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We review the wide range of polymeric materials that have been employed for DNA
sequencing separations by capillary electrophoresis. Intensive research in the area
has converged in showing that highly entangled solutions of hydrophilic, high molar

mass polymers are required to achieve high DNA separation efficiency and long read
length, system attributes that are particularly important for genomic sequencing. The
extent of DNA-polymer interactions, as well as the robustness of the entangled poly-
mer network, greatly influence the performance of a given polymer matrix for DNA sep-
aration. Further fundamental research in the field of polymer physics and chemistry is
needed to elucidate the specific mechanisms by which DNA is separated in dynamic,
uncross-linked polymer networks.
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1 Introduction

Genome sequencing projects reveal the genetic makeup
of an organism by reading off the sequence of the DNA
bases that encode the fundamental information necessary
for the life of the organism. Already revolutionizing biol-
ogy, genome research provides a vital thrust to the in-
creasing productivity and pervasiveness of the life scien-
ces. Availability of the genome sequences of humans,
animals, plants and microorganisms will have unprece-
dented impact on many disciplines, including health care,
biological and biomedical research, forensics, biotechnol-
ogy, agriculture, and the environment. To date, there are
over 50 complete genomes available in public databases,
and over 350 ongoing genome projects [1]. All genome
projects and their applications will continue to seek new
advances in high-throughput and cost-effective sequen-
cing technologies. Therefore, the development of auto-
mated, high-throughput, cost-effective DNA sequencing
technologies has gained huge momentum in both aca-
demic and industrial communities.

The focus of this review is upon polymeric materials that
have been tested for DNA sequencing by capillary elec-
trophoresis (CE). Hypothesized mechanisms of DNA sep-
aration in polymer solutions are briefly reviewed, along
with a discussion of some experimental results that pro-
vide better insight into these mechanisms. The empirical
approaches that have been taken towards the selection
and performance optimization of polymers for DNA
sequencing are discussed so as to provide guidelines for
the selection of appropriate materials and conditions for
resolving DNA sequencing fragments by CE.
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2 DNA sequencing

The present state-of-the-art method for determining the
base sequence of DNA relies upon the Sanger dideoxy-
terminated reaction [2]. The method is based on control-
led interruption of the enzymatic replication of ssDNA by
DNA polymerase enzyme. The modern Sanger cycle
sequencing reaction produces a fluorescently labeled,
nested, single-base ladder of ssDNA fragments ranging
in chain length from just a few bases to a few thousand
bases. This set of DNA fragments is separated according
to chain length using gel electrophoresis, allowing the
order of bases to be read. Originally, the sequence was
determined using autoradiography after electrophoresis
was complete, and required up to 24 h. This type of
“snapshot” detection severely limited the capacity and
throughput of sequencing systems. High-throughput DNA
sequencing became a reality with the commercial intro-
duction of an apparatus for automated “finish line” detec-
tion of DNA fragments labeled with laser-induced fluores-
cence (LIF) dyes.

The majority of DNA sequencing has been carried out by
slab-gel electrophoresis. Commercial sequencing instru-
ments based on ultrathin cross-linked polyacrylamide
slab-gel electrophoresis, such as the ABI PRISM 377™
(PE Biosystems, Foster City, CA, USA), produce about
600 bases per sample at a top rate of 200 bases/h/lane,
and can only provide over 750 bases at the expense of
extending run times to 10-12 h [3]. Modern sequencing
gels have the advantage of running up to 96 samples in
parallel, which increases the throughput of the instrument.
However, slab-gel electrophoresis suffers from many limi-
tations. Gel pouring is a manual process, and there is
always a possibility of trapping air bubbles in the gel that
can harm the separation efficiency. Furthermore, the
Joule heating effect, which arises from the passage of
electric current through the gel, places upper limits on the
voltage that can be applied, resulting in long run times.
Finally, with slab-gel systems, sample loading is done
manually, obstructing complete automation of the
sequencing process.

CE is an attractive alternative to slab-gel electrophoresis
and is rapidly becoming the dominant technique in DNA
sequencing centers [4, 5] due to its capacity for full auto-
mation. In CE, DNA separation is achieved in a fused-
silica capillary, 25—-100 um in diameter. The high ratio of
surface area to volume of the small capillary tube serves
to efficiently dissipate the heat produced during electro-
phoresis, allowing the use of higher electric fields, which
decreases the run time and improves DNA resolution.
Although CE provides much faster separation than slab
gels, it is necessary to operate multiple capillaries in par-
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allel to compete with the throughput of slab-gel electro-
phoresis systems, which can run up to 96 samples in par-
allel. After the first study exploiting the potential of a
multiple-capillary instrument was reported by Mathies
et al. [6, 7], several investigators endeavored to produce
a capillary array system that could significantly improve
the sequencing rate relative to slab-gel-based instru-
ments (see [8] for review). Today, there are two commer-
cial versions of capillary array electrophoresis instru-
ments, each featuring 96 capillaries and relying on LIF
detection: the MegaBACE 1000™ from Molecular Dynam-
ics (Sunnyvale, CA, USA) and the ABI PRISM 3700™
from PE Biosystems.

The MegaBACE 1000™ instrument echoes the original
Mathies design [6, 7] that was based on confocal LIF
detection consisting of a microscope objective to focus
the laser light inside the capillaries and, at the same time,
to collect emitted light from the center of the columns. To
collect data from each and every capillary at the required
frequency, a scanning system is used. The instrument
uses polyacrylamide-coated capillaries with a covalent
coating attachment and a high molar mass, linear poly-
acrylamide-based LongRead® matrix. Over 500 bases
per capillary can be sequenced in 2 h, yielding a minimum
throughput of 250 bases/h/capillary [9].

The ABI PRISM 3700™ employs postcolumn LIF detec-
tion with liquid sheath flow [10, 11]. In this detection sys-
tem, the anodic end of the capillary bundle is aligned
inside a quartz cuvette. Along the dead space between
the columns and the walls of the cuvette, a polymer solu-
tion is pumped through the cell. The liquid sheath flowing
outside the capillary entrains the DNA bands as they elute
from the capillary, tapering them to a smaller diameter. A
laser beam crosses all of the flow streams and excites the
fluorescence of the dyes with which the DNA strands are
labeled. Fluorescent light is dispersed through a diffrac-
tion grating and imaged onto a charge-coupled device
(CCD) camera. The 3700™ instrument uses a separation
matrix that is based on relatively low molar mass, linear
polydimethylacrylamide, commercially known as POP®,
for “performance-optimized polymer”. The zero-shear vis-
cosity of this matrix is relatively low compared to the
aforementioned LongRead® matrix. The system can
achieve a read length of 550 bases per capillary with a
run time of approximately 4 h [12]. The same polymer is
used for “dynamic coating” of the internal capillary wall by
physical adsorption. Hence, arrays of bare fused-silica
capillaries can be used in this instrument, reducing array
cost. Typically, more than 100 consecutive runs can be
carried out in such a “dynamically coated” capillary array
before performance begins to degrade, after which time
the capillaries can be “regenerated” with an acid rinse.

CE and CEC
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The next generation of automated, high-throughput DNA
sequencing instruments most likely will be based on
microfluidic devices or microchips (here, we are referring
not to DNA hybridization chips, but to electrophoresis
microchips). DNA sequencing on a microchip was first
demonstrated in 1995 by Mathies and Woolley [13]. In the
first unoptimized system of DNA sequencing on a micro-
fluidic device, single-base resolution reached 150-200
bases in 10—15 min in an in situ-polymerized linear poly-
acrylamide (LPA) matrix, with an effective channel length
of 3.5cm. Later, optimized separation conditions that
utilized a 3% LPA matrix, polymerized outside the chip,
yielded read lengths of over 500 bases in about 20 min in
a single channel run at 99.4% sequencing accuracy [14].
The shorter run time (20 min as compared to 2—4 h for
capillaries) is a consequence of the narrow injection
zones achievable on chips that have cross-flow or “T”
injection geometries. Hence, even a 3.5 cm channel can
deliver a 500-base read length, a surprising result for
many people, providing a potential sequencing rate of
1500 bases/h/lane if the system could be automated. This
work demonstrated the feasibility of high-speed DNA
sequencing by CE on microchips and showed the tremen-
dous potential for increased throughput that these sys-
tems offer. However, this breadboard system did not
enable automated replacement of the separation matrix;
automating that particular function may be more difficult
to accomplish on microfluidic devices than it is in capillary
arrays.

3 Mechanism of DNA electrophoresis in
polymer solutions

An understanding of the mechanism of size-based sepa-
ration of DNA chains in polymeric media is critical for
improving and optimizing the performance of sieving
matrices and electrophoresis conditions. By some, the
mechanism of DNA separation in uncross-linked polymer
solutions has been described as being essentially the
same as that in traditional slab-gel electrophoresis, as
modeled by the Ogston model and the reptation models,
recently reviewed by Heller [15]. In the Ogston model, a
DNA molecule is assumed to migrate as a rigid spherical
particle through a network of rigid, linear, infinitely long
rods, and to diffuse laterally until it encounters a “pore”
large enough to allow its passage. Thus smaller mole-
cules migrate faster through the matrix as they have
access to a larger fraction of the pores. The Ogston
model predicts a linear dependence of log (1), where p is
the electrophoretic mobility, on matrix concentration for
small DNA fragments in the limit of low electric fields [16,
17]. According to this model, however, molecules with
radii of gyration larger than the average pore size should
not penetrate the matrix at all, in contrast with the actual
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behavior of DNA molecules in gel electrophoresis. Hence,
the assumptions underlying the Ogston model are invalid
for larger DNA [18]. Furthermore, fundamental assump-
tions of this model about the nature of the separation
matrix are extremely far from the reality of a dynamic
entangled polymer network.

In the reptation model, the DNA molecule travels through
a matrix as a flexible chain that reptates “snake-like”
through a fictitious “tube” in the polymer network. The
model predicts, in the limit of zero electric field, that the
electrophoretic mobility is inversely proportional to DNA
size. This dependence is indeed observed under some
conditions for slab gels, over a certain “medial” range of
DNA size. However, experimental observations that DNA
larger than 20 kbp migrate with a constant electrophoretic
mobility led to a modification to the reptation model, the
biased reptation model (BRM) [19, 20]. This model postu-
lates that when the electric field strength is large, DNA
chains will orient in the direction of the electric field,
strongly biasing the random walk in the forward direction
so that DNA assumes a stretched, rod-like conformation.
DNA molecules in this oriented conformation no longer
take a tortuous path through the gel, thus the size-based
separation ability of the gel is lost for large DNA and at
high field strengths. The biased reptation with fluctuations
(BRF) model was proposed to improve the original BRM
by incorporating fluctuations in the theoretical tube length
[21].

Polymer solutions differ from cross-linked gels in that the
physical entanglements between the chains have a finite
lifetime. The group of Viovy and Duke [17] adopted the
physical concept of “constraint release” to describe this
phenomenon through a modification of the BRF model.
Such constraint release occurs when the polymers, which
form the tube, are allowed to reptate away even while the
DNA remains within the tube. Cottet et al. [22] described
the dynamics of the entangled polymer network by the
reptation or relaxation time which, for a given polymer, in-
creases with increasing polymer concentration or molar
mass but decreases with increasing temperature. In order
to achieve uniform mobility and good resolution of electro-
phoresing DNA, the relaxation time should be greater
than the residence time of the DNA molecule segment in
the blob [22, 23].

The Ogston model and reptation models are applicable at
low electric field strengths such as those typically used in
slab-gel electrophoresis, but would seem to be inapplica-
ble for CE in uncross-linked polymer solutions, where
much higher field strengths are commonly applied. This
points to a fundamental inconsistency of the application
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of the reptation model to DNA separation by CE. Polymer
motion by “reptation” is postulated to prevail in a fixed
polymer network, in which chains are sufficiently con-
strained, each in a reptation “tube”, that end-on motion is
their only possible mode of movement besides small, lat-
eral segmental motions (the formation of “chain defects”)
[24]. This type of motion has been seen by microscopy to
occur in entangled DNA solutions under equilibrium con-
ditions of zero applied field [25].

Mathematically, the initial distribution of chain conforma-
tions for computer simulation of reptative polymer motion
is assumed to be either Gaussian or self-avoiding, de-
pending upon solvent conditions, and hence is derived by
equilibrium-based, statistical mechanical arguments [26,
27]. These assumptions are only appropriate in the case
of zero external applied force, and hence are violated in
the presence of a strong electric field [28, 29]. Under an
external field, the initial distribution of chain conformations
(for the DNA) must be heavily influenced by kinetics, and
hence cannot be determined accurately from statistical
mechanical arguments. Hence, the reptation model per
se cannot be applied meaningfully to high-field electro-
phoresis. Although it has had significant success for inter-
preting slab-gel electrophoresis, it may not be a useful
framework with which to consider the mechanism of sepa-
ration for CE in uncross-linked polymer solutions. While
these mechanisms may be applicable at extremes of low
electric field and high polymer concentrations, these are
generally not conditions of interest for genomic sequenc-

ing.

The difference in stiffness of ssDNA (4 nm persistence
length) and dsDNA (45 nm persistence length) molecules,
as well as the availability of bases in ssDNA molecules to
hydrogen bond with the surrounding water molecules,
urea (when used as denaturant) and polymer chains have
been shown to affect the electrophoretic migration of
DNA and have led to the identification of new separation
regimes [15, 30]. Furthermore, the separation mecha-
nisms postulated by both the Ogston and reptation mod-
els require polymer concentration to be in the entangled
regime for DNA separation to be achieved. However, Bar-
ron et al. [31-33] have shown that separation of DNA
fragments is possible in dilute polymer solutions at con-
centrations well below the entanglement threshold. To
explain this experimental observation, the authors pro-
posed a transient entanglement coupling mechanism for
DNA separation. It was hypothesized that DNA fragments
migrating through the polymer solution entangle or collide
with individual polymer molecules and are forced to drag
them through the solution, resulting in a decrease in DNA
electrophoretic mobility. Larger DNA molecules were
postulated to have a higher probability of encountering
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and entangling polymer molecules, hence to experience a
greater reduction in mobility. Variations of this mechanism
are likely to apply to both dilute and entangled polymer
solutions, as the CE separations of DNA fragments ob-
tained at concentrations above and below the polymer
entanglement threshold were similar [32, 34].

Direct observations of dsSDNA molecules electrophoresing
through polymer solutions [35—-38] shed new light on the
mechanism of separation and the interactions between
DNA and polymer molecules during electrophoresis. DNA
molecules electrophoresing through high molecular mass
polymer solutions, both above and below the entangle-
ment threshold, undergo conformational changes from a
compact, globular conformation to U-shaped conforma-
tions that appear to drag the entangling polymer mole-
cules. However, in low molecular mass polymer solutions
DNA migrates primarily in a globular conformation, not
forming entanglements. Three types of DNA-polymer
interactions have been proposed to account for this
behavior [37, 38]: (i) U-shape collisions, in which the DNA
entangles with the polymer obstacle and releases itself in
a pulley-like motion; (ii) brief collisions, in which the DNA
entangles with the polymer for a brief period of time
before the polymer releases itself from the DNA; and (iii)
transient nonentangling collisions, where the DNA in glob-
ular form pushes polymer molecules out of its path. Non-
entangling collisions, modeled by Sunada and Blanch
[38], occur between small DNA and small polymer mole-
cules and explain the separation of small DNA molecules,
whilst the entangling collisions, modeled by Hubert et al.
[39], are necessary to separate large DNA molecules by
entangling with large polymer molecules. Based on these
mechanisms of separation, one can explain the experi-
mentally observed improvements of separation of a wider
size range of DNA molecules in solutions containing high
and low molecular mass polymer, both above and below
the entanglement threshold [40-43]. DNA was not ob-
served to reptate, but to cycle in conformation between a
spherical glob and a deformed U-shape.

It is clear that the mechanism of DNA electrophoretic sep-
aration in uncross-linked polymer solutions is more com-
plicated than that in cross-linked gels, due to the dynamic
nature of the network and due to the fact that separation
is possible even in the absence of the polymer network in
dilute solutions. At present, theoretical work on the mech-
anism of DNA separation is most useful for providing a
physical framework with which to qualitatively interpret
experimental results. None of these models are quantita-
tively predictive at this time. However, considering the
entangling and nonentangling collisions which have been
seen to take place over a wide range of polymer concen-
trations, it should be possible for theorists to formulate a
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single model of DNA electrophoresis in polymer solutions,
taking into account the properties of DNA, both in single-
and double-stranded form, and polymer molecules under
the various electrophoretic conditions. This is an exqui-
sitely complicated problem in polymer physics and will, no
doubt, keep theorists occupied for a long while.

4 Quantitative analysis of DNA separation

A quantitative measure of electrophoretic separation per-
formance is the resolution, Rs, which can be expressed
as:

Xe—X1 1AW 42

As = 059 Eyrm = 4y P

(M

where x; is the center of peak i, FWHM is the peak full
width at half maximum (this is derived based on the
assumption that both peaks have the same width), Ay is
the difference in electrophoretic mobility for two frag-
ments, W, is the average mobility between two frag-
ments, and Np is the number of theoretical plates. The
term Au/u,, is @ measure of the selectivity or peak spa-
cing in a separation and reflects the sieving power of the
matrix. The term Np is a measure of separation efficiency
or peak width due to the dispersion characteristics of the
electrophoresis system.

An alternative quantitative measure of the performance of
a sequencing separation matrix and instrument is the
length-of-read, LOR. The LOR is defined as the point at
which the peak spacing is equal to the peak width giving a
resolution value of 0.59 [16]. This point can be determined
graphically from the point of intersection of the plots of
peak width and peak spacing versus DNA size. Another
definition of the LOR is associated with the use of base-
calling software used with DNA sequencing instruments.
It is defined as the number of bases that can be called ac-
curately, and requires single-base resolution of DNA frag-
ments. Expert computer programs that are able to call
bases accurately at resolution as low as 0.25 have been
reported [44].

5 ssDNA versus dsDNA

DNA molecules in aqueous solution can exist in native
double-stranded form or in denatured, single-stranded
form, depending upon conditions such as solvent and
temperature. DNA sequencing is necessarily performed
under denaturing conditions, because the sequencing
reactions deliver ssDNA molecules with a partly elon-
gated complementary DNA strand attached. Also, ssDNA
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strands have the propensity to form intrastrand base pairs
and secondary structure. In particular, genomic DNA
often has “trouble regions” of repetitive sequence that are
difficult to fully denature and hence difficult to sequence.
Full denaturation is needed to enable correct and reliable
size-based separation depending strictly upon chain
length. For DNA sequencing applications, DNA denatura-
tion is typically achieved by using high concentrations of
urea (> 4 m, more typically 7-8 m), formamide (~ 10%)
and high temperatures (up to 70°C), or any combination
of the three.

For the separation of PCR products and restriction frag-
ments, DNA molecules are separated under nondenatur-
ing conditions in the double-stranded form. For such
separations, single-base resolution is not a critical re-
quirement, allowing the use of less concentrated, and
hence less viscous, polymer solutions, and permitting
easier filling and replacement of polymer matrix in the
capillaries. Van der Schans et al. [45] reported that when
DNA is separated in single-stranded form, the selectivity
of separation is increased, which results in significantly
higher resolution of DNA fragments up to 500 bases.
Using 4% linear polyacrylamide solution, baseline resolu-
tion of fragments differing in size by four base pairs in the
200 base pair range was achieved under denaturing con-
ditions, while the separation failed under native condi-
tions.

In a series of articles, Heller [15, 46, 47] compared the
separation of ssDNA and dsDNA (< 700 bases) using
similar conditions except that electrophoretic runs under
denaturing conditions were carried out at 50°C, in the
presence of 4 m urea, whilst for nondenaturing conditions
the temperature was 25°C. In all cases, peak spacing
decreases with increasing DNA size, but increases with
increasing polymer concentration. However, separations
of ssDNA fragments give larger peak spacings than sepa-
rations of dsDNA fragments (< 700 bases or base pairs).
Peak widths are smaller under denaturing compared to
nondenaturing conditions. As a result, the resolution of
ssDNA fragments is much higher than that for dsDNA of
the same length. The use of strongly alkaline conditions
(pH 11) has been reported to denature DNA fragments in
hydroxethylcellulose (HEC) solution and to improve the
resolution of DNA fragments compared to that of dsDNA
at neutral pH [48]. Although separation of DNA has been
shown to be possible in dilute solutions, concentrated,
entangled polymer solutions gave superior separations of
DNA as compared to dilute solutions [48]. Therefore, for
high-resolution applications, such as DNA sequencing,
relatively concentrated, entangled polymer solutions are
needed.
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6 Polymer matrices used in DNA
sequencing

Several different types of water-soluble polymers have
been used in DNA sequencing by CE. The choice of poly-
mer has often been arbitrary and empirical, primarily
because the mechanism of DNA separation in uncross-
linked polymer solutions is not fully understood. The
chemical structures of the polymers that have been tested
for this application are shown in Table 1. In addition to
chemical properties, the physical properties of polymers
used for CE are critically important, as they control the
attributes of the entangled polymer network and hence
influence the predominant mechanism and time-scale of
DNA-polymer and polymer-polymer interactions [23]. To
compare the performance of different polymers as DNA
sequencing matrices, a number of important issues need
to be evaluated simultaneously: resolving power, speed
of separation, viscosity of polymer solution and suppres-

Table 1. Structures of polymers used for DNA sequenc-

ing by CE
Polymer Chemical structure
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sion of electroosmotic flow. Resolving power reflects the
ability of the polymer matrix to achieve long LORs, which
is a highly desired feature for genome sequencing pro-
jects, though less important for many other biological and
medical applications of DNA sequencing. Long LORs
achieved within reasonable time limits, minimize sample
preparation and computational effort required assembling
the sequencing data into finished sequence. Thus, long
LORs increase the throughput and reduce the cost of
sequencing.

The viscosity of a polymer matrix is an important factor
considered in designing and engineering automated CE
sequencing instruments. Low-viscosity polymer solutions
may be pumped into the capillary and replaced using a
practically achievable and robust pressurizing system,
and the requisite matrix loading step may significantly
contribute to the turnaround time and cost of the instru-
ments. More subtly, the dependence of polymer solution
viscosity on the rate of applied shear is an important
attribute of DNA sequencing matrix, as it controls the rate
of flow of the solution through the microchannel under a
given applied force. Another factor that contributes to cost
is the ability of the polymer to adsorb on the internal capil-
lary wall and suppress electroosmotic flow, thus eliminat-
ing the need for a covalently bound capillary coating. The
lifetime of the coating, as well as the ease of its regenera-
tion, impact the overall performance and cost of sequen-
cing.

6.1 Linear polyacrylamide

Replaceable LPA, introduced for DNA sequencing in
1993 [49], has become one of the most widely employed
separation media in DNA sequencing by CE due to its
excellent performance in terms of LOR and separation
time. Carrilho et al. [50] investigated the effect of molecu-
lar mass and concentration of LPA on DNA sequencing.
For a given high LPA molecular mass, it was found that
higher solution concentrations (4% LPA) improved the
resolution of DNA fragments smaller than 450 bases,
while a lower concentration (2% LPA) gave better resolu-
tion of DNA fragments larger than 450 bases. Others
reported similar results on the effect of LPA concentration
on separation performance [51, 52]. Selectivity for low
base numbers was higher for more concentrated polymer
solutions, and decreased with base number for all poly-
mer solutions. In addition, the rate of change of selectivity
with base number was significantly greater for high-con-
centration LPA solutions. For any polymer concentration,
peak efficiency decreased with increasing DNA fragment
size; however, there was no significant difference in effi-
ciency for a specific fragment with changing LPA concen-
tration, suggesting that simply increasing the polymer
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concentration will not serve to improve the resolution of
DNA peaks.

Using a 4% LPA solution, the selectivity of bases up to
500 bases was higher with matrices formulated with high-
molecular mass LPA as opposed to low-molecular mass
LPA. For fragments larger than 500 bases, the selectivity
merged to a common low value for all matrices. Migration
time was found to be more dependent on polymer con-
centration than on polymer molecular mass. For each
polymer solution, a maximum in efficiency was observed,
and this maximum was linearly shifted to longer DNA frag-
ments with increased LPA molecular mass. Moreover, the
absolute value of the maximum efficiency increased with
LPA molecular mass. Also, lowering the electric field
strength from 200 V/cm to 150 V/cm improved the selec-
tivity and shifted the onset of biased reptation to longer
DNA fragments, extending the sequencing LOR at the
expense of run time. Thus, the use of a low concentration
of high-molecular mass LPA extended the LOR. Using
2% high-molecular mass LPA (> 5.5 MDa) solution, a
column temperature of 50°C, and 150 V/cm field strength,
sequencing analysis of more than 1000 bases was
achieved with 96.8% accuracy in 80 min. A similarly spec-
tacular performance was obtained by high-molecular
mass (9 MDa) LPA prepared by inverse emulsion poly-
merization [53].

The performance of LPA sequencing performance was
further improved by fine-tuning of polymer molecular
mass distribution, LPA solution composition, electric field
strength, run temperature, internal capillary diameter, dye
chemistry, sample clean-up protocols [41], and base-call-
ing software. The final conditions comprised a 2.5% LPA
mixture consisting of 2% high-molecular mass (9 MDa)
and 0.5% low-molecular mass (50 kDa) LPA operated at
60°C and 200 V/cm. The new conditions produced an
LOR of 1000 bases in 55 min at 98-99% accuracy. An
increase of LPA concentration by 0.5% with low-molecu-
lar mass LPA improved the separation of DNA fragments
below 100 bases, without causing a significant reduction
in the resolution of the large fragments. This was
explained by the fact that short-chain polymers interact
preferentially with small DNA molecules, whereas long-
chain polymers interact mainly with large DNA fragments.
More likely, small-DNA separation is insensitive to poly-
mer molecular mass, but instead is dependent on overall
polymer concentration, whereas large DNA can only be
separated by large polymers [34].

An increase in the run temperature shifts the onset of
biased reptation to longer DNA fragments [20], and this
counterbalances the effect of increased electric field
strength on the onset of biased reptation (in terms of DNA
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chain length). Moreover, the use of elevated temperature
helps to minimize compressions that result from DNA sec-
ondary structure, improving resolution and reducing sepa-
ration time [51, 54, 55]. Table 2 summarizes the effect of
LPA solution composition, temperature and electric field
strength on electrophoretic separation of DNA fragments
as determined by Karger's group [44]. Optimal results
were obtained using an LPA matrix comprising 0.5%
270 kDa and 2% 17 MDa LPA. This formulation delivered
an LOR of 1300 bases (average 1249 bases) at 98.5%
accuracy in 2 h at 70°C and 125 V/cm. The final resolu-
tion was 0.25. This work also involved some improve-
ments in the base-calling software and the DNA Sanger
cycle sequencing reaction.

Wu et al. [56] studied the separation of ssDNA sequen-
cing reaction products up to 393 bases in size in poly-
acrylamide solutions. It was found that the electrophoretic
mobility of DNA molecules up to 393 bases in size in-
creased with decreasing polyacrylamide concentration,
leading to a faster separation of DNA fragments. The mo-
lecular mass and polydispersity of the polymer did not
seem to have a significant effect on the mobility. How-
ever, increasing the average polyacrylamide chain length
reduced the dispersion of electrophoresing DNA and in-
creased the sharpness of the bands, implying an increase
in efficiency of separation.

Using low-viscosity (150 cP), 6.2% low-molecular mass
LPA (339 kDa) solution, Grossman [57] resolved DNA
sequencing fragments up to 580 bases long in 110 min at
218 V/cm. Under the run conditions, the selectivity
decreased with fragment size, whilst the efficiency of sep-
aration increased, and did not exhibit a maximum value

Table 2. Comparison of migration times and LORs for
different compositions of LPA matrices at differ-
ent temperatures and electric field strengths
[44]

LPA Temp. Electric Migration LOR at
(°C) field timefor  at98.5%

(V/cm)  base 1019 accuracy

(min) (bases)

2% 17MDa +0.5% 270kDa 70 125 105.4 1249
2% 10 MDa + 0.5% 270 kDa 70 125 101.0 1190
2% 17MDa +0.5% 50kDa 70 125 100.0 1083

2% 10MDa +0.5% 50kDa 70 125 99.5 965
2% 10 MDa +0.5% 50kDa 60 200 55.6 1013
2% 10 MDa 50 150 81.0 951
2% 10 MDa +0.5% 270kDa 70 250 44 927

2% 10 MDa + 0.5% 270 kDa 70 200 55.6 1042
2% 10MDa +0.5% 270kDa 70 150 80.5 1127
2% 10 MDa +0.5% 270kDa 70 100 131.0 1172
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as was observed by Karger's group using high-molecular
mass LPA [50, 58]. Empirical models, derived by Manabe
et al. [52], predicted that a high electric field and a high
LPA concentration are needed to achieve high separation
efficiency, whilst a low electric field and a low polymer
concentration are required to achieve long LORs. Using
9%T in situ polymerized LPA and an electric field strength
of 100 V/cm, single-base resolution of ssDNA sequencing
fragments up to 520 bases was obtained. Zhang et al.
[51] separated DNA sequencing fragments up to 640
bases in 2 h using a 5%T polyacrylamide solution at 60°C
and 150 V/cm.

Although LPA matrices have a high sieving capacity for
DNA fragments, they have a few drawbacks. One of the
main problems of high-molecular mass LPA is the high
viscosity of its solutions, a result of the high hydrophilicity
of the polymer. A saving grace is that LPA solutions
behave as non-Newtonian (shear-thinning) fluids, such
that the viscosity of high-molecular mass LPA comes
close to that of concentrated low-molecular mass LPA
when the shear force is increased [53]. Nonetheless, the
viscosity of the 2%, 9 MDa LPA was ca. 260 000 cP at
zero shear and about 27 000 cP at a shear rate of 1.32s™
[53]. High-molecular mass LPA also requires careful
preparation and handling, because the method of dissolu-
tion can affect the mass distribution through chain scis-
sion, which can adversely affect the subsequent separa-
tion of DNA sequencing fragments. Chemical instability
towards alkaline hydrolysis and the neurotoxicity of acryl-
amide monomer are other drawbacks of LPA [59, 60]. An-
other problem with using LPA for CE is that it cannot be
used with bare fused-silica capillaries. The capillary has
to be precoated to suppress electroosmotic flow. Capillary
coatings have the propensity to become fouled after a
number of DNA sequencing runs, and this leads to an
eventual deterioration of the separation performance.

6.2 Polyethylene oxide

Polyethylene oxide (PEO) is another polymer that has
been extensively studied for DNA sequencing [42, 43, 61,
62]. It was first introduced in 1995 by Fung and Yeung
[61]. In 1997, Kim and Yeung [42] reported the separation
of a single-color DNA sequencing ladder up to 1000
bases (resolution of raw data = 0.5 at 966 bases) in a mix-
ture of 1.5% high-molecular mass PEO (8 MDa) and
1.4% low-molecular mass PEO (0.6 MDa) at 75 V/cm. A
separation time of 7 h was needed to achieve this separa-
tion, which is very long compared to the 1 h run time
needed for LPA to achieve the same LOR [58]. Increasing
the concentration of the high-molecular mass PEO to
2.0% decreased the size of the largest DNA fragments
that could be resolved. The influences of separation volt-
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age, column length, and PEO composition were also
studied. In agreement with findings for other polymers
[50, 63], PEO performance increased with lower field
strengths and longer separation distances. The selectivity
up to 320 bases was independent of the electric field
strength and decreased with increasing field strength for
DNA larger than 320 bases. The efficiency of the separa-
tion increased to a maximum at around 250 bases and
then decreased with increasing base number. Regarding
the PEO composition, it was found that when low-molecu-
lar mass PEO was blended with high-molecular mass
PEO, the separation of smaller DNA fragments improved
significantly, a result similar to that obtained for other
polymers [40, 44, 58]. For best sequencing performance,
the total PEO concentration was found to be between 2.5
and 3.0%.

PEO has the interesting and favorable property of being
“self-coating” through adsorption to the capillary wall [61].
This potentially eliminates the need for covalent wall pas-
sivation, as is required for LPA matrices, thereby reducing
the material cost of DNA sequencing. PEO-coated capil-
laries had to be flushed with HCI and PEO solutions
before being reusable and this required about 2 h. It was
further observed that PEO capillaries could not be used
for more than 30 runs without reconditioning. This was
tentatively attributed to the formation of PEO aggregates
on the wall surface, and was increased by increasing the
PEO concentration. The adsorbed PEO coating was
shown to reduce the electroosmotic flow velocity by more
than one order of magnitude compared to the bare capil-
lary at pH 7.0. However, at pH 8.2, the reduction in elec-
troosmotic flow was only 30-50% [64].

6.3 Poly-N,N-dimethylacrylamide

Madabhushi [65] introduced the acrylamide derivative
poly-N,N-dimethylacrylamide (PDMA) for DNA sequen-
cing. The author considered low viscosity of the sieving
matrix to be a higher priority than the attainment of a long
LOR. Low viscosity translates to the ability to use lower
pressure for filling and flushing the capillary, thus provid-
ing faster and safer operation. An LOR of 600 bases was
achieved in 125 min using a 6.5% low-molecular mass
(98 kDa) PDMA, the viscosity of which was claimed to be
just 75 cP, many orders of magnitude lower than that of
LPA solutions. The increase in PDMA molecular mass
beyond 98 kDa slightly improved the resolution but
adversely increased the viscosity of the solution. PDMA
also exhibits two advantages over LPA: (i) it is resistant to
hydrolysis [59]; (ii) it possesses self-coating properties,
i.e., it physically adsorbs to the capillary wall and virtually
eliminates electroosmotic flow. The dynamic coating
process required no special conditioning, e.g., no HCI
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wash, and capillaries could be used directly after dynamic
coating. The capillary was typically ready for use after
1 min of sieving matrix replacement by low pressure. It
was reported that at least 100 sequencing runs could be
performed in a single capillary using this simple proce-
dure without any adverse effect. In four-color sequencing,
600 bases could be analyzed with a final resolution of
0.59. The accuracy achieved was more than 98% for the
first 450 bases and greater than 96.5% for the 600 bases.
The run was performed at 42°C and 160 V/cm.

Heller [15, 30, 47, 63] investigated the use of PDMA for
ssDNA separation. Peak spacing was found to decrease
with increasing DNA size, but increased with increasing
polymer concentration. Moreover, for a given PDMA con-
centration, the peak spacing increased with increasing
PDMA chain length. The peak width decreased, reflecting
an increase in the efficiency of separation, with increasing
polymer concentration and polymer chain length, but it did
not change as a function of DNA size. 5% solutions of
low-molecular mass (216 kDa) or high-molecular mass
(1.15 MDa) PDMA achieved single-base resolution up to
500 bases, but beyond that point the resolution failed dra-
matically. The use of lower PDMA concentration (1 and
2%) resulted in lower resolution of DNA but the rate of
decrease of resolution with DNA base number was
smaller than that using 5% solution. As with other poly-
mers, a reduction in electric field strength improved the
resolution of the DNA fragments.

The main disadvantage of PDMA is that it is relatively
hydrophobic compared to LPA [59]. This increases the
extent of hydrophobic interaction between the polymer
and the hydrophobic DNA-labeling dyes, resulting in
changes in DNA mobility. This can lead to peak shifting
and band broadening, thus affecting the resolution of
DNA fragments and increasing the chances of errors in
base calling. This increased hydrophobicity also causes
the PDMA chains to adopt more compact coils in aqueous
solution at a given chain length, reducing the average
number of chain entanglements and producing a less
robust entangled network than, for example, LPA, which
is more hydrophilic.

6.4 Polyvinyl pyrrolidone

Using a mixture of PDMA and polyvinyl pyrrolidone
(PVP), Madabhushi et al. [66] demonstrated the feasibility
of four-color sequencing in a bare silica capillary. Later,
Gao and Yeung [67] explored the use of PVP as a DNA
sieving matrix. The polymer is soluble in water and aque-
ous buffers, forming a homogenous, low-viscosity (27 cP
at 4.5%) solution within less than 1 h. The polymer exhib-
ited a self-coating property and reduced electroosmotic
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flow to negligible levels. The low viscosity of the polymer
solution reduced the time needed for regeneration of the
column surface to 3 min, compared to 2 h for PEO. Sin-
gle-color sequencing with 7% PVP of 1 MDa molecular
mass showed separation of up to 350 bases. The separa-
tion was extended to more than 500 bases when a 5%
solution of high-molecular mass PVP extracted from the
1 MDa material was used. The sequencing time was
83 min in a 50 cm effective column length at 150 V/cm
and room temperature.

6.5 Polyethylene glycol with fluorocarbon tails

A novel class of material was reported by Menchen et al.
[68] who modified polyethylene glycol (PEG) by end-cap-
ping it with a fluorocarbon tail. This material self-assem-
bles in water into equilibrium network structures with a
well-defined mesh size. Above a critical concentration,
the hydrophobic end groups associate into micelles in
water to form extended networks. These micellar systems
form flowable gel-like networks that permit electrophoretic
DNA sequencing in a capillary column. In addition, the
network structure is disrupted under high shear, allowing
relatively easy replacement of the sieving matrix. DNA
electrophoretic mobility appeared not to be adversely
affected by the hydrophobicity of the polymer tails. The
use of longer PEG chains decreased the band width and
improved the resolution of DNA sequencing fragments.
Polymer concentration influenced the peak-to-peak spa-
cing. Longer LORs were obtained by using the polymer at
concentrations above the critical micelle concentration.
Increasing the temperature from 22°C to 55°C destabi-
lized the polymer network and resulted in severe band
broadening and loss of resolution. Optimum sequencing
results were obtained from a 6% solution of a 1:1 mixture
of CgF43 end-capped and CgF,; end-capped PEG of
35 kDa molecular mass. An LOR of 450 bases was ob-
tained at 200 V/cm. The run time was not reported.

6.6 Hydroxyethylcellulose

The use of HEC as a sieving matrix of ssDNA was
explored by Bashkin et al. [69]. The best performance
was obtained at 190 V/cm using 2% HEC of 90-105 kDa
molecular mass. Sharp, well-resolved peaks of one-color
sequencing reaction products were observed to around
570 bases in 70 min. Higher voltages shifted the onset of
the biased reptation to smaller DNA fragments. Purifica-
tion of the HEC was needed to remove oxidized forms of
cellulose and other charged impurities that affected the
performance of the crude HEC sieving matrix. The use of
entangled HEC solution at pH 11 significantly improved
the efficiency and hence the resolution of ssDNA frag-
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ments in denaturing buffer [48]. The drawback of these
HEC matrices that prevented their use in a commercial
high-throughput sequencing instrument such as the
MegaBACE 1000™, was that in a practical setting with
realistic DNA sequencing samples, LORs of ca. 450
bases were typical. Inconsistent performance of HEC
batches stems from the fact that this is a naturally de-
rived, not synthetic, polymer.

Using one-color DNA sequencing data, Dolnik and
Gurske [70] derived empirical equations for the relation-
ship between selectivity per base and sieving matrix con-
centration and between the mobility slope and matrix con-
centration using HEC (300 kDa). The same authors
proposed the use of the inflection slope, i.e., the slope of
the log-log mobility curve at its inflection point, as a quan-
titative parameter of sieving performance. With increasing
polymer concentration, the inflection slope decreased and
moved to shorter DNA length and eventually reached a
plateau. Kheterpal and Mathies [71] reported a compari-
son of the performance of replaceable LPA, HEC, and a
mixture of PEO and HEC under identical conditions for
DNA sequencing using identical separation conditions.
Although experimental details were not given, LPA was
said to provide the longest LOR (~ 1000 bases) compared
with ~ 600 bases in HEC and < 300 bases in the HEC-
PEO mixture. Mixtures of PEO and HEC were reported
by Kim and Yeung [42] to give unreadable resolution of
DNA sequencing fragments.

6.7 Poly-N-acryloylaminopropanol

Righetti's group [60, 72, 73] explored the utility of a novel
acrylamido monomer, namely N-acryloylaminopropanol
(AAP). The resistance to alkaline hydrolysis of poly(AAP)
was shown to be 500 times higher than that of polyacryl-
amide. Moreover, AAP is more hydrophilic than acryl-
amide. Single-color DNA sequencing was performed at
50°C and 200 V/cm using a 10.9%T poly(AAP). An LOR
of 385 bases was achieved in about 100 min at a final res-
olution of 0.5. An increase in run temperature from 25°C
to 50°C was efficient in resolving compression of DNA
zones. The use of formamide was detrimental to gel sta-
bility and sieving performance. The performance of an in
situ cross-linked poly(AAP) gel, with linear poly(AAP) as
an additive, was also evaluated. The gel was formed by
introducing into the capillary a mixture of the 5.45% AAP
monomer, 1.1% dihydroxyethylenebisacrylamide cross-
linker and 5.45% prepolymerized poly(AAP). A rise in
temperature from 25 to 50°C reduced the LOR from 400
bases to 303 bases and adversely affected the efficiency
of the separation and the resolution of the DNA frag-
ments.
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6.8 Poly(N,N-dimethylacrylamide-co-
N,N-diethylacrylamide)

Sassi et al. [74] observed that for uncross-linked, ther-
moresponsive polymer solutions, the reversible volume-
phase transition at the lower critical solution temperature
(LCST) results in a precipitous viscosity drop, by at least
one order of magnitude. Taking advantage of this prop-
erty exhibited by hydrophobically modified polymers, the
authors introduced a new approach towards solving the
problem of obtaining a single-base resolution of DNA
fragments in entangled polymer solutions and ease of
handling and loading of polymer solutions into the capil-
lary. Thermoresponsive polymers can be loaded into the
capillary at high temperatures (= LCST) at which the vis-
cosity is low, and the viscous, entangled network can be
regained by cooling the polymer solution below its LCST
at which DNA separation can be achieved.

Using copolymers of N,N-dimethylacrylamide (DMA) and
N,N-diethylacrylamide (DEA), it was shown that these
copolymers could show single-base resolution of DNA
sequencing products up to 150 bases in a solution of 6%
copolymer. The copolymer had a viscosity of 10 cP at
70°C, making it easy to load and replace in the capillary.
We have developed different formulations of linear DEA/
DMA copolymers for use in DNA sequencing (Buchholz
et al., in preparation). Our results show that 420 bases
can be sequenced at 98.5% accuracy in 75 min, using a
copolymer of 53% DEA, 47% DMA copolymer (4.0 MDa
molecular mass). The electrophoretic run was performed
at 44°C and 140 V/cm. Furthermore, it was found that
increasing the DEA composition decreased the LOR due
to increasing polymer hydrophobicity, which caused band
broadening and peak shifting. A comparison of the
sequencing performance, rheological properties and abil-
ity to suppress electroosmotic flow of the various poly-
mers used for DNA sequencing by CE is given in Tables
3, 4 and 5, respectively.

7 Polymers for separation of dsDNA

The separation of dsDNA fragments has a number of im-
portant biological applications, such as the separation of
PCR products, restriction fragments, and plasmids. For
such applications, single-base resolution is not a neces-
sity. Thus, many of the polymers that have been used for
DNA sequencing have provided excellent separation of
dsDNA [32, 34, 40, 43, 62, 67, 73-77]. A variety of polymers
has also been successfully explored for the separation of
dsDNA, and may potentially be applicable for DNA se-
quencing under the appropriate conditions. For several of
these polymers, the challenge has been to achieve suffi-
ciently high-molecular mass polymers to form robust, entan-
gled networks as needed for long-read DNA sequencing.
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Table 3. Comparison of performance of polymer solutions for DNA sequencing by CE

Polymer Mol. mass Conc. Electric Effective Temp. Buffer® LOR Time Resolution Reference
(kDa) (Wt%) field length (°C) (bases) (min) atLOR
(V/ecm)  (cm)
LPA > 5500 2 150 30 50 TTE, 7 M urea 1000 80 04 [50]
LPA 9000 2 150 30 50 TTE, 7 murea 1000 80 04 [53]
LPA 9000 2 200 30 60 TTE, 7 murea 1000 55 0.25 (58]
+50 0.5
LPA 17 000 2 125 30 70 TTE, 7 M urea 1300 120 0.25 [44]
+270 0.5
LPA 1000 8 100 12 Room TBE, 3.5 M urea, 393 90 nr [56]
30% formamide
LPA 339 62 218 40 Room 180 mm Tris-HsPO,, 580 109  0.75 [57]
8 murea
LPA nr®) 9T 100 40 Room 100 mm Tris-borate, 520 430 0.55 [52]
7 murea
LPA nr® 5T 150 39 60 TBE, 3.5 Murea 640 118 nr® [51]
PEO 8000 1.5 75 70 Room TBE, 3.5murea 1000 420 0.5 [42]
+600 1.4
PDMA 98 65 160 40 42 100 mm TAPS, 600 125 0.59 [65]
8 murea
PDMA 1145 5 210 36 50 0.5X TBE, 4murea 500 349 05 [47]
PVP 1000 5 150 50 Room TBE, 3.5Murea 500 83 nr [67]
PEGY 35 6 200 36 22 100 mm TAPS, 450 n® 059 [68]
6.6 m urea
HEC 97 2 190 41 Room TBE, 6™ urea, 570 70 05 [69]
10% formamide
Poly(AAP) nr°) 10.9T 200 40 50 TBE, 7 m urea 385 100 0.5 [55]
Poly(DMA/DEA)  nr® 6T 170 45 Room TBE, 7 murea 150 60 nr [74]

a) TBE buffer: 89 mm Tris, 89 mm borate, 2 mm EDTA; TTE buffer: 50 mm Tris, 50 mm TAPS (N-tris(hydroxymethyl)methyl-
3-aminopropanesulfonic acid) and 2 mm EDTA

b) No value reported

c) Estimated from electrophoretic mobility data from [15]

d) 1:1 mixture of CgF43 end-capped and CgF+7 end-capped PEG 35 kDa

Table 4. Comparison of viscosities of polymer solutions used for DNA sequencing

Polymer Composition ~ Mol. mass ~ Buffer® Temp. Viscosity  Reference
(Wt%) (kDa) (°C) (cP)
LPA 6.2 339 180 mm Tris-HzPOy4, 8 M urea 25 150 [57]
LPA 2 9000 TTE, 7 murea 25 27 000  [53]
LPA 2 9000 TTE, 7 murea 25 3700°) [53]
LPA 6 nrd TBE, 3.5 m urea 25 4900 [61]
PEO 1.5 600 TBE, 3.5 m urea Room 1200 [61]
+1.4 8000
PDMA 6.5 98 100 mm TAPS, 8 m urea 30 75 [65]
PDMA 6.5 200 100 mm TAPS, 8 m urea 30 1200 [65]
PEG® 6 35 100 mm TAPS, 6.6 m urea nr 10 000 [68]
HEC 2 97 TBE, 6 m urea, 10% formamide 25 5000 [69]
PVP 4.5 1000 TBE 20 27 [67]
Poly(DMA/DEA) 6 nrd TBE, 7 m urea 70 10 [74]

a) Buffer compositions as in Table 3

b) Viscosity measured at 1.32 s™' shear rate

c) Viscosity measured at 22 s~ shear rate

d) No value reported

e) 1:1 mixture of CgF43 end-capped and CgF1; end capped PEG 35 kDa
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Table 5. Suppression of electroosmotic flow by different DNA sequencing polymers
Polymer Mol. mass Conc. Buffer® Temp. Field Electrophoretic ~ Reference

(kDa) (Wt%) (°C) strength mobility

(V/em) (107 cm?/V s)

None - - 100 mwm glycine 30 200 6.29 [65]
LPA 150 0.01 100 mm glycine 30 200 2.43 [65]
PDMA 98 0.01 100 mm glycine 30 200 0.20 [65]
PVP 40 0.01 100 mm glycine 30 200 0.87 [65]
PVP 360 0.01 100 mm glycine 30 200 0.47 [65]
PEG 35 0.01 100 mm glycine 30 200 1.44 [65]
PNIPA 50 0.01 100 mm glycine 30 200 0.34 [65]
PDMA nr°) 0.01 TTE nr°) nr°) 0.17 [80]
PDMA nro 0.05 TTE nr® nro 0.107 [80]
PVP 1000 0.1 TBE Room 250 0.27 [67]
PVP 1000 1.0 TBE Room 250 0.06 [67]
PEO 8000 0.2 Phosphate, pH7.0  Room nr°) 0.2 [64]
PEO 8000 0.2 Phosphate, pH 8.2 Room nr?) 25 [64]

a) Buffer composition as in Table 3
b) No value reported

Several novel N-substituted acrylamides, which combine
two important properties needed for DNA fragment sepa-
ration, hydrophilicity and resistance to alkaline hydrolysis,
have been proposed by Righetti and co-workers [59, 60,
72]. Chiari et al. [59] introduced N-acryloylethoxyethanol
(AAEE) as a monomer that could be polymerized in situ
yielding a sieving matrix for dsDNA that gave excellent
performance in separation of DNA fragments ranging
from few hundreds to 23 000 bp [78]. Furthermore, poly-
(AAEE) offered excellent performance as a covalent coat-
ing of the silica capillary wall [79]. However, while the pol-
ymer offered good performance in CE, the monomer suf-
fered from two main limitations. First, the yield of the
monomer synthesis was low, at less than 18% [59]. Sec-
ond, it was found that the monomer exhibited a unique
instability. Upon storage, even in the presence of poly-
merization inhibitors, it could suddenly auto-polymerize
[60], which greatly limited its shelf life.

N-(acrylaminoethoxy)ethyl-B-p-glucopyranose (AEG) is
another monomer bearing hydrophilic glucose units on
N-substituted acrylamido derivatives, synthesized by
Chiari et al. [75] via a chemo-enzymatic pathway. Radical
polymers of AEG were found to have low viscosity in solu-
tion relative to polyacrylamide. Moreover, the viscosity of
poly(AEG) solution increases weakly with polymer con-
centration, allowing the replacement in the capillary of
more concentrated solution. Poly(AEG) was reported to
have a dsDNA sieving capacity fully comparable with that
of polyacrylamide, but migration was faster in the former,
possibly due to the formation of a more flexible network
with less robust entanglements.

Chiari et al. [80] proposed another novel low-viscosity glu-
cose-containing copolymer of acrylamide and allyl-B-p-
glucopyranose (AG). The viscosity of the copolymer solu-
tion decreased as the sugar content of the copolymer in-
creased. In spite of its low molecular mass (209 kDa), the
copolymer obtained by polymerizing a 1:1 molar ratio of
AG:acrylamide showed the ability to sieve oligonucleoti-
des and dsDNA ranging in size from a few tens up to 600
bases. The matrix showed good resolving power of DNA
restriction fragments. However, single-base resolution
needed for DNA sequencing application was not demon-
strated.

Another class of material that has been extensively stud-
ied for the separation of dsDNA fragments is the group of
polysaccharides, such as glucomannan [81], dextran [46,
82], agarose solutions [83], cellulose derivatives, includ-
ing methylcellulose (MC) [84], HEC [16, 31, 32], hydroxy-
propylcellulose (HPC) [34, 84, 85] and hydropropylmeth-
ylcellulose (HPMC) [84, 86, 87], and composite agarose/
HEC [88]. HEC polymers in water assume a stiff and
extended conformation [31]. Cellulose derivatives are typ-
ically used to separate DNA fragments at concentrations
of 0.2-1%. Due to the fact that stiff and extended mole-
cules become entangled more easily than flexible, ran-
dom-coil polymers and, furthermore, form more robust
entanglements, the operative concentration of cellulosic
polymers is considerably lower than that generally used
for LPA. Baba et al. [84] studied the performance of cellu-
lose derivatives, MC, HPC and HPMC, as sieving net-
works for DNA separation by CE. Solutions of MC, HPC,
and HPMC at a concentration of 0.5% provided separa-
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tion of large fragments (from 1000 to 23000 bp) of a 1 kbp
DNA ladder. However, a higher concentration (0.7%) was
needed to improve the resolution of smaller fragments
from 75 to 500 bp. Using HPC (1 MDa) solution, Mitnik
etal. [85] showed that increasing the electric field
strength increased the separation speed and improved
the resolution of small DNA fragments. Resolution of
large fragments was lost at electric fields greater than
500 V/cm. In agreement with other findings, the resolution
of DNA fragments larger than a certain size (600 bp)
degraded with increasing polymer concentration whilst
the resolution of smaller fragments improved.

Barron et al. [34] evaluated the separation of dsDNA in
HEC, HPC and LPA in the dilute and entangled solution
regimes. HEC, which is a stiffer polymer than HPC and
LPA, provided better resolution of large DNA fragments
(> 603 bp) than the other two polymers. This result
pointed out the importance of polymer chain stiffness (or
persistence length) for the resolution of large DNA frag-
ments. Moreover, it was shown that the three polymers,
HEC, HPC and LPA, show similar trends with respect to
the effect of molecular mass and polymer concentration
on the sieving performance. The authors also investi-
gated the effect of polymer polydispersity on DNA separa-
tion performance using 1 MDa LPA of different polydis-
persities. It was concluded that polymer polydispersity
had only a small effect on the separation of small DNA
fragments whereas the separation of large DNA frag-
ments is significantly improved by the use of low-polydis-
persity, high-molecular mass polymer solutions. All three
of these polymers separate large dsDNA fragments
(> 600 bp) well in the unentangled regime, if countermi-
gration CE in uncoated capillaries in employed. In coated
capillaries, lower resolution was obtained [89] because
the effective separation distance is shortened in this
mode of separation.

Thermoresponsive copolymers of poly-N-isopropylacryl-
amide (PNIPA), densely grafted with short PEO chains,
were applied for dsDNA separation by CE [90, 91]. The
copolymer had a random-coil conformation at low con-
centrations and low temperatures (< 31°C). At tempera-
tures above 31°C, the copolymer underwent a broad coil-
to-globule transition accompanied by a small decrease in
viscosity (~ 10%), with the PNIPA chains inside the core
and the hydrophilic PEO on the surface. With a further
increase in temperature (> 35°C), the PNIPA backbone
chains became more hydrophobic so that the interchain
aggregation became very strong at high concentrations,
resulting in a dramatic increase in viscosity. As a separa-
tion medium for dsDNA restriction fragments at tempera-
tures less than 31°C, the copolymer provided a resolution
comparable to that of LPA with the advantage of a shorter
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migration time. Moreover, the copolymer PNIPA-g-PEO
showed a self-coating ability for the capillary inner wall. At
temperatures above 31°C, the copolymer chains col-
lapsed to the globular state, destroying the chain network
and thus losing their DNA-separating ability. These matri-
ces are likely to be too hydrophobic in nature (due to the
PNIPA portion of the chains) to be useful for high-effi-
ciency DNA sequencing.

Triblock copolymers of PEOge-PPOge-PEOgg (PPO being
polypropylene oxide), also known as Pluronic F127°,
showed a thermoresponsive behavior and capillary coat-
ing ability similar to that of PNIPA-g-PEO [92-96]. In-
creasing the temperature from 4 to 25°C, 18-30% F127
aqueous solution was transformed from a low-viscosity
solution (40 cP at 4°C) to a transparent, self-supporting,
gel-like liquid crystalline phase. The attainment of this gel-
like state is thermally reversible. The crystalline phase
consists of micelles, each composed of a dense core of
PPO and a hydrated PEO shell. DNA fragments in the
size range of 50-3000 bp were separated in a 20% Plur-
onic solution. Increasing the polymer concentration in-
creased the number of micelles formed, resulting in
slower DNA migration. This improved the resolution of the
fragments but reduced the separable DNA size range to
an upper limit of 1000 bp. Increasing the temperature led
to the formation of more compact micelles, and reduced
the interaction between the DNA fragments and the
copolymer resulting in loss of sieving power. DNA separa-
tion in Pluronic liquid crystals is envisioned to occur by
mechanisms other than the presently hypothesized ones
for CE.

8 Conclusions

The intensive search for and optimization of polymer
matrices applied for DNA sequencing seems to indicate
that the optimal matrix has yet to be found. The system-
atic approach that has been undertaken to optimize the
performance of these matrices have revealed that impor-
tant properties for an “ideal” matrix for DNA sequencing
by CE are: (i) high resolving power; (ii) high hydrophilicity;
(ii) high average molecular mass to separate large DNA
fragments; (iv) sufficient concentration to separate small
DNA fragments; (v) hydrolytic stability at pH 7-8.5; (vi)
relatively low viscosity for easy capillary loading and
matrix replacement; and (vii) dynamic adsorption onto a
bare capillary wall for suppression of electroosmotic flow.

For DNA sequencing applications, the use of concen-
trated, entangled polymer solutions is needed to provide
single-base resolution. The delivery of long sequencing
LORs is greatly dependent upon the stability and robust-
ness of the entangled polymer network in solution. Good
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resolution of electrophoresing DNA molecules can be ob-
tained as long as the DNA-polymer interactions responsi-
ble for the size-based separation of DNA molecules do
not disrupt the polymer-polymer entanglements and hence
the polymer network. Hence, the extent and strength of
entanglements between polymer chains in solution con-
trol the robustness of the network. Hydrophilic, high-mo-
lecular mass polymer chains such as LPA adopt an
extended conformation in aqueous solution, allowing
more frequent entanglements along the chains. An in-
crease in polymer hydrophobicity, such as in PDMA, PVP
and PEG, results in the adoption of more compact coil
sizes in aqueous solution and the formation of less robust
polymer networks, that do less well in resolving large
DNA fragments than LPA. Side chains pendant on the
polymer backbone also boost the entanglements between
the polymer chains, as in the case of HEC. For PEO, the
necessity for low field strengths (75 V/cm) and long run
times most likely reflects the inherent flexibility of the
unsubstituted PEO chains and hence the “delicate” nature
of its entangled polymer networks. DNA molecules, trav-
eling under powerful electric fields such as 150 V/cm, are
simply not sufficiently hindered by PEO-PEO entangle-
ments to be separated by chain entanglement mecha-
nisms. A good analogy is to American football: large DNA
molecules are like huge linebackers, shoving polymer
chains out of their way as they barrel towards the anode.
Strong points of entanglement that force DNA chains to
pause in their headlong rush provide the necessary
change in dependence of DNA molecular friction coeffi-
cient for separation. Although the presence of side chains
on the matrix polymers has a positive effect on the robust-
ness of the polymer network, bulky side chains, such as
aminopropanol in AAP, can increase the difficulty of
obtaining high-molecular mass polymers due to steric hin-
drance in the polymerization.

High polymer concentrations improve the separation of
small DNA sequencing fragments (< 500 bases), whilst
low concentrations of high-molecular mass polymers are
better in resolving large DNA fragments (> 500 bases).
Small DNA fragments are not long enough to interact suf-
ficiently by entangling with the polymer chains of the
matrix. Increasing the polymer concentration increases
the frequency of small DNA-polymer collisions that lead
to separation. For large DNA fragments, large polymer
chains are needed to maintain the robustness of the
entangled polymer network and prevent facile dragging of
the polymer chains by migrating DNA chains.

Thermoresponsive polymers are potentially suitable can-
didates as DNA sequencing matrices for CE and micro-
chips, allowing easy filling and replacement in the capil-
lary at one temperature and providing high resolution of
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DNA sequencing reaction products at another, though
typically at the cost of somewhat shorter LORs due to the
hydrophobicity of these polymers. Further experimental
and theoretical investigations are needed to elucidate the
specific mechanisms by which polymer chemical and
physical properties influence matrix performance for DNA
sequencing separation. In light of the new insights
researchers have gained into the impact of polymer prop-
erties on DNA sequencing performance, the door is still
open to exploit and invent new polymers that will improve
overall DNA sequencing throughput and reduce the cost-
per-base rate.
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