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ABSTRACT

Direct analysis of biologically-relevant entities such as nucleic acids and proteins offers
the potential to outperform conventional analysis techniques and diagnostic methods
through enhancements in speed, accuracy, and sensitivity. Nanofluidic systems with
critical dimensions comparable to the molecular scale open up new possibilities for direct
observation, manipulation and analysis of biomolecules (single or ensemble), thus
providing a novel basis for ultra-sensitive and high-resolution sensors and medical
diagnostic systems. Inspired by this concept, we have developed a new class of
nanofluidic filter devices and have implemented them as controllable molecular sieves
for rapid analytical separation of various physiologically-relevant molecules such as
dsDNA and proteins. In addition, we have conducted theoretical studies of molecular
sieving process in the context of periodic free-energy landscapes created by the patterned
nanofluidic filter arrays. The kinetic model constructed based upon the equilibrium
partitioning theory and the Kramers rate theory properly describes the field-dependent
sieving behavior, presenting notable progress beyond the existing equilibrium model in
conventional gels. In this thesis, we have further developed a microfabricated anisotropic
sieving structure consisting of a two-dimensional periodic nanofluidic filter array
(anisotropic nanofilter array, ANA). The designed structural anisotropy in the ANA
causes different-sized biomolecules to follow distinct migration trajectories, leading to
efficient continuous-flow separation. Continuous-flow separation of dsDNA and proteins
covering broad biological size scales were achieved within a few minutes, thus
demonstrating the potential of the ANA as a generic molecular sieving structure for an
integrated biomolecule sample preparation and analysis system.
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Chapter 1

Introduction

1.1 Bioseparation for biological and biomedical applications

The ability to purify, separate and identify biomolecules accurately and efficiently out of
a complex biological sample is of utmost importance in modern biology and biomedical
engineering [1-3]. In the new challenge of systems biology, one needs to separate and
identify many different proteins, polysaccharides and other biologically-relevant
macromolecules from cell extracts or other complex biological fluids (such as human
blood serum) [3]. This separation / identification should be done with sample amount as
small as possible. Because of large number of analytes involved in the analysis, it is
essential to make the biomolecule analysis process automatic, requiring minimum human
intervention. None of the conventional separation technologies satisfies all these
requirements. Gel electrophoresis and chromatography techniques routinely used for
separating proteins based on size or other chemical properties are generally slow, hard to
automate and requiring bulky equipments [1, 2]. Capillary electrophoresis (CE) is a fast
analysis technique but only separates biomolecules based on the charge-to-size ratio of
the biomolecule, and cannot analyze neutral biomolecules [4]. The microfluidic
biomolecule separation systems demonstrated a lot of success in miniaturizing and
automating biomolecule analysis processes [5-8], such as DNA sequencing, but most

microfluidic biomolecule separation systems adopt the same random nanoporous sieving
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materials in their separation systems, inheriting the limitations of conventional
techniques.

The common, underlying problem of all of these biomolecule separation and
analysis techniques is the lack of engineering control for the molecular sieving process.
For purification and separation of biomolecules, various kinds of nanoporous materials,
such as polymeric gels, are used extensively as molecular sieve matrixes. These gels
provide nanometer-sized pores that are desirable for molecular sieving and filtering, but
their random physical and chemical properties are hard to control and optimize, which
prevent controllable experimental studies and theoretical modeling. In this proposed
thesis, an artificial molecular sieve with designed shape and size is proposed to replace
random nanoporous sieve materials, so that a direct control over the molecular sieving
process is possible. Microfabricated nanofluidic structures provide promising
opportunities to serve as regular molecular sieves. Unlike random polymer gels, we can
precisely engineer the size and shape of nanofluidic molecular sieves, typically with the
accuracy of ~1 nm. The regularity of nanofluidic molecular sieves makes it possible to
construct theoretical models for the molecular sieving processes. Finally, the solid
molecular sieves (either Si or glass based) are more mechanically and chemically robust
than organic polymer-based materials; they are re-useable and can endure harsh solvents

and extreme pH conditions.

1.2 Micro/nanofluidic sieving structures for biomolecule separation

Gel filtration chromatography and gel electrophoresis are the two most commonly used

techniques for separation of biologically-relevant macromolecules (such as nuclei acids
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and proteins) based on size [1, 2]. Both techniques use gelatinous materials consisting of
cross-linked three-dimensional pore networks where the sieving interactions with the
migrating biomolecules determine the separation efficiency. Both gel (filtration
chromatography and gel electrophoresis represent the current standard for size-based
separation of biomolecules in laboratories. However, poor separation resolution in gel
filtration chromatography and difficult sample recovery with gel electrophoresis make
neither method optimal in separating complex biological mixtures for downstream
analysis. Recently, various microchip-based separation systems had been developed by
using liquid or solid polymeric gel materials as sieving media contained in microchannels
[5-8], and such systems had demonstrated fast separation of various biologically-relevant
macromolecules (e.g., DNA, proteins and carbohydrates) with high resolution. However,
there are still major disadvantages associated with these microchip-based separation
systems. First, the foreign sieving matrices pose intrinsic difficulties for the integration of
multi analytic steps into an automatic bioanalysis microsystem. And second, the
microchip-based systems demonstrated so far are limited for analytical separation of
biomolecules. Harvesting purified biomolecule samples for downstream bioanalysis with
the microchip-based systems is not trivial, which clearly limits their usage for the sample
preparation purpose based on microsystems.

Recently, there had been great interest in switching from disordered porous gel
media to patterned regular sieving structures, in the hope of achieving more efficient
separation than gels in terms of separation speed and resolution. Colloidal templating of
self-assembled bead arrays was recently applied to construct sieving gels comprising a

periodic array of voids by selectively etching out of self-assembled silica beads (~100 nm
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in diameter) included during gelation [9]. The regularity of the void array made the direct
experimental verification of the molecular sieving mechanism (i.e., entropic trapping)
possible via diffraction measurements. Another paper by Nykypanchuk and Hoagland
reported a similar approach to template a two-dimensional gel with close-packed
spherical beads, and direct observation of jump dynamics of long DNA between the
cavities was achieved with fluorescence microscopy [10]. More recently, Zeng and
Harrison used self-assembled silica beads arrays confined in microfluidic channels as the
sieving matrix to separate both DNA and proteins with high resolution [11]. Sano et al.
recently reported a size-exclusion chromatography device that used an anodic porous
alumina as the separation matrix [12]. The porous alumina membrane traps smaller
biomolecules more frequently, therefore they elute slower than the larger biomolecules in
the channel. The porous alumina membrane has a uniform nanoscale pore distribution,
and it does not require any nanolithography, therefore the fabrication of the membrane is
relative easy and inexpensive. More recently, Tabuchi et al. reported a technology using a
core-shell type nanosphere and nanoparticle medium in conjunction with a pressurization
technique to carry out separation of a wide range of DNA fragments (100 base pairs (bp)
to 20 kilo base pairs (kbp)) with high speed and high resolution on a microchip format
[13]. In their device, optimal pressure conditions and concentrations of packed
nanospheres were considered to be important for achieving improved DNA separation.
Various semiconductor microfabrication techniques have also been employed to
fabricate regular microstructures or nanostructures as confining sieving media to separate
biomolecules. So far, a wide range of regular sieving structure designs have been

reported, both theoretically and experimentally. Examples include arrays of micrometer-
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or nanometer-sized pillars that mimic gel fibers [14-18], channels with alternating deep
and shallow regions that form entropic trap arrays [19-21], and asymmetric obstacle
courses that act as Brownian (thermal) ratchets [22-25]. The regular arrays of
micrometer- or nanometer-sized pillars have been fabricated by different groups with
either contact lithography (with pillar diameter and spacing down to 1 um) [14, 16] or e-
beam lithography (with pillar diameter and spacing down to 100 nm) on silicon substrates
[17, 18]. The advantages of such microlithographically fabricated devices include the
precise control over the sieving matrix geometry and the design flexibility. Doyle et al.
recently used another novel approach to construct columnar microstructures and applied a
homogeneous magnetic field to a suspension of superparamagnetic particles contained in
microchannels [15]. Their method provides additional sieving structure (or pore size)
tunability after device construction, which is not possible with microlithography
techniques. By applying two alternating electric fields of different directions and different
magnitudes, Huang ef al. recently devised a “DNA Prism” device that can continuously
separate long DNA molecules with high speed [16]. In this design, the longer DNA
molecules only follow the strong electric field component while the shorter ones migrate
in the direction of the sum electric field vector.

Han and Craighead recently designed an entropy-based separation system where a
microfluidic channel was defined with a sequence of deep and shallow channels [19, 20].
For long DNA molecules with diameters greater than the shallow region constriction size,
passage requires the DNA molecule to deform and form hernias at the cost of internal
conformational entropy. Longer DNA molecules have a larger surface area contacting the

constriction and thus have a greater probability to form hernias that initiate the escape
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process, therefore longer DNA molecules advance faster than shorter DNA molecules.
Another example of entropy-based separation system was demonstrated recently based on
the concept of entropic recoil [26]. Long DNA molecules were driven into the pillared
area by applied electric field. When the field was switched off, any DNA molecule
resting entirely within the pillared area remained within, whereas those that had any
region outside the pillared area relaxed back into the bulk liquid to maximize their
conformational entropy. Since shorter DNA molecules have a greater probability to be
driven entirely into the pillared area, they would not relax back and therefore their
effective mobility in the device would be greater.

The concept of Brownian ratchets has been applied to construct asymmetric
obstacle courses that provide a spatially asymmetric steric potential for biomolecule
separation [22-25]. The basic idea is to use such asymmetric obstacles to rectify the
Brownian motion laterally and thereby deflect diffusing biomolecules based on their sizes.
So far, the Brownian ratchet systems have been successfully demonstrated for long DNA
and phospholipids [24, 25], even though the separation resolution reported so far was not
ideal. Previous theoretical studies had argued that simply downscaling the Brownian
ratchet geometry to nanometer range would improve the biomolecule separation.
However, more recent theoretical and experimental works have suggested that such
approach still remains as an open question due to the critical nature of the biomolecule
size with respect to the ratchet barrier gaps as well as the complexity of the effect of the
ratchet boundary conditions on the separation [27, 28].

The regular molecular sieving structures discussed so far in this section have

proven efficacious only for separation of long DNA and microspheres, and their
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applicability to smaller, physiologically-relevant macromolecules, such as proteins,
remains questionable, which clearly limits progress on a future integrated bioanalysis
system. In this thesis, we will explore the interesting possibility of constructing regular
molecular sieving structures based on nanofluidic filters to separate physiologically-
relevant biomolecules covering broad biological size scales, including both dsDNA and

proteins.

1.3 Thesis outline and scopes

Separation of biomolecules by size is an important analytical and preparative technique in
biology, medicine, chemistry, and various industries. Fractionation of biological
molecules, such as nucleic acids and proteins, plays a central role in genomic and
proteomic analysis. In the new challenge of systems biology, as well as in the
applications of biomarker detection and biosensing, this task becomes even more
important because of the lack of protein’s equivalents of amplification, fractionation and
sequencing techniques.

This thesis seeks to use microfabricated regular nanofluidic filters (nanofilters) as
controllable sieving media for size-fractionation of various biologically-relevant
macromolecules, including dsDNA, proteins, and polysaccharides, based on the Ogston
sieving mechanism [29-31]. Using standard microfabrication techniques, we can
precisely fabricate shallow nanofilters with gap thickness down to the vicinity of 10 nm.
In such a confining nanofluidic channel, molecular transport properties are largely
affected by the steric constraints that prevent a partial overlap of molecule with wall [32,

33]. In the proposed thesis, we will construct different microfabricated nanofilter based
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separation devices and explore the steric interaction of biomolecules in the nanofilter as a

potential sieving mechanism for size-fractionation of biomolecules. In the proposed

separation system, unlike other conventional random nanoporous sieving material based

separation systems, the nanofilters (as a sieving matrix) can be made uniform and

controllable, also chemical groups on the wall can be tailored. In addition to the

application of biomolecule separation, the nanofilter based artificial sieving structures

provide an ideal platform for the theoretical study of molecular dynamics and stochastic

motion in confining spaces because of their precisely characterized environment [34, 35].

1y

2)

3)

The specific aims of this proposed thesis include:

Design and fabricate one-dimensional nanofilter array based separation devices of
various dimensions (with nanofilter gap thickness down to 20 nm to 40 nm and
nanofilter pitch number down to 1 pm).

Study sieving process of biomolecules when passing through the nanofilter
constriction. Demonstrate the feasibility of applying the Ogston sieving effect as a
size-based separation mechanism to fractionate different biomolecules. Clarify the
roles of nanofilter gap thickness and electric field in the nanofilter array operation.
Demonstrate fast separation of biomolecules (such as proteins) with improved
nanofilter structure design.

Design and fabricate a two-dimensional anisotropic nanofilter array based
separation device for continuous-flow size-fractionation of various biomolecules.
This device will be ideal for preparatory fractionation of biomolecules with

increased sample throughput.
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4) Based on understanding of the sieving process across the nanofilter constriction,
we will develop a theoretical model for the continuous-flow separation of
biomolecules in the two-dimensional periodic nanofilter array. Design guidelines
for improving separation efficiency of biomolecules will be provided.
Demonstrate fast continuous-flow fractionation of biomolecules (such as proteins)

with the two-dimensional nanofilter array based separation devices.
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Chapter 2
Statics and dynamics of a polymer chain

and equilibrium partitioning theory

Polymer systems have been studied extensively in physics, chemistry, biology and
engineering sciences. Many biologically-relevant macromolecules can be considered as
long linear polymer chains, for example, DNA, RNA, proteins, and polysaccharides. In
this chapter, we first consider the statistical mechanics of polymer chains with no
interactions between monomers that are far apart along the chain (the so-called “ideal
chains”). Then we will discuss the dynamic properties of a single charged polymer chain
(i.e., a polyelectrolyte) in an ionic solution. We will then introduce different properties of
electromigration of charged polymer chains in confining environments such as gels. At
the end of the chapter, we will brief discuss the concept of the equilibrium partitioning
theory. More complete and general treatments of statistical mechanics and dynamics of a

polymer chain and the equilibrium partitioning theory can be found elsewhere (see Ref.

[1-8]).

2.1 Static properties of an ideal linear polymer chain

The model of an ideal polymer chain plays the same role in polymer physics as the notion
of an ideal gas in traditional molecular physics. This model represents a chain of

immaterial links, each joined with two nearest neighbors (monomers) and having no
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interaction either with solvent molecules or with other links of the same chain that are far
apart along the chain. There are several models for an ideal polymer chain, and each
model makes different assumptions about the allowed values of torsion and bond angles
between neighboring bonds. A common “ideal” feature of all these models for an ideal
polymer chain is the absence of volumetric interactions between different monomers. The
range of actual conditions for which the polymer chains behave as ideal ones is not very
wide. Nevertheless, the ideal chain models are very helpful, because they allow one to
form an idea about the character of thermal motion of polymer chains, or in other words,

about the entropic properties of a polymer substance.

In this section, we will first consider the freely jointly chain model and introduce
the concepts of the mean-square end-to-end distance <R2> and the Kuhn length. We will
then consider the free rotating chain model and introduce the persistence length. Last we
will consider the worm-like chain model and prove the relation between the Kuhn length

and the persistence length. Finally, we will calculate the radius of gyration for an ideal

polymer chain.

2.1.1 Freely jointed chain model

We will begin with the simplest model of an ideal polymer chain, a freely jointed chain.
We consider a flexible polymer chain of n+1 backbone monomers 4; (with 0<i<n) as
sketched in Fig. 2.1. The bond vector 7. goes from monomer 4;; to monomer 4;. The
polymer is in its ideal state if there is no interaction between monomer 4; and A4; that are

separated by a sufficient number of bonds along the chain so that |i —J | >1.
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Figure 2.1: One conformation of a flexible polymer chain.
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The end-to-end vector is the sum of all #» bond vectors in the chain

=

R =

n

3

2.1)

1l
—_

Different individual chains will have different bond vector conformations and hence
different end-to-end vectors. The average end-to-end vector of an isotropic collection of

chains of n backbone monomers is zero
<1§n>=o (2.2)
The ensemble average ( ) denotes an average over all possible states of the system

(accessed either by considering many chains or many different conformations of the same

chain). The simplest non-zero average is the mean-square end-to-end distance <R2>

()=o) -tr-m) (7} £7])- £ 54 ) @

, therefore, the scalar product can

We assume all bond vectors have the same length lm:|l7i

be represented in terms of the angle 0; between bond vector 7 and 7, as shown in Fig.
2.1

7.7 =1%cosé, (2.4)

<R2>:‘ ’ (a-g}:zji‘ A (cos,) (2.5)

For a freely jointed chain, there is no correlation between the directions of different bond

vectors, therefore <cos <9U> =0, for i # j. There are only n non-zero terms in the double
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sum (<cos 6?l.j> =1 for i=j). The mean-square end-to-end distance <R2> of a freely jointly
chain is therefore
(R)=nl} =11, (2.6)

Where /. is the contour length of the free jointly chain and /=nl,. For the free jointly

chain, /. also equals the maximum end-to-end distance R, of the polymer chain.
In a typical polymer chain, there are correlations between bond vectors (especially

between neighboring ones) and <cos 91]> # 0. But in an ideal chain, there is no interaction

between monomers separated by a great distance along the chain contour. This implies

that there are no correlations between the directions of distant bond vectors,

and lim <c0s ‘91,> =0. It can be shown that for a ideal chain, the sum of average cosines

|i— j|>o0

over all the bond vectors i and j will converge to a finite number, zz<cos 6?l.j> —->nC,,
i=l j=1

where the coefficient C, is called Flory’s characteristic ratio (for an infinite chain,

C,>C,). Thus, for an ideal chain, the mean-square end-to-end distance <R2> can be

expressed as

(R)=1 ‘ (cos®,)=C,nl; 2.7)

Therefore, the main property of ideal chains is that <R2> is proportional to the product of
the number of bonds » and the square of the bond length /-

A simple unified description of all ideal polymers is provided by an equivalent

free jointed chain. The equivalent chain has the same mean-square end-to-end distance
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<R2> and the same maximum end-to-end distance R, as the actual polymer chain, but

has N freely-jointed effective bonds of length b. This effective bond length b is called the

Kuhn length. The contour length of this equivalent freely jointed chain is

Nb=R__ (2.8)
And its mean-square end-to-end distance is
(R*)=Nb*=bR,, =C,nl; (2.9)

Therefore, the equivalent freely jointed chain has

RZ
N =—m 2.10
C nl’ (2.10)

And the equivalent bonds (Kuhn monomers) of length

2.11)

2.1.2 Freely rotating chain model

As the name suggested, the freely rotating chain model considers a polymer chain with
fixed bond angle @ and ignores differences between the probabilities of different torsion

angles and assumes all torsion angles to be equally possible. To calculate the mean-

square end-to-end distance <R2> of a freely rotating chain, we need to determine the
correlation between bond vectors 7; and 7. The correlations from bond vector 7, at bond

vector 7. are characterized with a factor of (cos 9)‘i_‘f | due to independent free rotations of

| j—i| torsion angles between these two vectors. This character of the freely rotating
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chain defines a persistence segment (the persistence length /,) of the number of main-

chain bonds, which is the scale at which local correlations between bond vectors decay
(cos H)H‘ = eXpI:|i - j| -In(cos 49)] =exp [—|i - j| [ /lp} (2.12)
where the persistence length /, is calculated as /, =/, /Incos(6) . The mean-square end-

to-end distance <R2> of the freely rotating chain can be written as

—

-3 <;7iz>+l,i y (i (cos@) ™/ + i (cos@)-"iJ
‘ =1 \_j=1 =i+l

n i—1 n—i
=nl’ +1;Z(Zcosk 6+ cos* ej (2.13)
i=1 \ k=1 k=1

Since the decay of the correlation between bonds is so rapid, the summation in the above

equation can be replaced by an infinite series over & as

n i—1 n—i
<R2> =nl’ +1312[ cos* 6+ cos* Hj
i=l \ k=1 k=1
~nl, +2nl, > cos* 6 (2.14)
k=1
~nl’ +2nl’ cos@/(1-cos 8)
Compared with Eq. (2.7), the Flory’s characteristic ratio C, for the freely-rotating chain

can be calculated as

C,=1+2cos/(1-cosf)=(1+cosB)/(1-cosO) (2.15)
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2.1.3 Worme-like chain model (Kratky-Porod model)

The worm-like chain model is a special case of the freely rotating chain model for a very
small value of the bond angle 8 (€ <« 1). The worm-like chain model is a suitable model
for very stiff polymers, such as double-stranded DNA (dsDNA) for which the chain
flexibility is due to thermal fluctuations of the chain contour from a straight line rather
than to fluctuations of the bond and torsion angles between the monomers. For small

bond angle 8 (6 < 1), cos and In(cosd) can be extended as
cosd@~1-6°/2 (2.16)
In(cos @) =~ —6° /2 (2.17)

respectively. Therefore, in the worm-like chain model, the persistence length /, and the

Kuhn length b are calculated as

1, =1, /Incos(d) =21, /6" (2.18)

_Cwnlfq_lvtcos@.nlz. 1 4l
R l1-cos@® " nl cos(0/2) &

max

b

(2.19)

respectively. In Eq. (2.19), we implicitly use the expression of R,,,=nl,cos(6/2). From
Eq. (2.18) and (2.19), it is clear that for a worm-like chain, the Kuhn length b is twice

persistence length /, (b=21,).

In the worm-like chain model, the factor of lm/92 enters in the expressions of the
persistence length /, and the Kuhn length 5. The worm-like chain is defined as the limit
of the monomer bond length 7,0 and the bond angle #->0 at a constant persistence
length /,. These limits also result in the maximum end-to-end distance R, of a worm-

like chain equals its contour length (R, =nl cos(@/2)~nl ). In fact, the persistence

max
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length of a worm-like chain defines a length scale where the floppiness at the molecular
scale as characterized by thermal fluctuations (entropy) is balanced by intrinsic elasticity
(enthalpy) of the polymer chain. The polymer chain is dominated by its internal elasticity
due to enthalpy effects when its contour length /. is smaller than /, (/.</,), while it is

dominated by entropic effects when /. is larger than /, (I>1,).
The mean the mean-square end-to-end distance <R2> of the worm-like chain can

be written as

=
=

(&)=L, <cos%>=liii<cos9>""=l;iiexp(‘|j;—|lm] 2.20)

—1i
i=l j=1 i=l j=1 i=1 j=1 P

The summation over bonds can be changed into integration over the contour of the worm-

m

J.(j exp (— |ul_ Y ] dv] du
p

l
=211 20 {1 —exp(—l—"):l (2.21)

P

like chain as lmZ—>J‘: du and [, —>J.Ol dv . Therefore, we have
i=1 =1

)=

Two simple limits exist for Eq. (2.21). The ideal chain limit is for worm-like chains much
longer than their persistence length, and the rod-like limit is for worm-like chains much

shorter than their persistence length. So we have

(R*)~21,1, =bl, (ideal chain limit)

[ 11 o
<R2> ~211 -2 (1 -(1- l—” +5 (l—“’)2 )J =7 (rod-like limit) (2.22)

P p
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The important difference between freely jointly chains and worm-like chains is
that each bond of Kuhn length b of the freely jointed chain is assumed to be completely
rigid. The worm-like chains are also stiff on length scales shorter than the Kuhn length,
but are not completely rigid and can fluctuate and bend. These bending modes lead to a
qualitatively different dependence of extensional force on elongation near maximum

extension [4, 5].

In this thesis work, for simplicity, we neglect local fluctuation of chain contour of
a short worm-like chain, and we will treat the short worm-like chain as a rigid rod-like
molecule. We will apply Eq. (2.21) to calculate the end-to-end distance of the equivalent

rigid rod-like molecule.

2.1.4 Radius of gyration of an ideal polymer chain

The size of an ideal linear polymer chain can be characterized by either its mean-square
end-to-end distance <R2> or its square radius of gyration <R > The square radius of
gyration <R§> is defined as the average square distance between monomers in a given

conformation (monomer vector 7, ) and the polymer chain’s centre of mass (7, ) as

()5 0-)

i=1
The centre of mass 7, for a linear polymer whose monomers have the same molecular
weights can be calculated as

>

j=

(2.24)

\.

i
cm N

—_
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Therefore, the expression for the square radius of gyration <Rg2> takes the form

<R§>=%i<(ﬁ—%iﬁ)z> (2.25)

i=1

Through some manipulations of Eq. (2.25), <Rg2> can be calculated as [2, 4, 5]

(R)=:3 3 (G -7)) (226)

i=1

N
J=i

Again, we change the summations over the monomers into integrations over the contour

of the chain, by replacing monomer indices i and j with continuous coordinates u and v

N N N N
along the contour of the chain as Z—>j0 du andZ—)J. dv . Therefore, we have
i=1 J=i “

(R?)= % [ () -7 )2 v = ]l\’,—z [T 0= wavau 2.27)
2 R?
(R)= Né’ :<T> (2.28)

Eq. (2.28) shows the classic Debye result relating the mean-square radius of gyration and

the mean-square end-to-end distance of an ideal linear chain.

2.2  Dynamic properties of a linear polymer chain

In this section, we will consider the dynamic properties of a linear polymer chain such as
diffusion coefficient (D) and relaxation time (7) in two different models: Rouse chain

model and Zimm model.

35



2.2.1 Rouse chain model

The first successful molecular model of polymer dynamics was developed by Rouse. The
chain in the Rouse model is represented as N beads connected by springs of root-mean-
square size b. The beads in the Rouse model only interact with each other through the
connecting springs. Each bead is characterized by its own independent friction with a
friction coefficient 7. Solvent is assumed to be freely draining through the chain as it
moves (the “free-draining” behavior), and no other long-range interaction between

monomers is considered (Fig. 2.2A).

The total friction coefficient of the whole Rouse chain can be expressed as the

sum of the contributions of each of the N beads
¢ =Nn (2.29)

Therefore, the diffusion coefficient of the Rouse chain can be obtained from the Einstein

relation as

D, ="t =t (2.30)

The relaxation time (Rouse time) 7z for a Rouse chain to diffuse a distance of the order of

its size is calculated as

(R N0 N
Dy (ksT/Nm) kT

2.31)

Tp ™~
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2.2.2 Zimm model

The viscous resistance imparted by the solvent when a monomer in the polymer chain
moves through it arises from the fact that the monomer must drag some of the
surrounding solvent with it due to the non-slippery boundary condition. The force acting
on a solvent molecule at distance » from the monomer becomes smaller as 7 increases, but
only slowly (decaying roughly as ~1/r). This long-range force acting on solvent and other
monomers that arises from motion of one monomer is called hydrodynamic interaction.
The Rouse chain model ignores hydrodynamic interaction forces, and assumes the

monomers only interact through the springs (bonds) that connect them.

Assume that the polymer chain (and any section of the chain) drags with it the
solvent in its pervaded volume. Thus the chain moves as a solid object of size R (R can be
the radius of gyration of the polymer chain; this is the so-called “non-draining” behavior)
(Fig. 2.2B). The friction coefficient of the chain {7 being pulled through a solvent of

viscosity 7, is given by Stokes law as
¢, ~nR~nN"b (2.32)

From the Einstein relation, the diffusion coefficient of a chain in the Zimm model D, can

be calculated as

D, ~ kT kT (2.33)

é/Z ﬂSNl/zb
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Figure 2.2: Free-draining vs. non-draining molecule. (A) In a free-draining polymer,

fluidic flow

fluidic flow can penetrate the polymer chain. There is no hydrodynamic interaction
between different monomers. (B) In a non-draining polymer, the polymer chain drags
with it the solvent in its pervaded volume. Thus the chain moves as a solid object of size
R. Solvent molecules inside the polymer chain move together with the polymer. (adapted

from Ref. [9])
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2.3 Electrophoresis of polyelectrolytes and gel separation

We first consider a uniformly charged, linear polymer chain (e.g., a polyelectrolyte)
resting in a viscous ionic solution. This charged polymer chain perturbs the distribution
of ions in the surrounding solution, with the equilibrium determined by the balance
between electrostatic and Brownian forces (thermal fluctuations). The thickness of the
equilibrium distribution of opposite-charged mobile ions surrounding the polymer chain
can be calculated from the classic Debye-Hiickel theory (this layer of counterions is
called the Debye layer with its length of Ap). The Debye length Ap is the scale over which
mobile ions screen out electric fields in the ionic solution. In other words, the Debye
length is the distance over which significant charge separation can occur. The Debye

screening length /4p is given by [10]

i —( ek T 12

— i 2.29
N3 =

where z; and p; are the number of charge and the number density of i-th ion, ¢ is the
dielectric constant of the solution, N4 is the Avogadro’s constant. Under most typical
buffer ionic strength, the Debye length Ap is between a few nanometers to tens of

nanometers.

We now consider the electrophoretic motion of a polyelectrolyte under an
external electric field £ applied uniformly across the solution. This electric field exerts an
electrostatic force on the polymer chain. However, this field also acts on the surrounding
counterion cloud (of thickness Ap) and drags the surrounding solution in the opposite
direction. The hydrodynamic interactions of the Debye layer with the migrating polymer

chain are largely confined within the Debye layer. To simplify our arguments, we limit
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our discussions to the limit of a thin Debye layer as compared to the polymer chain size.
The screening effect of this thin Debye layer therefore results in two important
consequences. First, counterions screen the long-range coulomb potential between
charged monomers separated by a distance longer than the Debye length. Second, the
hydrodynamic interactions between the Debye layer and the polyelectrolyte backbone are
largely confined within the Debye layer. As a result, there is no hydrodynamic or
coulomb interaction between monomers of the polyelectrolyte during electrophoresis. In
other words, the charged polymer chain is free-draining through solvent, and all the long-
range interactions are screened out within the distance of Ap. Therefore, the Rouse chain

dynamics is valid and applicable, and the total friction constant &, , of the polyelectrolyte

becomes proportional to the chain length ( {,  ~N). If v is the velocity of the

tot
polyelectrolyte in the viscous solution and F,, is the total electric force on the

polyelectrolyte, the following equation

v Fu g (2.30)

gtot

defines the mobility x. Since both Fy,, and £

., are linearly proportional to N, the mobility
i becomes independent of N. This observation is consistent with experimental
observations that the electrophoretic mobility x of nucleic acids (which is uniformly
charged) is independent of their length in a free solution [11]. This length-independent

mobility of uniformly charged polyelectrolytes makes it necessary to use the “sieving”

properties of gels to separate nucleic acids based on size [12, 13].

Gel electrophoresis is currently the most widely used method in biology

laboratory for the analysis of biological macromolecules, such as proteins and nucleic
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acids. Gel electrophoresis uses gelatinous materials consisting of cross-linked three-
dimensional pore networks where the sieving interactions with the migrating
biomolecules determine the separation efficiency [12, 13]. The method’s wide-spread
acceptance is solidly justified, as gel electrophoresis is characterized by unparalleled
resolving power, the ability to analyze many samples simultaneously, the requirement for
only a minute amount of sample, and many different possibilities for sample detection
and recovery. In spite of the popular use of gel electrophoresis, the field of studying
physical mechanisms of gel electrophoresis remains a subject of intense investigation
[13]. The detailed theoretical study of sieving mechanisms in gel electrophoresis still has
been limited by the lack of well-controlled experimental platforms for correlating the size

and shape of the sieving pores to the observed molecular dynamic behavior.

Depending on the relative size of the macromolecule compared with the gel mean
pore size (e.g., the ratio of the radius of gyration R, of the molecule to the gel mean pore
size a), three basic separation mechanisms have been emerged to explain how flexible
linear macromolecules migrate though a constraining gel medium — Ogston sieving
(Rg/a<l), entropic trapping (Rg/a~1), and reptation (R,/a>1) [12, 13] (Fig. 2.3). In Ogston
sieving, the macromolecule is smaller than the gel pores or constrictions, and the
molecular sieving occurs because of steric interactions of the macromolecules with the
gel pore network [14-16]. Since R./a<l, the molecules move rather freely through the gel
matrix, assuming their unperturbed conformations. Entropic trapping applies when
R,/a~1, and the conformation of the flexible macromolecule must deform or fluctuate to
pass through the gel medium’s spatial constrains [17-19]. At each point, the number of

accessible conformations defines the molecule’s local entropy. Entropy differences
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derived from the gel medium’s spatial heterogeneity drive molecules to partition or
localize preferentially in less constrictive spaces, where their enhanced conformational
freedom raises entropy. Reptation can be envisioned as a long linear flexible
macromolecule occupying multiple pores threading its way through the gel in a snake-
like fashion, which is very similar to the “reptation in a tube” process proposed by de
Gennes for entangled synthetic polymers [20-23]. In the reptation mechanism, only the
end segments of the linear polymer chain can escape as the molecule undergoes random
curvilinear motion along the tube axis. Which diffusion mechanism prevails under given
conditions in gels remains an open question. Sequential transitions from Ogston sieving
to entropic trapping to reptation have been postulated as molecular weight or confinement

increases. Such transitions, however, may not always be distinct.
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Figure 2.3. Electromigration of linear polyelectrolytes (green) in a gel network. Red
dashed lines indicate migration trajectories. (A) Ogston sieving. In Ogston sieving, the
polyelectrolyte is smaller than the gel pores or constrictions, and the molecular sieving
occurs because of steric interactions of the macromolecules with the gel pore network. (B)
Entropic trapping applies when the conformation of the flexible molecule must deform or
fluctuate to pass through the gel medium’s spatial constrains. In entropic trapping, the
molecules jump preferentially between larger pores to enhance their conformational
freedom entropy. (C) Reptation (with orientation). In reptation, the molecule is aligned in

the direction of the electric field and reptates head first. (adapted from Ref. [12])
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2.4  Gel electrophoresis: Ogston sieving, entropic trapping and
reptation

Any theoretical treatment of the physical mechanisms of gel electrophoresis must answer
two essential questions. First, what is the nature of spaces which the biomolecules occupy
during their migration, and second, how do the molecules pass through these gel pore
spaces. To answer the first question, we must first consider the structure of gels. A gel is
a colloidal system in which a porous network of interconnected nanopores spans the
volume of a liquid medium. In general, gels are solid, jelly-like materials. Both by weight
and volume, gels are mostly liquid in composition and thus exhibit densities similar to
liquids; however gels have the structural coherence of a solid. The most important
parameter to characterize a gel is the average gel pore size. However, due to gels’
intrinsic nature of random distributed network, it is probably not reasonable to define a
very accurate and definite measurement of a gel pore size, but agreement can be obtained
on orders of magnitude, typically 200 nm to 500 nm for agarose gels, and 5 nm to 100 nm
for acrylamide gels [13]. In the following sections, we will discuss in details the three
sieving mechanisms in gel electrophoresis: Ogston sieving, entropic trapping and

reptation.

2.4.1 Ogston sieving and the extended Ogston model

In Ogston sieving, the linear macromolecules can be treated as a rigid sphere, assigning a
fixed radius equal to the molecule’s average size. In the Ogston sieving mechanism,

macromolecule is smaller than the gel pores or constrictions, and the molecular sieving
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occurs because of steric interactions of the macromolecules with the gel pore network. In
Ogston sieving, the molecules can move freely through the gel matrix, assuming their
unperturbed conformations. According to the extended Ogston model of gel
electrophoresis (also known as the free-volume model) [13-16], the gel is assumed to act
as a sieve with a distribution of pore sizes, and the separation is viewed as a process of
electric-field-driven partitioning process. The extended Ogston model is established
based on the assumption that the ratio of the electrophoretic mobility in the gel u relative
to the mobility in a free solution y; is equal to the fractional volume (or pore space)
available to the molecule in the gel. This fractional volume or pore space in turn depends
on the probability of no contact of the biomolecule with the gel fibers. The probability is
related to the size of the molecule, the thickness of gel fibers, and concentration of the gel.
According to the extended Ogston model, the logarithmic of mobility x# of a migrating

molecule with a radius of R is [13, 15]
log 1 =1log y, — =l (r + R)’C
or log u=log u,—K.C (2.31)

where [ is the gel fiber length per unit volume, 7 is the gel fiber radius, C is the total gel

concentration, and K, is the retardation coefficient (K, = 7/ (r + R)* ). Equation (2.31) has

been widely verified in starch, polyacrylamide, and agarose gels for separating small and

relative globular objects, such as proteins in their native states [13, 16].
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2.4.2 Entropic trapping

Originally the concept of entropic trapping was introduced to understand the motion of
long DNA polymers in porous environments such as gels. Smisek and Hoagland, based
on the agarose gel electrophoresis experiments, recognized the “entropic-barrier mediated
transport” as an intermediate regime between the Ogston sieving regime and the reptation
regime [18]. It had also been experimentally demonstrated by Rousseau et al. that there
exists an entropic trapping transport regime in the polyacrylamide gel electrophoresis
[19]. The entropic trapping occurs because molecules spend most of their time in the
larger pores and must therefore fight strong entropic forces to cross the narrow passages
jointing these large and rare voids (Fig. 2.2 B). Entropic barriers transport applies when
the conformation of a flexible macromolecule must deform or fluctuate to pass through
the gel medium's spatial constraints. At each position, the number of accessible
conformations defines the molecule's local entropy. Entropy differences derived from the
medium's spatial heterogeneity drive molecules to partition or localize preferentially in
less constrictive spaces, where their enhanced conformational freedom raises entropy.
Molecular transport then occurs by thermally activated jumps across the intervening
entropic barriers. Again, entropic trapping can be regarded as an electric-field-driven

partitioning process, but it involves deformation and conformational entropy penalty.

Direct experimental observations of entropic trapping (or entropic-barrier
mediated transport) have been recently achieved in artificial molecular sieving systems
with precisely controlled geometries [24-26]. Han ef al. had recently designed an
entropy-based separation system where a microfluidic channel was defined with a

sequence of deep and shallow channels. Han et al. had applied this entropy trap array
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device to observe the in situ jump dynamics of long DNA (DNA deformation and hernias
formation) across the nanofilter constriction with fluorescence microscopy [24]. Colloidal
templating of self-assembled bead arrays was recently applied to construct sieving gels
comprising a periodic array of voids [25]. The regularity of the void array made the direct
experimental verification of entropic trapping possible via diffraction measurements [25].
A more recent paper by Nykypanchuk and Hoagland reported a similar approach to
template a two-dimensional gel with close-packed spherical beads, and direct observation
of jump dynamics of long DNA between the cavities was achieved with fluorescence

microscopy [26].

2.4.3 Reptation

The early studies on gel electrophoresis of nucleic acids, including the observations from
different groups that the mobilities of DNA fragments are proportional to the reciprocal
of their length, led to the development of the reptation model (reptation = snake-like
movement) of DNA gel electrophoresis. The reptation model had also been applied to gel
electrophoresis of SDS-protein complexes [13]. Reptation can be envisioned as imposing
lateral confinement on a diffusing linear macromolecule by enveloping the molecule in a
fictitious tube (Fig. 2.3C). Only end segments can escape as the molecule undergoes
random curvilinear motion along the tube axis. The tube's random contour and the
molecule's sliding friction combine to hinder center-of-mass displacement. In contrast to
entropic barriers transport, the number of configurations accessible to a reptating
macromolecule does not depend on position. The reptation model initially relied on de

Gennes’ theory of the motion of polymeric molecules in the presence of fixed obstacles
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[20]. The interpretation of electrophoresis data was based on the de Gennes’ theory which
was not originally developed for gel electrophoresis, as was the case earlier with the
extended Ogston model. According to the reptation model, molecules orient themselves

in the direction of the electric field, and their mobility can be described as [13]

Ng 1 E"
u e N 3) (2.32)

where ¢ is the effective net charge per DNA base pair, { is the frictional coefficient for
translational motion along the tube, N is DNA base pair number, and E’ is a
dimensionless reduced electric field (more discussions can be found in Ref. [13]).
Equation (2.32) indicates that mobilities of long DNA molecules, and of shorter DNA
molecules at high electric field strengths, will approach a constant value, leading to a loss

of resolution. This was indeed observed for long DNA molecules in agarose gels [16].

2.5 Equilibrium partitioning theory

In this section, we will discuss the equilibrium partitioning theory. The partitioning of
rigid and flexible molecules between bulk solution and porous solids is an important
aspect of hindered diffusion and related topics, such as ultrafiltration, gel exclusion
chromatography, and osmotic flow in membranes [6-8]. In fact, the extended Ogston
model for gel electrophoresis discussed in the previous section shares a similar
foundation established for calculation of partition coefficients for rigid spherical solutes

in a random network of rods (by Ogston, more discussion see Ref. [27]).

In this section, we only consider the partitioning of rigid molecules. For flexible

molecules, the reader can refer to two other references [28, 29]. The partition coefficient,

48



K, is the equilibrium ratio of solute concentration within the interstitial space of a porous
material to that in the bulk solution. We restrict our attention to the limit of dilute
solution; therefore, the effects of solute-solute interaction are negligible. We also only
consider the case of a dilute solution in a neutral pore, therefore, no attractive or repulsive
force other than the purely steric interactions exists between the molecule and pore wall.
Other molecule-molecule and molecule-pore interactions may include long-range
attractive or repulsive forces, for example, electrical double-layer effects, adsorptive
forces, as well as appreciable solvent molecule size [8, 30, 31]. However, including such
long-range interactions often results in the analytical solution of the partition coefficient

K impossible.

Giddings et al. had established a general foundation for partitioning from the
principles of statistical thermodynamics: the partition coefficient revolves around
excluded volume in general configurational space, and it is a statistical or configurational
entropy phenomenon [7]. The partition coefficient K can be expressed as the ratio of the
configurational state integrals for molecules within the pores and within the bulk solution

as

\R'—.
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x ¢

(2.33)

Integration is over the set of all molecule center positions x lying within the pore space

and all molecule orientations ¢. In Eq. (2.33), p(x,¢) represents the probability density
of the molecule having a given configuration (x,¢). For the purely steric case we are

interested in this thesis, p(x,¢) is unity for all configurations in which the molecule does
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not touch the pore wall and zero for disallowed configurations (Fig. 2.4) (here we have
implicitly assumed that all “accessible” conformations are energetically equal or that only
a single conformation exists (e.g., rigid molecule)). This simplification reduces the
calculation of K in Eq. (2.33) to a geometric problem, where K is the ratio of the
orientation-averaged pore volume available to the molecule center to total pore volume.
Inclusion of other long-range interactions may be accomplished by defining and inserting

the appropriate Boltzmann factor, exp(-¢,, /k,T'), for p(x,¢) into the numerator of Eq.
(2.33). Here ¢, is the energy term stemming from the interaction of molecule with the
pore wall and other molecules, and k,7T is the thermal energy.

Using the above-mentioned geometric arguments, Giddings et al. studied
partitioning of axissymmetric molecules in inert rectilinear pores [7]. For the case of rigid,
rod-like molecules (with an end-to-end length of L) partitioning in a rectangular pore
(with width of d; and height of dj, see Fig. 2.5), Giddings et al. developed an analytical

expression for the partition coefficient K as

K(ﬁ,p)=1—1;—;ﬂ+% (B<)) (2.342)
L B2 ]

K(B,p)=——-ty 2 2 —
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where £ is the scaled molecular length and f=L/d,, p is the scaled pore width and

1% :dj/d().
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Here it is worthy to mention that all the discussion above permits only

monoenergetic configurations, therefore, enthalpy effects (or conformational entropy) are
absent. In this case, the standard (Gibbs) free energy change is simply AF® =-TAS".
The entropy term AS’ is equal to AS’ =k, In(Q/Q,), where Q/Q, is the ratio of
accessible microscopic configurations or states within the free pore volume compared
with those in an equal volume of bulk liquid. The ratio of €2/Q, is clearly the ratio of
configurational integrals and is equal to the partition coefficient K. Therefore, we can

conclude that the dominant effect in this kind of equilibrium relates to changes in

configurational entropy.
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Figure 2.4: Tllustration of allowed and forbidden molecular configurations confined in
two parallel planes. Certain molecular configurations are forbidden due to the steric
repulsion from the pore wall to prevent a partial overlap. In this case, exclusion is

essentially a surface effect. (adapted from Ref. [7])

52



pore wall

/' 2
o’

d1

Figure 2.5: Illustration of a rid, rod-like molecule confined in a rectangular pore (with

width of d; and height of d).
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Chapter 3
Ogston sieving of DNA and proteins

through patterned nanofilter arrays

In this chapter, we present the design and fabrication of nanofluidic filter (nanofilter)
arrays, and further demonstrate size-based separation of short DNA molecules and
proteins based on the Ogston sieving mechanism. Nanofilter arrays with a gap size of 40
nm to 180 nm were successfully fabricated and characterized. Complete separation of
short DNA molecules and proteins were achieved within a few minutes with a separation
length of 5 mm. The fabrication strategy for the nanofilter array device allows further
increasing of the nanofilter density and decreasing of the nanofilter gap size, leading, in
principle, to even faster separation. In this chapter, we will first discuss Ogston sieving as
the separation mechanism for biomolecules crossing a nanofilter constriction. Then we
will proceed with more details of the design and fabrication of the nanofilter array
devices that will be used for separation experiments with short DNA molecules and

proteins.

3.1 Ogston sieving of biomolecules across a nanofilter

The main goal of this thesis work is to design efficient nanofluidic structures to achieve
rapid separation of physiologically-relevant biomolecules such as double-stranded DNA

molecules (dsDNA), proteins, and carbohydrates. To achieve this goal, we need to
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understand different transport properties of biomolecules in confining nanofluidic
structures and further identify proper separation mechanisms and sieving structure
designs to provide novel basis for efficient size-based separation of these physiologically-
relevant biomolecules. In Chapter 2, we have discussed different sieving modes of
biomolecules when migrating through confining sieving media. Of particular interest, the
Ogston sieving mechanism is relevant to separation of biomolecules whose sizes are
smaller than the pore and constriction size [1-6]. Since we are interested in separation of
biomolecules of rather small sizes (for example, most globular proteins have radii of
gyration about 1 nm to 10 nm), we will apply the Ogston sieving mechanism and further
design efficient molecular sieving structures to achieve rapid separation of biomolecules

based on the Ogston sieving mechanism.

In this project, we propose using the nanofluidic filter (nanofilter) array device to
separate biologically-relevant molecules such as dsDNA and proteins based on the
Ogston sieving mechanism. The design of the nanofilter array device is similar to the
entropic trap array Han et al. devised to separate long linear dSDNA molecules (10-200
kbp) [7]. However, the nanofilter array device utilizes a different sieving mechanism (the
Ogston sieving mechanism). In contrast to the entropic trapping method of separation,
Ogston sieving involves molecular transport through nanofilter constrictions whose
diameters are greater than the molecular size; therefore, the sieving does not necessarily
involve molecules deforming and internal conformational entropy penalty (an enthalpy
effect) as in the case of entropic trapping [7, 8]. Figure 3.1 illustrates the nanofilter array
device geometry. Essentially, an electric field drives negatively charged molecules (e.g.,

dsDNA molecules under normal physiological conditions) through a microfluidic channel
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with alternating deep and shallow regions. Biomolecules experience sieving effects
caused by steric constraints whenever they jump across a nanofilter shallow region. The
configurational freedom of the molecules inside the nanofilter shallow region is limited
due to steric repulsion from the wall [9, 10], and this creates a size-dependent
configurational entropic energy barrier for the molecule passage from the nanofilter deep
region to the confined space of the shallow region. Smaller-sized biomolecules are
favored to jump across the nanofilter constrictions due to their greater retained
configurational freedom. Therefore, smaller-sized biomolecules jump across the
nanofilter constriction with higher probability, leading to faster migration speed or higher
mobility through the whole nanofilter array.

The configurational entropic energy barrier is responsible for the differential
penetration of biomolecules into porous materials, for applications like ultrafiltration and
differential dialysis, along with the gel exclusion chromatography [9-11]. Presumably this
configurational entropy effect is also responsible for the sieving process of small and
relative globular molecules in gel electrophoresis [4, 6]. In this chapter, we will examine
the interesting possibility of separating dsSDNA and proteins with nanofilters larger than
the molecular dimensions.

For the Ogston sieving regime in gel electrophoresis, optimal separation is
expected when the size of the biomolecules is comparable with the average gel pore and
constriction size [6]. Therefore, to achieve efficient Ogston sieving of biomolecules
through the nanofilter array, we need to design the model pore-constriction system with
the constriction size comparable to the molecules to be analyzed. To this end, the

nanofilter shallow region depth should be in the range of 10 nm to 100 nm, and the
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nanofilter deep region depth should be in the range of 100 nm to 500 nm. Remember that
the average pore size in agarose gel is typically about 200 nm to 500 nm, and in

acrylamide gel about 5 nm to 100 nm [6].
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Figure 3.1: Schematic of the one-dimensional nanofilter array device with alerting deep

and shallow regions. The nanofilter array has shallow regions with gap thickness of d;,

and deep regions with gap thickness of d;, and a nanofilter pitch number of p. When

biomolecules (green) jump across the nanofilter constriction from the deep region to the

shallow region, the steric constrains within the shallow region limit the biomolecule

configurational freedom. Therefore, there will be a size-dependent configurational

entropic free energy barrier for the passage of biomolecules through the nanofilter

constriction. This size-dependent free energy barrier will cause smaller biomolecules to

jump across the constriction with higher probability. Therefore, smaller molecules will

migrate through the whole nanofilter array with higher mobility.
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3.2 Nanofilter array: device design and fabrication

To realize Ogston sieving of biomolecules in a nanofluidic device and possibly use the
device to separate biomolecules based on size, we designed a restrictive channel with
many “nanopores” and shallow gaps, and used a fluorescence detection method to
observe the migration of fluorescent-labeled biomolecules through the channel. The
microfluidic channel has alternating regions with deep (nanofilter deep region, 100 nm to
500 nm) and shallow (nanofilter shallow region, 10 nm to 100 nm) gap thickness (Fig.
3.1). Compared with the high-configurational-entropy deep region, the limited
biomolecule configurational space inside the nanofilter shallow region creates a
configurational entropic energy barrier for biomolecule passage at the abrupt interface
between the nanofilter deep and shallow regions [9, 10]. This configurational entropic
barrier originates from the steric constraints that prevent a partial overlap of the
biomolecules with the nanofilter wall, and is different from the conformational entropic
barrier associated with molecular deformation and entropic elasticity [7, 8]. Using a
similar nanofluidic device, Han et al. had observed in situ long DNA (A DNA, 48.5 kbp,
radius of gyration R, about 730 nm) deforming and stretching at the entrance of the
nanofluidic constriction with a thickness of 90 nm [7]. However, since the biomolecules
(e.g., proteins) we are interested in this project has much smaller dimensions, it is
difficult to observe single biomolecule jump dynamics across the nanofilter constriction.
Nevertheless, we can use the fluorescence microscopy to observe ensembles of
biomolecules of different sizes migrating through the nanofilter array with different

mobilities.
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The nanofilter array device can be fabricated in the clean room environment using
conventional semiconductor microfabrication techniques. Figure 3.2 shows a schematic
of the three-mask fabrication process. First, shallow and deep regions of the nanofilter
array were defined and etched into a 6-inch silicon wafer using conventional
photolithography and reactive-ion etching (RIE) techniques. For nanofilter arrays with
different pitch numbers, we have used different photolithography tools: contact
lithography (EV620, Electronic Visions Group, AZ) for a nanofilter pitch number greater
than 4 um, and step-and-repeat projection lithography (Nikon NSR2005i19, Nikon
Precision Inc., CA) for a nanofilter pitch number less than 2 um. Using chlorine (Cl,) and
hydrogen bromide (HBr) etching chemistry, the etch rate of the silicon substrate during
the RIE step (AME P5000, Applied Materials Inc., CA) can be well-controlled to be
about 2.7 nm/sec. Therefore we can control the etch time of the RIE process to determine
the nanofilter shallow and deep region depths. Then potassium hydroxide (KOH) etching
was performed at 80°C to etch through the whole Si wafer to create buffer access holes.
As a protection layer for the KOH etching, we had beforehand deposited a low-stress
silicon nitride (Si3N4) layer on both sides of the Si wafer using the low-pressure chemical
vapor deposition method (LPCVD). A thick thermal oxide layer (200 nm to 500 nm) was
then grown on the silicon wafer using LPCVD furnaces to provide an electrical isolation
between the conductive Si substrate and buffer solution. Finally, nanofilter array devices
were sealed by anodically bonding a Pyrex wafer on the front surface of the silicon wafer.
The bonded wafers were cut by diesaw into individual nanofilter array devices for
channel filling and separation experiments. The depths of shallow and deep regions of the

nanofilters were measured with a surface profilometer (Prometrix P-10, KLA-Tenco Co.,
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CA) before the anodic bonding process. The depths and surface uniformity of the
nanofilter shallow regions were further checked by imaging the cross-section of the
nanofilter with scanning electron microscopy (SEM, JEOL6320FV, JEOL USA, Inc.,
Peabody, MA) after anodic bonding.

Using the standard fabrication process, we can easily control different structural
parameters of the nanofilter array, for example, the nanofilter shallow and deep region
depths and the nanofilter pitch number. Figure 3.3 shows the cross-sectional SEM
images of the sealed nanofilter array devices. Figure 3.3A shows two SEM images of the
alternating deep and shallow regions of the nanofilter array. In this particular example,
the nanofilter deep region depth is about 300 nm, and the shallow region depth is about
55 nm. The pitch number of the nanofilter array is about 2 um. Figure 3.3B shows four
different nanofilter shallow regions with different depths. As seen clearly from these
SEM images, the nanofilter shallow region depth is very uniform, and its depth can be
easily controlled during the fabrication process. We also checked the nanofilter array
geometries across the whole 6-inch wafer using the surface profilometer before the
anodic bonding step. We found very good uniformity of the nanofilter etch profile across
the whole 6 wafer, with a variation of less than 8%.

In this thesis, the nanofilter array devices were fabricated on silicon substrates.
However, similar fabrication process can also be applied to other common semiconductor
substrates, such as quartz and glass. The nanofilter array devices can also be fabricated

using standard sacrificial layer removal techniques [12].
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1, RIE to define the depth of shallow region (1st mask)

2, RIE to define the depth of deep region (2nd mask)

3, KOH etching for buffer access holes (3rd mask)

4, thermal oxidation to provide electrical isolation
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5, anodic bonding to form sealed channel
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Figure 3.2: Fabrication process of the nanofilter array device.
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Figure 3.3: Cross-sectional scanning electron microscopy (SEM) images of the
nanofilter array. (A) SEM images of an alternating deep (300 nm) and shallow (55 nm)
regions of a nanofilter array. (B) SEM images of the cross section of different shallow

regions with different depths (40, 60, 80, and 180 nm).
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3.3 Experimental conditions

Figure 3.4 shows the experimental setup we used for testing the nanofilter array device
with fluorescent-labelled DNA and protein molecules. The nanofilter array device was
first filled with Tris-Borate-EDTA (TBE) buffer, and then the probe DNA and protein
molecules were labelled with different fluorescence dyes.

Various dsDNA molecular weight (MW) ladder samples had been tested through
the course of this thesis. All the dsDNA samples were purchased from New England
BioLabs (Beverly, MA), and were labeled with the intercalating fluorescence dye
YOYO-1 (Molecular Probes, Eugene, OR) in the TBE buffer. The dye to DNA base pair
ratio was about 1:20 and the final DNA concentration in the sample solution was from
about 10 pg/ml up to 100 pg/ml. We also applied the one-dimensional nanofilter array
device to separate mixtures of proteins under denaturing conditions. The following
commercially available Alexa Fluor 488-conjugated proteins were investigated in this
thesis work (all purchased from Molecular Probes): cholera toxin subunit B (degree of
labeling: 5 moles dye/mole, MW: 11.4 kDa), lectin phytohemagglutinin-L (degree of
labeling: 3 moles dye/mole, MW: 120 kDa) and low density human lipoprotein (degree of
labeling: 1 moles dye/mole, MW: 179 kDa). The complete denaturation and dissociation
of these proteins was performed by adding sodium dodecyl sulfate (SDS, Sigma) and
dithiothreitol (DTT, Sigma) to the protein mixture. The SDS-DTT-protein mixture
contained 2 wt% SDS and 0.1M DDT and was incubated at 85°C for at least 10 minutes.
The resultant SDS-protein complex solution was further diluted in the TBE buffer to a
protein concentration of about 40 pg/ml. The final SDS-protein complex sample solution

contained 0.1 wt% SDS and 5 uM DTT.
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The dsDNA molecules can be considered as uniformly charged linear
polyelectrolytes, since the phosphate groups associated with each nucleotide
approximately carry two intrinsic negative charges [6]. It is also worthy to mention that
the SDS and DTT treatment of the native proteins completely disrupts their native three-
dimensional structures and shapes, dissociate them into polypeptide chains (the amino
acid subunits), and impose comparable shapes and net charge densities on these chains.
Dodecyl sulfate molecules bind strongly to polypeptide chains, with approximately one
dodecyl sulfate molecule per two amino acid residues [13]. Each dodecyl sulfate
molecule carries a negative charge, so a typical polypeptide of molecular weight of 40
kDa (with about 360 amino acids) acquires about 180 negative charges, which is far in
excess of any net charge that might exist on the polypeptide chain originally in the buffer
solution. Consequently, the charge to size ratio is virtually identical for all SDS-
denatured proteins. Therefore separation of the dsDNA molecules and denatured proteins
through the nanofilter array can occur only as a result of the size-sieving effect through
the nanofilter constriction.

In all the experiments with dSDNA molecules and denatured proteins, the one-
dimensional nanofilter array devices were filled with the high ionic strength TBE buffer
(TBE 5x, 0.445 M Tris-Borate, 10 mM EDTA, pH~8.3). Additional 0.1 wt% SDS was
added to the TBE 5x buffer for the denatured protein experiments. There are two effects
of the high ionic strength buffer in our electrophoresis experiments. First, the high ionic
strength buffer effectively diminishes the electroosmotic flow in the nanofilter array
device [14]; therefore, in all our experiments, migration of dsDNA and denatured

proteins followed the direction of electrophoresis. This enables us to easily control the
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migration direction of both dsDNA molecules and denatured proteins in our devices
using the applied electric fields. The electroosmotic flow is associated with the device
surface charge density (or the zefa potential), which is dependent on the surface treatment
and cleaning methods during the fabrication process [14]. Therefore, the electroosmotic
flow in the nanofluidic device can be difficult to control. Second, since the TBE 5x
buffer has an equivalent ionic strength about 130 mM with a corresponding Debye length
Ap of about 0.84 nm (much smaller than the nanofilter shallow region depth d; tested in
this thesis) [15], the Debye layer should have negligible effects for the migrating
biomolecules across the nanofilter array. Therefore, the jump dynamics of biomolecules
across the nanofilter is dictated by steric interactions.

The one-dimensional nanofilter array devices were mounted on an inverted epi-
fluorescence microscope (IX-71, Olympus, Melville, NY). The microscope was equipped
with a thermoelectrically cooled CCD camera (Sensicam QE, Cooke Co., Auburn Hill,
MI) for fluorescence imaging. A 100W mercury lamp (Chiu Technical Corp., Kings Park,
NY) was used for illumination. Laser induced fluorescence (LIF) detection system was
also used in some electrophoresis experiments. All the biomolecules were observed using
a FITC filter set (exitation: 482 nm, emission: 536 nm, Semrock, Rochester, NY). The
images were further analyzed with image processing software (IPLab, Scanalytics, BD

Bioscience, Rockville, MD).
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Figure 3.4: Experimental setup for observation of migration of fluorescent-labeled

biomolecules through the nanofilter array devices.
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3.4 Ogston sieving for size-based separation of DNA and proteins

The layout of the one-dimensional nanofilter array device is presented in Fig. 3.5. At the
very beginning of the 1-cm long nanofilter array, a T-shaped injector for electrokinetic
sample injection was fabricated to define and launch an initial biomolecule mixture plug
of 40-um wide. Figure 3.6 shows a sequence of fluorescence images recorded by the
CCD camera when a protein mixture was injected into the nanofilter array using the T-
shaped injector. The injection volume for each injection was around 1 pL.

Figure 3.7 presents a sequence of fluorescence images showing separation of
three different sized denatured proteins through the one-dimensional nanofilter array (d;:
60 nm, d;: 300 nm, p: 1 um). The three proteins were cholera toxin subunit B (molecular
weight (MW): 11.4 kDa), lectin phytohemagglutinin-L. (MW: 120 kDa), and low density
human lipoprotein (MW: 179 kDa). The three images were taken near the T-shaped
injector region, shortly after the launching of the protein mixture. The applied electric
field through the nanofilter array was 100 V/cm. The three proteins were quickly
separated within 30 sec and a 570 um separation length (about 500 nanofilters). Different
sized proteins can be clearly identified from each other as evidenced by the three distinct
migration bands (Fig. 3.7). Smaller protein fragments migrated faster than larger ones,
which is consistent with the Ogston sieving mechanism and is different from the entropic

trapping-based separation of long DNA molecules in similar nanofluidic devices [7].
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Figure 3.5: Layout of the one-dimensional nanofilter array device. The device includes
four buffer access holes (anode, cathode, sample and waste), a 1-cm separation column

(the one-dimensional array of nanofilter) and a T-shaped injector.
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Figure 3.6: Sequence of fluorescence images showing the protein mixture injected into
the nanofilter array using the T-shaped injector. The solid lines indicate the T-shaped
injector and the dashed lines indicate the nanofilter array. The numerical values listed on
the images indicate the different voltages applied at the four buffer access holes (unit: V,
top: sample, bottom: waste, left: anode, right: cathode). V' is the voltage applied at the
anode. The thick arrows indicate the biomolecule migration directions inside different

regions of the nanofilter device.
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Figure 3.7: Sequence of fluorescence images showing separation of proteins through the
one-dimensional nanofilter array device (d;: 60nm, dg: 300nm, p: 1um). Band assignment:
(1) cholera toxin subunit B; (2) lectin phytohemagglutinin-L; (3) low density human

lipoprotein.
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Figure 3.8 summarizes the electropherograms we recorded in the middle of the 1-
cm separation channel (separation distance: 5 mm) under different applied electric fields.
The base-line separation of the proteins was achieved within 4 min under an electric field
of 90 V/ecm (Fig. 3.8).

We can quantitatively characterize the separation efficiency of the one-
dimensional nanofilter array by calculating the theoretical plate number N,, the
theoretical plate height H, and the separation resolution R, between the different protein
peaks [16]. The one-dimensional nanofilter array device is an elusion separation system,

therefore the theoretical plate number N, for each peak can be calculated

as N, =1.39x(t/ Ay, ), where ¢ is the migration time and 2A¢,,, is the measured full

width at half maximum of the peak. In this thesis work, we have used Gaussian functions
for fitting to determine the means (the maximum intensity) as well as the peak widths for
all the electropherograms and fluorescence intensity profiles measured. The theoretical
plate height (H) can be calculated as H=nq,p/N,, where n,.,p represents the separation
column length or separation distance (7,4,: number of nanofilter, p: nanofilter pitch
number). The separation resolution R; ;, between two peaks (peak 1 and 2) is calculated

by using the expression Ry, =0.59x (¢, —1,)/(At,,,, + At,,,,), where ¢, and ¢, are the
migration time of peak 1 and 2 and 2A¢,,,, and 2A¢,,,, are the respective full widths at

half maximum.

The theoretical plate number N, for cholera toxin subunit B was about 1523 and
the plate number per column length was about 3x10° plates/m under the electric field of
90 V/ecm (Fig. 3.8). Such separation performance obtained by the one-dimensional

nanofilter array chip is comparable to microchip-based gel electrophoresis system, and is
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better than current state of the art separation systems (i.e. capillary gel electrophoresis)
without using any sieving gel [17]. Since the denatured proteins tested are smaller than
the 60 nm nanofilter shallow region depth, Figure 3.8 clearly demonstrates the
effectiveness of Ogston sieving in the nanofilter array and further is a direct experimental

confirmation of Ogston sieving in a well-defined, regular nanopore system.
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Figure 3.8: Separation of proteins in a nanofilter array device (ds: 60 nm, d;: 300 nm, p:
1 um) under different applied fields. Separation length: 5 mm. Band assignment: (1)
cholera toxin subunit B (11.4 kDa); (2) lectin phytohemagglutinin-L (120 kDa); (3) low
density human lipoprotein (179 kDa). Rg ;: separation resolution between peak i and j; N;
H;: theoretical plate number and plate height (in um) for peak i; Ny/L: theoretical plate

number per column length (in plates/m).
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Separation results of short dSDNA molecules in the one-dimensional nanofilter
array device are shown in Fig. 3.9. The PCR marker contains 5 different DNA fragments
of sizes ranging from 50 bp to 766 bp. Since the persistence length of DNA is about 50
nm (about the contour length of 150 bp DNA) [18], the PCR marker fragments appear
relatively straight, and recognizable as rigid, rod-like molecules with an end-to-end
distance of about 16 nm to 150 nm [19]. A complete separation of the PCR marker was
achieved in about 10 min with a separation length of 5 mm under an electric field of 70
V/em. Similar to the observations with the proteins, higher electric fields led to fast
biomolecule separation; however, separation resolution was very much compromised.
Reducing electric field led to improved separation resolution (Fig. 3.8 & 3.9).

The molecular sieving power of the nanofilter array showed dependence on the
electric field strength. When the field was increased, the size dependence of
electrophoretic mobility (or size selectivity) disappeared. This dependence of mobility on
field strength was more apparent for longer molecules. For instance, when the electric
field was increased from 70 V/cm to 100 V/cm, the 50 bp and 150 bp DNA fragments
achieved 8.4% and 18.2% mobility increases, respectively, while the 766 bp DNA
fragment achieved a 90.2% mobility increase (Fig. 3.9). This observation suggests that
there is a competition between the electrical potential energy drop AW in the translation
of charged DNA molecules over the nanofilter barrier (AW~ENgq, E: field strength, N:
DNA base pair number, g: effective charge of dSDNA molecule per base pair) and the
Ogston sieving induced entropic energy barrier (~kz7). The Ogston sieving effect

becomes less dominant as the electric field is increased, and this is especially true for
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longer DNA molecules. Therefore, the separation resolution worsened as the field was
increased (Fig. 3.8 & 3.9).

It had also been proposed in the gel electrophoresis community that the field-
dependent behavior of Ogston sieving can be attributed to the fact that, under a high
electric field, biomolecules tend to be aligned with the direction of the field, and tend to
have more favorable configurations to migrate through the nanofilter constriction [3, 6].
This field dependent reorientation phenomenon again effectively lowers the entropic
barrier height, and this is especially true for longer biomolecules, since they are more
readily to be deformed and re-oriented along the field direction [20]. Discussion of the
high field effect on the re-orientation of the biomolecule along the field direction when
crossing the nanofilter constriction is out the scope of this thesis; more details can be

refereed elsewhere [20].
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Figure 3.9: Separation of rigid, rod-like DNA molecules (PCR marker sample) in a
nanofilter array device (ds: 60 nm, d;: 300 nm, p: 1 pm) under different applied fields.
Separation length: 5 mm. Band assignment for DNA: (1) 50 bp; (2) 150 bp; (3) 300 bp; (4)
500 bp; (5) 766 bp. Rs ;: separation resolution between peak i and j; u;: electrophoretic
mobility of peak i (107 cm?’/(V-sec)).
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3.5 Control experiments in flat nanofluidic channels

To ensure that separation of proteins and dsDNA with the one-dimensional nanofilter
array devices was indeed due to the size-dependent molecular jump dynamics across the
nanofilter constriction, we have performed control experiments with both proteins and
DNAs inside flat nanochannels (with depth d; of 60 nm to 100 nm) (Fig. 3.10). The
control experiments were performed under TBE 5x buffer. Since the corresponding
Debye length Ap is about 0.84 nm, which is much smaller than the nanochannel depth,
the Debye layer should have negligible effects for the migrating biomolecules inside the
flat nanofluidic channels. The smallness of the Debye length Ap (1p<<dj) also resulted in
a plug flow profile of the electroosmotic flow (EOF) inside the nanochannel (Fig. 3.10)
[21]. Please notice that the electroosmotic flow inside our nanofluidic devices is in the
opposite direction as the electrophoresis of the negative-charged biomolecules.

We tested the PCR marker sample in a nanofluidic channel with a depth of 60 nm
(Fig. 3.11). The PCR marker sample again contains 5 different DNA fragments of sizes
ranging from 50 bp to 766 bp. However, as we can see from the electropherograms we
recorded under a broad range of electric fields, no separation could be observed for the
PCR marker. Similar experimental results have been observed with proteins.

From Fig. 3.11, we can easily conclude that the DNA electrophoretic mobility u
inside the nanochannel is size-independent and also field-independent. The constant
value of the electrophoretic mobility u« can be treated as the free-draining mobility uy of
dsDNA molecules in our nanofluidic channels (which includes the effect of the EOF),
and 1p=1.01x10™* cm?/(sec-V). Here we need to acknowledge that, the magnitude of the

DNA free-draining mobility uyin the nanofluidic channels is about four times less than
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the value reported by other groups from bulk free solution experiments where the free
solution mobility was measured at about uy~4.5x10™ cm?/(sec-V) [22]. We suspect this
discrepancy is due to the fact that the EOF inside the nanofluidic devices is in the
opposite direction as the electrophoresis of the negative-charged biomolecules, and the
electroosmotic flow can exert a certain drag force on the molecules, leading to reduced
mobility.

The control experiments with the flat nanochannel (Fig. 3.11) confirmed that
separation of proteins and DNA in the one-dimensional nanofilter array device was
indeed due to the existence of the nanofilters, not due to chromatographic interaction
between the nanofilter walls and the molecules. The small Debye length also excluded
the possibility of hydrodynamic chromatography caused by the parabolic velocity profile
in the large Debye length limit [23]. The possibility of the dielectrophoretic trapping,
induced by the field gradient at the boundaries between the nanofilter deep regions and
shallow regions, may cause the separation of molecules with different sizes [24], even at
DC conditions [25]. However, if that were the case, the increased driving electric fields
should have resulted in stronger trapping and therefore more resolved separation, which

is a contradiction from our experimental observations.
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Figure 3.10: Electromigration of rigid, rod-like DNA molecules in a flat nanofluidic
channel with depth of 60 nm to 100 nm (d;). Right side shows a schematic of
electroosmotic flow inside the nanofluidic channel including the structure of the Debye

layer with inner Stern layer (not to scale).
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Figure 3.11: Separation of the PCR marker in the 60 nm flat nanochannel. (A)
Electropherograms recorded at a separation distance of 2 cm under different electric
fields. (B) Apparent electrophoretic mobility ¢ of the PCR marker sample as a function of
applied electric fields.
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3.6  Separation efficiency depending on nanofilter array geometry

Separation of biomolecules through the one-dimensional nanofilter array depends on both
the operational conditions and the nanofilter structural parameters. The operation
conditions include the applied electric field, temperature, and buffer conditions. The
nanofilter structural parameters include the shallow and deep region depths, and the
nanofilter pitch number. Since the effects of temperature and buffer conditions on the
separation have been well-documented elsewhere [26, 27], here we focus only the effects
of the applied electric field and the nanofilter geometry on the separation.

To investigate the electric field effect on the separation, we further performed
electrophoresis experiments with two different DNA ladder samples (low molecular
weight DNA ladder sample and 100 bp DNA ladder sample) in two different nanofilter
array devices. The size dependent electrophoretic mobilities i« of dSDNA molecules were
measured and analyzed. Figure 3.12 shows the electropherograms of these two ladder
samples under varied applied electric fields. Figure 3.13 plots the mobility x of dsDNA
fragments as a function of the dsDNA length. Again, we found the Ogston sieving effect
of the nanofilter array was modulated by the electric field strength. Higher electric fields
resulted in fast separation; however, separation resolution was compromised. Reducing
the electric field led to improved separation resolution. The size selectivity of the
nanofilter array (defined as du/dN) can be calibrated from the slopes of the mobility
curves. As the electric field E,, was decreased, the mobility slope showed tendency to
become steeper, indicating better selectivity (Fig. 3.13). The field-dependent observation
could not be correlated directly to the extended Ogston model for the conventional gel

electrophoresis, since the extended Ogston model is essentially a low-field (near
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equilibrium) model. This difficulty leads us to think more carefully about the local
biomolecular jump dynamics across the nanofilter. We will get back to this point with
more details in the next chapter.

Here it is worth mentioning the tradeoff between increasing the nanofilter size
selectivity by reducing the electric field E,, and the separation time. A first-order of
estimation of the separation speed can be calculated from the maximum sieving free
mobility u..cand the electric field E,, in the nanofilter array. The maximum sieving free
mobility u... depends solely on the nanofilter structural parameters. Since all the
nanofilter arrays tested in this thesis consist of equal deep and shallow region lengths,
Umax can be expressed as [28]

4y
(+7)°

:umax = IUO (31)

where y is the ratio of the nanofilter deep region and shallow region depths and y=d/d,.

Therefore, the total separation time 7y, under a certain separation condition can be

roughly estimated by
ByapP My P+ 7)°
Ttravel ~ - = T (32)
Eav/umax 47Eav;uO

From Eq. (3.2), we can determine that the separation time is linearly proportional to the
separation distance and inversely proportional to the electric field E,,. Therefore,
reducing E,, lengthens the separation time. The total separation time decreases faster than
1/E,,, since the DNA mobility decreases with decreasing electric field strength (Fig.

3.13).
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Figure 3.12: Separation of low molecular weight DNA ladder (A) and 100 bp DNA
ladder (B) in nanofilter array devices (for A: d=55 nm, d;/~300 nm, and p=1 um; for B:
d=80 nm, d;~500 nm, and p=4 um). The low molecular weight DNA ladder includes 11
fragments with sizes ranging from 25 bp to 766 bp, and the 200 bp fragment has
increased intensity to serve as a reference peak (see arrow mark); the 100 bp DNA ladder
contains 12 bands with sizes ranging from 100 bp to 1517 bp, and the 100, 500 and 1000
bp bands have increased intensity to serve as reference peaks. The electropherograms

were all taken 1 cm from the injection point with the indicated fields.
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In Fig. 3.14, we compared three different nanofluidic devices with different
structures but the same nanochannel depth to separate proteins (d;=60 nm). In the flat
nanofluidic channel device (device 1), no separation over a 2 cm separation length was
observed for the protein mixture under a broad range of fields applied (Fig. 3.14A).
Again, this experiment confirmed that separation in the nanofilter array was indeed due to
the nanofilters, not due to other interactions between the nanofilter walls and the
molecules. device 2 and device 3 had different periods (p) and different deep region
depths (dj). It was possible to achieve separation with high fields (up to ~100 V/cm) in
device 3 but not in device 2 due to the difference in their geometries (separation
resolution would be lost with a field higher than ~60 V/cm in device 2). A more than 10-
fold increase of the separation speed was obtained in device 3 than in device 2 for
comparable separation resolution. This can be attributed to three different separation
relevant parameters of these two devices: the separation length, the electric field and the
aspect ratio of the nanofilter (y=dd;). The decrease of y with shallower depth of d; in
device 3 increased the separation speed (Uma/to(device 3)=0.55>wuq/uo(device 2)=0.34).
Overall, the shorter separation length, the greater field and the reduced aspect ratio leaded
to the more than 10-fold increase of the separation speed in device 3. Similar
improvement is expected when the nanofilter period is further decreased, possibly either
by e-beam lithography [29] or by nanoimprint lithography [30]. A nanofilter with a
period of 100- to 200 nm is still much larger than the size of proteins and other

biomolecules, so similar sieving behavior is expected in such devices.
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Figure 3.14: Comparison of separation performance in three different nanofluidic
devices. Device I has only a 60 nm thin, flat channel without any nanofilter. Device 2:
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assignment is the same as in Fig. 3.6 for proteins. The separation lengths and the applied

fields are indicated in the figures.
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Chapter 4
Molecular sieving in periodic free-energy
landscapes created by patterned

nanofilter arrays

In this chapter, we present an experimental study of Ogston sieving process of rigid rod-
like DNA in patterned one-dimensional periodic nanofluidic filter arrays. The
electrophoretic motion of DNA through the nanofilter array is described as a biased,
thermally activated (Brownian) motion overcoming periodically modulated free energy
landscapes. A kinetic model, constructed based on the equilibrium partitioning theory and
the Kramers rate theory, explains the field-dependent DNA mobility well. At the end of
the chapter, we further show experimental evidence of the crossover from Ogston sieving
to entropic trapping, depending on the ratio between nanofilter constriction size and DNA

size.

4.1 Introduction: the extended Ogston model in gel electrophoresis

The standard model for interpreting gel electrophoresis mobility u in the Ogston sieving
regime is the so-called “extended Ogston model” [1-6], where the relative mobility ,u*,
the ratio between the mobility u in gel and the free solution mobility xy, of a molecule of

given size is assumed to equal the partition coefficient K of the molecule in the gel (K
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revolves around excluded volume in general configuration space). Even though the
assumption of ,u*=,u/,uo=K has never been properly tested experimentally, largely because
the mobility x and the partition coefficient K of the molecule cannot be measured
independently for a gel system, the extended Ogston model has been applied as the
theoretical basis for the widely accepted empirical method proposed by Ferguson for
determining the molecular weights of biomolecules [3]. The extended Ogston model in
gel electrophoresis is essentially a low-field (near equilibrium) model, and therefore it
cannot account for many important characteristics of gel electrophoresis. For example,
the extended Ogston model is known for failing to explain field-dependent mobility shifts
that occur in a medium-to-high field gel electrophoresis [3, 6].

The theoretical study of sieving mechanisms in gel electrophoresis has been
fundamentally limited by the lack of well-controlled experimental platforms for
correlating the size and shape of the sieving pores to the observed molecular dynamic
behavior. Recently, various microfabricated structures have been proposed as an
alternative to the gels (see discussions in Chapter 1). These regular sieving structures
have also proven ideal for theoretical study of molecular dynamics and stochastic motion
in confining spaces, due to their precisely defined environments [7, 8]. For example,
detailed theoretical models of entropic trapping have been developed based on the first
principles to optimize the separation process in the entropic trap array device [9, 10].

In the previous chapter, we have proven that patterned one-dimensional periodic
nanofilter arrays can provide fast separation of physiologically-relevant molecules such
as proteins based on the Ogston sieving mechanism [11]. More interestingly, we found

the Ogston sieving process of the nanofilter array showed dependence on the electric
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field strength, and this field-dependent observation could not be correlated directly to the
extended Ogston model for the conventional gel electrophoresis, since the extended
Ogston model is essentially a quasi-equilibrium model that doesn’t account for the
electric field effect on the biomolecule migration in the gel.

In this chapter, by using a theoretical model based on the equilibrium partitioning
theory and the Kramers rate theory, we quantitatively characterized the local
biomolecular jump dynamics across the nanofilter, and further calculated the size- and
field-dependent mobility of biomolecules in different microfabricated periodic nanofilter

arrays.

4.2  Kramers rate theory

Before we proceed to calculate the DNA mobility in the nanofilter array, we will
introduce the well-known calculation by Kramers of the rate of passage of a Brownian
particle over a potential-energy barrier. The general Kramers result comes from the
Fokker-Planck equation in the full phase space of the Brownian particle [12, 13]. Here to
simplify the calculation, we focus ourselves on the simple case of the diffusion limit (the
overdamped regime), which permits direct use the solution of the simplified one-
dimensional Fokker-Planck equation. The discussion below is patterned after very clear

expositions by Brinkman and Stockmayer [14, 15].

We can write down the force balance equation F' for molecules in the dilute

solution as (here we treat the molecules as point-like particles)

nw—v)=F=-V(k,Tln f +U) (4.1)
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where # is the friction constant, u represents the molecular velocities and v represents the
solvent velocities at the positions of the molecules. In this thesis work, we neglect the
solvent flow (e.g., EOF flow), and therefore v=0. U is the Gibbs free energy and in our
case, U is entirely intramolecular (a dilute solution case), but contains contributions from
interaction with external fields as well as from the free energy of the chain
conformational and bonding interactions. Finally, f is the time-dependent distribution

function of the molecule coordinates.

In this thesis, we are interested in the steady-state net rate of passage of Brownian
particles from the left to the right side of the barrier (Fig. 4.1). Therefore, we can re-write

Eq. (4.1) in terms of molecular current in one dimension as

kT £+ f du
n dx k,T dx

J=uf = ) (4.2)

Eq. (4.2) can be easily re-arranged to read

kT d
n dx

U/lk,T
Je " =

(fe”"0) (4.3)
Integration of Eq. (4.3) from points 4 and B yields

(fBeUB/kBT _fAeUA/kBT) (4.4)

. 7

The discussion of the left hand side of Eq. (4.4) is facilitated by the assumption that the
barrier height U* is sufficiently high compared to thermal energy (kzT). Therefore, we
can safely assume the flat region near the top of the barrier gives the majority
contribution to the integral (with the current at the top of the barrier as J.). Then from Eq.

(4.4), we can have
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The fraction of molecules in the total ensemble which are on the left side of the barrier

can be calculated as

ny= [ o= [ fe T dy s f T [V gy (4.6)

trap A

where we have assumed the majority of the molecules on the left side will be found near
the bottom of the potential trap A4, and in the region, the molecule distribution is

~(U-U)/ky

approximated with a Boltzmann distribution ( f = f,e ). Similarly, the fraction

of molecules on the right side is

n, = ijdx ~ fe! J e VT dx 4.7)

irap B
Combining Eq. (4.5), (4.6) & (4.7), we have

Jo=kn,—kyn, (4.8)
where k4, the forward escape rate constant is given by

k, = kT /1 (4.9)

B
U/k,T ~U/k,T
Le 55 dx j e dx

trap A

Eq. (4.9) can be specialized to various shapes of potential-energy barriers. For
example, if we assume parabolic shapes of the energy profiles in the neighborhoods of

the points 4 and C as
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U=U,+(ma’/2)(x—x,)" +

— J‘ o UT gy — o UalksT (27szT/ma)j)2 (4.10)
trap A
and
U=U,—(ma}/2)(x—x.) +--
(4.11)

B
= [ &/ de =" 27k, T | s}y

where m is the molecular weight, w4 and w¢denote the angular frequencies of the energy
profile near the points 4 and C. Combining Eq. (4.9), (4.10) and (4.11), we can obtain the
famous form of the escape rate constant of passage over the barrier in the Kramers rate

theory (in the diffusion limit) as

w,o-m _._ ,0-m _;x
foo= LA | WU kT _ Ca®cl? | U kT (4.12)
27n 27n

If we assume linear shapes of the energy profiles in the neighborhoods of the

points 4 and C as

U=U,-S,(x-x,)

— J‘ e VT gy ~ J"‘A e Uk gy :kB_Te—UA/kBT (4.13)

trap A
and

U=U;=Sc(x=xc)

N J’BeU/kBde zJ'*""eU/kEdezk,y;_TeUC/kBT (4.14)
A xc S

where S, and Sc denote the linear slopes of the energy profile near the points 4 and C.
Combining Eq. (4.9), (4.13) and (4.14), we can obtain another escape rate constant of

passage over the barrier as

98



- kyT /1 _Si8c | vt (4.15)
- _ .
Ijeu/kBde J‘ e Ukt gy kT
trap A
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case 1: parabolic-shaped profile

trap B

case 2: linear-shaped profile

U*

slope : Sd

trap

slope : Ss

Figure 4.1: Double well potential for the Kramers problem. The free energy profile
contains two minima 4 and B along the coordinate x. The two minima are separated by

the barrier at point C. Top: parabolic-shaped energy profile. Bottom: linear-shaped

energy profile.
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4.3  Molecular sieving in period free-energy landscapes created by
patterned nanofilter arrays

To facilitate theoretical study of the local biomolecule jump dynamics across the
nanofilter constriction, we have used rigid, rod-like dsDNA molecules as probe
molecules (Fig. 4.2). These rigid, regular shaped molecules enabled us to obtain
analytical solutions of the configurational entropic barrier for the molecule passage
through the nanofilter constriction [16, 17].

We quantitatively characterized the sieving process of various short dsDNA
molecules in different microfabricated periodic nanofilter arrays (Fig. 4.3; see other
results in Fig. 3.10 & 3.11) [18]. The nanofilter arrays serve as the model pore-
constriction system. The depth of the nanofilter shallow region (d;) is of the same order
of magnitude as the size of probing DNA molecules. Details of the nanofilter array
structure and fabrication, and the experimental procedures are described in the previous
chapters.

The electrophoretic drift of DNA through the nanofilter is essentially an electric-
field-driven partitioning process [6]. Compared with the high-entropy nanofilter deep
region, the limited DNA configurational space inside the nanofilter shallow region
creates a configurational entropic barrier for DNA passage at the abrupt interface
between the deep and shallow regions. This configurational entropic barrier originates
from the steric constraints that prevent a partial overlap of DNA with the wall [16], and is
different from the conformational entropic barrier associated with deformation and
entropic elasticity (which are intrinsically enthalpy effects) [19, 20]. The configurational

entropic barrier can be calculated as -TAS’~-kzTIn(£2/£2,) (T: absolute temperature, S*:
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configurational entropy, kz: Boltzmann’s constant, £2/£2;: ratio of accessible microscopic
configuration state integrals within shallow and deep regions). By definition, (2/€2; is
equal to K (K=K/Kj,), the ratio of the partition coefficients in the shallow and deep
regions.

As discussed in Chapter 2, the partitioning of rigid molecules in various
nanopore geometries has been studied both analytically and numerically with geometrical
and statistical arguments [16, 17]. Therefore, in the dilute solution limit, the partition
coefficients K; (i=s, d) of thin rod-like DNA of length L in both shallow and deep regions

are calculated as

2
K =1-1tPig 2P (B, <1)
2p " 37p,

L BB s L L Vrop Ly d<B<p) (416
Y 2,0,-+37T,0,~+7f,0,-arccos,3,~ 37?,0,-(ﬂi 1) (2ﬁi+ﬂ,~)( B.<p) ( )

where S, = L/d, (scaled molecular length) and p, = w/d, (scaled nanofilter width). For

the DNA lengths tested (with contour length /. and persistence length /,), L can be safely

12

treated as equal to the DNA’s mean end-to-end distance <R’>"" calculated from the

worm-like chain model (the Kratky-Porod model, see Chapter 2)

1/2
/
L=< R 5= {244,[ - —exp(—j—c)}]} (4.17)
c P
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Figure. 4.2: Partitioning of rigid, rod-like DNA across a nanofilter. (A) Schematics. (B)
Free energy landscapes experienced by DNA while crossing a nanofilter (black curve:
E=0, grey curve: E,,>0). E, E;: electric fields in shallow and deep regions, respectively.
E,,: average electric field over the nanofilter. DNA preserves the free draining property
in the shallow and deep region, resulting in the slopes for both regions proportional solely

to the local electric field.
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The motion of DNA through the nanofilter array can be described as a biased
thermally activated process overcoming periodically modulated free energy barriers AF”
(Fig. 4.2A). The free energy landscape U tilted by the electric field E,, contains local
maxima (barriers) and minima (traps), similar to a double well potential for the Kramers
problem (Fig. 4.1). As we proved experimentally in Chapter 3, the DNA molecules can
preserve the free draining property in both the nanofilter shallow regions and deep
regions. This property resulted in the free energy slopes for both the nanofilter shallow
and deep regions proportional solely to the local electric field (Fig. 4.2B).

We define 7,4, as the DNA drift time between two consecutive trapping events,
SO Tiravel=P/MUmaxEqy. Here p is the nanofilter pitch number, and ., is the maximum
sieving free mobility inside the nanofilter array and uma=4d,dauo/(di+d,)* [21], where uy
is the DNA free solution mobility inside the nanofluidic channel. After DNA reaches a
trap, it is trapped for a certain lifetime 7,,, before it enters the nanofilter constriction. The

relative mobility u * therefore can be written as [9]

ﬂ*: ,Ll — Ttmvel (418)
/umax T +T

travel trap

Two energy terms are included in the barrier AF” expression (AF’ =-TAS’-AW)
(Fig. 4.2B). The positive -TAS” term accounts for the entropic energy increase for DNA
entering a confining nanofilter constriction. The AW term accounts for the electrical
potential energy drop in the translation of DNA over the nanofilter barrier along the field
direction. Approximately, the electrical potential energy drop AW can be expressed as
AW=NgqE,d; (N: DNA bp number, ¢: effective charge per bp derived from uy). Since the

characteristic diffusion length estimated from the Peclet number is always greater than
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the nanofilter deep region depth d;. Therefore, the nanofilter transition region radius is
approximately equal to d;, which leads to AW=NgE,.d,.

The applied electric field E,, effectively lowers the energy barrier in the field
direction. When E,—0, |TAS’/AW|»1, the entropic energy dominates. This regime
provides the greatest size selectivity, but the separation speed and thus efficiency are
severely reduced. When |TAS?/AW|«1, the trapping effect becomes negligible and no
separation should be expected. The optimized separation performance is expected when
|TAS’/AW|~1. Since AF’ in this regime is comparable to or larger than kg7, ke, the
escape transition rate for DNA to surmount the barrier, as well as the mean trapping time

Tirap, Can be obtained from Eq. (4.15) for the overdamped regime

-1
k. ~t

~
esc trap

’7E -exp(—AF° / kT (4.19)

s d

where 77is the DNA friction constant. From the Rouse chain model, the DNA friction

constant can be treated to be linearly proportional to DNA length, therefore 77~N. Since

E =E, - 2d, and E, =E_ -
: d +d d

2d.

[9], we can easily conclude E, E;~F,,. Based on
K d + K

the calculation of AF” depicted in Fig. 4.2B, 7,4, can be calculated as

N
Ty = gz © exp(-¢) (4.20)

where a is a proportional constant and ¢ is the reduced electric field (e=AW/kgT). By
combining Eqgs. (4.18) and (4.20), we obtain the expression for the DNA relative mobility

u* through the nanofilter array as

-1
o ﬂ” - {1 + 0;]1\; ‘];max exp(—g)} (4.21)
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It is worthy to emphasize that the theoretical model developed above is applicable
to molecules of shapes in addition to rods (for example, globular proteins in their native
states or flexible linear ssDNA), even though in this work we studied small rod-like
dsDNA as probe molecules to investigate the Ogston sieving process in the nanofilter
array. The equations derived above (Eq. (4.18-4.21)) are applicable to other biomolecules
and therefore offer general design guidelines for further separation performance
improvement for the nanofilter array. For molecules of more complex shapes, analytical
solutions to the partition coefficients K; (i=s, d) are not readily available, however

solutions may be available using numerical methods [17].

Here we also like to emphasis that the nanofilter shallow and deep region length
should have no effect on the trapping of DNA molecules at the nanofilter constriction
entrance. The free energy barrier exists right at the boundary between the nanofilter
shallow and deep regions, and this energy barrier is due to the limited configuration space
of DNA starting right from the nanofilter entrance. We can estimate the effect of the
converging electric field on the translational and rotational freedom of DNA when
approaching the nanofilter constriction entrance by calculating the reduced electric field ¢
that compares the electrical potential energy drop AW in the transition region with the
thermal energy kpT (e~NgE..dy/kgT). In all the experiments we conducted, the values of ¢
are around 0.1 or less. These small values of ¢ validate our statement of the near-
equilibrium state and ensure the translational and rotational freedom of DNA intact when
approaching the nanofilter slit entrance. The limited translational and rotational freedom
of DNA inside the nanofilter is also ensured since the DNA translocation time through

the whole nanofilter shallow region (~qvei=p/ttmaxEav, ranging from 10 ms to 1 sec) is
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much longer than the DNA lateral diffusion time across the depth of the nanofilter

shallow region (~d;/D,, , ranging from 0.01 us to 0.1 ps). Therefore, DNA can sample

every possible configuration with the Boltzmann probability before exiting the nanofilter.

4.4  Length- and field-dependence of DNA mobility

The DNA mobility 4 was determined by measuring an ensemble-averaged band
migration time 7}y, over thousands of nanofilters under various electric fields E,, (Fig.
4.3A). We have used Gaussian functions (red) for fitting to determine 7}4,;. The mobility

u can be calculated from Tjaver as u=nyapp/(TyraverlEav), Where My is the total number of

nanofilters of the array, and p is the nanofilter pitch number. The maximum sieving free
mobility w4, in the nanofilter array is obtained by linearly extrapolating the mobility data
i to zero DNA length under various electric fields E,. The maximum sieving free
mobility w.,. shows little variance and is practically independent of E,,. From .., we
can further determine the value of the free draining mobility ux,in the nanofilter array as
ﬂoz(ds+dd)2ﬂmax/(4dsdd). The value of the free draining mobility u, is useful to extract the
value of the DNA effective charge per base pair q.

The experimental data of 4" and Tyrqp for 100-bp DNA ladder (Fig. 4.3) and low
molecular weight DNA ladder (Fig. 4.4) agree very well with the theoretical curves
calculated from Egs. (4.20) & (4.21), especially in the regime of low field (£,,<30 V/cm)
and short DNA. The best fitting constant oo was found fairly constant for all the electric
fields E,,, which gives us additional confidence about the validity of the kinetic model.

As discussed, the near-equilibrium state of DNA crossing a nanofilter can be

estimated with the reduced electric field ¢. When £,,<30 V/cm, ¢ is less than 0.1 for DNA

107



of one persistence length. The small ¢ values associated with low fields validate our near-
equilibrium kinetic model, and further suggest the trivial role of the exponential term

exp(-¢) in Eqgs. (4.20) & (4.21) for fitting the experimental data in the low field regime.

The factor of N/(E2K) is explicitly derived from both the equilibrium partitioning

theory (K) and the double well potential (N/E_), and clearly serves as the determinant

for the fitting. The exp(-¢) term only plays a role as E,, increases and thus AW becomes
more comparable to the entropic barrier.

From the kinetic model, the intrinsic size selectivity of the nanofilter array
du*/dN(N—0) is calculated as du*/dN(N—>0)~-(pE4)". Therefore reduced nanofilter
pitch number p and reduced electric field E,, both decreases the size non-differentiating
DNA drift time 7,4, and further reduced E,, maximizes the entropic barriers height. All
the effects accentuate the size-differentiating barrier surmounting process and lead to
greater size selectivity. Our kinetic model also implicitly defines a critical field ¢, above
which the electric force overcomes the entropic force (AW>-TAS"). By combining Eq.
(4.16) and the expression of AW, we calculated ¢, in the short DNA limit to be
independent of N and e.~d,", where d; accounts for the nanofilter sieving property.

The derivative of relative mobility x* with respect to DNA size N, du*/dN, is a
useful measure of the size selectivity of the nanofilter array for a particular DNA size
range. From Eq. (4.21), we obtain

dK
du* apEavﬂmax(ﬁ‘N_K)
_ : (4.22)
dN  (pKE, +aNu,,)

where we have neglected the local electric field lowering the energy barrier height AW at

the entropic barrier, since AW is insignificant compared to thermal energy (kz7). For
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short DNA with the scaled molecular length 8 <1 (the DNA contour length is less than

the nanofilter shallow region depth), Z—g-N — K =~ —1. Additionally, under experimental

conditions where drift time 74, dominates mean trapping time 4, (PKEW>>Nhnax),
Egs. (4.21) and (4.22) can be further simplified to p*=1-aNp./(pKE,) and du*/dN~-
(pK’E,)", respectively.

The most important index of success for the analytical separation of two specific
components is the resolution R;. The nanofilter array is essentially an elution system, and
therefore the resolution R, between two bands corresponding to monodisperse DNA
samples of close bp numbers of N —nand N +n (withn << N)is

87—;ravel . n (423)

S(N-n,N+n) =~ 8N
T
1/2,N

where T

trave.

, 1s the size-dependent DNA migration time through the whole nanofilter
array and 7,,, , represents the standard deviation of a Gaussian peak in time units. The

migration time 7, , can be written as 7,

tra travel

~n,,D/(E, ) . Bow ef al. has

developed an analytical model to calculate band dispersion in the Ogston sieving regime
through the nanofilter array, which was loosely based on the macrotransport theory [22].
In the kinetic model, the effective dispersion coefficient D* of short DNA fragments has

been calculated to be approximated as D*~ pE u wp* . Therefore, the standard
deviation 7,,, of a Gaussian peak under a particular separation condition can be

calculated as

TI/Z,N ~ ntlr/ai)p /(Eavﬂmax:tl*) (424)
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Combining Eqgs. (4.23) and (4.24) for the limit of Tyavel >> Tirap PKEw >> Nimax), WE

obtain the expression for separation resolution as
1/2

ntrap/'lmax . n
pE K’

av

R

s(N—-n,N+n) ~

(4.25)

From Eq. (4.25), it is clear that reducing the nanofilter pitch number p should
greatly improve the separation performance of the one-dimensional nanofilter array, since
R, is inversely proportional to p, and reducing p can also effectively increase the number
of nanofilters per unit separation length (#,,,). Our theory here is consistent with our

experimental observations in Chapter 3.
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Figure 4.3: 100 bp DNA ladder separated in a nanofilter array (d,=80 nm, d,=580 nm, and
p=4 um). (A) Electropherograms (grey) were taken 1 cm from the injection point.
Gaussian functions (red) were used for fitting and the black bars label the peak widths
(+s.d.). (B) Relative mobility 4~ of 100-bp DNA ladder with solid fitting curves. The +s.d.
of u* derived from the half peak width are all less than 4%, so statistical error bars for u*
are not plotted. The inset shows the best fitting constant a for different field strengths. a

has a mean about 8684 and a *s.d. about 3%. All the fitting curves in (B) are calculated
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Figure 4.4: Mean trapping time 7,,, (A) and relative mobility ,u* (B) with the best fitting
CUIVES. Tyqp and ,u* were measured for low molecular weight DNA ladder in a nanofilter
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fitting curves are calculated with g=2.49x10%' J/V-bp, [,=53 nm, and /=0.36:N nm.
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4.5 Crossover from Ogston sieving to entropic trapping

The experimental data in Fig. 4.3 and Fig. 4.4 deviated slightly from the theoretical
curves as the DNA length increases to several persistence lengths. This is expected since
for long DNA, other degrees of entropic freedom, such as internal conformation, become
non-negligible in the kinetics of crossing the nanofilter barriers. The (conformational)
entropic trapping mechanism was used to explain separation of long DNA (>5 kilobase
pairs (kbp)) in similar intervening entropic barriers where longer DNA were found to
advance faster than shorter ones because of their greater hernia nucleation possibility [19].
We demonstrate the crossover from Ogston sieving to entropic trapping by measuring
mobility of DNA of a size ranging from 0.5-8 kbp in a 73 nm nanofilter array. The radius
of gyration R, of these DNA, estimated from the worm-like chain model, span a range of
40 nm to 220 nm, covering the region around R./d,~1. Figure 4.5 clearly shows two
distinct sieving regimes as evidenced by the valleys existing on the mobility curves. The
left side of the valley is Ogston sieving, and the mobility 4 decreases as DNA length
increases. The right side shows evidence of entropic trapping, and the mobility u
increases with DNA length.

The transition points from Ogston sieving to entropic trapping under different
electric fields E,, were all at about DNA of 1.5 kbp, where R,(1.5 kbp)~80 nm,
comparable to d;=73 nm. This observation supports the intuitive physical picture that the
transition regime between Ogston sieving and entropic trapping is around R./d~1. The
electric field E,, shows different effects on the trapping in the two regimes: in Ogston
sieving, the higher entropic barrier height associated with lower E,, leads to greater size

selectivity (as seen with the steeper mobility curves); as in entropic trapping, nanofilter
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shows little size selectivity at low E,, but mobility curves become steeper as E,,
increases. All the mobility curves reach a plateau as DNA length becomes larger than
about 5 kbp. The complex field effect pattern near the transition regime cannot be
explained by the simple kinetic model proposed in Ref. [19], and further more detailed

characterization needs to be conducted.
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Figure 4.5: Transition from Ogston sieving to entropic trapping. (A) Schematic of
Ogston sieving and entropic trapping. (B) Mobility u as a function of DNA length. DNA
fragments were extracted after agarose gel separation. The nanofilter array has d;=73 nm,
d/=325 nm, p=1 um. The relative large statistical error bars (drawn if larger than the
symbol) is likely due to the low DNA concentrations. The grey and yellow areas indicate
Ogston sieving and entropic trapping, respectively. The transition points are marked with

the vertical dashed line drawn for DNA length=1.5-kbp.
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Chapter 5
A patterned anisotropic nanofilter array
for continuous-flow separation of DNA

and proteins

In this chapter, we introduce a microfabricated anisotropic sieving structure consisting of
a two-dimensional periodic nanofilter array (an anisotropic nanofilter array, ANA) [1-3].
The designed structural anisotropy in the ANA causes different-sized biomolecules to
follow distinct migration trajectories, leading to efficient separation. Continuous-flow
Ogston sieving-based separation of short DNA and proteins as well as entropic trapping-
based separation of long DNA were achieved within a few minutes, thus demonstrating
the potential of the ANA as a generic molecular sieving structure for an integrated

biomolecule sample preparation and analysis system.

5.1 Introduction: continuous-flow bioseparation for sample
preparation

In the previous chapters, we have demonstrated that the nanofilters can be used as
controllable molecular sieving structures for rapid analytical separation of various
physiologically-relevant macromolecules, such as DNA and proteins. We have

successfully demonstrated the Ogston sieving mechanism to separate biomolecules with
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diameters smaller than the size of the nanofilter constriction. The configurational entropic
energy barrier at the nanofilter threshold causes different-sized biomolecules to jump
across the nanofilter constriction with different probabilities (or speeds), leading to
efficient size-based separation. In this chapter, we will extend the nanofluidic sieving
structure design paradigm to implement a widely applicable anisotropic sieving structure
for continuous-flow separation of biomolecules covering very broad biological size scales.
More specifically, we will design and fabricate a nanofilter-based two-dimensional
anisotropic sieving structure that is suitable for continuous-flow separation of dsDNA
molecules and proteins. Such continuous-flow separation has promising implications for

on-chip based sample preparation for different biological and biomedical applications.

There are four highly-desirable benefits associated with continuous-flow
preparative separation (spatial separation) when compared with one-dimensional

analytical separation (temporal separation):

1) Increased sample throughput ideal for sample preparation based on
micro/nanosystems. Most micro/nanofluidic systems can only process low
quantities of samples due to their small handle volumes. The continuous-flow
operation can remove the limitation of the amount of sample the device can
analyze, and the fractionated biomolecules can be continuously collected and

therefore accumulate over time.

2) Fractionated biomolecule streams can be easily collected for downstream analysis
or subsequent manipulation. By virtue of the continuous flow operation, the
fractionated biomolecule streams can be easily recovered or routed to different

downstream reaction chambers or detection channels for further analysis.
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3)

4)

Therefore, the continuous-flow separation scheme is ideal for a highly integrated
microanalysis system that includes multiple analytical steps and separation

channels and reaction chambers.

Continuous-flow separation permits continuous harvesting of the subset of
biomolecules of interest to enhance the specificity and sensitivity for downstream
biosensing and detection, whish is highly desirable for integrated bioanalysis
microsystems. Operation in continuous flow can enable the integration of the
signal over time or to collect the sample over time, thus decreasing the
downstream detection limit (or enhancing downstream detection sensitivity). This
advantage may prove useful for preparative separation of complex biological
samples (such as human blood serum), which has promising implications for

proteomic research and biomarker discovery.

In one-dimensional analytical separation systems, separation speed and resolution
are normally controlled and mediated by a single force field applied along the
direction of the separation column (for example, electrostatic force field for
capillary electrophoresis systems and hydrodynamic force field for high
performance liquid chromatography systems (HPLC)). Therefore, the separation
speed and resolution in one-dimensional separation systems are coupled with each
other and can often complicate the optimization process of the separation system.
The one-dimensional nanofilter array demonstrated in the previous chapters is a
clear example for such a complication. In the one-dimensional nanofilter array,
the separation speed and resolution cannot both be enhanced without

compromising one another. While in continuous-flow preparative separation

121



systems, the separation speed and resolution are decoupled in two orthogonal
directions, and are modulated, respectively, by two independent orthogonal force
fields. Therefore, careful regulation of both the force fields in the two orthogonal

directions can help achieve rapid separation with concurrent high resolution.

5.2 Anisotropic sieving structure: a new paradigm for continuous-
flow bioseparation

Continuous-flow separation is highly desirable as we discussed in the previous section.
However, in conventional biomolecule separation systems that use a random isotropic
sieving medium in their separation channels and chambers (such as gel, liquid gel or
ampholytes), continuous-flow separation is not readily possible. Figure 5A shows an
example of an isotropic sieving medium that contains a two-dimensional random gel.
Upon application of two uniform orthogonal electric fields E, and E, in the gel, two
different-sized biomolecules can be continuously injected into the gel and form straight
molecular steams. Due to the sieving property of the gel, the mobility of two different-
sized biomolecules can be different (here we simply assume the smaller red molecule and
larger green molecule have mobility of x; and g, respectively, and g;>u). The stream
deflection angle € in a two-dimensional sieving medium can be calculated using a simple

expression

tan@ =V /V, =(u ' pu)(E,/E,) (5.1)

where V, and V), are the migration velocities along the x- and y-axis, respectively, and g4

and x4, are the two orthogonal mobility along the x- and y-axis, respectively. In an
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isotropic sieving medium, the mobility is isotropic in nature, thus, in Eq. (5.1), & and gz,
simply cancel out, and the expression of the stream deflection angle &

becomestan @ = E_/ E . Therefore, in an isotropic sieving medium, the stream defection

angle 6 is solely determined by the two electric fields E, and E,, and different-sized
biomolecules will follow the same trajectory without separation (Fig. 5.1A). Here we
need to point out that the mobility x in the two-dimensional gel is still size-dependent,
therefore, the migration speeds of the two different-sized biomolecules will be different.
The structural anisotropy in an anisotropic sieving medium can cause molecules
of different properties (for example, size, charge, and hydrophobicity) to follow different
migration trajectories, leading to efficient separation. In an anisotropic medium (Fig.

5.1B), the function of 4/, in Eq. (5.1) becomes more complex, and could be a function

of both the structural anisotropy of the sieve and molecular properties. Therefore, the

expression of the stream deflection angle 6 can be modified based on Eq. (5.1) as

tan@=V,/V,=(u/u) (E/E,)

. (5.2)
= func(size,charge,etc.)- (£, / E))

Thus, molecules of different properties will follow different trajectories in the anisotropic
sieving medium, if such properties cause the values of the function func(size, charge,
etc.) to be dependent on molecular properties. In Fig. 5.1B, we assume the mobility along
the y-axis p, is size-independent, and the mobility along the x-axis z is size-dependent.
Therefore, in Fig. 5.1B, smaller Red molecule will display a larger deflection angle 6
than the larger Green one. The unknown function func(size, charge, etc.) could be

difficult to determine, especially when the function of 4 /u, is associated with both

molecular properties and the structural anisotropy of the sieve.
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Figure 5.1: Continuous-flow separation of different-sized biomolecules (large
biomolecule in Green, small biomolecule in Red) in two-dimensional isotropic (A) and
anisotropic (B) sieving media. For continuous-flow separation, the vectorial direction of
the mobility £z determines the trajectory (and separation), and the absolute magnitude of
1 determines the migration speed. (A) No separation can be achieved in an isotropic
sieving medium. Different-sized biomolecules follow the same trajectory that is solely
determined by the two independent orthogonal electric fields £, and E,. (B) In an
anisotropic sieving medium, different-sized biomolecules follow different trajectories
that are determined by both the electric fields as well as by certain molecular properties

(for example, size). The stream deflection angle 0 is defined with respect to the y-axis.
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5.3 A patterned anisotropic nanofilter array (ANA): device design

and fabrication

In this section, we will introduce a unique molecular sieving structure design, called the
anisotropic nanofilter array (anisotropic nanofilter array, ANA), and its implementation
for continuous-flow separation of DNA and proteins based on size. The designed
structural anisotropy of the ANA is critical to continuous-flow separation, which is not
readily possible with a random isotropic sieving medium. Moreover, the ANA allows for
various sieving mechanisms (e.g., Ogston sieving and entropic trapping) to take effect in
the separation of biomolecules in very broad biological size scales.

The design of the ANA consists of a two-dimensional periodic nanofilter array
(Fig. 5.2). The separation mechanism of the ANA relies on different sieving
characteristics along two orthogonal directions within the ANA, which are set
perpendicular and parallel to the nanofilter rows (indicated as x- and y-axis, respectively,
in Fig. 5.2). Upon application of an electric field E, along the positive y-axis, uniformly
negative-charged biomolecules (e.g., dSDNA and proteins) injected into the array assume
a drift motion in deep channels with a negative velocity V), that is size-independent. An
orthogonal electric field E, is superimposed along the negative x-axis across the
nanofilters, and this field selectively drives the drifting molecules in the deep channel to
jump across the nanofilter in the positive x-direction to the adjacent deep channel.
Molecular crossings of the nanofilter under the influence of the electric field E, can be
described as biased, thermally activated jumps across free energy barriers at the
nanofilter threshold [4, 5], and these free energy barriers depend on both steric and

electrostatic interactions between charged macromolecules and charged nanofilter walls
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[6-8]. At high ionic strength where the Debye length Ap is negligible compared to the
nanofilter shallow region depth d,, electrostatic interactions between charged
macromolecules and charged nanofilter walls are largely screened. The free energy
barriers are therefore solely determined by the configurational or conformational entropy
loss within the constriction due to the steric constraints or exclusion of the nanofilter wall
(a purely steric limit) [4-6]. For biomolecules with diameters smaller than the nanofilter
constriction (i.e., Ogston sieving) (Fig. 5.2A), the entropic energy barrier favors DNA
and proteins with a smaller size for passage, resulting in a greater jump passage rate P,
for smaller molecules. Therefore, in Ogston sieving, smaller molecules exercise a shorter
mean characteristic drift distance L; in the deep channels between two consecutive
nanofilter crossings, leading to a larger stream deflection angle 6.

For molecules with diameters greater than the nanofilter constriction size, passage
requires the molecules to deform and form hernias at the cost of their internal
conformational entropy (i.e., entropic trapping) [4, 9, 10]. A previous study on long DNA
molecules trapped at a similar nanofluidic constriction showed that the activation free
energy barrier for DNA escape depends solely on the inverse of the electric field strength
(~1/E,) [4]. Furthermore, longer molecules have a larger surface area contacting the
constriction and thus have a greater probability to form hernias that initiate the escape
process (in other words, they have a higher escape attempt frequency) (Fig. 5.2B) [4, 10].
Therefore, in the entropic trapping regime, longer molecules assume a greater jump
passage rate P,, resulting in a larger deflection angle 6.

Here it is worthy to emphasis that in the ANA, the mean characteristic drift

distance L, between two consecutive nanofilter crossings plays a determinant role for the
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migration trajectory, and the stream deflection angle @ is directly related to L, with the
expression of tanf=(/+1;)/L,;, where /; and [; are the deep channel width and nanofilters
length, respectively. The mean characteristic drift distance L, is determined by both the
complex structural geometry of the ANA and the two independent orthogonal fields E,
and E,. We will discuss more on the theoretical modeling of the mean characteristic drift

distance L, and the stream deflection angle # in the following sections of this chapter.
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Figure 5.2: Schematic showing negatively charged macromolecules assuming
bidirectional motion in the ANA under two orthogonal electric fields E, and E,. Dashed
lines and arrows indicate migration trajectories projected onto the x-y plane. Nanofilters
(with width of w, length of /; and depth of d;) arranged in rows are separated by deep
channels (with width of /; and depth of d;). Rectangular pillars (with width of w, and
length of ;) between nanofilters serve as supporting structures to prevent collapse of the
top ceiling. (A) Ogston sieving. Shorter molecules (red) are preferred for passage through
the nanofilter due to their greater retained configuration freedom, resulting in a greater
nanofilter jump passage rate P, (the inset). The mean drift distance L,; between two
consecutive nanofilter crossings plays a determinant role for the migration trajectory,
with a shorter L, leading to a larger stream deflection angle 0 that is defined with respect
to the negative y-axis. (B) Entropic trapping. Longer molecules (green) have larger
surface area contacting the nanofilter threshold (the inset), resulting in a greater

probability for hernia formation and thus a greater nanofilter passage rate P,.
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We designed and fabricated a silicon-based microfluidic device that incorporates
the ANA as the sieving structure (Fig. 5.3). The shallow and deep regions of the ANA, as
well as the microfluidic channels were defined and etched into a Si wafer using
photolithography and reactive-ion etching techniques. The fabrication process for the
ANA device was the same as for the one-dimensional nanofilter array (see Chapter 3).
The ANA contains nanofilters with a constriction size of 55 nm (d;) and a width of 1 um
(ws). Deep channels separating the nanofilter rows are 1 um wide (w;) and 300 nm deep
(ds). The initial biomolecule stream is continuously injected into the deep channels
through some injection channels on the top left of the device. Injection channels
connecting sample reservoir (1 mm from the ANA top left corner) inject biomolecule
samples as a 30 pm wide stream. The fractionated biomolecule streams are collected at
intervals along the opposite edge. Microfluidic channels surrounding the ANA connect to
fluid reservoirs, where voltages can be applied. The microfluidic channels provide
sample loading and collection ports, and further act as electric-current injectors to create
uniform electric fields E, and E, over the entire ANA structure. For more discussion on
the method of using microfluidic channels as boundary electric-current injectors for

creating uniform electric fields over sieving structures, please refer to Ref. [11, 12].
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Figure 5.3: Structure of the microfabricated device incorporating the ANA. Scanning
electron microscopy images show details of different device regions (clockwise from top
right: sample injection channels, sample collection channels, and ANA). The inset shows
a photograph of the thumbnail-sized device. The rectangular ANA is 5 mm x 5 mm, and
nanofilters (wy=1 um, /=1 um and d=55 nm) are spaced by 1 pm % 1 um square-shaped
silicon pillars. Deep channels are 1 pm wide (w;) and 300 nm deep (d;). Injection
channels connecting sample reservoir (I mm from the ANA top left corner) inject
biomolecule samples as a 30 um wide stream. The red rectangle highlights the area in

which fluorescence photographs in Fig. 5.4 were taken.
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5.4 Sample preparation and experimental conditions

To explicitly demonstrate both Ogston sieving and entropic trapping in the ANA, we
prepared two different DNA ladder samples covering broad size scales (a low molecular
weight DNA ladder: the PCR marker, from 50 bp to 766 bp; a high molecular weight
DNA ladder: the A DNA—Hind III digest, from 2,027 bp to 23,130 bp). The PCR marker
and A DNA—-Hind III digest were both labeled with the YOYO-1 in TBE 5x buffer. The
dye to DNA base pair ratio was about 1:2 and the final DNA concentration was about
42.18 pg/ml (PCR) and 104 pg/ml (A DNA—Hind III digest).

We also applied the ANA structure to separate mixtures of proteins under both
native and denaturing conditions. The following commercially available proteins and
protein-conjugates were investigated: fluorescent B-phycoerythrin (Alexis Biochemicals,
San Diego, CA), fluorescein isothiocyanate (FITC) conjugated lectin from Lens culinaris
(lentil) (Sigma-Aldrich, St. Louis, MO). The final concentration of B-phycoerythrin and
lectin were about 0.1-0.2 mg/ml and 0.2-0.4 mg/ml, respectively. For denatured protein
experiments, Alexa Fluor 488 conjugated cholera toxin subunit B was purchased from
Molecular Probes (degree of labeling: 5 moles dye/mole). f-galactosidase from E. coli
was obtained from Sigma, and was custom labeled with Alexa Fluor 488 by Molecular
Probes (degree of labeling: 3 moles dye/mole). The complete denaturation of both
proteins was performed by adding SDS and DTT. The SDS-DTT protein mixture
contained 2 wt% SDS and 0.1M DDT and was treated in an 85°C water bath for 10 min.
The resultant SDS-protein complex solutions were mixed and further diluted in TBE 5x

buffer. The final SDS-protein complex sample solution contained 15.1 pg/ml cholera

toxin subunit B, 90.9 pg/ml S-galactosidase, 0.1 wt% SDS, and 5 uM DTT.
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The ANA was filled with TBE 5x buffer before the separation experiments with
DNA and proteins. Additional 0.1wt% SDS was added to TBE 5x buffer for the
denatured protein experiments. In all experiments, migration of DNA and denatured
protein complexes followed the direction of electrophoresis; proteins under native
conditions however followed the direction of electroosmosis (presumably due to their

lower net charge and therefore less strongly experienced electrophoretic drag).

5.5 Ogston sieving for continuous-flow separation of short DNA

To explicitly demonstrate the steric sieving effect of the ANA, we first injected a low
molecular weight DNA ladder sample (the PCR marker) at TBE 5x buffer under a broad
range of field conditions (Fig. 5.4). Since TBE 5x buffer has an equivalent ionic strength
about 130 mM with a corresponding Debye length Ap of about 0.84 nm [13] (much
smaller than the nanofilter shallow region depth d;, ~55 nm), steric interactions dominate
molecular jump dynamics across the nanofilter. The PCR marker contains 5 different
DNA fragments of sizes ranging from 50 bp to 766 bp. Since the persistence length of
dsDNA is about 50 nm [14], these PCR marker fragments behave as rigid, rod-like
molecules with an end-to-end distance of about 16 nm to 150 nm [15]. The entry into the
confining nanofilter can only be realized if the rod-like DNA molecules are properly
positioned and oriented without overlapping the wall, which limits the configurational
freedom and creates an entropic barrier (i.e., Ogston sieving) [5].

Figure 54A-F show 6 fluorescence photographs of the PCR marker stream
pattern in the ANA when horizontal and vertical fields of different values were applied

(all the photographs were taken in the area highlighted by the red rectangle in Fig. 5.3).
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Figure 5.4A—C shows the PCR marker stream pattern as E, was raised from 0 V/cm to
60 V/em at fixed E,=25 V/cm. In the experiment of Fig. 5.4A, only the vertical field
E,=25 V/cm was applied, and the PCR marker sample formed a vertical stream without
any separation. The initial stream width W of 30 um gradually widened to about 50 pm at
the end of the ANA after drifting for about 210 sec (less than 4 min). The applied
horizontal field E, quickly deflected DNA fragments according to their molecular
weights (size), with the stream deflection angle & and the stream width ' depending on
the exact field conditions. Increasing the horizontal field E, resulted in larger deflection
angles as well as wider spreading of the streams, as shown in Fig. 5.5. Please note that,
for all the fluorescence intensity profiles measured at the bottom of the ANA, we have
used Gaussian functions for fitting to determine the means (the maximum intensity) as

well as the stream widths.
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Figure 5.4: Ogston sieving of the PCR marker through the ANA. Fluorescent
photographs of the PCR marker stream pattern were taken in the area highlighted by the
red rectangle in Fig. 5.3. For A, only E, applied and £,=25 V/cm; for B, E,=35 V/cm,
E,=25 V/cm; for C, E,=60 V/cm, E,=25 V/cm; for D, E,=35 V/cm, E,=12.5 V/cm; for E,
E=35 V/em, E,=50 V/em; for F, E.=35 V/em, E,=75 V/cm. Band assignment: (1) 50-bp;
(2) 150-bp; (3) 300-bp; (4) 500-bp; (5) 766-bp. Fluorescence intensity profiles (of
arbitrary units) were measured at the ANA bottom edge. The bars underneath the peaks

are centered at the means and label the stream widths (standard deviation, £s.d.).
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Figure 5.5: Stream deflection angle # (top) and stream half width (#/2, bottom) as a
function of DNA length. Data are taken from separation of the PCR maker through the
ANA. The +£s.d. of € derived from the stream half-width are all less than 1°, so statistical

error bars for 6 are not plotted.
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As we have discussed in the previous chapters, in the Ogston sieving regime, the
nanofilter jump passage rate P, for short DNA of a bp number N can be calculated based
on the equilibrium partitioning theory and the Kramer’s rate theory. In the limit of low

horizontal electric field, the nanofilter passage rate P is proportional to £ K/N (see Eq.

(4.19)), where K is the DNA equilibrium partitioning coefficient across the nanofilter.
Therefore, increasing E, enhances the jump passage rate P,, leading to a shorter mean
drift distance L, and thus a larger deflection angle 6. Based on the calculation of P,, we
can construct a course-grained kinetic model to explain the field-dependent stream
deflection angle 6. More details about the kinetic model will be presented in the
following section.

For Ogston sieving, the stream widening in the ANA can be largely attributed to
two factors: intrinsic diffusion and convective dispersion. Intrinsic diffusion originates
from the Brownian motion that tends to cause the DNA streams to diffuse across the
nanofilter constrictions along the x-direction. The stream widening associated with the
intrinsic diffusion is approximately linearly proportional to the separation time. The
convective dispersion is a more complicated term [16], and it is believed that the
convective dispersion inside the nanofilter array is related to the number of nanofilters
the biomolecules crossed during the separation. Therefore, increasing the horizontal field
E, resulted in longer separation time and larger deflection angles (more nanofilters
crossed), both effects leading to wider spreading of the streams.

The vertical electric field E), also affects the stream deflection angle 0. As E, was
raised from 25 V/cm to 75 V/cm at fixed E,=35 V/cm (Fig. 5.4D—F), the DNA stream

pattern became more focused with shorter DNA fragments (50 bp, 150 bp) shifting
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towards the negative x-direction and longer DNA fragments (300 bp, 500 bp, 766 bp)
shifting towards the positive x-direction. A greater vertical field E, shortens the time for
DNA to explore the transition through a nanofilter threshold, and therefore reduces the
nanofilter passage rate P,. This explains the behavior of short DNA with increased E).
The long DNA fragments shifted with £, in ways not yet fully understood, although the
changes were reproducible with E, up to 125 V/cm (data not shown). We suspect this
phenomenon might be due to the slight non-uniformity of E, and E, over the ANA.

We can calculate the coefficient of variation (CV) to estimate the size selectivity
of the ANA [17]. The CV of biomolecules with molecular weight m is defined as

om/mx100%, where o, is the standard deviation (£s.d.) of m. When used as a measure for

size selectivity, CV is calculated according to CV =o, /m=(dm/d0-oc,)/ m, where 0 is

the measured deflection angle, as a function of m, and opis the £s.d. of the deflection
angle derived from the stream half-width. From the fluorescence intensity profile of Fig.
5.4B, the coefficients of variation for the 150 bp, 300 bp, and 500 bp DNA stream
profiles are 8.6, 6.0, and 4.5%, respectively. Therefore, the size selectivity of the ANA in
the Ogston sieving regime is about 5 nm (corresponding to the end-to-end distance of 20
bp dsDNA). The separation efficiency of the ANA can be further characterized by the
effective peak capacity 7. that defines the maximum number of separated streams that fit
into the space provided by the separation. The effective peak capacity n. is calculated
based on some specified separation resolution value R, of adjacent streams. In the ANA,
the effective peak capacity n. for adjacent streams separated at R~=1 is calculated as

n, =[5000-(tan@, —tan6,)+2-5,1/(4-5, ), where 6; and 6, denote the smallest and

greatest stream deflection angles, respectively, &, is the mean of £s.d. of stream widths,
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and 5000 um is the width of the rectangular ANA. Figure 5.6 shows the dependence of
n. on the horizontal field E, for the Ogston sieving regime where #, initially increased
quickly with E, and then leveled off with an upper bound value of about 17. This
asymptotic behavior of n. can be largely attributed to the DNA stream widening with

increased E,, which cancels out the increased lateral separation between the streams.
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Figure 5.6: Dependence of the effective peak capacity n. on the horizontal electric field
E, at fixed E,=25 V/cm. Data are taken for the PCR marker sample separated in the ANA

with the Ogston sieving regime.
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5.6 Entropic trapping for continuous-flow separation of long DNA

The ANA can separate long DNA molecules based on the entropic trapping mechanism.
We prepared a mixture of long DNA molecules (the A DNA—-Hind III digest) in TBE 5x
buffer, which contains 6 DNA fragments with sizes ranging from 2,027 bp to 23,130 bp
and corresponding equilibrium (unconfined) radii of gyration R, of about 140 nm to 520
nm [18]. These equilibrium radii of gyration are useful estimates of the spherical DNA
size, and they are all greater than the nanofilter constriction depth d;. Therefore, the
nanofilter jump dynamics involves necessarily the deformation and hernia nucleation (i.e.,
entropic trapping). With application of the horizontal field £,=185 V/cm and the vertical
field £,100 V/cm, A DNA—-Hind III digest was separated in less than 1 min with base-
line resolution (Fig. 5.7A—B; note that the shortest 2,027 bp fragment was too dim for
clear visualization in Fig. 5.7, but with higher gain setting and longer exposure time of
the charge-coupled device (CCD), the 2,027 bp fragment was identified to be base-line
separated with the others). A closer look at the fluorescence photographs further revealed
that, as expected, longer DNA fragments followed more deflected migration trajectories
than shorter ones, a clear distinction of entropic trapping from Ogston sieving. The
streams of A DNA—Hind III digest followed more deflected and resolved trajectories as
E, was increased (Fig. 5.7C—F). This observation is consistent with the argument that
increased horizontal field E, lowers the activation energy barrier height leading to a
higher jump passage rate P, [4].

In all the experiments with the A DNA—-Hind III digest, we have observed a
threshold value for the horizontal electric field, E, . (~15 V/cm), below which long DNA

molecules were virtually completely confined in the injection deep channels (Fig. 5.8).
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This threshold phenomenon is likely due to the difficulty of hernia formation in the low
field regime, since the nanofilter constriction size of 55 nm (d;) is already comparable to
the DNA persistence length [19]. Therefore, under low horizontal electric field where
E.<E,., it is difficult for long DNA molecules to initiate hernia nucleation and jump
across the nanofilter constriction. Our observation of the threshold field is also consistent
with the one-dimensional entropic trap array developed by Han and Craighead, where
they have used such phenomenon as effective ways for long DNA focusing and
launching in the entropic trap array [20].

We plotted the stream deflection angle 0 and the stream half width as a function
of DNA length in Fig. 5.9. It can be seen clearly from Fig. 5.9 that, the lateral separation
between the long DNA fragments were improved as Ey was increased. However, the
stream widening in the ANA for entropic trapping shows a more complex behavior than
for Ogston sieving. Increasing E, resulted in wider spreading of the streams of long DNA,
and such stream widening was more profound for longer DNA molecules under larger
horizontal electric fields (Fig. 5.9). It is a known fact that, for entropic trapping, the
stream broadening in the ANA is not dependent on the intrinsic diffusion of the long
DNA, since the existence of entropic barriers virtually blocks the diffusion across the
nanofilter constriction along the orthogonal x-direction. Therefore, we believe our
observation here can only be explained by the complex interactions of long DNA with the
two-dimensional physical landscape under high electric fields. For example, the possible
collisions of long DNA molecules with the supporting pillar can lead to “hook” and “roll-
off” events [21, 22]. Such effects can increase dispersion of the long DNA streams

dramatically.
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We can calculate the effective peak capacity n. for L DNA—Hind III digest from
the stream deflection angles and stream half widths. n.is plotted in Fig. 5.10 as a function
of E.. The n. curve appears similar to the one observed for Ogston sieving, with an upper
bound value of about 15.

Recent Monte Carlo simulations as well as fluorescence microscopy experiments
have further suggested that the overall deformation of long DNA molecules approaching
a nanofluidic constriction has great effect on entropic trapping, presumably because the
DNA deformation affects the hernia initiation process and changes the escape attempt
frequency [23, 24]. A quantitative assessment of the jump rate P, for long DNA
molecules in terms of the field strengths and the DNA length is involved and beyond the
scope of this thesis. More detailed characterization needs to be conducted in the future to
understand the complex dynamics of long DNA deform when crossing a constraining

nanofilter and migrating through the ANA.
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Figure 5.7: Entropic trapping of long DNA (the A DNA—-Hind III digest) through the
ANA. Fluorescent photographs show separation of A DNA—Hind III digest with different
electric field conditions. A, B, F, E,=185 V/cm and E,=100 V/cm. C, E,=50 V/cm and
E,=100 V/em. D, E,=145 V/cm and E,=100 V/cm. E, E,=170 V/cm and E,=100 V/cm.
Band assignments are 2,322 bp (1), 4,361 bp (2), 6,557 bp (3), 9,416 bp (4), 23,130 bp
(5). Fluorescence intensity profiles were measured at the ANA bottom edge. The bars

underneath the peaks are centered at the means and label the stream widths (£s.d.).
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Figure 5.8: Observation of the threshold horizontal field E, .. A, Composite fluorescence

photograph showing confining of A DNA-Hind III digest in the initial injection deep
channels with £,=15 V/cm and E,=25 V/cm. B, Composite fluorescence photograph
showing DNA molecules starting to jump across the nanofilter with E£,=50 V/cm and

E,=25 V/em.
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Figure 5.9: Stream deflection angle € (top) and stream half width (#/2, bottom) as a
function of DNA length. Data are extracted from separation of the A DNA—Hind III
digest through the ANA with fixed vertical field E, at 100 V/cm (horizontal field E
varied as indicated in the figure). The £s.d. of 8 derived from the stream half-width are all

less than 1°, so statistical error bars for 8 are not plotted.
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Figure 5.10: Dependence of the effective peak capacity n. on the horizontal electric field
E, at fixed E,=100 V/cm. Data are calculated for the A DNA-Hind III digest separated in

the ANA with the entropic entrapping mechanism.
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5.7 Size-based separation of proteins with the ANA

The ANA is also capable of separating mixtures of proteins based on their molecular
weights (MW), under both denaturing and native conditions. As proof of concept, we first
prepared two Alexa Fluor 488-conjugated protein complexes: cholera toxin subunit B
(MW~11.4 kDa) and f-galactosidase (MW~116.3 kDa), and denatured them by addition
of SDS and DTT. With the horizontal field £,=75 V/cm and the vertical field £,= 50
V/em, the denatured proteins were base-line separated into 2 streams within 2 min. The
protein stream widths at 1 mm, 3 mm, and 5 mm from the injection point corresponded to
separation resolutions R;of 0.57, 0.94 and 1.47, respectively (Fig. 5.11A). Cholera toxin
subunit B was deflected more than f-galactosidase in all the experiments, suggesting
Ogston sieving to account for the jump dynamics of these linear denatured protein
complexes (Fig. 5.11B, top). Further increasing E, resulted in larger lateral separation
between the two streams. However, resolution R, was compromised due to broader lateral

dispersion, as evidenced by the decrease in the resolution curve (Fig. 5.11B, bottom).
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Figure 5.11: Continuous-flow separation of proteins under denaturing conditions through
the ANA. A, Composite fluorescent photograph showing separation of Alexa Fluor 488-
conjugated cholera toxin subunit B (band 1, MW~11.4 kDa) and f-galactosidase (band 2,
MW~116.3 kDa) with £,=75 V/cm and E,= 50 V/cm. The protein stream widths at 1 mm,
3 mm, and 5 mm from the injection point corresponded to resolutions R;of 0.57, 0.94 and
1.47, respectively. B, Measured deflection angle € (top) of cholera toxin subunit B (L)
and f-galactosidase (O) as a function of £, when E,=50 V/cm. The bottom shows the
corresponding separation resolutions. The +s.d. of # are indicated as error bars (drawn if

larger than the symbol).
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The ANA can also separate proteins under native conditions. We injected lectin
from Lens culinaris (lentil) (MW~49 kDa) and B-phycoerythrin (MW~240-kDa) into the
ANA at TBE 5x. Figure 5.12 shows the fluorescence photographs taken for the same
ANA area but with different fluorescence filter sets (B-phycoerythrin with a Texas Red
filter set and lectin with a FITC filter set). Under different electric field conditions, the
two proteins were clearly separated into two distinct streams according to their molecular
weight, and non-specific adsorption of the proteins on the ANA was not significant,
possibly due to electrostatic repulsion from the like charged hydrophilic ANA walls. In
all the experiments, lectin was deflected more than B-phycoerythrin, suggesting Ogston

sieving to account for the separation of native proteins in the ANA.
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Figure 5.12: Continuous-flow separation of Lens culinaris (lentil) (MW~49 kDa) and B-
phycoerythrin (MW~240-kDa) under native conditions through the ANA. A, E,=150
V/em and E,= 100 V/cm. B, £,=200 V/cm and E,= 100 V/cm. C, E,=200 V/cm and E,=

125 V/em.
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5.8 Theoretical modeling of field-dependent stream deflection angles

In this section, we will introduce a course-grained kinetic model to explain the field-
dependent stream deflection angle 6 in the Ogston sieving regime. As discussed before,
in the Ogston sieving regime, the nanofilter jump passage rate P, for short DNA of a bp
number N can be calculated based on the equilibrium partitioning theory and the Kramers

rate theory. In the limit of low field, the passage rate P, is proportional to £, K/N, where

K is the DNA equilibrium partitioning coefficient that is calculated as the ratio of
accessible microscopic configuration state integrals within shallow and deep regions

across the nanofilter. Therefore, the relative mobility 4 along the x-axis across the

nanofilters can be calculated as (see Eq. (4.21))

. a'N_,
u =1+—— 5.2

where o’ is a constant with a unit of V/(m'bp). By definition, 4, is the ratio between the

mobility u, along the x-axis and the maximum sieving free mobility g, .. across the
nanofilter array. Thus, the tangent of the stream deflection angle 8 can be approximately

written as

V. E . E
tanez_xz lLl)C,maX '_.X. — lle,maX ._x

H,
Vy /’l 0 E ll'l 0 E

a'N_ _
: : ~(1+E—K) ! (5.3)
where V., and V), are the migration velocities along the positive x- and negative y-axis,
respectively, and uyis the DNA free draining mobility in the nanofilter array. In Eq. (5.3),
we have implicitly assumed that DNA fragments preserve their free draining property in
the ANA deep regions along the y-axis, therefore 1,=p. tixma/tto depends solely on the
structural parameters of the ANA, and qu,max/ﬂ():4dqdd/(dg+dd)2:0.52 for the ANA tested

in the experiments. The equilibrium partitioning coefficient K can be calculated using Eq.
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(4.16). In the limit of short DNA (N-0), Eq. (5.3) becomes tanf=0.52FE,/E,, which
indicates a maximum sieving free case in the ANA. The experimental data of tané for the
PCR maker sample in the Ogston sieving regime reasonably agree with the theoretical
curves calculated from Eq. (5.3). The best fitting constant o’ was found to be fairly
constant for the different DNA fragments. The slight deviation of the theoretical curves
from the deflection angle data in the low E, regime might be attributed to the non-

uniformity of £, and E, in the ANA.

5.9 Discussion

We have observed direct experimental evidence of an unambiguous transition between
Ogston sieving and entropic trapping in the ANA. The trajectories of different-sized
DNA molecules are consistent with either Ogston sieving or entropic trapping. Crossover
from Ogston sieving to entropic trapping is between 1000 bp and 2000 bp, which is
concurrently with the DNA rod-like conformation to coiled conformation transition and
is consistent with observations in one-dimensional nanofilter arrays. No saturation
plateau was observed for entropic trapping in the ANA, in contrast to the one-
dimensional nanofilter array, indicating possible separation of long DNA in the ANA
over an even broader size range. This different observation might be attributed to the
more complex structural geometry of the ANA. In addition, the two-dimensional
anisotropic energy landscapes of the ANA is modulated by the two independent
orthogonal fields E, and E,; therefore, the local nanofilter jump dynamics of
biomolecules is critically different from in the one-dimensional nanofilter array. It is

largely unknown how our understanding of the local nanofilter jump dynamics in one-
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dimensional nanofilter array applies to the ANA. The effects of the two actively
modulated orthogonal fields as well as all the ANA structural parameters need to be
considered for a quantitative understanding of the different separation modes.

The separation efficiency of the ANA can be further improved by increasing
separation distance. An optimized ANA structure with a gradient of decreasing
constriction size along the positive x-direction (an equivalent “gradient gel”) should also
provide better resolution and separate proteins over a wider molecular weight range,
similar to the effect of gradient-SDS gels for protein separation [25, 26]. Incorporating
gate electrodes on the nanofilter walls can allow for additional active adjustment of the
surface potential, thus introducing a new degree of control to enhance the sieving across
the nanofilter [27, 28].

Other regular sieving structures for continuous-flow sorting of long DNA
molecules and microspheres have been reported recently (see discussions in Chapter 1);
however, none of these techniques has demonstrated separation of smaller,
physiologically-relevant macromolecules, such as proteins, as we reported here. The
ANA also represents a significant advance compared to the one-dimensional nanofilter
arrays, since the continuous-flow operation of the ANA permits continuous-harvesting of
the subset of biomolecules of interest to enhance the specificity and sensitivity for
downstream biosensing and detection, which is highly desirable for integrated bioanalysis
microsystems because of the low sample throughput. In addition, separation speed and
resolution in one-dimensional nanofilter arrays cannot be both enhanced without

compromising each other, while in the ANA, they are mainly modulated by the two
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independent fields E, and E), respectively. Therefore, careful regulation of both E, and E,
can always achieve rapid separation with high resolution at the same time.

The designed structural anisotropy of the ANA is essential for continuous-flow
separation. The continuous-flow separation through the ANA should be applicable to any
interaction mechanism (either size-, charge-, or hydrophobicity-based) along the
orthogonal x-direction that can lead to differential transport across the nanofilters. The
high-resolution separation and ease of sample collection may prove useful for preparative
separation of complex biological samples, which has promising implications for
proteomic research and biomarker discovery [29, 30]. The sample throughput of the ANA
can be further scaled up by parallelism with multi-device processing. We believe the
ANA can be used as a generic sieving structure to separate other particles of interest with
nanoscale dimensions, including nanoparticles and nanowires, viruses and cell organelles.
In addition, we envisage it is possible to develop anisotropic gel- or membrane-based
large-scale biomolecule separation systems operating in the continuous-flow mode by
introducing structural anisotropy by either photo-patterning anisotropic gel structures or

stacking membranes in layers [31].
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Chapter 6

Conclusions and future work

6.1 Thesis contributions

Direct analysis of biologically-relevant entities such as nucleic acids and proteins offers
the potential to outperform conventional molecular analysis techniques and diagnostic
methods through enhancements in speed, accuracy, and sensitivity. Moreover, direct
biomolecule observations and manipulations help investigators probe fundamental
molecular processes in biochemistry and biophysics that are often easily obscured in
ensemble assays. Nanofluidic systems with critical dimensions comparable to the
molecular scale open up new possibilities for direct observation, manipulation and
analysis of biomolecules (single or ensemble), thus providing a novel basis for ultra-
sensitive and high-resolution sensors and medical diagnostic systems. Inspired by this
concept, this doctoral dissertation has centered on developing a new class of nanofluidic
devices for rapid separation and analyses of biologically-relevant macromolecules, such
as dsDNA, proteins, and carbohydrates. As a substantial step towards this long-term
functional objective, we have proven, for the first time that nanofluidic structures can
serve as controllable molecular sieves for analytical and preparative separation of various
physiologically-relevant macromolecules (including proteins). We have successfully
designed and fabricated a one-dimensional nanofluidic filter array to achieve high-speed
analytical separation of dSDNA and proteins based on the Ogston sieving mechanism.

The achieved separation speeds and resolution of these one-dimensional nanofluidic
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filters match the performance characteristics of current state of the art systems (i.e.,
capillary gel electrophoresis) while at the same time eliminating the need to incorporate
sieving gels into the device. In addition, we have successfully conducted theoretical
studies of the Ogston sieving process of biomolecules in the context of the periodic free-
energy landscapes created by the patterned nanofluidic filter arrays. The kinetic model
constructed based upon the equilibrium partitioning theory and the Kramers rate theory
properly describes the field-dependent sieving behavior of biomolecules, presenting
notable progress beyond the existing equilibrium model (i.e., the so called “extended
Ogston model”) for Ogston sieving in conventional gels.

In this thesis, we have also designed and fabricated a widely-applicable
anisotropic nanofluidic structure consisting of a two-dimensional periodic nanofluidic
filter array (Anisotropic Nanofilter Array: ANA). The nano-engineered structural
anisotropy manifested through orthogonally arranged sieving structures in the ANA
causes biomolecules of different sizes to follow distinct migration trajectories, leading to
efficient continuous-flow separation. Using this device, continuous-flow Ogston sieving-
based separation of short DNA and proteins as well as entropic trapping-based separation
of long DNA were achieved in minutes, thus elucidating the ANA’s potential as a
standard sieving structure for use in an integrated biomolecule sample preparation and
analysis system. The continuous-flow operation of the ANA permits continuous-
harvesting of biomolecule subsets, thus enhancing the specificity and sensitivity of
downstream biosensing and detection. This operational characteristic presents beneficial
implications for proteomic research and biomarker discovery. More importantly, the

engineered anisotropic sieve design in the ANA represents a significant conceptual
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advance for molecular manipulation and separation, and the continuous-flow separation
through the ANA should be applicable to any interaction mechanism (either size-,
charge-, or hydrophobicity-based) that can lead to differential transport across the
nanofluidic filters [1]. The conceptual advances of the ANA have already generated great
interest from numerous scientific disciplines. This thesis work has been cited in a host of
different review articles where it has been proclaimed “the most exciting and promising
area for development over the coming years” [2].
More specifically, the contributions of this thesis include:

U We discovered for the first time Ogston sieving in a regular nanofluidic system.
We demonstrated fast analytical separation of physiological-relevant
biomolecules such as proteins. We demonstrated a clear roadmap for further
separation improvement.

U We constructed a kinetic model based on the equilibrium partitioning theory and
the Kramers rate theory to explain molecular sieving process across nanofluidic
constrictions.

U We demonstrated unambiguous crossover from Ogston sieving to entropic
trapping by using the regular nanofluidic sieving structures.

U We invented a widely-applicable two-dimensional anisotropic nanofluidic
sieving structure for continuous-flow biomolecule separation.

U We demonstrated for the first time rapid continuous-flow separation of dsDNA

molecules and proteins covering broad biological size scales.
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U  We constructed a course-grained kinetic model to explain field-dependent stream
deflection angle through the two-dimensional anisotropic nanofluidic sieving

structure.

6.2 Directions for future research

The development of artificial sieving structures represents a major step towards
optimizing biomolecule separation methods and integrating them within other bioanalysis
microsystems. The design flexibility and precise control over geometries within
nanofluidic sieves constitute key advantages offered by artificial regular structures when
compared to conventional random gel-based media. This doctoral work has clearly
elucidated this advantage, as we have designed and implemented various nanofluidic
sieving structures for rapid analysis of dSDNA and proteins covering broad size scales. It
is of great interest to further pursue this research direction by designing artificial
molecular sieves with more elaborate geometries while simultaneously examining novel
sieving mechanisms to improve biomolecule separation. We could potentially design a
molecular sieving structure with heightened size selectivity and a bias toward limited
band broadening to enhance sample separation. In addition to biomolecule separation,
artificial nanofluidic structures ideally serve theoretical studies of molecular dynamics
and stochastic motion in confining spaces due to their precisely characterized on-chip
environments. The transport properties of macromolecules through a constraining
nanofluidic medium are largely affected by the molecular interactions with the confining
physical landscape and the macromolecules’ different responses to the external driving
forces. In particular, studies of the jump dynamics of biomolecules with effective

diameters smaller than the nanofluidic constriction size (i.e., Ogston sieving) have great
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implications for designing future artificial sieves to achieve rapid analytical separation of
proteins, carbohydrates, and hormones. Such investigations and characterization could
potentially aid in developing cheaper and more accurate screening and diagnostic medical
devices. It would be interesting to further improve separation efficiency of the one-
dimensional nanofluidic filter arrays developed in this doctoral thesis, by scaling down
the nanofluidic filter structures (period, gap size, etc.) with advanced sub-100 nm
resolution lithography techniques.

Incorporating gate electrodes on the nanofluidic walls can allow for additional
active control of the surface potential, thus introducing a new degree of control to
enhance the electrostatic interaction across the nanofluidic channel. It is possible to
utilize the Debye layer, electro-osmosis, and surface chemistries, together with
nanofluidic geometrical constraints, to achieve novel biomolecule separation based on a
suite of molecular properties (e.g. size, charge or hydrophobicity). The two-dimensional
anisotropic nanofilter array (ANA) we designed and fabricated serves as an ideal
platform for these studies, since surface treatment of the ANA is straightforward, and its
fabrication process is compatible with other semiconductor microfabrication techniques

that would be necessary to incorporate gate electrodes on the nanochannel walls.
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