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End-labeled free-solution electrophoresis of DNA

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

Guy Drouin® entangled polymer solution, in order to obtain some electrophoretic size separation. An
Annelise E. Barron' alternative approach consists of breaking the charge to friction balance of free-draining
Gary W. Slater® DNA molecules. This can be achieved by labeling the DNA with a large, uncharged

molecule (essentially a hydrodynamic parachute, which we also 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
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 com-
petitive ELFSE-based sequencing and separation technologies. Finally, we also review
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-
anism responsible for the separation of the long DNA
molecules, biased reptation, is limited to providing read-
lengths of about 1000 bases because the DNA mole-
cules tend to align with the applied field in the sieving
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matrix during their migration [3]. In addition, the method is
rather slow and expensive, and the loading of entangled
polymer 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 Ry ~ M®® for long, semiflexible
polymers [3], this would give { ~ Ry ~ M*5 and a velocity
that scales like v = F/{ ~ M?®; 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/M ~ 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 results in longer elution 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 L = 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?) = bkLp = 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, by 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> = bkLp still applies for
very long chains (i.e., for Ly > by). When by > Lp,
however, the chain is very stiff and behaves like a rod-like
object withh =~ Lp. For dsDNA, the Kuhn length is typically
bk =~ 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]:

o) =252 12 )

2 3
oo

It is easily verified that one gets (Rg?) = ILobx for very
long chains, and <RG2 = 5Lp? for short, rod-like chains.
For contour lengths Ly much larger than the Kuhn length,
DNA is a semiflexible random coil with Lp/bx Kuhn seg-
ments of length by 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 coil
behaves like an impermeable spherical object, and its
friction coefficient £ when diffusing in a solvent of viscos-
ity m is given by Stokes’ law:

£ = 6mnRH )

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
<

Note that we have roughly Ry = %Rg for a random coil; in
other words, these two lengths describing a polymer
conformation are quite similar.

D ©)

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]:

b

= K ©

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, Eqg. (5) gives the critical molecular size

.o bk
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:

2 _ ezj®(r)
eVid(r) = —e zj:szj exp (— kT

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 |ez;®|<kgT, one can use a linearized
version of Eq. (7):

7

> e?Z2C ;

23, _ K _
V20 = T 0) >”2D(D ®)

This expression defines the well-known Debye length:
1/2

eksT _ (ekBT) 12
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where we introduced the ionic strength | = 1 3~ z°C; of the

buffer solution. For most systems of interest irJ1 colloid 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/p) (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]:

_26R  Q _9
H=%3n “6mR ¢

(1)

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 Eq. (2). In the opposite (Debye-
Huckel) limit of a very large particle, we have [3]:
GXD

m= (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 /g = €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 = Ig/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 p, 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 Ay 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 1 is large compared to the radius of gyration
Rg4 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 Ap < 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 Ay and the other length
scales mentioned previously. When the Debye length is
larger than the radius of gyration of DNA, Ap > Rg (M) (see
Fig. 1A), the electrophoretic friction coefficient is given by
the Stokes relation { = 6nnRy, and the resulting electro-
phoretic mobility is given by:

Me

M)= ——-— 1
n(M) 6nRa (M) (13)
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 Ap 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 Ay is
comparable to bk. 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 Ap 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 p, 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
Rg(M) > Xp > by, for example, we have large Gaussian
blobs (each with a friction coefficient {p =~ 6nnip and a
charge Qp = 6elp?/bby; see Fig. 1B) and the mobility is
given by:
-~ 67\,[) 1

W bk~ Vi (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 Ap and
radius b (see Fig. 1C). The charge of those independent
DNA cylindrical blobs is Qp = elp/b, while their electro-
phoretic friction is {p = 3ntnAp/In(Ap/b); the corresponding
electrophoretic mobility is thus:

heg In(%)) - n(%) (15)

Finally, the case Ay < 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 (V)
of a ssDNA molecule of size M in free solution (this is their
Eq. 2); (i) 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 o = 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 p 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 u 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 = 0 for the
uncharged label):

Me

H(M) = po Mo £ M. (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 M,
)~ e e () i

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 blobs, 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 my; of Kuhn lengths per blob:

M
Mg; = M (18a)
My; = Mb—‘b‘ (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 .. The electrophoretic
mobility of the composite molecule then becomes:

L
°Mgc+Ms, " °Mc + 1M,

_ Mkcbubke

o = —0 — ¢
Mk ybcbky
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A

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 o4 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:. = Ruy), the
expression for a4 (which contains only molecular param-
eters) can be simplified. For Gaussian blobs, the relation
RH~m1K/2bK reduces the equality Ry = Ruy to

2
Mkc o bKu
MKy bﬁc

1)

Equation (20) then gives

_ bubKu
B bchc

Ol (22)
Since blobs 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 o4 is the product of the
relative monomer (b,/b.;) and Kuhn (bk./bkc) 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 / 3R}, on the
composite molecule, where Ry = %Rg is the hydro-
dynamic radius of the composite molecule in its coiled
(un-deformed) state and F, = 6anRuc (Lo — WE [17, 26].
Using Eq. (19) we obtain:

keT 7 \?kv
Bo g = (R ) om @3)
nhAp yHo Hu

I

where we used the typical values T=30°C, n=1cP, p, =
3x107* cm?/Vs, and Ry, is the hydrodynamic radius of
the label in nm. In [8], the streptavidin label had a radius of
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R =2.5nmand 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 Egs. (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:

t(M) = LE (1 + oi %—:) (24)
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 a4 is generally
smaller 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) = oyM,; 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,
no/p) vs. 1/M,, where t, = poE/L is the elution time of an
unlabeled ssDNA molecule (M, = 0), should be a straight
line with a slope oM. 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.:

M) L oqM,

° c

(%)

According to Eq. (25), as the length M, of the charged
polyelectrolyte (i.e., 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, + o4M,, effective monomers. There-
fore, it is possible to write the size dependence of the dif-
fusion coefficient of this Gaussian block copolymer as:

D
VMg + o1 My

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.

D(M) = (26)

The size resolution factor RM = M, + a4M,) will be
defined as the ratio of the final full (temporal) width at half
maximum of two consecutive peaks, o pyumM) =
orrwnmM + 1), to the difference between their elution
times t(M):

. Gt—FWHM(M) o x/8|n(2)Gt(M)
AM) = [t(M) —t(M —1)| —  [ot/oM] @)
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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

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

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

ox(M)

M) =Ty = RME @9

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

M2 (M + aMy)®/*

R=R
° O(1Mu

(30)

where R, = 4(In(2)D4/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; = 7x10% cm?s, pu, =
3x107* cm?/Vs, E = 300 V/cm, and L = 40 cm, reduces
the expression to the numerical evaluation of the non-
linear equation

M2 (M + a1My)* = 21504M, (31)

If we use the value o = 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 = oyM,, =~ 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 equivalent 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)/t, 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 t; 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 = o4M,, according to the the-
ory of ELFSE, where o is then the effective friction coeffi-
cient of the drag-tag (assuming that the latter is
uncharged). The value obtained here, o = 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 results, 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 25-40
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)/t, vs. inverse ssDNA molecular size
1/M, for the electropherogram presented in Fig. 5. Here,
t(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 o = ayM, = 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-translational 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 (i) 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. Oligonucleotides 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 class 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 oyM,, =~ 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 (o =
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 cail.
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; (ii) 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 (@) 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 o

(number of amino acids) (bases of ssDNA)
P1-85 15

P1-169 29

P1-337 70

P2-127 5.0

P2-253 71

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,
2583, 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-
ions 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 oy =~ 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 glutamic 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.

0
£ 3 Unconjugated 1
s DNA
o
= 2
3
= 3
g 4
g0
é 1 1 1
0 10 20 30 40
Time (min})

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.
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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 a,
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 5t(M)/6M — 5t(M)/56M,, 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 + a1M,)*/

RM) =R
( ) 0 0€ch

(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
Eqg. (32) with respect to the number of charged monomers
M., and setting it equal to zero gives the optimal engine
size M = %061 M, for a given polymer analyte of size M.
The elution time for this optimal engine size would be:

5 L
M =M. +o1My) == x — 33
t( e ! u) 2 x HoE ( )

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.+ oyM7®) = 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
/ M,

Q4

2
Mc

Mmax —
u
Rgou

(34)




346 R. J. Meagher et al.

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 long
(100 cm) capillaries with a 25 um inner diameter. The
“monodisperse” PEGs actually contain a distribution of
sizes centered around the nominal molecular 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

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2005, 26, 331-350

20

20-base ssDNA + 5-kDa PEG

15

10

RFU (488 ex /521 em)

05

L 1 Fa— 1 il "

A L 1
1§ 18 20 22 24 26 28 3 32 J]4 I\ 38
Time {min)

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 longer 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 results 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 normally performed with RP-HPLC. Since
each cycle of solid-phase synthesis is only 97-99% effi-
cient, the synthesis of a long molecule inevitably results in a
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-on to 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 a4, 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
would take more ssDNA bases to form a blob having the
same hydrodynamic size as the end-label, with the result
that the value of o4 would increase. Hence, one way to
increase o4 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-negligible 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) decreasesiit.
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, because itis
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,
however, 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 o = oy x M. EQuation (22) also indicates that stiff
uncharged polymers would have very large values of the
effective drag coefficient o4. 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
Eqg. 22) by increasing the ionic strength of the solution
(indeed, this paper showed that the o 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.
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or the NIH.
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