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The developmental process [of science] described in this essay has been a pro-
cess of evolution from primitive beginnings—a process whose successive stages are
characterized by an increasingly detailed and refined understanding of nature. But
nothing that has been or will be said makes it a process of evolution foward any-
thing. Inevitably that lacuna will have disturbed many readers. We are all deeply
accustomed to seeing science as the one enterprise that draws constantly nearer to
some goal set by nature in advance. But need there be any such goal? Can we not
account for both science’s existence and its success in terms of evolution from the
community’s state of knowledge at a given time? Does it really help to imagine that
there is some one full, objective, true account of nature and that the proper measure
of scientific achievement is the extent to which it brings us closer to that ultimate
goal? [...] The entire process may have occurred, as we now suppose biological
evolution did, without the benefit of a set goal, a permanent fixed scientific truth, of

which each stage in the development of scientific knowledge is a better exemplar.

Thomas S. Kuhn, The Structure of Scientific Revolutions




Abstract

Capillary electrophoresis (CE) is the workhorse of countless analytical laboratories and is used
routinely in various industries including pharmaceutical, forensic and clinical applications. Basi-
cally, CE is a method for separating charged molecular species in a buffer-filled capillary by the
application of an electric field; the analytes move from one end of the capillary to the detector
at the other end at speeds determined by their charge, size and shape. Generally, in free solution
CE uniformly charged polyelectrolytes (such as DNA) are free-draining, meaning that their speed
is independent of their size. Hence, until recently, a gel or other sieving medium has been nec-
essary for the separation of polyelectrolytes; however, modifying uniformly charged polymers on
the molecular level, via conjugation to uncharged polymers, allows for separation in free solution
CE. In this thesis, advancements to the theory of free solution electrophoresis of polyelectrolytes,
in particular, to the theories for two new free solution electrophoresis methods relying on conjuga-
tion, are presented. The first method, called End Labelled Free Solution Electrophoresis (ELFSE),
can be used to sequence DNA, a negatively charged polymer in solution. Two different means of
improving the resolution of ELFSE are predicted, one based on the molecular end effect, the other
based on using a controlled electro-osmotic flow. In addition, a theory for the segregation of the
DNA and label coils in ELFSE is presented. The second method is called Free Solution Conjugate
Electrophoresis (FSCE); it allows for characterization of a sample of neutral polymers differing in
length. The relevant theory, developed herein, elucidates how to accurately determine the molar
mass distribution of the sample through FSCE measurements. In addition, supporting theories are
developed that clarify the correct equation for the diffusion coefficient of molecules undergoing
free solution electrophoresis, as well as illustrate that under ideal conditions, a viscosity gradient
within the capillary serves only to decrease resolution and hence can not be used to improve per-
formance. These theoretical studies constitute the six articles presented in this thesis. In addition,
a comprehensive review article covering the development of ELFSE over the last decade, the the-
oretical concepts used to predict the ultimate performance of ELFSE for DNA sequencing, and
the technological advances that are needed to speed the development of competitive ELFSE-based
sequencing and separation technologies, is given in Appendix A. The predicted improvement in
ELFSE resolution based on the end effect theory was also proven experimentally; the article with
these findings is provided in Appendix B.




Sommaire

L’électrophorese en capillaire, une méthode expérimentale d’analyse moléculaire fermement établie,
s’avere vitale dans des domaines tels la pharmacologie, I’enquéte médico-légale et la médecine. 1l
s’agit d’une technique qui permet de séparer des molécules chargées en solution au moyen d’un
champ électrique externe; dans le capillaire, les analytes se déplacent d’un bout a I’autre du tube,
vers le détecteur, a des vitesses déterminées par leur charge, leur grandeur et leur forme générale.
Sous I’action du champ externe, un polymeére uniformément chargé en solution (un polyélectrolyte,
par exemple I’ADN) migre librement: sa vitesse est indépendante de sa taille. Par conséquent,
I’utilisation d’un gel ou d’un autre type de tamis, pour contraindre la migration des molécules et
ainsi arriver a les séparer, semble inévitable. Or, il se trouve qu’en modifiant ces polyélectrolytes,
en particulier en les reliant & des polymeres neutres, il devient possible de les séparer en solu-
tion libre, soit beaucoup plus rapidement. Nous poursuivons dans cette thése les développements
théoriques qui sous-tendent cette idée novatrice. D’abord, il est question de End Labelled Free
Solution Electrophoresis (ELFSE), une méthode qui peut servir au séquengage de I’ADN. Nos
prédictions indiquent qu’il est possible d’en augmenter la résolution d’au moins deux fagons. La
premiere repose sur I’importance accrue des bouts d’une chaine de polymere quant a sa mobilité,
alors que I’autre est fondée sur une utilisation controlée du débit électro-osmotique. De plus, nous
présentons une théorie qui traite de la ségrégation de I’ADN et de son marqueur neutre durant
la migration €lectrophorétique. Ensuite, nous portons notre attention sur une deuxiéme méthode,
nommée Free Solution Conjugate Electrophoresis (FSCE), qui permet de caractériser un échan-
tillon de polymeres neutres comportant des chaines de diverses longueurs. La théorie que nous
proposons explique comment cette méthode permet de déterminer avec exactitude la distribution
des masses moléculaires. De plus, nous présentons deux autres excursions théoriques connexes a
cette recherche. La premiere clarifie I’équation du coefficient de diffusion de molécules soumises
a I’électrophorese en solution libre. La deuxi¢me illustre qu’un gradient de viscosité, étant donné
des conditions de séparation idéales, ne peut que nuire a la résolution et s’avére donc inutile pour
améliorer la performance de la méthode FSCE. Outre les six articles scientifiques portant sur ces
questions, la thése comporte en annexe un article qui passe en revue le développement de la méth-
ode ELFSE pour le séquengage de I’ADN, et qui détaille les progres technologiques nécessaires au
développement accéléré et compétitif de cette méthode. Finalement, nous incluons dans une deux-
ieme annexe un article portant sur la démonstration expérimentale de notre prédiction théorique

quant a I’amélioration de la résolution grace aux effets de bout dans la méthode ELFSE.
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1

Introduction

Electrophoresis is the workhorse of countless analytical laboratories. In fact, it has been said that
it is the major separation method in molecular biology [1]. Use of capillary electrophoresis (CE)
in analytical chemistry research boomed in the late 1990’s and its growth has continued through
recent years, expanding in scope, both in terms of instrumentation and application; it is now being
used routinely in various industries including pharmaceutical, forensic and clinical applications
[2]. Basically, CE is a method for separating charged molecular species in a buffer-filled capillary
by the application of an electric field; the analytes move from one end of the capillary to the
detector at the other end at speeds determined by their charge, size and shape. Research into this
technology is still very much an active field with many significant developments being unveiled at a
rapid pace. While CE has traditionally relied on a gel or other sieving media, recent investigations
into overcoming the need for such media via modifications at the molecular level have revealed an
exciting new avenue for polymer characterization by electrophoresis. This new technique of free
solution electrophoresis is the main subject of this thesis. This chapter provides a brief overview of
polymer physics, an introduction to CE technology and free solution electrophoresis. A thorough
review article on free solution electrophoresis of polymer conjugates (of which I was a co-author)
is provided as a supplement to this introduction, in Appendix A. This chapter concludes with an

outline of the article-based structure of the thesis.
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Polymer Physics

A polymer molecule is a chain of repeating units, called monomers, that need not be identical.
The number of monomers contained in a polymer is called the degree of polymerization; this
number is usually quite large. In fact, it is not uncommon for it to be in the range of 10%-10°
[3]. The large number of monomers means that all polymers have very similar physical behaviour,
as compared to small molecules, for their actual chemical properties play less of a role [3]. The
polymers treated in this thesis are, by and large, all linear (as opposed to branched or cross-linked)
in conformation. Since chemical properties take a secondary role in determining the behaviour
of polymers, polymer physicists simplify them with models such as the bead-stick, wherein the
chain is modelled by beads interconnected by sticks between which the angle can be completely
free (called a freely jointed chain) or partially fixed, where the bond angle is commonly set but the
dihedral angle is left free to rotate (called a freely rotating chain) [3].

Dispersed in solution, polymers take on a conformation far from extended and rod-like, but
rather one more string-like'; if one were to drop a shoestring, the conformation it would assume
on the floor would give an idea of a possible instantaneous conformation of a polymer in solution,
albeit two-dimensional (a flexible thread model is another common polymer model). Clearly the
conformation assumed by polymers in solution is quite random and can in fact be modelled by a
random walk comprising a sequence of steps of fixed length b, where the orientation of each step
is determined randomly. In this manner the conformation of a polymer is mapped out by random
steps representing the positions of monomers or beads attached by sticks in the bead-stick model.
(For the moment we neglect the fact that two monomers can not occupy the same place at the same
time; this so-called excluded volume effect can be accounted for by the self-avoiding walk, to be
discussed later.) The probability of the walk ending at a given position from the starting position is
given by the binomial distribution [S]. For a very large number of total steps N, the final position
z of a one dimensional random walk has an average of (z) = 0 because a step in either direction
occurs with equal probability, and a variance (z2) = Nb?. The central limit theorem of statistics
guarantees that a sequence of random displacements that are small compared to the final mean
displacement (or root-mean square displacement) will lead to a Gaussian distribution [5]. For a

one dimensional random walk, the binomial distribution indeed converges to a Gaussian at large

! Solvents can be either good or poor; there is a strong attractive energy between good solvents and polymers, such that polymer
segments prefer to be in contact with a good solvent over being in contact with other polymer segments and thus assume a large,
random coil conformation, rather than collapse as they would in a poor solvent [4]. In this thesis we assume good solvent conditions.
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N, with the probability for a final position of x being

1 z?

For the case of a three dimensional random walk, the probability for the final position being at

vector position h from the starting point is
2
P(h) = Wexp (—%) . (1.2)
Hence, a linear polymer chain with a very large number of monomers N, each of size b, will have
a distance between its two end monomers, called the end-to-end vector h, that is on average zero,
(h) =0, (1.3)
and has a root-mean square magnitude of

(h?) = NV, (1.4)

Along with the end-to-end distance &, the radius of gyration is a very useful physical property of
polymers in solution, which measures the distribution of the monomers about the centre of mass.

The radius of gyration can be defined as

1 1/2
R, = <NZI‘?> : (1.5)

where r; is the position of the ith monomer relative to the centre of mass. For the ideal chain that
we have been discussing so far, i.e. where there is no correlation between the steps, the radius of

gyration has the same scaling as the end-to-end distance, and is given by the following:

N2
g \/6 :

(1.6)

The ideal chain model, however, neglects the stiffness of a real polymer chain, a necessary
result of bond angle limitations. The stiffness of a polymer chain is addressed by the worm-like
chain model [6]. Also known as the Kratky-Porod model [6], it represents the polymer conforma-
tion by the vector position r, which is a continuous function of the distance s along the contour of

the chain from one end to the other. If we let the contour length of the polymer be L. = Nb, then
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s ranges from O to L.. The orientation of a segment at contour distance s along the chain is given
by the tangential unit vector u(s):
dr(s)

In this model the stiffness of the chain results in the correlation between the orientation of two
segments, say at s and s’, which decreases exponentially with the curvilinear distance between
them, |s — §|:

(u(s) - u(s")) = exp (%) , 18)

where L, is the persistence length, i.e. the curvilinear length over which correlations between
the orientation of the segments persist [3]. The root-mean square of the end-to-end distance (h?),
often written simply as h2, (note that the simplified notation will be used interchangeably for the
end-to-end distance average, i.e. h? for (h%)) of a polymer represented by the worm-like chain
model is [3]:

h? = 2Ly [Lc + Ly (exp (= Lo/ Lp) — 1)]. (1.9)

For a very long and/or flexible chain L. > L, and the end-to-end distance reduces to h?> = 2L.L,,.
If the contour length is expressed as L, = Nb and the persistence length is rewritten as L, = bk /2,
we find h? = Nbbg, where by is known as the Kuhn segment length, another measure of the
stiffness of the polymer. Simply re-expressing the contour length in terms of this Kuhn length, i.e.
L. = Nkbk, where Nx < N is the number of segments in the polymer of length bk, recovers
Eqgs 1.3 and 1.4, i.e. the ideal chain statistics:

h% = Ngb%. (1.10)

Hence the stiffness of a real chain can easily be accommodated into the Gaussian, random coil
model by a simple rescaling of the polymer into segments of the Kuhn length instead of monomer
size, so long as its length is much greater than its stiffness, as measured by either L, or bx. As
expected, in the other limit where the worm-like chain is short and/or very stiff, L. < Ly, the

end-to-end distance is simply h = L, [3].

The radius of gyration of the worm-like chain is given by the Kratky-Porod equation [3]:

1 L3 L
R: = ngLc - L+ 2L—’c’ (1 - L—‘C’ [1- eXp(—Lc/Lp)]) : (1.11)
For a very short and/or rigid chain (L. < L,), the radius of gyration can be approximated as

R, = L./\/12, while for a very long and/or flexible chain (Lp < L), it can be approximated as
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R, = \/L,L. /3. The latter can also be rewritten in terms of Kuhn segments using L. = Ngbk

and L, = bg/2:
R, = /Ngb% /6, (1.12)

where again we recover the ideal Gaussian chain behaviour if the polymer is visualized in terms of
Kuhn segment lengths instead of individual monomers (compare with Eq 1.6). Since the phenom-
ena polymer physicists are concerned with commonly involve long, flexible polymers, Eqs 1.10

and 1.12 are often invoked.

A measure of the deviation from the freely jointed chain model due to the stiffness of a real
chain can be obtained from the characteristic ratio defined as the ratio of the mean-square end-to-

end distance of the actual chain to that of the corresponding freely jointed chain [7]:

real | (1.13)

For long chains, Cx = Cy = Ngb%/Nb?, and using L. = Nb = Nkby, we find Cy, = bx /b, the
expression used in Chapter 5. Polymers that are charged in solution, known as polyelectrolytes,
are usually stiffer than uncharged polymers due to the extra long-range electrostatic contribution
to their Kuhn length. An important natural polymer that is highly negatively charged in solution,
and hence very stiff, is DNA. The stiffness of a polyelectrolyte depends on the ionic strength of

the buffer, which is defined as
I

1
5207 (1.14)
J

where c; is the concentration of ion species j, of charge Z;, and the summation extends over
all the ions in the buffer solution [8]. A higher ionic strength (often given in mol/L) means a
greater concentration of ions in the buffer and therefore more counter-ions to shield the charges
of the polyelectrolyte from each other, such that the electrostatic repulsion between monomers of
a charged polymer is screened and the electrostatic stiffness is reduced. Desruisseaux et al. [9]

found a linear behaviour between the persistence length and ionic strength
L, = Ly, + A/I, (1.15)

where Ly, is the persistence length that a polymer would have were it uncharged, called the in-
trinsic persistence length, and A is a constant. For single stranded DNA (ssDNA) they found that
L, = (1.6 + 0.28/I)nm provided a good fit to their experimental data [9].
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Real polymers do not only deviate from ideal polymers in terms of stiffness, but also in terms
of excluded volume. With the ideal chain model, any conformation is available to the chain —
the random walk can cross its own path. Clearly two sections of a real polymer cannot occupy
the same space at the same time, a fact taken into account by the self-avoiding walk, where each
step is chosen randomly, except that the path taken can not cross itself at any point. As could be
expected, excluded volume interactions have the effect of swelling the conformation of the polymer
chain. The swelling is more pronounced for longer polymer chains, for which the greater number
of monomers exclude a greater volume from each other. Excluded volume can be sufficiently well
accounted for by a further amendment to the ideal chain model wherein the exponent of 1/2 in the
end-to-end distance, {/(h2) = N¥/2b from Eq 1.4, is replaced by the so-called Flory exponent [3]
of 3/5, giving, for a real chain (with non-negligible stiffness) that is sufficiently long and/or flexible
(Lp < L)

(h?) = N/ by, (1.16)

while the corresponding radius of gyration, from the ratio R2/h? = 0.952/6 given in [3], is

approximately
R, = NY/%by /6. (1.17)

Whether or not excluded volume is negligible depends on both the polymer diameter, length and
stiffness. A rough estimate for the critical size below which excluded volume is negligible, N* ~
b /bd?, is presented in the review article in Appendix A. For single stranded DNA (ssDNA), this
rough estimate yields a critical size of about 400 bases and it is hence suggested that for typical
DNA sequencing (for which N = 100-1000 bases) excluded volume interactions are weak and
can be neglected. As a result, for most of the calculations presented in this thesis, excluded volume

is neglected and Eqs 1.10 and 1.12 are used in favour of Eqs 1.16 and 1.17.

The conformation of a polymer in solution is always changing due to collisions with solvent
molecules, with the preferred conformation being that which maximizes the entropy. The entropy
of a polymer with a given end-to-end distance h can be expressed in terms of its probability
distribution from Eq 1.2 as S(h) = kg In P(h), giving

3kp

S(h) = const. — SNG?

h?, (1.18)

where the first term on the right hand side is a constant. The corresponding Helmholtz free energy
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of the polymer, A = U — T'S, where the internal energy U of the molecule is constant, is

3ksT

2
Al (1.19)

A = const. +

The chain conformations that minimize free energy are those that minimize h, hence the most
favourable end-to-end distance for a polymer chain is zero. To maintain a non-zero end-to-end

distance requires a force of 6 A/dh = %—’f,%;‘fh; this is equivalent to the force for a harmonic spring

stretched to a distance h away from equilibrium, Fy, = kg,h where the spring constant is kg, =

3keT/Nb%:
a1/ 3ksT,

N2

Fo(h) = (1.20)

The subscript for the force is chosen to represent the entropic origins of the elasticity of the polymer
chain, and the denominator is equal to the equilibrium square average of the end-to-end distance
(h?),. This entropic, spring-like force acting to resist deformation of a polymer from the random
coil conformation with an end-to-end distance of zero is used in Chapter 4 to predict deformation
during ELFSE. The spring-like nature of a polymer in solution led to the physical model called the

bead-spring model, where the polymer is represented as a series of beads connected by springs [3].

Another important property of polymers is their diffusion. In free solution, the diffusion of a
polymer is not affected by the presence of an electric field. This crucial point, which is studied in
Chapter 6, means that the appropriate expression for the diffusion coefficient, under the conditions

relevant to this thesis, is given by Einstein’s expression for non-electrophoretic conditions [4]

_ kT

D(N) (121)
£
where the friction coefficient is given by Zimm’s equation,
& = 6mnRy(N), (1.22)
to yield T
D(N) = —>— 1.23

The hydrodynamic radius of the polymer, Ry, is defined as the radius of a solid sphere that has
the same diffusion coefficient as the polymer. When the polymer is moving, for example, under
the influence of an electric field, all the monomers interact with, and partially drag the surrounding
solvent molecules. These so-called hydrodynamic interactions build up so that the fluid inside the

polymer coil essentially moves with the polymer [10]. As a result, the overall friction coefficient of
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the polymer is less than it would be were all of its monomers unbonded and moving independently;
rather than simply scaling as the total number of monomers N, it scales as N'/2 (or N%/5 when
excluded volume interactions are important) [3]. The two characteristic radii (hydrodynamic and

gyration) are similar, with the rough equation Ry = %Rg being useful [4].

Before we look at capillary electrophoresis of polymers, it is interesting to note that most
polymer mixtures are polydisperse, meaning that they are composed of polymers with different
lengths. Although rare, some uniform molecular weight polymers do exist (often of biological
origin) and are known as monodisperse. Polydisperse polymer samples can be characterized by

the number average and the weight average molecular weight, defined respectively as

; MiN;
and
¥ MEN;
My =S4 (1.25)

where N; is the number of molecules of type i, with molecular mass M; [11]. For truly monodis-
perse polymers M, = M,, however with polydisperse polymer samples M, < M. The ratio of
M, to M,, called the polydispersity index (PDI), is often used to characterize the polydispersity

of a sample
My ¥ N3 MPN;

PDI =
M, (i MiN;)?

(1.26)

This ratio is equal to 1 for a completely monodisperse sample and increases from 1 with increasing
polydispersity [3]. Even a PDI of 1.01, which is considered to be extremely low, represents sig-
nificant polydispersity; for example, Figure 1.1 shows the range of molecular weights in a sample
of poly(ethylene glycol) of nominal molecular weight 5000 g/mol (or, equivalently, 5000 Da in
the common chemistry unit of Daltons). Although this sample has a polydispersity of only 1.01,
over 50 different polymer lengths can be detected. This data was obtained by the powerful tech-
nique of free solution conjugate electrophoresis (FSCE), for which the relevant theory is presented
in Chapter 5. The polydispersity present in most polymer samples, even those with low PDIs,
presents a problem for the DNA sequencing technique End Labelled Free Solution Electrophoresis
(the subject of Chapters 2, 3 and 4) which requires a near monodisperse polymer to act as a label,

as discussed in the review article of Appendix A.
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FIGURE 1.1 Electropherogram where the time axis has been transformed into a
molar mass axis to show the range of molecular weights in a sample of poly(ethylene
glycol) of nominal molecular weight S000 g/mol. Although this sample has a polydis-
persity of only 1.01, over 50 different polymer lengths can be detected. This data was
obtained by the powerful technique of free solution conjugate electrophoresis and is
reproduced with permission from [12]. The relevant theory is presented in Chapter 5.

Capillary Electrophoresis

The main components of a capillary electrophoresis apparatus are the capillary, detector, data
collection system, high-voltage power supply and means of temperature control, along with a
personal computer to control the system [2] (see Figure 1.2). The fused-silica capillary has a length
ranging from about 0.3 to 1 m, and an inner diameter of about 50 pm; with this inner diameter, a
50 cm long capillary would have a total volume of only 0.98 uL. An appropriate buffer solution?
(so as to maintain the desired pH) fills the capillary and its ends are placed in reservoirs containing
excess buffer as well as the electrodes, which are made of inert material such as platinum [14]. A
sample volume, typically of 1-20 nL, is introduced at one end of the capillary by either pressure

injection (hydrodynamic injection), or by the application of a voltage to move the charged species

2 The buffer, which is simply an acid-base pair, is essential in capillary electrophoresis for maintaining the pH of the solution filling
the capillary at the desired value. It functions by reacting with any extra acid or base; the equilibrium between the forward and back
reactions, converting acid to base, or base to acid, is responsible for stabilizing the pH [13]. Two buffers commonly used in CE are
Tris and Borate, which are effective at buffering in pH ranges 7.30-9.30 and 8.14-10.14 respectively [14].
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FIGURE 1.2 The main components of the capillary electrophoresis apparatus are
the capillary, detector, data collection system, high-voltage power supply and means
of temperature control, along with a personal computer to control the system.

into the capillary (electrokinetic injection), to form an analyte band with an initial width (or loading
width) typically between 0.1 mm and 10 mm [2]. A voltage difference applied along the length of
the capillary moves charged species from one end to the other. The speed of migration depends
on the analyte’s specific size, shape and charge. The difference in speed between the various
species in the sample allows for separation so that they can be individually detected, in order of
elution at, or rather just before, the other end of the capillary. The detector response is recorded to
produce an electropherogram, which is simply a plot of detector response versus arrival time at the
detector (see Figure 4 of the review article on page 79). Detection is commonly performed by laser-
induced fluorescence (LIF); other methods include UV absorbance and electrochemical detection
[14]. Typically, voltages range from 5-30 kV, resulting in currents ranging from 10-100 mA [14].
Given the substantial length of the typical capillary, the electric field strength is limited primarily
by the power source; an applied voltage of 30 kV achieves a field strength of only 300 V/cm for a

1 m long capillary. (Microchips overcome this limitation with their shorter channels [15].)

The electrophoretic mobility, y, of an analyte is defined as its speed, v, divided by the electric
field strength E:

v
k=5 (1.27)
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and is commonly given in cm?/ Vs, The arrival time of an analyte at the detector is simply

b ==, (1.28)
v

where L is the elution length, i.e. the distance from the injection end to the detector, which is thus

slightly less than the total capillary length.

Clearly a greater difference in arrival time between consecutive bands (or peaks) corresponds
to better resolution. This so-called peak spacing competes with band width in terms of resolution;
all species within a sample are injected together in one thin band, and as each particular species
moves along the length of the capillary, slowly pulling away from each other and forming indi-
vidual bands, the bands widen. Various factors affect the final band width, including the initial
band loading width, Joule heating (the production of heat due to friction between colliding ions
and solvent moving under the applied field), interactions of analytes with the capillary wall, gradi-
ents in temperature or viscosity, any defects in the capillary, laminar flow due to fluid levels in the
inlet and the outlet reservoirs differing significantly, and electrodispersion. (The latter can become
important when the analyte concentration reaches that of the background electrolyte (BGE) and
the conductivity of a band differs from that of the BGE; for example, if the mobility of the analyte
is greater than that of the BGE, the band has a higher conductivity and lower field strength such
that analytes near the edges of the band experience higher electric fields and accelerate, leading to
peak asymmetry [14].)

The initial band width is usually negligible, in fact, great care is taken to reduce it as much
as possible. Usually the sample volume is kept to a minimum, while still ensuring detection limits
are met. It is also very common to use a phenomenon called stacking wherein the sample is in a
low conductivity solution such that the local field strength is relatively high compared to the rest
of the capillary. Due to the difference in the field strength, the analytes initially move fast and then
slow down once they reach the background electrolyte filling the capillary, thereby concentrating,
or stacking at the start of the capillary [14]. Stacking can similarly be achieved by having a jump in
viscosity located at the beginning of the capillary such that the analytes move quickly in the lower
viscosity medium and then slow down and concentrate at the beginning of the capillary where the
viscosity is higher; the effect of viscosity gradients on resolution in capillary electrophoresis is

investigated in Chapter 7.

Other factors contributing to the final band width are also minimized and can usually be

controlled by careful experimental set up. The exception is diffusional band broadening; being
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FIGURE 1.3 Two close-lying Gaussian peaks illustrating peak spacing At, and
peak standard deviation oy. When the peak spacing is greater than or equal to the
peak width as measured by the standard deviation, the peaks can be resolved.

due to thermal motion it is unavoidable. When diffusion limits the final band width and all other

sources are negligible, the conditions are seen as optimal as far as band width is concerned.

As stated above, the peak spacing and band width compete in terms of resolution; we define
the size-resolution factor as the temporal band width as measured by its temporal standard devi-
ation o (which can generally be taken to be essentially identical for two close-lying consecutive
peaks since such peaks generally have similar properties and hence similar peak widths [5]), di-
vided by the temporal spacing between the arrival of two consecutive peaks at the detector, At
(see Figure 1.3). The temporal peak spacing is often taken as the derivative of the arrival time
with respect to the number of monomers in the chain, N, giving the following expression for the
size-resolution factor:

Oy

S = - (1.29)
oN

Defined in this way, the resolution factor has units of number of monomers and gives the smallest
difference in the number of monomers that can be resolved; i.e. a factor of 1 is required for single-
monomer resolution, which is needed for DNA sequencing. If one bears in mind that peak fitting
software can be used to discern overlapping peaks, it is clear that even when the size-resolution

factor somewhat exceeds the value 1, single-monomer resolution may still be obtained. Note
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that since band width is usually measured in terms of the full width at half maximum, FWHM =
2v/21n 20, the size-resolution factor can be more conveniently defined by replacing the standard
deviation by the FWHM. The temporal band standard deviation oy = o /v, for the experimentally
favourable diffusion-limited case can be calculated using the diffusion coefficient (given by Eq 1.23
for free solution conditions); the relationship between the spatial standard deviation of the peak and

the diffusion coefficient is

o =V2Dt. (1.30)

Hence, the band width increases with the square root of time under these conditions while the peak
spacing increases linearly with time, being equal to the difference in velocity of two consecutive
bands, multiplied by the elapsed time. As a result, at the beginning of the electrophoretic separa-
tion, the band width increases more quickly than the peak spacing and there is a minimum amount
of time required for the peak spacing to catch up to the band width, after which the peak spacing
increases at a faster rate than the band width [5]. For this reason, a longer capillary achieves better
resolution by allowing the analytes more time for their velocity differences to overcome diffusion.
Care must be taken however to ensure that the wide peaks obtained with longer capillaries are still

concentrated enough for the analytes to be detected.

With traditional electrophoresis, either a gel or other sieving medium such as an entangled
polymer solution fills the capillary. The polyelectrolytes are then forced to snake around the gel
fibres as they move under the influence of the electric field. Longer polyelectrolytes interact more
with the fibres and are hence slowed down more than shorter polyelectrolytes; the result is an
electropherogram with shorter polyelectrolytes being detected first, followed by longer and longer
polyelectrolytes [16, 17]. This technique lends itself extraordinarily well to the sequencing of

DNA, itself a negatively charged linear polymer in solution.

Briefly, the basic steps in sequencing a strand of DNA are the following. The strand is first
separated from double-stranded form into single stranded form to allow for copies to be made.
The desired starting location for the copying process is targeted by a small sequence of DNA
known as a primer. Sets of copies are made in four different solutions, each solution containing
normal nucleotides to build the copies, as well as terminating nucleotides that correspond to one
of the four bases. These terminating nucleotides are labelled with a base-specific fluorescent dye
to identify the chain that includes them as ending with either an A, T, C, or G base. Hence the
four sets of solutions produce copies starting at the same location and having various lengths with

an identifiable end base. When these copies are electrophoresed, they are detected in order from
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shortest to longest, with the end monomer for each length being identifiable such that the sequence
can simply be read directly from the electropherogram. Electrophoresis using gels or other sieving
media has been responsible for the overwhelming majority of DNA sequencing. In this thesis we
present some theoretical advancements made in our understanding of DNA sequencing, and other

capillary electrophoresis separations, which do not require use of a sieving medium.

Free Solution Electrophoresis

As discussed above, generally a build up of hydrodynamic interactions between the monomers
causes the fluid within the polymer to be dragged along with the polymer coil; this means that
the overall friction coefficient ¢ of the polymer scales like N'/2 (or N%/® if excluded volume
interactions are important). In free solution electrophoresis the situation is, however, somewhat
more complicated, as detailed in the review article provided in Appendix A as a supplement to
this introduction. The counter-ions in the buffer closely surround the charged polymer chain along
its contour length. The electric field that pulls the charged chain in one direction, pulls equally
hard on the counter-ions, but in the opposite direction. The moving counter-ions drag the fluid
immediately surrounding the contour length of the chain with them, thereby screening the hydro-
dynamic interactions between the monomers®. As a result, the electrophoretic mobility in free
solution is determined by a local balancing between the friction and electric forces. Since both the
electrophoretic friction &g, occurring along the contour length of the polymer, and the polymer
charge () (which determines the electric force Fg) scale linearly with the length, or the number of

monomers N, the mobility is length-independent*: uo ~ Q/€g ~ N1/N! ~ N°. Consequently the

3 When an object of radius Rg moves in a fluid, the fluid is disturbed over a distance of about Ry, i.e. the momentum transfer to
the fluid occurs over this distance. With an electric field affecting counter-ions however, the extent of the disturbance due to any
electrophoretic motion is limited to that distance over which the concentrated counter-ions effectively balance the charge on the
polymer chain, known as the Debye length, Ap . If Ap > Ry then the disturbance still persists over Rg and the friction coefficient
is unchanged by the counter-ions’ response to the electric field. However, in electrophoresis, the Debye length is generally on
the order of the monomer size b. The development presented in this thesis is hence for the case of the Debye length being small
compared to the overall size of the molecule, A\p <« Rg. Details can be found in Appendix A.

4 The approximate relation for the electrophoretic friction coefficient of a long and free-draining (A\p < Ryg) polyelectrolyte,
&g = 3mnNkbk/ |In(bk/Ap)|, was suggested by Manning [18]. This overall electrophoretic friction coefficient was obtained by
taking into account hydrodynamic interactions, which are screened by the counter-ions at distances greater than the Debye length,
and by roughly estimating the friction coefficient of one Kuhn segment of the polymer chain, interacting with its counter-ion cloud,
as 3mnbk . This indeed gives a length-independent mobility of x = gk |[bk/Ap| /(37nbk), where gk is the charge of each Kuhn
segment.
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electrophoretic mobility p of any long, flexible and uniformly charged polyelectrolyte in free so-
lution is independent of its total length [17]. This so-called free draining property (i.e. fluid moves
right through the coil such that the local friction determining the mobility scales with the contour
length) is precisely why gels are used to sequence DNA, a long, flexible, negatively charged poly-
mer. In a gel or other sieving medium, longer DNA collide more frequently with the gel fibres and

are thereby selectively slowed down to provide separation by length [17].

While for mobility, the motion of the counter-ions effectively screens the hydrodynamic inter-
actions such that the force due to the electric field and the corresponding force of friction, Fg ~ N
and &g ~ N respectively, balance each other, for any additional, non-electric force, (such as the
random forces causing diffusion), the hydrodynamic interactions are not screened. This is because
the counter-ions do not respond to non-electric forces and therefore do not affect the correspond-
ing friction. Hence the friction coefficient for such an additional force would be given by that for
non-electric conditions (Eq 1.22). This is indeed the case for diffusion, which is due only to fluc-
tuations in the flow of the solvent. These fluctuations, which can be considered as an additional,
random flow superimposed on the field-driven flow, are not affected by the electric field. Hence,
the fluctuations in the flow, and the diffusion coefficient which depends on them, are subject to
the hydrodynamic interactions between monomers which still exist for any non field-driven flow.
Since the electrophoretic mobility depends on the flow of solvent, which depends on the electric
field, while the diffusion depends only on the fluctuations in this flow, which are independent of
the applied field, we can say that the polymer coil is free draining for the former, but not for the
latter, as discussed in Chapter 6. This paper showed for the first time that the diffusion coefficient
is not affected by the electric field in free solution, and hence the correct equation for the diffusion

coefficient is given by Zimm’s equation for non-electrophoretic conditions (Eq 1.23).

As a result of the free draining aspect of the electrophoretic mobility, in the absence of a gel
(i.e., in free solution), DNA of all lengths co-migrate and no separation can be achieved (except
for very short DNA, up to about 20 bases for ssDNA and 170 bp for dsDNA [19, 20]). Gels and
other sieving media overcome this unfortunate phenomenon, however, avoiding the need for gels
or other sieving media in DNA sequencing would be advantageous in several respects; for example,
it would reduce the consumption of chemicals, as well as simplify the process and speed it up by
removing the need for loading the sieving media into the capillary, a difficult and time consuming

step.
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There is another means of overcoming the free draining nature of DNA during electrophoresis
to enable separation by length, one that does not require a sieving medium. When an uncharged
molecule is attached at the end of the DNA chain, the identical scaling of friction and charge is
undone. The uncharged molecule, called a label or drag-tag, adds a set amount of friction to all
DNA chain lengths. Larger DNA, having more charges, are better able to pull the drag-tag, and
hence should go faster than smaller DNA in free solution. This concept appeared in the literature in
the early 1990’s [21-23]; Mayer, Slater and Drouin [23] were the first to make quantitative predic-
tions about this exciting possibility, which they called End Labeled Free Solution Electrophoresis,
or ELFSE for short. Many researchers found this possibility very promising, however the com-
plications such as finding and attaching an appropriate label, were considered intractable [24].
However, this very mechanism was proven valid in 1998 with the separation of a 100 bp ladder of
dsDNA [25], see Figure 4 in Appendix A. The label molecule was streptavidin, a nearly neutral,
globular protein, which can be easily attached to DNA. These initial results, while proving the
concept of ELFSE, were inadequate for sequencing, since the resolution was limited to about 10
bases. The following year, as a result of purifying the streptavidin label to make it much closer
to being monodisperse, and dynamically coating the wall to avoid streptavidin-wall interactions,
dramatic results were achieved: about 100 ssDNA bases were sequenced in only 18 minutes [24]

(See Figure 5 in Appendix A).

The review article in Appendix A gives the most comprehensive overview of ELFSE tech-
nology available, covering the development of ELFSE over the last decade, as well as the theo-
retical concepts used to predict the ultimate performance of ELFSE for single-stranded (ssDNA)
sequencing, the experimental results showing that ELFSE can indeed overcome the free-draining
issue raised above, and the technological advances that are needed to speed the development of
competitive ELFSE-based sequencing and separation technologies. The reverse process, called
free-solution conjugate electrophoresis (FSCE), wherein uncharged polymers of different sizes
can be analyzed using a short DNA molecule as an electrophoretic engine, is also reviewed. This

review is provided as a supplement to the introduction presented here.

The biggest challenge to improving ELFSE performance is due to the fact that very long DNA
chains have so much charge that their speed is barely affected by a small label and hence the peaks
corresponding to longer DNA chains overlap badly and resolution is lost. This limits the maximum
size of DNA that can be sequenced, known as the read length. Extending the read length of ELFSE

is critical to enable it to be competitive with gel-based techniques; this is the main goal of current
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ELFSE research. A larger label, which would result in a greater force of friction, would have
a bigger effect on longer DNA and increase their resolution, thereby extending the read length.
However, as discussed in Appendix A, it has been difficult to create a large, monodisperse label.
Another means of extending the read length is discussed in Chapter 2. Before this paper, it had
not been recognized that labelling both ends would lead to a greater friction than if the size of the
label at one end were doubled. This is a result of the end effect predicted by the theory of Long
and co-workers [26] for polyelectrolytes; our detailed analysis of this effect on ELFSE illuminated
the potential of labelling both ends of the DNA instead of just one. The predicted improvement in
ELFSE resolution based on the end effect theory was also proven experimentally; the article with

these findings is provided in Appendix B.

Yet another possible means of extending the read length of ELFSE is presented in Chapter 3.
Much like the moving counter-ions dragging the fluid surrounding the contour length of the chain
with them, the counter-ions attracted to the negative charges of the capillary wall move in the
opposite direction to the DNA, and drag the bulk of the fluid filling the capillary with them®. This
process, called electro-osmotic flow (EOF) is commonly prevented by coating the capillary walls,
howeyver, in this paper we show how allowing a well-controlled amount of EOF could positively
impact on ELFSE performance. It is predicted that this process could dramatically extend the read

length, as well as decrease the time required for sequencing.

With next-generation labels providing greater friction, current ELFSE theory would need to
be updated to take into account any possible deformation due to the strong drag forces of the label.
Stronger electric field strengths would also be expected to encourage deformation. In Chapter 4
we predict the conditions under which the DNA and label may separate hydrodynamically from

each other, and the resulting impact on ELFSE performance.

The following chapter develops the theory for the complementary separation technique known
as Free Solution Conjugate Electrophoresis (FSCE), wherein a set of uniform DNA molecules is
used as an electrophoretic engine to pull a set of uncharged polymers that vary in length. With this

technique the polydispersity of the uncharged polymer can be measured. This chapter predates

5 The fused silica capillary walls are negatively charged in solution and hence attract a cloud of counter-ions from the buffer. Under
the influence of an electric field these charges, which are not bound to the wall as the negative surface charges are, move in the
opposite direction as negatively charged DNA. Due to viscous drag forces, the bulk of the solution filling the capillary is dragged
along with them in a plug-like flow. If the capillary is uniformly charged and both ends are at the same pressure, this counter-flow
(which can drag DNA along with it) is constant [27, 28].
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Chapter 2; the latter provides a critical revision to FSCE theory that takes the end effect into

account.

Chapter 6, as mentioned above, demonstrates unequivocally that the Nernst-Einstein relation,
despite its common use for free solution conditions, fails under these conditions. The proper
relation (Eq 1.23) for free solution electrophoresis, which is critical for ELFSE and FSCE theories,

is given.

Finally, Chapter 7 shows that a gradient in viscosity along the length of the capillary would not
provide a means of improving resolution in free solution and hence could not be used to improve
ELFSE resolution. However, under non-ideal conditions, when the initial band loading width is
large, a viscosity jump located at the start of the capillary may be used (in addition to a jump in

solution conductivity) to increase sample stacking.

Presentation of the thesis

The core of this thesis is composed of six articles published, accepted for publication, or sub-
mitted for publication (pending peer review) in scientific journals during the course of my Ph.D.
degree. In addition, a review article (number 7 below) is provided in Appendix A to supplement
the background information presented above, and the paper providing experimental support for the
end effect in ELFSE, essentially the counterpart to Chapter 2, is given in Appendix B (number 8
below). The following list of articles constitute the next six chapters of this thesis, as well as the

Appendices.

1) LC McCormick, GW Slater, The molecular end effect and its critical impact on the behavior of
charged-uncharged polymer conjugates during free-solution electrophoresis, Electrophoresis

26, 1659-1667 (2005)

End Labelled Free Solution Electrophoresis (ELFSE) and Free Solution Conjugate Electrophore
sis (FSCE) theories were based on the predictions of Long and co-workers [26] for the elec-
trophoresis of polyampholytes. In this paper we examine in detail the effect of one aspect of
Long’s theory that was previously neglected, that of the so-called end effect wherein monomers
near the end of a polymer have a greater weight in the determination of the electrophoretic mo-
bility. We found that this effect is more important than was previously assumed and impacts




Presentation of the thesis 19

on ELFSE performance; this led to Canadian and US patent applications for a new approach to
ELFSE technology. The predicted improvement in ELFSE resolution based on the end effect
theory was also proven experimentally; the article with these findings is provided in Appendix
B. We also highlight the critical impact of the end effect on FSCE separations and show that
caution must be used in interpreting FSCE results.

2) LC McCormick, GW Slater, A Theoretical study of the possible use of electroosmotic flow to
extend the read length of DNA sequencing by end labeled free solution electrophoresis, Elec-
trophoresis, in press.

In this paper we examine the effect on ELFSE performance of having a non-negligible electro-
osmotic flow (EOF), a flow which is normally suppressed in CE. We predict that the resolution
can be dramatically improved with use of an optimal speed of EOF. This paper led to an inven-
tion disclosure filed with the University of Ottawa Technology Transfer and Business Enterprise
Office. The EOF discovery, along with the new approach based on the end effect from Chap-
ter 2, were combined in an application for the 1995 NSERC Innovation Challenge, an award
aimed at fostering an appreciation of real-world applications of the research of masters or Ph.D.
students who are in their final year or have recently graduated. My application was awarded an
honourable mention.

3) LC McCormick, GW Slater, Molecular deformation and performance of free solution elec-
trophoresis of DNA-uncharged molecule conjugates: Theoretical predictions, to be submitted
to Electrophoresis

In this paper we investigate the behaviour of ELFSE molecules with next-generation labels
and/or high electric field strengths. We make predictions as to the conditions leading to seg-
regation of the DNA and label coils, as well as the expected impact on ELFSE performance.
Optimal label architecture design and experimental conditions are suggested. This work also
highlighted the potential gains in read length possible with high voltage use.

4) LC McCormick, GW Slater, AE Karger, WN Vreeland, AE Barron, C Desruisseaux, G Drouin,
Capillary electrophoretic separation of uncharged polymers using polyelectrolyte engines, a
theoretical model, Journal of Chromatography A 924, 43-52 (2001)

In this article we present the general theory for Free Solution Conjugate Electrophoresis (FSCE),
a technique analogous to End Labelled Free Solution Electrophoresis (ELFSE) where instead
of using a uniform set of uncharged drag-tag molecules to separate various lengths of DNA, a
uniform set of DNA molecules are used as "engines"” to separate various lengths of uncharged
polymers in a sample.
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5) AE Nkodo, JM Garnier, B Tinland, H Ren, C Desruisseaux, LC McCormick, G Drouin,
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trophoresis 22, 2424-2432 (2001)

This seminal paper showed that the Nernst-Einstein equation relating the mobility and the diffu-
sion coefficient during electrophoresis, while appropriate for most gel-based systems, is invalid
for free solution electrophoresis. Since the diffusion coefficient is not affected by the electric
field in free solution, the correct equation for the diffusion coefficient is given by Zimm’s equa-
tion for non-electrophoretic conditions. This is a crucial result, impacting on predictions of
ELFSE performance.

6) S Guillouzic, LC McCormick, GW Slater, Electrophoresis in the presence of gradients: I
Viscosity gradients, Electrophoresis 23, 1822-1832 (2002)

The effect of viscosity gradients within the capillary during electrophoresis are analysed in this
paper. It is shown that such gradients only serve to decrease resolution under optimal conditions
where the band width is limited by diffusion. When conditions are less than optimal and the
initial band loading width is non-negligible, a gradient can be used to increase resolution, but
is ideally located at the beginning of the capillary thereby serving only to increase sample
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within the capillary can not be used to improve ELFSE performance.

7) RJ Meagher, J-1 Won, LC McCormick, S Nedelcu, MM Bertrand, JL Bertram, G Drouin, AE
Barron, GW Slater, End-labeled free-solution electrophoresis of DNA, Electrophoresis 26,
331-350 (2005)

Written in collaboration with Annelise Barron’s experimental group at Northwestern Univer-
sity, this review article covers both ELFSE and FSCE technology, from a theoretical and exper-
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8) RJ Meagher, LC McCormick, RD Haynes, J-I1 Won, JS Lin, GW Slater, AE Barron, Free-
solution electrophoresis of DNA modified with drag-tags at both ends, Electrophoresis, in
press.

This paper presents the experimental support for the end effect in ELFSE, predicted in the
theoretical paper in Chapter 2. The prediction of enhanced drag arising from labelling both
ends is confirmed, with 6-9% additional drag for the ssDNA and 10-23% additional drag for
the dsDNA arising from labelling both ends than would be expected from simply doubling the
size of the drag-tag at one end. The experimental results for ssDNA labelled at both ends are
compared to the predictions of the theory (Chapter 2) of the end effect, with reasonably good
quantitative agreement.
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Molecular End Effect in Free
Solution Electrophoresis

L.C. McCormick, G.W. Slater, Electrophoresis 26, 1659-1667 (2005)

End Labelled Free Solution Electrophoresis (ELFSE) and Free Solution Conjugate Electrophoresis
(FSCE) theories were based on the predictions of Long and co-workers for the electrophoresis of
polyampholytes. In this paper we examine in detail the effect of one aspect of Long’s theory that
was previously neglected (and hence not taken into account elsewhere in this thesis), that of the
so-called end effect wherein monomers near the end of a polymer have a greater weight in the
determination of the electrophoretic mobility. We found that this effect is more important than
was previously assumed and impacts on ELFSE performance; this led to Canadian and US patent
applications for a new approach to ELFSE technology. The predicted improvement in ELFSE
resolution based on the end effect theory was also proven experimentally; the article with these
findings is provided in Appendix B. We also highlight the critical impact of the end effect on

FSCE separations and show that caution must be used in interpreting FSCE results.

I was primarily responsible for the research and writing of this article, with the critical support and

guidance of my supervisor.
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The molecular end effect and its critical impact
on the behavior of charged-uncharged polymer
conjugates during free-solution electrophoresis

Recently two novel techniques using free-solution electrophoresis to separate
charged-uncharged polymer conjugates have proven successful: end-labeled free-
solution electrophoresis (ELFSE) for DNA sequencing, and free-solution conjugate
electrophoresis (FSCE) for molar mass profiling of uncharged polymers. The approach
taken to analyze the experimental data was an extension of the theory of Long and co-
workers (Long, D., Dobrynin, A. V., Rubinstein, M., Ajdari, A., J. Chem. Phys. 1998, 108,
1234-1244) for the electrophoresis of molecules with varying charge distributions. This
theory also predicts that the ends of the polymers play a large role in determining the
polymer’s overall mobility; however, this aspect of the theory was neglected in previous
work. Until now this “end effect” has, to the knowledge of the authors, not been
recognized in experimental data. Through a careful investigation of the predicted end
effect and a reanalysis of the experimental data, we demonstrate that indeed this effect
critically impacts on the behavior of charged-uncharged polymer conjugates during
electrophoresis. This work indicates that not only does the end effect need to be taken
into account to avoid significant errors in data analysis, but also it provides novel sys-
tem optimization approaches.

Keywords: DNA sequencing / Electrophoretic mobility / End-labeled free-solution electropho-
resis / Free-solution electrophoresis / Hydrodynamic interactions DOl 10.1002/elps.200410276

1 Introduction

Much attention has been focused recently on the free-
solution electrophoresis of charged-uncharged polymer
conjugates, an approach that overcomes the need for
gels or entangled polymer solutions for the electropho-
retic separation of polyelectrolytes, while offering a
means of molar mass profiling for uncharged polymers. In
addition, this technique allows for a deepening of our
fundamental understanding of the electrophoresis of
polyelectrolytes and polyampholytes. End-labeled free-
solution electrophoresis (ELFSE), for instance, was suc-
cessfully used to sequence ssDNA up to 110 bases in less
than 20 min [1]. This technique cleverly uses an
uncharged “label” or “drag” molecule attached to each
ssDNA chain in order to break the local balancing be-
tween friction and electric force [2-6] which normally
leads to comigration of all ssDNA lengths {7, 8] (excepting

Correspondence: Professor Gary W. Slater, Département de
Physique, Université d’Ottawa, 150 Louis-Pasteur, Ottawa,
Ontario K1N 6N5, Canada

E-mail: gslater@science.uottawa.ca

Fax: +613-562-5190

Abbreviations: ELFSE, end-labeled free-solution electropho-
resis; FSCE, free-solution conjugate electrophoresis

very small fragments [9, 10]) in free solution. More
recently, a complementary technique called free-solution
conjugate electrophoresis (FSCE) has been used to char-
acterize uncharged, water-soluble polymers that can be
uniquely conjugated to ssDNA [11-13]. Here, the ssDNA
chains are of uniform {ength, and act as engines to pull the
varying lengths of uncharged polymers for electrophore-
sis leading to single-monomer resolution over a wide
range of molecular sizes. In fact, the resolution obtained
was approximately five times higher, and the separation
efficiencies were increased by 150% compared to the
more traditional RP-HPLC [12].

For both FSCE and ELFSE, the theoretical equation uti-
lized for the overall mobility n of the charged-uncharged
block copolymer was until now a uniformly weighted
average [5, 6, 11, 13]:

= b R = Ho 0
“"—HON —”OMC-FUMU

where M, is the number of charged monomers each of
mobility p,, and M, is the number of uncharged mono-
mers. This equation comes from a pioneer investigation of
Long and co-workers [14] into the electrophoresis of
polymers containing both charged and uncharged
monomers. The factor a rescales M, to account for the
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difference in hydrodynamic properties arising, for exam-
ple, from the different persistence lengths (a measure of
flexibility) of the charged and uncharged polymers.
Hence, the « value depends on the chemistry of the
molecules and varies with both temperature and buffer
ionic strength (which affect the molecules’ flexibilities). In
fact, « enables a counting of uncharged units which have
the same friction as one ssDNA monomer, such that the
total number of effective monomersis N =M, + aM,. The
o value is an important determinant of the mobility since
the frictional drag of the uncharged polymer is what
selectively slows down longer conjugates in FSCE, and
determines the read length of ELFSE.

The uniformly weighted average utilized for the mobility
was an approximation that neglected certain second-
order effects derived in [14], and in particular the so-
called end effect wherein the mobilities of the monomers
near the ends of a polyelectrolyte contribute with a
greater weighting to its overall mobility. While the qualita-
tive results for the range of data treated with the above
approach were fairly good for certain molecular sizes, the
inclusion of the end effect into the theory makes signifi-
cant changes for the quantitative results, and how the
theory can be utilized. In particular, we will demonstrate
below that the previously utilized approximation would
have resulted in unrealistic molar mass profiles had it
been applied to a different range of polymer sizes in [11].
Hence the end effect must be carefully accounted for
when using FSCE for molar mass profiling of synthetic
uncharged polymers. We investigate in this paper the
addition of the end effect to the theories of FSCE and
ELFSE.

2 Theory of electrophoresis of
polyampholytes

The electrophoretic behavior of polymers with inhomo-
geneous charge distributions was investigated by Long
and co-workers [14]. The mobility of such chains was
calculated as a function of charge distribution, taking into
account both hydrodynamic interactions and the elasti-
city of the chain. They investigated the linear regime of
small electric fields where the polymer chains remain in
approximately Gaussian conformation, and assumed
excluded volume effects to be negligible. For uniformly
charged polymers, the counter-ions effectively cancel the
long range hydrodynamic interactions between mono-
mers, such that hydrodynamic and electric forces are
balanced locally, leading to the well known “free-draining”
phenomenon where uniformly charged polymers migrate
at the same electrophoretic velocity despite their varying
lengths [7, 8]. However, with nonuniformly charged poly-
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mers, it was shown that hydrodynamic interactions can
play a large role. The general expression for the electro-
phoretic mobility of a polymer with a variable charge dis-
tribution was given as

N
h= / W(mu(n)dn @
0

where p(n) is the electrophoretic mobility of the n' mono-
mer, and N is the total number of monomers. The weight-
ing function Y(n) is universal for sufficiently long polymers,
i.e., it looks the same for all sizes N beyond about ten
persistence lengths in that y(n) = 1/N y(n/N). We found
that the numerical function {{(n/N) given in [14] is repre-
sented quite well by the following normalized interpola-
tion function, shown in Fig. 1:

¥(n/N) = —0.65+ 0.62/(n/N)"/* +0.62/(1 - n/N)'"* (3)

We note that y(n/N) increases substantially for monomers
within the first and last ~8% of the chain (e.g., these
sections would account for 24% of the total weighting of
the molecule, compared to the 16% expected by the
uniformly weighted average approximation). This is a
consequence of monomers located close to the ends of
the chain spending more time, on average, closer to the
surface of the coil, and hence affecting the overall mobility
more than the middie monomers. As a result, the mobility
is a weighted average of all individual monomer mobili-
ties, where monomers in the middle have approximately
the same weighting, but monomers near the end have a
much greater weighting. This is the end effect which was
neglected in previous ELFSE [5, 6] and FSCE [11, 13]
analyses, where a uniform weighting, the dotted line
in Fig. 1, was taken as an approximation (see Eg. 1).

05 02 04 06 08 1
n/N
Figure 1. End effect weighting function (Eq. 3), an inter-
polating function that provides a good fit of the numerical
curve presented in Fig. 2 of [14]. The dotted line is the
uniform weighting approximation that was used pre-
viously [5, 6, 11, 13].
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This effect may indeed be of importance when analyzing
data for charged-uncharged block copolymers, espe-
cially if one of the blocks is relatively small (e.g., less than
10% of the total polymer length) and hence has an unex-
pectedly large weighting determined solely by one of the
“ends” of the curve in Fig. 1.

3 The end effect and FSCE

For the case of FSCE, where only the M, charged mono-
mers have a non-zero mobility, we can rewrite Eq. (2) as
follows:

M,
o= [ERPe (e @
0

where we have started labeling the monomers from the
charged end of the chain. The mobility of the n' monomer
u(n), is simply the length-independent free solution
ssDNA mobility pg, and the effective total number of
monomers N is M, + oM, as before in the uniformly
weighted average, such that

M n d
Yl
- ({ (Mc+°‘Mu) " ©)
k=Ho M + aM,

On comparison with Eq. (1) it is clear that taking the end
effect into account involves replacing the numerator (M)
with the integral of { over all the charged monomers (i.e.,
replacing the uniform weighting { = 1 of which would give
M{owdn = M., with the ¥ function of Fig. 1). As we can
expect from the form of the ¥ function, in going from a
molecule that is completely charged to one that is
attached to an uncharged chain, we lose the higher rela-
tive weighting of one of the charged ends and hence the
end effect is manifested by an initial drop in the integral of
Y as M, increases. However, as the uncharged segment
grows quite large, the proportion of the conjugate mole-
cule which is charged (M,/N) decreases significantly, and
the weighting for each of the charged monomer mobilities
is determined solely by the remaining higher end weight-
ing. Consequently, as the uncharged segment becomes
much larger than the charged segment, the latter is given
a higher weighting in the average determining the total
mobility, thereby increasing the mobility over that expect-
ed by neglecting the end effect. This is indeed what we
see in Fig. 2 when we plot the integral of s for the specific
case studied by Vreeland et al. [11] of a 20-base ssDNA
fragment (M, = 20) attached to various lengths of poly
(ethylene glycol) (PEG), for which o was estimated to be
approximately 0.138 (to be discussed later). The integral in
the mobility equation initially decreases for small PEG
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Figure 2. Integral of end effect weighting function ¢, from
n = 0 to M,, for FSCE with a charged ssDNA segment of
M, = 20 bases plotted as a function of the number M, of
monomers of PEG (x = 0.138). Neglecting the end effect
would give a constant value of 20, indicated here by the
horizontal dashed line.

molecules, and then increases for the larger molecules.
This factor grows well beyond the value of 20 previously
taken as an approximation (neglecting end effects). For
the longest PEG chains examined by Vreeland et al, which
have a molecular mass of about 24 kDa (corresponding to
about 550 monomers), we estimate that the integral of
is about 24, significantly higher than the previous
approximation of 20.

The mobility of the conjugates varies not only with the
weighting of the engine, but also with the total size: clearly
molecules with larger uncharged segments move more
slowly (this is the very means of separation). We take the
mobility from Eq. (5) to find the arrival time of the molecule
at the detector:

®

where L is the length to the detector and E is the electric
field intensity. Figure 3 shows how the arrival time (scaled

by the constant pL_E which is the elution time of naked
0

ssDNA, j.e., for molecules with M, = 0) depends on the
end effect. When the end effect is neglected, we see a
straight line {(as reported by Vreeland et al. [11] for narrow
ranges of PEG molecular size). However, taking into
account the end effect results in a slightly higher slope for
very small PEG segments, which decreases as the size of
the PEG grows, becoming significantly less than it would
be were the end effect not at play. As expected, the end
effect gives a higher weighting to the charged engine
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Figure 3. Predicted arrival time at detector (scaled by the
constant L/pF) for FSCE with an M, = 20 base engine
plotted as a function of the number M, of monomers of
PEG (x = 0.138). The solid curve is the case with the end
effect taken into account, the dotted line would be
expected were there no end effect. The lines cross atM,, =
140 PEG monomers in this example.
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Figure 4. Predicted peak spacing (scaled by the con-
stant L/pgE) for FSCE with (a) an M, = 20-base engine,
and (b) an M, = 10-base engine, as a function of the
number M, of monomers of PEG (x = 0.138). The solid
curve is for the case with the end effect taken into
account, the dotted line would be expected were there no
end effect.

such that molecules (having more than 140 PEG mono-
mers in this example) go faster than if the end effect is
neglected, and increasingly so for larger conjugates
where the engine weighting is pushed further to the left on
Fig. 1.

Unfortunately this increased speed has a negative impact
on separation: for the same separation length L and field
intensity E, the molecules have less time for their differ-
ences in speed to slow one relative to another. The pre-
oM,
both an ssDNA engine size of M, = 20, and one of size of
10, which was previously predicted to be the optimal
engine size [13]. Without end effects we would expect a

dicted temporal peak spacing is shown in Fig. 4 for
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horizontal line (one of the most interesting features of
FSCE); however, with end effects we see that peak spac-
ing decreases with increasing conjugate size. For the lar-
ger molecules studied by Vreeland et al. (around 550
monomers conjugated to a 20-base DNA engine), we
estimate that the end effect reduces the peak spacing to
only 63% of that expected were there no end effect (see
Fig. 4a). This decrease is even more pronounced for
shorter charged segments; for an ssDNA engine size of
M. =10 (Fig. 4b), we predict that the peak spacing for the
larger molecules would drop to a mere 54% of that pre-
viously expected. Note that even though the end effect
plays a more detrimental role for the shorter engine, the
overall peak spacing is still higher, as expected by our
previous work [13]. As well, it should be noted that for
conjugates with small uncharged segments, the end
effect could be exploited as it actually leads to an impor-
tant increase in separation under these conditions (see
Figs. 4a and b).

Now we illustrate the manifestation of the end effect in the
published FSCE experimental data [11], which previously
went unnoticed. The decrease in the slope of arrival time
(Fig. 3) is slow, hence over a small range of sizes the size-
dependence of the arrival time could easily appear to be
linear; this was indeed what Vreeland et al. reported [11].
The measured arrival times were linear for both PEG mo-
lecular size ranges, the smaller sizes ranging from ap-
proximately 4.5 kDa through 7 kDa (corresponding to
about M, = 100 through 160 PEG monomers) and the lar-
ger ranging from about 20 kDa through 24 kDa (about M,,
= 450 through 550 PEG monomers). As previously men-
tioned, the approach taken for the data analysis was to
neglect the end effect by assuming the { weighting func-
tion to be uniform (see Eq. 1). Hence by neglecting the
dependence on aM,, this term could be isolated from the

mobility expression, aM, = M. |Ho/,, — 1| and plotted as a
1]

function of peak number (which varies linearly with the
number of PEG monomers M, since FSCE yields single
monomer resolution). The slope of this plot, which is
basically a scaled arrival time, was then simply taken to
be a. This value was then used to calculate the molar
masses of both samples since it should not depend on
the length of the polymers, rather just their individual
monomer lengths and flexibilities. As we can see from
Fig. 3, while the slopes of the arrival times with and with-
out the end effect taken into account diverge for larger
PEG sizes, they are fairly similar for M, = 100-160
monomers. Hence the approximation used to determine o
from the data by neglecting the end effect may be rea-
sonable for these small sizes; however, one would expect
it to be poor for the larger sizes for which the end effect
has a more critical impact. Fortunately, when the approx-
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imation of neglecting the end effect was used [11}, o =
0.138 was in fact determined using only the small sizes
range (M, = 100-160 monomers) and then this value was
used to calculate the molar mass profiles for all sizes. Asa
result of this somewhat lucky choice for the size range to
determine «, very good agreement with MALDI-TOF
analyses of molar masses was achieved; for example,
FSCE gave a (number) average molar mass of M, =
5735 g/mol, while MALDI-TOF, the industry standard,
gave M, = 5728 g/mol for the small sizes range [11]. In
fact, for all PEG sizes conjugated to an engine of 20
bases, FSCE molar masses agreed with MALDI-TOF
resuits to within a 3.2% difference, supporting the use of
the o value of 0.138 determined from the small sizes. if,
however, one had used the FSCE data for the larger PEG
sizes (M, = 450-550 monomers) to determine o under the
approximation of neglected end effects, good results
would not have been achieved. Figure 3 suggests that the
slope of the arrival time for these larger sizes is signifi-
cantly less than expected by neglecting the end effect.
Hence the a value obtained by this approximation, i.e.,
from the scaled arrival time slope, would be expected to
be less than that of the small sizes. Indeed experimental
data for the large PEG sizes yields an « value of 0.082
(unpublished result, Vreeland and Barron, personal com-
munication), much less than that from the smaller sizes of
0.138. Using the approximation of neglected end effect to
determine « from the larger sizes would have lead to
erroneous molar mass calculations from FSCE data, i.e.,
M, = 9652 g/mol instead of M,, = 5728 g/mol from MALDI-
TOF, for the small sizes range. This means a 69% differ-
ence, compared to the mere 0.12% difference from using
the o value determined from the smaller PEG sizes for
which the end effect plays a lesser role. Clearly the end
effect has a critical impact on the electrophoretic behav-
ior of charged-uncharged polymer complexes and must
be taken into account to ensure accurate determinations
of molar mass from FSCE analysis.

In the preceding development we chose to use « = 0.138
due to the good agreement achieved between FSCE and
MALDI-TOF results; however, we can also determine a
value for both a and M, simultaneously by solving the
equation for arrival time (Eq. 6) and its derivative with
respect to M. By this approach, we take the end effect
into account and use only the arrival time of the con-
jugates at the detector and the derivative of this time with
respect to peak number. (Note that the peak number var-
ies linearly with PEG size M,, as mentioned previously.)
This system of two equations and two unknowns was
solved numerically to yield values of « = 0.168 and M, =
111 monomers for the middle peak of the small PEG sizes
(5 kDa nominal average molar mass). The results for the
midpoint of the larger PEG sizes (20 kDa nominal average
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molar mass) were also fairly reasonable at « = 0.129 and
M, = 560 monomers. The « values determined by this
technique have a percent difference of 23% (as opposed
to 69% using the previous approach). One possible rea-
son for the remaining discrepancy is that experimental
conditions may have changed either between runs with
the shorter and larger PEGs or even during a single run.
The larger PEGs take about 3 times longer to elute and
hence it is possible that the electric current may drop and/
or the temperature may change slightly during the course
of the experiment, for example. A change in temperature
would change the value of a directly since this value
depends on the flexibility of the polymers, which in turn
depend on temperature. If there were a drop in current
between the time when the mobility of the unconjugated
engine, g, is measured and when the mobilites of the
conjugates, u, are measured then these values would not
correspond to the same conditions as is assumed by Eq.
(5). While the end effect is clearly manifested in the FSCE
data, there is still some discrepancy between prediction
and that which is observed experimentally; this may be
due to changes in experimental conditions such as those
mentioned above, or to second-order effects not yet
taken into account which will be discussed later.

4 The end effect and ELFSE

With ELFSE, variable engine (ssDNA) lengths M, are con-
jugated to uncharged molecules of a set size M,,. In pre-
vious experimental work [1, 5, 6], the uncharged drag
molecule was streptavidin, which was estimated (by
neglecting the end effect) to have an effective number of
monomers oM, = 36 under the specific experimental
conditions. Through conjugation with the uniform drag
molecules, the various lengths of ssDNA, up to about 110
bases, were successfully sequenced in free solution [1].
Since ELFSE is used for sequencing of DNA, an exact
value for a is not as crucial for data analysis, i.e., one need
only be concerned with the sequence of arrival times,
which is not changed by the end effect. However, to fully
understand ELFSE data, and to make predictions for
optimal sequencing conditions, the role that the end
effect plays should be addressed.

The arrival time at the detector for ELFSE is given by Eq.
(6), as with FSCE; here, however, the engine size M, is no
longer constant, rather it is the uncharged segment that
remains fixed. As the engine grows relative to the drag
molecule, the region of the { curve determining its
weighting expands beyond the “end” weighting to
encompass more of the lower weighting of the “middie”
(see Fig. 1). In Fig. 5 it can be seen that the end effect
speeds up smaller molecules, while it slows down larger
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Figure 5. Predicted arrival time at the detector for
ELFSE, scaled by the constant L/pE, as a function of the
number M, of uncharged monomers. The uncharged drag
molecule is of effective size oM, = 36. The solid line
represents the case with the end effect taken into
account, the dotted line would be expected were there no
end effect.
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Figure 6. Predicted ratio of ELFSE peak spacing with the
end effect to that expected without, for an uncharged
drag molecule of effective size aM,, = 36 as used in [5, 6],
as a function of the number M, of charged monomers.
Inset: predicted ratio of ELFSE peak spacing with the end
effect to that expected without, for an uncharged drag
molecule of effective size aM,, = 36 attached at both ends
of the ssDNA, as a function of the number M, of charged
monomers.

molecules. Again we are mostly concerned with the res-
olution, which depends in part on peak spacing. The end
effect is expected to decrease peak spacing for the range
of data previously investigated (below 110 bases); how-
ever, it should start to increase peak spacing at about 115
monomers for these conditions. This crossover from a
negative impact on peak spacing to a positive one is
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shown by the ratio of predicted peak spacing with the end
effect taken into account to that without; see Fig. 6. For
110 bases, the largest molecules yet sequenced with this
system, there is a slight decrease in peak spacing
expected due to end effects, which will quickly be
replaced by a positive effect for iarger sizes. Hence this
examination of the end effect bodes well for ELFSE as this
technique matures, i.e., by increasing separating capacity
for larger molecules over what could be expected based
on data for shorter molecules, where end effects had a
more pronounced negative effect.

One of the goals of current ELFSE work is to increase the
size of the uncharged segment of the conjugate so as to
increase the frictional drag it induces and hopefully
extend the read-length, i.e., the number of ssDNA bases
which can be sequenced. Unfortunately, for a larger
“drag” molecule of aM,, = 100 (rather than 36) effective
monomers, the end effect would be expected to decrease
peak spacing up until about 320 monomers, i.e., a cross-
over from a negative to positive effect at about 320
instead of 115 monomers. However, despite the farther
reaching negative impact of the end effect, the greater
friction of a larger drag molecule would nevertheless
result in better separation. The predicted ratio of peak
spacing for the hypothetical drag molecule of 100 effec-
tive monomers to that of 36 effective monomers is shown
in the inset of Fig. 7. The peak spacing is significantly
higher for the larger label, at least two times higher
throughout the range of DNA sizes shown.

Another means of increasing the resolution of ELFSE
would be to label both ends of the ssDNA chain with the
drag molecule. This would give each conjugate two drag
molecules, thus increasing the total friction. However, in
contrast to simply doubling the size of a single drag mol-
ecule, the key feature of this configuration is that the drag
molecules would be given the highest weighting, that of
both ends, leaving the charged section only the lower
“middle” weighting of the ¥ function. Hence by placing
the uncharged sections, with their null mobility, at each
end, the resulting frictional drag of the conjugate would
be optimized; adding one label to each end of the ssDNA
chain would have more impact than doubling the size of a
single end label. Figure 7 (main figure) shows the expect-
ed peak spacing improvement were both ends labeled
with the drag molecule of 36 effective monomers rather
than just one. Clearly, having two drag molecules instead
of one would not simply double the effective friction
coefficient of the uncharged sections, as would be
expected were there no end effect, rather it would be
increased by a factor greater than two due to the end
effect. One important finding is that, unlike the situation
with only one end label, the end effect would increase
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Figure 7. Predicted ratio of ELFSE peak spacing for both
ends of the ssDNA chain labeled with a drag of effective
size oM, = 36 to that with only one end labeled. inset:
predicted ratio of ELFSE peak spacing, taking into
account the end effect, for a hypothetical uncharged drag
molecule of effective size aM,, = 100 to that of effective
size aM, = 36, showing the higher peak spacing of the
larger drag molecule. Both curves were calculated by
taking into account the end effect.

peak spacing for all sizes if both ends were labeled (see
the inset of Fig. 6). For smaller ssDNA chains, having both
ends labeled with a drag molecule of aM,, = 36 effective
monomers would result in better peak spacing than hav-
ing a single drag molecule of 100 effective monomers,
whereas for larger chains, beyond 308 bases, the inverse
would be true (compare Fig. 7 with its inset). Since it may
be difficult to find a larger drag molecule which is suitable
(i.e., it would have to be water-soluble and amenable to
uniform conjugation to ssDNA), it may be preferable to
attach two of the smaller labels as a means of improving
ELFSE separation; this is one of the main findings of this
work. Previously, Heller et al. [4] labeled double-stranded
DNA with a streptavidin molecule on one end as well as
both ends. Without knowledge of the end effect, they
calculated the a value for these conjugates to be 23 for a
single drag molecule, but 54, rather than 46, for two drag
molecules. While these results were misunderstood at the
time, our re-analysis of their data indicates that the end
effect played a significant role in determining the overall
mobility of the conjugates: labeling both ends more than
doubled their effective friction coefficient, a result that
could not be explained until now.

5 Discussion

ltisimportant to note that the end effect theory of Long and
co-workers [14] is for undeformed Gaussian coils. The end
effect arises due to the effective “shielding” of monomers
located inside the coil {on average) which leaves the ends
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(located closer to the outside of the coil on average) to
interact more with the surrounding fluid, and thereby to
have a greater effect on the overall mobility. Hence one
must be careful in applying the results presented in this
paper to very short molecules whose conformation may
not yield this end effect. Also, for very large molecules,
thereis an excluded volume effect that is not accounted for
by the Gaussian coil approximation, which could change
the predictions somewhat for these larger molecules.

There is also a small effect due to the hydrodynamic
interactions between adjacent monomers on the chain
which was not taken into account in previous theories.
Although long-range hydrodynamic interactions are
screened by the counter-ions, there is some coupling on a
local scale between adjacent monomers [14]. As a result,
uncharged monomers neighbouring charged monomers
are pulled along by the hydrodynamic flow created by the
electrophoretic pull on the charged monomers. This effect
is highly localized and drops off exponentially with dis-
tance; however, it gives an effective non-zero mobility to
nearby uncharged monomers. This highly localized effect
also means that the end monomers of a charged section
have a slightly lesser effective mobility than those in the
middle of the charged section since they do not have the
additional mobility due to the hydrodynamic flow created
by the electrophoretic movement of the nearby charged
monomers on both sides. Hence for the mobility in FSCE
and ELFSE, the most highly weighted monomers, the
ones at the end, have a slightly lesser effective mobility,
while the first few uncharged monomers near the joint
with the charged chain section have a slight, non-zero
mobility. Hence this focal hydrodynamic effect could play
arole in determining the overall mobility of conjugates; for
example, it could decrease the end effect slightly by
decreasing the mobility of the most heavily weighted
monomers, those charged monomers at the end of the
molecule. However, this would be in an absolute fashion
in that it would not depend on the relative sizes of the dif-
ferent components of the molecule, unlike the end effect.
For ssDNA under the conditions of ELFSE and FSCE, the
extra mobility given to the uncharged segment neigh-
bouring the ssDNA monomers, and that taken away from
the first few ssDNA monomers on each end of the ssDNA
segment, are expected to be negligible. However, for
more flexible molecules this local hydrodynamic coupling
extends over more monomers and hence this effect could
be important and should be taken into consideration for
the mobility of such conjugate molecules.

Our re-analysis of the FSCE results, in light of the end
effect predicted by Long and co-workers [14], has shown
that this effect is indeed significant; it is readily visible in
the data and must be taken into account when calculating
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the molecular mass. As the size of the uncharged poly-
mers increases, the relative size of the engine decreases
so that it receives a much greater weighting in the average
determining the overall mobility. As a result, for larger
molecules the predicted mobility is greater than would be
expected were there no end effect. There is a corre-
sponding decrease in peak spacing, originally assumed
to be constant [11, 13), which must be taken into account
when analyzing the data, especially when the peak spac-
ing is used to determine the a value of the uncharged
polymer. In our previous work [11, 13] we were fortunate
that we used the peak spacing for the smaller PEG mole-
cules to determine the value of o that we then used to
determine the molecular masses, because the end effect
had less of an impact for the smaller sizes, such that the
approximation of negligible end effects was acceptable.
The value of « used in the determination of the molecular
masses from FSCE data is crucial and unfortunately can
not be obtained as simply as previously thought. It can be
calculated from the persistence lengths and monomer
sizes of the two sections of the conjugate [13], although
one would need to be careful to take the experimental
conditions {temperature and ionic strength) into account.
Another means of determining the a value would be to
compare the FSCE results to MALDI-TOF results for the
same polymer and find the « value that allows for agree-
ment between the two molecular mass estimates (similar
to the approach taken in this paper for assessing the
accuracy of the value for «). This value need only be
determined once for each conjugate type and then FSCE
calculations can be made independently. In addition, the
simuitaneous solution of the equations for the arrival time
and the derivative of the arrival time provides another
means of estimating a. For this technique to yield accu-
rate results, a very precise measurement must be made of
the length-independent free solution ssDNA mobility p,,
as the results obtained depend quite sensitively on it.

Although the end effect explains the decrease in peak
spacing observed in FSCE data, it does not appear to
completely account for the decrease. This effect is pre-
dicted (based on an a value of 0.138) to decrease the
peak spacing of the larger PEG sizes (about 500 mono-
mers) to 77% of that of the smaller PEG sizes (about 130
monomers), whereas the data shows an even greater de-
crease: the peak spacing of the larger PEG sizes is only
59% of that for the smalier PEG sizes. This discrepancy
may be due to excluded volume effects for the larger PEG
sizes which were neglected by Long and co-workers
when they determined the function governing the end
effect [14]. Also any variation in temperature or electric
current during or between experiments would change the
mobility, and the former would also lead to a change in
persistence length, thereby changing the « value itself. A

Electrophoresis 2005, 26, 1659-1667

very clear demonstration of the decrease in peak spacing
for larger molecules is provided by Bullock [15], where
PEG with two end labels were electrophoresed in free
solution. The end labeling was achieved by reacting the
terminal hydroxyl groups of PEG with phthalic anhydride,
thereby tagging a phthalate ester onto each end. The
separation was performed under conditions of electro-
osmotic flow (EOF) which caused the molecules to
migrate backwards in the electric field such that the
slowest became the fastest and vice versa. The change in
peak spacing with molecule size is readily visible in the
electropherogram, Fig. 11 in [15]; the larger PEG mole-
cules (about 70 monomers) have a peak spacing that is
less than one-fifth of that of the smaller PEG molecules
(about 20 monomers). Not only does this show a very
clear, single data set expression of decreased peak
spacing for larger conjugates, but it also confirms that the
decrease in peak spacing is not due to a systematic
change in experimental conditions during electrophoresis
causing a decrease in peak spacing because here the
EOF makes it such that the larger molecules elute first.

The end effect is also very important for ELFSE since it
can greatly increase, or reduce peak spacing depending
on the conditions of the experiment. Once the desired
sequencing length is chosen, the end effect can be taken
into account in order to determine the necessary label
configuration. The end effect is predicted to increase
peak spacing for molecules just beyond the range of cur-
rent experimental data [1], and hence affects predictions
of optimal performance. Having a precise value for « is
not as much of an issue as it is for FSCE because with
ELFSE the ssDNA is being sequenced and hence the
length is known. This value may be important, however,
for system optimization and other theoretical analyses; for
example, we have found that attaching the small label (of
effective size aM,, = 36) that has been used experimentally
thus far, to both ends of the ssDNA would result in better
peak spacing than could be achieved through one singie
larger label (of effective size aM, = 100), under certain
conditions. This remarkable result could not have been
expected without taking the end effect into account.

The end effect not only has a critical impact on the elec-
trophoretic behavior of charged-uncharged polymer
complexes, but it also affects polymers with variable
charge distributions. Due to the end effect, a polymer
having more of its charges located near the end(s) would
have a higher electrophoretic mobility than if its charges
were located at the middle of the chain. Recently, a tech-
nigue similar to FSCE was used to study glutamine de-
amidation in a long polypeptide [16]. The extent to which
glutamine deamidation occurs varies with the extent of
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Figure 8. Histogram of predicted arrival times (scaled by
the constant L/pyE) to roughly show the expected peak
shape (without diffusion) due to the various possible loca-
tions for a single deamidation of the ssDNA-protein poly-
mer complexes (for which M, =337 and M, = 23 before any
deamidation), investigated in [16]. We used o = 1.

exposure to cyanogen bromide cleavage reaction mix-
ture. In order to assess the degree of deamidation, a uni-
form DNA engine was conjugated to the protein polymer
for electrophoresis. The latter, however, was also of a set
length, but it had a varying charge distribution due to the
negative charge of the deamidated glutamic acid resi-
due(s). In this study, there were 48 potential sites for de-
amidation spaced evenly throughout the protein polymer
and it was assumed that deamidation occurred randomly
over these sites. The electrophoretic separation revealed
varying electrophoretic mobilities even though the com-
plexes were all of the same length, because of the varying
extents of deamidation: the greater the extent of deami-
dation, the greater the charge and hence the higher the
mobility. However, for each degree of deamidation the
end effect would aiso result in a spread in mobilities
based on the location of the deamidation site along the
chain. Even for a single negative charge resulting from a
single deamidation, the 48 possible locations for the
charge, some near the end, others near the middle of the
conjugate, would allow for a spread in mobilities. This
spread is due to a constant velocity difference between
the molecules with different deamidation locations, and
hence the peaks would be expected to broaden linearly
with time even in the absence of diffusion. The peak
shape for a single deamidation is roughly predicted to be
that presented in Fig. 8. This rough peak shape was
obtained by approximating o = 1, and taking the mobility
of a deamidated glutamic acid residue to be about that of
single-stranded DNA. Each location for the negative
charge due to deamidation is expected to have equal
probability. To obtain the expected peak shape we used a
histogram that would collect the number of conjugates
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arriving at the detector within a set amount of time.
Clearly there are some conjugates that have a much
higher mobility (and hence shorter arrival time); these
faster molecules have their deamidation induced negative
charge located near the end of the chain and hence the
end effect gives it a greater weighting in the mobility.
These faster molecules may even be lost in the peak cor-
responding to the next level of deamidation. This may
explain some of the peak shapes observed in [16]. Hence
the end effect may also be of interest in analyzing elec-
tropherograms of uniform length molecules with varying
charge distributions.
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Using the Electroosmotic
Flow in ELFSE

L.C. McCormick, G.W. Slater, Electrophoresis 27, 1693—1701 (2006)

In this paper we examine the effect on ELFSE performance of having a non-negligible electroos-
motic flow (EOF), a flow which is normally suppressed in CE. We predict that the resolution can

be dramatically improved with use of an optimal speed of EOF.
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Research Article

A theoretical study of the possible use of
electroosmotic flow to extend the read length
of DNA sequencing by end-labeled free
solution electrophoresis

End-labeled free solution electrophoresis (ELFSE) provides a means of separating
DNA with free-solution CE, eliminating the need for gels and polymer solutions which
increase the run time and can be difficult to load into a capillary. In free-solution elec-
trophoresis, DNA is normally free-draining and all fragments reach the detector at the
same time, whereas ELFSE uses an uncharged label molecule attached to each DNA
fragment in order to render the electrophoretic mobility size-dependent. With ELFSE,
however, the larger molecules are not separated enough (limiting the read length in the
case of ssDNA sequencing) while the smaller ones are overseparated; the larger ones
are too fast while the shorter ones are too slow, which is the opposite of traditional gel-
based methods. In this article, we show how an EOF could be used to overcome these
problems and extend the DNA sequencing read length of ELFSE. This counterflow
would allow the larger, previously unresolved molecules more time to separate and
thereby increase the read length. Through our theoretical investigation, we predict that
an EOF mobility of approximately the same magnitude as that of unlabeled DNA would
provide the best results for the regime where all molecules move in the same direction.
Even better resolution would be possible for smaller values of EOF which allow differ-
ent directions of migration; however, the migration times then would become too large.
The flow would need to be well controlled since the gain in read length decreases as
the magnitude of the counterflow increases; an EOF mobility double that of unlabeled
DNA would no longer increase the read length, although ELFSE would still benefit from
a reduction in migration time.

Keywords: DNA sequencing / Electroosmotic flow / End-labeled free solution elec-
trophoresis / Electrophoretic mobility / Free-solution electrophoresis
DOI 10.1002/elps.200500573

ing conjugate’s electrophoretic mobility length-depend-
ent, and overcome the free-draining phenomenon which

End-labeled free solution electrophoresis (ELFSE) is a
relatively new technique that achieves separation of var-
ious lengths of DNA in free solution [1-4]. This is
accomplished by attaching an uncharged (or nearly so)
end label called a drag molecule (or drag-tag) of a set
size to each DNA fragment in order to render the result-
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Abbreviation: ELFSE, end-labeled free solution electrophoresis

normally leads to comigration of all lengths of DNA in
free solution (except very small fragments [5, 6]) [7-10].
This phenomenon is the reason why most DNA separa-
tions are performed in a gel which selectively slows
down longer polymers more by forcing them to collide
more frequently with gel fibers [11]). The key to separa-
tion by the ELFSE technique lies in the drag-tag adding a
set resistance (friction) to the motion of each DNA frag-
ment, meaning that the more charged monomers a con-
jugate has (i.e., the longer the DNA component), the
more force it has to pull the drag-tag. Hence, larger
conjugates go faster and vice versa, leading to size-
based separation in free solution. Ren et al. [1] have
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successfully used this technique to sequence up to
about 100-base long ssDNA molecules in about 18 min
in a 34 cm long capillary; their drag-tag was the globular
protein streptavidin.

The theory generally used to analyze ELFSE data indi-
cates that the electrophoretic mobility p, of an unde-
formed conjugate molecule comprising M, charged
monomers (e.g., the number of ssDNA bases in the case
of DNA sequencing) and M, uncharged monomers (the
drag-tag) is given in references [2-4, 12, 13]

He = uo—ML— 1)
M + oMy

where , is the length-independent free solution mobility
of unconjugated ssDNA. This equation, based on the
theoretical work of Long et al. [14], has been shown to
provide good fits to experimental data [2]. The a4 value is
a microscopic constant which accounts for the difference
in monomer size and stiffness between the uncharged
and charged monomers such that the product « = oyM,, is
the number of charged ssDNA monomers that have the
same friction coefficient as the drag-tag, yielding a total
number of effective monomers (each having the same
friction coefficient) in the conjugate of M = M, + oyM,.. For
example, the streptavidin drag-tag tested for ssDNA se-
quencing with ELFSE has an effective friction parameter
o = oyM,, = 24-40, depending on the ionic strength of the
buffer [1]. (Note that the calculations in [1] need to be
adjusted to take into account recent improvements to
ELFSE theory [2, 4}; however, the a = ayM,, value can be
taken directly from the slope of their fit in Fig. 7 of [1]. The
net mobility of the conjugate given by Eq. (1) is simply a
uniformly weighted average of the individual effective
monomer mobilities. The migration time ¢ = ﬁ%’ ie., the
time taken by the analyte to travel the distance L to the
detector, is thus given by

L M. + a1My
X — =

T=WE* T M

o4 Mu)

i @

tgx(1+

where E is the electric field strength and ty = pL_E is the
0

migration time of an unlabeled ssDNA fragment. The
temporal peak spacing can be obtained by taking the
derivative of the migration time with respect to the num-
ber of charged monomers since there is one peak per
charged segment length

_ -t 1

=M ~V§ )

ot
oM.

We can see that the peak spacing decreases very quickly
with M,; hence, conjugates with larger ssDNA fragments,
the fastest ones, have very small peak spacing (although
they also form very narrow peaks because their short

Electrophoresis 2006, 27, 1693-1701

migration times and large molecular weights minimize
diffusional peak broadening). As a result, longer ssDNA
have peaks that overlap and are less resolved with
ELFSE; this process is what limits the read length (cur-
rently, about 100 bases can be sequenced with strepta-
vidin without any special base calling software [1]). This is
the major issue to overcome in order for ELFSE to
become competitive with other DNA-sequencing tech-
niques. The read length would obviously increase if the
peak spacing (Eq. 3) could be increased for the longer
ssDNA.

Remarkably, unlike most electrophoresis systems, once
the fastest resolved molecules reach the detector with
ELFSE, all of the slower conjugates are already separated
in the channel. In the case of [1] for instance, the smallest
molecules (starting at about 23 bases long, including the
primer size) took about 18 min to reach the detector but
they were already resolved by the time the largest
resolved molecule (about 100 ssDNA bases) reached the
detector at t = 10 min. (We will use the results presented
in the experimental article of [1] throughout this paper in
order to illustrate our theoretical predictions.) The pre-
dicted peak spacing of all the smaller ssDNA molecules
still in the capillary when the largest resolved conjugate
(M) reaches the detector is shown in Fig. 1. The position
of all the smaller molecules when the largest DNA
resolved by [1] (M7) =100 ssDNA bases reached the
detector at t(M;) ~ 10 min, x(Mc) = pe(Mc) x E x t(M})
was calculated through use of Eq. (1) and the values of
o = 24 bases, j1ip = 1.95 x 107* cm?/V-s and E = 333 V/cm
given by these authors. The derivative with respect to M,
of the position gives the spatial peak spacing. From
Fig. 1, itis clear that all of the smaller ssDNA have a much
greater peak spacing at the time of detection of the fast-
est resolved ssDNA; this is the reason why [1] observed
smaller molecule peaks that were needlessly over-
separated by the time they reached the detector. The
inset of Fig. 1 shows the corresponding predicted size
resolution factor S, (defined in the next section, Eqg. 8),
which is the smallest difference in the number of mono-
mers which can be resolved from one another. Clearly we
have better than single-monomer resolution (S, <1
monomer, as needed for sequencing) for all the remaining
peaks once the largest (100 ssDNA bases) resolved con-
jugate reaches the detector; in fact the resolution is even
better for smaller conjugates. Since the size resolution
factor S, is lower for all the conjugates still in the capiliary
once the largest resolved molecule reaches the detector,
a whole-capillary snapshot detection mode would imme-
diately yield an electropherogram with single-monomer
resolution (or better) for M. = 0 through M. = M; = 100
bases in this case. However, with the usual finish line
detection mode employed with CE, one must wait for the
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peaks still inside the capillary when the fastest resolved ssDNA of 100 bases reaches the end of the capillary. This factor,
defined in Section 2 (Eq. 8), is the smallest difference in the number of monomers which can be resolved from one another;
hence, once the 100 base ssDNA reaches the detector with single-monomer resolution (or slightly better), all the smalier

molecules inside the capillary are already fully resolved.

slower (smaller) molecules to reach the detector at the
end of the capillary by which time they are needlessly
overseparated.

With traditional ELFSE the longest conjugates are not
separated enough to be resolved, while the shorter ones
are overseparated; the longer ones are too fast while the
shorter ones are too slow, the opposite of the situation
with regular electrophoresis performed in a gel or poly-
mer solution. In order to slow down the longer con-
jugates and allow them more time to separate, and to
speed up the smaller conjugates, we consider perform-
ing ELFSE in the presence of an EOF. This counterflow,
which is constant [15] (assuming that the capillary is
uniformly charged and both ends are at the same pres-
sure [16]), arises as a consequence of the negative
charges of the uncoated inner capillary wall surface, and
results in the analyte motion proceeding in the reverse
direction. In the presence of EOF, the conjugates would
be carried along by the opposing flow, resisting the
motion to an extent determined by their own electro-
phoretic mobility p,. Hence, the fastest (longest) con-
jugates in traditional ELFSE would become the slowest
in the presence of EOF since they could fight this flow
the most, and vice versa.

In order to increase the read length, the peak spacing
given by Eq. (3) needs to be increased for larger mole-
cules, for which the numerator [t, —{| {i.e., the absolute

difference in migration time between unlabeled and
labeled DNA) is almost zero because very large ssDNA
fragments can pull the drag-tag with ease and approach
the speed of unlabeled ssDNA. There are four ways to
increase the numerator. Most simply (a) a longer capiliary
and/or (b) a lower electric field strength could be used to
increase both the migration times t and t;, and thereby
increase their absolute difference. (Actually the former
will increase the peak spacing for most electrophoretic
systems, including gel-based methods; however, with
the latter the gain in peak spacing may unfortunately be
accompanied by an insurmountable increase in diffu-
sion.) Another means of increasing the numerator is to (c)
use a drag-tag capable of exerting greater frictional drag
which would decrease t while leaving t, unaffected (in
fact increasing the frictional properties of the drag-tag is
a main goal of current ELFSE research; however, it is
extremely challenging experimentally [4]). Finally, while
Eq. (3) would need to be adjusted for the presence of
EOF, one would expect intuitively that if (d) the EOF were
properly chosen it could increase both t and 1, leading
to an increase in peak spacing by slowing down both
unlabeled and labeled ssDNA. Thus, the EOF may
indeed increase the read length of ELFSE; furthermore, it
may also reduce the unnecessary overseparation of
small conjugates. In this paper we build on pre-existing
ELFSE theory to predict the effect of EOF on ssDNA se-
quencing.
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2 ELFSE in the presence of EOF: theory

In this section we develop detailed equations governing
ELFSE in the presence of EOF, and investigate the pre-
dicted electrophoretic behavior. As previously mentioned,
the EOF is assumed to simply add a constant term pgor to
the electrophoretic mobility of the analyte. The EOF
results from the negative charges on the inner surface of
uncoated fused-silica capillary walls which attract posi-
tive ions from solution. While the negative charges of the
wall are immobile, the positive charges of the thin Debye
layer (typically 1-10nm [16]) neighboring the surface are
free to move and hence once an electric field is applied,
they move toward the cathode. Their motion drags the
fluid from the bulk solution along with them, creating the
plug-like EOF. This flow is generally constant and in the
opposite direction to the ssDNA conjugate’s own mobility
He, Such that the net mobility of the analyte is the differ-
ence of these two mobilities [16)]

B = Heor — He @)

where p, is the mobility of the analyte under conditions of
no EOF, as given in Eqg. (1). The magnitude of the EOF
mobility peor depends on the extent and character of the
capillary wall coating; a bare wall exhibits the highest EOF
mobility. Whenever the proper mobility p, of the analyte is
exceeded by the mobility due to the EOF pgor the migra-
tion proceeds in the opposite direction, with the con-
jugate moving toward the cathode instead of the anode.
The net migration time in the presence of EOF, t = is
thus given by

()
t:‘_—,-.._——‘——,-v—‘ 5
ioE \TFeor — 7] ©)

where the dimensionless mobility ratios pgoe and pi, are
defined as follows:

L
[RIE’

~  _ MeoF

Heor = —— (6)
EOF

~ _ Mo _ M.

ueEEQMC+a1Mu (7)

Since the conjugate’s proper mobility decreases due to
the drag molecule of effective hydrodynamic size
o = oM, (i.e., pe < pg), the maximum proper mobility of a
conjugate is pe, and a scaled EOF mobility o exceed-
ing 1 means that all of the conjugates migrate in the
opposite direction in the presence of the EOF. We will first
investigate this case where all conjugates travel in the
same direction, /.e., scaled EOF mobilities in the range
Tigor 2> 1, and then the case for jigor < 1. Under the former
conditions, the conjugates which were the fastest in the
traditional EOF-free direction become the slowest in the
opposite direction because they can fight the flow the
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hardest, and vice versa, as previously mentioned.
Remarkably, we note that for Jigor = 1, the temporal peak
spacing |[0t/0M.| is constant (as can be verified by taking
the derivative of Eq. (5) with respect to M), whereas it
decreases with increasing ssDNA size M, (similar to all
other separation methods) for any other value of jigge > 1.

The viability of ELFSE separations in the presence of EOF
was shown by Heller et al. [10] for dsDNA, although with
apparently less success than without the EOF. In the fol-
lowing we investigate how ELFSE separations are affect-
ed by the EOF, and in particular how they depend on the
scaled EOF mobility peor. We define the size resolution
factor as the ratio of the temporal full width at half max-
imum (FWHMy), to the temporal peak spacing |0t/oMc| as
the bands pass in front of the detector

~ FWHM
Sm(Mec,figor) = W ®)

where the units of S, are number of monomers. This fac-
tor represents the smallest difference in the number of
monomers which can be resolved from one another. An
Sm{M., Beoe) factor of 1 (i.e., single-monomer resolution)
or less is hence necessary for sequencing; clearly, smaller
values of this factor correspond to an increase in the res-
olution power of the system. Following the development
in [4, 13], this factor can be expressed as follows for the
electrophoretic system of reference [1] (see Addendum A
for a brief derivation)

~ ~ (lFeor — ﬁel)1/2(Mc + 24)7/4
Sm(Mc, Beor) =~ 5088 ©)

The development of this equation assumes that the con-
jugates are in a Gaussian coil conformation, that the drag-
tags are completely monodisperse, and that the band
loading width is negligible. We take into account only
thermal (diffusion) band broadening (as is the case for
experimentally optimal conditions), and neglect any ad-
ditional band broadening which may arise due to the EOF
(for nonideal effects, see [16-18]). Our predictions com-
pare well with the experimental results of [1]. For instance,
we note that the predicted size resolution factor for the
largest resolved ssDNA as shown in the inset of Fig. 1 is
slightly less than 1, indicating that even better resolution
could be expected were their experimental conditions
ideal; however, the initial loading width was not completely
negligible, there may have been some other sources of
nonthermal band broadening, and the label was slightly
polydisperse. Nonetheless, their experimental results are
very close to what we predict based on ideal conditions,
indicating that their conditions were close to optimized,
and reinforcing the validity of our model.
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3 Results

3.1 EOF mobility exceeding the mobility of all
conjugates: single direction of migration

Here we investigate ELFSE in the presence of an EOF
mobility pgor that exceeds the DNA conjugates own
proper mobility p, (i.e., the mobility that it would have in
the absence of EOF) which has a maximal value of the
mobility of unlabeled DNA yio; hence, we are looking at the
situation pgor > 1 where all conjugates travel backwards,
carried by the EOF. The predicted size resolution factor
Sm(M., figor) using the experimental parameters of [1] is
plotted in Fig. 2 for various values of lizge > 1. We can see
clearly that scaled EOF mobilities close to 1 would pro-
vide increasingly better size resolution with DNA size (i.e.,
smaller and smaller differences in the number of mono-
mers could be resolved) than the same experimental
system with no EOF; for figgr > 1, this improvement is
expected to begin at about 24 ssDNA bases. As the ratio
Peor increases from 1 to 2, the expected gain in resolution
quickly decreases; indeed for jiggr =2 the curve lies
above that for negligible EOF, indicating that slightly
poorer resolution would be achieved than with negligible-
EOF conditions.

For each curve in Fig.2 the predicted read length is
shown, and corresponds to the intersection of the curve
with the horizontal line at S, = 1 which represents the cut-
off for single-monomer resolution. These predictions were
obtained by setting Eq. (9) equal to one and solving
numerically for M,; i.e., since Sy (Mq, lieoe ) is the number
of monomers that can be resolved, and since this value
strictly increases with the number of ssDNA bases M, (for
all values of jggr > 1), setting it equal to one gives the
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largest ssDNA that can be resolved on a single-monomer
basis. Note that ssDNA sequences can often be deter-
mined even when peaks are not completely resolved,
especially with the aid of sophisticated base calling soft-
ware, and hence the predicted read lengths are essen-
tially lower bounds for experimentally ideal (diffusion lim-
ited) conditions. While for negligible EOF, the read length
for the experimental system of [1] is predicted to be about
114 bases (as discussed above, this is similar to the value
obtained experimentally of about 100 bases [1], and likely
differs due to somewhat nonideal experimental condi-
tions such as non-negligible initial loading width), for
Heor = 1 it is expected to be much higher, at about 235
bases. Hence, an EOF with jgor = 1 would provide sub-
stantially better performance than conditions of negligible
EOF, extending the read length by over 200%. The read
length predicted for figgr = 1.1 is still a good improve-
ment over the EOF-free case, at about 179 bases. Al-
though the improvement to the resolution quickly drops
off as the mobility jigor increases from 1, the read length
for figor = 1.5 is still expected to be better than that of the
EOF-free case, at 124 bases. Once the mobility pgoe
reaches 1.65, the read length returns to that obtained
without EOF; however, as we will demonstrate next, using
the EOF still offers the advantage of lower total run times.

Figure 3 shows the predicted read length as a function
tigor of > 1 for the experimental system of [1]; the corre-
sponding migration time for the largest resolvable mole-
cules is also shown. Under ideal conditions we predict
that without the EOF the read length would be 114 bases;
this could also be achieved with jigor = 1.66, which would
have a corresponding run time of only 10.5min, com-
pared to the 18min required without EOF, as found
experimentally by [1] (note that this is about the run time

2 101 Figure 2. Size resolution factor
0 114 S, for the various indicated
values of JizoF, as a function of
ssDNA size, for the experi-
mental system of [1]. Dotted line
shows the size resolution factor
for negligible-EOF conditions; it
1.2 156 is clear that ygor =1 provides
1.1 179 increasingly better resolution

° (i.e., smaller and smaller differ-
ences in the number of mono-
mers can be resolved) with DNA

1.5 124

1 235

Size Resolution Factor (bases)

Scaled Read
EOF  Length
Mobility (bases)

size beyond about 24 ssDNA
bases. Predicted read lengths
are also indicated and corre-
spond to the intersection of the

0 50 100 150 200
Number of ssDNA bases

— size resolution factor curves
250 with the horizontal line at S, = 1
base.
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Figure 3. Graph of predicted read length as a function of
Beor (solid line), and the corresponding migration time of
the largest resolvable conjugate as a function of e
(dotted line). Horizontal line connects the experimental
run time of 18 min of [1] to the predicted optimal read
length without EOF for their conditions of 114 ssDNA
bases.

we would expect were a snap-shot detection mode
available for CE without EOF, see Section 1). The hor-
izontal line connects this experimental run time of 18 min
to the optimized negligible-EOF read length prediction of
114 bases. As we can see from Fig. 3, running ELFSE in
the presence of EOF not only allows for a substantial
increase in the read length but also shortens the total run
time for all values of scaled EOF mobility pgor >1.34. For
values of scaled EOF mobility jizor >1.34, more time is
required for the resulting increase in read length. For
Higor >1.66 the separations have a shorter read length
with the EOF, but take less time. In the intermediate
regime 1.34 <jigor <1.66, increased read length is
accompanied by shorter migration times.

3.2 EOF mobility less than the mobility of the
fastest conjugate: two migration directions

In this section we look at the situation where the EOF is
small enough {lizor <1) that some of the faster con-
jugates can fight it and migrate forward, in the same
direction as they would in the absence of EOF. Hence, we
have smaller molecules moving backwards and larger
molecules that are fast enough to overcome the EOF
moving forward. In order to detect both sets of molecules,
we would require a different experimental setup, such as
injection in the middle of the capillary with detection
occurring at both ends, or using multiple runs each
geared for a specific size range (and direction). For sim-
plicity we will take the length L from injection to the
detector to be the same for both sets of molecules (al-
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though different migration lengths might improve the
throughput). An EOF mobility pgor slightly less than that of
unlabeled DNA p, would be even closer to the mobility of
very long DNA g, (which is slightly less than pg due to the
presence of the label) than it would be for pgor = up.
Therefore, the longer conjugates would be given even
more time to separate from each other; thereby further
increasing the read length. Figure 4 shows the size reso-
lution factor S, as a function of the number of ssDNA
bases for a scaled EOF mobility of 0.9, for the conditions
of {1] as given in Fig.1, taking the migration length to be
34cm for both directions of migration. The dotted hor-
izontal line at S, =1 indicates the cut-off for single-
monomer resolution and gives a read length of 328
ssDNA bases for this EOF. The minimum in the curve
occurring at 216 ssDNA bases corresponds to the size of
DNA which has a mobility approximately equal to the EOF
mobility. Hence for a scaled EOF mobility of 0.9, mole-
cules having more than 216 ssDNA bases can fight the
EOF and move forward and molecules less than this size
are carried backwards by the EOF, while the conjugate
with 216 ssDNA bases barely moves. The best resolution
occurs near this minimum. Since all of the conjugates with
less than 216 bases have a size resolution factor less than
1, they are all resoived, while larger and larger molecules
have lesser resolution (due to their ability to fight the EOF
and attain speeds that do not allow for adequate separa-
tion), eventually reaching that of single-monomer resolu-
tion for 328 bases. This read length is excellent for ELFSE;
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Figure 4. Graph of size resolution factor S, as a function
of number of ssDNA bases, for a scaled EOF mobility of
0.9. Dotted horizontal line at S, = 1 indicates the cut-off
for single-monomer resolution, occurring at about 328
ssDNA bases for this EOF. Conditions are as given in
Fig. 1 for [1]; the migration length is taken to be 34 cm for
both directions of migration. Inset: corresponding migra-
tion time in hours; conjugates with more than 115 ssDNA
bases require more than 2h to reach the detector (hor-
izontal dotted line).
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unfortunately, for DNA sizes near the size resolution factor
minimum, i.e., those that barely move because their own
proper mobility is almost the same as the EOF, the
migration time would be very long; in fact the migration
time diverges. The inset of Fig. 4 shows the correspond-
ing migration time for the scaled EOF mobility of 0.9.
Conjugates with more than 115 ssDNA bases require
more than 2h to reach the detector, while those mole-
cules with mobilities approximately equal to that of the
EOF, i.e., those having 216 plus or minus a few ssDNA
bases, barely move and hence do not reach the detector
in any reasonable amount of time.

Figure 5 shows the predicted read length as a function of
Reor for the conditions of [1] as given in Fig. 1. Also
shown is the number of ssDNA bases for which the mo-
bility is zero (i, = peor), i.€., the conjugate size for which
the migration time diverges (curve a); between curves b
and c, separations take longer than 2 h. Unfortunately,
although the read lengths are exceptional for
0.9 < figor < 0.96, separations in this EOF range require
too much time and are likely only of interest for special
applications. A scaled EOF mobility of 0.99 would still
allow for all conjugates (under the conditions of [1]) to
move in the same direction while slightly increasing the
read length over that of jizor = 1 (235 ssDNA bases} to
248 ssDNA bases, with a corresponding increase in
migration time from 1.6 to 1.9h. It should also be noted
that even if the curves are resolved, for these long
migration times the bands will also be fairly wide and will
take some time to pass in front of the detector. For
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Figure 5. Graph of predicted read length (solid line) as a
function of scaled EOF mobility, for the conditions of {1] as
given in Fig. 1; the migration length is taken to be 34 cm
for both directions of migration. Also shown is the number
of ssDNA bases for which the mobility is zero ps = peos
ie., the conjugate size for which the migration time
diverges (curve a); between curves b and c, separations
take longer than 2 h.
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example, with a scaled EOF mobility of 0.99, under the
conditions of [1], the slowest band (i.e., the largest
ssDNA} would take about 28s to pass in front of the
detector; it is possible that for these spread-out bands,
the S/N may be too low to detect.

Since the migration time becomes a limiting factor for the
read length, systems which shorten the run time would
increase the gains expected through use of EOF for
ELFSE. All of our predictions are based on the capillary
electrophoretic system of [1]; with the increased speed of
microchip electrophoretic systems even better gains due
to the EOF could be expected by overcoming the time
restraints. The theory presented here could be easily
adapted for such systems which may indeed make EQF-
based ELFSE a competitive sequencing technique,
allowing for rapid, high-read length separations void of
the need for gels or entangled polymer solutions.

4 Discussion

We have shown that the EOF can be used to dramatically
extend the read length of DNA separations by ELFSE by
improving the resolution of larger molecules. For the case
of all molecules migrating in the same direction (i.e.,

Beor = % >1), the best resolution is expected when
0

the scaled EOF mobility is near unity, and positive effects
drop quickly with an increase in Hgoe. For example, a
scaled EOF mobility of unity is predicted to more than
double the read length for the system of [1] (for which
optimal conditions would be expected to yield a read
length of 114 ssDNA bases without the EOF), extending it
to 235 ssDNA bases. For the case of smaller molecules
migrating backwards with the EOF and larger molecules
moving forward against the EOF (ie., fizor <1), even
more exceptional improvements to the read length are
expected; however, the long run time makes this useful
for special applications only. For the conditions of [1], a
scaled EOF mobility of 0.99 would still allow all the mole-
cules to migrate in the same direction, and the read length
is predicted to be 248 ssDNA bases, an exceptional
improvement over the predicted optimal read length of
114 bases for ELFSE without EOF.

It is clear that in order to take advantage of the EOF-
based resolution increase, the exact value of the scaled
EOF mobility must be well controlled. The coating on the
capillary wall surface is a key factor determining EOF.
Heller et al. [10] reduced the EOF from that of an uncoated
capillary by 50%, to 1x 1072 ¢cm?V-s through use of a
thin polyacrylamide coating. This corresponds to a scaled
EOF mobility in the range 2 < Higor < 10, given that values
of , typically range from 1x10*cm?V-s to
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5x107* cm?/V s, Hence, the EOF would typically need to
be reduced by 75% or more in order to achieve a figor
value near unity, for example. Another means of control-
ling the EOF is by the application of an external electric
field which forms a potential gradient with the usual inter-
nal electric field thereby creating a radial field; this
adjustable gradient is perpendicular to the capillary wall
and changes the density of electric charge on the inner
capillary wall, thereby allowing for control of the EOF
[19-21]. In addition to the EOF, all factors influencing the
mobility would also need to be well controlled so as to
maintain a constant p, since the desired EOF mobility
depends upon this value.

In addition to the clear resolution advantage of performing
ELFSE in the presence of EOF, the decrease in run time
would also be a big benefit; indeed even nonoptimal EOF
values, (pgor >1.34) which would not substantially
improve resolution, would stili shorten the total time
required for the electropherogram. For values of scaled
EOF mobility 1 < figor <1.34, more time is required for
the resulting increase in read length. The EOF would also
change the order of detection as the smaller conjugates
reach the detector first, followed by the larger conjugates,
restoring the usual order, as with standard (gel/entangled
polymer) sequencing, and eliminating the unnecessary
wait for small, already resolved molecules to travel to the
detector. If the EOF could be maintained at figgr = 1, One
could also expect evenly spaced peaks which may allow
for easier base calling algorithms; somewhat larger values
of pgor wWould give approximately constant peak spacing
which would also be beneficial for base calling.

In order to achieve comparable read lengths without EOF,
very powerful voltage supplies would be necessary. For
example, to obtain a read length comparable to the 235
bases predicted with jizor = 1 without the EOF (for the
system of [1}), one would need a 3.3m long capillary
which would require a much greater voltage in order to
maintain the electric field strength at approximately
333 V/cm. Similarly, comparable read lengths obtained
via an increase in the electric field would require an elec-
tric field strength of about 3300 V/cm, which wouid also
be very demanding indeed in terms of the power supply
source. Not only would the field strengths required be
extreme but also they might be accompanied by an
unfavorable increase in peak widths. Using the EOF is a
powerful alternative to these extreme and unrealistic
approaches.

We also note that while one could use a method other
than the EOF to create the counterflow in an attempt to
take advantage of the potential gains, such as a pressure
difference, it would lack the characteristic EOF plug-like
flow. Typically, non-EOF-based counterflows have a
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parabolic profile, in contrast to the flat profile across the
bulk fluid obtained with EOF. It is only with a flat profile
that all molecules across the diameter of the capillary
experience the same rate of counterflow; a parabolic
profile would mean that molecules near the center would
be subject to a greater counterflow than those closer to
the outside, leading to an undesirable band broadening.

Our predictions of ELFSE behavior in the presence of EOF
are based on negligible band loading width and assume
that any EOF-based band broadening effects are negli-
gible. For systems where this assumption is not entirely
justified, adjustments would need to be made to the
above theory. It is important to note as well that the drag
molecule for ELFSE in the presence of EOF would need to
be free of problems of sticking to the uncoated (or less
coated) capillary wall.
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6 Addendum: a brief derivation of Eq. {(9)

In the following we give a brief derivation of Eq. (9), the
size resolution factor for the system of {1]. The definition
of this factor is given by Eq. (8). First, we start with the
numerator, the temporal FWHM (we assume Gaussian
peaks):

FWHM; = 24/2In(2)c; (10)

where o, is the temporal standard deviation and can be
given as follows when the initial peak width is negligible
and diffusion is the only significant source of band
broadening:

o1 = VDt (1)
v
. . kT . . e
where v is the velocity, D = is the Zimm diffusion
4nnRg

coefficient of the hybrid ssDNA molecule, kg is the Boltz-
mann constant [13], T is the absolute temperature, n is
the viscosity of the free solution, and Rg is the radius of
gyration. Hence, the numerator of Eqg. (8) can be rewritten
as follows, where we have replaced v by L/t

2 [n@keT _ 40

Following the blob approach presented in [4, 13] which
rescales the charged and uncharged segments to
account for their different hydrodynamic sizes, the total
radius of gyration of the conjugate molecule can be given
by that of its charged and uncharged segments

Rs = /B2 + A2, (13)

If we assume excluded volume effects to be negligible,
the radii of gyration are given by

Re, = | (14

where by, is the Kuhn length of polymer i, a measure of its
stiffness, and b; is the monomer size of polymer i. Hence,
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the total radius of gyration of the conjugate can be written
as

e s e Ch

6

where ay = z""z”, as given by [4, 13]. Using Egs. (5) and (7)
K.Mc

for the denominator of the size resolution factor, we find

I ot |— a Myt
1oMe|  (figor — fio) (Mc + 01My)?

(16)

Substituting Eq. (15) into the expression for the numera-
tor, Eq. (12), and using Eq. (16) for the denominator, the
size resolution factor becomes

In@keT__ (Feor ~ Fol)(Mo + anMy)""*t'/2

oM,
™ \/b!s b, 1My

Again making use of Eq. (5) for the migration time, we find

(a7

%]

3

I
[t ;N ]

~4 m(z)DO X (lﬁEOF _ ﬁe')vz(Mc + °‘1Mu)7/4

Sm & LpoE oMy

(18)
where the constant Dy is defined by

DoE—kEI———-zD\/Mc-f-ChMu (19)
and can be found from the Ren et al. [1] value of the dif-
fusion coefficient D = 4.8x1077 cm?s, reported for
M,=61 bases and a/M,=24 bases to be D, =
4.43x10°% cm?s. Using this value, along with the
experimental values from [1] presented above (L = 34cm,
M, =24, po=1.95x10"*cm?N-s and E =333 V/cm)
we arrive at Eq. (9) for the size resolution factor for the
experimental conditions of [1]

([Feor — )2 (Mo + 24)"/
5088

Sm(Me, Hegor) =

The general equation for the ELFSE size resolution factor
for charged-uncharged conjugates solely experiencing
thermal-based diffusion is

In@)D _ (lfieor = ) /2(Me + a1My)?

Sm =4 TuoE vy

(20)

Since we expect the mobilities to be independent of
electric field, we can see that it is the total voltage drop,
i.e., the factor E x L, that determines the resolution rather
than either the electric field strength or the migration
length independently. Also we see that the viscosity 1 of
the electrophoresis medium does not affect the size res-
olution of the system (n cancels out in the ratio D/ug).




4

Deformation during ELFSE

L.C. McCormick, G.W. Slater, to be submitted to Electrophoresis (2006)

In this paper we investigate the behaviour of ELFSE molecules with next-generation labels and/or
high field strengths. We make predictions as to the conditions leading to segregation of the DNA
and label coils, as well as the expected impact on ELFSE performance. Optimal label architecture
design and experimental conditions are suggested. This work also highlighted the potential gains

in read length possible with high voltage use.
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Summary

Recent advancements to DNA sequencing by End Labelled Free Solution Electrophoresis
(ELFSE) show the promise of this novel technique, which overcomes the need for a gel
by using a label (or drag-tag) to render the free solution mobility of the DNA size-
dependent. It is the attachment of an uncharged drag-tag molecule of a set size to all the
various lengths of DNA in the sample that selectively slows down smaller DNA chains,
which have less force to pull the drag-tag than larger DNA. Taking advantage of the
modified hydrodynamic properties of labelled DNA, ELFSE has been used to
successfully sequence up to about 100 bases of DNA in the absence of a gel or other
sieving medium (Ren, H., Karger, A.E., Oaks, F., Menchen, S., Slater, G.W., Drouin, G.,
Electrophoresis 1999, 20, 2501-2509). So far, only globally random coil conformations
have been associated with ELFSE, i.e. the DNA and the label together form a single,
undeformed hydrodynamic unit. This paper investigates the conditions under which the
DNA and label coils will segregate becoming hydrodynamically distinct, in that the flow
of the solvent around one does not affect the flow of the solvent around the other.
Optimal experimental conditions as well as label architecture, based on various possible

regimes, are predicted.
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1. Introduction
End labelled free solution electrophoresis (ELFSE) is a relatively new technique that uses
an uncharged (or nearly so) end label called a drag molecule (or drag-tag) to achieve
separation of various lengths of DNA in free solution [1, 2, 3, 4]. Each DNA fragment is
attached to a drag-tag of a set size in order to render the resulting conjugate’s
electrophoretic mobility length-dependent, and overcome the free-draining phenomenon
which normally leads to co-migration of all lengths of DNA in free solution (except very
small fragments [5, 6]) [7, 8, 9, 10]. It is this co-migration, or “free draining” property of
DNA in free solution that usually necessitates the use of a gel which selectively slows
down longer polymers more, by forcing them to collide more frequently with gel fibers
[11]). Separation of DNA by the ELFSE technique is made possible by the drag-tag
adding a set resistance (friction) to the motion of each DNA fragment, meaning that the
more charged monomers a conjugate has (i.e., the longer the DNA component), the more
force it has to pull the drag-tag. Hence larger conjugates go faster, leading to size-based
separation in free solution. ELFSE has been used to sequence up to about 100 base long
ssDNA molecules in about 18 minutes in a 34 cm long capillary, using the globular
protein streptavidin as a drag-tag [1]. Current research is directed at finding larger drag-
tags, possibly with non-linear architectures [12, 13] to extend the read length of ELFSE
[4].

The theory utilized to describe ELFSE and analyze the results was based in part
on that developed by Long and co-workers for a polyelectrolyte experiencing both
electric and non-electric forces, and more specifically for the electrophoresis of

composite objects in free solution [14, 15, 16]. This theory predicted that for a conjugate
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molecule composed of two polymer chains that are identical except in their electrical
charge properties, the velocity is simply a uniformly weighted average of the individual
monomer velocities [15]. For ELFSE, where the DNA chain generally differs in both
stiffness and individual monomer size from the drag-tag, a conceptual grouping of both
the drag-tag and DNA monomers into blobs having the same hydrodynamic radii allows
for utilization of the theory of Long and co-workers for the case where the DNA and the
drag-tag together form a random coil. Desruisseaux et al. [2] argued that for labels the
size of streptavidin with field strengths achievable in capillary electrophoresis, the label
and DNA should together form a single random coil (see Fig 1a). The experimental

results have been consistent with the theory for ELFSE conjugates forming a single

random coil, and the resulting equation for the velocity of a conjugate with N, DNA

monomers and N, uncharged label monomers [4]:

Vb Eql

where v, = 4,E is the velocity of the unlabelled DNA, and a = o, N, is the number of

b,b

Ly

bpby,

K

DNA monomers having the same hydrodynamic radius as the drag-tag; o, =

(where b, is the label monomer size, b, is the ssDNA monomer (base) size, b, is the
label Kuhn length and b, is the ssDNA Kuhn length, a measure of stiffness) is the

scaling factor that converts the number of label monomers into the number of

hydrodynamically equivalent uncharged DNA monomers [4]. Hence N = N, +a,N, is
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Figure 1: Schematic representation of the ELFSE conjugate comprising
a DNA chain, represented by the dashed line, and a polymeric label,
represented by the solid line; a) unsegregated conformation,

b) segregated conformation. Unlike with the unsegregated
conformation, with the segregated conformation the hydrodynamic
flow of the solution around the DNA does not affect the label and

vice versa.
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the effective total number of hydrodynamically equivalent effective monomers in the
conjugate. Under certain conditions, such as next generation labels providing more drag
and/or higher field strengths, the label and DNA may start to pull apart and segregate (see
Fig 1b), becoming hydrodynamically distinct, in that the flow of the solvent around one
does not affect the flow of the solvent around the other; this deformation and the resulting

impact on ELFSE performance is the focus of this paper.

2. Forces at work in segregated conjugates
We will now briefly outline the relevant forces and develop the electrophoretic mobility
for a conjugate where the DNA and label can be considered as hydrodynamically
segregated (see Fig 1b), i.e., there is no hydrodynamic coupling between the two sections
(the disturbance of the flow of the buffer by the electrophoretic motion of the DNA does
not affect the label and vice versa). The procedure is that of Long and co-workers [14, 15,
16]: they linearized the set of coupled electrohydrodynamic equations so that the problem
could be solved by a superposition of the situations where either the electric or
nonelectric forces act, a procedure that the authors point out is commonly used for rigid
particles and is broadly applicable [14]. While this linearization procedure can not be
used directly to determine the conformation of the conjugate, it can be used to predict the
electrophoretic mobility for various known conformations. The conformation and the
mobility can then be determined in a self-consistent manner; the breakdown of a self-
consistent state then means a transition to another self-consistent state.

We begin by looking at the forces acting on the DNA. If it were unlabelled, the

DNA would have two forces acting on it during electrophoresis, the force due to the
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electric field F; , and the corresponding force of friction f; governed by the motion of

the counterions surrounding it, which generates an almost uniform flow that freely
penetrates the coil and is proportional to the electric field strength E. These two forces
balance each other at the level of each monomer resulting in the unlabelled DNA free

solution electrophoretic mobility, which is defined simply as the velocity v, divided the
electric field strength, 4, = VED This mobility is independent from the molecular size of

the DNA, hence the need to either use a sieving gel or a drag-tag. When end labelled, it
has the additional force acting on it due to the label, F;_,, , (subscript D refers to the

DNA while subscript L refers to the label), and the corresponding force of friction

Ji-on-p- This additional friction, unlike the friction due to the electric field ( f; ), is not

governed by the motion of the counterions, rather it is due to a hydrodynamic, Stokes-like

flow around the coil that is proportional to F, These additional forces change the

-on-D *
velocity of the DNA from v, to v (note that v < v, since the label is uncharged) and
break the local force balance mentioned before; hence the force of friction acting on the
DNA due to its conjugation with the label, f; ,, ,, is simply the product of the

coefficient of friction of the DNA &, and the change in velocity v—v,. The net force

acting on the DNA is thus:

FED _fED+FL—on—D_fL-an—D=0 Eq2
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where f, ,_, =&, x(v—v,). Since the first two forces are balanced, F, &, = [z, » leading

to the velocity for the DNA alone v,,, the force on the DNA due to its conjugation with

the label is, from Eq 2:

Fionp =§DX(V_VD)- Eq3

Note that F, <0, i.e. the positive direction has been chosen to be that of the

electrophoretic motion such that the force of the label on the DNA is negative. Similarly,

the force on the label due to the DNA is

FD—on—L=§Lx(v_vL) Eq4

where v, = 0 because the label is uncharged in the situations of interest in this article.

Since these two forces, that of the label on the DNA and that of the DNA on the label
must be equal and opposite (this is the tension at the connecting point), setting Eq 3 equal
to the negative of Eq 4 gives the velocity for a conjugate comprising hydrodynamically

segregated sections [15]:

y= EoVp

—§D+§L‘

Hence the electrophoretic velocity of a conjugate consisting of two hydrodynamically

segregated sections is simply a uniformly weighted average of the individual velocity of
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each section, where the weighting is now the hydrodynamic friction coefficient of each
section, in contrast to the case for the unsegregated conjugate where the weighting is the
effective number of monomers of each section (Eq 1). While one would expect that an
increase in the size of the uncharged label (i.e. an increase in the label’s friction
coefficient) would result in a decrease in velocity, it is not necessarily intuitive that an

increase in the friction coefficient of DNA, £,, would increase the conjugate’s velocity.

This is however clearly predicted by Eq 5, and is a direct and counterintuitive result of
the greater weighting a larger DNA would receive in the average determining the
velocity. The friction coefficients must be determined carefully as they depend on
conformation, which in turn depends on velocity; Eq 5 must therefore be solved self-

consistently with a model for both &,(v) and &, (v,,v).

Equations B and C respectively give the force applied by the label on the DNA,
and vice versa, when the two components are hydrodynamically segregated; these are the
forces that may act to deform the conjugate under certain conditions. For example, an
extremely large label, of sufficient size to prevent the DNA from moving, could result in
a situation similar to that of tethered (end anchored) DNA, along with the ensuant
deformation [14, 15]. This paper is focused on the segregation that may result from the
intramolecular mechanical forces present during ELFSE separations. We note that the
approach taken assumes that the linearization procedure of Long and coworkers, where
the electric and hydrodynamic forces are considered independently and then superposed,
is still a valid approximation for high field strengths (and/or large labels). We also note
that, for simplicity, we are neglecting the end effects that were predicted by the theory of

Long and coworkers [17] and subsequently examined for the case of ELFSE [18, 19].
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3. Critical electric field for segregation
It is expected that deformation of a conjugate during ELFSE would begin with the
uncharged label separating and lagging slightly behind the charged DNA, resulting in a
hydrodynamically segregated conjugate consisting of two coils (see Fig 1b). A simple
estimate of the critical electric field at which this would occur can be obtained by
comparing the force acting to deform the label (given by Eq 3) to that acting to resist
deformation of the coiled hybrid molecule. We note that there may be some hysteresis
because the drag forces depend upon the molecular conformation; i.e. the field at which a
segregated conjugate would return to an unsegregated conformation may vary somewhat
from the field at which an unsegregated conjugate would segregate. However this
calculation is intended to give a rough estimate of the field at which segregation would
occur.

The force acting to resist deformation is an elastic force due to the entropic
property of polymers. The two ends of a Gaussian chain, separated by the end-to-end
distance 4, can be modeled as behaving like two points connected by a harmonic spring

with a spring constant £, = E}I:TB; , Where <h2>0 is the equilibrium average square end-

0
to-end distance. This model hence yields the following entropic force acting to resist

deformation of the coil [20]:

3T, Eq6
)

F;:
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where k£, is the Boltzmann constant, T is the temperature. The average square

equilibrium end-to-end distance is directly proportional to the square of the radius of

gyration in the random coil R (note that excluded volume interactions are neglected):
2\ _ 2
(n*), =6R*. Eq7

Polymer conjugates are hydrodynamically coupled at equilibrium and together form a

random coil [2]. The radius of gyration for a random coil can be written as [20]

from which it can be shown that the total radius of gyration of a conjugate comprising

N . monomers (with size 5., and Kuhn length 4 . ), and N, monomers (with size b
D D D X L L

and Kuhn length bL ), is R =\/RD2 +RL2 , where R, is defined as the equilibrium
K

radius of gyration of the DNA, (i.e. in the random coil conformation), and R, is the

corresponding random coil value for the label. Hence the average equilibrium end-to-end
distance is given by <h2 >0 = 6(RD2 + RLZ). In contrast, the end-to-end distance for a

segregated but otherwise undeformed conjugate (i.e. neither the DNA, nor the label, is

deforming from their separate random coil conformations) is approximately equal to the

sum of the individual component end-to-end distances (i.e. R~ R, + R, ):
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h=hp +h; =J6(Rp +Ry) Eq9

where we have used Eq 7 for the end-to-end distance of a random coil. Hence the

entropic force resisting segregation, for a segregated but otherwise undeformed conjugate

is:

3k,T (R, +R,)
F =2 DL, Eq 10
3 ><(RD2+RL2) d

The counter force, that acting to segregate the two components, is the absolute

value of the force of the label on the DNA, given by Eq 3, which we combine with Eq 5:

R_R
=4anu Ex —2—L Eq 11
K, R, +R, q

IF L-on-D

where we used the definition v, = y,E, and the fact that the friction coefficient
& =6znR, for a random coil with hydrodynamic radius R, =2/3R,, where R, is the

equilibrium radius of gyration of section i, in a buffer of viscosity 7 [21], is

& =4mnR,. Eq 12
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Setting these two opposing forces (IFL_O”_DI and F,) equal gives an estimate for the

critical electric field at which a segregated conjugate would return to an unsegregated

state, E° ,
seg

RyR, _ 3k,T (R,+R,)

Axnu,E° x = , Eq13
o e R+ R, 6 (RE+R) 1
yielding, as an estimate of the critical field for segregation,
2
[-z)
E° = E,x = Eq 14
= a

where we have used the definition « = o, N, and Eq 8. The universal field intensity E, is

given by:

18k,T

=2 Eq 15
’ J§—6—7mﬂob1)bbx

Note that since F

L-on

p and F,_ , are equal and opposite forces, we could also have set

F,=F, ,_, (ie.using Eq 4 instead of Eq 3) and obtained Eq 13.

This rough estimate of the critical field for segregation indicates that for an

increase in the size of either the label and/or the DNA, segregation would occur for lower
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fields. In other words, it is expected that a larger conjugate would be easier to segregate.

Under typical experimental conditions, e.g. T =300K, 7 =1cP, gz,= 3x10™ cm?%/Vs,
b, =0.43nm, and b, =7nm (the last two values are typical for ssDNA), the prefactor is

E, =268 kV/cm; since this far exceeds typical electric field strengths used in

electrophoresis, the second factor on the right hand side of Eq 14 would need to be very
small for segregation to occur. For the pioneering experiments of Ren et al. with a

streptavidin label [1], the & value was about 30 and the read length was about 100 bases;

under these conditions the critical field is very high, Es"eg ~ 9kV/cm. However, current

goals are for a read length of about 400 bases with a label having an alpha value of at

least 150 [4]. If this were achieved, deformation would occur at lower field strengths, i.e.

E® ~2kV/cm.

seg

4. Electrophoretic mobility of segregated ELFSE conjugates

In this section we address the mobility of segregated but otherwise undeformed
conjugates (see Fig 1b). Defined as the ratio of velocity to electric field, the mobility of
the ELFSE conjugate in the segregated conformation, where both the label and the
ssDNA remain in random coil conformations can easily be determined through use of Eq

5 where the random coil friction coefficients are given by Eq 12:

H=U D 7 1

0 0

R_+R fa

D L 1+ %Vo
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where we again used the definition v, = y,E, and Eq 8. As with ELFSE where the

conjugate is unsegregated, the mobility increases with increasing DNA size (i.e. a larger
engine pulls the conjugate faster), and decreases with increasing label size (i.e. increasing
frictional drag). We note that the mobility for the unsegregated conjugate (see Fig 1a) can

be written as (using Eq 1):

1
H=phy——F. Eq 17
1+%V
D

The mobilities for the segregated and unsegregated states are presented in Fig 2, scaled

by the length-independent free solution mobility x,. The mobility for the segregated

conformation becomes less than that of the unsegregated conformation when the number
of DNA monomers exceeds that of the effective number of monomers of the label, i.e.
when N >« . This is important to know for future use of larger labels in ELFSE because
it may manifest as size inversion. For example, if segregation were to occur abruptly for

N, =4a bases at a given electric field strength, one can see from Fig 2 that the mobility
would drop from about 80% of the free solution value () to only 67% of that value, for

conjugates of this size. Hence, the order of elution would no longer directly correspond to
increasing lengths of DNA. Clearly this would represent a large problem for sequencing
and great care would need to be taken in the future when larger labels will make
segregation possible. However, if the transition from the random coil conformation to the

segregated conformation is smooth rather than abrupt, we may simply see a change in
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Figure 2: Mobility of the segregated (but otherwise undeformed) and
unsegregated conformations as a function of the ratio of the number
of ssDNA bases N, to o, scaled by the length-independent free solution
mobility p,. The rate of change of the mobility with respect to the
number of ssDNA bases (as measured by the slope of these curves)

is lesser for the segregated state up until about N, / o = 8.3524; this
crossover is indicated by the vertical line.
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peak spacing rather than a size inversion, with the transition from the top curve to the
lower curve occurring over a large range of sizes.

The only difference between the equations for the mobility in the segregated and
unsegregated regimes is that the term @/N, becomes square rooted once segregation
occurs. Since @/N, <1 for the majority of ELFSE conjugates except really short DNA
for which the peaks are needlessly over-resolved [22], the square root increases this term
(e, Joz/_ND >afN, when a/N, <1), thereby decreasing the mobility. The crossover
isat N, =a, as can be seen in Fig 2. This decreased mobility is expected to allow more
time for greater separation to occur, which should specifically help with the resolution of
larger conjugates which experience critically small peak spacing in the unsegregated
state. However, there is a competing effect due to the decreased sensitivity of the
mobility on the number of DNA monomers N, in the segregated state, which would act
to decrease peak spacing. From equations Y and V, one can find that the rate of change of

the mobility with respect to N, 1is lesser for the segregated state up until

2
Mo = %(1 +4/5+ V2 + 245 ) =8.3524. We examine the effect of segregation on peak
a

spacing next.

5. Peak spacing of segregated ELFSE conjugates
The peak spacing for a segregated (but otherwise undeformed) conjugate can simply be

taken as the derivative of the arrival time, 7=/, / HE (where [, is the effective

capillary length) with respect to the number of DNA bases, since each consecutive peak
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corresponds to one additional ssDNA base. Hence, using Eq 16 for the mobility we

obtain the peak spacing:
Osg| lew  Ja_ Eq 18
ONp| HE 2NDA

The corresponding peak spacing for the unsegregated conformation is obtained similarly,

using Eq 17 instead of Eq 16:

|atunseg|= lcap a Eq 19
[No | mE Ny :

The above two equations, X and W, illustrate that the peak spacing is greater for the

segregated conformation than the unsegregated conformation whenever —]Y—D—>4,
a

regardless of the field strength; i.e. when the DNA size gives it at least four times the

amount of frictional drag of the label, peak spacing is increased by segregation.

6. Resolution of segregated ELFSE conjugates
In this section we develop the resolution for DNA sequencing purposes. We define the
size resolution factor as the ratio of the temporal full width at half maximum ( FWHM )

of the peak, to the temporal peak spacing at the detector:
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FWHM
S= . Eq 20
ot
oN,

The size resolution factor gives the smallest difference in the number of ssDNA bases
that can be resolved; hence S =1 base is required for single monomer resolution. If only
thermal-based band broadening is present, the numerator can be found by dividing the
spatial peak standard deviation o = \2Dt (where the diffusion coefficient is

D =k,T /&) by the velocity (uE ) to convert to temporal spacing, and multiplying by the

factor /8In2 to convert from standard deviation to full width at half maximum:

1610(2)k, 1.,

FWHM =
(WEY £

Eq 21

Since we have R~ R, +R, for the segregated but otherwise undeformed conjugate,

b,b
making use of Eqs 12 and 8, along with the definition a = o, N, where a, = #‘— , We

DbDK
find £= 47r77,/bDbDK / 6(,/ N, + Ja ) for the friction coefficient. Along with the mobility

for the segregated conformation given by Eq 16, this yields:

V96 In()k, ., (“\/O/TD )

X .
(ﬂoE)sﬂ'”\/bDbDK VNp +Ja

FWHM,,, =

Eq22
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The size resolution factor for the segregated (but otherwise undeformed regime) can

hence be given as:

S., ~2\/7 1/52/4( J/T) Eq23

where we used Eqs X and 22, and V' =Ex[,, is the voltage drop along the capillary

length, while the characteristic voltage V, is a constant given by

- V96 In(2)k, T

sE T Eq 24
/DN bpbp,

Under typical experimental conditions, T = 300 K, 7 = 1 cP, g,= 3x 107 cm?/V S,
b, =0.43nm, and b, =7nm, this constant is ¥, x0.17 V. In a similar way, using Eq 17

instead of Eq 16, we obtain the temporal full width at half maximum for the unsegregated

case:

3
1+
V96 In(2)k ,TI ( / )
FWHMunseg ~ 3( ) =T X ND
(,uoE) ﬂﬂJbDbDK JND +a

Eq 25

which, along with Eq 19 gives the corresponding size resolution factor:
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V N7/ 4 5/4
S z,/—sL 1*7 . Eq26
unseg V a ND

From Eqgs 23 and 26 it is clear that higher voltages are desirable in ELFSE since they
increase the resolution. It is interesting to note that the resolution in ELFSE does not
depend on either the electric field strength or the capillary length individually, but only
on their product, the voltage. This is unlike gel electrophoresis where biased reptation,
which occurs for higher electric fields, restricts the field strength that can be used [11].
These equations also illustrate that the unsegregated state provides better resolution than
the segregated state, up until a crossover which occurs at N* =5.3465a bases (this can
be obtained by setting the two equations equal and solving numerically); beyond N *
segregation gives better resolution. The crossover depends exclusively on the relative
sizes of the label and DNA. The maximum DNA length that can be sequenced, known as
the read length, (i.e., for which S=1 base) can be found by setting Eq 23, or Eq 26 for the
unsegregated case, equal to one base, and solving numerically.

Rough equations for the read length can be obtained in the N,,>> « limit for the

segregated and unsegregated cases respectively:

2s

Ny === /,)" Eq 27

Ny =aV /v, Eq 28

We note that the read length increases less quickly with &, and more quickly with V', in

the segregated state than in the unsegregated state. This is due to the square root in the
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mobility equation (Eq 16) predicted by Long and coworkers for segregated

conformations.

7. Small a regime
The read length is shown in Fig 3 for the specific example of & = 30, which is the value

quoted by Ren et al for their work with the label molecule streptavidin [1], and the

following typical experimental conditions: T = 300 K, 7 =1 cP, g,= 3x10™ cm*/Vs,
and b, =0.43nm, b, =7nm, for which ¥V, ~0.17 V. The crossover to the segregated

conformation providing better resolution, as indicated by the horizontal line, occurs at
N*=5.3465a =160bases. Unfortunately, for the experimental conditions of Ren et al,
where the field strength was 15 kV and the capillary lengths ranged from 45 to 110 cm,
the critical field for segregation (as given by Eq 14) would only be reached for
exceedingly large conjugates, having at least 24 672 ssDNA bases (for the shortest
capillary, or more for a longer capillary). Therefore, only the curve corresponding to the
unsegregated case is meaningful here. If, however, a higher voltage were used, for
example 30 kV instead of 15 kV, then segregation could occur for much smaller
conjugates. Since the resolution of ELFSE conjugates, either segregated or unsegregated
(Egs 23 and 26), does not depend on the electric field or capillary length individually, but
only on the voltage, changing the capillary length for a set voltage does not affect the
resolution for a given conformation, but it may make reaching the critical electric field
possible. At 30 kV, the read length could be increased from 199 bases to 218 bases
simply by shortening the capillary length so as to take advantage of the increased

resolution with the segregated conformation. In order to segregate all conjugates with 160
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Figure 3: Predicted optimal read length for both the segregated and unsegregated
conformations, as a function of voltage (V) for an « value of 30 and typical

experimental conditions.
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ssDNA bases or more, the required field strength would be 6.7 kV/cm (from Eq 14).
(This field strength is significantly higher than those normally used and it may be
necessary to, for example, use very narrow channels and low conductivity buffers to
prevent the currents from getting too high and leading to problematic Joule heating and
buffer depletion.) With a voltage of 30 kV, this means using a capillary length, or
separation length on a electrophoresis chip, of only 4.5 cm. While it was previously
unexpected that merely using a shorter capillary could increase the read length, this is
simply a result of the correspondingly increased field strength causing larger conjugates
to segregate under conditions where segregation provides better resolution (i.e. N > N *).
One caveat however, is the possibility of a size-inversion if the segregation transition
takes place over a short range of DNA sizes. This potential phenomenon must be
carefully watched for, as discussed above.

We note that we have predicted a read length of about 160 bases for the voltage
used in the Ren et al. experiments; their read length was only about 100 bases [1].
However, the typical conditions we have used in our predictions may vary somewhat
from their experimental conditions. Also, since we assume only diffusional band
broadening, if they had less than optimal conditions, this may also have decreased their

read length, contributing to the discrepancy.

8. Large o regime
Since N*=5.3465 bases, taking advantage of the segregated regime providing better
resolution is only feasible for smaller labels. This is because larger labels (i.e. larger a

values) mean that the crossover occurs for larger DNA, and resolving larger DNA
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requires very high field strengths. For example, for a label with a =150, the crossover
occurs for N*=802bases; under the typical conditions we are considering, resolving
DNA of this length would require an unrealistic voltage of 169 kV (see Fig 4). Hence
DNA lengths for which better resolution comes from segregation ( N > N *) are not being
resolved and therefore, for the smaller lengths of DNA that are being resolved, the
unsegregated conformation provides better resolution (N < N *).

Longer capillaries may provide one means of keeping the conjugates in the
unsegregated conformation, by lowering the field for a given voltage below the critical
one for segregation. For example, for & =150 and a voltage of 30 kV, the read length for
the unsegregated conformation is predicted to be about 450 bases, as compared to 359
bases for the segregated conformation. (The critical read lengths are obtained by setting
either Eq 26, for the unsegregated case, or Eq 23 for the segregated case, equal to one
base, and solving for N.) The critical field for segregation for a conjugate of this size is
1.9 kV/cm (from Eq 14); at 30 kV, a capillary about 15.5 cm or longer in length would be

required to keep the field strength below this critical one.

9. Selecting the optimal conjugate conformation

The optimal conjugate conformation is determined by N *; if the read length is greater
than this critical value then the segregated state gives better resolution, whereas if the
read length is smaller than this critical value then the unsegregated state is preferable.
Depending on whether conjugates with N > N * bases are resolvable or not (i.e the read
length is greater than N* or not), either a shorter or longer capillary length can be

chosen to select the optimal conformation for the given conditions.



Deformation 71

Read Length (number of ssDNA bases)

800.‘oooooooooo~o++o¢040¢0¢¢+00+04000000090»

unsegregated
600

segregated

400+

200+

o=150

20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

Voltage (V)

Figure 4: Predicted optimal read length for both the segregated and unsegregated
conformations, as a function of voltage (V) for an o value of 150 and typical
experimental conditions.
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A shorter capillary is desirable when the ' value is small enough that obtainable
voltages provide resolution for N > N*=5.3465a bases, i.e. when the read length
(which is smaller for smaller « values) is greater than N *. This is because for
conjugates with N > N * bases the segregated conformation provides better resolution,
and if a shorter capillary length is chosen properly it may increase the field strength for
the given maximum voltage to that required for segregation, thereby enabling better
resolution via segregation. The voltage required to resolve N > N * bases for a given @
can be determined by setting the resolution factor from Eq 26, S(a,N,V), equal to one
base and solving for the voltage.

Conversely, a longer capillary is desirable when the a value is too large for
obtainable voltages to provide resolution for N > N*=5.3465a bases. From the
equations for resolution (Eqs 23 and 26) we see that a higher voltage gives better
resolution and hence is preferable, however when the read length is less than N *, better
resolution is obtained with the unsegregated conformation and the field strength should
be kept below the critical one for segregation. With a properly chosen longer capillary
length, the field strength would decrease (for the given maximum voltage) to below the
critical field for segregation, thereby maintaining the unsegregated conformation for
which the lengths that are being resolved, N < N * are afforded better resolution.

The prediction that segregation decreases resolution for conjugates comprising
DNA with less than N* =5.3465a bases can help guide label design. For labels that are
too large to allow resolution of N * bases with obtainable voltages, the label architecture
should be one that discourages segregation of the label and the DNA chain due to steric

repulsion (i.e. where the label architecture inhibits the mingling of DNA and label chains
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in a single random coil) so as to avoid decreasing the read length (see Fig 4). For a label
with a given a value, Eq 26 can be used to predict whether or not N * bases would be
resolved with the maximum voltage (i.e. S(a, N*,V)<1 if resolved); if not, then the label

should be designed so as to avoid steric repulsion.

10. Discussion
We have developed in this paper the theoretical predictions for ELFSE conjugate
behaviour under conditions which could lead to segregation, based on the theory of Long
et al. [15]. We illustrated how the capillary length could be adjusted so as to induce the
optimal conformation for a given label size and voltage.

Higher a values and voltages are always preferable in terms of ELFSE
resolution. However, a higher a value means that the crossover to better resolution with
segregation occurs for a larger conjugate, N* =5.3465« . This larger conjugate may not

be resolvable even with high voltages, such that the read length is less than the critical

value for the crossover N < N *. Under these conditions the unsegregated conformation
gives better resolution and hence if possible, it should be selected through use of a
capillary long enough to keep the field strength (for the given voltage) lower than the
critical one for segregation (see Eq 14). In summary, although segregation is expected to
provide better resolution for conjugates with N > N *, with next-generation labels this
crossover occurs for DNA sizes that are not resolvable with currently available voltages
and hence the regime for these labels is one in which segregation should be avoided by

keeping the electric field strength below the critical one for segregation.
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The prediction that segregation decreases resolution for conjugates comprising
DNA with less than N*=5.3465a bases can also help guide label design. For labels that
are too large to allow resolution of N* bases with obtainable voltages, the label
architecture should be one that discourages segregation of the label and the DNA chain
due to steric repulsion. Under these conditions steric segregation would decrease the read
length (see Fig 4). Developing large labels that induce steric segregation from the DNA
were, until now, considered an experimental goal.

It is important to note that once the force acting to deform the ELFSE conjugate
reaches that required for segregation, increasing this force is expected to induce further
deformation by stretching the DNA and/or a deformable label. Stretching would further
impact the conjugate mobility because a stretched conformation is expected to have a
lower mobility due to its increased friction coefficient. (The equation determining the
mobility of a segregated conjugate, the first expression of Eq 16, is expected to also apply
to segregated and stretched conjugates, with the hydrodynamic radii of the two
components increasing with an increase in the extent of deformation.) The larger friction
coefficient would also be expected to decrease diffusion, and therefore decrease peak
broadening, thereby increasing the resolution. Hence the predictions given in this paper,
applying exclusively to either unsegregated conjugates or conjugates where the
components are segregated but otherwise undeformed, would need to be adjusted to take
into account any further deformation. Depending on the conditions, it may be possible to
have a range of conformations, from unsegregated to segregated but otherwise
undeformed, to segregated with various extents of deformation. Since larger conjugates

are easier to deform, we expect that this progression would be seen over increasing DNA
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sizes, perhaps contained within a single DNA sequencing sample. Further theoretical
analysis (and/or computer simulations) is necessary to predict the effect of stretching
from the segregated state.

We note that the read lengths presented in this paper are based on ideal conditions
where the band width is limited only by diffusion, all other sources of band broadening
being negligible. We have assumed an ideal, negligible band loading width; a non-
negligible loading width would decrease the resolution and affect our predictions. Clearly
care must be taken to avoid Joule heating of the solution in the capillary, which may arise
with use of higher voltages causing increased current as an additional source of band
broadening.

We have neglected the end effects predicted by Long et al. [17], for which we
amended our theory specifically for ELFSE in a previous paper [18]. These effects,
confirmed experimentally in [19], result from monomers near the end of the ELFSE
conjugate receiving a higher weighting in the average determining the mobility. We use a
uniformly weighted average here for the sake of simplicity; however the end effects
could be taken into account by properly weighting the mobility average. Clearly such

second order effects are not expected to affect our main conclusions.
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Free Solution Conjugate
Electrophoresis (FSCE)

L.C. McCormick, G.W. Slater, A.E. Karger, W.N. Vreeland, A.E. Barron, C. Desruisseaux, G.
Drouin, Journal of Chromatography A 924, 43-52 (2001)

In this article we present the general theory for Free Solution Conjugate Electrophoresis (FSCE),
a technique analogous to End Labelled Free Solution Electrophoresis (ELFSE) where instead of
using a uniform set of uncharged drag-tag molecules to separate various lengths of DNA, a uniform

"o

set of DNA molecules are used as "‘engines"’ to separate various lengths of uncharged polymers
in a sample. We show that for the most favourable, diffusion-limited electrophoresis conditions,

there is actually an optimal DNA size to achieve the separation of a given polymer sample.

Please note that at the time this paper was written, the end effect had not yet been carefully inves-

tigated; see Chapter 2 for an in-depth analysis of the end effect.

This article was researched and written together with my supervisor, and borrowed from an analo-
gous theory written by Claude Desruisseaux for ELFSE. Experimentalists in the Annelise Barron
group (Northwestern University) as well as Guy Drouin (University of Ottawa) and Achim Karger

(Applied Biosystems) assisted with the comparison to experimental data.
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Abstract

We recently demonstrated that the molecular mass distribution of an uncharged polymer sample can be analyzed using
free-solution capillary electrophoresis of DNA-polymer conjugates. In these conjugates, the DNA is providing the
electromotive force while the uncharged polydisperse polymer chains of the sample retard the DNA engine with different
amounts of hydrodynamic drag. Here we present a theoretical model of this new analytical method. We show that for the
most favourable, diffusion-limited electrophoresis conditions, there is actually an optimal DNA size to achieve the separation
of a given polymer sample. Moreover, we demonstrate that the effective friction coefficient of the polymer chains is related
to the stiffness of the two polymers of the conjugate, thus offering a method to estimate the persistence length of the
uncharged polymer through mobility measurements. Finally, we compare some of our predictions with available

experimental results. © 2001 Elsevier Science BV. All rights reserved.

Keywords: Mathematical modelling; Capillary electrophoresis; Polymers; DNA

1. Introduction

The polydispersity of a polymer solution is not
easily determined using conventional methods such
as gel permeation chromatography [1] and mass
spectrometry [2]. Recently, we proposed and tested a
new method to characterize the distribution of the
varying degrees of polymerization of a water-solu-
ble, uncharged polymer species [3]. The method is
based on the idea that if a set of “‘engines” of
uniform size and charge distribution is conjugated in

*Corresponding author.
E-mail address: gslater@science.uottawa.ca (G.W. Slater).

an unbiased way to all the polymer chains of the
sample, one can in fact use free-solution capillary
electrophoresis (CE) to study the distribution of
polymer sizes. Indeed, the uncharged polymer then
acts like a parachute, or ““drag”, and the retardation
due to the drag molecule is directly proportional to
its contour length. We called this method free
solution conjugate electrophoresis (FSCE).

In our original paper [3], we showed the sepa-
ration of each of 3400, 5000 and 20 000 nominal
molecular mass poly(ethylene glycol) (PEG) samples
using conjugated oligomeric DNA engines 20 and 35
bases long. Excellent quantitative results were ob-
tained and compared with matrix-assisted laser de-
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sorption ionization time-of-flight (MALDI-TOF) MS
data. Two results were particularly remarkable: (1)
the 20-base DNA engine appeared to always give
better results for a given set of experimental con-
ditions, and (2) the effective friction coefficient of a
PEG monomer was only about 14% of that of a
DNA monomer. In this article, we derive the theory
of FSCE and we examine these two results very
carefully, i.e. we make predictions regarding the
optimal engine size and the effective friction coeffi-
cient of the drag polymer.

Early experiments with FSCE-like separation tech-
niques include the work of Stefansson and Novotny
{4] who achieved separation of uncharged oligo-
saccharides through complexation with charged tags,
and Bullock [5] who has also successfully separated
uncharged PEG polymers through derivatization with
phthalic anhydride. Although both of these early
experiments were promising, they were not as pre-
cise and as easily controllable as the recent work of
Vreeland et al., for example, in specifically varying
the engine size. Nevertheless, the theory developed
here could be adjusted for the experimental situations
of the early studies.

Note that FSCE is essentially the complementary
separation method to ELFSE, or end-labelled free-
solution electrophoresis [6—8]. In ELFSE, a uniform
(i.e., monodisperse) drag molecule is used to achieve
the CE separation of a polydisperse polyelectrolyte
sample. For instance, using streptavidin (a globular,
uncharged protein) as the drag-label, we were able to
sequence up to about 110 base long DNA samples in
less than 20 min [8]. DNA sequencing using CE
normally requires the use of a sieving polymer
matrix (e.g., a gel or an entangled polymer solution)
[9], but the extra drag added by the label allows us to
achieve separation based only on the free-solution
hydrodynamic properties of the conjugates. We have
presented a theory of ELFSE in a recent paper [10],
but this theory does not directly apply to FSCE since
the latter is a method to resolve the drag label itself.

We will thus study the free-solution capillary
electrophoresis of an uncharged sample composed of
a polydisperse polymer solution conjugated to a
monodisperse polyelectrolyte chain (Fig. 1). Hence,
both components of the resulting complex are as-
sumed to be flexible, water-soluble polymers. It
would be quite easy to rewrite the theory for the

a

.

»
direction of motion

Fig. 1. Schematic representation of a block polyampholyte. The
solid line shows the uncharged block while the double line shows
the (shorter) charged block. (a) Equilibrium conformation; (b)
segregation of the two blocks; (c) segregation and stretching of the
blocks.

situation where the “‘engine” is a globular object
such as a colloidal particle or a protein using the
theoretical elements described in this article.

2, Theory for homogeneous charged—uncharged
block copolymers

In this section, we examine the electrophoresis of
a block copolymer consisting of a linear chain of
charged monomers joined to a linear chain of
uncharged monomers. The charged and uncharged
blocks considered here are assumed to be homoge-
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neous in the sense that they share the same flexibility
(i.e. the same Kuhn length, b;) and monomer size b.

2.1. The mobility

The mobility of polyampholytes was investigated
by Long et al. [11]. Their theoretical results were
fairly general, allowing for various charge distribu-
tions, including the specific case of our charged—
uncharged complex. The theory takes into account
the following five factors affecting the mobility of a
polyampholyte in an approximately Gaussian con-
formation. (1) The force experienced by the charged
monomers due directly to the electric field. (2)
Hydrodynamic interactions that arise from the effect
of the electric field on both the charged monomers
and the counter ions surrounding them in the solu-
tion. (3) The tension along the polymer chain. (4)
Thermal agitation. (5) The additional flow resulting
from the previous two non-electrical factors. Factors
2 and 5 together comprise the “flow field” at the
location of the nth monomer, due to the other
monomers of the chain. Average equilibrium values
of this flow field are utilized, since the focus is on
the linear response of the chain. The mobility of a
Gaussian and linear polyampholyte in a solution of
high salt concentration was found to be a weighted
average of the individual monomer mobilities, with
the weight being essentially uniform and equal to
1/N, where N is the total number of monomers. The
weighting factor is actually somewhat higher for the
last 10% of the monomers; e.g., it is about 1.5/N for
the last 1% of the chain. This “‘end-effect” is a
consequence of the greater hydrodynamic friction
experienced, on average, by monomers at the end of
the chain compared to those located inside the coil
[11]. For sufficiently long charged sections, this
effect can be neglected; however, as the number of
charged monomers decreases, the small fraction of
monomers that contribute with a greater weighting to
the overall mobility may become important. Here we
will analyze the situation where the end-effects can
be neglected; a short discussion of the end-effects
shall be presented in the Discussion section.

Hence, for a linear chain consisting of M_ charged
monomers having a free electrophoretic mobility wu,,
and M, uncharged monomers having no electro-
phoretic mobility, the overall mobility is simply an

average wherein the weighting factor is approximate-
ly uniform:

MC
F=Ho M, (1)

This equation is valid so long as the two blocks
retain significantly their equilibrium Gaussian con-
formational statistics [11] and remain hydro-
dynamically coupled, i.e., the two chains form a
single random coil (see Fig. 1a). This condition of a
single hydrodynamic unit is no longer met if the
force with which the uncharged segment resists the
movement via hydrodynamic drag is greater than the
elastic, spring-like force which acts so as to maintain
a single coiled conformation (see Fig. 1b). The drag
force, i.e. the increased force of friction due to the
uncharged block, depends on the electric field
strength as this affects the speed which in turn
determines the drag force. Hydrodynamic segrega-
tion can occur if the electric field strength and/or the
hydrodynamic drag are too large. The conditions
under which such decoupling may take place are
typically extreme for electrophoresis; a calculation
for the specific case of a DNA—streptavidin complex
is presented in Ref. [10], wherein the critical electric
field was indeed found to be very large (E =10
kV/cm). Beyond the hydrodynamic segregation re-
gime, an even greater difference between the electric
force on the charged segment and the hydrodynamic
drag force on the uncharged segment would result in
a stretching of one or both blocks of the poly-
ampholyte (Fig. 1c). We will not discuss these effects
in this article since they are not relevant for currently
available results and experimental setups.

2.2. The diffusion coefficient

We first note the classical result that the diffusion
coefficient for a sphere of radius R, moving in a
fluid, is given by the Stokes—Einstein equation [12]:

kT kT
& 6mR @)

where kg is the Boltzmann factor, T is the absolute
temperature, and 7 is the viscosity of the fluid. The
radius which determines the coefficient of friction
£=6mmR is not always as simple as for a hard
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impermeable sphere; in the general case, the effec-
tive radius to be used is termed the hydrodynamic
radius, Ry,. For a Gaussian coil, the hydrodynamic
radius is approximately two-thirds of the radius of
gyration: Ry, = 2R, [13], where R can be obtained
from the Kratky—Porod equation [14]. In the limit
where the contour length [ is much larger than the
Kuhn length by, we obtain:
byl
RG=—¢- (3)
In order to simplify the calculations, we neglect
excluded volume effects (such effects become im-
portant only for rather long polymer chains [14] and
would only affect some quantitative aspects of our
theoretical predictions). The contour length [ is equal
to the product of the total number of monomers and
the distance b between two monomers: [=(M_ +
M )b. The diffusion coefficient of our block poly-
ampholyte is thus given by:

DO
D= "= “4)
VM +M,

where D, is defined as:

kT
Dy=——— 5
® 4mm\/bb, 16 ®)

Note that this result is not affected by the presence
of the electric field in the case of free-flow electro-
phoresis.

2.3. Optimal resolution for homogeneous
complexes

In a recent paper by Vreeland et al. [3], two
different charged chains (single-stranded, ss, DNA)
were investigated for the optimal resolution of a
DNA-—polymer conjugate. The smaller of the two
lengths (20 and 35 bases) was found to yield better
resolution, for the same experimental parameters,
leading to the apparent (but premature) conclusion
that the smaller the charged chain utilized, the better
the resolution. This can be anticipated to some
degree, since the relative difference in mobility
between consecutive uncharged chain lengths (M,
and M, +1) increases for decreasing numbers of

charged monomer ‘“‘engines” (M), as can be seen
from utilizing Eq. (1):

M, MM, ©

Hence the peak separation would benefit from shor-
ter charged chain segments. However, there are
competing effects which would indicate that a longer
charged block could also benefit resolution; for
example, a longer charged segment would lead to
higher electrophoretic mobilities, allowing for less
diffusion. It would also be a larger molecule, such
that the diffusion coefficient would be smaller. Its
increased speed, however, would also allow it less
time to separate over the length of the capillary tube.
Consequently, the capillary length and electric field
strength, among other experimental parameters,
could be expected to have an effect on the optimum
length of the charged “‘engine” to be used.

We shall define the resolution factor R as the ratio
of the final time width of two consecutive peaks,
o,(M)=o0,M + 1), at the detector (expressed as the
standard deviation of their assumed Gaussian dis-
tribution), to the difference in their elution times,
M)

ROM = o M) _oM) 7
( )_t(M)—t(M—l)_at/aM 7

where M =M_+ M, =1/b is the total number of
monomers. Note that by defining the resolution
factor in this manner, the lower the value the better
the resolution [8] since R has the units of monomer
units (i.e., R =r means that we can resolve mole-
cules that differ by r monomers). To resolve a
distribution of molecular sizes, we thus need R<1.

The final spatial width includes a component due
to the initial width, o,(M) = g,(M + 1), and a com-
ponent due to the diffusion, which depends on the
elution time, {M):

a (M) = 2D(M)XM) + a5 (M) (8)

where the diffusion coefficient D(M) is given by Eq.
(4). For a peak velocity of v(M) = u(M)E, where E
is the electric field, the time-width is related to the
spatial width via:
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o(M) _ \2DMYM) + o2(M) .
o) B ®)

oM)=

The elution time #M) is simply the ratio of the
effective length of the capillary (i.e. the distance to
the detection point) L, to the velocity v(M)=
M(M)E. Hence, the denominator of Eq. (7) can be
written as:

M) [ L ]
oM aM[,u,(M)E

(10)

and we can rewrite the resolution factor as:
R=

\/ 2D(M) [ o(M) ]
WODEL[(3/aM)(1/w))> L mM)L(3/dMX(1/p)
(11)

Since we are interested in the optimal resolution
for chains with a set number of charged monomers,
M_, and differing uncharged chain lengths, M, we
take the partial derivative of the mobility (Eq. (1))
with respect to M, (ie., 3/0M =298/0M ). Thus,
using the equations for the diffusion coefficient and
mobility (Egs. (1) and (4)), the resolution becomes,
forM=M_+ M,

2D, M.+M)"* o’ )
R—\/#OEL- i +L2(Mc+Mu) (12)

c

The optimal length of the charged section can now
be obtained by solving the optimization condition
(9R/0M_) = 0. This yields the following fourth-order
polynomial in M_:
SAME=(3)2- (M, + M)OM? — 5(M, + M, )M,

+ M, +M,) (13)

where the only term representing the relevant ex-
perimental parameters is:

_ a(z)yoE

= "LD, a5

The exact solutions of this fourth-order polyno-
mial are very long and hence are not given here;
instead we present series solutions for the two
limiting cases. 3, is clearly a term representing the
two factors which affect the final peak width: the

initial loading width (~op), and the diffusion
(~Dg). In fact, it is proportional to the critical
length, L, = 0'(2) ME/2D, at which these two terms are
equal [15]:

VM, +M,
. —Mc

L
SH=T (15)
For typical experimental parameters (see Appendix
A), 3, may range from about 1072 to 10™*. In order
to find a manageable solution for the optimal length
of the charged segment, we will use series solutions
for these two limits.

2.4. Optimal number of charged monomers for the
diffusion-limited regime

First we note that in the limit of 3,=0 (i.e.,
negligible loading widths), Eq. (13) yields:

M. =2-M, (16)

Hence, in this limit, the optimal number of charged
monomers for the *“engine” is not M —1, unlike
the condition suggested by the data presented in Ref.
[3]. Also of interest is that the optimal value of 2M,
does not depend on any system parameters such as
the length of the capillary. A series solution around
this value for M, yields:

M, 2 815 _, ., 32 ,
M,=37 a5 CoMI T s Gt

(a7)

This series agrees quite well with the full solution of
Eq. (13), for the range of 0< 3 M, <1, as can be
seen in Fig. 2. The optimal value of M_ decreases
smoothly from M, when 3 increases.

2.5. Optimal number of charged monomers for the
injection-limited regime

A series solution for the region of large 3, yields:
M 1 1

c~

— 4+ - -
M, )"t 2ZiM,)?

(18)

Fig. 2 also displays this series solution. In contrast
with the diffusion-limited regime, the optimal num-




Free Solution Conjugate Electrophoresis 85

48 L.C. McCormick et al. | J. Chromatogr. A 924 (2001) 43-52

07

0.6 -

0.5

0.4

v 0.3

M /M,

—— Full Solution

0.2
-—=- Series for Injection-Limited Regime

1 - « = - Series for Diffusion-Limited Regime
ead i - Interpolation Series
0.0 -y —r T T T

w* 10 10* 10" 10’ 10" 10 10’ 10°

2
20 Mu

Fig. 2. Ratio of the optimal engine size M, to the size of the
uncharged block M,, vs. the expansion parameter 3>M, which
measures the impact of the injection width.

ber of charged monomers can now be quite small
compared to M, (of course, values smaller than unity
are meaningless).

2.6. Discussion of FSCE for homogeneous block
polyampholytes

Of course, one normally has a distribution of
molecular sizes M, to be analyzed. Therefore, what
our analysis really suggests is that one should choose
the engine size M_ to maximize the resolution near
the peak of this distribution. However, since the
resolution factor R increases with size M, it might
be preferable to choose the engine size M, to
maximize the resolution for the largest polymers to
be resolved (since the latter are the most difficult to
resolve anyway). Let us call M¥ this molecular size.
The behaviour of the optimal M, over the full range
of 3, is then approximated very well (see Fig. 2) by
the following interpolating function:

M. ~ MY (19)
VI +ASIMM?

Perhaps the most interesting result is that the optimal
engine size M_ for the separation of homogeneous
molecules can be as large as 2 - M¥. This nontrivial
result comes from the competition between diffusion

and peak spacing. When the impact of the injection
width is larger, as described by the parameter 3~
o,, smaller engines are needed because more time
(slower separations) is necessary in order to over-
come the initial peak widths.

The optimal resolution (Eq. (12)) for the largest
molecule to be resolved, in the limit of negligible
loading width, is given by:

D() 55/2
12
RM D\ =218 =\ 5 EL MY (20)

Using the numerical values given in Appendix A,
this can be rewritten as R(M¥*)==(M*/1300)*,
This suggests that molecules up to ==1300 monomers
long could be resolved under these ideal conditions.
Higher electric fields and longer capillaries can be
used to increase this number. The corresponding
elution time would then be (using Eq. (1)):

M* — L —_5_. L
M) = WMPE =2

(21)

Remarkably, the elution time of the M, molecule is a
universal multiple of the time L/uyE, the elution
time of an unlabeled charged molecule. The latter,
being less than 20 min for most experimental
conditions, indicates that FSCE is a fairly fast
separation process.

For the injection-limited regime where the optimal
M, approaches 1, however, the optimal resolution
would be reduced to:

]

7 -M*+1) (22)

RM} )|Mc=1 =
The corresponding elution time would be (using Eq.
(D)
* = (M* L

M= = MT+ D (23)
Although one can achieve fractionation of the sample
using this limit, it is clearly not as good as the
diffusion-limited situation discussed above. In par-
ticular, the time duration of the separation can be
€normous.

In the next section, we generalize our analysis to

treat inhomogeneous block copolymers made of
blocks with different hydrodynamic properties.
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3. Non-homogeneous charged—uncharged
complexes

The equation for the mobility of a block poly-
ampholyte, developed by Long et al. [11], assumes a
homogeneous backbone, that is, charged and un-
charged blocks having the same zero-field hydro-
dynamic properties; hence it will need to be adjusted
for the case of non-homogeneous backbones. For
example, Vreeland et al. [3] studied ssDNA-PEG
conjugates. In order for their equation to be utilized,
we visualize a regrouping of the monomers of both
charged and uncharged chain segments into ‘‘super-
monomer”’ units (called blobs) of uniform hydro-
dynamic radii (see Fig. 3), so as to ‘““homogenize”™
the complex [10]. For example, three uncharged
monomers could comprise a hydrodynamic blob
equivalent to a blob made of five charged monomers.
Hence the number of blobs, My , of type i | =c or u,
for charged or uncharged, r'espectively) can be
expressed as the total number of Kuhn lengths of
type i, Mx,’ divided by the number of Kuhn lengths
in each homogenized unit of type i, my :

My
MB, - mx, (24)
with

L Mp,
My =% =5, (25)

After redefining the blob-monomers, we can use
Eq. (1) for the mobility of the complex made of M
charged blobs (of mobility s, ) and M, uncharged
blobs since all blobs are hydrodynamically equiva-
lent. Using Eqgs. (24) and (25), we then obtain:

Fig. 3. Schematic representation of the blob construction for
inhomogeneous backbones. We chose an extended molecular
conformation for clarity.

MBc
UB ) [MBC + luBu
M

oy M, ¥ M, (g buby I by O

This equation can be further simplified by using the
necessary equivalence of the hydrodynamic radii ry
of the charged and uncharged blobs:

=ry 27

From Section 2.2, we know that the hydrodynamic
radius of a polymer chain of contour length /; can be
expressed in terms of its Kuhn length by as ry =
%(bKili/ 6)''?. The total contour length within a blob
of hydrodynamic radius ry being given by [, =
my by . we obtain rHi=§(bf(imK’_/6)”2. Therefore,
Eq. (27) leads to the important result:

< = u (28)

and Eq. (26) can be expressed as:

M

W=ty M+ My %

where we now introduce the microscopic parameter:
bubKu

a=
b by

c

(30)
It is interesting to note that this is the only parameter
that contains information about the chemistry of the
two polymers. Moreover, this information is only
relative since we find a ratio between various
microscopic length scales (monomer sizes and Kuhn
lengths).

Noting that the hydrodynamic radius of the block
polyampholyte is Ry, = (Rf,“ + Rf,c)”z, the diffusion
coefficient from (Eq. (2)) becomes:

D= kgT _ Doc 31)
61717\/R,2{c + R}z{“ VM, + aM,

where we used the fact that:

Ry, = %RG, = %VbibK,Mi/6

and the definition:
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D = kyT
% (4/V6)ymm\ /b by

Utilizing the mobility and diffusion coefficients from
Egs. (29) and (31), Eq. (11) becomes, for non-
homogeneous backbones:

R Do (M + “a)m+ % M, + M, a)’
—1 . a
Mo, EL  M.a? L?a® v

(32)

Taking the derivative of R with respect to M_, and
again setting it equal to zero, yields a fourth-order
polynomial similar to that for homogeneous back-
bones (Eq. (13)):
oM =(32 M, +M,c)M> — 5(M, + M,a)’M,

+ M, + M,a) (33)
where EOCEaf)poBE/LDOC. Again the solution is

similar to the homogeneous case, being closely
approximated by:

M, 2/3
oM. \1+@/19)aM,2})"

(34)

Note that this solution is indeed equal to the corre-
sponding equation (Eq. (19)) for the homogeneous
condition @ = 1. As we can see, the microscopic
parameter « simply rescales M,: each charged
monomer corresponds hydrodynamically to a un-
charged monomers. This is the result of the fact that
the monomers are no longer hydrodynamically
equivalent.

Using Eq. (32), we can calculate the optimal
resolution for the largest non-homogeneous block
copolymer, which we again take to be of size M¥. In
the limit of negligible loading widths, we obtain:

572

1 c 312
R(M.f)|uc=(2a/3)M3= = o \/l"o EL 3372 M
B

(35)
and the corresponding elution time would be:
L 5 L
* = = —
I(M“ ) [L(M:‘)E 2 ”‘()BE (36)

which, remarkably, is the same as for the homoge-
neous case (Eq. (21)), and does not depend on the
number of monomers or the nature of the polymers.
Fig. 1 of Vreeland et al. [3] gives a factor of about
2.1 instead of 5/2, but their engine was not of
optimal size. Using the numerical values described in
Appendix A, we obtain R(M*)=(M*/680)*"*. For
PEG, as used by Vreeland et al. [3], this predicts that
the maximum molecular mass that we could resolve
using FSCE, an optimal engine and these experimen-
tal conditions would be about 30 000 Daltons, close
to what is suggested by these authors’ results.

For the injection-limited regime where the optimal
value of M_ approaches 1, the optimal resolution
would be:

1
ROy =2 (12 + - 37

while the corresponding elution time would be (using
Eq. (29)):

Moy = M3+ 1) (38)

From Egs. (35) and (37), it is evident that values
of a<1 increase the resolution factor R, while
a > 1 results in smaller R’s. Of course, the latter is
preferable. Since a =bbg /b.by , this indicates
that one should choose the charged block such that it
has a smaller monomer size b, and/or a smaller
Kuhn length b than the uncharged polymer sample
that one wishes to separate. This is not trivial since
most charged polymers tend to be rigid because of
the extra electrostatic contribution to their Kuhn

length.

4. Discussion

Free-solution conjugate electrophoresis has been
shown to be a potential alternative to gel permeation
chromatography and mass spectrometry for the anal-
ysis of the mass distribution of polydisperse polymer
samples [3]. In this article, we have derived the basic
theoretical framework for the development and op-
timization of FSCE. Three main elements were
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needed: (1) a model for the electrophoretic mobility
p(M,) of a linear polymer of degree of polymeri-
zation M, end-conjugated to a polymeric charged
engine of size M_; (2) a model for the thermal
diffusion coefficient D(M,,M_) of these molecules;
(3) a model to represent the effective friction coeffi-
cient of the two polymer blocks during the electro-
phoresis process. We demonstrated that the recent
polyampholyte theory of Long et al. [11] could be
generalized to treat this problem. One of the main
results is that the effective frictional contribution of
the polymer chains (described by the constant ) is
proportional to the microscopic parameters (mono-
mer size and chain stiffness) of both polymers. This
readily suggests a new method to estimate the Kuhn
length of uncharged polymers as a function of the
Kuhn length of, for example, ssDNA under the same
conditions. Our blob theory also explains why the
FSCE electropherogram shows equally-spaced peaks
(see Eqgs. (1) and (29)), a most useful feature of this
separation method [3].

It is interesting to use the recent results of
ssDNA-PEG FSCE separations to test our theoret-
ical model for the parameter . Vreeland et al.
reported that o =0.138 for their experimental con-
ditions [3]. Using Eq. (30) and the fact that

K pna = 1 M and by A2= 0.43 nm [10], we find
that by, * bpgg = 0.42 nm". Since bpgs = 0.36 nm,
we get bKPEG =~ 1.15 nm (or =3 monomers), and a
characteristic ratio C, = 3.2, in fair agreement with
the experimental value of C_, =3.8. Incidentally,
their value of a =0.138, together with Eq. (34),
suggests that optimal results would be obtained, for
the molecular mass 5000 PEG samples (M, = 114),
using a ssDNA label of size M, = (2a/3)M, =10
bases (the exact value depends on the importance of
the injection width), while they used 20 and 35 base
ssDNA engines.

Moreover, we determined how the resolution
provided by FSCE depends on the actual size of the
engine. For a diffusion-limited situation (always the
best case scenario in separation science), there is
actually an optimal engine size for a given polymer
mass distribution. A general theory was also derived
for a more general case where both the diffusion and
the injection width limit the final resolution. Our
analysis of these theoretical predictions indicates that
much could indeed be gained by optimizing the

engine size M_, increasing the microscopic parameter
a (e.g., by changing the ionic strength of the buffer)
and decreasing the experimental parameter 3, (e.g.,
by increasing the field strength). Our theory thus
introduces a systematic way to optimize FSCE.

Our model has neglected a number of effects that
can modify its quantitative predictions to some
extent, although none would modify its qualitative
predictions. First, it must be noted that the mobility
of the last charged blob, My, can be slightly size
dependent if the blob size is not large enough (e.g.,
the free-solution mobility of DNA is slightly size
dependent below about 20 bases). This may intro-
duce a small correction to our equations when the
predicted optimal engine size is small. As we
mentioned before, the theory of Long et al. [11] also
introduces a small correction factor for both ends of
the polymer. We also neglected excluded volume
effects because they are often negligible for short
polymers [14]; however, such effects can easily be
added to the model. Finally, we must stress the fact
that the version of the theory presented here assumed
that the charged block was long enough to be
represented by a Gaussian blob (i.e., we assumed
that M_ > by /b,); it is rather straightforward to
modify the theory if the charged block is very rigid
(e.g., one then has ry_~M,).

Since FSCE, like ELFSE, is based on the hydro-
dynamic properties of macromolecules, anything that
could alter the hydrodynamics of the analyte could
potentially affect (negatively or positively) the per-
formance of this new method. For example, very
high field intensities could potentially lead to poly-
mer deformation: this would greatly modify the
effective frictional properties of both the engine and
the polymer drag [10]. As discussed previously, this
is not expected to happen under most circumstances.
Of great interest would be the effect of branching
and other nontrivial polymer structures. Indeed, the
hydrodynamic properties of a non-linear macromole-
cule depend not only on the mass of the latter, but
also on its precise configuration. We thus predict that
FSCE could potentially be used to separate and
characterize, for example, polymers of identical
masses but different degrees of branching. The
theory presented in this paper can be generalized to
treat such cases.
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Appendix A

In order to get some rough numerical predictions,
we used the following ““typical” ranges for the CE
experimental parameters: T =~ 300-340 K, = 400-
1000 uPa s, by ~5-10 nm, g, =0.1-10 mm,
E=~100-1000 V/cm, uy~1-10"*-5-10"* cm®/V
s, L = 10-100 cm. Finally, the ssDNA monomer size
is b pna = 0.43 nm. Using these ranges, we find that
3, may range from about 10> to 10**.

In addition, we used the following parameters to
make predictions using Egs. (20), (35) and (36):
Dy=7.0-10"° cm®/s, py=3-10"* ecm’/V's, E=

300 V/cm, L =40 cm. We also used a ==0.138, as
determined by Vreeland et al. [3] for PEG.
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Diffusion Coefficient of DNA
Molecules During Free
Solution Electrophoresis

A.E. Nkodo, J.M. Garier, B. Tinland, H. Ren, C. Desruisseaux, L.C. McCormick, G. Drouin,
G.W. Slater, Electrophoresis 22, 2424-2432 (2001)

This seminal paper showed that the Nernst-Einstein equation relating the mobility and the diffusion
coefficient during electrophoresis, while appropriate for most gel-based systems, is invalid for free
solution electrophoresis. Many authors simply assumed that this equation still holds under free
solution conditions, however our results unequivocally show that a simplistic use of the Nernst-
Einstein relation fails and that the electric field actually has no effect on the thermal diffusion
process. Since the diffusion coefficient is not affected by the electric field in free solution, the
correct equation for the diffusion coefficient is given by Zimm’s equation for non-electrophoretic

conditions. This is a crucial result, impacting on predictions of ELFSE performance.

Claude Desruisseaux was responsible for the ssDNA experimental data in this paper, while I as-
sisted my supervisor with the related analysis and writing. The dsDNA sections were the respon-

sibility of Bernard Tinland and coworkers.
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Diffusion coefficient of DNA molecules during free
solution electrophoresis

The free-draining properties of DNA normally make it impossible to separate nucleic
acids by free-flow electrophoresis. However, little is known, either theoretically or
experimentally, about the diffusion coefficient of DNA molecules during free-flow elec-
trophoresis. In fact, many authors simply assume that the Nernst-Einstein relation
between the mobility and the diffusion coefficient still holds under such conditions. In
this paper, we present an experimental study of the diffusion coefficient of both ssSDNA
and dsDNA molecules during free-flow electrophoresis. Our results unequivocally
show that a simplistic use of Nernst-Einstein’s relation fails, and that the electric field
actually has no effect on the thermal diffusion process. Finally, we compare the depen-
dence of the diffusion coefficient upon DNA molecular size to results obtained pre-
viously by other groups and to Zimm'’s theory.

Keywords: Capillary electrophoresis / DNA sequencing / Band broadening / Diffusion coefficient /

Free-draining DNA

1 Introduction

Although electrophoretic methods have been used exten-
sively to separate nucleic acids over the last several dec-
ades, there are still numerous unresolved theoretical
issues that have important consequences for the optimi-
zation of new and current technologies [1]. A remarkable
example of the recent evolution of our theoretical under-
standing is provided by the work of Long et al. [2-5] on the
electrophoretic properties of composite macromolecules
(e.g.. DNA molecules end-labeled with streptavidin) and
polyelectrolytes with inhomogeneous charge distribu-
tions (e.g., block copolymers or polyampholytes). These
new developments have redefined the concept of free-
draining polymers and have made clear and rather sur-
prising predictions regarding situations where both elec-
trophoretic and mechanical forces (e.g.. extra frictional
forces coming from an uncharged component attached
to the polyelectrolyte) are applied to a flexible polyelectro-
lyte. We have recently demonstrated the validity of some
of these nontrivial predictions [6]. Another example is the
recent experimental work on diffusional band broadening
during gel electrophoresis: Tinland et al.’s results [7-11],
for instance, fully support the theoretical prediction that
diffusion is increased by the field-driven motion of the
DNA chain in its tube [12-14], a nontrivial phenomenon
that actually reduces the contribution of Joule heating
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during gel electrophoresis [15]. Neglecting this field-
induced increased diffusion may thus lead to completely
erroneous conclusions about the mechanisms that limit
the performance of DNA separation systems (e.g., capil-
lary sequencing systems) based on gel sieving.

Capillary electrophoresis (CE) is now the standard
method to sequence DNA. The CE methods currently
rely mostly on the sieving properties of highly entangled
polymer solutions for the separation of sSSDNA molecules
of approximately 30-1000 bases [16-17]. The maximum
read length is limited by the combination of reduced
peak spacing and broader peaks found for the largest
and slowest molecules. The reduced peak spacing is
well understood in terms of the field-driven molecular
orientation predicted by the biased reptation model [18]
and observed by videomicroscopy [19] and other techni-
ques. Detailed experimental studies have provided us
with an excellent empirical body of quantitative informa-
tion about the relation between mobility (u, in cm?/Vs),
polymer concentration, field intensity (E, in V/cm) and
DNA size (M, in bases or base pairs) [18]. However, the
band broadening processes are not yet fully understood
because the dynamics of the uncross-linked polymers
clearly affect DNA diffusion, a contribution that the repta-
tion model does not take into account. Given the current
importance of DNA CE sequencing in polymer solutions
for the different genome projects, it is odd that so little is
known about these coupled diffusion processes.

Surprisingly enough, the diffusion coefficient D(M) to be
used to analyze the data from experiments involving the
free-flow electrophoresis of DNA molecules also remains
ill-understood and the relevant literature is often some-
what confusing. For example, it is often not realized that
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the Nernst-Einstein relation [20] between the mobility p(V)
and the diffusion coefficient D(M) of a DNA molecule of
size M (in bases),

D ksT
=0 Q)
where Q~M is the charge of the polyelectrolyte, should
not be valid during free flow electrophoresis. However, it
is known to be valid during gel electrophoresis, in the limit
of low field intensities [12-14, 18], because the gel fibers
then essentially screen the hydrodynamic interactions
over distances larger than the mean pore size (note that
itis not valid in gels at high fields because of the nonlinear
effects discussed previously [12-14, 18]).

In fact, the diffusion coefficient D(M) of DNA fragments
should be independent of field intensity E in (capillary)
free-flow electrophoresis. As far as we can tell, this simple
fact has never been tested before. In other words, we
expect the diffusion coefficient to be given by Zimm's
expression for non-electrophoretic conditions [21]:

ksT
T @

where Ry(M) is the hydrodynamic radius of the DNA caoil,
kg is Boltzmann's constant, T is the temperature (in K),
and n is the buffer viscosity. For a long flexible polymer,
we should thus have DM)~-1/M33 if excluded volume
interactions are important and DM)~1/M"Y2 otherwise
[21]. On the other hand, the mobility p is not a function of
molecular size M for so-called free-draining polymers
such as DNA {i.e., p~MP), although we sometimes have a
very weak dependence for small molecular sizes (for
example, for sizes less than about 400 bp for dsDNA)
[17, 18]. Taken together, these scaling laws clearly contra-
dict Eq. (1). Therefore, either the Nernst-Einstein relation
is not valid for DNA free-solution CE, or the Zimm diffu-
sion coefficient is not valid during such experiments. As
we will see, our results clearly indicate that the former is
the correct conclusion.

The main goal of this paper is thus to test the validity of
Eq. (1) by measuring the diffusion coefficient D(M) of both
ssDNA and dsDNA fragments with and without an electric
field being applied. Furthermore, we will study the size-
dependence of the diffusion coefficient D(M) during free-
flow electrophoresis. The experimental and theoretical
details of our study are described in Section 2 while the
results are presented in Section 3. We conclude (Section
4) by looking at the consequences of these findings for
the development of various DNA separation methods.
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2 Materials and methods
2.1 ssDNA experiments

2.1.1 The electrophoretic conditions

All experiments were performed with the ABI Prism 310
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) utilizing user-modified modules for free-solution
electrophoresis. The buffer filling time between each run
was 1.5 min, and the data were collected at frequencies of
1.60r 3.1 Hz. Uncoated capillaries with 20 pm ID and
60cm total length (49 cm effective length) were used.
The buffer contained 1 x (TAPS) (i.e., 0.1m TAPS; the pH
was adjusted to 8.5 with NaOH), 0.1% POP4 polymer
(Applied Biosystems) and 7 m N-tris (hydroxy methyl)
methyl-3-aminopropanesulfonic acid urea. The small
amount of POP polymer was used to reduce the EOF of
the uncoated capillaries to negligible values. All experi-
ments were done at 30°C.

2.1.2 DNA samples

DNA fragments 50, 75, 100, 160, 200 and 250 bp long
were obtained by separating GeneScan Rox labeled
DNA standards (Applied Biosystems) on an agarose gel,
cutting the bands out, and extracting the DNA fragments
from the gel using a GeneClean kit. These samples were
further purified using CentriSep spin columns (Princeton
Separations, Adelphia, NJ, USA). The identity of each of
the DNA fragments was confirmed by capillary electro-
phoresis using a denaturing POP4 buffer (sieving matrix)
and the GeneScan 500 Tamra DNA standards (Applied
Biosystems). The 18-mer DNA fragment was from one
of the Applied Biosystems dye primer sequencing kit.
A mixture of 2 pL of purified DNA fragments, 6 pL of water,
and 8 plL of 8M urea was heated at 65°C for 2 min,
quenched on ice, and spun briefly (to pellet the impurities)
before loading on the CE instrument.

2.1.3 Measuring the diffusion coefficient D

Two different methods were employed to measure D(M).
The first one is the stop-flow method [22], where the volt-
age was turned off after the analyte had migrated nearly
halfway along the capillary. The molecule was then left in
the capillary for different time durations; this allowed zero-
field diffusional band broadening to take place. Finally, the
voltage was turned on again to drive the analyte towards
the detector window. The diffusion coefficient at zero-
field, Do(M), is then obtained from a fit of the final band
variance oft) vs. the stop-time t:

o?(t) = o2 + 2Do(M)t 3
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where o, is the peak standard-deviation due to the elec-
trophoretic migration itself (including the contribution o,
coming from the initial band width at injection). The cho-
sen stop times were long enough (0.5-20 h) for the last
term to clearly dominate the final band width. Such a
fit thus gives both the diffusion coefficient Dy and an
approximate value for o.. In all cases, we also loaded a
second sample prior to starting the second phase of the
electrophoresis experiment in order to obtain a separate
measure of the electrophoretic band width o.. Fits of the
residual variance o2-(c.)? vs. stop-time t gave zero-field
diffusion coefficients D, that were essentially identical to
those obtained without measuring c.. However, because
of the variations of the EOF with time, the diffusion coeffi-
cients D, obtained using 62-{(c,)? usually had smaller error
bars (the double loading process removes these fluctua-
tions from the final result). All stop-flow experiments were
done with a field E = 15kV/60cm = 250 V/cm.

Uninterrupted experiments were carried out to obtain the
diffusion coefficient D(M) in the presence of the field E. A
simple way to measure D(M) is then to calculate the plate
height H = (c.)?/L, where L is the elution length. If Joule
heating is negligible, H is given by :

2 2
_O'e_o'o 2D
H=7t=T+—+W 4

where W is a constant and u = pE is the electrophoretic
velocity. The three terms are due, respectively, to (i) the
initial injection width o, (i) thermal (Brownian) diffusion,
and (iii) the analyte-wall interactions. If D is not a func-
tion of the field intensity E (our main hypothesis here), a
plot of H vs. 2/u should show a linear regime at low
velocity u with a slope D = D,. Note that if D does
depend on E, Eq. (4) will not be adequate to fit the
data; therefore, this approach is also a direct test for
the hypothesis that D+#D(E), as we shall see. Note that
in practice it is easier to measure the full width at half
maximum (FWHM) of a peak than its variance o?. For a
Gaussian peak (an excellent approximation for the
situation studied here), the relation between the two is
simply (FWHM)? = 8In(2) x 625.545 x o2

2.1.4 The Zimm and Kratky-Porod theories

In the framework of the Rouse model [21], the diffusion
coefficient of a random coil polymer chain scales like
D~1/M. Incidentally, Eq. (1) does predict this scaling law
for DNA in the presence of an electric field (since Q-M"
and p~MP). However, the hydrodynamic interactions
between the monomers make the coil impermeable to
the solvent; in this case, Zimm's theory predicts that the
diffusion coefficient is given by Eq. (2) instead. If excluded
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volume interactions are negligible, we have Ry~M"Z (if the
contour length Lp~M of the DNA molecule is much longer
than its persistence length p) and Eq. 2 then predicts D~1/
M12; this was the result found by Tinland for ssDNA in
Tris-borate-EDTA (TBE) buffer with 8m urea [11]. If ex-
cluded volume interactions cannot be neglected, how-
ever, the scaling becomes Ry~M>5 for long enough poly-
mers and Eq. (2) then predicts D~1/M*5, For short, rod-
like polymers, on the other hand, we expect roughly
Ry~M and D~1/M, as we will discuss later.

We will also try to analyze our ssDNA data using the
Kratky-Porod equation [23] for the radius-of-gyration
Rq(Lp) of a worm-like chain of contour length Lp = Mb
{where b is the contour length of one monomer; note that
b = 0.43 nm for ssDNA and b = 0.34 nm for dsDNA) [23]:

R(M) =222 x
[-5(8) ro(2) (&) 0] &

In order to do so, we will also assume that the relation
Ru=(2/3)R,, which holds for a Gaussian coil [24, 25], can
also be used to relate the hydrodynamic radius Ry and
the radius-of-gyration Ry of our Kratky-Porod polymer
chains. The Kratky-Porod equation allows us to study
the intermediate regime where the chain is between the
rigid rod (Ry~M) and random coil (Ry~M"?) regimes and
excluded volume can be neglected.

2.2 dsDNA experiments

2.2.1 Materials

For all experiments the buffer was 0.01 m TBE at pH 8.3 at
23°C. The A phage DNA was purchased from Biolabs
(Beverly, MA, USA) and the T2 DNA from Sigma (St. Louis,
MO, USA). All the other fragments (ranging from 2.1 to
19.1 kbp) were restricted and linearized from the cor-
responding vectors. The samples were checked by per-
forming a gel electrophoresis and preheated at 55°C
before injection in the capillary in order to open the circu-
lar phage. All sample solutions were diluted well below
their overlap concentration and mixed with a solution of
YOYO (Molecular Probes, Eugene, OR, USA} in the ratio
of 1 dye per 40 bp. The pDMA (polydimethyl-acrylamide)
used for coating the capillary walls had a molecular
weight of 156 000 g/mol. It was a gift from P. Galin (ICS,
Strasbourg). After the coating procedure, fluoresceinated
dextran (M,, = 2.108 g/mol) from Sigma was used to esti-
mate the electroosmotic flow (EOF).
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Figure 1. Schematic diagram of the electrophoretic cell.
The agarose plugs separate the DNA solution from the
electrode regions and thus minimize convective effects.

2.2.2 Capillary electrophoresis

Measurements were carried out in fused silica, square-
section capillaries (Wales Apparatus Co., Hellertown,
PN, USA) with 0.5 mm 1D and 100 mm length. Both ends
of the capillary were connected to plastic tubes filled with
the DNA solution, agarose gels plugs and buffer from
the bottom up (Fig. 1). The electrodes were plunged into
the top part of the tube containing the buffer. The EOF
was significantly reduced by the pDMA coating. The
capillary walls were "conditioned” with a 1% w/w pDMA
solution overnight. The EOF was measured for electric
fields ranging from 1-20 V/cm using fluorescent dextran,
and was found to be less than 0.2 x 10-* cm?/Vs, a value
that agrees with the observation made by Madabhushi
[26]. The residual EOF is thus only about 5% of the dsDNA
free solution mobility.

2.2.3 The fluorescence recovery after
photobleaching (FRAP) setup

The setup is similar to the one described by Davoust et al.
[27]. Two coherent laser beams (A = 488 nm) are crossed
in the sample to create a fringe pattern. The fringe spac-
ingi = 2r/q is set by the crossing angle ® and ranges from
3to 60 pm while g = (4n/A)sin(©/2) is the scattering vector.
Fluorescent bleaching of the YOYO-labeled DNAs is
obtained by producing a 1 s full intensity pulse. This gen-
erates a fringe pattern of concentration of fluorescent
molecules. The amplitude of this pattern is detected by
modulation of the illuminating fringe position using a
piezoelectrically driven mirror and lock-in detection of
the emerging fluorescence collected at the photomulti-
plier by an optical fiber. In the Guinier regime, where the
size of the particles is much smaller than the fringe spac-
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Figure 2. A typical FRAP signal for DNA electrophoresis.
The time of the oscillations corresponds to the drift of
DNA chains, so to the mobility. The time of the exponen-
tial decay corresponds to the diffusion.

ing, the amplitude of the experimental signal decays
exponentially because of thermal diffusion and, when an
electric field is applied, the migration of the fluorescent
particles provides an additional sinusoidal signal (Fig. 2).

The experimental signal is thus fitted with the expression:

y = Ae~sin (M) (6)

When an electric field E is applied perpendicularly to the
fringes, the molecules migrate over the distance x with a
velocity u = pE where p, the electrophoretic mobility, is
givenby p =i/ET. Inthe absence of an electric field (a single
exponential decrease), the translational diffusion coeffi-
cient is given by D = 1/g%t. When the field is applied, one
can still use this relation under the condition that the drift
of the sample, which is also a cause of the decrease of the
signal, is small compared with diffusion. In the diffusive
regime, 1~ 1/qg? whereas in the drift regime t ~ 1/q [10].
Depending on the values of the characteristic times Tand
7, we must choose q large enough so that the drift is negli-
gible and small enough to stay in the Guinier regime while
keeping T above 1 s. For the dsDNAs we used, these con-
ditions imply that we could not apply fields higher than
about E = 3 V/cm (see Fig. 3).

3 Results
3.1 ssDNA

3.1.1 The free-flow mobility uy and the
absence of Joule heating

Figure 4 shows the velocity of our 75 base ssDNA frag-
ment as a function of the electric field intensity E. The
straight line fit indicates that Joule effects are negligible
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Figure 3. Log-log plotof tvs. q. For E = 3 V/cm, the data
are compatible with a -2 slope which indicates a diffusive
process.
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Figure 4. Electrophoretic velocity u(E) vs. field intensity E
for an M = 75 base ssDNA fragment. The slope gives the
(molecular size-independent) free-solution mobility o, as
shown. No nonlinear effect (e.g., due to Joule heating) is
present.

over this range of electric field intensities, an important
factor for the rest of the analysis. The slope of the fit gives
the ssDNA free-flow mobility pg = 1.83 x 107* cm?/Vs.

3.1.2 The zero-field diffusion coefficients

Figure 5 shows the final band variance c?(t) as a function of
twice the stop-time (2t) for a M = 75 base ssDNA molecule.
Accordingto Eq. (3), the diffusion coefficientis thus given by
the slope, which yields the zero-field diffusion coefficient Dy
= (4.6+0.3) x 10-7 cm?¥s in this case. The fit also indicates
that the other contributions to the final band width (i.e., the
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Figure 5. Final peak variance vs. twice the stop-time
(2t) for a M = 75 base ssDNA fragment. The slope gives
the zero-field diffusion coefficient Do. Upper curve: raw
data, the straight line fit is variance = [(1.7010.036)
103 cm? + [(4.65+0.27) x 107 cm?/s] x [21]. Lower curve:
we subtracted the variance of the second loading; the
straight line fit is variance = [(-0.04£0.08) x 10-3 cm?] +
[(4.95+0.06) x 1077 cm?/s] x [21}.

band broadening that comes from injection and electro-
phoretic migration) are (co)? = (17 £ 4)x 10 cm?. The
mean electrophoretic elution time was t, = 1063+11 s
under these conditions; assuming that the diffusion coeffi-
cient is also D, = Dy = (4.6 + 0.3) x 1077 cm?/s during the
electrophoresis process (a result that we will demonstrate
later), we would expect a residual band variance of {op)? =
2D.t,= (9.8+0.6)x 10~ cm? from this process alone. We
thus conclude that the contribution of the injection process,
given roughly by (ce)?~(op)? 2(0.27 £:0.17 mm)?, is too small
to be reliably estimated in these experiments. Therefore,
we will not study the injection process any further. Table 1
gives the values of the zero-field diffusion coefficients
Dy(M) for the various ssDNA molecules that we studied. In
each case, two values are given: the first one was obtained
as described in Fig. 4 for the M =75 base fragment (i.e.,
without an independent measurement of the electrophore-
tic band width o), while the other was obtained after sub-
tracting the value of o, obtained from the second sample
loading (as described in Section 2.3). The consistency of
our values suggests that our data is reliable to within about
+10% in ali cases. Also, there is no systematic trend.

3.1.3 Thermal diffusion during free-flow
electrophoresis

In order to estimate the diffusion coefficient during the
electrophoresis itself, we measured the final band width
at elution and calculated the plate height, as described in




Diffusion 96

Electrophoresis 2001, 22, 2424-2432

Table 1. Diffusion coefficient D for different ssSDNA mole-

cular sizes M
M bases Dy, Dy D,
107 cm?/s 107 cm?/s 107 cm?¥s

18 9.94 (75) 9.81 (38) 9.7 (11)

50 6.15 (41) 6.16 (58) 6.61 (48)

75 4.65 (27) 4,95 (06) 5.04 (38)
100 4.03 (34) 4.04(17) 4.09 (18)
160 2.72(27) 2.36 (23) 2.76 (32)
200 1.74 (20) 1.80 (04) 2.17 (07)
250 1.97(18) 1.88(21) 1.66 (11)

Do and D, stand for the diffusion coefficients at zero elec-
tric field and with the electric being applied, respectively.
In the first case, Dy, means that we did not subtract the
variance of the second loading, while D,_ means that we
did (see Fig. 5). The error on the last two significant digits
is given in parenthesis.

Section 2.3. Figure 6 shows the plate height H vs. the ratio
2/u for the 75 base fragment. The slope of the straight-line
fit gives D, = (5.01+0.4) x 1077 cm?/s, in good agreement
with the value found in the previous section using the
stop-flow method. Since H does not seem to increase
for small values of 2/u, we conclude that the wall-analyte
interactions (the Wu term in Eq. (4)) play a very minor role.
The intercept at the origin is often negative and always
very small; therefore, we again conclude that we cannot
obtain reliable values of the injection width o, using our
CE approach. Table 1 also gives the values of the diffusion
coefficients obtained using this method. As we can see,
the values are in excellent agreement with those obtained

2.0xi0*
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1.0x10*

5.0x10° -

Plate Height, H (cm)
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T T T T
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Figure 6. Plate height H vs. twice the inverse velocity,
2/u, for the M = 75 base ssDNA fragment. The slope
of the linear fit, H = [(-4.3 + 6.8)x10°% cm] + [(5.04 +
0.38)x 1077 cm?¥/s] x{2/u], gives directly the diffusion
coefficient D.
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in Section 3.1 using the stop-time method. We thus con-
clude that the electric field has no effect on the diffusion
coefficient of ssDNA fragments during electrophoresis.

3.1.4 Size-dependence of the diffusion
coefficient

The three sets of diffusion coefficients given in Table 1 are
plotted in Fig. 7 as a function of the sSDNA size M. The slope
of the linear fit (solid line) shows an approximate scaling law
D-~1/M08+003) jtjsinteresting to note that both Stellwagen
etal. [22] and Sorlie and Pecora [25] have reported the same
scaling law for short dsDNA fragments. Since the exponent
(=0.68) is significantly larger than even Flory's excluded
volume exponent of 3/5, our results strongly suggest that
our ssDNA fragments were too short to satisfy the asympto-
tic behaviour D~1/M35 which is expected only for very long
flexible polymers. Since the persistence length of ssDNAis
roughly p=7.2 nmor about 17 bases for this buffer compo-
sition [6], our ssDNA fragments ranged from about 1 to
about 15 persistence lengths only. As suggested by Sorlie
and Pecora [25], one can instead analyze the data using
Egs. (2) and (5) since it is then possible to obtain a D(M) vs.
M curve with an effective exponent = 0.68 over a fair range
of molecular sizes. Onthe other hand, omitting the first point
gives an excellent fit with a scaling D~1/MO083£004 (not
shown). The first point corresponds to the M = 18 base frag-
ment, a rigid rod molecule for which the approximation Ry =
(2/3)Rg is certainly not appropriate.

In fact, the diffusion coefficient of a rigid rod DNA mole-
cule should be given by the expression [25]:
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Figure 7. Diffusion coefficient D vs. ssDNA molecular

size M (in bases). The three fits are described in Section
3.1.4.
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where dp=~1.1 nm is the diameter of the ssDNA back-
bone, Lp = Mb is the contour length of the fragment, and
Y =19 = -0.73 is a correction for end effects. If we use
the Table 1 average value of D = {(9.82+0.46) x 10-7 cm?/s
for the M = 18 base fragment, Eq. (7) gives kgT/3nnb =
(9.21+0.43) x 10~ cm?/s. This means that the viscos-
ity of the 7m urea solvent is predicted to be n =
{1.12+0.05) x 10-% Pas, about 41% higher than the visc-
osity of water at this temperature, a reasonable value. We
can then use our estimated value of kgT/3nnb together
with Egs. (2) and (5) to fit the data for the M>18 bases
points. The resulting fit (upper line in Fig. 7) is quite good,
and we obtain a persistence length p = 8.1+0.8 nm, in
decent agreement with the value of p = 7.2 nm recently
obtained by Desruisseaux et al. for similar buffer condi-
tions. We thus conclude that the diffusion properties of
these small ssDNA fragments can be well explained by
Zimm's theory and the proper expression for the hydro-
dynamic radius of the molecule (i.e., either Eq. 5 or Eq. 7).
The lower line in Fig. 7 also shows the prediction given by
Eq. (7) using the numerical values described above (which,
again, were obtained solely from the M = 18 bases point).
The prediction is actually rather good too (although it is
expected that it would diverge more and more for larger
DNA sizes). This again indicates that these ssDNA frag-
ments are rather small compared to their persistence
length.

3.2 dsDNA

3.2.1 Free-flow mobility measurements

Figure 8 shows the velocity obtained from the vaiue of T
as a function of the electric field for dsSDNA sizes ranging
from 2.1 kbp to 164 kbp. In Fig. 9, we show the results

21kbp o
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5.7 kbp 1
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19.1 kbp
48.5 kbp
184 kbp

X+064dpboD
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Figure 8. Velocity vs. the electric field intensity (E < 3 V/cm)
for various dsDNA sizes.
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Figure 9. Velocity of the A- dsDNA fragment vs. the field
intensity E (< 120 V/cm).

obtained for larger electric fields (up to 120 V/cm) for the A-
DNA. Each point is an average over 6 consecutive mea-
surements. A clear result is that the velocity is linear with
the field , so p does not depend on E. Also, there is no size
effect for the six DNA samples used. These types of results
have already been reported in previous experiments using
indirect [28] or less accurate methods [29]. Stellwagen et
al. [22] recently performed direct measurements on double
stranded DNA with field intensities above 50 V/cm. Here
we provide experimental values for a wide range of DNA
sizes and several electric fields. Using the FRAP setup
allows quasi instantaneous measurements preventing the
effects of possible DNA/capillary wall interactions (the
molecules move over microns instead of several centi-
meters). The mean value obtained for all the samples at
different fields is po = (4.1 + 0.4) x 104 cm?/Vs.

3.2.2 Diffusion measurements

Figure 10 shows the diffusion coefficient obtained from the
value of t as a function of the electric field intensity E. There
is no systematic dependence with E. Two factors explain
the slight variations observed : the first is the effect of the
drift that increases with the field ; the second is the uncer-
tainty that arises when we change the q vector in order to
minimize the contribution of the drift to the experimental
signal. These results clearly indicate that the diffusion
coefficient of dsDNA is not affected by the electric field.

3.2.3 Size-dependence of the diffusion
coefficient

In Fig. 11, we show a log-log plot of D vs. M for differ-
ent field intensities. The scaling law D ~ 1/M©57 can fit
all of our data (E=0 and E > 0). Thus, the Nernst-Ein-
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Figure 10. Translational diffusion coefficient D for various
DNA sizes vs. field intensity E.
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Figure 11. Diffusion coefficient vs. dsDNA lengths (in
base pairs). The slope (-0.57) indicates a Zimm's scaling
for all molecular lengths.

stein relation is not valid, even for high field intensities.
The analysis in Section 3.1.4 can also be made here.
One can either see this result as an effective scaling law
coming from the use of the Kratky-Porod equation
(neglecting excluded volume effects), or as evidence that
excluded volume effects are important (in which case we
indeed expect ~1/M%%0), However, our dsDNAs range
from the 2.1 kbp to the T2 (164 kbp). This corresponds to
a length variation from 7 to 164 Kuhn segments. Therefore
our data are fully compatible with a behavior starting with
weakly bending rods and going to Gaussian chains with
excluded volume interactions.

Diffusion of DNA during free-solution electrophoresis 2431

4 Discussion

Our results, for both ssDNA and dsDNA, demonstrate
unequivocally that the diffusion coefficient of these poly-
electrolytes is not a function of the electric field during
free-flow electrophoresis. In other words, the Nernst-Ein-
stein equation is not valid under such simple conditions.
One might say that the DNA coil is free-draining for the
mobility but not for the diffusion; this distinction is actually
due to the fact that while the mobility is directly related to
the net flow of solvent around and through the coil, the
diffusion is simply related to fluctuations in the flow and
the latter, unlike the former, are not affected by the pre-
sence of the electric field. In other words, while the mobi-
lity is related to electrostatic factors, diffusion is purely
mechanical. In such cases, the Nernst-Einstein relation
cannot be expected to be valid since mobility and diffu-
sion are related to different physical mechanisms.

We note in passing that the failure of the Nernst-Einstein
relation, ie. the fact that the diffusion coefficient is not
field-dependent, assures the validity of Galilean relativity.
In a frame of reference that moves with the DNA molecule,
it is not possible to estimate the field intensity from
the diffusion coefficient. In gels, the situation is different
because the gel fibers affect the hydrodynamic interac-
tions through a screening process [30]. This restores the
validity of the Nernst-Einstein equation at low field. How-
ever, the reptation process easily brings the system out-
of-equilibrium and Eq. (1) is again violated.

Our analysis of the diffusion data agrees well with the
Zimm theory for a nonfree draining polymer. This means
that with a good model for the hydrodynamic radius
Ru(M). one can use Eq. (2) to predict fairly accurately
the diffusion coefficient during free-flow electrophoresis.
Equation (7) applies to short rod-like fragments, the
Kratky-Porod equation provides an excellent model for
Ru(M) when the polymer chains are not very long com-
pared to their persistence length, and finally Flory's scal-
ing form is valid for longer chains that are affected by
excluded volume effects. Perhaps the largest impact of
these results is for the prediction of the optimal perfor-
mance of both end-labeled free-solution electrophoresis
(ELFSE) and free-solution conjugate electrophoresis
{FSCE). ELFSE [31] uses a molecular drag-parachute to
achieve the separation of DNA molecules in free-solution
CE, while FSCE uses a DNA engine to separate a poly-
disperse polymer solution [32]. In both cases, the diffu-
sion coefficient must be given by the appropriate Zimm
expression, and not by the Nernst-Einstein equation.
Since using the latter tends to grossly underestimate
the diffusion coefficient, predictions based on the Nernst-
Einstein relation will predict unrealistically good perfor-
mance. Our recent theoretical work [31] has indeed
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assumed the validity of Zimm's equation, but we were
not aware of any experimental test of this subtle point.
The current study answers this fundamental question
and establishes the validity of these calculations.
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Electrophoresis in the
Presence of Viscosity
Gradients

S. Guillouzic, L.C. McCormick, G.W. Slater, Electrophoresis 23, 1822—-1832 (2002)

The effect of viscosity gradients within the capillary during electrophoresis are analysed in this
paper. It is shown that such gradients only serve to decrease resolution under optimal conditions
where the band width is limited by diffusion. When conditions are less than optimal and the initial
band loading width is non-negligible, a gradient can be used to increase resolution, but is ideally
located at the beginning of the capillary thereby serving only to increase sample stacking, a process

commonly used to sharpen bands upon loading.

This paper is a result of a project that I had started; it is primarily the result of work undertaken by
Steve Guillouzic. This third paper was written by Steve; I derived the results presented in section
2.
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Electrophoresis in the presence of gradients:
l. Viscosity gradients

In many cases, the resolution provided by capillary electrophoresis systems ap-
proaches that predicted for diffusion-limited separations. Once all device-related
sources of band broadening have been eliminated or minimized, only thermal diffusion
remains. In principle, peaks can be sharpened using gradients of various system char-
acteristics such as gel concentration, buffer viscosity and electric field. However, it is
not clear whether this can actually increase the resolution of the system. In this article,
we focus our attention on viscosity gradients and we examine both continuous and
step-like variations. Our results indicate that the performance of electrophoretic sys-
tems cannot be improved by viscosity gradients. They may provide extra stacking, and
thus improve the resolution, when the injection width is non-negligible. However, for
the systems considered here, the best resolution is obtained when the viscosity is uni-
form and the stacking is entirely performed at injection. We conclude by discussing the
link between these results, the fundamental laws of thermodynamics, the nature of the
detection process and the importance of having nonlinear effects in nonuniform sys-
tems.

Keywords: Band broadening / Capillary electrophoresis / Resolution / Self-focusing bands /

Viscosity gradients

1 Introduction

Although electrophoretic methods are being used exten-
sively to separate biological macromolecules such as
DNA and proteins, there are still numerous unresolved the-
oretical issues related to the optimization of these technol-
ogies. The performance of a separation system is charac-
terized by three factors: (j) the elution times of the analytes;
(i) the peak spacing; (jii) the peak widths. Optimization of
the experimental conditions usually focuses on these
parameters, or more frequently on combinations of these
parameters such as the number of theoretical plates or the
resolution factor. In the ideal situation, the peak widths are
controlled solely by diffusion processes and extremely
high resolutions can be achieved. Therefore, optimization
requires that we possess a precise knowledge of the
dependence of the analytes’ electrophoretic mobility p
and diffusion coefficient D upon the various experimental
variables (field, temperature, ionic strength, etc.).

In general, the experimental parameters of an electropho-
resis run are spatially uniform and constant in time. Even
such straightforward cases are often extremely hard to

Correspondence: Professor Gary W. Slater, Department of Phy-
sics, University of Ottawa, 150 Louis-Pasteur, Ottawa, Ontario
KIN 6N5, Canada

E-mail: gsiater@science.uottawa.ca

Fax: +613-562-5190

Abbreviation: SDE, stochastic differential equation

EL 4909

fully understand from a theoretical point of view, but
much progress has been made in several cases, espe-
cially for DNA separation methods [1, 2]. Temporal gradi-
ents, where one or more parameters are changed during
the course of the experiment, are easy to handle when
they use low frequencies. The final result is then a linear
combination of the results expected for the different
values of the experimental parameters, weighted accord-
ing to the duration of their use. However, one can observe
truly remarkable and highly nontrivial phenomena when
the temporal changes of the experimental parameters
are in resonance with some natural time scale of the
separation process. A famous example of this is provided
by the various pulsed-field gel electrophoresis techniques
that exploit the reorientation times of large DNA mole-
cules in order to separate them [1-3). Because fast tem-
poral switching of the experimental parameters keep the
system far from any equilibrium or steady-state situation,
pulses can indeed lead to much better separations than
predicted for constant experimental conditions.

Spatial gradients, however, are quite different. First, they
are usually applied over very long length scales (com-
pared to the size of the molecules). Indeed, while biologi-
cal macromolecules may have relaxation times in the sec-
onds or minutes range, their sizes are frequently in the ym
or sub-pm range. Unless one uses microlithographic (or
perhaps nanolithographic) systems with molecular-size
features, a spatial gradient will look like a uniform experi-
mental condition over the length scale of the molecule.
Second, spatial gradients have quite a different effect on
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finishline (elution) and snapshot (standard slab gel) sys-
tems. In the first case, all molecules visit the same gradi-
ents, while in the second the slower molecules visit only a
fraction of the system before the power is turned off and
the result of the separation is visualized. One would thus
expect that, based on simple thermodynamic principles,
spatial gradients can improve the resolution of snapshot
systems. Indeed, this has been studied and used in the
past [4, 5]. A special and extremely important example is
that of isoelectric focusing of proteins in pH gradients. A
snapshot focusing method has also been recently devel-
oped for DNA based on subtle nonlinear dynamics effects
[6, 7]. The situation with finishline/elution methods has
however not been studied very carefully until now.

In this paper, we present the first in a series of investiga-
" tions that will examine the effect of various long-wave-
length (macroscopic) gradients on the performance of
elution separation systems. Such studies must treat a
number of issues very carefully. For instance, the cases
of linear and nonlinear coupling of the analyte dynamics
to the spatial gradient(s) are fundamentally different. Con-
tinuous and step gradients may also play different roles.
Furthermore, we must consider the effect of the gradient
on elution times, peak width and peak asymmetry. Finally,
each type of gradient (or combination of gradients) has a
different impact on the electrophoretic process. In this
article, we study the simplest possible gradient system:
a viscosity gradient in an otherwise uniform and linear
system. This will allow us to develop a theoretical frame-
work for studying gradients and to reach general conclu-
sions that apply to all gradients. Such a gradient can be
created, e.g., using the CE loading procedure recently
introduced by the group of Chu [8].

The paper is organized as follows. In Section 2, we exam-
ine the effect of a simple viscosity step in the middle of the
capillary. We treat it as a second stacking problem and
show that such gradients are not useful unless injection
was poor in the first place. Section 3 provides an in-depth
study of viscosity gradients using a more microscopic
approach based on the theory of first passage times.
This analysis is completed by an appendix in which the
diffusion of analytes in the absence of an electric field is
considered.

2 The simple viscosity step

Before we investigate the effect of continuous viscosity
gradients on electrophoretic separation, let us examine
the effect of a step gradient placed between the injection
point (at x = 0) and the detection region {(at x = L) (Fig. 1).
This will give us useful information about gradients in gen-
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x/L

Figure 1. The step viscosity gradient. A second step
could exist at x = 0 for sample stacking at injection, but
this is not part of the calculation.

eral, as well as about the difference between continuous
and step gradients. The viscosity gradient can in general
be defined as

nx) = nyAkx) Q)

where 1, is the viscosity of the buffer solution at a given
reference point and i{(x) is a dimensionless function. For
the step gradient, we define n, as being the viscosity at
(or, more precisely, immediately after) the injection point
(x=0)and

1 for0O<x<(1-y)L

ﬁ(x)z{ﬁx for(1—-y)L<x<lL @

where 1y, is the multiplicative increment of the step (1), =
1), y determines its position (0 = y < 1) and L is the elution
length. In the linear case studied in this article, the velocity
v and the diffusion coefficient D of the analytes are related
to the local viscosity of the medium through the equations

Vo
Vo) =205 @
and

D,
D) = 77 @

where v, and D, are the velocity and the diffusion coeffi-
cient in regions of space where the viscosity is equal to
Mo- (Both v, and D, are positive.) Clearly, v(x) = v, and
D) = D, in the low-viscosity region [0 < x < (1 - y)L],
and vix) = vo /Ty = v, and D) = Dy/fi, = D4, in the high-
viscosity region [(1 - y)L < x < L]. In the next subsections,
we will examine, in order, the diffusion-limited case, the
case with zero-diffusion, and finally the general case with
both diffusion and a finite initial injection band (peak)
width.
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2.1 The diffusion-limited case

The mean elution time through the low viscosity region is
given by

p -yt
Vo

©)
and through the high viscosity region, by

=2t ©)

=
The mean elution time from the injection point to the
detector is thus equal to

tolfin) = 1+ i = 1] 0

Using this equation, it is found that increasing v, by an
increment Av, decreases the mean elution time by

Ato(Tx) = Ate(1)[1 + (i — 1)y} ®)
where
1 1

is the net difference in elution time in the absence of a
viscosity step. Equation (8) thus gives us the temporal
peak spacing between two analytes whose velocities at
the injection point are respectively v, and v, + Av,. We
observe in this equation an increase of temporal peak
spacing due to the reduced velocity in the high viscosity
region. This effect disappears if y = 0, i.e., if the viscosity
step is near the detector.

The final spatial variance of a peak whose injection width
is negligible is given by

(i) = 2%’3+ 20¢ (10)

The denominator of the first term is due to the fact that the
step change in viscosity stacks the band variance by a
factor proportional to the ratio of the velocities across
the interface. Equation (10) can also be written as

. 1-
(i) = (1) (1L ) (1)
Mx
where, as before, the parameter
o’(1) = 2D.L (12
Vo

refers to the homogeneous case (no viscosity step). The
corresponding temporal width of the band is

w(i) = S0 o), 1 (a2 1)y 13)

Electrophoresis 2002, 23, 1822-1832

where, once again,

)= % (14)

refers to the homogeneous case.

We now proceed with the determination of the resolution
factor for two analytes with similar elution times and tem-
poral peak widths. In other words, we are looking at situa-
tions close to the limit of resolution of the system. We
assume that the difference between the velocities of the
analytes, as well as between their diffusion coefficients, is
negligible except for the calculation of the peak spacing
At,(f,). This allows us to define the resolution factor as

Ato (1)
21(1y)

where At(n,) and t(n,) are respectively given by Egs. (8)
and (13). For the step gradient and a zero injection width,
we find that

A7) =

(1)

R(ﬁx) - 1 +(ﬁx_ 1)}’
ROD 1+ -1y

where R(1) is the value of the resolution factor in
the homogeneous case. This ratio is plotted in Fig. 2
against y and 1, respectively the position and the height
of the viscosity step. The resolution is always lowered
by the presence of the step. In other words, we cannot
gain anything in this limit by using step viscosity gra-
dients. The best position for the stepisaty=0o0ry=1,
in which cases the resolution is left unchanged and
the viscosity is uniform. The worst possible location is at
Ymin = 1/(fix + 1), since this minimizes the resolution factor.

(16)

2.2 The injection-limited case

Here, to simplify the analysis, we assume that the injec-
tion width o, of the sample is the same for the two mole-
cular species and that it is not a function of the position y
of the viscosity step. This is assumed to be the case even
when y = 1, in which case the step is located at the origin
and simply adds to the stacking. As far as elution times
are concerned, Eq. (8) is still valid. The final spatial width
of the peak, however, is now equal to

o Co
o == 17
(fix) e (7)
since there is no diffusion. Using this equation, the final
temporal width of the peak is found to be

Oo

% (18)

() = 2

o
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Figure 2. Resolution factor R(7},) divided by its uniform
viscosity limit R(1), as a function of (a) the position y and
(b) the amplitude 7j, of the viscosity step for a negligibly
small injection width (see Eg. 16). The ratio R(7,J/R(1) is
always smaller than unity, indicating a loss of resolution.
The worst resolution is found at y = 1/(7 + 1).

and is thus unaffected by the presence of the step gradi-
ent. Finally, the resolution factor is in this case given by
R(f) _ .
and the viscosity gradient is seen to improve the resolu-
tion. This is expected, since the step gradient contributes
to the stacking of the initial peak. Indeed, the maximum
effectis found for y =1, i.e., when the step gradient serves
to stack the injection peak right at the beginning.

2.3 The general case

If both diffusion and injection contribute to the peak var-
iance, we have

o? = 2D/ + 12 (20)

where

oy= o (A 00L 4 2) @)
MNx Vo
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is the variance of the peak immediately after it has passed
the viscosity step. The corresponding temporal width of
the peak at the detector is thus given by

2
t=2 = \/2D°L [1+ @ —1)y]+2 22)
o

! 3
Vo Vo

and the resolution factor is now found to be

Ate(D[1 + (1x — 1)y

R(f) = DL > @3
~ (e}
2\/ [+ (@ -1+ 32
This equation can also be written as
Rli) _ 1+ (i~ 1y 24

R(1) (2 -1)y
T e

where the new scaled injection width Z, is defined as

2 Vo032
d.,.= 2002 @d)

We note that Eq.{24) reduces to Eq.(16) if X2 « 1,
i.e., if the injection width is negligible compared to
the contribution (~ 2DL/V) of diffusion to the final peak
variance. Furthermore, it reduces to Eq. (19) when
1+22 > (72 - 1)y, i.e., when diffusion is negligible.

As expected, a step gradient is only useful if the injec-
tion width is the leading contribution to the final
peak width. In such a case, the gradient’s role is simply
to stack the peak further. The ratio given by Eq. (24)
is shown in Fig. 3 for two sets of values. In the first
case, we have ﬁx<1+22§, and the resolution is
improved no matter where the step is located; however,
a step at the injection point y = 1 gives optimal per-
formance. In the second case, we have 7, > 1 +22§,
and we then gain only if the viscosity step is located at
a position y > y; = [fix — (1 +222)]/[(Ax — 1)(1 + £3)].
When 0 < y < y,, the situation is actually similar to
Section 2.1, where a step gradient degrades the per-
formance. The worst performance happens for

Y =Ymin = [ﬁx - (1 +22§)]/(ﬁ)2( - 1)'

Perhaps the most remarkable result of this section is the
fact that although a step gradient can increase the resolu-
tion by stacking the injection width, the location of the
gradient can be critical if both the diffusion and injection
play non-negligible roles. In this case, placing the step
gradient too close to the detector can actually hurt the
separation! In all cases, as one would expect, the best
performance is obtained when the step gradient is simply
used as an additional injection stacking process.
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Figure 3. Resolution factor R(7,), divided by its uniform
viscosity limit R(1), as a function of the position y of the
viscosity step for a nonnegligible injection width (see
Eq. 24). In graph (a), where 7, < 1 + 252, the presence of
the viscosity step always improves the resolution. In
graph (b), on the other hand, 7jx > 1 + 252 and the resolu-
tion is decreased when the step is located too close to the
detector, i.e., neary =0.

3 Continuous viscosity gradients

in this section, we study the evolution of ensembles of
molecules using analytical tools developed in the field of
stochastic processes. The position of each molecule is
first modeled as a diffusion process, and the moments of
the first passage time in front of the finishline detector are
then calculated. The resolution factor is obtained from
these moments. In this approach, molecules are removed
as soon as they reach their destination. This differs from
real-world CE experiments, where molecules may pass
several times in front of the finishline detector because of
diffusion. (We also neglect the fact that the detection zone
itself has a finite width.) For a molecule with an average
velocity v and a diffusion coefficient D, the displacements
due to the drift and the diffusion in a period of time At are
respectively given by Ax, = vAt and Axp = v2DAt. Multi-
ple readings of individual molecules are expected to hap-
pen over intervals of time for which Axp = Ax,, or equiva-
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lently, At < 2D/V2. The theory presented in this section is
thus expected to adequately describe all experiments for
which times on the order of 2D/v2 or smaller do not need
to be resolved. The key time for us here is the final peak
width. The lower bound for the final temporal width w; of a
peak is given by the diffusion-limited value wy = /2Dt /v,
where t = L/v is the elution time of the analyte and L is the
length of the capillary. The condition w; >> 2DA? is thus
equivalent to Lv/2D > 1. This is easily satisfied for essen-
tially all realistic cases. For instance, CE separation would
typically correspond to v ~ 102 cm/s, D ~ 107 cm?/s,
and L ~ 50 cm, giving Lv/2D ~ 108. The formalism leading
to the moments of the first passage time is summarized in
Section 3.1, and two examples are discussed in Sections
3.2-3.4. The viscosity step introduced in Section 2 is first
revisited in Section 3.2, and an exponential viscosity gra-
dient is then analyzed in Sections 3.3 and 3.4.

3.1 Moments of the first passage time

In this section, the motion of an individual molecule evol-
ving between two reflecting walls located atx=a andx=b
(see Fig. 4) is modeled using the Stratonovich stochastic
differential equation (SDE)

Yo [2Do
dx = s dt =75 odW 26)

where v,, D, and 1j(x) have the same meaning as in Sec-
tion 2, W is a Wiener (diffusion) process and “o0” denotes
the use of Stratonovich calculus. This type of calculus is
preferred over Ito calculus for this particular system,
because the differential of the Wiener process (dW)
appearing in Eq. (26) models a stochastic process with a

t

Figure 4. Schematic setup of a first passage time experi-
ment. The analyte is confined to a given region of space
by reflecting boundaries located at x =aand x=b. It is
first injected at x = X’ and then moves through both drift
and diffusion until it reaches the detector placed at x =
x". The first passage time is defined as the transit time
fromx=xtox=x",ie.,t"-t.
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non-zero, though vanishingly small, correlation time.
Mathematical manipulations are however more readily
performed on lto SDEs than on Stratonovich SDEs, and
Eq. (26) must therefore be converted into the equivalent
Ito SDE [9]

Vo D, d 2D,
dx = ETe%) (1 Bve dle](x))dt + 00 dw @7
before proceeding with further calculations. When written
in this form, the first term models the drift, and the second
one the diffusion. This shows that the stochastic term of
Eq. (26), which is the sole originator of diffusion in that
equation, also contributes to the drift in the presence of a
viscosity gradient, i.e., when dij(x)/dx s 0.

The first time that a particle reaches a given point from
another one is known as the “first passage”, and the dura-
tion of such a transit between two points is thus called the
“first passage time”. This quantity is herein denoted as
T, x"), where x’ and x” are respectively the starting and
ending points (see Fig. 4). In CE, these points correspond
to the injection point and the finishline detector. Although
T, x") varies from one realization to another in the case
of a stochastic process, its moments can be determined
using the standard procedure summarized in the follow-
ing paragraphs [9].

The first step in the derivation of the moments is to con-
vert the SDE (27) into its equivalent backward Fokker-
Planck equation

8t/p(y7tl)( tl) - ~(X’) (1 5‘/0 dx’ |ml(xl)> ax ,P(,Y,t|x’ tl)
—%ax—,zpw, 1w, ¢) (28)

where p(y, tiX, t') is the conditional probability density as-
sociated with the state variable x in Egs. (26) and (27). To
quadratic order in dy and with t > ¥, p(y,tix',t')dy is the
probability that x(f) € [y — dy,y] given that x{(t') = x".

The probability P(x", t”x’, t') that the particle reaches x =x"
atatimet < t” given that it started fromx = x’ at time t = ¢’
is the probability distribution function of T{x, x”). This
function can be related to p(y, tix', t) if an absorbing
boundary is set at the final destination x = x”. If X' < x”,
then

<
POt t)=1— | dyp(y,t'|x,t) (9)
a

which simply states that the particle remains in the inter-
val [a, x") until it reaches x = x”. A similar expression
applies when x' > x”. Once P(x"t"IxX't') is known, the
moments of T{x, x") are obtained using

(T0O¢,x") / At(t" — )5 PIX, O, ) (30)
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where (---) denotes an ensemble average. Because of
normalization, we have

(TO<, x™)) =1 @31)

Under the assumption that T{¢, x") is time-homogeneous
(time-shift invariant) and that

" Iit,r)n "=t = PX", "X, )] =0 32
combining Egs. (28), (29) and (30) leads to

Vo Do ~ 4
(1~ e ni0) ) (T )+
D, &

A0y ox7
which relates each moment (T, x")) with n = 1 to
the lower order moment (T™'(¢, x")). In order to solve
this differential equation, boundary conditions at X' = x”
and x’' = a must be specified. The absorbing boundary at
x =x" implies that

(T, x")) = 0. 34)

On the other hand, the reflecting boundary at x = a is
implemented by setting

(X', x")) = —n(T" (¥’ x")) 33)

d

WP(J/» tIX’, t1)|X’=a =0 (35)
which leads to

a , _
Fv (T"(X',X"))x=a =0 (36)

Applying these boundary conditions to Eq. (33) results in

(T, x) = cx()’)/ e0RT™ (X’xl)(%n
where
a(y) = exp [Z)—Z/ydx(1 5° cfxl ~(X))] (38)

The lower integration bound in Eq. (38) is arbitrary, but it
must lie within [a, x"].

When combined with Eq. 31), Eq. (37) allows all the
moments of T{’, x”) to be determined iteratively, and
from them, all the central moments of interest. The three
most often encountered of these central moments are the
mean

mean (T, x) = (TK', x")) (39)
the variance

var(T(x',x") = ((T(,x") = (T, x"))?)

= (T2(¢',x")) = (T (<, x"))? 4
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and the skewness
{(Tex) = (T, X))
<(T(x’,x”) - (T(x’,x”)))z>3/2
_ (T3, x") = 3(T20 X YNT (X', x") + 2(T (¢, X))
((T"’(x’,x”)) - (T(x’,x”))z)a/ ’ (41)

which respectively characterize the center, the width
and the asymmetry of the distribution. More precisely,
in the context of CE, mean ((T(x, x")) corresponds to
the mean elution time of a given molecule species and

var(T(x’,x”)) represents its temporal peak width. For

the skewness, positive values indicate that the tail of the
distribution extending toward +oo (longer elution times) is
larger than the one pointing in the other direction; nega-
tive values indicate exactly the opposite. In CE, skew
(T(x’ , x")) is in general expected to be positive, since elu-
tion times cannot be negative and, in addition, are not
subjected to any upper bound limit when diffusion is pres-
ent. (Molecular degradation is one of the processes that
may induce a negative skewness.)

skew (T (x',x")) =

The moments of the first passage time obtained up to
now are applicable only in cases where the injection width
is negligible, since all the trajectories considered in the
averaging process start from the same point, i.e., x = x'.
When the injection width is non-zero, we must average
the results of Eq. (37) over all the possible starting points
in order to obtain the appropriate values of the moments.
If po(x’) is the probability density describing the distribu-
tion of analytes immediately after all the molecules have
been injected, the moments of the first passage time at
x =x" are given by

() = /dxpo(xxr"(x,x'» 42)

The mean elution time and the temporal peak width can
then be determined from these moments in the same way
as when the injection width is negligible.

3.2 Case 1: The viscosity step revisited

The theory presented in Section 3.1 can be easily applied
to the viscosity step introduced in Section 2. The case of
zero injection width, for instance, is obtained by substitut-
ing Eq. (2) in Eq.(37) with X' = O (injection point), x” = L
{finishline detector) and a — —co0, which leads to

mean(7(0,L)) =V£ [1 + (A= 1y

_LDT(:, (e - eth072) (1 _ e—yLvo/Do)] 43)

and
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2D,L -
O, { 14+ (@ - 1)y
+2ﬁx (ﬁx — e(ﬁx -1 )/2)ye_YLVo/Do .

o
+_DL [eﬁx_1 + 2(fy + 1)l 172 _ 572

var(T(0,L)) =

2Ly,
2(202 — ez _ gt ) gt/
. 2
+(e("x—1)/2 - ﬁx) e—2yLvo/Do] } (44)

The a — —oo limit needs to be considered in order to avoid
spurious terms arising from reflections on the wall located
atx=a.

The extra terms appearing in Egs. (43) and (44), when com-
pared with the results of Section 2 (see Egs. 7 and 13),
are due to molecules that hop back and forth across the
viscosity step. Whereas this phenomenon is neglected by
the method discussed in that section, it is taken into
account by the one presented here. It must however be
noted that these terms are negligible in typical experimen-
tal setups, where Dy/Lv, ~ 106 and 7, < 10. Indeed, in the
limit where the diffusion coefficient and the step size are
relatively small, Egs. (43) and (44) respectively yield

mean(T(0,L)) ~ ‘f—o [1+ (A — 1)y] (45)

and

2D,L
6

var(T(0,L)) =~ 1+ (A2 —1)y] (46)
which are identical to the results obtained in Section 2 for
the mean elution time ¢, and the temporal peak variance
2. However, the presence of extra terms in Egs. (43) and
(44) indicates that one should not represent a continuous
viscosity gradient as a series of small steps using the
results of Section 2. A full treatment of the problem is
required.

3.3 Case 2: The exponential gradient
with a perfect injection

The exponential viscosity gradient

69 = noexp () @n

where L = x” - X' is the elution length and k is a dimen-
sionless parameter, is another example for which exact
expressions can be obtained for the moments of the first
passage time. In the limit where a — —o0, reflections on
the left wall are eliminated and the formalism presented
in Section 3.1 leads to

L X eZK—_1 fork > _%
mean (T(O, L)) — 2kV° 1+ kDo/LVo 30 (48)
o fork < — =2
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and
var(T(0,L)) =
4k
LDo e 1 fork>—:§—5Q
2kv3 " (14 kDo /Lvo)%(1+ 3kDo /L) ° (49)
o0 fork<— 13'-5%

where v, and D, are both positive. It is interesting to
note that, when k > 0, mean (T(O, L)) remains finite as v,
approaches zero from positive values, in contrast with
the uniform (k = 0) viscosity case where it becomes infi-
nite. This is due to the fact that the molecule is repelied
by the boundary located at x = a = —co when k > 0 (see
Appendix). Although this is an artifact, its impact on mean
(T(O, L)) is negligible when kD /Lv, <« 1, as can be seen
by looking at the denominator of Eq. (48).
As in Section 2, we are interested in calculating the reso-
lution factor for two molecular species with similar physi-
cal properties and, thus, closeby elution peaks. From
Eq. (48), it is found that increasing v, by Av,, and D, by
AD, decreases mean(T(0,L)) by
Avy + kADo /L
Vo +kDo/L

to quadratic order in Av, and AD,. The resolution factor is
thus given by

_ Amean(T(0,L))

~ 2var(T(0,L)) )

_ 1Avo +kAD, /L [Lvo(1+4 3kDo/Lv,)tanh(k)

T2 vo+kDy/L 2kD,

to order O(Av.2, Av,AD,, AD,). Dividing this equation by
the uniform viscosity limit

Amean(T(0,L)) = mean(T(0,L)) (50)

R, = 'I(iL%R
Av, L
— 2 V2v,D, (52)
and taking the Av,, AD, — 0 limit results in
R _ 1+ (k/L)(dDo/dvo) [(1+ 3kDo/Lvo)tanh(k) (53)

R, 1+ kDo/Lvo k

where dD,/dv, = limay,,ap,—0 ADo/Av,. Under normal
circumstances, kD/Lv, <« 1 and dD,/dv, ~ Dy/v,, thus
leading to

R ftanh(k)

As illustrated in Fig. 5a,  /tanh (k)/k is maximum at k = 0.
The best resclution for this system therefore occurs when
the viscosity is uniform. Interestingly, the cases *+ k give
similar resolutions. In one case (k > 0), the peaks are shar-
per and closer to one another, while they are broader but
further apart in the other case (k < 0). The end result s, in
both cases, a poorer resolution.
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As shown by Egs. (48) and (49), both the mean and the
variance of the first passage time are finite when v, > 0
and k > — Lv/3D.. In this parameter range, the skewness
is given by

skew(T(0,L)) =

sinh(3k) /(kDo/LVo)(1 + 3kDy/Lvo)
[sinh(2k)]*/2 1+ 5kDo/Lvo

(55)

except when -Lv/3D, < k < - Lv/5D,, in which case it is
infinite. The uniform viscosity limit of Eq. (55) is

skew, (T(0,L)) = lim skewo (T(o,L))

_3./D, (56)
“ Vv,

Note that skew,(7(0, L)) > 0 in the finishline mode, in
contrast with the spatial skewness of the snapshot
mode, because the distribution of analytes continues
to widen as it moves in front of the detector [10]. This
fact is rarely mentioned in the literature, because
skew,(7(0, L)) is usually too small to be measured.
Assuming that kDy/Lv, < 1, the ratio of Egs. (55) and
(56) yields

skew(T(o,L)) _2_sinh(@k)
skew, (T(o, L)) 3 [sinh(2k)]*72

2k(1 + 3kDo/Lvo)
1 + 5kDo/Lvo

2 V2ksinh(3k)

3 [sinh(2k)]*? &7

which is illustrated in Fig. 5b. Experimentally, the vis-
cosity of the medium in which the separation takes
place may vary at most by about an order of magnitude.
Thus, k < 1.15 and skew/(T(0, L))/skew,(T(0, L)) < 1.45.
Although the skewness of the first passage time is
moderately increased by the presence of the viscosity
gradient compared to the uniform viscosity case, it
remains of the same order of magnitude and thus
remains quite small. For instance, if v ~102 cm/s, D
~107 cm?s and L ~10 cm, then skew,(T(0, L))
~4x1073 and skew(T(0, L)) =<6x 102 This is in stark
contrast with the spatial distribution of molecules, which
can be severely skewed by the presence of a viscosity
gradient. indeed, as the molecules get closer to the
detector in a monotically increasing viscosity gradient,
their drift and diffusion slow down because of the
increased viscosity. This leads to a skewed spatial dis-
tribution of molecules, with the longer tail pointing away
from the detector. However, since the molecules that
are located in this tail are those that drift the most
rapidly, they tend to catch-up with those that are closer
to the detector. In the end, this significantly reduces the
skewness of the first passage times as the molecules
pass in front of the detector.
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Figure 5. (a) Resolution factor R and (b) skewness of the mean first passage time skew(T(x’, x”)) for the exponential
viscosity gradient and a negligibly small injection width. The ratios of these quantities with their uniform viscosity limits R,
and skew, (T()( , x")), as given by Egs. (54) and (57), are plotted here as a function of the parameter k, which determines the
steepness of the viscosity gradient (see Eq. 47). The best resolution occurs when the viscosity is uniform and gradually
degrades as [k| increases. On the other hand, the skewness is significantly increased by the presence of an exponential

viscosity gradient, but remains of the same order of magnitude as in the uniform viscosity case.

3.4 Case 3: The exponential gradient with
a nonzero injection width

In this case, we assume the analytes to be uniformly dis-
tributed by the injection. This “plug” initial distribution of
analytes is described by the probability density

1/1for—1/2 <x <1/2

Polx) = {0 otherwise (58)

where | is the width of the injection band. Repeating the
analysis performed in Section 3.3 now leads to

L 1 < 2 _ sinh(ki/L)

mean(T(L)) = 577 kDoJLve /L ) 9

R _ 14 (k/L)(dDo/dvo)

Ro  1+kDo/Lvo

and

LD, 1
—= 5 X
2kv2 (14 kDo /Lvo)?(1+ 3kDo /LVo)

w_ Lvo 3kD, (sinh(k!/L)\?
x{e 2kD, |\ Tve KL

RER) -

where Eq.(42) has been used to average the moments
over the initial condition. From these two equations, it is
found that

var(T(L)) =

=)

) W + 3D /Lvo) (1-+ Pro/24LD;)

k etk _ Lvo

1)

2kD,

In the limit where / — 0, Eqs. (59) to (61) appropriately yield
Egs. (48), (49) and (53).

As shown in Fig. 6a, where Eq. (61) is plotted for a sample
set of parameter values, the exponential increase in vis-
cosity can improve the resolution when the injection width
is non-zero. This arises because, similarly to the step gra-
dient case (see Section 2.3), the exponential viscosity

o) ) - 1) (3 )

gradient performs an additional, though gradual, stacking
of the initial peak. However, numerical comparisons of
the resolution factors for both gradients have shown
that the step gradient with y = 1 leads to systematically
higher resolutions than the exponential viscosity gradient
(see Fig. 6b). The best resolutions are thus once again
obtained when the increase in viscosity is entirely loca-
lized at the injection point.
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Figure 6. Resolution factor R for the exponential viscos-
ity gradient with a non-negligible injection width. In graph
(@), R is divided by its uniform viscosity limit R, (see
Eq. 61), and in (b), by the resolution factor for the step gra-
dient with the same total variation in viscosity (i.e., with
iix = €29). Both the y = 1 (step located at the injection point)
and y = 0.5 (step located halfway between the injection
point and the detector) cases are drawn in graph (b). For
sufficiently small values of k, the exponential viscosity
gradient leads to a better resolution than the uniform visc-
osity case and the step gradient with y = 0.5. However, the
step gradient with y = 1 still yields the best resolution. (In
order to distinguish between the resolution factors for the
step and exponential gradients, they are respectively
called Rgep and Rey, for this figure only.)

4 Discussion

Qualitatively, the results presented here demonstrate very
clearly that one cannot use static gradients to get around
the limits imposed by thermodynamics in the case of
finishline separation systems. When the final peak width
is controlled by diffusion processes, static viscosity gradi-
ents cannot improve the resolution. The same conclusion
applies to both step and continuous gradients. When
the injection width is nonnegligible, a viscosity gradient
does help, but the same (and even better results) can be
obtained if the extra viscosity is used to further stack the
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initial zone right at the beginning of the separation. There-
fore, there is little point in placing the gradient elsewhere
along the path. It is well-known that snapshot systems
behave differently; unfortunately, the gradients that are
known to improve the performance of such systems can-
not be automatically transferred to their finishline cousins.

Furthermore, our analysis revealed an unexpected result:
when both the injection width and the diffusion play an
important role in determining the final peak width, one
should be careful when using a step gradient since plac-
ing it too close to the detector will actually reduce the
resolution in spite of the stacking that it generates. It is
also probable that some continuous gradients may also
reduce the resolution if they are placed too close to the
detector. In all cases, a better strategy is to locate all
sources of stacking as close to the injection position as
possible.

An important limiting assumption of our analysis is that
both the electrophoretic velocity and the diffusion coeffi-
cient are linear (and identical) functions of the local physi-
cal property that varies in space. This condition may be
violated, for instance, when the conformational properties
of the molecules (if they have internal entropy, such as
DNA molecules or denatured proteins) are affected by
the local conditions and do not adapt instantaneously to
them. In such a case, the situation can be quite different
from what is depicted in this article.

Nonlinear systems can be exploited in different ways to
improve the performance of the system, although not
always in a finishline mode. Again, the main problem is
that all the molecules visit the exact same path before
reaching the detector region. However, if the velocity and
the diffusion coefficient are not proportional to each other
(i.e., if the velocity and the diffusion coefficient are differ-
ent nonlinear functions of the local conditions), one can in
principle design separation processes that may provide
the user with results not normally achievable. In a future
article, we will look at the case where the analyte is a long,
reptating DNA molecule being electrophoresed in a poly-
mer matrix that possesses a concentration gradient. Both
the electrophoretic mobility and the diffusion coefficients
are known to be very nonlinear functions of the gel con-
centration and of the electric field intensity in such sys-
tems [1]. Moreover, the presence of the reptation tube
means that one can actually exploit hysteretic phenom-
ena where the molecules remember which path they
have visited in the recent past [11]. The use of gel concen-
tration gradients during CE of DNA has recently been
explored experimentally by Chu et al. [8]. Serwer et al.
[12] have also shown some spectacular results with novel
separation ideas entirely based on nonlinear effects in
gels.
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Nonequilibrium or nonadiabatic systems, where the con-
formational degrees of freedom of the molecule absorb
energy by responding to the spatial or temporal gradients,
represent a more interesting situation. Since they do not
follow the laws of equilibrium thermodynamics, nothing
forbids such systems from improving resolution. This is
certainly the case with pulsed-field electrophoresis [3].
Two questions thus come to mind: (j) Can we have a spa-
tial equivalent to pulsed field electrophoresis where the
field would vary in space instead of time? (ji) Can varying
or pulsed fields (spatial or temporal) improve the resolu-
tion of finishline systems? The answer is possibly yes to
both questions, but these two topics remain largely unex-
plored, both experimentally and theoretically.

The method presented here can be useful for a large num-
ber of problems, but exact analytical solutions are prob-
ably unlikely in most cases. Fortunately enough, it is rela-
tively easy to study first passage time problems numeri-
cally. The main problem, however, is that any theoretical
study of systems with gradients requires a knowledge of
the dependence of the velocity and of the diffusion coeffi-
cient upon the different experimental variables, and espe-
cially the variable that varies in space and those that are
coupled to it. This empirical knowledge is not always
available or may be too partial to be useful in practice.
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6 Appendix: Diffusion in the absence
of an electric field

In the absence of an electric field, the Stratonovich SDE
describing the evolution of the molecule (Eqg. 26) reduces
to
2D,

dx = 700 odW (A1)
This equation defines, up to an arbitrary integration con-
stant, a simple change of variable that maps the trajectory
of a Wiener process into the trajectory of the diffusing
molecule. The evolution of the molecule thus simply cor-
responds to a Wiener process occurring in a distorted
space. In regions of high viscosities, the trajectory of the
Wiener process is contracted; in regions of low viscos-
ities, it is dilated.

In the case of the exponential viscosity gradient studied in
Section 3, Eq. (A1) yields

(e )L
 kv2D

once x = 0 has been arbitrarily identified with W = 0. Using
this equation, it is found that the (- «, =) range in x-space
maps to (—1/L2/2k?D, co) in W-space when k > 0. In fact,
the viscosity approaches zero so rapidly as x — — « that
the molecule can feel the presence of aboundary at x =— .
This must clearly be an artifact, since the viscosity of the
medium in which the electrophoresis takes place is never
strictly zero in any experimental setup. Under normal cir-
cumstances, however, an electric field is applied in such a
way that Lv/kD, >> 1 and, as mentioned in Section 3, the
molecule does not feel the presence of this artificial
boundary.

(A2)
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Conclusion

This thesis contributes to our understanding of free solution electrophoresis of polyelectrolytes,
and in particular, the method of End Labelled Free Solution Electrophoresis (ELFSE) for the se-
quencing of DNA and the analogous method of Free Solution Conjugate Electrophoresis (FSCE)
for the characterization of uncharged polymers. The free-draining nature of uniformly charged
polyelectrolytes undergoing free solution electrophoresis, where the electric force and the coeffi-
cient of friction both scale linearly with the length of the polymer, is a phenomenon that normally
leads to co-migration of all lengths of polyelectrolytes in free solution. Breaking of the charge-
to-friction symmetry via the conjugation of charged and uncharged molecular species allows for

separation in free solution.

Free solution electrophoresis has numerous advantages over gel-based techniques including
increased speed and decreased consumption of chemicals, some of which are toxic. The loading
of gels and other sieving media into small-diameter capillaries must be done slowly to avoid shear
breakage, and once each matrix is loaded it must be left for several minutes or longer in order
to become homogeneous. Capillary cleaning is also a time consuming step when using sieving
matrices. These problems will only be exacerbated in the future as DNA sequencing moves from
capillaries to miniature devices where the narrower channels will make gel loading even more
challenging, if not impossible. Free solution electrophoresis, by avoiding the use of gels or other

sieving media, has the major advantage of being amenable to miniaturization.

112
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Capillary electrophoresis is responsible for the success of the global effort to sequence the
complete human genome, one of the most remarkable achievements of modern science [1, 2]. This
effort has been described as a race fo the starting line for understanding biology at a deeper level.
The race from the starting line, however, is not facilitated by today’s most advanced systems, which
are too slow and too costly. To encourage the research and development necessary to overcome
these limitations, the American National Institute of Health (NIH) created a $38 million (US) pro-
gram in 2004 to fund short and long term research projects, with the aim of enabling the sequencing
of individual genomes as part of medical care. According to an NIH News Release [3], the "ability
to sequence each person’s genome cost-effectively could give rise to more individualized strategies
for diagnosing, treating and preventing disease." The report goes on to say that "such information
could enable doctors to tailor therapies to each person’s unique genetic profile." Use of ineffective
medication is expensive, and a bigger problem lies in the use of medication that can be potentially
harmful or even fatal for a person of a specific genotype. In view of the myriad of medications
available, it is very important to use them as safely and effectively as possible. Quick and afford-
able clinical DNA testing when needed may present one means of doing so. With its amenability
to the miniaturization trend, and its increased speed and decreased cost, ELFSE-based sequencing

holds much promise for clinical application.

Before the benefits of ELFSE can be taken advantage of, the biggest challenge to improving
ELFSE performance must be overcome. Very long DNA chains have so much charge that their
speed is barely affected by a small label and hence the peaks corresponding to longer DNA chains
overlap badly and resolution is lost, thereby limiting the maximum size of DNA that can be se-
quenced. Extending this so-called read length of ELFSE is critical to enable it to be competitive
with gel-based techniques; this is the main goal of current ELFSE research. My supervisor, Gary
Slater, along with his collaborator Annelise Barron of Northwestern University, head the collab-
orative group that is the world leader in ELFSE research and development. My work has made
important contributions to the efforts of the group. So far, the main approach to extending the read
length of ELFSE has been to try and find a larger label, which would result in a greater force of
friction, and therefore a bigger effect on the speed of currently unresolved long DNA, increasing
their resolution and thereby extending the read length; however, as discussed in Appendix A, it
has been difficult to create a large, monodisperse label. Several novel means of extending the read
length that do not depend on a larger label were presented in this thesis to help overcome this

obstacle.
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One means of extending the read length that does not depend on a bigger label relies on la-
belling both ends rather than simply increasing the size of a single end label. Before the paper
presented in Chapter 2, it had not been recognized that labelling both ends would lead to a greater
friction, and therefore greater resolving power, than if the size of the label at one end were doubled.
This is a result of the end effect predicted by the theory of Long and co-workers [4] for polyelec-
trolytes; our detailed analysis of this effect on ELFSE illuminated the potential of labelling both
ends of the DNA instead of just one. This discovery which was later confirmed for ELFSE in the
experimental paper provided in Appendix B, led to Canadian and US patent applications. The ex-
perimental paper provided proof of concept; for widespread use however, this technique requires
an easy, reproducible means of attaching the label to both ends of all ssDNA strands in a sequenc-
ing sample. Work into developing the necessary chemistry is ongoing. A possible avenue for
future study would be to investigate positively charged labels. If the neutral label molecule were
to be replaced by one with a slight positive charge, although not so much to allow for a collapse of
the random coil due to electrostatic interactions between the negative charges of the DNA and the
positive charges of the label, then the DNA would be slowed down even more. This would allow
the DNA strands more time to separate, thereby increasing the read length. As seen in Chapter 2,
however, the location of the positive charges would be expected to have an effect on the mobility.
Investigating the effect of the presence, and location, of positive charges on an ELFSE label, bor-
rowing from the theory of Chapter 2, would be an exciting future study. It is important to note that
the study of the end effects also provided critical amendments to the theory of FSCE. In the paper,
potential errors in the previous method, where the end effects were neglected, were uncovered and

more accurate methods for determining the molar mass profile were suggested.

Another means of extending the read length of ELFSE, through use of a controlled electro-
osmotic flow, was also presented in this thesis (Chapter 3). This flow is due to the counter-ions in
the solution filling the capillary, which are attracted to the negative charges of the capillary wall
surface. Under the influence of an electric field these charges, which are not bound to the wall as
the negative surface charges are, move in the opposite direction to negatively charged DNA. Due
to viscous drag forces, the bulk of the solution filling the capillary is dragged along with them
in a plug-like flow. If the capillary is uniformly charged and both ends are at the same pressure,
this counter-flow (which can drag DNA along with it) is constant [5, 6]. This flow is commonly
prevented by coating the capillary walls, however, in Chapter 3 we show how allowing a well-

controlled amount of EOF could positively impact on ELFSE performance. It is predicted that this
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process could dramatically extend the read length, as well as decrease the time required for se-
quencing. The resolution of EOF-based ELFSE, however, is very sensitive to the exact EOF value;
small changes in the EOF rate can decrease the resolution beyond that of the traditional, EOF-free
case. Hence, the capillary coating giving the desired EOF rate must be tested for reliability. A
possible extension to this work is to re-examine the predictions for improving ELFSE with EOF,
taking the end effect into account. This would adjust the mobility of the conjugates and hence
could change the predicted range of EOF that provides better resolution. Since the resolution is
sensitive to the EOF rate, the results of this extension, which would effectively combine the work
of Chapters 2 and 3, would be quite useful to experimentalists. Another possible extension would
be to derive the optimal range of EOF for a positively charged label, taking the end effects into
account. Using a positively charged label on both ends, with an optimized EOF rate may be the

winning combination to substantially extending the read length.

Potential changes in ELFSE behaviour with next-generation labels and/or high fields were
also investigated (Chapter 4). Predictions of the conditions under which segregation of the DNA
and label coils may occur, and the resulting impact on ELFSE performance were given. This
most recent study indicated that a label providing segregation from DNA via steric repulsion,
which had recently been considered a desirable goal, would actually lead to decreased resolution
unless used with very high voltages. Also, this work highlighted the potential gains in read length
possible with high voltage use. These kinds of findings are critical in guiding the work of ELFSE
experimentalists. Since segregation may be followed by stretching of the DNA and/or a deformable
label from their equilibrium random coil conformations, a necessary continuation of this study is to
investigate the conditions leading to stretching and the resulting impact on resolution, developing
predictions for optimal label architecture design and experimental setup. Another interesting future
investigation would involve the effect of a positively charged label on deformation of the ELFSE
conjugate. The extra force pulling backwards on the DNA due to a positively charged label would
also add to the force acting to deform the conjugate. This would be expected to decrease the field
(or label and DNA sizes) necessary for deformation; it would be of great interest to have predictions
for the optimal conditions for a positively charged label. The theory presented in Chapter 4 would
be a good basis for looking at this. It would also be possible to predict the effect of EOF on the

resolution of segregated conjugates by using the framework constructed in Chapter 3.

In the future, the long read lengths of ELFSE separations will mean fast analysis times. This

is clearly an advantage of the technology, however, the speed of the analytes past the detector
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may pose a problem, depending on the detector response time. The effect of next-generation
labels and higher field strengths on the analyte speed can be analysed so as to predict the detector
requirements. Perhaps these requirements could be lessened by some compensative means such as
slowing the analytes down just before detection, for example, by a local field decrease, or a local
viscosity increase. This latter idea would need to be assessed for any impact on resolution, making

use of the results presented in Chapter 7.

Some more general advancements to the theory of free solution electrophoresis of polyelec-
trolytes were also developed in this thesis. It was demonstrated that the Nernst-Einstein relation
that is commonly used for free solution electrophoresis, actually does not apply under these con-
ditions. This is due to subtle differences in the processes of electrophoretic mobility and diffusion.
While for the latter motion, there is a build up of hydrodynamic effects that are unaffected by
the electric field, the former is crucially affected by the response of the counter-ions to the elec-
tric field, which effectively cancel the hydrodynamic interactions; i.e. the polyelectrolyte coil is
free-draining for mobility but not for diffusion. The proper equation for the diffusion coefficient
for free solution electrophoresis was given. The findings of this paper were critical for the analy-
sis and theory of free solution electrophoresis, including the theoretical predictions of Chapters 2
through 5.

It was also shown that a gradient in viscosity along the length of the capillary can not be
used to improve the resolution in free solution electrophoresis, and hence could not be used to
improve the resolution of ELFSE or FSCE. However, under non-ideal conditions, when the initial
band loading width is large, a viscosity jump located at the start of the capillary may be used (in
addition to a jump in solution conductivity) to increase sample stacking. This theoretical study

provided valuable insight into what research paths are expected to be fruitful.

This thesis provided valuable advancements in general to the theory of free solution elec-
trophoresis, and more specifically, to the ELFSE and FSCE techniques. It is hoped that these
advancements will play a role in improving free solution capillary electrophoresis performance,
helping to guide future work. This future work may be successful in enabling an ELFSE-based,

cost-effective clinical tool that could hopefully be used with prudence to improve medical care.
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Appendix A

End-Labeled Free-Solution
Electrophoresis of DNA
(A Review)

R.J. Meagher, J.-1. Won, L.C. McCormick, S. Nedelcu, M. M. Bertrand, J.L. Bertram, G. Drouin,
A E. Barron, G.W. Slater Electrophoresis 26, 331-350 (2005)

This invited review article covers both ELFSE and FSCE technology, from a theoretical and ex-

perimental standpoint. It is the most comprehensive introduction to ELFSE available.

Note that our calculation of the critical electric field for segregation to occur in subsection 3.1 was

a rough one; a more detailed estimate is presented in Chapter 4.

This review article was written in collaboration with Annelise Barron’s experimental group at
Northwestern University. The Ottawa group collaborated on the theoretical segments; I made

contributions to sections 3.1, 3.2, 5.1 and 6.3.
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DNA is a free-draining polymer. This subtle but “unfortunate” property of highly
charged polyelectrolytes makes it impossible to separate nucleic acids by free-flow
electrophoresis. This is why one must typically use a sieving matrix, such as a gel or an
entangled polymer solution, in order to obtain some electrophoretic size separation. An
alternative approach consists of breaking the charge to friction balance of free-draining
DNA molecules. This can be achieved by labeling the DNA with a large, uncharged
molecule (essentially a hydrodynamic parachute, which we aiso call a drag-tag) prior to
electrophoresis; the resulting methodology is called end-labeled free-solution electro-
phoresis (ELFSE). In this article, we review the development of ELFSE over the last
decade. In particular, we examine the theoretical concepts used to predict the ultimate
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the reverse process, called free-solution conjugate electrophoresis (FSCE), wherein
uncharged polymers of different sizes can be analyzed using a short DNA molecule as

an electrophoretic engine.
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ever, CGE is far from being a perfect analytical tool. For
instance, it is well-known that the main physical mech-
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matrix during their migration [3]. In addition, the method is
rather slow and expensive, and the loading of entangled
poiymer solutions in small-diameter capillaries is a pro-
cess that creates many problems. Moving from capillaries
to microfluidic devices will not change the latter situation
since microchannels are essentially identical to capil-
laries; in fact, using narrower channels will simply
exacerbate the polymer loading issue. Finally, CGE also
requires long migration paths (typically on the order of
tens of cm) in order for small differential molecular veloc-
ities to overcome the band-broadening processes.

A sieving matrix is required for electrophoresis to suc-
cessfully separate DNA molecules of different sizes be-
cause DNA chains act like free-draining polymers during
free-solution electrophoresis [3]. Each DNA monomer
carries the same electric charge; therefore, the total force
F applied to a molecule with M monomers increases line-
arly with M. If this external force were mechanical (e.g., a
sedimentation force), the friction coefficient ¢ of the mol-
ecule would be that predicted by the Zimm theory of
polymer dynamics [4]. Indeed, the different parts of the
molecule would interact with each other via the fluid (i.e.,
via long-range hydrodynamic interactions), and the ran-
dom coil molecule would behave like an impermeable
sphere of size Ry, the so-called hydrodynamic radius of
the random coil. Since R, ~ M*® for long, semiflexible
polymers [3], this would give { ~ Ry, ~ M®® and a velocity
that scales like v = F/{ ~ M?5; this hypothetical process
would thus lead to a size-dependent velocity and the
successful separation of DNA molecules of arbitrary size.
Unfortunately, electrical forces generate a different situa-
tion, especially when there is salt in the buffer solution,
which is always the case in practice. The electric field
forces the DNA molecule and its counterions to move in
opposite directions. The counterions move through the
random coil of the DNA molecule such that the latter is no
longer an impermeable sphere; instead, we say that the
coil is free-draining. As we will discuss later, this process
effectively screens the hydrodynamic interactions be-
tween the different parts of the DNA molecule so that the
resulting electrophoretic friction coefficient actually
scales like { ~ M instead of { ~ Ry,. This gives rise to a
universal electrophoretic velocity v = F/{ ~ M/IM ~ M°,
i.e., the velocity is independent of the size of the DNA
molecule and no separation is achieved [3]. Moreover, the
local balance between force and friction means that the
random coil conformation is not deformed by the migra-
tion. This symmetry between force (F ~ M) and friction
(€ ~ M) is the unfortunate and unavoidable consequence
of the subtle effects taking place during free-flow elec-
trophoresis of large flexible polyelectrolytes in buffer
solutions containing salt.
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Gel electrophoresis resolves this problem by forcing the
DNA molecules to collide with fixed obstacles during their
electrophoretic migration [3]. Since longer DNA mole-
cules collide more frequently with the gel fibers, they are
slowed down to a larger extent and small molecules elute
first, thus providing size-separation. This collision-driven
process obviously resuits in longer efution times, but it
also leads to conformational deformation of the DNA
since the electrical forces are rather large, and this
deformation tends to reduce the size-dependence of the
net electrophoretic velocity [3, 5]. In practice, ssDNA
molecules longer than about 1000 bases cannot be
sequenced because of this molecular deformation effect.

However, gel electrophoresis is not the only way to
overcome the free-draining properties of DNA during
electrophoresis. In principle, one can also break the bal-
ance between force and friction by modifying the DNA at
the molecular level. All that one needs to do is to modify
the DNA in such a way that its ratio of electric charge to
friction coefficient is rendered size-dependent. The only
practical way to do this is to increase the friction coeffi-
cient of DNA, since it is not possible to substantially
modify its average charge density. This idea has prob-
ably been around for quite some time; it is clear that
many scientists looked at ways to do this back in the
1980s when the Human Genome Project was first con-
ceived. However, it was not possible to test such ideas
until the invention of capillary electrophoresis (CE), be-
cause free-solution electrophoresis leads to strong heat
generation effects when it is not carried out in a narrow-
diameter channel. Perhaps the first paper that specifi-
cally mentions this idea is that of Noolandi in 1992 [6];
however, the paper is purely speculative and does not
provide experimental data or theoretical predictions.
Moreover, this paper suggests attaching an object with a
negative charge to ssDNA molecules prior to free-solu-
tion electrophoresis; most likely, this would be an ineffi-
cient way to restore a size-dependent DNA velocity,
since the object would increase both the net force and
the net friction on the ssDNA molecules.

The first paper to examine this concept quantitatively was
published in 1994 by Mayer, Slater, and Drouin [7]. The
theory developed by these authors made remarkable
predictions and the name end-labeled free-solution elec-
trophoresis (ELFSE) was coined for the process wherein
an uncharged label is attached to the end of the DNA
molecule in order to increase its friction coefficient with-
out affecting its total charge. The paper mentions the
possibility of sequencing more than 1000 or even 2000
bases in less than 1 h without the need for a sieving
matrix. As we shall see later, the theory used by these
authors needs major revisions, but their general conclu-
sions are still valid.
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The first paper showing positive experimental results for
dsDNA was that of Heller et al. in 1998 [8], and ssDNA
sequencing was achieved in 1999 by Ren et al. [9]. How-
ever, ELFSE has not yet become a competitive sequenc-
ing technology because the read-length has remained too
low (slightly above 100 bases). The reason for this very
limited read-length appears to be essentially chemical: it
has been challenging to design and create monodisperse
labels large enough to provide the extra friction necessary
to enable successful sequencing of at least 500 bases.
The ELFSE process is now well-understood, thanks to
improvements in theory and detailed experimental stud-
ies. This article will review the progress achieved since the
1994 Mayer et al. paper [7]. The ELFSE process has also
been inverted. Indeed, instead of using an uncharged
label to provide extra friction for hard-to-separate poly-
electrolytes like ssDNA, one can use ssDNA to pull
uncharged labels and separate the latter by free-solution
CE. This idea was used successfully to separate PEG
molecules of different sizes [10], effectively achieving
results comparable to MALDI-TOF by CE. This reverse
process will also be reviewed in this article.

2 Free-solution electrophoresis of DNA
2.1 Polymers in solution

In order to understand the properties of semiflexible (or
worm-like) polymers such as DNA, one needs to define
several important molecular length scales: the polymer
Kuhn length by, its radius of gyration Ry, its molecular
weight M (number of monomers), the monomer size b,
and finally the total contour length Ly = Mb of the mole-
cule. Classical results from polymer statistical mechanics
[4, 11, 12] show that the mean square end-to-end dis-
tance of a freely jointed random-walk chain (for which by
= b) is simply given by (h®) = byLp = bLp. For a semi-
flexible chain, however, the Kuhn length by is larger than
the monomer size b; in fact, by is related to the ensemble-
average of the projection of an infinitely long chain along
the direction of the first chain segment [11, 12]. In other
words, bk is a measure of the stiffness of the chain back-
bone, and segments of length by are independent from
each other so that the relation (h2) = bgLp still applies for
very long chains (ie., for Lp > by). When by > Lp,
however, the chain is very stiff and behaves like a rod-like
object withh = L. For dsDNA, the Kuhnlength is typically
by =~ 100 nm while b =~ 0.34 nm (these numbers are
approximately 6 nm and 0.43 nm, respectively, for
ssDNA).

More useful is the polymer radius of gyration Ry which
characterizes its conformational size; it is given by the
root mean square distance between the monomers and
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the center of mass of the molecule. For the freely jointed
random-walk chain, one has simply (Rg®) = iMb% The
semiflexible properties of DNA are better captured by the
Kratky-Porod equation {11]:

(et =2 [1-3(575)+

@@

It is easily verified that one gets (Rg?) = iLobk for very
long chains, and (RG2 ) = 15Lo? for short, rod-like chains.
For contour lengths L much larger than the Kuhn length,
DNA is a semiflexible random coil with Lp/bx Kuhn seg-
ments of length bk undergoing Brownian motion. Short
DNA fragments, on the other hand, can be approximated
by straight, rigid cylinders.

The best model to describe the diffusion of a polymer in
free solution is the Zimm model [4, 11]. The hydrodynamic
interactions between the monomers are strong (this
interaction decays only as the inverse of the distance) and
dominate the dynamics. As a consequence, the coll
behaves like an impermeable spherical object, and its
friction coefficient £ when diffusing in a solvent of viscos-
ity m is given by Stokes’ law:

§ = 6mnhAy @

This expression actually defines the hydrodynamic size
Ry, of the chain. In dilute solutions, the diffusion coefficient
of the polymer chain is then given by the Stokes-Einstein
relation:
ksT
=— 3
3
Note that we have roughly Ry = 2R, for a random coil; in
other words, these two lengths describing a polymer
conformation are quite similar.

The theoretical description presented above neglects the
excluded volume interactions between monomers of the
same chain. The Flory theory for chains with excluded
volume describes the balance between the repulsion
energy between the monomers, which swells the chain,
and the entropy loss upon swelling [4, 11, 12]. it predicts
the following scaling law:

Ry~M @

where Flory’s exponent is v = 1/2 for an ideal chain (con-
sistent with the discussion above) and v = 3/5 for a swol-
len linear polymer. Although the random-walk model and
the Flory equation describe two different types of polymer
chains, there is actually a critical DNA molecular weight
for which both approaches predict the same mean end-
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to-end distance h. Following the approach of Section 3.1
in [12], this critical value can be estimated using the
scaling relation {3]:

h =X )

where d = 1.1 nm is the diameter of an ssDNA strand.
Below that size, excluded volume interactions are negli-
gible, and one can use the Kratky-Porod expression (1);
above that size, however, one must use Flory’s expres-
sion (4) with v = 3/5. Using the fact that h* =~ Mbby for a
Gaussian coil, Eq. (5) gives the critical molecular size

* bi

M = bd? ©
With by =~ 6 nm and b =~ 0.43 nm, this gives a critical
molecular size of about M* =~ 400 bases for ssDNA. Al-
though this is a rough estimate (numerical factors of order
unity were dropped from the calculation), it suggests that
for typical DNA sequencing (M = 100 — 1000 bases), the
excluded volume interactions are not strong and one can
reasonably use the Kratky-Porod equation and the related
expressions for describing molecular conformations and

dynamics.

2.2 Distribution of ions in solution

If a charged object is immersed into an electrolyte solu-
tion, the freely moving ions will distribute themselves
around the object in order to minimize the free energy of
the system. Under normal circumstances, the local ionic
concentration will follow the Boltzmann distribution, and
the local electrical potential will then be given by the
Poisson-Boltzmann equation:

ezim(r))

aV,ZCD(r) =—€ szC,- exp (— — @)
i

ksT
where the sum is over the ionic species in the solution, ez
and C; are the charge and bulk concentration of ion spe-
cies j, respectively, and ¢ is the permittivity of the fluid.
Equation (7) is highly nonlinear and an analytical solution
does not generally exist, except for particular geometries.
In the weak field limit lez®|<kgT, one can use a linearized
version of Eq. (7):

IO AC
20 — kK __
V20 = - ) 2z o ®)
This expression defines the well-known Debye length:
1/2
ekgT ekgT\ /2
o=laype| = ("BT> ©)
e EZﬁCk 2e?/
K
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where we introduced the ionic strength / = 13~ 22C; of the

j
buffer solution. For most systems of interest in colioid and
polyelectrolyte science, the Debye length ranges from a
fraction of a nanometer to (at most) 100 nm. The solution
of Eq. (8) is quite simply given by:

®(x) = ®(0) exp(—x/Ap) (10)

where ®(0) is the potential at the surface x = 0. The
potential, and hence the ion concentrations, thus decay
exponentially near the charged object, with a length scale
defined by Ap.

2.3 Electrophoresis of spheres and infinite
cylinders

The full theory of the electrophoresis of a spherical object
of radius R is a complicated matter, which must include
coupled electrostatic and hydrodynamic equations. Two
different limits, however, lead to important and simple
results. If the particle radius R is small compared to the
extent Ap of the Debye cloud of counterions, we find [3):

__2cR Q Q

"3 emA Y

where o is the surface charge density of the particle, Q is
its total charge, and & is the friction coefficient of a sphere
of radius R, as given by Eg. (2). In the opposite (Debye-
Huckel) limit of a very large particle, we have [3]:
0')\.[)

B= (12)
We note that the radius of the particle does not appear in
the last expression. This means that all particles with the
same surface charge density o will have the same elec-
trophoretic mobility p, a situation that does not allow
separation. Moreover, the shape of the particle does not
matter either. Electrophoresis of DNA is similar to this
case, as we will see later.

2.4 Polyelectrolytes in solution

Obviously, the Kuhn length of a polyelectrolyte is made
larger by the electrostatic repulsion between the charged
monomers [13]. Although higher ionic strengths screen
these repulsive interactions, a deeper understanding of
this issue requires a look at the nature of screening. The
distribution of the counterions around the polyelectrolyte
backbone is generally divided into a Stern layer of coun-
terions firmly attached to the molecule and a diffuse layer,
which refers to the mobile counterions of the Debye ion
cloud discussed previously. The thickness of the Stern
layer is roughly given by the Bjerrum length Iy = €2 / ekgT:
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this length is the distance below which the electrostatic
potential energy between two attracting charges in this
medium is larger than the thermal energy that tends to
shake them apart. For water at room temperature, the
Bjerrum length (g = 0.7 nm) is of molecular dimensions.

The counterion condensation theory [14] describes the
distribution of counterions near a polyelectrolyte. As dis-
cussed by Hoagland et al. [15}, a key parameter is the
dimensionless parameter p = lg/b, the ratio of the Bjerrum
length to the distance b between the charges along the
chain backbone. When p <« 1, the polyelectrolyte is not
very charged and a simple linearization of the Poisson-
Boltzmann equation will do fine. When p > 1, however,
counterions moving close to the chain condense on the
chain backbone to reduce the local charge density. The
counterion condensation theory [14] predicts that the
counterions will actually redistribute themselves so that
the net charge becomes consistent with p &= 1. This forms
the Stern layer. This is also why many models of DNA
electrophoresis use an effective (reduced) linear charge
density. Since p > 1 for DNA, this effect reduces the mo-
bility of the ssDNA (experimentally by a factor of about 3 -
6) over what one would expect for a polymer with about 1
charge per 0.43 nm. Note that this also means that all
highly charged polyelectrolytes (p > 1) will be affected by
counterion condensation in a similar way, and will thus
end up having very similar mobilities [15]. This remarkable
effect is the reason why ELFSE aims at changing the
effective friction coefficient of the DNA molecules, not
their charge.

Given the counterion condensation effect described
above, there are four important length scales remaining
for a polyelectrolyte such as DNA: the monomer size b,
the Debye length Xp, the Kuhn length by, and the hydro-
dynamic radius Ry. In the next section we shall discuss
the four possible electrophoresis regimes in terms of
these length scales. In the case of ssDNA sequencing,
though, the most common situation is characterized by
the inequality Rg > bk > A p > b because a ssDNA mole-
cule is a moderately long chain with a stiff backbone,
while the amount of salt generally present reduces Ap to
near-molecular dimensions.

2.5 Electrophoresis of polyelectrolytes

Since Hermans [16], many theoreticians have studied the
electrophoresis of random-coil polyelectrolytes (or po-
rous particles/macromolecules). In short, the results indi-
cate that if A is large compared to the radius of gyration
R, of the molecule, the frictional resistance to drift is
mostly due to the fluid itself, and we recover essentially
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the situation of an impermeable sphere pulled through a
liquid by a mechanical force. In the opposite limit Ay < Ry,
viscous dissipation is due to the local friction between the
DNA chain and the counterions, because the two are
quite close and move in opposite directions. In the latter
case, the interplay between the different length scales
may be tricky.

Desruisseaux et al. [17] considered four possible regimes
depending on the relative value of Ap and the other length
scales mentioned previously. When the Debye length is
larger than the radius of gyration of DNA, Ay > Rg (M) (see
Fig. 1A), the electrophoretic friction coefficient is given by
the Stokes relation { = 6anRy, and the resulting electro-
phoretic mobility is given by:

Me

K = A ) "

where Q = Me is the total charge of the polyelectrolyte.
This is essentially a restatement of Eq. (11). In this case of
extremely low ionic strengths and/or small molecules, it
should be possible to separate DNA fragments.

Figure 1. The three regimes of free-solution DNA elec-
trophoresis (the DNA molecule is surrounded by a cloud
of counterions). (A) The radius of gyration Ry of the DNA
coil is smaller than the Debye length A, describing the
extent of the cloud. In this case, the DNA is not free-
draining, and we can separate the molecules. (B) The
Debye length is smaller than Ry but remains longer than
the Kuhn length by of the DNA molecule. Gaussian blobs
of size Ay are then hydrodynamically independent from
each other, and the DNA molecule is free-draining. The
net mobility is given by that of one of the blobs. (C) The
situation is similar to the previous case, except that 1y is
comparable to bx. The blobs are not Gaussian in con-
formation.
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For the other three cases, a large DNA molecule has the
same mobility as a DNA molecule of radius Aj since vis-
cous dissipation (and hence hydrodynamic interactions)
do not extend beyond the range over which the counter-
ions are found. For all practical purposes, the DNA chains
are then made of independent subchains of hydro-
dynamic radius Ap, each of which moves as if it were in
“free-fall” in the electrostatic potential. Therefore, the
mobility becomes independent of the DNA size M. When
RgM) > Ap > by, for example, we have large Gaussian
blobs (each with a friction coefficient {y =~ 6xnip and a
charge Qp = 6e)p?/bby; see Fig. 1B) and the mobility is
given by:
~ 0 1

R b~ T (14)
where we now show the dependence upon the ionic
strength / of the buffer solution. When the DNA is rigid on
the length scale of a Debye length, i.e., when Rg(M) > by
> Ap > b, the mobility is that of a cylinder of length Ay and
radius b (see Fig. 1C). The charge of those independent
DNA cylindrical blobs is Qp = eAp/b, while their electro-
phoretic friction is {p = 3anAp/In(Ap/b); the corresponding
electrophoretic mobility is thus:

~ € AD 1

v (5) ~"() "
Finally, the case Ap < b leads to a mobility that is inde-
pendent of the ionic strength, since the Debye length
does not play any role in this limit. It is important to note,
however, that this analysis is not complete, since some
end effects actually give rise to size-dependent mobilities
below about 20 bases for ssDNA and below about 400
base pairs for dsDNA [15, 18].

3 Electrophoresis of composite molecules:
theory

As discussed in the previous sections, free-solution elec-
trophoresis of DNA fragments does not normally allow
size-based fractionation because of the free-draining na-
ture of such highly charged polyelectrolytes (although
separation is sometimes possible under strong confine-
ment [19, 20]).

Mayer et al. [7] were the first to try to estimate the poten-
tial of ELFSE for ssDNA sequencing. Their theoretical
model was based on two main assumptions: (i) that one
can use the Nernst-Einstein equation to relate the diffu-
sion coefficient D(M) and the electrophoretic mobility p(M)
of a ssDNA molecule of size M in free solution (this is their
Eg. 2); (ii) that the velocity of a hybrid ELFSE molecule
(made of a charged component, the ssDNA fragment, and
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an uncharged component, the drag-tag) is simply given
by the total electrical force applied to the molecule di-
vided by the total friction coefficient of a free-draining
molecule (this is their Eq. 1). Using these two assump-
tions, it is rather straightforward to estimate the elution
time and the maximum read length (in bases) for a given
set of experimental conditions (field intensity E, capillary
length, injection zone width, and the effective drag pro-
duced by the drag-tag). Conservative numbers predicted
that 500 bases could easily be sequenced in less than
45 min, while extreme conditions (e.g., very narrow injec-
tion zone, high electric fields) could potentially lead to
1500-2000 bases called in about the same time. The size
of the label necessary to achieve such results corre-
sponded to having between o = 100 and « = 250 addi-
tional uncharged ssDNA monomer equivalents of drag
attached to the ssDNA molecules to be sequenced.

These predictions attracted a lot of attention, but it took
several years before an experiment demonstrated that
the general idea was indeed valid (see Section 4). How-
ever, we now know that the two assumptions of the Mayer
model are wrong. It was recently shown that the Nernst-
Einstein relation is not valid for free-solution electropho-
resis of DNA molecules [21]. In fact, the diffusion coeffi-
cient is not affected by the electric field and the DNA does
not behave as a free-draining polyelectrolyte as far as
diffusion is concerned. This means that the Mayer et
al. paper [7] actually underestimated diffusional band
broadening and overestimated ELFSE’s potential perfor-
mance. Moreover, the simultaneous presence of electrical
and mechanical forces (the latter coming from the effect
of the drag-tag) on the hybrid molecule leads to a situa-
tion where forces and frictions are not necessarily addi-
tive. Long and co-workers [22-26] have recently revised
the theory of electrophoresis for composite molecules,
and they have shown that the second assumption of the
Mayer et al. paper is only a special case. Luckily, it turns
out that this is the most likely case to occur in practice, so
we may continue to use this hypothesis with some
prudence. Clearly, these factors indicate that a new the-
ory of ELFSE was required. The rest of this subsection
describes the new ELFSE model that we have developed
over the last several years.

3.1 Standard theory of ELFSE

In principle, an end-labeled ssDNA composite molecule
can, during free-solution electrophoresis, adopt four
possible hydrodynamic conformations (see Fig. 2). All of
these behave differently when it comes to estimating the
electrophoretic mobility u of the DNA-drag-tag conjugate.
In Fig. 2A, we see a simple case where the drag forces are
not large enough to disturb the random coil conformation
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Figure 2. Schematic diagram showing various ELFSE
regimes for a spherical drag-tag (A, B, C, D) and an
extended polymeric drag-tag (A’ + B’); the DNA is shown
in red and the label in black. (A+A’) The drag-tag is part of
the random coil conformation of the DNA molecule.
(B+B’) The drag-tag and the DNA are hydrodynamically
segregated, but the random-coil conformation is not dis-
turbed. (C) The DNA stretches out in response to the drag
forces. (D) Short DNA molecules can be sterically segre-
gated from a bulky drag-tag.

of the hybrid molecule. Once these forces reach a certain
threshold, however, the drag-tag separates physically
from the undisturbed ssDNA component and we have
hydrodynamic segregation (Fig. 2B). At large field, the
drag force slowing down the ssDNA is so large that the
latter stretches out (Fig. 2C). Finally, it should be men-
tioned that the ideal case of Fig. 2A cannot occur if the
ssDNA molecule is not large enough to accommodate the
label; for example, a short ssDNA molecule attached to a
large bulky label would actually be segregated from it
even at low velocity, as shown schematically in Fig. 2D.

Which case is most relevant for ssDNA sequencing? In
order to answer this question, we must estimate the value
of the critical electric field E, that one needs to move out
of the random coil conformation regime (Fig. 2A) and into
the hydrodynamic segregation regime (Fig. 2B). However,
to do so we need to compute the mobility of a labeled
ssDNA molecule in the random coil regime. So this will be
our starting point.

Let us first examine the case of a polymeric label made of
M, monomers (see Fig. 2, A’ and B’) that have the same
physical properties (hydrodynamic radius and Kuhn
length) and thus the same friction coefficient as ssDNA
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monomers. Since the resulting block copolymer forms an
unsegregated random coil, the composite electrophoretic
mobility 1 can be approximated, according to the Long et
al. [26] theory of polyampholyte electrophoresis, by a
uniformly weighted average of the free-solution mobilities
of the components (u, for ssDNA and p = O for the
uncharged label):

M
nM) = Hom (16)

where M, is the number of charged monomers and M =
M, + M, is the total number of monomers. For an elution
length L, the elution time of these ssDNA fragments is
given by

L L My
0 = e =z (1 1) a

We clearly see that the shorter the ssDNA fragment, the
longer its elution time. This predicts that separation is
possible, but the peak spacing would be rather poor for
M. > M,

In most cases, however, uncharged label monomers
would not be hydrodynamically equivalent to ssDNA
monomers. In this case, a uniformly weighted average of
the monomers’ electrophoretic properties is not valid. We
then have to revise the way we compute the mobility; to
do so, we must use the so-called blob theory. To use this
powerful theoretical concept, we must regroup the
monomers into “blobs” (or subgroups) that have equiva-
lent hydrodynamic properties [26, 27]. These blobs will
then act as “supermonomers” with the same hydro-
dynamic friction coefficient but possibly different charges
(see Fig. 3A). Proceeding in this way, we can construct an
equation similar to Eq. (16) where M, and M, are now
replaced by Mg, and Mg, the number of charged and
uncharged biobs, respectively. For Gaussian blobs of
typei (with i = u,c), these new molecular weights are given
by the total number of Kuhn lengths per molecule, M,
divided by the number m; of Kuhn lengths per blob:

Mk
Mgi=— 18a)
B = (18a)
My, = # (18b)
Ki

where b; is the size of monomer type i. Since the mobility
of naked ssDNA is molecular size-independent, the
charged blobs have the mobility u,. The electrophoretic
mobility of the composite molecule then becomes:

Mg, M.
= = 1
R b M, PoM, + oxM, (19)
Mycbubke
— [ KeZuTKe 20
- mybcbky ( )
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Figure 3. Schematic diagram showing the blob theory as
applied to a ssDNA molecule (in red) attached to an
extended polymeric label (A) or a spherical label (B). In
both cases, we form blobs having identical hydrodynamic
radii. The hybrid molecule is then seen as a chain of
blobs; the latter thus play the role of effective monomers.

Clearly, the dimensionless parameter o, plays the role of
the relative friction coefficient per uncharged monomer.
Since the hydrodynamic radius of the charged and
uncharged blobs must be equivalent (Ry; = Ru.), the
expression for o4 (which contains only molecular param-
eters) can be simplified. For Gaussian blobs, the relation
Ri"m|/?bx reduces the equality Ry = Ry, to

2
ke _ Bicy 21)
mKu ch
Equation (20) then gives
bubKu
= _u-Ku 22
"= bebrc @2)

Since biobs are theoretical entities designed to help us
solve the problem, the blob parameters are not present in
the final result (Egs. 19 and 22). Instead, Eq. (22) shows
that the relative friction coefficient « is the product of the
relative monomer (b,/b.) and Kuhn {(bk,/bk.) lengths. We
also remark that Eq. (16) is only a special case of Eq. (19)
valid when oy = 1.

With this generalized ELFSE theory for random coil
molecules, we have all the tools to calculate the critical
electric field intensity E, required for segregation to hap-
pen. To segregate the label from a long ssDNA, we need
to apply a counter-flow (drag) force F, > 2kgT / 3Ry on the
composite molecule, where Ry = %Rg is the hydro-
dynamic radius of the composite molecule in its coiled
(un-deformed) state and F, = 6nnRuc (g, — WE [17, 26].
Using Eq. {(19) we obtain:

kaT ( 7 )2kV
Epot—— =~ — 23
° AL Mo \AHu/ cm @3)

where we used the typical values T=30°C,n=1cP, y, =
3x107% cm?Vs, and Ry, is the hydrodynamic radius of
the fabel in nm. In [8], the streptavidin label had a radius of
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R =2.5nm and aread length of M, = 110, thus leading to a
critical field of E, =~ 8 kV/cm, well beyond fields that are
achievable on standard CE instruments. Interestingly, the
value of the critical field does not depend, to first order, on
the size of the DNA molecule. This means that either the
DNA molecules are all segregated, or they are all in a sin-
gle random coil conformation. With a label large enough
to provide competitive ELFSE sequencing (say, M, > 400
monomers), we would possibly be able to reach this seg-
regated regime. The impact of this situation on sequenc-
ing will be discussed in Section 6.1. Until now, however,
segregation (Fig. 2B) has not been observed experimen-
tally. Of course, the next regime (stretched DNA, Fig. 2C -
note that in the presence of a polymeric drag-tag, the lat-
ter could also stretch during migration) would require
even higher fields, and it is safe to say that this is unlikely
to be relevant for ssDNA sequencing (although it may be
relevant for other applications). We thus conclude that the
random coil regime (Fig. 2A) is currently the only relevant
regime for analyzing ELFSE experimental data, and that
one should thus use Eqgs. (19) and (22). Although the arti-
ficial segregation regime (Fig. 2D) is probably present for
very short ssDNA molecules attached to bulky labels, this
is not of great interest since our goal is to find conditions
that would allow the sequencing of very large ssDNA
molecules using ELFSE; furthermore, as we shall discuss
later, the most likely labels for achieving this goal are
uncharged, extended polymer chains and not globular
labels, such as streptavidin.

With Eq. (19) the expression giving the elution time
becomes:

tHM) = # (1 + oy %) ()]

There is no fundamental difference between this result
and Eq. (17), except in the definition of the effective fric-
tion coefficient of the drag-tag; therefore, the same gen-
eral conclusions still apply. in fact, since «, is generally
smailer than unity (because DNA is a very rigid polymer),
this expression indicates that very long (M, > M) poly-
meric labels would be required to achieve long ssDNA
read lengths.

In the case of a spherical label of radius R (like a folded
protein or a colloidal particle), the effective friction coeffi-
cient would be given by {(R) = a;M,; this means that {,
would then be interpreted as the number of ssDNA
uncharged monomers that would form a random-coil
blob with a hydrodynamic radius given by the label size R
(see Fig. 3B). In principle, this allows one to predict the
value of §,(R) [17]; however, since R increases only as the
cube root of the molecular weight for a compact object, it
would be quite difficult to achieve large friction coeffi-
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cients with such drag-tags. Hence, the blob theory sug-
gests that extended polymeric labels are highly prefer-
able.

Equation (24) predicts that a plot of t/t; (or, equivalently,
ue/w) vs. 1/M., where t, = pgE/L is the elution time of an
unlabeled ssDNA molecule (M, = 0}, should be a straight
line with a slope a;M,,. This is the critical test of the theory
and the easiest way to measure the drag-tag’s frictional
properties. Note that from the value of «;M,, one can esti-
mate various molecular properties by using Eq. (22).

Finally, we can also predict the peak spacing for DNA
fragments differing in size by one charged monomer by
taking the derivative of Eq. (24) with respect to M,
K%%ﬂ%+ﬂ%—%%LT%1% 5
According to Eq. (25), as the length M, of the charged
polyelectrolyte (ie., ssDNA) increases, the peaks get
closer to each other, thus making sequencing more
difficult. However, since diffusional band-broadening also
decreases with size M, it is important to look at resolution
and not only peak spacing. This is what we do next.

3.2 Diffusion and resolution

As ssDNA fragments migrate along the capillary, their
motion is subject to thermally induced fluctuations that
we will assume to be exclusively Brownian in nature {e.g.,
we will neglect interactions with the walls). These fluc-
tuations lead to diffusional band-broadening, governed
by Egs. (2) and (3) because the diffusion process is unaf-
fected by electrophoresis [21]. A labeled ssDNA frag-
ment, attached to an uncharged polymer of size M,,
behaves, as far as hydrodynamics is concerned, like a
polymer with M = M,, + o,M, effective monomers. There-
fore, it is possible to write the size dependence of the dif-
fusion coefficient of this Gaussian block copolymer as:

DW)ZWT%—W @6)

where D, is essentially the diffusion coefficient of one
ssDNA monomer in free solution. In order to estimate the
maximum performance of ELFSE, we will assume that
diffusion is the only source of band-broadening.

The size resolution factor R(M = M, + a,M) will be
defined as the ratio of the final full (temporal) width at half
maximum of two consecutive peaks, o pwumiM) =~
orwam™ + 1), to the difference between their elution
times t{M):

_ Ot_FWHM (M) ~V 8|n(2)0‘ (M)
RM) = |t(I\/;) —tM—1)| |at/aMt| @7
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where we assumed that we have Gaussian bands. This
definition implies that R has units of bases: R simply gives
the minimum difference in molecular size that can be
resolved. For sequencing, we need R < 1 base. For nor-
mal diffusion, the spatial peak variance is given by

% (M) = 2D(M)t(M) (28)

if we assume that the initial injection zone width o, is
negligible. With a peak velocity viM) = nf(M)E, the time
width of the peaks is related to Eq. (28) via the expres-
sion:

_ ox(M) _ \/2D(M)E(M)

M) =y~ WME

(29)

We can now use these expressions to obtain the final
result:

R=R

M2 (M + oaMy,)®/*
o

.y (30)

where R, = 4(In{2)D,/p,EL)"? is an experimental parame-
ter, and the partial derivative in Eq. (27) was taken vs. M.,
the size of ssDNA molecule to be separated.

Equation (30) can be used to make some rough predic-
tions regarding ELFSE’s maximum read length M{™ as a
function of the size M,, of the label and the microscopic
parameter a4. Solving Eq. {30) for R = 1 base, with typical
experimental values D, = 7x107% cm%s, p, =
3x10™% cm?/Vs, E = 300 V/cm, and L = 40 cm, reduces
the expression to the numerical evaluation of the non-
linear equation

MY2(Mg + 0aMy)¥* = 215a4M, 31)

If we use the value a = oyM,, = 30, reported for streptavi-
din [17], the maximum predicted read length M** is 129
bases, a number very close to the observed value of 110
+ 10 bases [9]. With a larger end-label, o = a,M,, = 200 for
example, this predicts M{™ = 312 bases; raising the field
strength to £ = 1050 V/cm would then give M{™ = 500, an
interesting read length for practical sequencing purposes.
Clearly, although the situation is promising, significant
experimental advances are required to make this predic-
tion a reality.

4 ELFSE: experimental results
4.1 dsDNA separations: proof of concept

Heller et al. [8] were the first to report that ELFSE does
indeed allow the separation of dsDNA fragments by free-
solution CE. To add a drag-tag to the DNA fragments,
these authors used the same method that had been pre-
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viously used to study DNA migration and trapping elec-
trophoresis in polyacrylamide gels and polymer solutions
[28-30]. A DNA polymerase was used to fill in the over-
hanging ends of DNA restriction fragments with a biotin-
ylated nucleotide, and a molar excess of streptavidin was
then added [8]. The fact that the sequences at the two
ends of the restriction fragments were different allowed
the authors to label either one or both ends with
streptavidin. The biotin-streptavidin conjugation is easily
implemented and streptavidin is essentially neutral under
standard CE conditions, thus providing an adequate
drag-tag for proof-of-concept studies.

The results shown in Fig. 4 confirmed the predictions [7]
that, in the absence of EOF, larger DNA fragments would
migrate faster than smaller ones, and that higher resolu-
tion would be observed with a larger label or, in this case,
with two labels instead of one (Figs. 4B and A, respec-
tively). Using the original Mayer et al. ELFSE theory [7] to
fit the data, it was estimated that adding a single strept-
avidin drag-tag generates a friction equivaient to about 23
uncharged nucleotides, whereas adding two streptavi-
dins generates a friction equivalent to about 54 un-
charged nucleotides (insert of Fig. 4A). Other results
presented in [8] also confirmed the prediction that higher
resolution is obtained at higher electric fields.
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4.2 ssDNA sequencing using streptavidin: proof
of concept

Although the experimental study of Heller et al. [8] on
dsDNA fragments confirmed some of the predictions
made by Mayer et al. [7], the separations obtained were
relatively poor and certainly far from providing single-
base resolution. This poor resolution was largely the result
of the polydispersity of the streptavidin that was used
(insert of Fig. 4B) and the imperfect coating of the capil-
laries used. The poor wall coating not only complicated
the injection of the samples but also failed to suppress all
interactions of the analytes (especially the streptavidin)
with the capillary walls. A later study published by Ren et
al. [9] showed that single-base resolution of ssDNA se-
quencing reactions could be achieved using both a gel-
purified (relatively monodisperse) streptavidin label and
an adequate dynamic, polydimethylacrylamide (pDMA)
adsorption wall-coating process. These relatively simple
improvements allowed these authors to read the first
100-110 bases of a sequencing sample, using 4-color LIF
detection, in 18 min (Fig. 5). An analysis of the results
showed that the system was essentially diffusion-limited.
Consequently, this study also demonstrated that the size
and properties of the drag-tag are the main limiting fac-
tors in ELFSE separations.
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Figure 5. Separation of DNA sequencing reaction prod-
ucts using a purified streptavidin drag-tag and a dynami-
cally coated capillary. The Y-axis represents the intensity
of the fluorescence signal and the X-axis gives the elution
time in minutes. The numbers above the peaks give the
number of nucleotides (including the primer sequence).
The weaker signal observed for the smaller fragments is
due to their less efficient electrokinetic injection. Reprint-
ed from [9], with permission.

Figure 6 shows the ratio #{M)/f, plotted vs. the inverse
molecular size 1/M of the ssDNA molecules, where t{M) is
the elution time of a molecule of size M and i, is the CE
elution time of unlabeled ssDNA molecules. According to
the theory presented in Section 3.1, this figure should give
a straight line with a slope o = ayM,, according to the the-
ory of ELFSE, where « is then the effective friction coeffi-
cient of the drag-tag (assuming that the latter is
uncharged). The value obtained here, « = 24.15 bases, is
rather small. As discussed in Section 3.2, the number of
bases sequenced is quite close to the maximum read
length predicted for a label of this size in the diffusion-
limited case. Based on their resuilts, these authors further
estimated that a read-length of 625 bases would require
an uncharged and monodisperse drag-tag with a friction
equivalent to about 300 uncharged ssDNA bases. Strep-
tavidin, being a natural (folded) protein, is not an ideal
drag-tag because it is too small to generate hydro-
dynamic drag equivalent to more than about 2540
nucleic acids. Since the friction coefficient of a compact
sphere increases linearly with the radius of the sphere
while the effective radius of a folded protein increases
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Figure 6. Ratio t{(M)/f; vs. inverse ssDNA molecular size
1/M, for the electropherogram presented in Fig. 5. Here,
M) is the elution time of the labeled ssDNA molecule of
size M (in bases), while t, is the elution time of the unla-
beled ssDNA molecules. The straight-line fit, predicted by
theory, provides the effective friction coefficient of the
streptavidin label, as « = a;M,, = 24 bases. Reprinted from
[9], with permission.

only as the 1/3 power of its molecular weight, a folded
protein label with a friction coefficient equivalent to that of
300 uncharged ssDNA bases would be about 600 times
heavier than streptavidin {more than 30 million Da), an
unrealistic number. Therefore, [9] also demonstrated that
folded uncharged proteins are not likely to be the drag-
tags of choice for the development of a truly competitive
sequencing device based on ELFSE.

4.3 Using polypeptoids and polypeptides

The sequencing of ~110 bases of DNA in free solution
using streptavidin as an end-label provided an interesting
proof of concept of ELFSE, but streptavidin is limited pri-
marily by the modest amount of frictional drag it provides.
Streptavidin is a moderately large protein (a total of 536
amino acids, or 52 kDa), but like most water-soluble pro-
teins it is folded into a compact globular structure, which
is inefficient for providing drag. Additionally, streptavidin
shares several other properties common to natural pro-
teins that limit its effectiveness for ELFSE. These include
a tendency to interact nonspecifically with capillary or
microchannel walls, leading to peak broadness, as well as
an inherent electrical charge (except at the isoelectric
point). A net positive charge, while in principle improving
resolution in ELFSE, tends to exacerbate wall-analyte
interactions (since the wall is negatively charged), and
may also lead to deleterious ionic interactions between
the drag-tag and the DNA, or between analytes (poten-
tially leading to aggregation). A net negative charge
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avoids these difficulties, but reduces the resolution of the
separation by giving the label its own electrophoretic
mobility in the same direction as that of the DNA. In addi-
tion, many natural proteins, with the exception of proteins
from simple organisms such as Escherichia coli, have
some degree of post-transiational modification, and the
resulting polydispersity leads to increased peak width (or
multiple peaks for a single size of ssDNA) in ELFSE
separations.

Avidin and streptavidin are relatively unique among pro-
teins for their very strong affinity to biotinylated DNA,
which is readily prepared and easy to work with. Other
natural proteins would require more elaborate conjuga-
tion strategies, including the use of chemical cross-linking
agents to link a reactive site on a protein (e.g., an amino
group) to a suitably modified DNA (e.g., a 5’-thiol mod-
ification). Since most proteins have a multiplicity of reac-
tive sites on their surfaces, guaranteeing unique end-on
attachment of the protein to DNA is quite difficult.
(Another possibility is the use of immunoglobulins to as-
sociate with a short peptide epitope appended to a DNA
fragment. Although immunoglobulins have the apparent
advantages of large size and relatively strong binding to
the appropriate antigen, these proteins tend to be quite
“sticky” and adsorptive in CE, with significant post-
translational modification leading to hydrodynamic poly-
dispersity).

Since it is difficult to identify large natural proteins to use
as end-labels for ELFSE, alternative approaches have
been explored by the Barron group. These approaches
include (j) synthetic polymers, including conventional
polymers such as PEG, as well as polymers synthesized
using solid-phase techniques, and (i) non-natural poly-
peptides genetically engineered specifically for use as
end-labels for ELFSE.

Given the theoretical arguments above, synthetic poly-
mers may appear initially to be promising candidates as
frictional labels for ELFSE, although the requirement for
complete monodispersity disqualifies the majority of large
synthetic polymers. As will be discussed in Section 5.2, a
PEG with a polydispersity index of only 1.01 (highly
monodisperse, by synthetic polymer standards) yields a
large family of ~110 closely-spaced peaks, or a broad
smear, for each size of DNA [10]. This polydispersity ren-
ders any known synthetic polymer made by solution-
phase methods unusable for high-resolution DNA se-
quencing separations.

In contrast to conventional solution-phase polymerization
techniques, solid-phase synthesis has the potential to
produce short polymers of precisely controlled length and
sequence in high purity. Oligonuclectides and peptides
are routinely synthesized by adding one monomer at a
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time to a growing chain covalently attached to a solid
support. After adding all of the desired monomers in the
desired sequence, the complete chain is chemically
cleaved from the solid support, and purified to near-total
monodispersity using reversed-phase HPLC or other
chromatographic techniques. The drawback to using
solid-phase techniques for synthesis of end-labels for
ELFSE is that only relatively short chains can be synthe-
sized with reasonable yield, e.g., 30-40 amino acids for a
peptide.

A novel ciass of polymers that has found application as
frictional labels for ELFSE is the poly-N-substituted gly-
cines, or polypeptoids [31]. Polypeptoids are a class of
polyamides that resemble normal polypeptides, with a
key difference: the side chains are appended to the
backbone amide nitrogen rather than to the «-carbon,
which eliminates the possibility of both intramolecular and
intermolecular hydrogen bonding. Polypeptoids are easily
produced by solid-phase synthesis using a “sub-
monomer” protocol, meaning each monomer unit is built
up in two separate steps. This submonomer approach
allows the incorporation of a wide variety of side chain
chemistries, including analogues of natural amino acid
side chains, as well as other completely non-natural side
chains. Polypeptoids bearing non-natural methoxyethyl
side chains have been used for ELFSE [32, 33]. This side
chain is uncharged, hydrophilic, and can act as a hydro-
gen bond acceptor but not a hydrogen bond donor. These
properties tend to make polypeptoids bearing this side
chain highly water soluble, but relatively inert to interac-
tions with surfaces or other molecules [34] and thus ide-
ally suited for frictional labels for ELFSE.

As with polypeptides, solid-phase synthesis of poly-
peptoids only allows the production of relatively short
chains. Chains with up to 60 N-methoxyethylglycine
monomers have been produced successfully [32, 35], al-
though purification to monodispersity becomes more dif-
ficult, and synthetic yield drops for such long chains. As
such, simple polypeptoids are unlikely to provide suffi-
cient drag for long read-length sequencing. Analysis of
polypeptoids ranging in length from 20 to 60 monomers
suggests that, in a typical DNA sequencing buffer, the
drag for a polypeptoid end-label increases linearly with its
chain length, and that roughly 4-5 peptoid monomers
provide the drag of a single base of ssDNA (which means
that oy = 1/4 to 1/5) [32]. This small ratio is due mostly to
the fact that ssDNA is more rigid than polypeptoid chains.
Thus, a M, = 60-monomer long polypeptoid end-label
provides drag equivalent to a;M, = 13 bases of ssDNA.
Although DNA conjugated to polypeptoid end-labels
provide sharp, clean peaks, the drag is simply not suffi-
cient for high-resolution separation of large ssDNA. Note,
however, that 120-monomer long polypeptoids would
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provide an effect equivalent to that of streptavidin (x =
25-30), while the latter consists of 536 amino acids. This
enormous difference in drag-per-monomer between the
two compounds arises entirely from the fact that the
polypeptoids are not folded, but instead are random coil.
This demonstrates very clearly that the use of unfolded
monodisperse polymer chains represent the best strategy
to realize the promise of ELFSE.

Despite being too small for long-read length DNA se-
quencing by ELFSE, polypeptoid labels do have the
potential for use in other ELFSE-based genetic analyses
where single-base resolution is not required. Poly-
peptoids have found utility in single-base extension gen-
otyping. Single-base extension or SBE {(or “minisequenc-
ing”) resembles conventional dye-terminator sequencing,
except that only dye terminators (ddNTPs) are used, with
no dNTPs. Thus, the SBE primer is extended by a single
base only, and the fluorescent signature of the incorpo-
rated ddNTP reveals the identity of the base immediately
adjacent to the 3’-end of the primer. A variety of approa-
ches have been developed for the multiplexing of SBE
reactions to allow rapid testing of multiple alleles. One
approach, marketed by Applied Biosystems as “SNaP-
shot”, has been to use several primers with different
lengths of nonhybridizing “tail” regions, allowing the
separation of multiplexed SBE reaction products in a sin-
gle capillary filled with a conventional polymeric sieving
matrix, such as POP4. Another approach employing
injection from multiple samples separated by short inter-
vals of electrophoresis has been marketed by Amersham
as “SNuPe”. An alternative technique using ELFSE was
demonstrated by Vreeland et al. in 2002 [33]. In this
approach, SBE primers were conjugated to polypeptoid
end-labels of different sizes (M, = 10, 20, and 30
N-methoxyethylglycine monomers). The polypeptoids
functioned as drag-tags allowing separation and identifi-
cation of the DNA products from a multiplexed SBE
reaction by CE, without using a sieving matrix for the
electrophoresis. The SBE-ELFSE approach was suc-
cessfully used to genotype several mutations in “hot
spot” loci in the p53 gene amplified from cancer cell line
samples. Using the polypeptoids as drag-tags eliminated
the need to synthesize long nonhybridizing “tails” on
primers for multiplexed SBE reactions, as done with the
SNaPshot method, and also eliminated the need for the
polymer sieving matrix. Analysis of SBE-ELFSE samples
required less than 10 min on a MegaBACE DNA sequenc-
ing instrument, and could conceivably be performed in
much less time on a microfluidic device. Additionally, the
large peak spacing afforded by peptoid labels of 10, 20,
and 30 monomers suggests that a larger number of more
closely spaced peptoid labels could allow a greater degree
of multiplexing in a single SBE-ELFSE reaction.
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Since most synthetic polymers are unsuitable for DNA
sequencing by ELFSE, either due to polydispersity (PEG
and other synthetic polymers), or small size (poly-
peptoids and other solid-phase synthetic products), and
most larger natural (folded) proteins are disqualified
based on a variety of factors as discussed above, the
Barron group has undertaken the development of non-
natural polypeptides genetically engineered specifically
for ELFSE. Desirable properties identified for such poly-
peptides include: (i} water solubility; (i) charge neutrality
(or very slight negative charge); (i) absence of second-
ary or tertiary structure; {iv) minimal interactions with
microchannel walls, (v) no post-translational modifica-
tion, and (vi) amenability to unique end-on attachment to
DNA.

In addition, “artificial” polypeptide sequences need to be
expressed well by living organisms, and isolated in highly
pure preparation from cell lysates. In order to facilitate
rational design of a polymer with these properties, long
polypeptides or “protein polymers” consisting of many
repeats of simple amino acid sequences have been cre-
ated. A novel “controlled cloning” technique was devel-
oped to allow the construction of large concatemers of
repetitive DNA sequences with well-defined size [36].
These large, repetitive synthetic genes encoding the
protein polymers are then transformed into E. coli and
expressed as fusion proteins with an N-terminal poly-
histidine tag, which allows for an affinity chromatogra-
phy-based purification of the protein polymer from cell
lysate. The polyhistidine tag can then be cleaved by
chemical methods (treatment with cyanogen bromide
and formic acid) or by enzymatic methods, with the
chemical method being employed most commonly.
Sequences designed thus far do not include lysine,
leaving the amino terminus as a convenient reactive
group for end-on conjugation to DNA. The bifunctional
cross-linker Sulfo-SMCC has proven useful for conjuga-
tion of polypeptides via the amino terminus to DNA olig-
omers with 5’-thiol modifications.

Initial attempts to create protein polymer end-labels
show the promise of this approach, although polypep-
tides produced thus far do have certain drawbacks.
Several different sequences based on repeating se-
quences of seven amino acids were developed to
explore the effect of varying the hydrophobicity and the
intrinsic charge of the polypeptide. Two protein sequen-
ces that expressed well were tested extensively. These
two sequences, referred to here as “P1” and “P2” have
the following general structures, using the one-letter
codes for the amino acids.

P1: [(GAGQGSA),G] (charge neutral, n = 12, 24, or 48)
P2: [[GAGQGEA),G] (negative charge, n = 18, 36, or 72)
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Table 1. Effective friction (a) measured for two different
protein polymer sequences: P1 = (GAGQG-
SA)G; P2 = (GAGQGEA),G, with different num-
bers of repeats (n) yielding the different lengths

shown
Peptide sequence Effective friction «
(number of amino acids) (bases of ssDNA)
P1-85 15
P1-169 29
P1-337 70
P2-127 5.0
P2-253 7.1
P2-505 9.2

Data from Won [37]

Thus, P1 was produced in lengths of 85, 169, and 337
amino acids, while P2 was produced in lengths of 127,
253, and 505 amino acids. Each of these protein polymers
was conjugated to fluorescently labeled, thiolated ssDNA
oligonucleotides (22 bases in length) and analyzed by CE
to determine the effective friction provided. Friction (a)
was calculated using the simple model presented in
Section 3.1 (Eq. 24) by comparing the mobility of con-
jugate peaks with the mobility of unlabeled DNA. Results
are summarized in Table 1 [37]. As expected, the neutral
sequence P1 was more effective than the negatively
charged P2 in imparting drag to fluorescently labeled
DNA oligos. Even with only one out of every seven resi-
dues in P2 carrying a negative charge, this polypeptide
has a strong mobility of its own toward the anode in elec-
trophoresis, of the same order of magnitude of the mobil-
ity of DNA. This can be explained in terms of counterion
condensation and charge screening: DNA, with its highly
charged backbone, has tightly bound counterions that
screen much of the negative charge, leading to a greatly
reduced apparent charge for the DNA backbone. P2 has a
much lower charge density, and does not bind counter-
jons so tightly, and thus has much less of a reduction in its
apparent charge. Thus, P2 on its own migrates at roughly
60% the velocity of DNA, making P2 ineffective as a fric-
tional label - even a 505-amino acid P2 protein polymer
provides the apparent drag of only 9 bases of ssDNA
(corresponding to a disastrous value of a; =~ 1/56).

The charge-neutral P1 was much more effective as a
frictional label. The 169-amino acid variant provided the
friction equivalent of about 29 bases of DNA (or oy =~
0.17). This is of a similar magnitude to the friction
obtained from streptavidin, a protein more than three
times this size. Again, this indicates that an unstructured
sequence, such as that of the P1 drag-tag, is much more
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efficient at providing drag than the globular streptavidin.
The 337-amino acid variant provided the friction of ap-
proximately 70 bases of ssDNA, which could be suffi-
cient for sequencing more than 200-250 bases of
ssDNA. In addition, peak efficiencies for small DNA con-
jugated to P1 were found to be higher than those repor-
ted for streptavidin [37]. Although the CE instruments
and experimental setups were quite different, this does
suggest that the protein polymers produced thus far
have minimal interaction with capillary walls, and thus
satisfy that design criterion.

These P1 sequences do have an important drawback.
The initial amino acid sequences that were proposed all
included glutamine as a polar amino acid that would
contribute to water solubility without contributing to
charge. Glutamine is, however, prone to deamidation to
form giutamic acid, and it was determined that deamida-
tion of some glutamine residues is unavoidable, either
during the expression of the protein or during the harsh
chemical treatment to remove the N-terminal histidine
tag. Thus, all samples of the P1 protein studied contained
a certain fraction of molecules with one or more deami-
dated glutamines. Each of these different species showed
up as separate peaks when conjugated to a mono-
disperse DNA, as illustrated in Fig. 7. This led to the use of
ELFSE as a novel technique for quantitatively profiling the
amount of deamidation in various P1 samples [38]; how-
ever, the complex pattern of peaks for each size of DNA
makes this protein polymer unsuitable for DNA sequenc-
ing.

Efforts are currently underway to design new protein
polymer sequences based on the lessons learned from
the studies of the P1 and P2 sequences. These efforts will
be described in Section 6.2.
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Figure 7. Capillary electrophoretic analysis of a 22-base
fluorescently labeled DNA conjugated to a 337 amino
acid protein polymer with the repeating “P1” sequence
(GAGQGSA),5G. The numbered peaks refer to conjugate
species with 0, 1, 2, 3, 4 or more deamidated glutamines;
this polydispersity renders the protein polymer unusable
for DNA sequencing by ELFSE. Reprinted in part from
[38], with permission.




ELFSE Review 133

Electrophoresis 2005, 26, 331-350

5 Free-solution conjugate electrophoresis

The concept of ELFSE has also successfully lent itself to
the creation of a complementary separation method
called free-solution conjugate electrophoresis (FSCE).
While ELFSE uses a uniformly uncharged drag-tag mole-
cule to achieve the free-solution separation of a poly-
disperse polyelectrolyte sample, the complementary
technique of FSCE uses a uniformly charged polyelec-
trolyte “engine” to separate a polydisperse, uncharged
polymer sample [10, 27]. Since the polydispersity of a
polymer sample can be difficult to determine accurately
with conventional techniques, such as gel permeation
chromatography [39] and mass spectrometry [40], this
novel technique is quite interesting, and may find some
useful applications. With this new method, each of the
various sizes of uncharged polymers has the same
charged polyelectrolyte engine attached to it, and hence
the same electrical force; however, the effective drag of
the uncharged polymers is directly proportional to their
individual size, and hence the balance of the charge-to-
friction ratio is indeed broken, thereby allowing for size
separation of polymer by free-solution electrophoresis.
Conjugates with shorter uncharged sections (i.e., less
frictional drag) have a higher electrophoretic velocity than
those with longer uncharged sections; hence the resulting
electropherogram yields the polydispersity of the sample.

This type of free-solution separation was employed by
Stefansson and Novotny [41] to study uncharged oligo-
saccharides that have been complexed with charged tag
molecules, and by Bullock [42] to separate uncharged
poly(ethylene glycol) (PEG) polymers through derivatiza-
tion with the charged small molecule phthalic anhydride.
More recently, FSCE separations of PEG conjugated to
ssDNA engines were performed by Vreeland et al. [10];
these well-controlled experiments, briefly mentioned
above in Section 4.3, will be fully discussed in Section 5.2.
FSCE is expected to be a useful means for separation of
any water-soluble uncharged polymer that is amenable to
uniform conjugation to a suitable charged engine, and
which can be solubilized for CE analysis.

5.1 Theory of FSCE

The theory developed for FSCE separations [27], as with
ELFSE, makes use of the polyampholyte theory devel-
oped by Long et al. [26]. Both components of the con-
jugates are assumed to be flexible, water-soluble linear
polymers that can be adequately characterized as Gaus-
sian coils (other situations, such as branched neutral
polymers, could also be treated using a similar theoretical
approach). The net mobility, arrival time and diffusion
coefficients of these conjugates are also given by
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Egs. (19), (24), and (26) in Section 3, where again the o,
parameter is used to adjust for any differences in mono-
mer size and stiffness between the charged and
uncharged sections. Remarkably, Eq. (24) predicts that
the peak spacing is constant in the FSCE case (i.e., the
elution time increases linearly with molecular size M), in
agreement with the data reported in [10]. The FSCE size
resolution factor R(M) can be determined in the same way
as with ELFSE, where the difference in arrival time of two
adjacent peaks t{{M)-t(M-1), can be approximated as the
derivative 8t{M)/8M—dt(M)/3M,, of arrival time (M) with
respect to the number of uncharged monomers (M)
rather than charged monomers M., since FSCE con-
jugates only differ in the number of uncharged monomers.
The calculations yield:

(Mg + 1M,/

RM)=R
( ) 0 a%Mc

(32)

Again, we have assumed optimal conditions where band-
broadening is exclusively thermal-based, and the initial
peak loading width is negligible (see [27] for a more gen-
eral development). Note that the resolution depends only
on the voltage drop, i.e., the product V = EL, and not the
length L of the capillary itself. Taking the derivative of
Eq. (32) with respect to the number of charged monomers
M., and setting it equal to zero gives the optimal engine
size M; = %m M, for a given polymer analyte of size M,
The elution time for this optimal engine size would be:

HM = M + M) = g x EﬁE (33)
Remarkably the final elution time for conjugates with the
optimal engine size (where we assume that the optimal
engine size was set for the largest uncharged polymer to
be separated) does not depend on the number of mono-
mers or the nature of the polymers. As can be seen from
Eq. (32), the size resolution factor increases with the size
M, of the uncharged polymer, which means that we lose
the resolving power of FSCE for longer uncharged poly-
mers. This loss of resolution is due to the fact that while
the peak spacing remains constant, the elution time
increases with molecular size M, thus leading to broader
bands. In order to determine the longest uncharged chain
size M that can be separated by FSCE, we simply set
the resolution factor in Eq. (32) equal to one monomer
RM,+ o,MJ™) = 1. This gives the largest uncharged
chain size that can be separated by FSCE as a function of
and the engine size M.

1/5
pmax _ [Mﬁl _M. (34)

u RgCh O
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This number M[® is effectively the “read-length” for a
system under the experimentally ideal conditions of
purely thermal band-broadening. If we use the typical
values for CE experimental parameters as given in [27],
we find that the read length for PEG conjugated to a 20-
base ssDNA engine, as studied by Vreeland et al. {10}, is
roughly 10 kDa. The largest PEG samples studied in [10]
were about 20 kDa, for which the resolution was indeed
considerably less than for their 5 kDa sample.

5.2 PEG separation

The usefulness of FSCE for molar mass profiling has been
demonstrated for synthetic polymers and solid-phase
synthesis products. In the case of synthetic polymers,
Vreeland et al. [10] conjugated monodisperse, fluores-
cently labeled DNA oligomers to commercially available
“monodisperse” (PDI 1.01) PEG samples of various sizes
by end-on covalent thiol-maleimide conjugation. The
samples were then analyzed by free-solution CE in iong
(100 cm) capillaries with a 25 pm inner diameter. The
“monodisperse” PEGs actually contain a distribution of
sizes centered around the nominal molecuiar weight, and
it was found that the FSCE technique was indeed able to
separate the different sizes of PEG in a given sample,
with single-monomer resolution. Because PEG is an
uncharged molecule, the net charge for each conjugate
was obviously identical (the DNA oligomer being uni-
formly charged); however, the molecular friction linearly
varied with the length of the PEG tail, with each monomer
unit contributing friction equivalent to oy = 0.138 bases of
ssDNA when the data were analyzed using the theory
presented in Section 5.1. The degree of polymerization
corresponding to each conjugate peak could thus be
calculated, and the molar mass and polydispersity index
of the PEG were determined from the areas of the con-
jugate peaks. Results from a typical FSCE molar mass
profiling of PEG samples can be found in Fig. 8.

The FSCE method was also demonstrated on a micro-
fluidic chip as well as by conventional CE. The micro-
fluidic device has the potential for higher separation effi-
ciencies and faster separations due to narrower injection
zones. In the work presented by Vreeland et al. [10], the
peak resolution on chips was significantly lower, but the
authors predicted that, with optimization of the chip sys-
tem for FSCE-like separations, single-monomer resolu-
tion can be achieved with shorter run times than by CE.

Several factors limit the effectiveness of the FSCE meth-
od for molar mass profiling. For example, the use of
higher molar mass PEG (> 5 kDa) or longer DNA oligo-
mers (35 bases) decreased resolution by lowering the
difference in mobility, in agreement with the theoretical
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Figure 8. FSCE separation of a monodisperse, fluores-
cently labeled, 20-base ssDNA “engine” conjugated to a
PEG with nominal molar mass of 5 kDa and a poly-
dispersity index of 1.01. The series of peaks between 30
and 37 min represent PEG chains with different numbers
of monomer units, conjugated to the ssDNA engine. Re-
printed from [10], with permission.

predictions. In these cases, peak spacing is decreased,
resulting in a nearly Gaussian global profile for the family
of uncharged molecules, without individual peaks for
each one of the monomers. It was shown that in the case
of a higher molar mass PEG (20 kDa in average molar
mass conjugated to 20-base DNA), deconvolution of the
peaks to extract molar mass distribution information is
possible using software such as PeakFit. Deconvolution
is significantly more difficult in the case of ionger DNA
oligomers, where the spacing between peaks is smaller,
so determining the optimal DNA oligomer size is critical
for molar mass profiling by FSCE. Additionally, a bias
exists when electrokinetic (EK) injection is used, since
analytes with higher mobility enter the capillary dis-
proportionately. In the studies with narrow-polydispersity
PEG, the bias due to EK injection did not substantially
alter the molar mass profile, but conjugate samples with
higher polydispersity could display a significant bias,
requiring a correction. Alternatively, a pressure injection
can be used to introduce an unbiased sample. Finally, the
FSCE technique is limited to cases where there is a
method for unique, end-on attachment of the synthetic
polymer to a monodisperse DNA, and for polymer-DNA
conjugates with a solubility suitable for CE. Despite these
limitations, the resuilts of the FSCE experiments were
found to be in agreement with molar masses and poly-
dispersities for the PEGs determined by MALDI-TOF. In
certain situations unsuitable for MALDI-TOF or gel per-
meation chromatography (GPC), FSCE provides a useful
alternative method for molar mass profiling.
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More recently, Vreeland et al. [35] used the same method to
profile products from the solid-phase synthesis of poly-
peptoids, a task nomally performed with RP-HPLC. Since
each cycle of solid-phase synthesis is only 97-99% effi-
cient, the synthesis of along molecule inevitably results ina
host of shorter “deletion” products, missing one or more
monomer units. To profile this mixture of products by FSCE,
the entire crude mixture of reaction products was con-
jugated end-on to fluorescently labeled ssDNA, and the
resulting conjugates were separated based on differences
in mobility due to the varying length of the polypeptoid. The
polypeptoids in this work were also preparatively purified
using RP-HPLC, and the resulting purified (and nominally
monodisperse) polypeptoids were conjugated end-onto a
monodisperse ssDNA oligomer. CE analysis of the resulting
conjugates with LIF detection revealed the presence of sig-
nificant levels of peptoid deletion fragments, which were
undetectable by analytical RP-HPLC with UV detection.
Using the FSCE technique for analysis rather than RP-
HPLC, the average separation efficiency between adjacent
peaks was 2.5 times higher and the average peak resolution
was 5 times higher than that observed with RP-HPLC.
These experiments highlight a potential high-impact appli-
cation for FSCE, namely the characterization of therapeutic
peptides or other pharmaceuticals synthesized by solid-
phase synthesis, where precise characterization of sample
purity is necessary for clinical or regulatory purposes.

6 The future of ELFSE and FSCE
6.1 Optimizing ssDNA sequencing by ELFSE

One possibility for optimizing the read length of ssDNA
sequencing with ELFSE would be to take advantage of
the dependence of the friction coefficient on drag-tag
and/or DNA conformation. As discussed in section 3.1,
under certain conditions, one or both of the two compo-
nents of the conjugate molecule may become stretched.
In a stretched conformation the hydrodynamic radius Ry,
increases, meaning that the friction is greater for a
deformed molecule. Stretching ssDNA-streptavidin con-
jugates requires extremely high fields (see our estimates
in Section 3.1). However, with a larger label providing
more frictional drag, stretching would likely occur at
attainable field strengths. A higher friction coefficient
would increase the value of a, thereby improving the read
length. One interesting feature of stretched conforma-
tions is that we have a positive feedback loop: if an ssDNA
could pull against the frictional drag-tag with sufficient
force, we would obtain a stretched drag-tag conformation
with an increased friction coefficient, which in turn would
lead to a greater extent of chain stretching, and so on. In
this manner it may be possible to increase the separation
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achieved for longer ssDNA molecules, thereby extending
the read length of ELFSE. However, there might be a
secondary effect with a negative impact: larger DNA
molecules may actually be slowed down more than
smaller ones because they stretch the label more. The
difference in drag-tag stretching generated by two ssDNA
molecules differing in size by one base being quite small,
we do not expect this effect to reduce the predicted gain
in any substantial way. We are currently looking for evi-
dence and studying the potential impact of this effect.

Another means of increasing the read length for ssDNA
sequencing would be to optimize the ionic strength of the
buffer. With an increase in the ionic strength there are
more ions in the solution to screen the electrostatic
repulsion between charges on the DNA backbone; hence
the persistence length of DNA decreases. Since this
would cause DNA to adopt a more compact shape, it
wouid take more ssDNA bases to form a blob having the
same hydrodynamic size as the end-label, with the resuit
that the value of «, would increase. Hence, one way to
increase o is to increase the concentration of salt in the
buffer (this is of course limited by practical considera-
tions, such as the increased electrical current and Joule
heating, and the possible impact of higher ionic strengths
on the solubility of the DNA and the label).

A further route to optimizing the performance of ELFSE
would be to employ a scanning LIF detection system,
which can image the entire length of the microchannel in
real time. Since the larger molecules are substantially
harder to separate with ELFSE than smaller molecules
with a given drag-tag, once these larger molecules arrive
at the end of the capillary, all of the remaining smaller
molecules are already separated; in fact, by the time they
reach the end of the capillary they are needlessly over-
separated [9]. Hence, as a means of decreasing the time
required for the electropherogram to be produced, one
could employ a scanning detection system rather than
the finish-line detection system commonly utilized with
CE. With this method, once the longest separated ssDNA
arrive at the end of the capillary, the electric field could be
turned off and the entire capillary scanned to produce the
electropherogram immediately. In the case of [9], for
example, such a device would have reduced the separa-
tion time by almost a factor of two, a non-negligibie gain.

6.2 Designing new drag-tags

The primary obstacle preventing long read-length se-
quencing of ssDNA using ELFSE has thus far been the
lack of a suitable, large, frictional end-label, or drag-tag.
Gel-purified streptavidin provided only enough friction to
sequence ~110 bases, and most other large natural pro-
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teins are unsuitable for ELFSE or CE for a variety of
reasons. Non-natural protein polymers are much more
promising, but the repetitive polypeptide sequences pro-
duced thus far have suffered from unforeseen drawbacks,
including the deamidation of glutamine leading to unac-
ceptable polydispersity. Synthetic polymers made by so-
lution-phase approaches, such as PEG, are also unac-
ceptable due to their polydispersity, whereas mono-
disperse polypeptoids produced thus far are simply not
large enough to provide the needed drag.

The most obvious next step in designing new labels use-
ful for ELFSE sequencing is to produce large, non-natural
polypeptides with different sequences. Neutral protein
polymers with no unstable glutamine or asparagine
residues are currently under development. Additional
sequences with longer repeating units and a wider variety
of amino acids, geared towards improved expressability,
are also under development.

6.3 Charged oligosaccharides

In addition to separating ssDNA, ELFSE has also been
successfully applied to the separation of highly charged
oligosaccharides by Sudor and Novotny [43, 44]. They
showed that, in the same manner as for separating ssDNA,
these chains which normally have a length-independent
charge-to-friction ratio, can be end-labeled in order to ren-
der the ratio length-dependent. The two types of labels they
used, which serve the dual purpose of changing this ratio as
well as providing the necessary fluorescence for detection,
differ in nature in that one (8-aminonaphthalene-1,3,6-tri-
sulfonic acid, or ANTS) increases the charge-to-friction ratio
ofthe solute while the other (6-aminoquinoline) decreases it.
With the former end-label, the migration order is from
smaller to larger oligomers, while with the latter the order
can be entirely reversed [43]. The resolution of small oligo-
saccharides, which is difficult to achieve with traditional CE,
was dramatically improved with this ELFSE approach [43].
These authors also pointed out that ELFSE should be very
useful for studying the affinity of highly charged oligo-
saccharide components with certain peptides, becauseitis
free of any secondary equilibria of the oligosaccharides with
“selective” counterions. ELFSE theory can be easily ad-
justed to account for the non-zero mobility of charged end-
labels such as those employed by Sudor and Novotny.

7 Conclusions

ELFSE has already been shown to be useful for genotyp-
ing by single-base extension, an application for which it
can offer easily multiplexing and fast analysis. ELFSE has
also been used for the analysis of charged oligosaccha-
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rides, and the reverse process (FSCE) has been demon-
strated for molar mass profiling of PEG and analysis of the
products of a solid-phase synthesis reaction. ELFSE has
also been demonstrated for separation of DNA sequenc-
ing fragments using a streptavidin end-label, although the
read length was limited to about 110 bases.

The key to making ELFSE work is the drag-tag. For long-
read sequencing, one must have a molecular “parachute”
that is both large and monodisperse. By large, we mean that
the selected object must generate enough friction to affect
the net mobility of the DNA fragments in the range of mo-
lecular sizes under investigation. By monodisperse, we
mean that the drag-tag must have a unique molecular
weight and a unique friction coefficient (which is a function of
the shape or conformation of the object in solution). More-
over, the selected drag-tag must have essentially no electric
charge, be water-soluble, and have no affinity for the walls of
the separation channel or for the DNA itself. Designing and
producing such a molecule is not an easy task.

Our understanding of the physical mechanisms at play dur-
ing ELFSE seems to be quite good at the present time. The
theory described briefly in this review allows one to predict
the dependence of the net mobility of an ELFSE conjugate
upon the molecular size of the DNA. More importantly,
howeuver, it provides guidance for the development of new
families of drag-tags. In particular, we showed how the
available experimental results and our theoretical frame-
work predict that the use of unfolded polymers is the pre-
ferred way to achieve large values of the effective total drag
coefficient a = oy x M. Equation (22) also indicates that stiff
uncharged polymers would have very large values of the
effective drag coefficient «,. Hence, the ideal drag-tag
would be a neutral polymer with a very large Kuhn length,
one that exceeds the Kuhn length of ssDNA. One way to do
this, employed in {17] and discussed briefly in Section 6.1, is
to reduce the Kuhn length of ssDNA {the denominator of
Eq. 22) by increasing the ionic strength of the solution
(indeed, this paper showed that the « value of streptavidin
can be increased by more than 30% simply by increasing
the ionic strength of the buffer).

At this time, the University of Ottawa group focuses its
attention on Molecular Dynamics computer simulations of
the ELFSE process. Using this approach, we can follow
the dynamics of the ssDNA, the drag-tag, the solvent and
the ions in solution during electrophoresis at the molecu-
lar level. We are currently examining the design of new
label geometries that would maximize the friction and
hence the sequencing read length. We are also looking at
issues like the behavior of rod-like or partially charged
labels, the effects of the ends of the molecules on the net
mobility, and the steric interactions between the ssDNA
molecule and the drag-tag.
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The Northwestern University group is currently focusing
its attention on the design of new drag-tags, including
new polypeptides and polypeptoids with sufficient fric-
tion and monodispersity for long read-length sequenc-
ing. We are also focusing on optimizing experimental
aspects of ELFSE sequencing, including strategies for
conjugating drag-tags to DNA, sequencing chemistry
and reaction clean-up, as well as identifying appropriate
conditions for capillary electrophoresis, including finding
the best wall coating chemistry to minimize analyte-wall
interactions.

The Northwestern group also plans to implement ELFSE
on microfluidic chips. The narrow injection zones possible
with microfluidic chips allow high-resolution separations
over shorter distances than in conventional capillaries,
allowing shorter analysis time. ELFSE seems particularly
well-suited to implementation in microfluidic devices, as it
eliminates the need for loading a viscous polymer matrix
into narrow channels on chips that may not withstand
high pressure. The short separation channels on micro-
fluidic devices also allow the possibility of applying much
higher electric fields than can be attained on commer-
cially available capillary array instruments. Thus, micro-
fluidic devices offer the possibility of testing or exploiting
various theoretical predictions, including improved per-
formance at very high electric fields, or the transition from
the random coil regime to the hydrodynamic segregation
regime. Microfluidic devices also offer improved flexibility
for other experimental approaches, such as scanning
detection, or integrating the sequencing reaction, clean-
up, and separation on a single device. If the remaining
technical challenges of ELFSE can be solved, it may have
its greatest impact when implemented on microfluidic
devices. DNA sequencing by ELFSE on microfluidic de-
vices has the potential to replace sieving matrix-based
sequencing by CE, if it can be fully optimized.

The work was supported, in part, by a University of Ottawa
Admission Scholarship to LM, as well as the National
Institutes of Health (NIH) of the USA (Grant No. NHGRI
R0O1 HGO002918-01) and Northwestern University. The
findings, opinions, and recommendations expressed in
this article are those of the authors and not necessarily
those of Northwestern University, the University of Ottawa,
orthe NiH.
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Appendix B

Experimental Confirmation
of the End Effect in ELFSE

R.J. Meagher, L.C. McCormick, R.D. Haynes, J.-I. Won, J.S. Lin, G.W. Slater, A.E. Barron Elec-
trophoresis 27, 1702-1712 (2006)

This paper presents the experimental confirmation of the end effects in ELFSE, predicted in the
theoretical paper presented in Chapter 2. Robert Meagher of Northwestern University was pri-
marily responsible for the experiments undertaken by the Northwestern University group led by

Annelise Barron. Gary Slater and myself provided assistance with the data analysis.
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1 Introduction

1.1 General

Electrophoresis 20086, 27, 1702-1712

Research Article

Free-solution electrophoresis of DNA
modified with drag-tags at both ends

In end-labeled free-solution electrophoresis (ELFSE), DNA molecules are labeled with
a frictional modifier or “drag-tag”, allowing their size-based electrophoretic separation
in free solution. Among the interesting observations from early work with dsDNA using
streptavidin as a drag-tag was that the drag induced by including a streptavidin label at
both ends was significantly more than double that from a single streptavidin (Heller, C.
et al., J. Chromatogr. A 1998, 806, 113-121). This finding was assumed to be in error,
and subsequent work focused on experiments in which only a single drag-tag is
appended to one end of the DNA molecule. Recent theoretical work (McCormick, L. C.,
Slater, G. W., Electrophoresis 2005, 26, 1659-1667) has examined the contribution of
end-effects to the free-solution electrophoretic mobility of charged-uncharged poly-
mer conjugates, reopening the question of enhanced drag from placing a drag-tag at
both ends. In this study, this effect is investigated experimentally, using custom-syn-
thesized ssDNA oligonucleotides allowing the attachment of drag-tags to one or both
ends, as well as dsDNA PCR products generated with primers appropriate for the
attachment of drag-tags at one or both ends. A range of sizes of drag-tags are used,
including synthetic polypeptoid drag-tags as well as genetically engineered protein
polymer drag-tags. The enhanced drag arising from labeling both ends has been con-
firmed, with 6-9% additional drag for the ssDNA and 10-23% additional drag for the
dsDNA arising from labeling both ends than would be expected from simply doubling
the size of the drag-tag at one end. The experimental results for ssDNA labeled at both
ends are compared to the predictions of the recent theory of end-effects, with rea-
sonably good quantitative agreement. These experimental findings demonstrate the
feasibility of enhancing ELFSE separations by labeling both ends of the DNA molecule,
leading to greater resolving power and a wider range of applications for this technique.

Keywords: DNA sequencing / Drag-tags / End-labeled free-solution electrophoresis /
Genotyping / Molecular end-effect DOI 10.1002/elps.200500554

entangled solutions of linear polymers [1]. Although this
technique is a workhorse of modern molecular biology,
the sieving matrix imposes limitations on the speed of
separation, and electric field-induced band-broadening

Size-based separations of DNA for applications such as
DNA sequencing and genotyping are frequently accom-
plished by electrophoresis in a polymeric sieving matrix,
examples of which include crosslinked gels and highly

Correspondence: Professor Annelise E. Barron, Department of
Chemical and Biological Engineering, Northwestern University, 2145
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Abbreviations: ELFSE, end-labeled free-solution electrophoresis;
NMEG, N-methoxyethylglycine; Sulfo-SMCC, sulfosuccinimidyl 4-
N-maleimidomethyl cyclohexane-1-carboxylate; TCEP, tris(2-car-
boxyethyiphosphine)

and molecular orientation effects lead to a reduced ability
to separate larger DNA fragments [1-4]. Additionally,
crosslinked gels and viscous polymer solutions are prob-
lematic to load into miniaturized microfiuidic devices cur-
rently being developed for DNA sequencing, PCR product
sizing, and other electrophoretic separations [5-9].

A variety of alternative DNA separation modes have been
proposed for use in capillaries and microfluidic devices
[10}, including entropic trapping [11, 12], separation in
ultradilute polymer solutions [13] or in microfabricated

* Present address: Department of Chemical Engineering, Hongik
University, Seoul, Korea
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arrays of posts or other obstacles [14, 15]. One exciting
approach that has received considerable attention is end-
labeled free-solution electrophoresis (ELFSE) [16-20}. in
this approach, DNA is modified end-on with an
uncharged, monodisperse, polymeric end-label, or “drag-
tag” to create a charged-uncharged polymer conjugate.
During electrophoresis in free solution, the drag-tag
imparts the bioconjugate with a fixed amount of addi-
tional hydrodynamic friction. The additional friction modi-
fies the electrophoretic mobility of the DNA-drag-tag
conjugates in a size-dependent fashion: Conjugates
comprising small DNA fragments migrate more slowly
than conjugates with large DNA fragments, and thus a
size-based separation can be accomplished in the
absence of a sieving matrix.

The theoretical principles and experimental demonstra-
tions of ELFSE have been recently reviewed [20]. In the
first experimental demonstration of ELFSE, streptavidin
was used to label dsDNA restriction fragments that had
been biotinylated at one or both ends [18]. The efficiency
of this separation was limited primarily by the inherent
polydispersity of the streptavidin label, as well as by
interactions between the streptavidin and the capillary
wallls. One of the interesting results of this study, how-
ever, was that the amount of hydrodynamic drag asso-
ciated with adding a streptavidin label to both ends of
the DNA was observed to be significantly more than
twice the friction for adding streptavidin to one end only.
Whereas a single streptavidin provided friction equiva-
lent to an additional 23 bp of DNA, two streptavidins
provided the friction of an additiona! 54 bp, 17% greater
than would be expected from simply doubling the
amount of friction from a single streptavidin. The impli-
cations of this finding were not fully appreciated at the
time, and, being attributed to experimental error, this
effect was not explored further.

In later work, a gel-purified streptavidin was used to label
ssDNA sequencing fragments generated using a 5’-bioti-
nylated primer [19]. Using the more homogeneous strep-
tavidin as a drag-tag at the 5’ end of the sequencing
fragments, and employing a more effective wall-coating
agent, approximately 110 bases of the four-color se-
quencing reaction were separated by ELFSE. Although
these initial results were promising, the main limitation
preventing the further use of ELFSE has been the lack of
suitable large, water-soluble, monodisperse drag-tags
with appropriate chemical functionality for unique attach-
ment to DNA. More recently, progress has been made
with the development of novel drag-tags consisting of
long, repetitive, genetically engineered polypeptides (or
“protein polymers”) [21, 22], or linear or branched poly-
amides synthesized by solid-phase techniques [23-25]. A
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variety of these new drag-tags have been used in this
study to revisit the potential for performing ELFSE
separations of DNA molecules with drag-tags at each
end.

1.2 Theory of end-effects in ELFSE

The standard theory of ELFSE was developed through
investigations into the electrophoretic mobility of poly-
mers with nonuniform charge distributions. For the case
of the migration of a DNA-drag-tag conjugate, with a
charged DNA segment consisting of M¢ charged mono-
mers and an uncharged drag-tag consisting of My
uncharged monomers, the mobility p is given by a weigh-
ted average of the electrophoretic mobilities of the
charged and uncharged monomers:

b= Moo __ ()
Mg + aiMy

where y, is the mobility of the charged monomers (i.e., the
free-solution mobility of DNA). (The uncharged monomers
have zero electrophoretic mobility, and thus do not
appear in the numerator of Eq. (1).) The parameter o,
reweights the number of uncharged monomers M, to
reflect differences in persistence length and other hydro-
dynamic properties. The product ayM,, referred to as a,
describes the total friction provided by the drag-tag, in
terms of the number of additional uncharged monomers
of DNA that would add equivalent friction. Thus, in the
experiments described previously [18], a single streptavi-
din drag-tag provided o =23, i.e., an amount of friction
equivalent to 23 uncharged bp of DNA, whereas two
streptavidins gave o = 54. Notably, Eq. (1) cannot ade-
quately explain the more than doubling of « arising from
using two drag-tags.

The weighting of the individual monomer units in con-
structing the average in Eq. (1) was recently re-examined
theoretically [26]. Whereas previous theory assumed that
each monomer unit (after rescaling the uncharged mono-
mers by a4) contributes equally to the electrophoretic
mobility of the composite molecule, more recent theory
has taken into account end-effects originally described
by Long et al. [27]. According to this theory, monomer
units near either end of the polymer chain have greater
influence than monomer units near the middle in deter-
mining the electrophoretic mobility of the composite
molecule. This can be expressed by including a weighting
factor  in the calculation of the mobility. For the case of
ELFSE, with M; charged monomers conjugated end-on
to My uncharged monomers, and scaling M, by the factor
a4 such that the total number of monomers is effectively
N = M + oMy, the weighted average mobility is expres-
sed as
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Mc
"= % / () () n @
1]

where the index of integration, n, represents the position
of a charged monomer unit in the chain. The ratio n/N,
which appears as the argument of the weighting function
Y, ranges from 0 to 1, and represents the relative position
of a given monomer unit in the chain. The limits of inte-
gration are written from O to M, (rather than 0 to N) since
the uncharged monomers (n=Mg + 1...N} have zero
electrophoretic mobility, and only the charged monomers
contribute to the total. Making the further substitution that
for charged DNA monomers, the mobility p(N) = g, and
using the definition N = Mg + oyMy, the mobility of the
composite molecule can be written as

Mc

Ho n
- ¥ d 3
P= M+ a1MU0/ (Mc ¥ a1MU> n ©

The normalized weighting function ¥(n/N) of a Gaussian
polymer chain was found in [26] to be well represented by
the following function:

Al 1
n m-a m-3

‘P(N) ~ —0.65 + 0.62 (N) +o.62(1 - N) @)
Equation (4) is a well behaved, easily calculated (and
easily integrated) function for 0<(n/N)<1, and is depicted
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in Fig. 1 of [26]. Using this functional form in Eq. (3) allows
the straightforward calculation of the electrophoretic mo-
bility for any composite molecule consisting of a DNA
chain linked end-on to an uncharged drag-tag chain,
provided that the scaling factor a, is known for a given set
of experimental conditions. For the slightly more compli-
cated case of a charged DNA chain with uncharged drag-
tags at both ends of the DNA chain, Egs. (2) and (3) need
only be modified by changing the limits of integration, and
the total number of effective monomer units N. For the
case of a DNA chain consisting of M charged monomers,
with identical drag-tags consisting of My uncharged
monomers at each end, the total number of effective
monomers is now N=Mg + 2a,M,. With this change,
and inserting the appropriate limits of integration, the
mobility becomes

a1My +Mc
p=o—Ho
Mc + 24My

oMy

n
¥ m) dn @

Besides providing a more complete analysis of the elec-
trophoretic mobility of ELFSE conjugates, and improving
the quantitative analysis of previous data from the molar
mass profiling of PEG [28], the theory of end-effects
makes useful predictions for enhancing the performance
of DNA sequencing and other separations using ELFSE.
The Y(n/N) function in Eq. (4) has its maxima near the
ends of the molecule, indicating that the chain ends are

Drag-tag Structure References
NMEG-20 ~o
NMEG-40 { L) [23-25]
TN
NMEG44 o wm20,40, 44
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NMEG-70 P° i P"
0 o Q o]
S ‘—O’L:’TN‘)‘N’\S’ ‘)“N’\g"‘/k"’\gm Figure 1. Structures and code
j > j names for the six different drag-
tag molecules used in this study.
— 3 P1-169 and P2-127 drag-tags
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COOH - ) i
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GAGTGRA{GAGTGSA)s-G-COOH

SMCC), as described in [22].
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weighted more heavily in determining the electrophoretic
mobility of the composite molecule. The heavier weight-
ing of the chain ends implies that adding an uncharged
drag-tag to each end of a DNA molecule provides more
than twice the drag of using a single drag-tag of the same
size at one end of the DNA molecule. This is consistent
with the initial experimental observations using streptavi-
din as a drag-tag [18]. Moreover, since the production of
very large, totally monodisperse drag-tag molecules has
thus far been problematic [22, 29], the effect might be
exploited to provide sufficient drag for high-efficiency
separations by using two smaller (and more mono-
disperse) drag-tags, rather than one larger drag-tag. In
this study, we provide experimental confirmation of this
effect using both short ssDNA oligos and larger dsDNA
PCR products, with drag-tags of varying sizes at one or
both ends of the DNA molecules.

2 Materials and methods

2.1 Chemicals

Tris(2-carboxyethylphosphine) (TCEP) and maleimide
were purchased from Acros Organics (Morris Plains, NJ,
USA). Sulfosuccinimidyl 4-N-maleimidomethyl cyclohex-
ane-1-carboxylate (Sulfo-SMCC) was purchased from
Pierce (Rockford, IL, USA). Buffer salts Tris (free base), N-
tris(hydroxymethyl)methyi-3-aminopropanesulfonic acid
(TAPS), and EDTA were purchased from Amresco (Solon,
OH, USA). POP-6 polymer solution was purchased from
Applied Biosystems (Foster City, CA, USA). All water was
purified using an E-Pure system from Barnstead (Boston,
MA, USA) to a minimum resistivity of 17.8 MQ-cm.

2.2 Drag-tag molecules

Six different drag-tag molecules were used in this study.
Three were linear N-methoxyethylglycine (NMEG) oligo-
mers of length 20, 40, or 44 monomers, produced by a
solid-phase submonomer synthetic protocol {30}, capped
with an N-terminal maleimide, and purified to mono-
dispersity by RP-HPLC as described previously [23-25].
Another drag-tag used was a monodisperse branched
molecule consisting of a 30mer poly(NMEG) backbone
with five octamer oligo(NMEG) branches, also described
previously [31]. The final two drag-tags were repetitive
protein polymers of length 127 and 169 amino acids,
produced using the controlled cloning technique [21], and
activated at the N-termini using the heterobifunctional
cross-linker Sulfo-SMCC by reacting the protein poly-
mers with a ten-fold molar excess of Sulfo-SMCGC for 1h
at room temperature and pH 7.2, and then removing
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excess cross-linker by gel filtration as described pre-
viously [22, 29]. The structures and short names of the
drag-tags are shown in Fig. 1. The NMEG-20 and NMEG-
40 drag-tags were used for the studies of ssDNA,
whereas the larger tags were used for the studies of
dsDNA. All of the drag-tags used are hydrophilic, water-
soluble molecules. Following the maleimide activation of
the N-termini, the NMEG drag-tags are charge-neutral,
whereas the P1-169 has a net charge of -1 (from depro-
tonation of the C-terminus), and the P2-127 (with two
cationic arginine residues) has a net charge of +1.

2.3 Production of ssDNA conjugates

Two poly(dT) oligonucleotides of length 20 and 40 bases
were purchased from Integrated DNA Technologies (Cor-
alville, 1A, USA). The oligos were modified at the 5’-end
with a thiol linker that has a 6-carbon spacer, and at the
3’-end with a thiol linker having a 3-carbon spacer. The
oligos were also modified internally with a fluorescein-dT
base near the middle of the chain. These dithiolated,
fluorescently labeled oligos (referred to as T20-dithiol and
T40-dithiol) are shown schematically in Table 1.

Table 1. Oligonucieotides used for producing ssDNA
conjugates with drag-tags at one or both ends

Oligonucleotide Sequence

T20-dithiol Xy TTTTTITTTITX TTTTTITTTT X,

T40-dithiol Xi TITTITTITTIT TITTTTTTTX,
TTTTTTTITT TITITTTTTT X,

X,, 5’-thiol linker with 6-carbon spacer; X, internal fluo-
rescein-dT base; X3, 3'-thiol linker with 3-carbon spacer

The thiol linkers on the DNA oligos were reduced using
TCEP. To accomplish this reduction, 400 pmol of the
dithiolated ssDNA (either T20-dithio! or T40-dithiol) was
mixed with a 40:1 molar excess of TCEP, in a total volume
of 10 pL of sodium phosphate buffer (100 mM, pH 7.2).
This mixture was incubated at 40°C for 2 h. The reduced
DNA was then split into aliquots of 10 pmol each prior to
the addition of the drag-tag. To one aliquot, a large excess
of maleimide (5 nmol) was added, capping the reduced
thiols, and creating ssDNA molecules with no drag-tag
(except the maleimide). To another aliquot, a large excess
of drag-tag (1 nmol of either NMEG-20 or NMEG-40) was
added, such that the majority of ssDNA molecules would
have polymeric drag-tags at both ends. The other ali-
quots were treated with different amounts of drag-tag,
from 50 to 200 pmol, with the intent of creating mixtures
containing appreciable amounts of DNA with zero, one, or
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two drag-tags. After reacting for approximately 80 min, an
excess of maleimide (5 nmol) was added to these reac-
tions to cap any remaining free thiols. The reactions were
incubated in the dark at room temperature for at least 4 h
prior to CE analysis.

2.4 Production of dsDNA conjugates

Oligonuclectides used as PCR primers were purchased
from Integrated DNA Technologies, and are shown sche-
matically in Table 2. The oligonucleotides consist of an
M13 forward primer with a 5’-thiol linker and an internal
fluorescein-dT base, and a set of M13 reverse primers,
with or without 5'-thiol linkers, designed to produce
dsDNA products of 75, 100, 150, or 200 bp in size when
used in a PCR reaction with the forward M13 primer.

PCR reactions were performed using Pfu Turbo poly-
merase (Stratagene, La Jolla, CA, USA). Eight reactions
were carried out with 20 pmol of the fluorescently labeled,
thiolated M13 forward primer, and 20 pmol of each of the
M13 reverse primers shown in Table 2, in a total volume of
20 pl. M13mp18 control DNA from a sequencing kit
(0.2 ul) (Amersham Biosciences, Piscataway, NJ, USA)
was used as a template. The M13 template was PCR-
amplified with 32 cycles of denaturation at 94°C for 30s,
followed by annealing at 54°C for 30s and extension at
72°C for 60s. Products were analyzed by 2.5% agarose
gel electrophoresis to confirm the sizes of the dsDNA
amplicons, and the products were stored at —20°C until
subsequent use.

Thiolated PCR products were reduced using a large
excess of TCEP. To do this, 7 uL. of PCR product was
mixed with 0.7 ut_of 1 MTCEP (in 1 M Tris buffer), plus an

Table 2. Oligonuclectides used as PCR primers for pro-
ducing dsDNA conjugates with drag-tags at one
or both ends.

Oligonucleotide Sequence

M13-Forward X; CCX,TTTAGGG TTTTCCCAGT
CACGACGTTG
75-Reverse GAGTCGACCT GCAGGCATGC
75-Reverse-T X; GAGTCGACCT GCAGGCATGC
100-Reverse GAGCTCGGTA CCCGGGGATC
100-Reverse-T X; GAGCTCGGTA CCCGGGGATC
150-Reverse GCGGATAACA ATTTCACACA
150-Reverse-T X; GCGGATAACA ATTTCACACA
200-Reverse CCAGGCTTTA CACTTTATGC
200-Reverse-T X; CCAGGCTTTA CACTTTATGC

X1, 5'-thiol linker with 6-carbon spacer; X,, internal fluo-
rescein-dT base
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additional 0.35 pl. of 1 M Tris, resulting in a solution of
pH ~ 5. This mixture was incubated for 2-2.5h at 40°C.
Excess TCEP as well as PCR reaction components was
removed using QIAquick PCR purification spin columns
(QlAgen, Valencia, CA, USA) according to the manu-
facturer’s instructions, with elution of the purified DNA in
30 pL of 100mM sodium phosphate buffer, pH 7.2.

The purified PCR products (with one or two reduced
thiols, depending on the reverse primers used) were split
into multiple aliquots, and treated with one of four mal-
eimide-activated drag-tags: NMEG-44, branched NMEG-
70, P1-169, or P2-127. The amounts of drag-tag were
sufficient in most cases to produce significant quantities
of DNA with one or two drag-tags. Additional aliquots
were treated with excess maleimide, to simply cap the
reduced thiols and prevent further reaction or dimeriza-
tion.

2.5 CE analysis of conjugates

Free-solution CE analysis was performed using an
Applied Biosystems Prism 3100 Genetic Analyzer
(Applied Biosystems), using an array of 16 fused-silica
capillaries with inner diameter of 50 um and a total length
of 47 cm (36 cm to the detector). The running buffer was
89mM Tris, 89mM TAPS, 2mM EDTA, pH 8.5, and 1%
v/iv POP-6 polymer solution to act as a wall-coating
agent, with the adsorbed poly(dimethylacrylamide) effec-
tively suppressing the EOF {32]. (The resulting polymer
concentration is very low, and does not lead to any size-
based sieving of the DNA.) Samples were diluted in water
prior to analysis, to provide signals of appropriate
strength for the fluorescence detector. The ssDNA sam-
ples were analyzed at 55°C, whereas dsDNA samples
were analyzed at 25°C to prevent denaturation. Samples
were introduced into the capillaries by electrokinetic
injection at 1kV (22 V/cm) for 2-20s. Separations were
carried out at 15kV (320 V/cm). The fluorescein label of
the DNA was detected in the “G” channel of ABI Dye Set
E5, with A, 530nm.

3 Results

3.1 Analysis of ssDNA conjugates

The experimental protocol in which ssDNA was mixed
with different amounts of maleimide-activated drag-tag
allowed the successful production of species with zero,
one, or two drag-tags, which were easily separated and
identified by free-solution CE analysis. Thisis illustrated in
Fig. 2 for the case of the T40-dithiol DNA with NMEG-40
drag-tags. As seen in Fig. 2A, DNA with no drag-tag
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Figure 2. T40-dithiol DNA (A) capped at both ends with
excess maleimide to create unlabeled ssDNA, (B) mixed
with a 15:1 molar excess of NMEG-40 drag-tag followed
by excess maleimide to create a mixture of unlabeled
ssDNA and ssDNA with one or two drag-tags, and (C}
mixed with a 100:1 molar excess of NMEG-40 drag-tag to
create doubly labeled ssDNA. Samples were analyzed on
an ABI 3100 capillary array instrument in 47 cm capillaries
(836cm to detector) in 89mM Tris, 89 mM TAPS, 2mM
EDTA buffer, pH 8.5, with 1% v/v POP-6 polymer as a
dynamic coating. Samples were injected electro-
kinetically at 22 V/cm for 3s {A) or 2 s (B and C), and run at
a field strength of 320 V/cm, with a current of 15 pA per
capillary.

migrated as a single sharp peak with an electrophoretic
mobility 5 =3.9 x 107% cm?/V-s. Adding a 5- to 20-fold
molar excess of the drag-tag to the DNA resulted in mix-
tures containing significant amounts of DNA with zero,
one, or two drag-tags, as shown in Fig. 2B. Adding the
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drag-tag in a much larger molar excess (100-fold, relative
to the DNA) led to nearly complete reaction of both ends
of the DNA, again resulting in a single sharp peak as seen
in Fig. 2C. Residual TCEP, present at 40-fold excess dur-
ing the reduction, interferes somewhat with the reaction
of the free thiols with the maleimide-activated drag-tags,
and it was found that a significantly greater than 40-fold
molar excess of drag-tag was necessary to achieve
complete derivatization of both ends of the DNA. Species
that were identified as ssDNA with one drag-tag typically
appeared as a doublet of closely spaced peaks, as with
the middle peak in Fig. 2B. The reason for this was not
immediately obvious, but one possibility is that slight dif-
ferences in electrophoretic mobility arise from labeling at
the 5’- end or 3'- end of the DNA molecule, since the thiol
linkers at the two ends are of different lengths.

In the optimized protocol, excess maleimide was used to
cap any remaining unreacted thiols. We did this because,
in initial attempts to produce mixtures comprising signifi-
cant amounts of DNA with zero or one drag-tag, addi-
tional peaks would appear at characteristic spots in the
electropherogram, particularly between the peaks for
DNA with one and two drag-tags, and trailing the peak for
DNA with two drag-tags. The extra peaks would be
absent when the samples were first analyzed, but would
grow in magnitude over the course of hours to days after
the reduction of the DNA and reaction with the drag-tags.
Although the extra peaks were never conclusively identi-
fied, it was hypothesized that they resulted from reoxida-
tion of some of the residual free thiols to form disulfides.
The addition of excess maleimide about 2h after the
addition of the drag-tag effectively prevented this prob-
lem, as the maleimide rapidly reacts with any remaining
free thiols. The capping of both ends of the dithiolated
DNA with this small molecule was found to induce a small,
almost negligible mobility shift of 2-3s relative to
reduced, uncapped dithiolated DNA (data not shown),
corresponding to an additional drag for the maleimide
moiety equivalent to ~0.1 bases of DNA, as calculated in
Section 4.

For each drag-tag (NMEG-20 or NMEG-40), samples
consisting of both sizes of DNA (T20-dithiol or T40-dithiol)
with zero, one, or two drag-tags were pooled to create
mixtures containing multiple species, which were then
separated and analyzed by CE. Run-to-run and capillary-
to-capillary variabilities in migration time were generally
quite low (approximately + 1%), allowing easy identifica-
tion of peaks in the pooled samples by comparing to the
migration times of the individual components prior to
pooling. CE analyses of these pooled mixtures are shown
in Fig. 3, along with the peak assignments. A simple visual
inspection confirms the general predictions of the end-
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Figure 3. CE analysis of mixtures of 20mer and 40mer
DNA with (A) NMEG-20 drag-tag, and (B) NMEG-40 drag-
tag. Analysis conditions are the same as Fig. 2, except
the injection was 22 V/cm for 15s. Running current was
15 pA per capillary. Peak assignments for both (A) and (B)
are: 0 = maleimide-capped DNA (no drag-tag); 1 = 40mer
DNA with one drag-tag; 2 = 20mer DNA with one drag-
tag; 3 = 40mer DNA with two drag-tags; 4 = 20mer DNA
with two drag-tags.

effects theory: 20mer DNA with two 20mer drag-tags
(Fig. 3A, Peak 4) migrates more slowly than 20mer DNA
with one 40mer drag-tag (Fig. 3B, Peak 2), and likewise
for the 40mer DNA (compare Fig. 3A, Peak 3 and Fig. 3B,
Peak 1).

The apparent overall frictional parameter o = o.M (as
given by Eq. 1) could be computed directly from the peak
times in Fig. 3. The a value calculated through use of
Ea. (1), which neglects the end-effect, is termed the
“apparent” a value so as to distinguish it from that deter-
mined using Egs. (3) and (5), which account for the end-
effect, as will be discussed in Section 4. The apparent «
values, which qualitatively display the trend expected
from the end-effects theory, are shown in Table 3. It is
evident that two drag-tags give more than double the
drag of a single tag, with roughly 6-9% enhancement for
two drag-tags on ssDNA versus the expected drag for a
single tag of twice the size. These experimental results
will be analyzed quantitatively in Section 4, using the
more detailed theory taking end-effects into account.
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Table 3. Apparent frictional parameter o for ssDNA with
one or two drag-tags calculated from peak
times in Fig. 3, with correction made for the
slight mobility shift arising from the maleimide

capping

DNA Drag-tag Apparent Error Ratio

length o (*) (02014

20 NMEG-20 {one) 5.1 0.07 1.07
NMEG-20 (two) 10.9 0.1

20 NMEG-40 (one) 9.7 0.1 1.09
NMEG-40 {two) 21.2 0.2

40 NMEG-20 (one) 6.1 0.08 1.06
NMEG-20 (two) 12.9 0.2

40 NMEG-40 (one) 11.2 0.2 1.09
NMEG-40 (two) 24.5 0.3

Final column gives the ratio of the drag for a tag at each
end vs. the expected drag for a single tag of twice the
size. Error margins on experimentally determined a values
assume an uncertainty of £0.05 min in peak times, which
reflects the run-to-run and capillary-to-capillary variability
observed with the instrument.

It is also clear from the resuits in Table 3 that the apparent
o for a given size of drag-tag depends on the size of the
DNA. For example, two NMEG-20 drag-tags on the
20mer DNA give o = 10.9, whereas the same two NMEG-
20 drag-tags on the 40mer DNA give a = 12.9 - a differ-
ence of 18%. This is in agreement with the end-effects
theory: For a drag-tag of a fixed size on one or both ends,
a longer DNA molecule means that the drag-tag mono-
mers are relatively closer to the chain end (n/N closer to 0
and/or 1), thereby giving the drag-tag monomers a
heavier weighting in determining the mobility of the con-
jugate. Thus, the apparent « value for a given drag-tag on
one or both ends of the DNA increases as the DNA chain
length increases.

3.2 Analysis of dsDNA conjugates

dsDNA conjugate molecules were produced by perform-
ing PCR using a thiolated forward primer and normal
(unthiolated) reverse primer (for production of dsDNA
conjugates with a drag-tag at one end only), or using
thiolated forward and reverse primers (for production of
dsDNA conjugates with drag-tags at both ends). A large
excess of TCEP was used for reduction of the thiols after
the PCR reaction. Since TCEP is supplied as an HCI salt,
the use of a large excess results in an acidification of the
PCR buffer. To compensate for this, and to prevent long-
term exposure of the DNA to very acidic conditions, ad-
ditional 1 M Tris was added to the reduction mixture,
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resulting in a more acceptable pH. Following the reduc-
tion, the PCR products were purified using QlAquick spin
columns, which effectively remove residual buffer salts,
surfactants, enzyme, and reducing agents left over from
the PCR reaction and reduction, which might otherwise
interfere with reaction with the drag-tags.

The drag-tags used for the dsDNA conjugates were two
moderately large synthetic polypeptoids (linear NMEG-44
and branched NMEG-70), and two protein polymers pro-
duced by genetic engineering of Escherichia coli. The
branched NMEG-70 and the P1-169 drag-tags have been
described previously for the separation of denatured
(single-stranded) PCR products of sizes similar to those
described here [22, 31]. In this study, CE analysis was
performed at room temperature with no denaturants in
the buffer, ensuring that the DNA remained in its double-
stranded state. Keeping the DNA in its double-stranded
state allows for the easy incorporation of a drag-tag at
both ends, which was expected to generate more than
twice the drag of a single drag-tag, allowing the separa-
tion of a wider size range of dsDNA molecules.

The concentration of the DNA purified with the QlAgen
spin column was too low for accurate measurement of
absorbance at 260 nm, and thus the molar ratios of DNA
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to drag-tag are not known precisely. The amounts of
drag-tag were generally sufficient to produce significant
amounts of product with zero and one drag-tag (for
products with only the forward primer thiolated), and zero,
one, and two drag-tags (for PCR products with both
primers thiolated). Typical electropherograms for two
sizes of DNA (100 bp and 200 bp) with the P2-127 protein
polymer are shown in Fig. 4. In each case, the migration
time of the “free” DNA (with no drag-tag) is around
6.2 min. In panels (A) and (C), which show PCR products
generated with only a thiolated forward primer, the free
DNA peak is followed by a single peak, corresponding to
DNA with a single drag-tag. In panels (B) and (D), which
show PCR products generated with both forward and
reverse thiolated primers, there is an additional peak 1-
2 min later, corresponding to DNA with a drag-tag at both
ends. Note also in panels (B) and (D) that, for the products
generated with both primers thiolated, there are two clo-
sely spaced peaks migrating around the same time as the
product with one drag-tag in panels (A) and (C). As with
the split peaks for the ssDNA conjugates with one drag-
tag, the exact cause of this phenomenon is unknown, but
it was observed for all sizes of dsDNA with all of the drag-
tags, and may result from slight differences in electro-
phoretic mobility arising from labeling at either end of the
DNA molecules.

10
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Figure 4. Electropherograms of
dsDNA conjugated to P2-127
drag-tag. (A) 100-bp PCR prod-
2 uct with forward primer thio-
lated, (B) 100-bp PCR product
with both primers thiolated, (C)
200-bp PCR product with for-
ward primer thiolated, and (C)
200-bp PCR product with both
primers thiolated. Analysis con-
ditions were the same as Fig. 2,
except the run temperature was
25°C and the injection was 1kV
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one, or two drag-tags, respec-
tively.
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The P1-169 and P2-127 protein polymers used here as
drag-tags were not entirely monodisperse [22], leading to
some additional peak broadness. The additional broad-
ness is most noticeable with the smaller sizes of DNA, and
is more pronounced for the species with two drag-tags.
Both of these effects are as expected. Sharper peaks for
larger sizes of DNA conjugated to impure drag-tags
(including P1-169) were reported in [22], and are also in
line with theory presented in [33]. The conjugation of a
polydisperse drag-tag to both ends of a DNA molecule
leads to a large number of possible combinations, each
with slightly different electrophoretic mobility, which is
apparent as additional peak broadness. The NMEG-44
and branched NMEG-70 drag-tags, both of which were
purified to near monodispersity by RP-HPLC, generate
cleaner, sharper peaks than the protein polymer drag-
tags (data not shown).

Alpha values were calculated from the peak migration
times of each species. In previous ELFSE literature, the
relative mobilities of unlabeled and labeled DNA (py/p)
would be plotted with respect to 1/Mc, resulting in a
straight line with slope « [18, 19]. This approach
neglects the end-effects theory, which predicts a differ-
ent overall value of « for each size of DNA. In this case,
such plots are still essentially linear (not shown), and
can be used to give an average apparent value of o for
each drag-tag, as given in Table 4. (Note that the aver-
age a values determined by the linear fit of py/p vs.
1/M¢ are not necessarily equal to the arithmetic average
of the individual a values calculated for each size of
DNA.) As indicated by the right-most ("Ratio”) column in
Table 4, the average o for two drag-tags is noticeably
greater (10-23%) than twice « for a single-drag-tag, for
these dsDNA species.

Table 4. Apparent frictional parameter « for dsDNA with
one or two drag-tags, averaged for all sizes of

DNA
Drag-tag Average Ratio
o (%2y20n)

NMEG-44 (one) 12.7 1.10
NMEG-44 (two) 28.0

Branched NMEG-70 (one) 17.0 1.22
Branched NMEG-70 (two) 41.6

P1-169 (one) 27.2 1.13
P1-169 (two) 61.7

P2-127 (one) 19.9 1.23
P2-127 (two) 48.8

Final column gives the ratio of the drag for a tag at each
end vs. the expected drag for a single tag of twice the
size.
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4 Discussion

The results we obtained for the analysis of ssDNA con-
jugates with poly(NMEG) drag-tags can be compared di-
rectly to the predictions from the end-effect theory pre-
sented in Egs. (3) and (5). To take the end-effect into
account, the weighting function presented in Eq. (4) is
used. The parameter o4 for scaling the uncharged mono-
mers can be calculated using the end-effect theory, but we
must first account for the slight additional drag arising from
the maleimide moiety added to cap any unreacted thiols. To
find the drag a,,, associated with a single maleimide cap, the
following equation was solved (using Maple):

tO(MC + 2C‘lm)
om +Me
¥ () In

where t, is the arrival time of the uncapped DNA, and tis
the arrival time of the DNA capped on each end with
maleimide. For the 20-base DNA, o, was found to be
0.035, while for the 40-base DNA it was found to be 0.052.
Since the end-effect theory was derived for long Gaus-
sian chains, it is assumed that the a,, value found for the
larger DNA chain more closely represents the true value.

t =

©)

m

Note that the fluorescein-dT base near the middie of the
chain likely exerts some effect on the mobility, as the
fluorescein carries a -2 charge, and the dye along with the
spacer arm linking it to the dT base likely add some
hydrodynamic friction. To properly account for this effect
would require a dithiolated oligonucleotide with no fluo-
rescein, which would be undetectable with the CE instru-
ment used for the analysis. The effect of the fluorescein is
likely moderated by its position near the middle of the
DNA chain (and hence its lower weight in determining the
electrophoretic mobility). Additionally, the experimental
determinations of « were made by comparing mobilities
of drag-tag-labeled and free DNA, all of which were
labeled identically with fluorescein. The impact on the
results is expected to be minimal, and thus the contribu-
tions of the fluorescein as well as the thiol linkers present
on all of the DNA species are ignored.

For DNA with one drag-tag and one maleimide cap, a, for
the drag-tag can be found by solving Eq. (7)

(Mg + am + oqMy)
b = am+Mc (7)

T(Waz"w) dn

where {; is the arrival time of the DNA with no drag-tag
(after correcting for the presence of maleimide caps on
each end), and t, is the arrival time of the DNA with one
maleimide cap and one drag-tag. The calculated values
of oy are presented in Table 5. Note that the closely

Um
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Table 5. Values of oy for NMEG drag-tags calculated
from experimental data for ssDNA, taking into
account the theory of end-effects

DNA fength (M¢) Drag-tag length (My) o

20 20 0.19
40 0.21

40 20 0.20
40 0.21

spaced doublet for the arrival time of these singly labeled
molecules was averaged for the results presented in
Table 5; using either the faster or slower times resulted in
a4 values that differed from the average by a negligible
amount. Note that the values of a4 increase slightly with
increasing size of the conjugate. For a given class of
polymer, o, is expected to be a constant that is related to
the chemical structures of the components and the
experimental conditions {.e. monomer size and Kuhn
length, ionic strength of the buffer). The slight variation
among the conjugates is likely due to the fact that the
DNA and the drag-tags are too small to be perfectly
Gaussian in conformation, which is an underlying
assumption for the theory of ELFSE. Since the largest
molecules are expected to be the closest to being Gaus-
sian in conformation, we use the corresponding value of
a4y = 0.21 to represent the true value for the poly(NMEG)
drag-tags under the current experimental conditions.

Using the end-effect theory, the predicted arrival time for
DNA with two drag-tags is

ty = tO(Mc + 2C¢1Mu) )

My +Mc
n
¥ (M"c'+ §a1Mu) dn

asMy

Equations (7) and (8) can now be used to predict the ratio
of the mobilities of a bioconjugate with two drag-tags to
the mobility of a conjugate with one drag-tag of twice the
size, puo/py = ty/t,. The values predicted from Egs. (7) and
(8), using oy = 0.21, are given in Table 6, along with the
experimentally observed values, for the cases of 20mer or
40mer DNA with either a single 40mer drag-tag, or two
20mer drag-tags. The experimental results are closer to
the value of 1, which is that predicted by the simple theory
in Eq. (1) that neglects end-effects. The experimental
value for the 40mer DNA is closer to the values predicted
by the end-effect theory; this may be because the larger
chains more closely approximate Gaussian coils, and are
thus more appropriate test cases for the theory.

The quantitative end-effect theory is not directly applica-
ble to the dsDNA data presented here. Although the
dsDNA products are significantly longer, dsDNA is also
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Table 6. Mobility ratio p,/p4 for two 20mer drag-tags (u,)
vs. one 40mer drag-tag (i)

DNA length (M) Predicted p/u;  Experimental pp/py

20 1.08 1.03
40 1.05 1.03

considerably stiffer, with a much longer persistence
length than ssDNA. Thus, even the longer dsDNA prod-
ucts are more likely to resemble stiff rods or cylinders,
rather than random coils. Even with such a geometry,
there is still likely an end-effect, which is dramatically il-
lustrated by the experimental measurements of o pre-
sented in Table 4. Since the dsDNA-drag-tag conjugates
are not likely to even approximate Gaussian coils, appli-
cation of the theory used for the ssDNA conjugates is not
appropriate.

The drag enhancement for placing a drag-tag at each end
of dsDNA is noticeably larger than was observed for
placing a drag-tag at each end of ssDNA. This could
simply be a function of the specific sizes of DNA and
drag-tags that were chosen for study, but it may also be
the result of the stiff rod-like structure of the dsDNA. Be-
cause the dsDNA molecules studied here are relatively
short, the ends of the dsDNA molecule are more often on
the “outside” of the chain, as opposed to a true Gaussian
coil for which the chain ends may occupy positions in the
interior of the coil. In addition, there may be a greater
degree of hydrodynamic segregation between the rod-
like dsDNA and the random coil drag-tags. Detailed the-
oretical analysis is required to determine if these simple
arguments can explain the larger end-effect observed for
dsDNA in these experiments.

The enhanced drag arising from placing a drag-tag at
both ends of DNA leads to interesting new possibilities
for sequencing and genotyping by ELFSE. The separa-
tion capacity of ELFSE is tied directly to the amount of
friction generated by the drag-tag, and previous efforts
have been focused on creating larger drag-tags to gen-
erate more friction. The possibility of including a drag-tag
at both ends extends the range of separations that are
possible with existing drag-tags. This is particularly
important as the production of very large, totally mono-
disperse protein polymer drag-tags has proven difficult
[22, 29). The direct application of this technique to DNA
sequencing would be difficult with current commercially
available dye terminator chemistry, which presents no
convenient functional group for attaching a second drag-
tag at the 3’-end of the sequencing fragment. The
dithiolated ssDNA oligos used in this study were custom-
synthesized at considerable expense, and further appli-
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cation to separation of ssDNA will likely require new
developments in sequencing chemistry. The application
of labeling both ends to the separation of dsDNA gener-
ated by PCR is more straightforward, given the wide
availability of custom-synthesized DNA primers with a
variety of functional groups and linkers that can be
incorporated at the 5’-end.

In conclusion, this study has provided verification of an
important and interesting prediction of the new theory of
end-effects in ELFSE separations. Using both custom-
synthesized ssDNA oligonucleotides and larger dsDNA
products generated by PCR, labeled at one or both ends
with a variety of drag-tags, it has been shown that the
drag induced by labeling both ends is more than double
the drag arising from a single drag-tag at one end, and is
also larger than the drag that would arise from a single
drag-tag of twice the size at one end. The effect is sig-
nificant, with drag (o) enhanced by 6-9% for the ssDNA
and by 10-23% for the dsDNA in the size range tested
with the available drag-tags. This enhanced drag from
double end-labeling could potentially be useful for var-
ious types of ELFSE separations such as DNA sequenc-
ing, if a suitable experimental approach can be devel-
oped for incorporating a drag-tag on each end of the
DNA prior to analysis.

While the experimental data qualitatively show the trends
expected from the end-effect, the data for ssDNA differ
somewhat with the quantitative theoretical predictions.
The agreement between the experimental data and the
theory is closer for the larger molecules studied, which
may be because these molecules are more Gaussian in
conformation. Ideally, much larger (and hence more
Gaussian) ssDNA and drag-tags could be used to test
the end-effect theory; however, the direct synthesis of
very long, doubly thiolated, and internally fluorescently
labeled oligonucleotides, followed by purification to
monodispersity, would be low-yielding and cost-prohibi-
tive. Further tests with much larger ssDNA will require a
different approach to creating long ssDNA with functional
groups on each end appropriate for conjugation of a
drag-tag.
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