non-uniform electric
field showed that DNA collides frequently in an ordered array and that this
agrees with experiments in an array of 1 µm posts with 3 µm center-to-center
spacing. These Brownian dynamics simulations are described in Chapter 3.
The predictions of these simulations agree very well with experimental data
for λ DNA electrophoresis in an array of 1 µm posts with a 3 µm center-to-
center distance. Thus, it is reasonable to expect that relatively sparse post
arrays fabricated using simple step-and-repeat patterns should lead to good
separations of long DNA.

The conclusions drawn from the fundamental experiments and simulations in
Chapter 3 have been confirmed in subsequent separation work. For example,
experiments have demonstrated separations in sparse arrays of 1 µm diameter
posts and 360 nm diameter posts, with the separation resolution between 15
kbp to 48.5 kbp DNA improving as the post size decreases [62]. Further
Brownian dynamics simulations of DNA electrophoresis in 1 µm post with
3 µm center-to-center spacing predicted that λ DNA and T4 DNA have
baseline resolution after 15 mm at E = 30 V/cm [41], which should require
around 7 minutes. This separation resolution is higher for low electric field
strengths [41], which also has been our experience in experiments in this type
of post array.

2.4 Transport Models

The development of models for the separation and their application to exper-
iments has taken a tortuous but ultimately successful path. As a historical
aside, we should point out that extrapolations from simulation data and mod-
els for collisions with isolated, single posts [30,33], made a few years after the
development of the first post array [45] in 1992, predicted that post arrays
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would not be able to separate long DNA due to the dispersion caused by the
collision [30] or the distance between posts required to realize the single post
collision statistics [33]. As we have seen in our review of the various devices
produced since 2002, there is ample experimental evidence to the contrary.
It behooves us to briefly review how realistic models must incorporate both
the statistics for the collisions with the posts and the transport in the ar-
ray. A natural starting point would be the geometration models from gel
electrophoresis [77–79], which already acknowledge the potential for DNA
to undergo rope-over-pulley collisions at modest electric fields. A schematic
showing DNA geometration in an array of obstacles appears as Fig. 2.4. It
is readily apparent that the geometration models for a gel lacks predictive
power for transport in post arrays, since they predict that the mobility is in-
dependent of molecular weight [79]. Thus, more sophisticated models of DNA
transport were developed with the goal of predicting how the macrotrans-
port properties such as electrophoretic mobility and band broadening depend
on the DNA-scale physics. One early attempt was a semi-phenomenological
lattice Monte Carlo model [80] that estimates the mobility and band broad-
ening of the DNA as a function of the average collision time and the collision
probability, both of which can be obtained from separate single molecule
experiments [44] or a microscale physical model. However, when the rel-
evant experiments were performed [44, 65], it became apparent that while
many of the underlying assumptions of this model are qualitatively correct,
the model fails to quantitatively predict the dispersivity during electrophore-
sis [44].

Further improvements in models for DNA transport relied on continuous-time
random walk (CTRW) theory, in particular the Scher-Lax CTRW [81]. Origi-
nally developed by Scher and Lax to describe electron transport in disordered
solids [81], the Scher-Lax CTRW model consists of a repetitive sequence of
steps where the particle exhibits both a random waiting time at a trapping
site and a random distance traversed between these trapping sites. Building
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Figure 2.4: In the geometration model, DNA moves through an obstacle
array in three distinct phases. (a) DNA in a coiled conformation encounters
an obstacle and two arms start to form; (b) both arms become fully stretched
and the molecule starts to slide off of the obstacle; (c) the molecule is released
from the obstacle. Figure reproduced from [79].

on the geometration model for gel electrophoresis [79], the CTRW model for
DNA electrophoresis in a post array consists of: (i) collision with post and
extension into two arms, (ii) electric-field-driven unhooking from the post,
and (iii) uniform translation until the next collision [44, 75, 82]. The con-
figuration of the DNA molecule at the beginning of the collision determines
the hold-up time of the collision. The first CTRW model applied to post ar-
rays [44] assumed the chain was completely extended during the collision. To
achieve accurate results in CTRW models, we must account for incomplete
chain extension [75,82] as well as for the relaxation time and for interactions
with multiple posts [41, 83]. Incomplete extension of the molecule does not
strongly affect velocity, but increases dispersivity [82]. These CTRW mod-
els [44,75,82] treat successive collisions as uncorrelated events, an assumption
which is experimentally verified in Chapter 4.
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2.5 Post Arrays with a Pulsed Electric Field

Post arrays can also be operated under a pulsed-field, analogous to the
pulsed-field gel electrophoresis separations we saw in Chapter 1. The fabrica-
tion methods are identical to the fabrication methods for dc field separation,
and the origin for the advantages of using a post array are the same. The
major limitation in pulsed field gel electrophoresis is the extraordinarily long
time required for the DNA to reorient itself in the direction of the new elec-
tric field in the narrow pore sizes of a gel. By increasing the pore sizes to
the micron scale in a post array, the DNA can readily reorient themselves
in the new field direction. Pulsed-field operation of a post array device al-
lows linear fractionation of long DNA [84], and using an entropic trap at
the injection point permits the injection of a relatively narrow band of long
DNA. Using the aforementioned properties of microfabricated post arrays,
Austin and coworkers [57] demonstrated that very long DNA (100 kbp) can
be separated in 10 seconds in a pulsed field.

The separation time during pulsed field electrophoresis in the post array de-
vice is a substantial improvement over the separation time required in PFGE.
However, the complex apparatuses necessary for fabrication, operation and
detection have thus far prevented widespread adoption of post array devices
for long DNA separation. Overall, DNA separation in post arrays drastically
decreases the separation time of long DNA compared to PFGE.
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Chapter 3

DNA electrophoresis in a sparse
ordered post array

This chapter is based on the publication:
J. Ou, J. Cho, D. W. Olson, and K. D. Dorfman
Physical Review E, 79, 061904 (2009).

3.1 Introduction

Microfabricated and nanofabricated devices for DNA electrophoresis promise
order-of-magnitude improvements in separation time and resolution when
compared to conventional pulsed-field gel electrophoresis [85]. As a gen-
eral rule, the physical principles underlying DNA transport in these devices
are distinctly different from the biased reptation mechanism governing DNA
electrophoresis in a gel [3]. Modeling has thus played a key role in elu-
cidating the underlying separation mechanism each time a new device has
appeared [86].
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As a first approximation, it is simplest to treat the electric field as a spatially
uniform convective force acting on each Kuhn segment of the DNA. However,
many microfluidic electrophoresis devices are constructed in oxidized silicon
or glass using fabrication tools from the semiconductor industry. Alterna-
tively, devices are replica-molded in a plastic or elastomer from a lithograph-
ically patterned substrate. In either case, the electric field in these insulating
materials is nonuniform and depends strongly on the device geometry. Thus,
a uniform-field model implicitly assumes that spatial variations in the electric
field can be treated, in a qualitative sense, as perturbations to conclusions
drawn from a uniform-field model. For example, when nonuniform electric
fields have been included in models of processes such as entropic trapping [24]
or the collision with an isolated post [31], the details of the chain deformation
change but the qualitative mechanism remains the same – the entropic trap
still traps and the DNA still collides with the post.

We show here that uniform electric-field models do not correctly capture the
dynamics of long DNA in a sparse ordered microfluidic post array. Post ar-
rays, such as the one illustrated in Fig. 3.1, are one of the most well-developed
microfluidic methods for separating long DNA by size [46,48,52,64,65]. The
performance of dense nanopost arrays [46,48,52] or slightly disordered mag-
netic bead arrays [64,65] is typically rationalized in the context of conclusions
drawn from uniform-field models [44,75,76,80,87]. Our results call into ques-
tion these conclusions, demonstrating the generic importance of accounting
for electric-field gradients when modeling DNA electrophoresis in microfluidic
devices.

The basic transport process in a sparse ordered post array is illustrated in
Fig. 3.1(a). The separation matrix consists of a hexagonal array of cylindrical
posts of diameter d and center-to-center spacing a. The DNA moves through
the spacing between the posts with a velocity v = µ0E, where µ0 is the free-
solution electrophoretic mobility and E is the average value of the electric
field in the direction of net motion. The DNA molecule is characterized by
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Figure 3.1: (a) Schematic illustration of a hexagonal array of cylindrical posts
of diameter d and center-to-center spacing a. Several field lines created by
the insulating posts are depicted in the figure. The equilibrium coil size of
the DNA is commensurate with the spacing between the posts. The DNA
move from left to right, in the direction opposite the electric field. (b) Image
of a portion of a 50 µm × 15 mm PDMS hexagonal array of 1.2 µm diameter
microposts with a 3 µm pitch. The electric field is applied from right to
left. (c) To measure the mobility and dispersivity, the DNA are injected in
a shifted-T geometry and the fluorescence intensity vs time is collected at i
positions located Pi = 2.5i mm downstream from the injection point. The
microchannel is 50 µm wide and 1.97 µm deep.

its radius of gyration, Rg, contour length, L, and molecular diffusivity, D0.
By a sparse array, we mean that

a− d > 2Rg, (3.1)

so that the spacing between the posts is large enough for the DNA to relax
in the interstices.
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Let us consider first the predictions of a simple uniform-field model of DNA
electrophoresis in this array. As noted elsewhere [87], after a rare collision
with a post, DNA in a sparse ordered array can move through the "channel"
between the posts with little hindrance. Assuming that the DNA needs to
align with a post by molecular diffusion, the characteristic time between
collisions is the diffusive time scale, a2/D. Thus, the DNA will proceed
unhindered through the unit cell when the convection due to the electric
field is strong compared to diffusion. In other words, the unit-cell Peclet
number is large,

Pe =
µ0Ea

D0

� 1. (3.2)

After traveling a nominal distance lc = µ0Ea
2/D0, the DNA should have

also experienced a collision with characteristic hold-up time τc = L/v [29].
If we define the dimensionless parameter γ = L/a� Pe, the electrophoretic
mobility from this model adopts the form

µ/µ0 = (1 + γ/Pe)−1 (3.3)

and is approximately unity. Moreover, for an array of total length LT , this
model predicts Nc = LT/(aPe) collisions will occur before the DNA exits the
array. If Nc is not too large, then we would also expect the dispersivity of
the DNA in the array, D̄, to be close to the molecular diffusivity, D̄ ∼ D0.
These generic conclusions, drawn from a relatively simple scaling analysis,
agree with conclusions arising from Brownian dynamics simulations [87] that
further account for the DNA elasticity and steric interactions between the
finite-sized DNA and the post.
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3.2 Methods

To test the predictions of this uniform-field model, we fabricated the poly-
dimethylsiloxane (PDMS) post array depicted in Fig. 3.1(b) by soft lithogra-
phy [88]. The post array was molded from a photoresist mold (Shipley S1818)
patterned by photolithography. To assemble the chips, we spin-coated a #1
coverslip with a thin film of PDMS and bonded it to the replica-molded
PDMS post array after exposing both substrates to an oxygen plasma. A
1" × 3" microscope slide with large cylindrical reservoirs (ID = 7 mm) was
bonded to the back side of the chip for reinforcement and to suppress hydro-
dynamic flow. The completed and sealed chips were filled with TBE 2.2×
buffer and submerged in buffer for 48 h at 55◦C, a modification of the existing
protocol [89] for preventing pervaporation. To perform replica experiments,
the chips were regenerated by emptying them, refilling with neat buffer, and
then soaking again in buffer at 55◦C.

The electrophoresis experiments use λ-phage DNA (48.5 kbp) dyed with
YOYO-1 (Molecular Probes) at 1 dye:5 bp in an electrophoresis buffer simi-
lar to Ref. [37], except that the β-mercaptoethanol was replaced with 100 mM
DL-dithiothreitol. Previous experiments [32] on stained λ-DNA reported a
contour length of 20 - 21 µm, so we will adopt L = 20.5 µm. For the diffu-
sivity and radius of gyration, we will use the free-solution experimental data
D0= 0.47 µm2/s and Rg = 0.7 µm [90]. With the latter, our post/DNA
system satisfies the sparse array definition (Eq. 3.1). Epifluorescence data
were collected with a 63× oil-immersion objective using either a photomulti-
plier tube (Hamamatsu H7422-40) or an electron multiplying charge coupled
device camera (Photometrics Cascade II).

To determine the electrophoretic mobility, µ, and dispersivity, D̄, we imple-
mented the multi-finish-line method illustrated in Fig. 3.1(c) [91]. The DNA
are injected in a shifted-T configuration and we measure the time, t̄, of the
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maximum intensity and the full width at half maximum, τ , at different down-
stream distances, L.Assuming that the injected DNA plug is Gaussian at the
detection point, µ and D̄ can be computed from the relationships

dL

dt̄
∼ µE and

dt̄

dτ 2
∼ (µE)2

(16ln2)D̄
. (3.4)

The electric field in the separation arm was computed from the applied poten-
tials using Kirchoff’s laws and assuming a uniform resistivity. Importantly,
the mobility and dispersivity computed by this method should be indepen-
dent of the initial shape of the injection plug since they only depend on the
slopes of the measured quantities. Occasionally, some experiments did not
yield a linear fit (normally due to errors in the injection) and we only present
data with correlation value R2 ≥0.75 when fit by Eq. 3.4.

3.3 Results

For λ-DNA electrophoresis in the array in Fig. 3.1(b) at a nominal Peclet
number of Pe = 500, the uniform field model of Eq. 3.3 with γ= 6.83 predicts
µ/µ0 ≈ 0.98 and approximately ten collisions over the 15 mm array. The lat-
ter mobility is much higher than the mobility µ/µ0 = 0.79 ± 0.03 we obtained
by averaging our experimental data (see Fig. 3.3) over all fields. Our mea-
surement of µ0 = 1.8×10−4 cm2/Vs agrees well with previous measurements
in PDMS devices [37].

While a reduced mobility is consistent with collisions in this ordered array,
the dispersivity data presented in Fig. 3.2 provide much stronger support
for collisions. Brownian dynamics simulations [87] using a uniform electric
field predict that the dispersivity decays with Pe, asymptotically approaching
the molecular diffusivity. However, the experimental dispersivity in the post
array is orders of magnitude larger than what we observe in an empty channel
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Figure 3.2: Plot of the experimentally measured dispersivity, D̄, made di-
mensionless with the molecular diffusivity D0, as a function of the Peclet
number defined in Eq. 3.2. The squares correspond to measurements in the
post array; the triangles correspond to measurements in an empty channel.
The size of the error bars is one standard deviation; the error in the empty
channel is smaller than the size of the symbol. The inset shows an image of
the DNA dynamics at Pe = 230.

and increases with Pe. The dispersivity in the empty channel is also slightly
higher than molecular diffusion (D̄/D0 ≈ 10) and increases with Pe. We
attribute this behavior to the dispersion caused by transient adsorption to
the PDMS surface, which would be expected in a thin slit several Rg deep.
In contrast, the large increase in the dispersion in the post array relative
to the empty channel agrees with models of the dispersion due to collisions
[44,80].

To confirm that the DNA indeed collides with the obstacles, we also imaged
the DNA during electrophoresis in this array. The inset of Fig. 3.2 presents
one frame from a movie of the electrophoresis at a somewhat lower Peclet
number (Pe = 230), which permits high-resolution imaging. Some of the
DNA in this image are in the coiled conformation (the small bright spots);
these DNA are moving between post collisions. The remaining DNA are in
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extended J shapes (the enlarged dim lines); these DNA are in different stages
of the unhooking process. Subsequent frames in this movie show that the
hooked DNA in the inset of Fig. 3.2 undergo the expected rope-over-pulley
mechanism.

These data make clear that the DNA collide with the posts much more fre-
quently than predicted by a uniform-field model. To rationalize this result,
we propose a nonuniform field model that draws analogies between the elec-
tric field and the equivalent potential flow in fluid mechanics. Let us consider
the high-Pe trajectory of the DNA molecule in Fig. 3.1(a) as it passes by a
post without colliding. The symmetry of the hexagonal array leads to a field
line that extends from the back side of this post to a stagnation point at the
front side of the next post in the x direction. The electric field on the back
side of the post is curved and Ey/Ex � 1 there, so the electrophoresis to-
ward this field line is much stronger than the electrophoresis toward the next
post. The resulting focusing of the DNA increases the collision probability
in two ways. First, the impact parameter approaches zero [33]; the center
of mass of the DNA becomes aligned with the center of mass of the post.
Second, the DNA will experience an extensional "flow" as it approaches the
front side of the downstream post [31]. The combination of the focusing and
extensional flow regimes leads to a time between collisions much smaller than
the diffusive time scale a2/D.

To see whether the inhomogeneous field indeed plays a key role in the DNA
dynamics, we implemented Brownian dynamics simulations using either a
uniform field [75] or the nonuniform field imparted by the insulating posts [92]
using the parameters reported in [92]. In both cases, the λ-DNA was modeled
by 37 beads connected by Marko-Siggia worm-like chain springs [93] corrected
for the effective persistence length [94]. Excluded volume forces were modeled
with a soft potential [95] and hydrodynamic interactions were neglected. The
interactions between the DNA and the walls were treated with the Heyes-
Melrose algorithm [96]. In the nonuniform field simulations, we first solved
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Laplace’s equation by the boundary element method using constant elements.
At each time step in the simulation, the electric field vector E at the location
of each bead was obtained by a regularization method [97]. To initialize the
simulations, the DNA was relaxed in free solution, placed inside the array,
and allowed to relax until fluctuations in the elongation decayed to a steady
value [87]. We initially placed the DNA center of mass at three different
points in the unit cell: immediately behind a post, in the center of the gap
between two posts, and midway between the latter two positions. The center
of mass was tracked over a distance of 400 µm and ten runs were performed
for each initial position at each Peclet number.

The mobilities obtained from these simulations are plotted in Fig. 3.3 as a
function of the Peclet number, along with the experimental data. We found
that the simulated mobilities were essentially independent of the initial posi-
tion of the DNA, so the data in Fig. 3.3 represent the average over all initial
conditions and all random number seeds. The uniform field model in Eq. 3.3
overestimates the mobility since it neglects the fact that the DNA can collide
with the post with an impact parameter greater than zero [33]. The uniform
field simulations are qualitatively similar to those obtained elsewhere [75] us-
ing an electric field pointing from top to bottom in Fig. 3.1(b). In contrast,
the simulations incorporating the nonuniform field exhibit a dramatically re-
duced mobility. Indeed, the agreement between the latter simulations and
our experimental data is quite satisfactory and confirms the importance of
the nonuniform field in modeling DNA electrophoresis in sparse ordered ar-
rays. As the inset in Fig. 3.3 also makes clear, the number of collisions in
the nonuniform field is roughly twice that in the uniform field.
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Figure 3.3: Comparison of the electrophoretic mobility, µ, made dimension-
less with the free-solution mobility, µ0, and the number of collisions as a
function of the Peclet number between the experimental data (black squares),
simulations with a nonuniform field (red circles), simulations with a uniform
field (blue squares) and Eq. 3.3 (black dashed line). The size of the error
bars for the mobility is one standard deviation; the error in the simulations is
smaller than the size of the symbols. The simulation lines are only to guide
the eye.

3.4 Conclusions

While uniform electric field models were extremely successful at rationalizing
DNA electrophoresis in gels [3], the data presented here indicate that this may
not be the case for emergent microfluidic and nanofluidic devices constructed
in electrically insulating materials. In the present context, prior conclusions
about post arrays [44,75,76,80,87] need to be revisited. In a broader context,
our results open the question of whether electric field gradients have a similar
impact on DNA transport in other devices with complex geometries. From
a practical standpoint, the ordered arrays of micron-scale posts used here
are relatively simple to fabricate by conventional photolithography and do
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not require e-beam lithography [46,48,52] or the external equipment used to
self-assemble magnetic bead arrays [64, 65]. As a result, it may be possible
to design more efficient separation devices by building upon the nonuniform
field model presented here using tools for simulating DNA electrophoresis in
complex geometries [92, 98].
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Chapter 4

Continuous-Time Random Walk
Models of DNA Electrophoresis
in a Post Array: I. Evaluation of
Existing Models

This chapter is based on the publication:
D. W. Olson, J. Ou, M. Tian and K. D. Dorfman
Electrophoresis, 32, 573–580 (2011).

4.1 Introduction

The first studies of DNA electrophoresis in micropost arrays [29, 45] hinted
at their potential for rapidly separating long DNA by size. During the sepa-
ration, the DNA repetitively collides with the posts of the array, with a size
dependent collision time [30]. After several minutes, a large number of these
collisions leads to a size separation of large DNA (15 to 169 kbp in typi-
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cal experiments) under a dc electric field [46, 48, 52, 64, 65]. For comparison,
the same separation by the standard method, pulsed-field gel electrophore-
sis (PFGE), takes 12 to 24 hours. While micropost arrays potentially offer
a huge time savings over PFGE, they still remain at the proof-of-principle
stage. We know that DNA transport on the microscale is governed by the
array geometry and the applied electric field [66]; however, it is not clear how
to tune these parameters to maximize the separation resolution for a given
size range of DNA.

Evaluating the performance of a particular separation device requires knowl-
edge of the mean velocity (or averaged electrophoretic mobility, in this case)
and dispersivity as a function of the DNA size, array geometry, and elec-
tric field. The most obvious way to evaluate a given device geometry is to
build the device and experimentally quantify the DNA separation therein.
While there has been some work in this area [48,52,58,59,64,65], the data as
a function of array geometry are limited because device fabrication is time
consuming and expensive. As a result, Brownian dynamics (BD) simula-
tions are an attractive alternative for rapidly exploring new device geome-
tries [41,58,87]. However, if the only information taken from an ensemble of
simulations is the averaged velocity of a molecule and its dispersivity, this
simulation approach becomes very inefficient — gigabytes of simulated tra-
jectory data are required to produce two numbers. In contrast, an analytical
approach that treats the transport process as a repetitive cycle of collisions
and translations [44, 79, 80, 82, 87, 99–101], i.e. a continuous-time random
walk (CTRW), is potentially very efficient for device design, provided the
underlying microscopic model is accurate.

At their heart, existing CTRW models rely on a model for the probability
density of the DNA moving over n rows of the post array in some time t,
ψ(n, t). In a partially separable CTRW, this probability density is decom-
posed into the product of the probability density for moving n rows and the
conditional probability of doing so in time t. The extant models approxi-
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mate ψ(n, t) using simplified microscale models of the DNA dynamics (e.g.,
rope-over-pulley collisions). Importantly, these models assume that (i) each
collision is independent of the previous collisions [44, 79, 80, 82, 87, 99, 100];
(ii) the probability density of the distance between collisions decays expo-
nentially after a no-collision zone [44, 82, 87]; and (iii) the collision time is
described by a rope-over-pulley unhooking process with a uniform distribu-
tion of initial offsets between the arms [44,79,80,82,87,99,100]. Mobility and
dispersivity calculations based on this approach are fast, but their accuracy
is only as good as these unverified simplifying assumptions.

In the present contribution, we test these assumptions about DNA trans-
port in a post array by direct observation of the microscopic DNA dynamics.
Using single molecule videomicroscopy of λ DNA electrophoresis in an or-
dered post array, we investigated the probability densities for the hold-up
time during a collision, tH , and the number of rows between consecutive col-
lisions, Nrows. We also tested the important assumption of independence of
collision-translation cycles. Our experiments used an applied electric field of
10 V/cm, which prior experiments revealed is an appropriate electric field to
separate DNA sizes near λ DNA [59, 64, 65]. We also compared our experi-
mental data to the results of Brownian dynamics (BD) simulations of λ DNA
at various electric fields in the same post array [41] to (i) test the accuracy
of the simulation and (ii) extend our conclusions at 10 V/cm to a wide range
of electric fields.

Our evaluation of the current DNA transport models in Chapter 4 motivates
the development of a new method for estimating electrophoretic mobility and
band broadening in Chapter 5.
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4.2 Methods and Materials

4.2.1 Device Fabrication

Our array contains 1 µm oxidized silicon posts in a hexagonal array with a
3 µm center-to-center spacing. The post array is embedded in a 50 µm wide
channel that connects a pair of 3 mm diameter reservoirs. The post array
fills the entire 2 cm long channel with the exception of a 0.5 mm post-free
region next to each reservoir. Although the array is relatively sparse, λ DNA
collides many times in this type of array due to curved electric field lines
caused by the insulating posts [58].

To fabricate the post array in oxidized silicon, we first grew a 30 nm layer
of silicon oxide by thermal oxidation on a 4 inch silicon wafer. We then
transfered the pattern of the channel and the posts from a chrome mask
to S1805 photoresist (Shipley) on the wafer by photolithography and image
reversal (YES 310). Subsequent wet etching of the exposed silicon oxide left
an oxide mask of the posts and channel on the silicon wafer. We then used
a Bosch process (Plasma Therm SLR 770) to etch the silicon to a depth of
2 µm, as measured by profilometry (KLA-Tencor P-16). We used a channel
depth of 2 µm to match the depth of field of our microscope. After etching,
we drilled access holes for each reservoir with a 3 mm diameter diamond drill
bit. We then formed a 350 nm layer of oxidized silicon on the entire surface
by thermal oxidation at 1200oC for 6 hours with an O2 flow rate of 2 liters
per minute. We characterized the chip by SEM (Fig. 4.1) after oxidation to
confirm that each post has a diameter of 1 µm and the posts have a 3 µm
center-to-center spacing.

The oxidized chip was sealed to a coverslip coated with NOA 81 optical
adhesive (Norland Products). To do this without fouling the post array,
we spin coated optical adhesive on the coverslip, then partially cured the
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Figure 4.1: SEM images of the hexagonal array of cylindrical, 1 µm diameter
oxidized silicon posts. The posts have a 3 µm center to center spacing and
a height of 2 µm. The inset shows a top down view, where the scale bar is
equal to 1 µm. The arrow shows the direction of the applied electric field.

optical adhesive by exposing it to UV light while it was in contact with
a flat slab of clear polydimethylsiloxane (PDMS, Sylgard 184, Dow Corn-
ing). We pre-treated the PDMS with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-
1-trichlorosilane to prevent the PDMS from sticking to the optical adhesive.
The PDMS is permeable to oxygen, which significantly retards the curing
of the adhesive near the PDMS-optical adhesive interface [59]. After par-
tial curing of the adhesive coated coverslip, we brought it into contact with
the patterned side of the oxidized silicon channel. Reservoirs were affixed to
each end of the channel on the unpatterned side of the wafer with optical
adhesive. The completed assembly was fully cured by exposure to UV light
for 2 minutes followed by 12 hours of heat curing at 70oC. We then filled the
channel with DI water by capillary action.
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4.2.2 DNA Imaging

We dyed λ DNA (48,502 bp, New England Biolabs) with the fluorescent dye
YOYO-1 (Molecular Probes) at a ratio of one dye molecule to eight bp of
DNA. Prior to DNA loading, we filled one reservoir of the channel with a
solution of 1 wt% polyvinylpyrrolidone (PVP) in DI water. We left the other
reservoir unfilled and allowed the solution to flow through the channel for
one hour. PVP mitigates electroosmotic flow by forming a dynamic coating
on the channel walls [102]. We then equilibriated the channel with a running
buffer of 2.2x TBE, supplemented with 0.07 wt% PVP, 0.07 wt% ascorbic
acid, and 3 vol% β-mercaptoethanol [32]. Before loading, we heated 200 µL
of a solution of approximately 0.1 µg/mL λ DNA in running buffer at 70◦C
for 15 minutes to melt any λ DNA conactamers to single, linear λ DNA
molecules. A potential difference of 20 V was applied across the 2 cm long
channel using platinum electrodes and a Trek power supply (Model 677B),
corresponding to a nominal electric field of 10 V/cm. The orientation of the
electric field is shown in the inset of Fig. 4.1. In the channel, we observed
the fluorescent λ DNA as they travel over a viewing window of 82.7 µm,
corresponding to 30 rows of posts. Images were captured on an EM-CCD
camera (Photometrics Cascade II) at 25 frames per second using a 100x, 1.4
NA, oil immersion objective on an inverted epifluorescence microscope (Leica
DMI 4000B). Each image had 16 bit pixels and a pixel size of 162 nm. We
captured several tiff image stacks of 1200 frames at 25 frames per second in
the center of the channel, where the DNA has experienced numerous collisions
before entering the frame.

4.2.3 Data Analysis

We used a custom MATLAB-based GUI to track the center of mass and
the total intensity of DNA molecules in each frame of the image stack. The
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tracking program first applied a 3x3 median filter to the raw image stack.
Clusters of pixels above a threshold of 10% of the maximum intensity, but
containing less than 50 contiguous pixels, were considered to be random
noise. In our system, λ DNA spans at least 200 contiguous pixels; this size
is comparable to an average equilibrium extension of 2.7 µm for λ DNA in
a 2 µm deep silicone elastomer channel [32]. For each pixel cluster above
the threshold and larger than 50 pixels, our tracking program extracted the
position and size of the minimum bounding box of the cluster. We extracted
the raw intensity of each pixel in the cluster, and calculated the centroid of
the cluster weighted by this intensity value; we used this intensity-weighted
centroid as the center of mass of the molecule in the following analysis.

Our tracking program also revealed the presence of λ DNA fragments in
our device. These fragments correspond to pixel clusters that are larger
than background noise, but smaller than λ DNA. DNA fragments could have
resulted from photocleavage [103, 104], from shearing during loading [105],
or were introduced from the stock DNA solution. To avoid including these
fragments in the data set, we estimated the size of every molecule based on
its total intensity, and eliminated those fluorescent objects that were smaller
than a cut-off value corresponding to intact λ DNA [106].

During a collision, the leftmost edge of the bounding box of the molecule in
Fig. 7.3 remains stationary for several consecutive frames. We were able to
use the output from the tracking GUI to find these frames, and tentatively
identified them as collisions. We then verified these collisions by first defining
a coordinate system with the x-axis aligned with the electric field, and the
y-axis transverse to the electric field, as in Fig. 7.3. Then, setting the
origin at the post center, we confirmed the collision if the DNA molecule
occupies all four quadrants of the space surrounding the post [37]. We found
that our method was able to identify every single collision, along with some
false collisions where the molecule failed to occupy all four quadrants of
the post. These false collisions were removed from the data set. During
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Figure 4.2: (A) DNA molecule colliding with a 1 µm diameter post. A
collision occurs when the molecule occupies all four quadrants of the post
centered coordinate system. The post, coordinate system, and bounding box
were added to the single molecule image. DNA motion is from left to right.
(B) Three images of collisions of a single molecule as it travels through the
array. Nrows,i is the number of rows between collision i and collision i + 1,
while tH,i is the hold-up time of collision i. Times shown in the upper right
are relative to the first collision. The bars below the times correspond to 1
µm.

collision verification, we also identified several (≈ 8% of the total number of
collisions) multiple post collisions. We broke these multiple post collisions
into individual collision events to remain consistent with the above definition
of a collision. In Chapter 5, we will see that these multipost collisions play a
key role in band broadening [41].

Each collision takes place at a specific row of the regular array. Our collision
identification method gave us the location of each collision. We then cal-
culated the number of rows between collisions in the x-direction, Nrows, by
taking the distance between collisions in x, dividing by the distance between
the posts in the direction of the electric field, 2.60 µm, and rounding to the
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nearest integer.

Since the center-of-mass of the molecule moves during collision, using the
duration of the collision does not accurately predict the contribution of a
single collision to the overall separation [37]. Before the first collision, after
the last collision, and in between collisions the molecule moves at a well-
defined drift velocity. During a collision, the center of mass of the molecule
moves slowly, or not at all. For each collision, we calculated the time between
constant velocity travel for each collision [37]. This time is the hold-up time,
tH , for the collision.

4.2.4 Comparison to Simulation Data

BD simulations of λ DNA in a 2 µm deep channel with 1 µm diameter posts
with 3 µm spacing, which Cho and Dorfman recently used to compute the
mobility and dispersivity of λ DNA, also provided us with a wealth of posi-
tion versus time data for single molecules at different electric fields [41]. To
complement our experimental data, we identified DNA-post collisions in the
simulations when the molecule became hooked on the post. We then mea-
sured the probability density of hold-up times and number of rows between
collisions as described above. The simulations span Péclet numbers, Pe, from
0.523 to 4.83, where

Pe =
µ0Eξl

kBT
. (4.1)

In the latter, µ0 is the electrophoretic mobility, E is the applied electric
field, ξ is the friction coefficient on a bead, l = 0.5833 µm is the maximum
extension of a spring, and kBT is the Boltzmann factor.

To make the conversion between the dimensionless simulation data and our
experiments, we first measured the average velocity of DNA between colli-
sions in the experiment from the mean of the distribution of frame-to-frame
jump distances (when the DNA is not hooked on a post) divided by the
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exposure time. This analysis established the effective in-array free-solution
mobility of 1.45×10−4 cm2/Vs. We measured the diffusion coefficient in the
array from the standard deviation of the frame-to-frame jump distance dis-
tribution in an experiment in the absence of an applied electric field, finding
D = 0.25 µm2/s. The simulations use a freely draining chain, whereupon ξ
is related to the diffusion coefficient by the Rouse diffusion model,

D =
kBT

Nbξ
, (4.2)

whereNb = 37 beads were used to model λDNA. This analysis leads to a bead
friction coefficient ξ/kBT = 0.11 s/µm2, thus Pe = 0.914 is equivalent to E
= 10 V/cm. For the hold-up time, we multiply the dimensionless simulation
time by ξl2/kBT to obtain the time in seconds.

4.3 Results and Discussion

Using an analysis of single molecule observations and BD simulations [41],
we tested the three main assumptions of the current CTRW models: (i) each
collision is independent of the previous collisions; (ii) the distance between
collisions decays exponentially after a no-collision zone; and (iii) the collision
time is described by a rope-over-pulley unhooking process.

4.3.1 Correlations between Collisions

Theoretical models treat each collision as an isolated event [44,79,80,82,87,
99, 100]. We tested this assumption of independent collisions by measuring
the correlation between consecutive collisions. For each collision the hold-up
time, tH , and the number of rows between collisions, Nrows, are the relevant
parameters. As seen in Fig. 7.3, we label the hold-up time for collision i as
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Figure 4.3: Correlation coefficient of tH,i and Nrows,i (red squares), tH,i and
tH,i+1 (gray circles), Nrows,i and tH,i+1 (black diamonds), Nrows,i and Nrows,i+1

(blue triangles) plotted against electric field for simulation data [41] (filled
symbols) and the single molecule experiment (open symbols).

tH,i and the number of rows between collision i and collision i+ 1 as Nrows,i.
We calculated the correlation coefficients between tH and Nrows for collision
i and tH and Nrows for collision i + 1. This gives us the four correlation
coefficients in Fig. 4.3 to compare consecutive collisions. In addition to the
experimental data, we revisited Brownian dynamics simulations of λ DNA
in the same post array [41], allowing us to look for collision correlations over
many different electric fields. Since the correlation coefficient has magnitude
of less than 0.2 in all cases, we conclude that the values tH and Nrows of
a given collision are not correlated with the values of tH and Nrows for the
next collision. Thus, the collisions and the translation between collisions,
as well as the cycle as a whole, can be treated as statistically independent
events.
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4.3.2 Distance between Collisions

To achieve a separation in a post array, many collisions are necessary [30]
and the distance between collisions is important for modeling DNA trans-
port. The current CTRW models of DNA transport in gels and microarrays
offer four different predictions for the number of rows between consecutive
collisions, Nrows. An early model developed for gels predicted that DNA
will collide at evenly spaced intervals equal to the contour length of the
molecule [79]. Later gel models [99, 100] used a random variable for the dis-
tance between collisions assuming that the number of collisions in a given
distance follows a Poisson distribution. Subsequent models designed for post
arrays took a micro-scale view of the process by setting the probability of
collision with any given post as a constant, ρ, equal to the post diameter,
d, [44, 82] or the radius of gyration, Rg, [87] divided by the post spacing, a.
Since λ DNA has Rg = 0.73 µm [90], the two models are nearly equivalent
for our system. The probability of colliding with a given post in the latter
models [44, 82, 87] is given by ρ(1 − ρ)Nrows−n∗ , where n∗ is the number of
rows before which a collision is not possible.

The length of this no-collision zone was originally taken to be the contour
length of the molecule [44], but the model was later extended to account for
the incomplete chain extension using a stem-flower model [82] or a worm-like
chain model [87]. We can calculate the length of the predicted no-collision
zone in our experiment; dyed λ DNA has contour length of approximately
21 µm [32]. This means that the no-collision zone in the model is either 7
rows (fully extended chain) or 5 rows (incomplete stem-flower extension [82]).
These predictions are shown in Fig. 4.4.

Figure 4.4 also shows the probability density of Nrows from the experiment
and BD simulations [41] binned in units of two rows to reflect the hexagonal
geometry. The simulation data match the experimental data well, especially
when we recall that hydrodynamic interactions are absent from the simula-
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Figure 4.4: Probability density of the number of rows of posts between suc-
cessive collisions for the experiment (striped large bars) and simulation [41]
(solid thin bars) at E = 10 V/cm. The (blue) dashed line is the theoretical
prediction at full extension, and the solid (black) line is the prediction of the
incomplete extension model [82]. Both predictions use collision probability
of ρ = d/a, and have maximum values larger than the maximum value of the
ordinate. The bars in the inset shows the simulation results at E = 53 V/cm
and the corresponding theoretical prediction at full extension.

tion and that the collision frequency depends on molecular diffusion. In both
the experiments and the simulations, we observed collisions one row after the
previous collision. These low Nrows collisions contradict the prediction of a
no-collision zone [44,82,87]. However, we see that the probability of observ-
ing large values of Nrows decays exponentially as a function of the number of
rows for the moderate electric field of 10 V/cm. The latter behavior agrees
with the predictions of the microscale post array models [44, 80, 82, 87]. In
contrast, the Poisson distribution assumed in the gel models [99,100] decays
too rapidly to fit the tail of the Nrows probability density.

The inset of Fig. 4.4 compares BD simulation results to the predictions of a
post array model at E = 53 V/cm. At this high electric field, the stem-flower

58



extension of the chain is approximately equal to the contour length, thus
only the full extension model is shown. Longer distances between collisions
are more common for the high field case due to the strong convective force;
the molecule can translate across many rows of posts before diffusing in front
of a post. The large Nrows values constituting the tail of the Nrows proba-
bility density significantly increase the variance of position of the molecules,
and thus increases the dispersion coefficient in the array. The models thus
underestimate the dispersion coefficient and their prediction will be worse at
high electric fields.

4.3.3 Hold-up Time

The DNA transport models [44, 79, 80, 82, 87, 99, 100] assume that the dy-
namics of the unhooking process are deterministic, but that the initial offset
is random. The use of deterministic dynamics for λ DNA at these fields
is supported by first-passage time modeling [36]. The models further as-
sume that the initial offset is a uniformly distributed random variable [44],
and Brownian dynamics simulations have shown that the initial offset indeed
becomes uniform for high Pe [38]. A uniform initial offset leads to an expo-
nentially decaying hold-up time probability density with maximum at tH =
0 [79].

Our collision definition does not allow small initial short arm lengths; the
four quadrant definition of a collision with a 1 um diameter post requires
that the short arm be at least 0.78 µm long to form a hook. Since the typical
maximum extension during a collision we observed in our movies is L = 9.4
µm, the corresponding minimum fractional short arm length is 0.08 and the
minimum rope-over-pulley hold-up time is tH,min = 0.057 s [87]. To compare
this model with our data, we computed the predicted hold-up times from
theory in Fig. 4.5 by using the hold-up time definition [87] and inverting
it to a probability density [79] assuming that the initial short arm lengths
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Figure 4.5: Probability density of hold-up times for collision from experiment
(striped large bars) and simulation [41] (solid thin bars) at E = 10 V/cm.
The dashed (blue) line is the theoretical prediction given by Eq. 4.3. The
inset shows the hold-up time probability density of the full data set (striped
large bars) compared to the hold-up time probability density for Nrows ≤ 7
(solid thin bars).

are uniformly distributed on the interval [0.08, 0.5]. Using the hold-up time
model for a single post [37], the probability density for the model is

P (tH) = 0, tH < tH,min

= τ exp [−τ(tH − tH,min)] , tH ≥ tH,min (4.3)

where τ = 2µ0E/L is the decay constant of the probability density.

Figure 4.5 shows a histogram of the hold-up times from experimentally ob-
served collisions and from simulated collisions [41], again showing excellent
agreement between experiment and simulation. The hold-up time probabil-
ity decays exponentially for long times, in agreement with previous simula-
tions [33, 107, 108] and an experimental study of single DNA dynamics in
magnetic bead arrays [65].
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For the most part, the model given by Eq. 4.3 provides a reasonable descrip-
tion of the experimental and simulation data. However, the model precludes
very short duration collisions, which we observed in both simulations and
experiments. These short hold-up times (tH < 0.057 s) are due to collisions
that delay the center of mass translation of the molecule without resulting
in a J- or U-shaped collision. For example, X-collisions can have tH less
than the minimum rope-over-pulley hold-up time [37]. Since these non-rope-
over-pulley collisions delay the center of mass of the molecule, they need
to be included in the description of DNA transport. Accounting only for
U/J-shaped rope-over-pulley collisions captures most of the data, but it is
incomplete.

The data in Fig. 4.5 include all of the observed hold-up times, including
the 129 collisions that occurred in the predicted “no-collision" zone (Nrows ≤
7) [44]. To look more closely at these events, we plotted the probability
density for the ensemble of collisions occurring in the “no-collisions” zone
in the inset of Fig. 4.5 along with the probability density of the full data
set. The two densities are similar, showing that a wide range of hold-up
times occur after small Nrows and providing further evidence that subsequent
collisions are uncorrelated.

4.4 Conclusions

We evaluated the current models of DNA transport in microarrays [44,79,80,
82, 87, 99, 100] by direct observations of the macromolecular-scale dynamics
of DNA molecules in both simulations and experiments. We found that con-
secutive collisions and translations in the array are uncorrelated, validating
the assumption that collisions are independent events. The veracity of this
key assumption lends confidence to the use of CTRW models in general to
describe DNA electrophoresis in a post array.
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Although the overall concept is sound, the current microscale models of
DNA transport fail to accurately estimate two key components of the CTRW
model, namely the probability density for the number of rows between colli-
sions, Nrows, and the probability density for small values of the hold-up time
of a collision, tH . Accurately predicting these variables is crucially important
because, as we will see in Chapter 5, the moments of these random variables
determine the mobility and dispersivity of DNA in the CTRW model.

We showed here that a molecule can form a collision even when partially
relaxed (Nrows < 5) and that a high number of rows between collisions occurs
more often than predicted by the models. The excessively narrow probability
density of Nrows in the current CTRW models causes an underestimation of
the dispersion coefficient of DNA in the post array.

The rope-over-pulley model for hold-up times with a uniform distribution of
short arm lengths greatly overestimates the probability of observing short
duration collisions. To find better agreement with the observed hold-up
time probability density, we modified the distribution of initial short arm
lengths in the rope-over-pulley model to account for the finite sized posts in
a physical device. With this modified model, rope-over-pulley collisions still
have a minimum duration that is larger than the shortest observed hold-up
times. Even with this modification, small tH collisions are not accounted for
in the current CTRW models.

Since the current microscale models fail to capture the details of the DNA
dynamics during electrophoresis, we need to take a new approach to accu-
rately predict mobility and band broadening in an array. In Chapter 5, we
use our increased fundamental understanding of DNA transport on the single
molecule level to make an improved DNA transport model based on CTRW
statistics.
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Chapter 5

Continuous-Time Random Walk
Models of DNA Electrophoresis
in a Post Array: II. Mobility and
Sources of Band Broadening

This chapter is based on the publication:
D. W. Olson, S. Dutta, N. Laachi, M. Tian and K. D. Dorfman
Electrophoresis, 32, 581–587 (2011).

5.1 Introduction

Continuous-time random walk (CTRW) models are a powerful tool for under-
standing, at a fundamental level, the sources of dispersion and concomitant
band broadening during electrophoresis in a gel [79,99,100,109] or a microfab-
ricated post array [66,82,87,101]. We focus here on the latter system, which
has the potential for rapid separations of long DNA [46,48,52,64,65]. Mod-
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eling DNA transport in post arrays benefits from their ordered geometries
and the insights gained from studies of the collision with a small, isolated
post [28, 29, 37]. Thus, we are optimistic that a predictive model for DNA
electrophoresis in post arrays, based on CTRW theory, ultimately will allow
us to engineer such devices.

The existing CTRW models for DNA electrophoresis in a post array [66,82,
87,101] only qualitatively capture the mobility and band broadening seen in
experiments and simulations. In Chapter 4, we investigated the microscale
probability densities of the existing models using a combination of videomi-
croscopy experiments and Brownian dynamics (BD) simulations. We found
that the probability density for the unhooking time is reasonably well cap-
tured by the standard rope-over-pulley microscale model [37], provided that
we correct for the finite size of the post. In contrast, the distance between
collisions is much harder to predict. In particular, the existing models for the
distance between collisions [66,82,87,101] account for neither the electric field
strength (apart from the chain extension during the collision) nor the local
variations in electric field in an electrically insulating post array. The extant
microscale models for the transport between collisions thus require significant
modifications before they can be used for engineering purposes.

In this chapter, we take a different approach to CTRW modeling of DNA
electrophoresis in a post array. Rather than start from some microscale
model, we use a two-state CTRW model [110] to develop expressions for the
mobility and the plate height in a post array that delineate the contributions
due to the unhooking time and the distance between collisions. These are
generic results that do not depend on any particular microscopic model. We
used Brownian dynamics simulations to study both contributing factors as a
function of the electric field strength and molecular weight for a given array
geometry. Our approach permits a deeper insight into the transport process
than we could obtain by simply computing the dispersivity (or plate height)
alone [41,76]. Moreover, as the two-state model subsumes prior CTRW mod-
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els [66,79,82,87,101,110] and expresses the mean velocity and dispersivity in
terms of moments of the pertinent microscale processes, the approach here
represents the proper starting point for future modeling efforts.

5.2 Methods and Materials

5.2.1 Two-State Continuous-Time Random Walk

Weiss derived the asymptotic results for a two-state continuous-time random
walk [110] in which a given cycle of the walk leads to a displacement over a
random distance x = x1 + x2 during a random time t = t1 + t2. In a post
array, we define the first state as the translation between hooking events
(x1 = x, t1 = tT ) and the second state as the hooked state (x2 = 0, t2 = tH).
If the moments of x and t are finite, the above model leads to the mean
velocity [110]

〈x〉 = Ū〈t〉, (5.1)

with 〈t〉 = 〈tH〉+ 〈tT 〉. The dispersivity [110],

2D̄〈t〉 = σ2
x + Ū2

(
σ2

tH
+ σ2

tT

)
− 2Ūρxt, (5.2)

includes a contribution due to the space-time correlation,

ρxt = 〈xtT 〉 − 〈x〉〈tT 〉. (5.3)

In the latter equations, 〈· · ·〉 represents the average over many cycles and σ2
i

is the variance of i over many cycles. For example, σ2
x = 〈x2〉 − 〈x〉2.

Using this approach, we calculated the dimensionless mobility from previ-
ous simulation data [41] finding that the two-state model gives an excellent
prediction of the mobility. The predictions of the two-state model and two
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Figure 5.1: Dimensionless electrophoretic mobility of λ DNA in an array of
1 µm posts with 3 µm center to center spacing predicted from the worm-
like chain extension model [87] (blue dashed line), and from the stem-flower
extension model (black solid line) [82]. The red squares show the mobility
measured from Brownian dynamics simulations in the same geometry [41].
Gray circles show the dimensionless mobility calculated from the model pre-
sented in this paper.

of the previous CTRW models [82,87,101] are shown against the simulation
data [41] in Fig. 5.1.

5.2.2 Brownian Dynamics Simulations

We simulated DNA transport in a regular hexagonal post array of 1 µm diam-
eter posts with a = 3 µm center to center spacing using Brownian dynamics
(BD) in a non-uniform electric field. While we used a 2 µm high chan-
nel in Chapter 4 to aid visualization, we used a 4.5 µm high channel here to
reflect the deeper channels used in separation experiments to increase the sig-
nal [48,52,59]. The simulation algorithm is described elsewhere [41]. Briefly,
we used Nb beads connected by Marko-Siggia wormlike chain springs [93].
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Excluded volume interactions were modeled with a soft potential [95]. In-
teractions between DNA and boundaries were handled by the Heyes-Melrose
algorithm [96]. The key differences between the simulations used here and
our prior work [41] are (i) the electric field is computed using a finite element
solution; (ii) the code is vectorized in Fortran 95; and (iii) the post boundary
is implemented as a continuous curve rather than an 448-sided polygon.

The ratio of convective forces to thermal fluctuations in the simulation was
tuned by the Péclet number, defined as

Pe =
µ0Eξl

kBT
, (5.4)

where ξ is the bead drag coefficient, l = 0.5833 µm is the maximum extension
of a spring, kBT is the thermal energy, µ0 is the free solution mobility, and E
is the applied electric field. We simulated the trajectory of a molecule over 1
mm of the post array for Péclet numbers ranging from Pe = 0.523 to Pe = 20
and sizes ranging from Nb = 12 to Nb = 42, where Nb = 37 beads represents
λ DNA.

Although we found a conversion between the simulation and experiment in
Chapter 4, the latter was obtained using data for a 2 µm deep channel. To
estimate the electric field corresponding to a given Péclet number in a 4.5
µm deep channel, we experimentally measured the diffusion coefficient of λ
DNA in a 4.5 µm channel containing 1 µm diameter posts using the particle
tracking method in Chapter 4. The corresponding diffusion coefficient, D =
0.46 µm2/s, is the same as the bulk diffusion coefficient to within experimen-
tal error [90]. If we assume that the in-array mobility (i.e., when the DNA
is not interacting with a post), µ0 = 1.45 ×10−4 cm2/Vs, is also unchanged
from its value in the 2 µm deep channel and the chain is freely-draining,
these parameters lead to a Péclet number Pe = 1.14 being equivalent to an
electric field E = 23 V/cm in the 4.5 um deep channel. In what follows, we
use this Péclet number for the contant Pe case.
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The following analysis is based on ensembles of 100 non-interacting molecules
for each value of Nb and Pe. The data were analyzed using the same algo-
rithms as in Chapter 4. Each data point thus consists of hundreds (or even
thousands) of collisions. To estimate the error in our measurement, we cal-
culated the standard error of each statistic. Since the standard error scales
with the inverse of the square root of the number of collisions, the sampling
error is very small. For example, for Nb = 26 the error of the plate height is
between 1% and 2%. This error is smaller than the size of the symbols in the
following plate height figures, and thus is not displayed. Since the difference
in the mobility is much less than the difference in plate height, the error is
significant and thus included in the mobility figure.

5.3 Results and Discussion

5.3.1 Limiting Cases

The current model captures the extant CTRW models [66,82,87,101], which
were based on the partially separable Scher-Lax CTRW [81]. The models
[66, 82, 87, 101] assume that the translation between collisions occurs at the
uniform rate U = µ0E, where µ0 is the free-solution electrophoretic mobility
and E is the electric field strength. As a result, x = Utt, which implies that
σ2

tT
= σ2

x/U
2 and ρxt = σ2

x/U . The two-state dispersivity given by Eq. 5.2
then reduces to

2D̄〈t〉 = σ2
x

(
1− Ū

U

)2

+ Ū2σ2
tH
. (5.5)

The term (1 − Ū/U) represents the delay caused by the hooking collisions
and multiplies the variance in distance between collisions. Thus, Eq. 5.5
shares some semblance with the lever-rule.

All of the existing CTRW models [66, 82, 87, 101] assume a probability ρ of
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colliding in a given row of the array after an exclusion region of size n∗ = L/a,
where L is the length of the chain during unhooking and a is the spacing
between posts. The corresponding expectation for the distance of a cycle is
〈x〉 = a (n∗ + ρ−1 − 1) and the variance is σ2

x = a2 (ρ−2 − ρ−1). If we include
a pre-averaged unraveling of the chain during the collision [66, 79, 82, 101],
then the expectation and variance for the holdup time are 〈tH〉 = 3L/(2U)

and σ2
tH

= L2/(4U2). If we do not include the pre-averaged unraveling [87],
then we subtract its deterministic contribution L/U from the expectation to
give 〈tH〉 = L/(2U). Since the unraveling time is pre-averaged, the variance
in the holdup time is unchanged.

Inserting these expectations and variances in Eqs. 5.1 and 5.5 readily leads to
the mobility and dispersivity formulae reported in previous Scher-Lax CTRW
models [66,87,101]. We have also confirmed, through significant algebra, that
the Scher-Lax CTRW model of transport in a post array is equivalent to the
present two-state model. We recall that the model of Ref. [66] with ρ = 1

leads to the geometration model [79], which is itself a Montroll-Weiss CTRW.
Thus, the two-state model [110] that we adopt here is indeed a generalization
of the existing CTRW models.

In the limit of zero posts, the dispersivity of the DNA should limit to the
molecular diffusivity. However, this result cannot be recovered from Eq. 5.2
because the latter result was based on finite moments for x and t [110]. As
the distance between collisions grows, the moments for x and tT become
unbounded and we reach an anomalous diffusion regime. (When a collision
occurs, we would still expect the moments of tH to remain bounded.) While
results exist for unbounded moments in x [111], we have two reasons to
believe this limit will not be of much interest for separations. First, the
experimental data reported in Chapter 4 indicate that the distance between
collisions decays exponentially and thus has bounded moments. Second, a
system with large distances between collisions will have very low separation
resolution. Nevertheless, if the distance between collisions were to decay
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algebraically then the mathematical tools are available to modify the present
analysis.

5.3.2 Electrophoretic Mobility

For each ensemble of molecules, we calculated the dimensionless electrophoretic
mobility (µ/µ0) according to

µ

µ0

=
〈x〉

µ0E (〈tT 〉+ 〈tH〉)
. (5.6)

We simulated 26 bead DNA at Péclet numbers from 0.523 to 4.83 and 12
bead DNA at Péclet numbers from 0.523 to 20 to measure the dependence
of the mobility on the electric field.

The dimensionless electrophoretic mobility is shown as a function of Pe for
Nb = 26 beads in Fig. 5.2. At low Pe, the mobility decreases with increasing
Pe until a critical Péclet number, Pe∗, is reached, after which the mobility
increases with increasing Pe. These two regimes in DNA mobility have been
reported elsewhere [76, 112]. For Pe < Pe∗, the number of collisions is lim-
ited by the relatively small stretching force when the chain collides with the
post; the DNA is not pulled from its equilibrium coil state into a hairpin
around the post. Indeed, we found many more molecules experience roll-off
collisions at lower Pe numbers. As Pe increases in this low Pe regime, the
number of collisions increases until the critical Pe∗ is reached. At the critical
Péclet number, we observed the highest frequency of collisions and the low-
est mobility. Scaling arguments suggest that Pe∗ occurs at Pe∗Nb ≈ 20 [76],
in agreement with our 26 bead DNA data. However, as seen in the inset
of Fig. 5.2, Pe∗ occurs at significantly higher Pe than scaling laws predict
for the 12 bead case. Note that the post diameter in our simulations is 1
µm, while the previous studies used 0.15 µm posts [76] or an asymptotically
thin post [112]. The 26 bead DNA is large enough that the force required
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Figure 5.2: Dimensionless mobility (open circles) and mean distance between
collisions (closed circles) as a function of Pe for 26 bead DNA. The inset shows
the dimensionless mobility of the 12 bead DNA plotted against Pe. Error
bars show the sampling error.

to stretch the molecule around a 1 µm diameter post is similar to the force
required to stretch the molecule around a thin post. However, the force
required to hook the 12 bead DNA is larger; thus Pe∗ is also larger.

For Pe > Pe∗, the number of collisions decreases with increasing Pe, resulting
in an increase in mobility. In this high Pe regime, the collision frequency is
limited by (i) the relaxation of the chain after a collision [41] and (ii) the
lateral diffusion of the chain to a position in front of a subsequent post.
These diffusive processes are largely independent of the applied electric field.
Thus, at a higher Pe, the molecule bypasses more rows of posts before the
subsequent collision.

Using the two state model, we can determine whether the change in mobility
as a function of the electric field is dominated by the hooked state or the
translating state. Since the hold-up time in the simulation scales linearly
with Pe, we converted the hold-up time to a distance by xH = U〈tH〉, similar
to Eq. 5.1. This xH is interpreted as the distance lost by the molecule
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because of the collision [43]. We found that xH increases slightly in the low
Pe regime, then reaches a constant value of 5.47 ± 0.20 µm above Pe∗. In
contrast, the distance traveled during the translating state, 〈x〉, exhibits a
strong dependence on Pe that mimics the trend of the mobility data, as seen
in Fig. 5.2. We note that our simulations were run for a constant distance of
1 mm and thus 〈x〉 is inversely proportional to the number of collisions and
the collision probability. Thus, the distance between collisions controls the
change in mobility as a function of the electric field.

While the study of a single size of DNA at varying Pe reveals interesting
physics behind the transport process, DNA separation occurs at a single
Pe for many DNA sizes. To study the transport of a mixture of DNA, we
simulated DNA sizes between 15 ≤ Nb ≤ 42 at Pe = 1.14.

We found that the mobility decreases monotonically with the DNA size as
expected from prior experiments in post arrays [28]. As in the constant Pe
case, the mobility decreases as the number of collisions increases. The range
of DNA sizes spans both transport regimes [Pe < Pe∗(Nb) and Pe > Pe∗(Nb)]
discussed in the previous section. In both regimes, larger molecules form more
hooking collisions. At low Pe, the applied force required to form a hooking
conformation is smaller for a longer chain; at high Pe, the collision probability
is proportional to the size of the molecule in the direction perpendicular to
the field, which is larger for a longer molecule. Thus, mobility should decrease
with increasing size in both regimes.

We can again use the two-state model to determine the key factor governing
the mobility. Here, it is convenient to invert the dimensionless mobility to
clearly separate the two contributions:

µ0

µ
=
U〈tT 〉
〈x〉

+
U〈tH〉
〈x〉

. (5.7)

We found that the translation time and the distance traveled during transla-
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Figure 5.3: Plot of the translation time against the distance between collisions
for the constant Péclet number case. The black line is a fit to the data,
showing a linear relationship (R2 = 0.999).

tion are related by 〈x〉 = [f(Pe)U] 〈tT 〉, where f(Pe) accounts for the dif-
ference between the mean velocity and the instantaneous velocity of the
molecule as it moves in the non-uniform electric field in the post array. In the
previous CTRW models [66,82,87,101], f = 1. Here, we simply assume that
this parameter is independent of molecular weight. For the sizes studied here,
linear regression to the data furnishes f(Pe = 1.14) = 0.89 (R2 = 0.999). A
plot of U〈tT 〉 versus 〈s〉 is shown in Fig. 5.3. Since the translation time and
the distance traveled during translation exhibit a linear relationship, the first
term of Eq. 5.7 is constant with changing DNA size.

According to the rope-over-pulley model of unhooking dynamics [37, 38, 87],
the hold-up time scales with the extension of the chain during the collision,
L. To leading order, the extension of the chain depends linearly on the chain
size; again using linear regression, we found that L = 0.33 lNb (R2 = 0.999,
Fig. 5.4). We therefore postulate that 〈tH〉 dominates the second term of Eq.
5.7, and thus U〈tH〉/〈x〉 has a linear dependence on Nb. With the plausible
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Figure 5.4: Maximum extension during collision versus the scaled size of the
molecule at a constant Péclet number of 1.14. The black line is a linear fit
to the data, showing a linear relationship (R2 = 0.999).

assumption that 〈tH〉 ∼ Nb, we can find an equation for the inverse mobility
using linear regression, then invert the result to obtain

µ

µ0

=
1

1.0 + 0.010Nb

(R2 = 0.961). (5.8)

For Nb = 26 beads, the dimensionless mobility from Eq. 5.8 is 0.794, a 4%
difference from the raw data. The discrepancy between the data and Eq. 5.8
is due to error in the regression. The original data, along with a plot of Eq.
5.8, are shown in Fig. 5.5. We find that Eq. 5.8 provides a better fit to the
data than the µ/µ0 ∼ N

−3/2
b scaling for single DNA-post collisions [33, 76].

Thus, at a constant Péclet number the dependence of the mobility on size
is governed by the variable hold-up times of the different chains. While
we certainly expected the mobility to depend on the collisions, our analysis
shows that it is the duration, rather than the frequency, of the collisions that
governs the separation. This contrasts with the constant size case, where
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Figure 5.5: Dimensionless mobility versus the size of the molecule. The
downward trend shows that separation based on size is possible provided
that the dispersion in the system is low enough. The red line is Eq. 5.8, R2

= 0.961.

the variation in the mobility is dominated by the number of collisions (or,
equivalently, the frequency of collisions).

5.3.3 A van Deemter-like Equation

The general two-state model in §5.2.1 suggests a way to isolate the different
sources of dispersion during electrophoresis in a post array. From a concep-
tual standpoint, our approach is analogous to the van Deemter equation for
chromatography [113]. In the latter, the contributions to the plate height are
apportioned to longitudinal molecular diffusion, eddy dispersion, and mass
transfer. In the case of a post array, the dispersion comes from the ran-
dom distance between collisions and the random collision time. The random
distance between collisions takes dispersion and molecular diffusion into ac-
count, while the random collision time is analogous to the mass transfer term
in the van Deemter equation.
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We recast the two-state CTRW results in terms of the plate height,

H =
2D̄

Ū
= H1 +H2. (5.9)

The first term is the contribution due to the fluctuations in the distance
between collisions,

H1 =
σ2

x−ŪtT

〈x〉
, (5.10)

while the second term is the contribution due to the fluctuations in the holdup
time,

H2 =
Ū2σ2

tH

〈x〉
. (5.11)

In the following, we use H1 and H2 to investigate the various contributions
to the plate height as a function of molecular weight and electric field.

The contributions to the plate height for Nb = 26 are shown in Fig. 5.6. The
band broadening from state 1 (translation) is due to the random distance
between collisions and the local velocity fluctuations caused by the non-
uniform electric field. We found a piecewise linear relationship between the
variance of the distance between collisions and the variance of the translation
time as shown in Fig. 5.7:

Ū2σ2
tT

= 1.0σ2
x − 17a2 (R2 = 0.999), Pe < Pe∗

Ū2σ2
tT

= 0.86σ2
x − 7.6a2 (R2 = 0.999), Pe > Pe∗. (5.12)

Since the variance of the travel time and the variance of the distance between
collisions are linearly related, σ2

x−ŪtT
is nearly independent of Pe; it depends

only on the relation between Pe and Pe∗. The distance between collisions,
rather than the local velocity fluctuations, is the dominant contributor to
H1, with H1 ∼ 1/〈x〉.

The plate height due to the colliding state, H2, is dependent on the hold-up
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Figure 5.6: Plate height contributions from each state as a function of Pe
for Nb = 26. Filled circles are H1 and open circles are H2. The inset shows
the plate height contributions for Nb = 12 as a function of Pe, where filled
triangles are H1 and open triangles are H2.

time of the collision. For a rope-over-pulley collision, the hold-up time is
proportional to the extension of the chain during collision, L [37, 87]. In-
deed, we find that this relation holds for the range of Pe studied here; linear
regression provides U〈tH〉 = 0.55L + 0.83a (R2 = 0.839, Fig. 5.8). The
average maximum extension of the 26 bead DNA is shown in Fig. 5.9. At
the lowest Pe, L increases rapidly leading to an increase in H2. At higher Pe,
we see a drastic increase in H2 once the extension of the molecule becomes
greater than twice the row spacing. At this high extension, a single arm of
the molecule can interact with multiple rows of posts, leading to an increase
in the variance of the hold-up time, and thus an increase in H2.

The extension of the chain can be estimated from the Marko-Siggia worm-like
chain interpolation formula [87,93,114],

L = l (Nb − 1)

[
1−

(
NbPeA

l

)−1/2
]
, (5.13)
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Figure 5.7: Variance of the translation time versus the variance in the dis-
tance between collisions at a constant DNA size of Nb = 26. Closed squares
correspond to Pe < Pe∗, and open circles correspond to Pe > Pe∗. Black lines
show linear fits to the data in each Pe regime (both fits have R2 = 0.999).

where A = 53 nm is the persistence length of double-stranded DNA. Alter-
natively, we can model the extension of the chain during collision using the
stem-flower model [82, 101,115],

L = l (Nb − 1)

(
1− 4l

PeNblk

)
, (5.14)

where lk is the length of a Kuhn monomer. Equations 5.13 and 5.14 are
plotted with the simulation data in Fig. 5.9. Both models overestimate the
extension of the molecule. Also, they predict multipost interactions at much
lower Pe. As a result, these models only qualitatively capture the influence of
the electric field on the likelihood of multi-post interactions in the array.

The inset of Fig. 5.6 shows the contributions to the plate height for Nb =
12. The band broadening from state 1 follows the same trend as the 26 bead
case; H1 increases with increasing Pe for Pe < Pe∗, then decreases above
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Figure 5.8: Hold-up time of the molecule versus the maximum extension of
the molecule during a collision for a constant size of DNA, Nb = 26. The
black line is a linear fit to the data (R2 = 0.839)

the critical Péclet number. The plate height from state 2 (unhooking) only
follows the trend of the 26 bead case below Pe∗. The difference between
the two constant Nb cases for Pe > Pe∗ is due to L; the average maximum
extension during a collision for the 12 bead DNA is L = 3.79 ± 0.54 µm and
occurs at Pe = 20. Even at this extension, multi-post interactions are not
important, and thus H2 remains relatively constant above Pe∗. Indeed, due
to the relatively short collision times for this short DNA, the variance in the
distance between collisions is the larger contributor to the plate height for
all Peclet numbers.

In the case of a constant Péclet number, the plate height contribution from
the translating state, H1, is still driven by the number of collisions. We used
linear regression to obtain

H1 =
1.4a2

〈x〉
(R2 = 0.952). (5.15)
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Figure 5.9: Fractional extension of the molecule in the field direction as a
function of Pe for Nb = 26 (filled circles) plotted against the predictions
of the stem-flower model [82, 101] (blue, dashed line) and the Marko-Siggia
worm-like chain interpolation formula [87] (red, solid line). The horizontal
dotted line is at an extension equal to twice the row spacing for this molecular
weight.

The fit of H1 is shown in Fig. 5.10 along with the simulation data. While
DNA-post collisions cause a decrease in mobility and thus are necessary for
separation, they also increase the band broadening in the array.

Based on the rope-over-pulley model of unhooking [37,87], the hold-up time
scales with L, and thus tH ∼ Nb. We found that a good phenomenological
fit to the data is

〈x〉 = b1exp[b2Nb] + b3, (5.16)

where bi are constants; this fit is shown in Fig. 5.11. Using Eq. 5.16 we are
able to fit the simulation data for 〈x〉 with b1 = 4400, b2 = -0.27 and b3 =
22 (R2 = 0.999). We can then express the plate height due to hold-up as a
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Figure 5.10: Contributions to plate height for changing DNA size. H1 is
shown in red squares, and H2 is shown in black circles. The lines are the
model equations for H1 [Eq. 5.15] and H2 [Eq. 5.17].

function of Nb by combining Eqs. 5.8, 5.16, and using σ2
tH
∼ t2H ∼ N2

b ,

H2 =

(
Nb

1.0 + 0.010Nb

)2
c1a

b1exp[b2Nb] + b3

, (5.17)

where c1 is the scaling coefficient. Using least squares minimization, we find
c1 = 9.3×10−3 (R2 = 0.958). This fit is shown in Fig. 5.10 along with the
simulation data. While Eq. 5.17 is a phenomenological model, it allows us
to easily identify how the size of the DNA affects the second contribution
(unhooking) to the plate height.

For Pe = 1.14, we found that the extension L remains smaller than the
distance between posts for Nb ≤ 26. As a result, we might expect this regime
to correspond to the dispersion due to repetitive collisions with isolated posts.
However, we found that the dispersivity in this regime scales like D̄ ∼ N2.2

b .
This result differs from the dispersivity scaling from simulations of DNA
collisions with a single post, D̄ ∼ N5/2

b [76]. However, we note that dispersion
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Figure 5.11: Mean distance between collisions as a function of the DNA size
for the constant Pe case. Red triangles show the simulation data while the
black curve is Eq. 5.16.

calculated from simulations in a random array of posts also exhibited a weaker
dependence on chain length than the N5/2

b scaling [76], in agreement with our
results.

5.4 Conclusions

Our analysis, based on a two-state model of DNA transport in a post array,
allowed us to decouple the effects of (i) translation between collisions and
(ii) hold-up during a collision on the electrophoretic mobility and the plate
height. We found that the mobility of a fixed DNA size over a range of Pe de-
pends primarily on the number of collisions experienced by the molecule, and
that the number of collisions also predicts the observed mobility minimum.
In this case the hold-up time is of secondary importance because tH ∼ 1/E.
When the Péclet number is held constant and the size of the DNA is var-
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ied, the change in mobility is governed by the hold-up time of the collisions
rather than the change in their frequency. Thus, the state that dominates
the change in the electrophoretic mobility depends on whether we consider
mobility as a function of Pe, or mobility as a function of DNA size.

Using a van Deemter-like equation we calculated the plate height due to
the different states of the molecule. The plate height due to translation be-
tween collisions scales with the number of collisions. The plate height due
to the variable hold-up time of a collision is well predicted by the single post
rope-over-pulley unhooking model for small molecules and low Pe. However,
large molecules under a strong electric field have such a large extension that
the effects of multiple posts become important. Since these multi-post ef-
fects increase the variance in the hold-up time [41], they increase the plate
height.

Our results make clear the usefulness of the two-state model [110], since it
allows us to interpret the various factors contributing to the mean velocity
and band broadening. We should also point out that the mathematics re-
quired to produce meaningful results from the two-state model are trivial
compared to those required for the equivalent Scher-Lax treatment [66]. In
the latter approach, one begins with the probability density ψ(x, t) for mov-
ing a distance x in a time t and computes the asymptotes of the first two
moments from the solution to the random walk [81]. In the context of a post
array model, the steps include inverting the microscale model for the holdup
time (which can only be done with certain limiting assumptions [79]) and
extensive algebra. In contrast, the two-state model given by Eqs. (5.1)-(5.3)
allows a rapid calculation of the mean velocity and dispersivity from the mo-
ments of the microscale processes. Importantly, these moments are obtained
without inverting the holdup time model. Thus, we posit that the two-state
model provides the ideal starting point for any future CTRW studies of DNA
electrophoresis in a post array.
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Chapter 6

DNA electrophoresis in a
nanofence array

This chapter is based on the publication:
S.-G. Park, D. W. Olson, and K. D. Dorfman
Lab on a Chip, 12, 1463–1470 (2012).

6.1 Introduction

Long DNA in the tens of kilobase pair (kbp) range cannot be readily sepa-
rated by conventional dc gel electrophoresis [7], and the alternative approach,
pulsed-field gel electrophoresis, requires hours to separate these DNA [9]. Or-
dered post arrays, embedded in a microfluidic channel, increase the range of
DNA sizes that can be separated by electrophoresis in a dc electric field
[45,46,48,49,51,52,58,59,61,62,64,65,116] because the mechanical stability
of a post array permits much larger pore sizes than are possible in a gel.
DNA electrophoresis in pores larger than its radius of gyration does not take
place by biased reptation [3]. Rather, the DNA moves primarily in its re-
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laxed, coiled conformation. The separation is effected by occasional collisions
between the DNA and the posts, where the DNA is deformed [28–30, 117].
Both the duration of a collision and the distance traveled between collisions
are random variables [44,60,66,76,80,82,83,87,118] that depend on the size
of the DNA, electric field, and the arrangement of the posts.

In this chapter, we present an improved post array geometry for long DNA
electrophoresis that we call the "nanofence" array. Existing post array de-
vices for DNA electrophoresis use a regular lattice of posts, [45, 46, 48, 49,
51, 52, 58, 59, 61, 62, 116] either in a hexagonal or square configuration, or
a quasi-hexagonal array of self-assembled magnetic beads [64, 65]. In con-
trast, the nanofence device shown in Fig. 6.1 consists of regions of closely
spaced posts (the nanofences) separated by a relatively long distance (20
µm) between them. Our recent results on the origin of the band broadening
in post arrays [60, 83] led us to hypothesize that the nanofence should have
sharper bands since the DNA collide at regular intervals. In such a system,
the distance between collisions is no longer a random variable and its con-
tribution to the plate height should vanish [83]. We show here that, remark-
ably, the nanofence array provides a high separation resolution but actually
exhibits an increase in band broadening compared to a hexagonal geometry.
Through detailed single molecule investigations and continuous-time random
walk (CTRW) modeling, we provide evidence that the uniform field lines be-
tween collisions lead to more efficient collisions with the posts. Even with the
increased band broadening due to these collisions, the nanofence ultimately
exhibits a separation resolution comparable to the best results presented for
a hexagonal array of posts. As the device in Fig. 6.1 is only a prototype
version, we expect that the nanofence array will quickly surpass the resolving
power of hexagonal arrays.
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Figure 6.1: Scanning electron microscope (SEM) images of one period of the
nanofence array. (a) Top view of the nanofence array with a 20 µm distance
between fences. (b) Cross-sectional image of the nanofence array showing
the smooth nanopost side walls. The nanoposts are 600 nm in diameter and
2 µm high. The fabrication method is described in Fig. 6.2.

6.2 Experimental

6.2.1 Device fabrication

The silicon nanoposts were fabricated using projection lithography and a deep
reactive ion etching (DRIE) process. Fig. 6.2 shows the typical procedure
for fabricating a nanofence array in a microfluidic channel starting from a
silicon wafer with a 300 nm thermal oxide layer. The mask for the nanofence
array consists of 500 fences (500 nm post diameter, 700 nm spacing between
adjacent posts, and 20 mm fence-to-fence distance) embedded in a 150 mm
wide microchannel with a shifted-T injection (170 mm offset). The assembled
microfluidic device is shown in Fig. 6.2g. The uniform diffraction color results
from the periodic pattern in the separation channel.
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Figure 6.2: Schematic illustration of the typical procedure for fabricating a
nanofence array in a microfluidic channel. (a) A 700 nm thick photoresist
layer (SPR955-CM, Megaposit) was obtained by spin coating the photore-
sist solution onto the substrate. (b) The die pattern was transferred to the
photoresist using a projection lithography stepper (2500 i3, Canon). (c) The
exposed silicon dioxide was removed by reactive ion etching (RIE, STS 320,
Surface Technology System) and the remaining post-patterned oxide and
photoresist served as the etching mask for silicon DRIE (SLR-770, Plasma-
Therm). (d) Silicon posts with a height of 2 µm were obtained after 12
min of etching in SF6/C4F8/O2/Ar (flow rate of 27/63/10/40 sccm) under
a power of 700 W with a dc bias of 60 V and a pressure of 8 mTorr. In
order to provide external access to the microchannels, four square openings
through the silicon substrate for each die were made by silicon nitride low
pressure chemical vapor deposition and KOH wet etching. (e) After strip-
ping the silicon nitride, the silicon substrate was coated with a 120 nm thick
layer of thermally grown silicon dioxide for electrical passivation. (f) For the
separation experiments, a 500 µm thick borofloat glass wafer was sealed to
the frontside of the oxidized silicon wafer using anodic bonding (SB6, Karl
Suss). To permit single molecule observations, one wafer was bonded with
a 100 µm thick borofloat glass wafer for use with high numerical aperture
objectives. The finished devices (12 per wafer) were diced with a wafer saw
(DAD 2H/6T, Disco) into approximately 20 mm × 20 mm pieces. (g) Each
piece was bonded on its backside using optical adhesive (Norland Optical
Adhesive 81) to a 1 mm thick microscope slide (25 mm × 75 mm) that
had been drilled previously with openings for the reservoirs. Four plastic
reservoirs (Upchurch 131 reservoirs) were also mounted to the back of this
microscope slide using optical adhesive.
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6.2.2 DNA preparation

A stock solution of λ-DNA (48.5 kbp, 20.5 µm stained contour length [37,56,
119], 0.73 µm radius of gyration [90], 500 mg/ml, New England BioLabs) was
mixed with XhoI (New England BioLabs) digested λ-DNA fragments. There
is a single XhoI restriction site in λ-DNA, leading to 15 kbp (6.3 µm stained
contour length, 0.23 µm radius of gyration) and 33.5 kbp (14.2 µm stained
contour length, 0.50 µm radius of gyration) digestion fragments. The afore-
mentioned radii of gyration for the digestion fragments were computed from
the scaling for a swollen chain [90]. Owing to the stiffness of double-stranded
DNA, these radii of gyration for the restriction fragments may be overesti-
mates. Our stock mixture for the DNA separation experiments contains XhoI
digest fragments at an approximate concentration of 18 mg/ml and intact
λ-DNA at an approximate concentration of 16 mg/ml in 2.2×TBE buffer
(196 mM tris base, 196 mM boric acid, 6.2 mM ethylenediaminetetraacetic
acid, Sigma). The DNA solution was dyed with YOYO-1 (Invitrogen) at the
ratio of one dye molecule per five base pairs by gently rocking the DNA and
dye mixture overnight. For the single molecule experiments, the DNA con-
tains either XhoI digestion fragments or intact λ-DNA, dyed with YOYO-1
at the same dye ratio, and diluted to a concentration around 0.1 mg/ml in
2.2×TBE buffer. Before loading the DNA into the chip, the solution was
heated at 75◦C for 10 min to melt any λ-DNA concatemers to single, linear
λ-DNA molecules.

6.2.3 DNA separation experiments

Upon loading de-ionized (DI) water into reservoir D (Fig. 6.2g), the mi-
crochannel was wet spontaneously by capillary action. After complete wet-
ting with DI water, the microchannel was filled with a buffer solution of
2.2×TBE, supplemented with 0.07 wt% ascorbic acid, 0.07 wt% polyvinylpy-
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rollidone (PVP), and 3 vol% β-mercaptoethanol and submerged in the buffer
for 48 h [32]. The chip was mounted on a customized plastic stage with four
platinum electrodes connecting the reservoirs to a programmable power sup-
ply (HVS-1500, LabSmith). The electric fields were specified by assigning
the appropriate potentials at the electrodes based on Kirchoff’s law and the
assumption that the electrical resistance of each arm is proportional to its
length. Prior to loading the DNA, the system was equilibrated by pre-running
the chip at 20 V/cm in the separation arm for 30 min. After pipetting the
DNA into reservoir B (Fig. 6.2g), the DNA were loaded and injected into the
nanofence array using a standard shifted T-protocol [120]. An inverted epiflu-
orescence microscope (DMI-4000, Leica) with a 40×, 0.5 numerical aperture
objective (HI PLAN 1, Leica) was used to monitor the progress of the separa-
tion. To obtain electropherograms, the smallest rectangular field diaphragm
(130 × 100 µm2) setting of the microscope was used to limit the field of view
and the emitted light was focused onto a photomultiplier tube (H7422-04,
Hamamatsu) connected to a data acquisition card operating at 1 kHz. Dur-
ing the electrophoretic run, the stage moved at a speed of 7.0 mm/s between
the start and endpoint approximately every 20 s, allowing us to monitor con-
tinuously the DNA electrophoresis along the 10 mm separation channel [121].
The experimental system is entirely automated and controlled by a custom
LABVIEW program.

To make a quantitative analysis of the separation, we obtained electrophero-
grams at 20 s intervals between scans (25 electrophegrams/run) and fit the
electropherograms with a sum of three Gaussian functions. The fits provide
the evolution of the peak position, X(t), and its variance, σ2(t), of each
species as a function of time. The separation resolution during the experi-
ment can be computed directly from these fitted quantities [70]

Rs =
X2 −X1

2(σ1 + σ2)
(6.1)
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Figure 6.3: Frequency distributions for the maximum extension of the hooked
DNA at 10 V/cm for the mixture of 15 kbp and 33.5 kbp DNA. The data
in black were definitively identified as 15 kbp fragments and the data in
blue were definitively identified as 33.5 kbp fragments. The data in red were
tentatively identified as 15 kbp fragments but their extension exceeds the
maximum extension of a 15 kbp fragment. The measurements of these short
distances are hindered by blooming of the image and streaking of the DNA,
so we cannot be certain whether these DNA are strongly extended 15 kbp or
weakly extended 33.5 kbp DNA.

where the subscripts refer to the Gaussian peaks corresponding to individual
species.

6.2.4 Single molecule experiments

After complete wetting of the microchannel with DI water, the microchannel
was filled with the same buffer solution as in the DNA separations. We
began with the XhoI digested λ-DNA fragments and determined the size of
each observed molecule based on its maximum extension during a collision,
as explained in Figs. 6.3 and 6.4. After completing the single molecule
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Figure 6.4: In the data analysis, we only include those DNA that can be
definitively identified as 15 kbp DNA (the black data in Fig. 6.3). The his-
togram shows how the various CTRW parameters appearing in Table 6.1 are
affected by excluding over-extended 15 kbp molecules from the distribution.
The results are presented as the ratio of the data appearing in the main text
(black in Fig. 6.3) relative to all potential 15 kbp DNA (black + red in Fig.
6.3). The error bars are the sampling error. The key difference is a reduction
in the variance of the holdup time distribution and a corresponding reduction
in the predicted dispersion coefficient.

experiments with XhoI digested λ-DNA fragments, the DNA and running
buffer were replaced with DI water and the chip was submerged in the running
buffer for 48 h before proceeding with the experiments with λ-DNA. During
the λ-DNA single molecule experiments, we still observed some smaller DNA.
These DNA could be restriction fragments that were not removed from the
device during the cleaning or, posssibly, λ-DNA that was sheared during
loading. In order to avoid including fragments during λ-DNA analysis, we
again estimated the size of every molecule based on its contour length when
hooked on the post and only included those that could be λ-DNA. The DNA
imaging was performed with an inverted epifluorescence microscope (Leica
DMI 4000B). A potential difference of 16 V was applied across the 1.6 cm
long channel using platinum electrodes and a Trek power supply (Model
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677B), corresponding to an electric field of 10 V/cm. An EM-CCD camera
(Photometrics Cascade II) was used to observe single DNAs using a 100×,
1.4 NA oil immersion objective lens (8 bit grayscale pixels and a pixel size of
162 nm). The square viewing widow of width 82.7 µm included 4 nanofences
in the channel. Tiff image stacks of 1500 frames at 25 frames per second were
captured in the center of the channel (1 mm into the nanofence array).

We used a custom MATLAB-based GUI to track the center of mass and as-
pect ratio of each DNA identified in the image stack [60]. DNA-post collisions
were identified by a delay in the center of mass motion of the DNA molecule.
The holdup time of the collision was measured as the time between constant
velocity motion of the molecule before and after the collision, as defined pre-
viously [60]. The location of each collision was at a specific nanofence as
determined from a brightfield image of the nanofence array.

The single molecule data provide probability distributions for the holdup
time, tH , and the number of rows between collisions, NRow. In addition
to using these data to analyze the microscale transport in the device, we
can also use them to calculate the mean velocity and dispersion coefficient
for transport inside the nanofence array (i.e., neglecting the contributions
due to injection and detection) using a previously developed continuous-time
random walk (CTRW) model [83]. Briefly, we treat the DNA molecule as a
particle moving in one dimension. The particle can be in one of two states: (i)
colliding with a nanofence for a random time tH , resulting in no translation
of the center of mass of the molecule, or (ii) translating at a steady velocity,
U , between collisions over a random distance x, which is obtained from the
random number of rows between subsequent collisions, x(µm) = 20 NRow.
The corresponding mean velocity is

Ū = µE =
〈x〉

〈tH〉+
〈x〉
U

(6.2)
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and the dispersion coefficient, D̄, is given by

D̄ =

σ2
x

(
1− Ū

U

)2

2

(
〈tH〉+

〈x〉
U

) +
Ūσ2

tH

2

(
〈tH〉+

〈x〉
U

) (6.3)

where σ2
i is the variance in random variable i. We write Eq. 6.3 in this

slightly longer form to emphasize the separate contributions due to the ran-
dom distance between collisions (first term) and the variance in the collision
times (second term).

6.3 Results and discussion

6.3.1 Separation resolution

Figures 6.5 and 6.6 show the detailed evolution of an electrophoretic separa-
tion of the mixture of λ-DNA and its XhoI digest at an electric field of 10
V/cm. Two bands become visible along the separation channel after 45.0 s,
with the slower band corresponding to a mixture of the 33.5 kbp and 48.5
kbp species and the faster band being the 15 kbp fragment. The mixture
of 33.5 and 48.5 kbp starts to separate after 157.0 s and all three bands are
further resolved with the passage of time. After 7 min, the resolution in
Fig. 6.5 between the 15 and 33.5 kbp fragments is 1.15, and the resolution
between the 15 and 48.5 kbp fragments is 1.91.

We also tested the nanofence array at a higher electric field (Fig. 6.7). At 20
V/cm, two distinct bands are again resolved after 45.0 s. The slower band,
consisting of the 33.5 and 48.5 kbp fragments, begins to separate into two
bands after 201.8 s, but the resolution at the end of the array is inferior to
the results we obtained at 10 V/cm. Based on the detailed single molecule

93



Figure 6.5: Evolution of the bands during DNA electrophoresis at 10 V/cm.
Multiple scans of the separation channel are acquired at different times during
the run, making it possible to monitor the continuous separation of λ and
the XhoI λ-digest.

Figure 6.6: Evolution of the bands for two different sets of DNA electrophore-
sis at 10 V/cm. Each experiment used the same scanning interval but only
selected data are included here for clarity.
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Figure 6.7: Evolution of the bands during DNA electrophoresis at 20 V/cm.
Three distinct peaks start to be resolved after 201.8 s.

study at 10 V/cm described in the following subsections, we propose that
the reduced resolution at 20 V/cm is due to incomplete relaxation of the
DNA between collisions. Thus, as the electric field increases further, the
resolution in the particular nanofence design in Fig. 6.1 should continue to
decrease.

Figure 6.8 shows the evolution of the separation resolution at 10 V/cm as a
function of time, averaged over three separate experiments. Compared with
other types of microfluidic devices, the nanofence array quickly separates
the mixture of λ-DNA and its XhoI digest with high resolution. For exam-
ple, in self-assembled magnetic beads a lower electric field (4.8 V/cm) and
around 15 min was required to obtain a similar resolution to Fig. 6.8 [64].
The nanofence also exhibits superior resolution compared to a previous de-
vice produced by projection lithography; the latter hexagonal nanopillar chip
with a post diameter and a post spacing of 500 nm only led to a resolution of
0.8 between 21 kbp and 165 kbp fragments after 15 min [46,61]. Separations
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Figure 6.8: Plot of the separation resolution at 10 V/cm. Error bars represent
the standard deviations for the different data sets in Figs. 6.5 and 6.6.

in a hexagonal array of 360 nm posts with a 3 µm center-to-center distance
at 10 V/cm required around 20 min to achieve a resolution of 2.15 between
15 and 33.5 kbp fragments [62]. Using the t1/2 scaling for the resolution [70],
this corresponds to a value of 1.2 after 7 min, comparable to the nanofence
array. Although there are no data for the XhoI λ-digest in dense nanopillar
arrays fabricated from electron-beam lithography (EBL) [48] and nanoim-
print lithography (NIL) [52], the data available for separating 10 kbp and 38
kbp fragments [48] lead us to speculate that dense nanopillar arrays will ex-
hibit a somewhat higher separation resolution than the nanofence. However,
from a fabrication standpoint, EBL is limited to short separation matrices
and requires long processing times because of the serial nature of the fabri-
cation procedure. NIL is an alternative choice for mass-production, but it
is still limited by the need to make the mold by EBL and by challenges in
transferring the pattern over the large areas required for separations [122]. In
contrast, our approach using projection lithography allows high-throughput,
easy, wafer-scale fabrication of devices for rapid, sharp separations of long
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DNA.

6.3.2 Do the DNA collide with each nanofence?

The underlying principle of the nanofence is to enforce regularly spaced col-
lisions. Realizing this goal requires that the gap between the posts be small
enough to prevent the DNA from squeezing through without a collision. Since
we also wanted to minimize the cost of the device, we chose to use projection
lithography to pattern the device. Our projection lithography system has a
line width of 500 nm, which sets the lower bound on both the post diameter
and the spacing between the posts. To maintain a small gap, we used two
offset rows of posts to create each nanofence.

From a fabrication standpoint, it appears that we met our design criteria.
As one would expect, the dry etching and the thermal oxidation processes
affect the gap between nanoposts and the post diameter in the finished device.
After DRIE, the diameter of the etched silicon nanoposts is about 360 nm due
to undercutting (Fig. 6.9). After the thermal oxidation step, the diameter
of the oxidized silicon nanoposts increased to 600 nm (Fig. 6.1b), giving
a post radius commensurate with the 230 nm radius of gyration of the 15
kbp fragment. At the same time, the gap between the posts projected onto
a plane with its normal vector parallel to the direction of motion, 100 nm,
is small compared to the radius of gyration of the smallest DNA in our
separation.

From an operational standpoint, DNA transport in the device is more com-
plicated than we initially expected. To see if the DNA actually collided with
each nanofence, we measured the probability distribution for the number of
rows between collisions at 10 V/cm, conditioned on colliding in the first row
of the viewing window. We chose to condition on a collision in the first row
to obtain the most reliable statistics for the limited viewing window (a square
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Figure 6.9: SEM images of the silicon nanofence array after the silicon etching
process (Fig. 6.2d). The diameter of silicon posts was 360 nm, which was
140 nm smaller than the patterns from the stepper mask due to undercutting
during the dry etching process.

Figure 6.10: Probability distribution for the collision at a given row condi-
tioned on colliding with the first nanofence in the viewing area. The his-
togram shows the probability of a DNA molecule that collides with the first
fence to make its next collision with the second fence (NRow = 1), third fence
(NRow = 2), fourth fence (NRow = 3), or some later fence (NRow > 3) outside
of the viewing area. The experiments were carried out at an electric field of
10 V/cm.
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Figure 6.11: Trajectory of the center of mass of a 33.5 kbp DNA at 10 V/cm.
There are four nanofences in the viewing window of 82.7 µm. Four images
of a 33.5 kbp DNA during migration in the nanofence array are included,
with the direction of motion being from bottom-to-top (corresponding to the
bright field image). The DNA moves at constant free solution migration
velocity before and after collisions (blue dotted lines). Scale bars = 10 µm.

with width = 82.7 µm) available to us for single molecule imaging with a high
numerical aperture objective. While the data in Fig. 6.10 do not indicate
a unit conditional probability P (NRow = 1) = 1 for any of the DNA sizes,
P (NRow = 1) + P (NRow = 2) ≈ 1 for all of the DNA sizes. The best results
were obtained for the 33.5 kbp DNA, as we can see from the exemplary tra-
jectory in Fig. 6.11. The conditional collision probability for the 33.5 kbp
DNA appears to decay exponentially with a constant of 76.2%, and only 1
of the 101 molecules that collided in the first row exited the viewing window
without a second collision. For the smaller 15 kbp DNA, most of the DNA
make their next collision in the subsequent row, but 6 out of the 68 molecules
exited the observation window without making a second collision. Although
the gap between posts is small, the porosity of a fence is still limited by the
projection photolithography to 33% (measured from the entrance to the exit
of a nanofence in the direction of net motion). Apparently the combination
of this porosity and thermal fluctuations of the 15 kbp DNA coil, along with
deformation caused by the non-uniform electric field near the posts, is suffi-
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Figure 6.12: Trajectory of the center of mass of a λ-DNA molecule at 10
V/cm. The λ-DNA is highly extended and does not always have enough
time for complete relaxation before next collision, which for this particular
trajectory results in reptation through the second nanofence array. Five
images of a λ-DNA during migration in the nanofence array are included,
with the direction of motion being from left-to-right. The DNA moves at
constant free solution migration velocity before and after collisions (blue
dotted lines). Scale bars = 10 µm.

cient to allow occasional passage of these small DNA through the nanofence.
In contrast, all of the 96 observed λ-DNA molecules collided within the ob-
servation window. However, we found that the incomplete relaxation after
the collision leads to 40.6% of the molecules slithering through the next row
of posts without a collision. (See Fig. 6.12 for an exemplary trajectory.)
The slow relaxation is offset by a large radius of gyration, whereupon a vast
majority (89.7%) of the λ-DNA molecules that reptated through the first
nanofence collided with the second nanofence.

100



6.3.3 Continuous-time random walk model

The CTRW model described in Eqs. 6.2 and 6.3, combined with proba-
bility distributions obtained from single molecule experiments, is the most
straightforward way to analyze the role of the post geometry on band broad-
ening. In this approach, we assume that the region of the nanofence array
probed by the single molecule experiments is representative of the rest of the
array; i.e., that there are no defective fences or changes in the surface zeta
potential that could impart a non-uniform electroosmotic flow elsewhere in
the channel. Under these assumptions, the CTRW equations readily provide
the rate of growth of the width of the bands as a function of time solely due
to the interactions between the DNA and the fences. In contrast, extracting
the same data from electropherograms such as the ones in Fig. 6.5 is con-
siderably more challenging. While we can easily estimate the position of the
peaks, Xi(t), by visual inspection of the electropherogram, the corresponding
measurements of the peak variances, σ2

i (t), are hindered by the absence of
a unique deconvolution of the electropherogram into the sum of three Gaus-
sians. Moreover, the signal-to-noise ratio begins to affect the measurements
of the peak widths towards the end of the experiment. Indeed, the signal-to-
noise ratio also limits the resolution we can obtain in our separations.

However, in order to use the CTRW model to compare the dispersion in a
nanofence array to the hexagonal array, we should first check if the CTRW
model predictions agree with the separation data. The form of Eq. 6.2 is a
simplification of the general result 5.1 for the case where the DNA velocity,
U , between collisions in the direction of the net motion is a constant, as
suggested by Figs. 6.11 and 6.12. As we see in Table 6.1, this “in-array” free
solution mobility was essentially independent of the DNA molecular weight.
We can then compute the average velocity and dispersion coefficient by de-
termining the parameters in Eqs. 6.2 and 6.3 from the distribution for the
distance between collisions (Fig. 6.10) and the distribution for the holdup
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Table 6.1: CTRW parameters measured from single-molecule data at 10
V/cm. The first three columns correspond to the data obtained here for
the nanofence array. The data in the last column are from single-molecule
experiments in hexagonal array of 1 µm diameter posts with a 3 µm pitch.
The latter experiments are described in Chapter 4. The in-array free solution
velocity, U , is the average of the slopes of the trajectories (e.g., Fig. 6.11 and
6.12) for all molecules and the error corresponds to the standard deviation
of this ensemble. The errors for the mean velocity and dispersion coefficient
are estimates of the sampling error for the distributions for the holdup time
and the variance, propagated through Eqs. 6.2 and 6.3.

15 kbp 33.5 kbp 48.5 kbp(nf) 48.5 kbp(hex)
U (µm/s) 23.5 ± 1.7 24.0 ± 1.5 23.0 ± 2.0 14.9 ± 0.9
tH (s) 0.26 0.40 0.54 0.34
σ2

tH
(s2) 0.04 0.08 0.22 0.08

X (µm) 29.4 25.9 29.0 18.5
σ2

x (µm2) 323.2 140.4 133.6 150.7
Ū (µm/s) 19.4 ± 0.09 17.6 ± 0.06 16.1 ± 0.38 11.7 ± 0.05
D̄ (µm2/s) 8.00 ± 0.06 12.0 ± 0.03 19.4 ± 0.4 5.7 ± 0.03

times (Fig. 6.13). The data appearing in Fig. 6.13 are reminiscent of the
cumulative distribution function for a gamma distribution, which we might
expect for collisions with an isolated nanopost [35]. However, we found that
the average collision time in the nanofence appears to be somewhat longer-
lived than equivalent data for isolated nanoposts [35]. To estimate the aver-
age distance between collisions and its variance from Fig. 6.10, we assumed
that any DNA in the NRow > 3 category collided at NRow = 4; as there are
very few DNA that fail to collide in the viewing window, their collisions con-
tribute little to the mobility and dispersivity from the CTRW model. The
relevant statistics from the single molecule experiments are summarized in
Table 6.1, along with the corresponding predictions for the mean velocity
and the dispersion coefficient.

The CTRW results for the average velocity agree with the separation exper-
iments. To obtain the latter data, we used the average of the peak positions,
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Figure 6.13: Cumulative distribution function (CDF) of the holdup time for
each molecular weight at 10 V/cm.

X(t), from three separate experiments at 10 V/cm and then computed the
velocity from linear regression (Fig. 6.14). The corresponding velocities
(19.9 ± 0.08, 17.2 ± 0.06, and 16.0 ± 0.07 µm/s for the 15 kbp, 33.5 kbp
and 48.5 kbp DNA) are in excellent agreement with the CTRW results in
Table 6.1.

We also checked to see whether the band broadening predicted from the
CTRW model agrees with the data from the separation experiments. Fig.
6.15 shows the variance data for one run; the data for the other runs are
shown in Fig. 6.16 and 6.17. The difficulty in obtaining accurate values of
the peak width from the deconvoluted electropherograms is apparent in Fig.
6.15; the variance should increase monotonically but the data are scattered
about a general increase in width. Fig. 6.15 also includes estimates for the
band broadening from the CTRW dispersion coefficients appearing in Table
6.1. Since we do not know the initial width of the band due to the injec-
tion, we fixed the slope as twice the dispersivity and chose the intercept to
minimize the sum-squared error between the separation data and the CTRW
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Figure 6.14: Migration distance as a function of time. Error bars represent
the standard deviations for three different data sets. The linear equations fit
the data with negligible standard errors on the order of 10−5. The equations
for fitting the data are X(t) = 0.0199 t - 0.126 for the 15 kbp DNA (R2 =
0.999), X(t) = 0.0172 t - 0.182 for the 33.5 kbp DNA (R2 = 0.999), and X(t)
= 0.0160 t - 0.300 for the 48.5 kbp DNA (R2 = 0.999).
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Figure 6.15: Variance of the peaks during the separation as a function of
time and the comparison with the prediction of the single-molecule data for
15 kbp, 33.5 kbp and 48.5 kbp. The intercept for the single-molecule data
is the best fit of a line with slope of twice the dispersion coefficient in Table
6.1 to the separation data.

prediction.

For the larger DNA, the agreement between the CTRW predictions and the
experimental data is quite good, especially considering the error in extracting
the variance from the separation data. The agreement is not as good for the
15 kbp DNA. We did not find that the disagreement was due to the limited
statistics in Fig. 6.10 and 6.13, since we had to alter the single molecule
data in an unrealistic manner to fit the separation data. We can also exclude
fragmentation of the DNA as an explanation, since this would lead to a
band of non-colliding small fragments moving at the free solution mobility
that do not appear in the electropherogram. We ultimately concluded that
the relatively low signal-to-noise ratio during detection of the bands in the
separation is the most likely explanation for the discrepancy between the
CTRW predictions for the band broadening of the 15 kbp DNA and the
peak widths we extracted from the electropherogram. Our explanation is

105



Figure 6.16: Variance of the peaks during the separation as a function of
time and the comparison with the prediction of the single-molecule data for
(a) 15 kbp, (b) 33.5 kbp and (c) 48.5 kbp (trial #2, Fig. 6.6a). The intercept
for the single-molecule data is the best fit of a line with slope of twice the
dispersion coefficient in Table 6.1 to the separation data.

Figure 6.17: Variance of the peaks during the separation as a function of
time and the comparison with the prediction of the single-molecule data for
(a) 15 kbp, (b) 33.5 kbp and (c) 48.5 kbp (trial #3, Fig. 6.6b). The intercept
for the single-molecule data is the best fit of a line with slope of twice the
dispersion coefficient in Table 6.1 to the separation data.
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supported by two features of the electropherogram for the 15 kbp peak.
First, while the 48.5 and 33.5 kbp peaks are reasonably Gaussian, the 15 kbp
peak is highly non-Gaussian. The sum of a weak Gaussian peak and random
noise from the detector gives a non-Gaussian result. Second, the area under
the 15 kbp peak is much larger than one would expect from an XhoI digest
of λ-DNA. Assuming a stoichiometric dye ratio and uniform detection of the
fluorescence, we would have expected the area of this 15 kbp peak to be
∼45% of the area under the 33.5 kbp peak. As we can see in Fig. 6.5, this
is clearly not the case.

6.3.4 Comparison with a hexagonal array

We are now in a good position to evaluate our initial hypothesis that the
nanofence reduces the band broadening compared to a hexagonal array. In
Chapter 4, we obtained the probability distributions for the holdup time
and distance between collisions for λ-DNA at the same electric field (10 V
cm−1) in a hexagonal array of 1 µm diameter posts with a 3 µm pitch. Table
6.1 includes the in-array free solution velocity, U , mean and variance of the
probability distributions, and the predictions of Eq. 6.2 for the mean velocity
and Eq. 6.3 for the dispersion coefficient of λ-DNA.

Remarkably, the dispersion coefficient for λ-DNA in the nanofence array
is a four-fold increase over a hexagonal array. The latter result contrasts
sharply with our expectation that, by enforcing uniform distances between
collisions, the dispersion in the nanofence array would be smaller than the
dispersion in a hexagonal array. The CTRW model provides ready insights
into the origin of the increased dispersion. Equation 6.3 provides two distinct
sources to the band broadening; the first term is the contribution due to the
distance between collisions and the second term is the contribution due to
the collisions themselves [83]. Both terms are normalized with the average
time for a collision-translation cycle. While the nanofence array did not

107



enforce uniform collision distances, the variance in the collision distance, σ2
x,

is indeed lower in the nanofence array. However, the first term in Eq. 6.3 is
3.35 µm2/s in the nanofence array, compared to 2.23 µm2/s in the hexagonal
array. As the total cycle time, 〈tH〉 + 〈x〉/U , is longer in the nanofence array,
we can conclude that the increase in dispersion due to the variance in the
distance between collisions arises from an increase in the difference between
the mean DNA velocity and its velocity between the collisions. In other
words, the collisions in the nanofence array are more efficiently retarding the
DNA. Such an effect is obviously desirable for separating the peaks, but it has
a deleterious effect on the band broadening. Indeed, even if the nanofence
worked perfectly with 〈x〉 = 20 µm and σ2

x = 0, the dispersion coefficient
would still be substantial (5.56, 8.82, and 15.9 µm2/s for the 15, 33.5 and
48.5 kbp DNA). All of these values exceed the dispersion coefficient of λ-DNA
in the hexagonal post array.

Since the band broadening in the nanofence array is actually higher than
in a hexagonal array, inspection of Eq. 6.1 reveals that the resolution in
the nanofence array must be due to the separation between the peaks. Be-
tween collisions in the nanofence, the DNA relax and translate through an
empty channel under a uniform electric field. In contrast, DNA moving in a
hexagonal array experience a complex electrophoretic "flow" field, consisting
of regions of compression and extension along with substantial steric hin-
drances caused the presence of nearby posts. The difference between these
two types of electric field distributions is readily apparent in the in-array
free solution velocity U in Table 6.1. Although both experiments correspond
to the same potential drop per over the array length, ∆V/∆L = E, the
apparent speed in the direction of this potential drop is much lower in the
hexagonal array due to the curved field lines [58]. The interfence transport in
the nanofence array leaves the DNA in a conformation that favors collisions.
This favorable conformational effect is enhanced by the high local density
of posts in the nanofence array, whereupon a DNA molecule approaching a
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nanofence is always reasonably aligned with one of the posts (i.e., the impact
parameter [33] is small). In contrast, collisions in a hexagonal post array oc-
cur over a wide range of impact parameters. The combination of these two
effects leads to stronger stretching on the post. Indeed, the mean extension
of the hooked λ-DNA in the nanofence at 10 V/cm was 15.2 ± 2.6 µm, which
is significantly longer than the typical value of 9.4 µm in the hexagonal array
at the same electric field [60].

6.4 Conclusions

While we initially expected that the unique geometry of the nanofence array
would reduce the band broadening compared to a regular post array with-
out reducing the nominal collision frequency, our single molecule data and
CTRW modeling led to the opposite conclusion. Rather, the resolution in
the nanofence array is the result of more efficient collisions due to the ab-
sence of conformational changes caused by the electric field gradients and
steric obstacles in a hexagonal post array. As our device is a prototype, we
expect that the resolution can be enhanced further. As we now know that
the device operates by ensuring high-quality collisions with the obstacles,
we expect that the performance might be improved by ensuring that all of
the DNA are completely relaxed prior to colliding. In particular, there are
a substantial number of λ-DNA that reptate through the first row of posts
following a collision before colliding in the second row. We suspect that
a number of the λ-DNA collisions are partially relaxed molecules that are
arrested during their reptation through the nanofence or instances of the
bunching instability [77,78].

There are two possible routes to increasing the time between collisions and
thus ensuring complete relaxation: (i) We could reduce the electric field
so that it takes more time to move between fences with the same distance
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between fences. While this approach is a simple remedy to the problem, since
it does not require any change in the device geometry, it is of limited utility
since the electric field still needs to be strong enough to deform the DNA
when it collides with an obstacle. Reducing the electric field also will increase
the number of roll-off collisions for the smaller DNA, thereby reducing the
efficiency of the separation. (ii) We could increase the distance between
fences while keeping the electric field fixed. While this second solution will
certainly allow the λ-DNA to relax before the subsequent collision while
providing sufficient electrical force to deform the DNA during a collision, it
increases the footprint of the device. It is not obvious that increasing the
time between collisions will actually lead to an improved separation since,
by definition, the same number of collisions will now require more time. The
challenges related to relaxation will only increase as the size of the DNA
increases. Indeed, we could reach the point where the fence spacing is so
long that we need to introduce turns into the separation channel, which can
introduce substantial band broadening [71]. In the most extreme case, the
time between collisions could be much longer than the nominal collision time,
at which point the separation would vanish. Owing to the non-trivial cost of
fabricating next-generation prototypes, the nanofence is an ideal candidate
for optimization through simulation, provided that we can identify a suitable
DNA model that resolves the relatively small post size and the long DNA
contour length.
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Chapter 7

Experimental study of the effect
of disorder on DNA dynamics in
post arrays during
electrophoresis

This chapter is based on a pending publication:
D. W. Olson, and K. D. Dorfman
Physical Review E.

7.1 Introduction

Two dimensional arrays of micron-sized cylindrical posts are proven to rapidly
separate long DNA under a dc electric field [46,48,49,52,59,62,64,65]. While
the application of a dc electric field using the standard separation matrices
(polyacrylamide or agarose gels) fails to produce a size dependent mobility
for long DNA (&10 kbp) [7], the increased pore size of microfabricated ar-
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rays results in a size dependent mobility for long DNA. Repeating a regular
pattern of posts over a large distance in a microfluidic channel is one method
for producing the requisite post array geometry [45,46,48,49,52,59,62,118].
Alternatively, self-assembled magnetic bead arrays, formed by the applica-
tion of a magnetic field to a suspension of super-paramagnetic beads in a
microfluidic channel, also produce the necessary geometry to separate long
DNA by size [64,65]. In both types of arrays, DNA collides with the individ-
ual posts of the array and disengages with a time that depends on the size of
the DNA molecule [30,37,66]. A schematic of DNA colliding with the posts
of the array is shown in Fig. 7.1. Significant spatial separation of different
species requires many collisions during transport in the device [30].

Initial simulations of DNA transport in ordered and disordered post arrays
using a 2D bead-rod model suggested that disordered post arrays result in
lower electrophoretic mobility than ordered square and hexagonal arrays [76].
In the ordered arrays, DNA molecules migrate in the ‘channel’ between the
edges of posts, which leads to fewer DNA-post collisions. Further simu-
lations, using a 3D bead-spring model for DNA, also found that very few
collisions occur in an ordered post array [75]. The dispersion coefficient in
ordered arrays thus approaches the free solution diffusion coefficient of the
DNA as there are very few DNA-post collisions. The results of these studies
suggested that disordered arrays are essential to size separation due to an
increased collision probability. It should be noted that both studies neglected
perturbations to the electric field caused by the presence of the posts. These
perturbations are shown in Fig. 7.1 for the geometries used in the present
study.

In contrast to the predictions of these simulations, the experimental obser-
vations in Chapter 4 showed that frequent DNA-post collisions do occur in
an ordered array at this post density [58]. Moreover, Brownian dynamics
simulations that included the perturbations in the electric field caused by
insulating posts matched the experimentally measured electrophoretic mo-
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bility [58, 60], indicating that the disturbance in the electric field due to the
posts qualitatively alters the transport in this relatively tight array. These
experiments and simulations showed that DNA makes enough collisions in an
ordered array to yield a size based separation [83]. However, it is still unclear
whether an ordered or disordered array will be superior for long DNA separa-
tion. Since Brownian dynamics simulations of DNA transport in post arrays
have given conflicting results on the utility of ordered arrays, an experimental
study is necessary to definitively determine the role of order in post arrays.
In the following, we examine the role of disorder on the transport properties
of long DNA, thereby providing a fundamental basis to determine the role of
disorder on DNA size separation.

The two most important measures of separation efficacy are the time to con-
duct the separation and the resulting separation resolution. The separation
resolution is defined as

Rs =
∆µ

〈µ〉

√
L

16H
, (7.1)

where ∆µ is the difference in electrophoretic mobility between two species,
〈µ〉 is their average mobility, L is the length of the separation device, and
H is the plate height. The plate height is a macroscopic measurement of
microtransport properties and can be written as H = 2D̄/Ū , where D̄ is
the dispersion coefficient in the array and Ū is the averaged velocity in the
array. We are interested here in determining whether the factors appearing
in Eq. 7.1, namely the electrophoretic mobility and the plate height, are
affected by disorder in the array. As such, it proves sufficient to study the
dynamics of a single DNA size with a molecular weight typically used in the
separations. In this manner, we can unambiguously ascertain the changes
in electrophoretic mobility and plate height without introducing artifacts
inherent in multicomponent data, such as deconvolving overlapping peaks.
We thus measured the electrophoretic mobility of λ DNA (48.5 kbp) in an
ordered post array and a disordered post array to determine whether the
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mobility depends on the array type. Observations of DNA-post collisions in
each array type revealed the cause of the deviation between the free solution
mobility and the mobility inside the array. As shown in Eq. 7.1, resolution is
maximized by minimizing plate height. We thus measured the plate height
of a single species in both array types and determined the underlying causes
of band broadening from single molecule observations. Because the time to
conduct the separation is directly proportional to the applied electric field,
we further measured DNA velocity and band broadening over a wide range
of electric fields. Based on our measurements, we provide guidelines for
optimizing the array and electric field.

7.2 Materials and Methods

The ordered array in Fig. 1A consists of 1 µm diameter cylindrical posts with
a 5 µm center-to-center spacing in a regular hexagonal pattern. To create the
disordered array in Fig. 1B, we allowed each post of the regular hexagonal
array to undergo a short random walk consisting of n = 15 steps with a
distance of d = 0.5 µm and a random angle. We characterized the disorder
of the array by the dimensionless dispersion of the array, s, that corresponds
to the deviation of the array from a regular hexagonal array [66]. For the
random walk described above, the dispersion of the array is given by

s =
d

a

√
n, (7.2)

where a = 5 µm is the center-to-center spacing of the ordered array. Using
Eq. 7.2, the theoretical dispersion of the disordered array is s = 0.387. The
parameters for the random walk were chosen to provide substantial disorder
in the array while keeping the posts far enough from each other to allow
fabrication of individual posts.
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A

B
Figure 7.1: Schematic of a DNA molecule colliding in the ordered array (A)
and DNA molecules colliding in the disordered array (B). In the disordered
array, DNA can collide with an isolated post or with multiple posts in a single
collision event. Red lines approximate the electric field lines in each array.
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Figure 7.2: Schematics for the devices used in the experiments. The 5-
reservoir chips is shown on the left, and the 2-reservoir chip on the right.
DNA is loaded into the hashed reservoirs and driven through the device by
an applied electric field. The 5-reservoir chip contains the ordered array in
the left channel and the disordered array in the right channel. Post arrays
span the channel between the arrows. 50 rows of the ordered array and
disordered array are placed in the 2-reservoir array.

7.2.1 Single Molecule Experiments in a 2-Reservoir De-

vice

We fabricated a 2-reservoir device with 50 rows of an ordered array and
50 rows of a disordered array in series. The two arrays were separated by
a post free region 2 mm long. The device is shown schematically in Fig.
7.2. We fabricated the device in oxidized silicon using projection lithography
following a procedure described previously [63]. We characterized the chip by
SEM (Fig. 7.3A,B) after oxidation to confirm that each post has a diameter
of 1 µm and to make the measurement of the disorder of each array described
above. The oxidized wafer was bonded to a 100 micron thick BOROFLOAT
wafer (Mark Optics) by anodic bonding at 450◦C and 1800 V. We scored and
cracked the wafer into individual devices. The sealed channel was attached
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Figure 7.3: Scanning Electron Micrographs of the oxidized array geometry
for the ordered hexagonal array (A) and the disordered array (B). 2D auto-
correlation function of the binary SEM image of the ordered array (C) and of
the disordered array (D). Radial intensity function of the ordered array (E)
and disordered array (F). The autocorrelation function and radial intensity
functions are discussed in section 7.4.1.
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to a glass backplate and plastic reservoirs (Upchurch Scientific) with NOA
81 optical adhesive (Norland Products).

We dyed λ DNA (48,502 bp, New England Biolabs) with the fluorescent dye
YOYO-1 (Molecular Probes) at a ratio of one dye molecule to eight bp of
DNA. At this dye ratio, YOYO-1 bisintercalation into the DNA backbone
saturates and external binding to the DNA molecule begins [123]. We have
found that a relatively high dye ratio is useful for high spatial and temporal
resolution of single molecules based on our previous work [35,60]. While such
a high dye ratio was not necessary for data acquisition in the 5-reservoir
device, we used a constant dye ratio for both the single molecule and the
ensemble level experiments to facilitate comparison between them.

Prior to DNA loading, we filled one reservoir of the channel with a solution
of 1 wt% polyvinylpyrrolidone (PVP) in DI water and loaded the channel
using a syringe pump for one hour. Neutral, adsorbed polymers suppress
electroosmotic flow (EOF) during electrophoresis by forming a dynamic sur-
face coating [102]. While several polymers have been shown to reduce EOF
in capillaries [124], we chose PVP based on its success in microfluidic de-
vices [31, 35, 37, 48, 59, 60, 62, 63, 89]. The device can be conditioned with
the polymer overnight to develop a uniform surface coating [35, 125, 126];
however, several groups have had success conditioning the device for less
than one minute [124], or simply including polymer in the running buffer
[31, 37, 62, 63, 89]. Our one hour conditioning time is sufficient for EOF sup-
pression and has been reported elsewhere [59, 60,127].

We then equilibriated the channel with a running buffer of 2.2x TBE, supple-
mented with 0.07 wt% PVP, 0.07 wt% ascorbic acid, which was pumped into
the channel with a syringe pump for one hour. The high salt concentration of
this buffer reduces the size of the electric double layer and is commonly used
in microfluidic electrophoresis experiments [31, 35, 37, 58, 60, 63, 89]. Before
DNA loading, we heated 200 µL of a solution of approximately 0.1 µg/mL λ
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DNA in running buffer at 70◦C for 15 minutes to melt any λ DNA concate-
mers to single, linear λ DNA molecules. A potential difference of 10 V was
applied across the 1 cm long channel using platinum electrodes and a Trek
power supply (Model 677B), corresponding to a nominal electric field of 10
V/cm. Images were captured on an EM-CCD camera (Photometrics Cascade
II) at 25 frames per second using a 100x, 1.4 NA, oil immersion objective on
an inverted epifluorescence microscope (Leica DMI 4000B).

We analyzed the single molecule data in the context of the two-state continuous-
time random walk (CTRW) model described in Chapters 4 and 5. To measure
the hold-up time, we fixed the observation window at the end of each post
array and recorded tif stacks with 0.04 second exposure time. We were able
to observe a length of the array equivalent to 18 rows of posts. We analyzed
the video microscopy data using the automated tracking program described
in Chapter 5. To find the probability distribution of the distance between
collisions (x) we needed to observe a collision pair from a large fraction of the
molecules. While this measurement was possible in a 3 µm spacing array us-
ing a stationary stage [60], the decreased post density studied here led to an
increase in x. To measure collision pairs we needed to increase the length of
the viewing window. We automated the stage using Micro-Manager to follow
the DNA molecules as they travel through the post array. The viewing win-
dow began at the array entrance and moved the equivalent of 9 rows of posts
4 times to follow individual DNA molecules through the whole post array.
The timing of the stage jumps was determined by the average DNA velocity
in the array. Using this method we were able to track individual molecules
over an expanded viewing window of 50 rows of posts. Photo-bleaching of
the DNA molecules limits the measurement of this distance at an applied
field of 10 V/cm. We located DNA-post collisions in the moving stage videos
manually using the 4-quadrant definition of a collision [31]. We measured the
total intensity of each molecule to ensure that it is λ-DNA and not a small
fragment of DNA. The cumulative probability density does not go to unity
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because some molecules do not make a second collision in the array.

7.2.2 Velocity and Dispersion Measurements in a 5 Reser-

voir Device

The DNA electrophoretic mobility (µ) remains relatively constant in a single
day of experiments but normally varies over different days of experiments due
to environmental factors [59]. In order to measure mobility simultaneously
in different geometries during a single experiment, and thus avoid the error
due to day-to-day variations, we designed a 5-reservoir device with 15 mm
ordered and 15 mm disordered arrays side-by-side in oxidized silicon (Fig.
7.2). A single experiment in this device greatly reduces variations in mobility
because (i) all surfaces in the device receive the same pretreatment; (ii) buffer
conditions are identical; (iii) background electro-osmotic flow is constant;
and (iv) other uncontrolled variables (temperature, etc.) are the same for
the ordered and disordered arrays.

The 5-reservoir device was fabricated as described previously [63] with two
exceptions; the photolithography step and device assembly. Instead of pro-
jection lithography, we used standard photolithography (Karl Suss MA-6)
with S1805 photoresist (Shipley). The device was anodically bonded to 500
µm thick BOROFLOAT glass as this thicker glass is easier to handle and
DNA was not imaged with high numerical aperture objectives in this device.
The assembled device was sealed into a polycarbonate chip holder which
increased the reservoir volume to 200 µL.

We injected a plug of λ DNA into the ordered and disordered arrays simulta-
neously and scanned each channel using an automated stage (Prior Scientific)
mounted on an inverted epifluorescence microscope (Leica). The 5-reservoir
device has two DNA loading reservoirs that are connected with common
buffer supply and waste reservoirs by two shifted T injection areas. Voltage
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was set at each of the five reservoirs by a platinum electrode connected to
a high voltage power supply. The electric field was calculated by Kirchoff’s
Law assuming a constant resistance in all channels of the device. This as-
sumption is valid because the post density is very low; 93% of the volume of
the post array contains the buffer solution. A photomultiplier tube imaged
the fluorescent DNA to record intensity versus time. We used MATLAB
to calculate the DNA intensity as a function of distance from the injection.
An example of the intensity versus position data is shown in Fig. 7.4. The
channel scanning method gave us a measurement of DNA intensity versus
position once every 15 seconds. We calculated the velocity of DNA from the
best-fit line of the peak location versus time. For each time point, we also
measured the full-width at half-max (FWHM) of the peak, which is related
to the standard deviation of a Gaussian peak by FWHM = σ

√
8ln(2). We

calculated the dispersion coefficient (D̄) from the best-fit line to the variance
versus time according to σ2 = 2D̄t. We found that D̄ calculated from FWHM
was more accurate than D̄ calculated from a direct measurement of the vari-
ance due to noise in the intensity measurement and the error in the tails of
the fit. All linear regression fitting resulted in high coefficients of determina-
tion; for the velocity measurement the minimum was R2=0.998 and for the
dispersion coefficient measurement the minimum was R2=0.938.

The non-Gaussian shape of the peak in the disordered array (Fig. 7.4) is
due to a defect in the channel immediately after the injection area. The
injected plug of DNA must deform around the defect, resulting in a tail in
the electropherogram. There is also a small peak of intensity at a distance
slightly after the λ DNA peaks due to the presence of small fragments of
DNA. These fragments could have been introduced from the original sample,
or broken off from λ DNA by high shear flows during pipetting [105] or by
photocleavage [103,104]. The DNA fragments and imperfect injection result
in deviations from Gaussian shaped electropherograms. Since our method for
calculating the dispersion coefficient is based on the growth of the FWHM,
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Figure 7.4: Overlaid electropherograms of λ DNA in the ordered array (black,
E = 6.9 V/cm, t = 481 s) and in the disordered array (red, E = 6.8 V/cm,
t = 488 s).

these imperfections are equivalent to background noise and do not lead to
inaccuracies in the dispersion coefficient calculation. DNA velocity is cal-
culated from the change in peak position with respect to time and is also
unaffected by the non-Gaussian shape of the peaks.

7.3 Theory

According to the two-state continuous-time random walk (CTRW) model,
DNA undergoing electrophoresis in a post array is considered to be in one
of two states: (i) colliding with a post for hold-up time tH with no center
of mass displacement (x = 0), or (ii) translation for time tT over a random
distance x. DNA transport is fully described by the first and second moments
of the random variables tH , tT , and x. The dispersion coefficient of a single

122



DNA size can be written as

2D̄ (〈tH〉+ 〈tT 〉) = σ2
x + Ū2(σ2

tH
+ σ2

tT
)− 2ŪρxtT , (7.3)

where 〈z〉 represents the average of variable z and σ2
z is the variance in z.

We must account for the space-time correlation, ρxtT , defined as

ρxtT = 〈xtT 〉 − 〈x〉〈tT 〉, (7.4)

and estimated from the moving stage data. Values of the above variables were
calculated from the distributions of the CTRW variables measured in single
molecule experiments. We measured the hold-up time, tH , from stationary
stage experiments. The distribution of the distance between collisions, x,
and the time between collisions, tT , were measured from moving stage exper-
iments. The velocity in the model is given by the distance traveled during
one collision/translation cycle,

Ū =
〈x〉

〈tH〉+ 〈tT 〉
. (7.5)

7.4 Results and Discussion

7.4.1 Fabrication and Characterization

We directly measured the disorder of the array from a SEM image of a portion
of the post array such as the ones in Fig. 7.3A and Fig. 7.3B. Using the
Wiener-Khinchin theorem, we calculated the two dimensional autocorrelation
function from the binary image of the array. The average intensity at a
distance r from the origin of the autocorrelation function, l(r), was given
by the average intensity of pixels contained in an annulus of width 0.01 µm.
Fig. 7.3C and Fig. 7.3D show the autocorrelation function of the ordered
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array and Fig. 7.3E and Fig. 7.3F show the radial intensity function. The
large, blurry spots in the autocorrelation function in Fig. 7.3D indicate the
variation in post spacing in the disordered array. The dispersion of the array
was based on the width of the second peak in a plot of l(r) versus r (Fig.
7.3E, 7.3F) following the work of Minc et al. [66].

Using this method we measured s = 0.045 and 0.352 for the ordered and
disordered arrays respectively. For comparison, s ranges from 0.16 to 0.47 in
magnetic bead arrays [66]. The measured values differ from the theoretical
array dispersion due to limitations in the mask making process. Explicitly,
the post positions on the mask are limited to a 2D lattice and cannot be
placed with infinite precision. This limited spatial resolution resulted in
additional order in the disordered arrays and also prevented the fabrication
of a perfectly ordered array.

7.4.2 Mobility

The electrophoretic mobility measured in the 5-reservoir device is plotted in
Fig. 7.5 as a function of the applied electric field. We also computed the mean
of the mobility measurements for both arrays and all E and plotted dashed
lines one standard deviation above and below the mean. We only observed a
3% deviation from the mean electrophoretic mobility over all electric fields,
array geometries, and different experiments. This variance in the measured
mobility is comparable to that measured for a single DNA size at a single
electric field in microfluidic devices [58,59,66]. While the standard deviation
of mobility for small DNA molecules in capillary electrophoresis is around
1.7% [128], the standard deviation of mobility for large DNA in TBE buffer
can be as high as 4% [127]. In light of the standard deviations observed
in previous experiments and the data in Fig. 7.5, there is no significant
difference in mobility between the hexagonal ordered array and the disordered
array. Also, the mobility does not depend on the applied electric field.
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Figure 7.5: Electrophoretic mobility of λ DNA in the ordered array (black
squares) and the disordered array (red circles) as a function of applied elec-
tric field. Error bars show the standard error for the fitting within a given
experiment. Dashed lines show plus or minus one standard deviation from
the mean of the data in this figure.

In the single molecule experiments, we determined the DNA mobility, µ, from
the average passage time of DNA molecules across the fixed viewing window
and we calculated the free solution mobility, µ0, from the DNA velocity
between collisions. From the single molecule experiments at 10 V/cm, we
found a dimensionless mobility, µ/µ0, of 0.874 in the ordered array and 0.870
in the disordered array. These dimensionless mobilities are less than unity
due to frequent long-lived DNA-post collisions.

As shown in Table 7.1, the values of the velocity measured from the single
molecule experiments in the 2-reservoir device do not match the velocity mea-
sured in the 5-reservoir device. Day-to-day variations in the buffer, channel
conditions, and environmental factors can lead to differences in the electro-
osmotic flow (EOF), and thus in the measured DNA mobility [59]. If we
assume that the variation in velocity between experiments comes from a dif-
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Table 7.1: Summary of the velocity, Ū , and dispersion coefficient, D̄ in each
experiment.

Array Type E Ū (µm/s) D̄ (µm2/s)
5-reservoir ordered 6.9 15.0 28.9
2-reservoir ordered 10 18.6 16.9
5-reservoir ordered 13.8 29.5 56.2
5-reservoir disordered 6.8 15.5 47.6
2-reservoir disordered 10 19.0 18.5
5-reservoir disordered 13.6 30.4 226

ference in the electro-osmotic flow in the different devices, it is useful to write
the electrophoretic mobility as a contribution from interactions with the post
array, µo, and a contribution due to the EOF, µEOF:

µ = µo + µEOF. (7.6)

The mobility due to interactions with the post arrays depends on the array
type only. The EOF term is the same within an experiment but varies
between the two sets of experiments. Thus, the difference in mobility, ∆µ,
between the 2-reservoir device, µ2, and 5-reservoir device, µ5, for a single
array type (ordered or disordered) could be explained by the change in the
electro-osmotic flow, ∆µ = ∆µEOF. We found that ∆µEOF = 0.30 µm cm/Vs
in the ordered array and ∆µEOF = 0.36 µm cm/Vs in the disordered array.
While these two values are not identical, they are within the experimental
error.

To further investigate the difference between DNA electrophoresis in ordered
and disordered arrays, we looked at the parameters of the continuous-time
random walk model [83]. We measured the hold-up time under an applied
electric field of 10 V/cm for 602 collisions in the disordered array and for
326 collisions in the ordered array and plotted the cumulative distribution
function in Fig. 7.6. The two distributions are the same to within a 93.5%
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Figure 7.6: Cumulative distribution function (CDF) of the hold-up times for
the ordered array (black squares) and the disordered array (red circles). The
hold-up times are measured from single molecule videomicroscopy at a fixed
position at 10 V/cm.

confidence level. The data follow the gamma distribution as was the case
for DNA collisions with an isolated post [35] and in the nanofence geometry
described in Chapter 6. In the two-state CTRW model, computing the DNA
velocity requires the mean hold-up time, while information on the full hold-
up time distribution is important for determining the dispersion coefficient
of a group of DNA molecules. The mean hold-up time is 0.32 s in the ordered
array and 0.35 s in the disordered array. The mean hold-up times are similar
because post size is the same in both arrays, and DNA molecules were rarely
hung up on more than one post at a time at 10 V/cm. While the arrange-
ment of the posts does affect the electrical forces acting on the molecule, the
differences in post arrangement do not lead to an appreciable difference in
the hold-up time once a DNA molecule is engaged with a post.

From the stationary stage data we were able to estimate the collision prob-
ability for the DNA in each of the arrays at 10 V/cm from the number of
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collisions observed as molecules passed through the viewing window divided
by the number of rows in the viewing window. We found ρc = 0.052 in the or-
dered array and ρc = 0.081 in the disordered array. The collision probability
in the disordered array matches collision probabilities measured in magnetic
bead arrays [66]. Both collision probabilities are in the range of ρc measured
in uniform electric field simulations [75].

Using these collision probabilities as the probability for colliding in each row
of posts, the cumulative distribution function (CDF) of the distance between
collisions, x, would be

CDF(ρc, x) = 1− exp (ρcx) . (7.7)

We plotted this model for each array as the solid lines in Fig. 7.7. The
decreased collision probability in the ordered array is due to fact that alter-
nating rows of posts are offset by 2.5 µm. This large lateral offset reduces
the collision probability in alternating rows because the molecule is unable
to diffuse lateral to the applied electric field to collide with the first few offset
rows. This qualitative explanation is supported by single molecule data for
the the distance between collisions in the ordered array, which are shown
in the inset of Fig. 7.7. Because some posts are unavailable for collision in
the ordered array we see a lower collision probability than in the disordered
array for short distances. As we will explain later, the collision probabilities
for the ordered array and disordered array converge for long distances.

We must observe two collisions for a single molecule to be able to measure
the distance between collisions. In the stationary stage experiment the ma-
jority of the molecules pass through the viewing window without making two
collisions. In those experiments, the distance between collisions can be no
more than 70 µm and, unsurprisingly, we find that the measured distribution
is biased towards small distances between collisions. To increase the viewing
window to 216 µm, we captured video data while moving the stage to follow
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Figure 7.7: The cumulative distribution function (CDF) of the distance be-
tween collisions for the ordered array (black squares) and the disordered array
(red circles). The solid lines show the CDFs predicted by Eq. 7.7. Molecules
included in the data set were tracked at least 180 µm after their initial colli-
sion. For the ordered array, 91.2% (103/113) of the molecules collide within
180 µm while for the disordered array, 91.8% (179/195) of the molecules col-
lide within 180 µm. The inset shows the number of collisions, N , for a given
number of rows between collisions observed at each distance in the stationary
stage experiment in the ordered array.

individual DNA molecules using the protocol described above. To remove any
bias in the measured distribution, we defined a cut-off distance of 180 µm.
Any molecule included in the distribution must be observed for at least 180
µm after it makes its first collision. The cumulative distribution function for
this unbiased distance between collisions is shown for each array in Fig. 7.7.
As we can see, λ DNA makes frequent collisions in both of the arrays. Over
short distances, the CDF extrapolated from the stationary stage experiments
matches the CDF measured in the moving stage experiments.

Due to the large offset between consecutive rows in the ordered post array,
DNA molecules cannot make a collision with every row. However, if the
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molecule travels long enough in the ordered array without colliding, it will
diffuse such that its location after a previous collision is uncorrelated to its
current position. For this to occur, the molecule must diffuse over a distance
equal to the distance from the edge of one post (its initial location after the
collision) to the center of the offset row of posts. In a hexagonal array of
1 µm diameter posts with 5 µm spacing, this is a distance of a = 2 µm.
The diffusion time is then tdiff = a2/2D0, where the diffusion coefficient of λ
DNA is D0 = 0.47 µm2/s [90]. In this time, the molecule travels a distance
of 84.7 µm at the free solution mobility at E = 10 V/cm. The data in Fig.
7.7 show that the two CDFs converge after this distance. While the collision
probabilities over short distances depend strongly on the order of the array,
they become indistinguishable at long distances.

7.4.3 Plate Height

While the DNA velocity and electrophoretic mobility depend only on the first
moment of the hold-up time and distance between collisions, the dispersion
coefficient, and thus the plate height, depends on the second moment of these
random variables as well. The second moment captures molecule to molecule
variability, which gives rise to macroscopic band broadening. As discussed
above, the hold-up time distributions (Fig. 7.6) and distance between colli-
sions distributions (Fig. 7.7) measured from single molecule experiments at
E = 10 V/cm show only a slight dependence on array order. From these
results, and the time between collisions measured in the moving stage exper-
iments, we calculated the dispersion coefficient in Table 7.1 using the CTRW
model. We note that the dispersion coefficients for the 2-reservoir device do
not account for any sources of dispersion in the channel not due to DNA-
post collisions and thus represent a theoretical minimum. In the 5-reservoir
experiments, we calculated the dispersion coefficient in each array from the
growth of λ DNA peak width. Measurement of the dispersion coefficient
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from macroscopic variables includes all sources of band broadening that are
present during transport in the device. As in the single molecule case, the
dispersion coefficients are higher in the disordered array in the 5-reservior ex-
periments. Since the 5-reservoir experiments involve many possible sources of
band broadening, it is unsurprising that they exhibit a higher total dispersion
coefficient.

Experiments conducted in the 5-reservoir device allowed us to measure the
dispersion coefficient at several different applied electric fields. We found
that the dispersion coefficient is always higher in the disordered array, and
increases with increasing electric field. This qualitative behavior agrees with
experiments in magnetic bead arrays [65], experiments in ordered arrays [58],
and in simulations of λ DNA in ordered arrays [41,83]. From the macroscopic
measurements of the DNA velocity, Ū , and dispersion coefficient, D̄, we
calculated the plate height, H = 2D̄/Ū , and plotted it in Fig. 7.8. The
plot of plate height versus applied electric field in Fig. 7.8 shows that plate
height in the ordered array is constant over the range of electric fields studied;
however, plate height in the disordered array is not constant.

Simple scaling laws for the CTRW parameters suggest that H should be
independent of E. We will assume that tH ∼ E−1, which has been verified
experimentally [29, 37]. We also propose that tT ∼ E−1 which is equivalent
to assuming that the free solution velocity scales with E. As shown in Fig.
7.5, µ ∼ E0 and thus Ū ∼ E. We can write the DNA velocity as

Ū =
〈x〉

〈tH〉+ 〈tT 〉
. (7.8)

Since both times scale with E−1, 〈x〉 must be independent of the applied
electric field. This is equivalent to stating that the collision probability is
independent of E, a common assumption in CTRW models [44,87] supported
by experimental evidence [66,75]. Using tH ∼ E−1 and ρc ∼ E0 we find that
D̄ ∼ E from Taylor-Aris dispersion theory [80]. Thus, we expect that the
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Figure 7.8: Plate height as a function of electric field for the ordered array
(black squares) and the disordered array (red circles). Error bars show the
standard error of the plate height in a given experiment. The dispersion
coefficient is calculated from the band broadening measured in the channel
scanning experiments.

plate height is independent of E. Indeed, this is true in the ordered array.
However, the plate height in the disordered array is not constant across the
range of E.

As we saw in Chapter 5, the two-state CTRW model lends insight into the
sources of band broadening. We can express the plate height in general
as

H =
σ2

x−ŪtT

〈x〉
+
Ū2σ2

tH

〈x〉
(7.9)

where the first term is the contribution to H due to fluctuations in the trans-
port between collisions and the second term is due to fluctuations in the
hold-up time of a collision. We can already exclude the fluctuations in the
distance between collisions as the source of the higher plate height in the
disordered array since the CDF for the distance between collisions in Fig.
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7.7 is similar for the ordered and disordered array for the large values of x
that would dominate the variance. However, we also need to consider fluctu-
ations in the time required to traverse the distance x. Convective transport
between collisions is driven by the electric field. The posts are insulating, so
the electric field lines bend around the posts leading to the curved field lines
shown in Fig. 7.1. The field lines are more irregular in the disordered array,
whereupon we might anticipate that the fluctuations in the time between col-
lisions for a give distance x will be greater in the disordered array. However,
the calculated electric field lines shown in Fig. 7.1 lead us to suspect that
the difference in the local electrophoretic velocities are a small contribution
to the plate height in this relatively sparse array.

If the first term in Eq. 7.9 is similar for the ordered and disordered array, the
major contribution to H in the disordered array must be increased fluctua-
tions in the hold-up time. We propose that this increase with electric field
in the disordered array is caused by the non-uniform placement of the posts.
Based on the Brownian dynamics simulations in Chapter 5, fluctuations in
the hold-up time term are related to the extension of the molecule during
collision. Specifically, once the molecule is extended enough to interact with
two rows of posts during a collision, the plate height increases dramatically.
Figure 7.1 shows a schematic of DNA colliding with the posts of each array
and includes an example of a multiple post collision. Because DNA does
not collide with consecutive rows in the ordered array (inset, Fig. 7.7), the
minimum extension for a multiple post collision in the ordered array is equal
to twice the row spacing, 8.7 µm. Note that the latter value is a very con-
servative estimate, since the unraveling chain needs to have sufficient relaxed
DNA at its head to initiate a second collision. In the disordered array, the
extension required for multiple post collisions varies depending on the loca-
tion of the posts. Thus, multiple post collisions can occur even at relatively
low extension in regions of the post array where the density of posts is high.
Multiple post collisions have a much larger mean hold-up time than single
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post collisions; therefore, a tH distribution in an array where both types of
collisions can occur has a much higher variance than a tH distribution where
only single post collisions are possible. As E increases, the extension of the
molecule during collision increases. At E > 10 V/cm, the DNA extension
is great enough to allow frequent multiple post collisions in the disordered
array, which we believe results in the increase in H. Owing to the rapid
motion of the chain at higher electric fields, it is difficult to confirm our hy-
pothesis with single molecule measurements. The requisite extension in the
ordered array for multiple post collisions occurs at a much higher E that
is not reached in our single molecule experiments. As a result, the ordered
array follows the models for collision with an isolated post [44,80], where H
is independent of E.

7.5 Conclusions

In this chapter, we measured the electrophoretic mobility and dispersion
coefficient of a single size of DNA molecules in an ordered hexagonal array of
posts and a disordered array of posts from two different types of experiments.
Video microscopy experiments revealed micro-transport properties such as
the hold-up time of a collision and the distance traveled between collisions.
Although macroscopic measurements of a group of DNA in the array do not
allow as much insight into the details of the transport process, they do allow
us to measure mobility and dispersion over a large range of applied electric
fields. Both types of experiments compare DNA dynamics in an ordered and
disordered geometry in a single integrated device that isolates the effect of
array order on transport.

To improve a separation, we must increase the separation resolution, which
is proportional to the difference in mobility and inversely proportional to the
square root of the plate height. Based on the data presented here, the array
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type does not alter the DNA mobility. However, the plate height does depend
on the array type. The increased plate height in the disordered array leads
to greater band broadening in the device and to poorer separation resolution.
We found that a lower applied electric field results in less band broadening
and therefore a higher separation resolution. This result is in agreement
with previous experiments of an electrophoretic separation of 48.5 kbp DNA
and 2.7 kbp DNA in a sparse ordered array [59] and Brownian dynamics
simulation of the separation of 169 kbp DNA and 48.5 kbp DNA [41].

The work presented here shows that DNA separation by rope-over-pulley col-
lisions in a 2D device is optimized in an ordered geometry. Improvement in
the separation due to reduced band broadening in an ordered, 2D geometry
also occurs in liquid chromatography [129, 130]. DNA separation by Ogston
sieving is possible in 3D geometries formed by self-assembly of colloid so-
lutions [131]. While there has not been a study of the role of order in dc
field separation in a colloidal crystal, a study of long DNA separation under
a pulsed electric field in a 3D colloidal array found that an ordered matrix
improved the separation resolution over a disordered matrix [132]. We antic-
ipate that dc electric field separations in 3D colloidal arrays will also benefit
from increased array order, similar to the results for protein chromatography
in colloidal crystals [133].
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Chapter 8

Concluding Thoughts

We used single molecule observations and Brownian dynamics simulations to
increase our understanding of DNA size separation in post arrays. In Chap-
ter 3, we proved that long DNA collide with posts frequently in ordered post
arrays. This discovery validated our continued research in ordered post ar-
rays since many DNA-post collisions are necessary for size separation. Prior
models and simulations in ordered post arrays did not predict frequent colli-
sions because they neglected the interaction between the electric field and the
insulating post array. We showed that simulations utilizing a more complete
calculation of the electric field do predict frequent collisions, in agreement
with our experimental observations.

Many models of DNA transport in micropost arrays are based on continuous-
time random walk (CTRW) statistics. In a Scher-Lax CTRW the probability
of moving distance x in time t can be decomposed into the product of the
probability of moving distance x and the conditional probability of doing so
in time t. Many CTRW models predict the latter probabilities based on toy
models of DNA transport in micropost arrays. In Chapter 4, we measured
both the probability of moving distance x between collisions and the prob-
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ability of a collision lasting a time tH . We found that these probabilities
are more difficult to predict than previously anticipated. Additionally, these
probabilities must be precisely known to accurately predict macro-transport
properties (mobility and band broadening) of groups of DNA. To apply the
CTRW model to DNA transport, each DNA-post collision event must be
independent. We showed that this assumption is valid in Chapter 4.

We measured x and tH from experiments and from simulations and found
that our simulation results match the experimental observations. We then
measured x and tH by simulation for a range of DNA sizes and applied electric
fields in one particular post array. In Chapter 5, we used a new two-state
CTRW model to calculate the electrophoretic mobility and band broadening
from x and tH . As a function of applied field, the DNA mobility depended
on the distance between collisions. When we looked at DNA mobility as
a function of DNA size, we found that the mobility depended on collision
duration. According to the two-state model, DNA band broadening increases
when the width of either the x or tH distribution increases. In Chapter
5, we found that long DNA under high electric field stretched enough to
interact with multiple posts, leading to fluctuations in the measured collision
duration. These fluctuations increased the width of the tH distribution and
led to broad DNA peaks.

The knowledge gained from the CTRW analysis of the simulation data in
Chapter 5 led us to design the nanofence geometry. A device based on this
geometry is described in Chapter 6. The separation performance in the
nanofence device was superior to that found in hexagonal arrays. While we
hypothesized that the nanofence geometry would reduce band broadening, a
study of the single molecule dynamics in the nanofence revealed the improved
separation resolution was due to more efficient collisions.

All of the work in Chapters 3 to 6 dealt with DNA transport in ordered
post arrays. In Chapter 7, we explored the role of disorder in the post
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array on DNA dynamics. To do this, we observed single molecules in an
ordered hexagonal array and in a disordered array with the same post density.
Additionally, we experimentally measured the electrophoretic mobility and
band broadening of an ensemble of DNA under a range of applied electric
fields. We found that DNA mobility was unaffected by the order of the
array. However, at moderate to high electric fields, band broadening was
much higher in the disordered array. The geometry of the disordered array
allows colliding DNA to interact with multiple posts at lower DNA stretching.
Thus, the band broadening in the disordered array may be due to the multiple
post collisions that we saw in Chapter 5.

We have learned some general rules for maximizing separation performance in
post array devices. Ordered arrays are superior to disordered arrays because
(i) ordered arrays are easier to fabricate using top-down fabrication; (ii)
ordered arrays have decreased band broadening at moderate to high electric
fields. Band broadening increases sharply when the DNA molecule extends
enough to interact with multiple posts. This occurs for long DNA or under
large forces (high applied electric field). The array should be sparse enough
that multiple post interactions do not occur. However, lower post density
decreases the collision frequency per unit length. Since a large number of
collisions are needed to produce a size separation, low post density arrays
require long separation lengths. The separation geometry should be tuned to
maximize the post density while preventing multiple post interactions.

Experimentally measuring DNA separation performance for various DNA
sizes at different applied electric fields is time consuming. Furthermore,
changing the separation geometry is an expensive process that requires weeks
to months of fabrication to build a new device. Because our Brownian dynam-
ics simulation method matches the experimentally observed single molecule
dynamics, we can use the simulation results and the two-state CTRW model
to accurately predict separation performance. Thus, we can use simulations
to guide device design.
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Appendix A

Fabrication Protocols

This appendix discusses the steps used to build the devices used in this thesis.
The experiments reported in chapter 3 were performed using a PDMS device.
All other experiments were in oxidized silicon devices. Much of the fabrica-
tion work was accomplished in the University of Minnesota Nanofabrication
Center.

A.1 PDMS Device

PDMS (polydimethylsiloxane) is a transparent elastomer commonly used in
microfluidics research. It is delivered in two parts: the elastomer base and
a curing agent. Once the two parts are mixed they will cure under the
application of heat. The PDMS devices used here rely on a master mold
containing the inverse geometry of the final device. PDMS is then poured over
the master, cured, and packaged into a final device. The master can be used
for multiple molds. The final PDMS device is relatively inexpensive.

154



Photoresist Mold Fabrication

1) Piranha clean 4 inch silicon wafer. Piranha is sulfuric acid and
hydrogen peroxide heated to 120 ◦C (its boiling temperature). Leave wafer
in this solution 15 to 20 minutes.

2) Rinse wafer with DI water. Use 3 cycles on the wet bench dump
rinser and the rinser on the spin dryer. Ensure the wafer is dry by heating
on a hot plate for 60 sec.

3) HMDS vapor treatment. This vapor increases photoresist adhesion.
3-5 minutes.

4) Spin coat photoresist. This should give a thin, uniform layer on the
wafer. Choose the photoresist type and spin speed based on the thickness
of the mold you want. For example, S1818 at 3000 RPM and 30 sec gives
approximately 1.8 micron thick layer.

5) Soft bake. Use 105◦C, 60 sec for Shipley series photoresists. This step
removes the solvent from the photoresist. Different photoresists require dif-
ferent soft bake parameters.

6) Exposure. Transfer a pattern from a mask to the wafer by exposing
the photoresist to change its solubility in photoresist developer. The best
pattern transfer comes from using the exposure program ‘Lo Vac’ on the
MA6 or MABA6 aligner. The exposure time must be tuned to account for
the photoresist thickness and the intensity of the bulb in the mask aligner.
For example, S1805 exposure times vary from 1.8 to 2.1 seconds. Under-
exposed or over-exposed wafers are only apparent after developing.

7) Post Exposure Bake. Use 115◦C, 60 sec for Shipley series photoresists.
Cool wafer before developing.

8) Developing. Microposit 351 developer dissolves exposed Shipley series
photoresists. This developer can be diluted with water to increase the devel-
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oping time. The wafer is developed once all exposed photoresist is dissolved.
This is best determined by watching any large exposed areas on the wafer.
Developing time must be tuned based on the photoresist thickness, exposure
dose, and developer reactivity. After developing, immediately rinse the wafer
with DI water to stop developing.

9) Hard Bake. Use 120◦C, 60 sec for Shipley series photoresists. Photoresist
is very difficult to remove after a hard bake.

10) Silanization. Place a few drops of tridecafluoro-1,1,2,2-tetrahydrooctyl)-
1-trichlorosilane in a medicine cup inside a vacuum chamber with the wafer
master. Apply vacuum forcing the silane into the vapor phase. Allow the
silane vapor to coat the master wafer for 60 to 90 minutes.

Silicon Mold Fabrication

1) Transfer pattern to photoresist. Perform steps 1-9 in the Photore-
sist Mold Fabrication section.

2) Reactive Ion Etch. ‘fastpoly.set’ on the STS etcher uses sulfur hexaflu-
oride (SF6) ions to selectively etch silicon. Any bare areas of the wafer will
be etched. This etching method can be transport limited. In this case, large
open areas with no photoresist will etch faster than small holes or narrow
lines. The resulting etch may not be to a uniform depth. Measure depth
using P16 profilometer or an AFM.

3) Photoresist Removal. Rinse wafer with chemicals in the following
order: Acetone, Methanol, Iso-Propanol, Water. Any residual photoresist
should be removed by oxygen plasma or by a piranha clean.

4) Silanization. Place a few drops of tridecafluoro-1,1,2,2-tetrahydrooctyl)-
1-trichlorosilane in a medicine cup inside a vacuum chamber with the wafer
master. Apply vacuum, forcing the silane into the vapor phase. Allow the
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silane vapor to coat the master wafer for 60 to 90 minutes.

PDMS Molding

1) Mix. For clear PDMS (Sylgard 184), thoroughly mix 1 part curing agent
with 10 parts base. For h-PDMS (Sylgard 170) mix equal parts of both
parts.

2) Degas. Place under vacuum until all bubbles are gone (∼45 minutes).

3) Pour. Pour on mold. The PDMS will flow off of the mold. Any air
bubbles should be removed by placing under vacuum again.

4) Cure. Recommend elevated temperature (50◦C to 70◦C) overnight.
PDMS will partially cure overnight at room temperature requiring ∼30 min-
utes at elevated temperature to fully cure.

5) Device Assembly. PDMS can be cut with a razor blade or hobby knife.
Punch reservoirs into the PDMS using a sharpened metal tube. Large reser-
voir areas can collapse, so punch the reservoirs so that they intersect with the
microfluidic channel. Dust-free PDMS will conformally bond to any flat sur-
face giving a water-tight, reversible seal. PDMS can be permanently bonded
to silicon or glass by oxygen plasma treatment of the PDMS prior to bring the
silicon/glass into contact with the PDMS. Oxygen plasma treatment causes
nano-fissures on the PDMS surface.

6) Fill Device with Fluid. Fill one reservoir at a time, allowing air to
escape through unfilled reservoirs. Filling with ethanol is sometimes more
effective than filling with DI water; however, ethanol must be completely re-
moved from the device before performing electrophoresis experiments. Plac-
ing the entire device under vacuum increases air transport through the filling
fluid and out of the device.
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A.2 Oxidized Silicon Device

An alternative to using PDMS devices is to build the device in silicon. Be-
cause of the conductive nature of silicon, the device must be coated with
an insulating layer to prevent electron transport through the device itself.
We found oxidizing the surface of the silicon to be effective, although silicon
nitride should work as well. See figure 6.2 for a schematic of the fabrication
process.

1) Transfer pattern to photoresist. Perform steps 1-9 in the Photore-
sist Mold Fabrication section. The exposure step described above is for
the MA6/MABA6 mask aligners where the transfered pattern is the same
size as the mask. The NFC has a projection lithography system (Canon Step-
per) that transfers the pattern of the mask to the wafer shrunk by 5 times.
Masks for use in the Canon Stepper require alignment marks that must be
added to the mask design. The Canon Stepper is designed for the SPR 995
series of photoresists. The typical smallest feature on the MA6/MABA6 is 1
µm while on the Canon Stepper it is 500 nm.

2) Reactive Ion Etch. ‘fastpoly.set’ on the STS etcher uses sulfur hexaflu-
oride (SF6) ions to selectively etch silicon. Any bare areas of the wafer will
be etched. This etching method can be transport limited. In this case, large
open areas with no photoresist will etch faster than small holes or narrow
lines. The resulting etch may not be to a uniform depth. Measure depth
using P16 profilometer or an AFM.

The deep trench etcher uses a Bosch process for high aspect ratio etching with
perpendicular side walls. These times vary with the masking material and
from day-to-day. There are two types of recipes: continuous time recipes and
looped recipes. Continuous time recipes may be stopped at any time. Looped
recipes must be stopped after a discrete number of loops. Approximate etch
depths are: ‘6Watt’, 18 loops = 11.6 µm; ‘6Watt’, 20 loops = 12.7 µm;
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‘shallow’, 10 loops = 1.8 µm; ‘shallow’, 15 loops = 2.9 µm.

3) Photoresist Removal. Rinse wafer with chemicals in the following
order: Acetone, Methanol, Iso-Propanol, Water. Any residual photoresist
should be removed by oxygen plasma or by a piranha clean.

4) Nitride Coating. Coat both sides of the wafer with a silicon nitride layer
which will act as a mask during KOH etching. Piranha clean the wafers
and rinse with DI water. Place in low pressure chemical vapor deposition
(LPCVD) tube for low stress nitride deposition. Running the recipe ‘LSN-
31’ for 80 minutes results in a ∼200 nm thick nitride layer. Layer thickness
was measured by ellipsometry.

5) KOH Etching. Potassium hydroxide (KOH) selectively etches the 100
crystal plane of silicon. This is a wet etch in ∼30% KOH at elevated tem-
perature (60◦C to 90◦C) to etch fluid reservoirs through the wafer. Remove
the nitride masking layer from the reservoir using a scratch pen. Only the
outline of the reservoirs needs to be removed. I found it easiest to draw a
rectangle in the reservoir. The KOH etch leaves a hole with sidewalls at a
55◦angle.

6) Nitride Removal. Remove the nitride masking layer in 85% Phosphoric
Acid (H3PO4) at 265◦C. When the nitride layer is only a few nanometers
thick, it does not alter the color of the silicon wafer. Silicon nitride is more
hydrophilic than bare silicon, and the hydrophobicity of the surface can be
used to determine when the nitride layer has been completely removed. The
removal of a 200 nm nitride layer takes several hours.

7) Oxidation. KOH etched wafers are not allowed to be processed in the
Tylan oxidation tubes. We are allowed to grow an oxide layer in the Mini-
Brute tube in NFC area 1. Use an O2 flow rate of 2 L/min; temperature of
1100◦C; time at temperature of 5 to 6 hours resulting in a 250 nm to 300
nm silicon oxide layer. Place the wafers in the tube under N2 gas, then ramp
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up the temperature for ∼ 90 minutes. Once at the running temperature is
reached, switch the gas line to O2 for 5 to 6 hours. After the run is completed,
switch back to N2 and power down the heater. There is no cooling on the
Mini-Brute, so it takes several hours to return to room temperature.

8) SEM characterization. This is not always required as light microscopy
may provide enough detail. However, the scanning electron microscope can-
not penetrate glass, so finish all SEM imaging before bonding the wafer
irreversibly.

9) Anodic Bonding. Wafer cleanliness is important for bonding. The
thickness of the glass plate is determined by the application of the device.
500 µm thick glass is easy to work with, but is too thick for imaging with
the oil immersion objectives in the Dorfman lab. 100 µm and 200 µm thick
glass is more delicate and more expensive, but allows imaging with the oil
immersion objectives. The SB6 wafer bonder processes whole 4 inch wafers
only. ‘anodvac_1800’ applies a potential of 1800 V across the glass and silicon
wafer. This high electric potential is believed to cause ions in the glass to
migrate to the glass-oxidized silicon interface and form covalent bonds across
the two materials resulting in an irreversible bond. Because the ions in
the glass are necessary, the glass should be BOROFLOAT or Pyrex (same
material, different manufacturers).

10) Wafer Dicing. Wafers can be precisely diced with the NFC wafer
saw. Alternatively, you can crack the wafer into individual devices along a
crystal plane. Crystal planes run parallel and perpendicular to the wafer flat.
Score the wafer with a scratch pen along the crystal plane, then slowly apply
pressure until the wafer cracks.

11) Device Assembly. We have to add large fluid reservoirs to the device.
This has been accomplished in two ways: (i) polycarbonate chip holders;
and (ii) Upchurch fluidic reservoirs. The polycarbonate chip holders were
built by the ME machine shop according to our drawings. The device is
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clamped between a bottom support plate and a top plate which provides
fluid reservoirs. The fluid reservoirs are designed to attach to a syringe
pump.

Usually there is a drilled glass microscope slide between the device and the
Upchurch reservoirs; while this makes handling the device easier, it is not
necessary. We have used both the optical adhesive NOA 81 and epoxy to
attach the glass slides and plastic reservoirs. NOA 81 is applied to the
surfaces, then quickly cured by exposure to UV light. NOA 81 reaches full
bonding strength after several hours at elevated temperature. NOA 81 can
be dissolved by Methylene Dichloride (Dichloromethane), and thus allows us
to reuse the reservoirs and devices. However, once the NOA 81 gets into the
microfluidic channels I have never been able to remove it. Epoxy is not as
easily dissolved, but it is much more viscous. Its increased viscosity prevents
it from flowing into the microfluidic channels.

A.3 Filling the Device with Fluid

Microfluidic devices have large surface area and can generate large capillary
forces. However, filling a device with fluid is not always easy. Here are some
tips and tricks that should get the job done.

Ethanol is less viscous than water, and we have seen that it more easily wets
our devices. After wetting with ethanol, be sure to completely flush it from
the device before performing any experiments.

Air bubbles are common after the chip is mostly filled. To prevent air bubbles
from forming, degas the filling fluid prior to device filling. PDMS is permeable
to air. You can degas PDMS before filling with fluid; this will allow the
PDMS layer to absorb air bubbles. If air bubbles persist, it is helpful to
store the device under vacuum overnight.
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After filling the device with fluid, do not let it dry. Store the device under
DI water, or under the running buffer.
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