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1 Introduction

737

Impact of polymer hydrophobicity on the
properties and performance of DNA sequencing
matrices for capillary electrophoresis

To elucidate the impact of matrix chemical and physical properties on DNA sequencing
separations by capillary electrophoresis (CE), we have synthesized, characterized and
tested a controlled set of different polymer formulations for this application. Homopoly-
mers of acrylamide and N,N-dimethylacrylamide (DMA) and copolymers of DMA and
N,N-diethylacrylamide (DEA) were synthesized by free radical polymerization and puri-
fied. Polymer molar mass distributions were characterized by tandem gel permeation
chromatography - laser light scattering. Polymers with different chemical compositions
and similar molar mass distributions were selected and employed at the same concen-
tration so that the variables of comparison between them were hydrophobicity and
average coil size in aqueous solution. We find that the low-shear viscosities of 7% w/v
polymer solutions decrease by orders of magnitude with increasing polymer hydropho-
bicity, while hydrophilic polymers exhibit more pronounced reductions in viscosity with
increased shear. The performance of the different matrices for DNA sequencing was
compared with the same sample under identical CE conditions. The longest read
length was produced with linear polyacrylamide (LPA) while linear poly-N,N-dimethyla-
crylamide (PDMA) gave ~ 100 fewer readable bases. Read lengths with DMA/DEA
copolymers were lower, and decreased with increasing DEA content. This study high-
lights the importance of polymer hydrophilicity for high-performance DNA sequencing
matrices, through the formation of robust, highly-entangled polymer networks and the
minimization of hydrophobic interactions between polymers and fluorescently-labeled
DNA molecules. However, the results also show that more hydrophobic matrices offer
much lower viscosities, enabling easier microchannel loading at low applied pressures.
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high-throughput capillary array electrophoresis (CAE)
instruments, which are rapidly becoming the dominant

The Human Genome Project (HGP) has successfully
accomplished one of its primary goals through the com-
pletion of a “working draft” of the human genome, cover-
ing 85% of the clonable sequence with a 4 X depth of cov-
erage [1]. This milestone was reached on an accelerated
time schedule through the introduction of automated,
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tool in DNA sequencing centers [2, 3]. In addition to the
HGP, a constantly increasing number of animal, plant and
microbial genome projects [4] will continue to seek new
advances in high-throughput and cost-effective sequenc-
ing technologies.

DNA sequencing is accomplished through the size-based
separation of fluorescently-labeled, single-stranded DNA
fragments that range in size from just a few to more than
1000 bases. In capillary electrophoresis (CE), DNA sepa-
ration is typically performed in an entangled, replaceable,
uncross-linked polymer solution. Compared to slab-gel
electrophoresis, CE in polymer solutions eliminates gel
preparation and pouring steps, and allows automated fill-
ing and replacement of sequencing matrices in capillary
arrays. The necessity for a polymeric separation medium
for DNA sequencing arises from the fact that electropho-
retic size-based separation of DNA fragments cannot be
achieved in free solution, as DNA molecules exhibit an
almost constant charge-to-frictional coefficient ratio re-
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gardless of their size. Hence, the electrophoretic mobility
of DNA in free solution is virtually independent of frag-
ment size [5, 6]. However, in a polymeric separation me-
dium, matrix chains serve as interactive, entangling
“obstacles” to the electrophoretic migration of DNA mole-
cules, breaking the symmetry of chain-length dependence
between the net charge and the effective friction coeffi-
cient of DNA fragments. These physical DNA-polymer
interactions endow DNA fragments with size-dependent
electrophoretic mobilities, allowing the sequence of bases
to be read.

According to both theory and observation, the perform-
ance of a polymer matrix in DNA sequencing is governed
primarily by the ability of polymer chains to form a robust,
entangled polymer network. It is useful to view a given
polymer chain that is part of an entangled network as a
succession of independent chain subunits, each defined
by the collection of randomly-configured polymer seg-
ments that lie between two points of polymer-polymer
entanglement. In the language of polymer physics, the
average coil volume adopted by one of these polymer
subunits is called a blob, and has a given average blob
size, &, [7]. As DNA molecules migrate through the net-
work, they interact and entangle with these polymer
‘blobs’, and it is the time scale of these DNA-polymer
interactions relative to those of polymer interactions that
controls the ability of a network to separate DNA. Cottet
et al. [8] describe the dynamics of an entangled polymer
network by the ‘reptation time’, which is a measure of the
lifetime of polymer chain entanglements as controlled by
chain movements occurring by random, curvilinear diffu-
sion. For a given polymer matrix, the average reptation
time increases with increasing polymer concentration and
molar mass, but decreases with increasing temperature.
Size-dependent mobility and good resolution of electro-
phoresing DNA can be achieved when the reptation time
of the polymer chains is greater than the residence time
of a given DNA molecule in the given polymer blob [8, 9].
Moreover, polymer chain entanglements must be suffi-
ciently strong and the entanglement density (number of
entanglements per chain) sufficiently high to prevent
extensive network rupture by migrating DNA molecules
[10].

A range of water-soluble polymers has been studied for
use in DNA sequencing including linear polyacrylamide
(LPA) [11], linear poly-N,N-dimethylacrylamide (PDMA)
[12], polyethylene oxide [13], hydroxyethylcellulose [14],
polyvinyl pyrrolidone [15], polyethylene glycol with fluoro-
carbon tails [16], poly-N-acryloylaminopropanol [17] and
copolymers of N,N-dimethylacrylamide (DMA) and N,N-
diethylacrylamide (DEA) [18]. The best sequencing per-
formance to date is that of LPA, producing 1000 bases in
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about 1 h [19] and 1300 bases in 2 h [11] with highly opti-
mized polymer molar mass distribution, matrix formula-
tion, sample preparation and clean-up, and base-calling
algorithms. Lower sequencing rates are more common in
commercial CAE instruments such as the MegaBACE
1000™ (600 bases in 2 h) [20] and the ABI PRISM 3700™
(550 bases in 3—4 h) [21]. The shorter read lengths
achieved by commercial instruments can be attributed to
the use of less-optimized polymer matrices as well as the
quality of real genomic DNA samples, in particular, a
lower purity of sequencing reaction products and the ten-
dency for anomalous migration of some fragments due to
formation of DNA secondary structure. Moreover, high-
molar-mass polymer solutions that provide very long DNA
sequencing read lengths generally have high zero-shear
viscosities, requiring the application of high pressures to
initiate matrix flow into a capillary array or into chip micro-
channels. In automated CAE instruments and soon-to-
appear microchip-based DNA sequencing devices, appli-
cation of high pressure may or may not be practical for a
given instrument design.

Performance optimization studies of DNA sequencing
matrices have investigated variables such as polymer
molar mass, matrix composition, electric field strength,
and electrophoresis temperature [11, 13, 16, 17, 19, 22,
23]. These studies have converged in showing that a rela-
tively low concentration of high-molar-mass polymer chains
is needed to separate large DNA fragments, whilst a high-
er overall concentration of polymer chains helps to im-
prove the resolution of small DNA fragments. The use of
low electric field strength generally improves the resolu-
tion of DNA fragments by delaying the onset of biased
reptation, thus extending the read length at the expense
of a longer run time. High temperatures can reduce sepa-
ration time and also help to minimize the occurrence of
band compressions that result from DNA secondary
structure formation, and can improve resolution provided
that the entangled polymer network retains its robustness
at elevated temperatures.

Most polymer matrices exhibit a similar dependence of
DNA sequencing performance upon the variables dis-
cussed above. However, it is well known that different
polymers exhibit different intrinsic capabilities to resolve
DNA sequencing fragments, and that the read lengths
and required run times vary widely from matrix to matrix.
Since a given research laboratory typically focuses on
only one class of polymer matrix in any given study, it
remains unclear why different polymers exhibit such
widely varying performances as DNA sequencing matri-
ces. The lack of comparative data makes it difficult to pre-
dict the performance of untested polymers or to design
improved polymer matrices. To our knowledge, there has
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been no comprehensive report in the literature that com-
pares the performance of different DNA sequencing
matrices under similar conditions in the same instrument.
Such a comparison will allow better interpretation of
sequencing performance in relation to the physicochemi-
cal nature of the polymers, and will deepen the under-
standing of how DNA sequencing separation is impacted
by polymer chemical and physical properties.

In this study, we compare the sequencing performance
and rheological properties of five different polymer matri-
ces of different chemical structures, yet similar average
molar mass, including LPA, PDMA and different copoly-
mer formulations of DMA and DEA. The structures of the
monomers, shown in Table 1, indicate that acrylamide is
more hydrophilic than DMA [24], which in turn is more
hydrophilic than DEA. Polymer molar mass distributions
were characterized, and the polymer mass and concen-
tration were held constant for the comparison. The results
reveal the dramatic impact of polymer hydrophobicity on
DNA sequencing separations, and furthermore highlight
the importance of the robustness of the entangled poly-
mer network in providing high-resolution separation of
DNA fragments and long read lengths. Additionally, the
rheological properties of the polymer matrices are com-
pared (i.e., the dependence of matrix viscosity on shear
rate), because the pressure-induced flow behavior of pol-
ymer solutions has an important impact on microchannel
loading behavior, a matrix attribute that is in turn impor-
tant for automated CAE and microchip sequencing instru-
ments.

2 Materials and methods

2.1 Polymer synthesis

Ultrahigh purity (> 99.5%) DEA and DMA (Monomer-Poly-
mer and Dajac Labs, Feasterville, PA, USA) were copoly-
merized by free radical polymerization in aqueous solu-
tion at 47°C for approximately 16 h. The polymerization
was initiated by 0.03% w/v V-50 (2,2'-Azobis (2-amidino-
propane) dihydrochloride; Wako Chemical USA, Rich-
mond, CA, USA). Nitrogen gas was continuously bubbled
through the solution for 3 h prior to initiation. Maintaining
the total monomer concentration at 7.0% w/w, different
formulations of the copolymers were obtained by varying
the proportions of each monomer (0, 30, 50, and 70% w/v
DEA) in the solution. The polymer was purified by dialysis
against triply-distilled water using Spectra/Por cellulose
ester dialysis membranes (Spectrum, Gardena, CA,
USA), having a molecular mass cutoff of 1000 Da. The
polymer was recovered from the dialyzed solution by lyo-
philization (Labconco, Kansas City, KS, USA). In this
work, we will use the names of PDEA30, PDEA50 and
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Table 1. Chemical structure of acrylamide, DMA and
DEA

Monomer Chemical structure

Acrylamide

o
i
DMA /W "en,
(0]
CH,CH;
4
DEA /\"/ CH,CH,
(¢}

PDEA70 for the DMA/DEA copolymers prepared with 30,
50 and 70% w/v DEA, respectively. LPA was prepared
using 7.0% w/v acrylamide (Amresco, Solon, OH, USA)
and 0.03% w/v V-50 as the initiator at 47°C for about
16 h. LPA was purified by dialysis and recovered by
lyophilization.

2.2 Copolymer composition

"H-NMR was performed with a Varian INOVA 500 (Wal-
nut Creek, CA, USA) to determine the composition of the
DMA/DEA copolymers and the actual proportions of each
monomer incorporated in each of the various copolymer
formulations. "H-NMR (500 MHz, D,0) & (ppm): 1.12 (2 X
CHj of DEA, br s), 1.43-1.73 (CH3-CH,, m), 2.66 (CH-
CHy, m), 2.95 (2 X CH3 of DMA, br s), 3.32 (2 X CH,, of
DEA, m). Integration of NMR signals at 1.12 and 2.95
ppm was used to calculate the relative molar proportions
of DEA and DMA, respectively, incorporated into the
copolymer.

2.3 Polymer molar mass distribution

To determine the weight-average molar mass of the syn-
thesized polymers, the samples were fractionated by gel
permeation chromatography (GPC) prior to on-line multi-
angle laser light scattering (MALLS) detection, using a
Waters 2690 Alliance Separations Module (Milford, MA,
USA) with Shodex (New York, NY, USA) OHpak columns
SB-806 HQ, SB-804 HQ, and SB-802.5 HQ connected in
series. In this tandem GPC-MALLS mode, the effluent
from the GPC system flows directly into a DAWN DSP
Laser Photometer and Optilab DSP Interferometric Re-
fractometer connected in series (both from Wyatt Tech-
nology, Santa Barbara, CA, USA). One hundred uL of each
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sample was injected into the tandem GPC-MALLS sys-
tem at a concentration of ~ 0.5 mg/mL. For samples LPA,
PDMA, PDEAS30, and PDEA5O0 the flow rate was 0.35 mL/
min and the mobile phase consisted of 100 mm NaCl,
50 mm NaH,PO4, and 200 ppm NaNjs. For sample
PDEA70 the flow rate was 0.20 mL/min in a mobile phase
consisting of 50% aqueous phase containing 100 mm
NaCl, 50 mm NaH,PO,4, and 200 ppm NaNjz, and 50%
methanol. The tandem GPC-MALLS data were proc-
essed using ASTRA software from Wyatt Technology.
ASTRA was used to calculate the weight-average molar
mass, polydispersity index, and weight-average radii of
gyration of the analyzed polymers. The error associated
with each of the calculated values was 1% at most. All
ana-lyses were repeated three times and the standard
deviation was less than 1%, indicating the high accuracy
and the reproducibility of the estimated values. The meas-
ured weight-average molar mass and radius of gyration
can then be used to estimate the threshold overlap con-
centration, ¢*:

¢ = M (1)
§TCNARQ

where M, is the polymer weight-average molar mass, Na
is Avogadro's constant, and Ry is the weight-average
radius of gyration of the polymer.

2.4 Rheological characterization

A temperature-controlled rotational Bohlin VOR rheome-
ter (Cranbury, NJ, USA) equipped with a cone-plate geo-
metry (30 mm diameter, 2.5° angle) was used to deter-
mine the steady-shear viscosity of the DNA separation
matrices at different shear rates in the range of 0.005—
1470 s~'. Measurements were taken at 25°C. Polymer so-
lutions (7% wi/v) were prepared in sequencing buffer con-
sisting of 50 mm Tris, 2 mm EDTA (Amresco, Solon, OH,
USA), 50 mm N-tris(hydroxymethyl)methyl-3-aminopropa-
nesulfonic acid (TAPS) (Sigma, St. Louis, MO, USA), and
7 m urea (Amresco).

2.5 DNA sequencing

DNA sequencing was performed on a MegaBACE 1000™
CAE instrument (Molecular Dynamics, Sunnyvale, CA,
USA) equipped with 6 X 16 fused-silica capillary arrays
(75 um inner diameter, 64 cm total length, 40 cm effective
length) covalently coated with LPA. DNA sequencing buff-
er was used to prepare a 7.0% w/v solution of each poly-
mer as a DNA sequencing matrix. Mixing of polymer so-
lutions was by slow rotation (Rototorque, Cole-Palmer,
Vernon Hills, IL, USA) for 48 h. MegaBACE Sequencing
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Standards (Amersham Pharmacia Biotech, Piscataway,
NJ, USA) consisting of M13mp18 sequencing reaction
products, labeled with energy transfer dye primers and
purified by ethanol precipitation, were used. Sequencing
matrices were loaded into the capillaries under a pressure
of 1000 psi for 200 s followed by a relaxation time of
20 min and a prerun electrophoresis for 5 min at 140 V/cm.
After electrokinetic sample injection at 93.75 V/cm for 40 s,
electrophoresis of DNA was performed at 140 V/cm and
44°C for 100 min. Laser-induced fluorescence (LIF) data
were collected, analyzed and translated into called DNA
sequence using the MegaBACE 1000 DNA Sequencing
Software Version 2.0™.

2.6 Data analysis

DNA sequencing data were analyzed using the T-track of
the four-color DNA sequencing reaction products. Raw
LIF data were extracted from the MegaBACE sequencing
software. Single T-peaks were fitted into Gaussian peaks
using PeakFit™ 4.06 (SPSS, Chicago, IL, USA) from
which the full width at half-maximum (FWHM) was esti-
mated for each peak. Peak spacing was estimated as the
average spacing between the centers of a given T-peak
and the peaks on both sides of that T-peak. The plot of
FWHM vs. DNA fragment size was modeled by an expo-
nential function whilst the peak spacing curve was mod-
eled by a polynomial of order 2. The selected functions
best modeled the experimental data and yielded the low-
est sum of squares of errors. Similar trends of peak spa-
cing and FWHM have been observed in other sequencing
matrices [12, 16]. The fitted functions were used to calcu-
late the resolution, Rs, of the peaks using the following
equation [12, 25]:

X2 — X4

Rs = 0592 2)

where Xx; is the center of peak i.

3 Results and discussion

3.1 Polymer synthesis and characterization

Table 2 lists the composition of the DMA/DEA copolymers
used in this study. The DEA content in the copolymer in-
creases with increasing DEA composition in the initial
monomer feed, and is close to the original monomer com-
position in the feed.

The molar mass distribution of the synthesized polymers
is shown in Fig. 1 as determined by tandem GPC-MALLS.
Table 3 lists the weight-average molar mass, polydisper-
sity index and weight-average radius of gyration of each
polymer used in this study. The weight-average molar
mass of the polymers is in the range of 4.1 + 0.6 MDa.
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Table 2. Comparison of the monomer ratio in the copoly-
mer feed solutions and that in the synthesized
copolymers

Polymer DMA:DEA infeed DMA:DEA in copolymer
PDEA30 70:30 70:30
PDEA50 50:50 49:51
PDEA70 30:70 28:72
235
LPA
,(."R::'.
2 Ilf’l |I'I
| '.
§ PDMA J;
3 15
= PDEASO [ f
!
o
Z
:_‘é:'_s
3 0.5
0
10° 10* 10’ 10*

Molar Mass (g/mol)

Figure 1. Molar mass distributions of LPA, PDMA and
copolymers of DMA and DEA.

With the exception of PDEA70, the polymers have similar
polydispersity indexes ranging from 1.20 to 1.47. The
polydispersity of PDEA70 is much higher (2.42) and this
can be seen from the broad molar mass distribution of
PDEA70 shown in Fig. 1, particularly in the low molar
mass part of the curve.

With the exception of PDEA30, the radius of gyration
decreases with increasing polymer hydrophobicity, as a
result of interactions between side chain methyl groups in

DNA sequencing matrices for CE 741

DMA and ethyl groups in DEA. These hydrophobic moiet-
ies tend to colocate within the polymer coil, in order to
minimize entropically unfavorable hydrophobic hydration
interactions between ‘greasy’ alkyl groups and the aque-
ous solvent [26]. As a result, for polymers of similar molar
mass, more hydrophobic polymer chains adopt a more
compact coil conformation in water [27] leading to a
decrease in the radius of gyration of the polymer chain
with an increase in polymer hydrophobicity. The PDEA30
sample used in this study does not follow the expected
trend, exhibiting a radius of gyration that is somewhat
larger than that of the more hydrophilic PDMA sample.
This stems from the greater average molar mass of
the PDEA30 (4.7 MDa) as compared to that of PDMA
(3.9 MDa). Here, the contribution to increased coil radius
that is provided by an increase in chain length exceeds
the relative reduction in coil size of PDEA3O that results
from its greater overall hydrophobicity.

To account for the effect of molar mass variation between
the polymers and to better observe the trend in material
properties, the radius of gyration of each polymer was
estimated for a given molar mass, using physical scaling
laws that generally hold for a random-coil polymer in a
good solvent [28]:
Ry = kMS® (3)
where Ry is the radius of gyration, k is a constant of pro-
portionality unique to a given polymer-solvent system,
and M,, is the weight-average molar mass of the polymer.
We neglect the fact that water is a somewhat ‘less good’
solvent for the more hydrophobic polymers, as we wish
only to make a gross comparison. Using the experimen-
tally determined values of molar mass and radius of gyra-
tion for each polymer, the radius of gyration for a polymer
molar mass of 4.0 MDa was calculated from Eq. (3) and is
given in Table 3. As expected, for a given weight-average
molar mass, the radius of gyration of a polymer chain
decreases with increasing polymer hydrophobicity.

To account for the difference in molar mass of monomer
units incorporated into the copolymers as well as to allow

Table 3. Physical characteristics of LPA, PDMA and copolymers of DMA and DEA

Polymer  Weight-average Polydispersity Measured Calculated c¢/c* Calculated Ry for
molar-mass® index® R,® c* 4.0 MDa polymer
(MDa) (nm) (% wiv) (nm)
LPA 3.5 1.21 129 0.06 108 140
PDMA 3.9 1.31 122 0.09 82 124
PDEA30 4.7 1.42 1.25 0.10 73 114
PDEA50 4.1 1.47 109 0.13 56 107
PDEA70 4.2 2.42 84 0.28 25 82

a) The standard deviation for three runs is less than 1.0%.
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more direct comparison of the variation in coil size, the
average radius of gyration was estimated for idealized
polymers taken to be composed of 50 000 monomer
units. Again, this was done with the use of scaling laws
for the different polymers. The average molar mass of the
monomer repeat unit was calculated based on the chemi-
cal composition of the polymer determined in Table 2.
The predicted radii of gyration for the idealized polymers
are listed in Table 4, which shows that the radius of gyra-
tion of LPA of a given contour length is actually somewhat
smaller than that of PDMA. This is due to the smaller
molar mass of the LPA composed of 50 000 monomer
units (3.5 MDa) compared to that of PDMA (4.9 MDa).
For DMA-containing copolymers, the molar mass of the
polymer chain increases with increasing DEA content.
Although the greater mass of the DEA side chains should
increase the coil radius through steric effects, the radius
of gyration is still predicted to decrease based on the use
of the scaling equation as more DEA is incorporated into
the copolymer chain. This confirms that the observed
reduction in coil size is due to the hydrophobicity of the
polymer chain leading to more compact, less-extended
conformation in aqueous solution. Furthermore, Table 4
also shows that the polymer coil density, calculated from
the polymer molar mass divided by the volume of the coil,
increases with increasing polymer hydrophobicity for the
polymers considered. Thus, in agreement with the results
in Table 3, for a polymer coil of a given molar mass, the
coil volume and radius of gyration decrease with increas-
ing polymer hydrophobicity.

Figure 2 shows the viscosity of polymer matrices as a
function of the shear rate. All of the polymer solutions that
were studied behave as Newtonian fluids at near-zero
shear rates, where the viscosity is almost independent of
shear rate. At higher shear rates, the polymer matrices
exhibit non-Newtonian, shear-thinning behavior in which
the viscosity decreases with increasing shear rate. This
behavior has been widely observed in polymer solutions
[29, 30]. The results show that for any given shear rate,
the LPA solution has the highest viscosity in comparison
to the solutions of other, less hydrophilic polymers. The
zero-shear viscosity of the DEA-containing polymer
matrix decreases markedly with increasing DEA content
in the polymer.

For concentrated polymer solutions, the viscometric flow
behavior of the solution is governed by the extent, or den-
sity, of chain entanglements [30, 31]. Table 3 lists the esti-
mated ratio of c¢/c* for each polymer matrix, providing a
quantitative measure of the extent of entanglement of
polymer chains in each matrix, and showing that the ex-
tent of chain entanglement is highest for the LPA matrix
and decreases progressively with increasing DEA content
in DMA-containing polymer matrices. LPA is a linear,
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Figure 2. Effect of shear rate on the viscosity of 7% w/v
polymer solution in sequencing buffer (50 mm Tris, 50 mm
TAPS, 2 mm EDTA and 7 m urea). (@) LPA, (O) PDMA,
(m) PDEAS3O, (O) PDEA50, and (¢) PDEA70.

Table 4. Comparison of estimated radii of gyration of ide-
alized polymer chains composed of 50 000
monomer units

Polymer  Average Molarmass Calculated Polymer coil
monomer  of polymer Ry density

molar of 50 000 (nm) (Da/nmd)

mass monomers

(Da) (MDa)
LPA 71 35 130 0.36
PDMA 99 49 141 0.42
PDEA30 109 55 137 0.51
PDEA50 115 5.7 133 0.58
PDEA70 120 6.0 104 1.27

hydrophilic polymer that adopts an open and extended
coil conformation in aqueous solution, as evidenced by its
relatively large radius of gyration (Table 3) and low coil
density (Table 4). Entanglements between open and
extended polymer chains are generally frequent along the
polymer backbone, leading to a high entanglement den-
sity and to the high zero-shear viscosity of the LPA solu-
tion (i.e., its strong resistance to flow at low shear). For
DMA- and DEA-containing polymers, hydrophobic inter-
actions between alkyl-modified side chains produce a
decrease in radius of gyration of the polymer coil, which
decreases the frequency of entanglements along the pol-
ymer chain in a semi-dilute polymer solution. Moreover,
the increase in polymer coil density with increasing poly-
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mer hydrophobicity may increase the steric hindrance
or excluded volume effect between polymer chains,
decreasing the overall extent of interchain penetration
and entanglement, thus producing a lower solution vis-
cosity at zero shear. The large difference in viscosity be-
tween PDEA50 and PDEA70 can be explained by a con-
sideration not only of their difference in hydrophobicity,
but also of the greater polydispersity of the PDEA70,
which has a larger fraction of low-molar mass chains.

At high shear rates, LPA exhibits shear-thinning behavior
that is significantly more pronounced than that of the
DMA and DEA-containing polymers. Furthermore, the vis-
cosity-reducing effect of the increased shear rate on the
viscosity of DMA- and DEA-containing polymer solutions
generally decreases with increasing DEA content in the
polymer. This can be seen in a comparison of the neg-
ative slopes of the non-Newtonian viscosity vs. shear rate
plots in Fig. 2. Generally, increasing the shear rate on an
entangled polymer solution increases the shear force that
in turn deforms and extends the polymer coils and dis-
rupts entanglements between polymer chains, thus re-
ducing entanglement density and lowering the resistance
to flow [30]. The extent of shear-thinning is more signifi-
cant in LPA than in the DMA or DMA/DEA matrices
because in LPA, there are initially more polymer chain
entanglement points to be disrupted by the application of
shear. Furthermore, the side chains on DMA and DEA
monomers are more bulky than those of LPA. Bulky side
chains make the movement of polymer chains under the
influence of the applied shear more difficult, reducing the
effect of increasing shear rate on solution viscosity.

3.2 DNA sequencing

The DNA sequencing performances of these different
matrices was compared for polymer and copolymer sam-
ples of comparable weight-average molar mass distribu-
tions and at the same concentration (7% w/v). Although it
is known that high molar mass polymer chains (> 10
MDa) generally are needed to achieve long read lengths
[11, 19], our polymers have smaller molar masses (4.1
0.6 MDa) which were greatly governed by the method of
polymerization adopted in this work (solution polymeriza-
tion as opposed to inverse emulsion polymerization [32]).
Thus, the matrices that were studied were not expected
to perform as well as fully optimized polymer matrices
[11]. The concentration of the polymers was selected to
be 7% w/v based on our observation that these five poly-
mer matrices produced the longest read lengths at con-
centrations in the range of 6.0-7.5% w/v. A 7% w/v con-
centration was then selected to eliminate the effect of
variation of polymer concentration while still maintaining
reasonably good performances for all the polymer matri-
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Table 5. Effect of polymer chemistry on DNA sequencing

read length

Polymer Read length at Base number at

98.5% accuracy resolution = 0.59
LPA 620 750
PDMA 512 600
PDEA30 460 530
PDEA50 378 480
PDEA70 122 140

ces, and to retain polymer hydrophobicity as the only
major variable in the experiments.

Table 5 summarizes the read length, at 98.5% base-call-
ing accuracy, produced in the various DNA sequencing
matrices. Not surprisingly, LPA produced the longest read
length (620 bases), followed by PDMA (512 bases). This
was the case even though the PDMA sample had a high-
er average molar mass than the LPA. For DMA/DEA
copolymers, the read length decreased monotonically
with increasing DEA content in the copolymer. Table 5
shows a similar trend for the read length estimated from
analysis of “crossover” plots of peak spacing and FWHM
as a function of DNA fragment size (Fig. 3). The point of
intersection of peak spacing and peak FWHM curves cor-
responds to the read length at which resolution of the
peaks is approximately 0.59 [12, 25, 33], the point to
which a sequence can generally be called with high confi-
dence by an average, well-trained base-caller. We note
that some advanced base-calling programs [11] can ac-
curately call bases at resolution as low as 0.25-0.30, and
that generally, for best results a base-calling program
should be optimized for a given matrix. The base-calling
program used for all of the matrices tested for this study
was optimized for LPA matrices, so it is possible that the
read lengths are somewhat underestimated for the non-
LPA matrices. However, we do not expect this effect to be
dramatic.

Comparing Figs. 3a—d, we observe that the point of cross-
over moves to shorter base numbers with increasing
matrix hydrophobicity. The plots of peak spacing and
FWHM vs. DNA fragment size appear to be fundamen-
tally different in shape for the PDEA70 polymer matrix
(Fig. 3e), suggesting a significant difference in the proper-
ties of the entangled network formed by these relatively
hydrophobic polymers. In all polymer matrices studied,
peak spacing decreases exponentially with increasing
DNA base number (Fig. 3). The decrease in peak spacing
is primarily due to the exponential decrease in electropho-
retic mobility of DNA fragments with increasing DNA size,
as shown in Fig. 4. The curves indicate that the difference
in migration velocity of successive peaks decreases with
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Figure 3. Plots of (W) peak spacing and () FWHM vs.
DNA fragment size of the T-track of the sequencing reac-
tion product, obtained in different polymer matrices. (a)
LPA; (b) PDMA; (c) PDEA3O0; (d) PDEA50; (e) PDEA7O.

increasing DNA size, leading to narrower spacing be-
tween the peaks. Qualitatively, this result is in agreement
with that predicted by the reptation model and with the
experimentally observed behavior of electrophoresing
ssDNA [34, 35]. Quantitatively, however, a slope of -1, as
predicted for the reptation-without-orientation regime,
was not reached. The steepest slope obtained was in
LPA matrix and was —0.69. The magnitudes of the slopes
in the curves for other matrices were smaller than that for
LPA. Similar results have been reported in PDMA matri-
ces used to separate ssDNA and dsDNA [34]. This indi-
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Figure 4. Electrophoretic mobility of DNA fragments as a
function of DNA fragment size, obtained in different poly-
mer matrices and presented as a log-log plot. (@) LPA,
(O) PDMA, (m) PDEAS30, () PDEA5O, and (¢) PDEA70.
The straight line illustrates a slope of 1.

cates that the use of high electric field strengths results in
some degree of biased reptation of DNA fragments,
rather that pure unbiased reptation. It is possible that with
optimization of the applied field strength for each individ-
ual matrix, results could be somewhat improved for
PDMA and the more hydrophobic matrices at the expense
of longer run times.

Crossover plots in Fig. 3 also show that the FWHM curve
exhibits an apparent minimum value, and that this appar-
ent minimum shifts to smaller DNA fragment size with
increasing polymer hydrophobicity. The minimum FWHM
corresponds to a maximum efficiency of separation, which
has also been observed by other groups [11, 13, 16, 19,
36, 37]. Beyond the apparent minimum point, FWHM in-
creases slightly with increasing DNA fragment size. This
can be explained by considering the fact that the hydro-
phobicity of DNA increases with DNA size [11]. Hydropho-
bic DNA molecules interact with the hydrophobic moieties
on the polymer chain resulting in increased band disper-
sion and band-broadening. The length of the DNA at
which hydrophobic interactions with the polymer matrix
start to effect FWHM appears to decrease with increasing
polymer hydrophobicity.

Peak resolution as a function of DNA fragment size for
each sequencing matrix is given in Fig. 5. For all matrices,
high resolution values (> 0.8) are maintained at low DNA
base numbers, and then the resolution drops drastically

DNA sequencing matrices for CE 745
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Figure 5. Resolution of DNA sequencing fragments as a
function of DNA fragment size, obtained in different poly-
mer matrices. (@) LPA, (O) PDMA, (m) PDEA30, (O)
PDEAS50, and (¢) PDEA70.

with increasing DNA size. The downturn in resolution is
shifted to smaller DNA fragment size with increasing poly-
mer hydrophobicity. Here again, the shape of the curve
for PDEA70 differs significantly from those of the other,
less hydrophobic matrices.

The mechanism of separation of DNA in uncross-linked
polymer matrices has been described by a number of
models, reviewed by Heller [34], such as the Ogston
model and the various permutations of the reptation
model. At present, theoretical work on the mechanism of
DNA separation is most useful for providing a physical
framework with which to qualitatively interpret experimen-
tal results. Typically, each of these models can be applied
accurately only within a certain range of DNA fragment
sizes and electrophoretic separation conditions, generally
for low electric fields. Interpreting our results more phe-
nomenologically, we hypothesize that good resolution of
electrophoresing DNA molecules is obtained as long as
the DNA-polymer interactions responsible for the size-
based separation of DNA molecules do not substantially
disrupt the polymer-polymer entanglements and hence
locally destroy the polymer network [9].

The extent and strength of entanglements between poly-
mer chains in solution dictate the mechanical robustness
of the network. Hydrophilic, high molar mass polymer
chains such as LPA adopt an open conformation in aque-
ous solution, allowing more frequent entanglements along
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the chains, which is reflected in the high zero-shear vis-
cosity of the LPA solution. For polymers of comparable
molar mass, an increase in polymer hydrophobicity, such
as in PDMA and DMA/DEA copolymers, results in the
adoption of more dense and compact coil sizes in aque-
ous solution and the formation of less robust, less entan-
gled polymer networks that do less well in resolving large
DNA fragments in comparison to LPA. Thus, as implied
by the c/c” ratio in Table 3, the mechanical strength of the
entangled polymer matrix and hence its effective resist-
ance to DNA migration decreases with increasing DEA
content in the copolymer.

Microscopic observations have shown that individual
DNA molecules can hook around one or more polymer
chain(s) during electrophoresis and drag the polymer(s)
along before disengaging by a pulley-like action [38]. In
our view, short DNA fragments do not generate sufficient
electrophoretic momentum to succeed in ‘ripping’ chains
out of the entangled polymer network, and hence are
well-separated. However, the polymer network is easily
disrupted by facile dragging of poorly-entangled polymer
chains by large DNA chains migrating with more momen-
tum. The less robust the entangled polymer network, the
more easily it can be disrupted mechanically by DNA
migration, and hence the smaller the mimimum DNA
chain length required to adversely affect the mechanical
integrity of the polymer network and the shorter the
attained read length.

Figure 4 shows that there is no major, systematic differ-
ence in the electrophoretic mobilities of DNA molecules in
the different polymer matrices, except for the PDEA70
matrix in which the electrophoretic mobility of DNA mole-
cules was the highest in comparison with that in other
matrices. The high electrophoretic mobility of DNA frag-
ments in the PDEA70 matrix is attributable to the fact the
PDEA70 polymer chains have the smallest coil size
among the studied polymers, and thus the PDEA70 net-
work provides the weakest resistance to DNA migration.

Finally, according to our observations of these and related
polymer matrices, some loss of resolution with increasing
polymer hydrophobicity may also be attributable to addi-
tional band-broadening effects stemming from hydropho-
bic interaction between alkyl groups on the polymer chains
and the fluorescently-labeled DNA molecules. Hence, as
polymer hydrophobicity is increased, combined effects of
the easier disruption of hydrophobic polymer networks by
electrophoresing DNA molecules and hydrophobic poly-
mer-DNA interactions together result in the observed
reduction in resolution and read length. However, in-
creases in matrix hydrophobicity also result in dramatic
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reductions in solution viscosity at low shear rates, making
these matrices potentially easier to load into microchan-
nels under low applied pressure.

4 Concluding remarks

This study demonstrates the dramatic impact of polymer
hydrophobicity/hydrophilicity on matrix performance for
DNA sequencing by capillary electrophoresis. According
to our interpretation of the data, hydrophilic polymers form
more robust, entangled polymer networks and have mini-
mal DNA-polymer hydrophobic interactions and hence
minimal band broadening. The extent of entanglement in
polymer networks also impacts the viscometric flow
behavior of a separation matrix, an important attribute for
pressurized microchannel loading. Although more hydro-
philic polymers improve the overall resolution of electro-
phoresing DNA fragments and deliver longer read
lengths, the high zero-shear viscosities of these matrices
require the initial application of high pressures and poten-
tially longer times to replace matrix from capillary arrays
and/or from the channels of microfluidic devices. Thus,
with the information provided by this study, one may
select a polymer chemistry that delivers a suitable com-
promise between these contrary requirements, depending
on the desired read length and turnaround time of the
electrophoresis run, as well as on the pressure limitations
of the electrophoresis instrument or device. The criteria
demonstrated here should be equally applicable to the
selection of optimized polymeric separation matrices for
electrophoretic separation of double-stranded DNA frag-
ments.
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