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Abstract

A review on copolymers used as DNA separation media in capillary electrophoresis is presented. Copolymers can
combine the desirable properties of different monomers, yielding many attractive features, such as high sieving ability, low
viscosity, self-assembly behavior and dynamic coating ability. Copolymers with different molecular architecture, including
block copolymers, random copolymers, and graft copolymers, have been developed and tested as DNA separation media
with unique and tailored properties that cannot be achieved easily by using only homopolymers.
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1. Introduction great advantages over conventional slab gel electro-
phoresis in terms of higher resolution, shorter analy-
Capillary electrophoresis (CE) has been proven to sis time, minimal sample requirement, negligible
be a powerful method for DNA analysis. It offers waste of toxic chemicals, high detection sensitivity
and ease of automation. Moreover, recent develop-
*Corresponding author. Tel:+1-631-632-7928; fax:+1-631- ment on cgplllary _array ele_ctrophore5|s (CAE_) [1_
632-6518. 17] and microfabricated chips [18-25] has signifi-
E-mail address: bchu@notes.cc.sunysb.e@@. Chu). cantly increased its throughput.

0021-9673/02/% — see front mattef] 2002 Elsevier Science BV. All rights reserved.
PIl: S0021-9673(02)00702-1


mailto:bchu@notes.cc.sunysb.edu

2 B. Chu, D. Liang / J. Chromatogr. A 966 (2002) 1-13

In the above strategies, the separation medium has
played an important role because it determines both

the DNA migration behavior and the resolution.
Cross-linked polyacrylamide gel, being widely used
in slab gel electrophoresis, was employed in early
CE [26]. Despite the successful performance, i.e.,
sequencing up to 700 bases with a resolution of 0.5
in about 230 min [27], it became less popular mainly
due to bubble formation, gel inhomogeneity, short
column life and low reproducibility. As an alter-
native, non cross-linked polymer solutions have been
widely used in recent CE applications. A range of
hydrophilic homopolymers have been developed and
tested as DNA separation media, including linear
poly(acrylamide) (LPA) [28-44], poly(ethylene
oxide) (PEO) [45-47], poly(vinyl pyrrolidine) (PVP)
[48-50], poly(,N-dimethyl acrylamide) (PDMA)
[14,51-57], cellulose and its derivatives [58-68],
polysaccharides [57,69-71], and pdly(
acryloylaminopropanol) [72,73]. Among them, LPA

showed the best sequencing performance, producing

1000 bases in 1 h [31] and 1300 bases in 2 h [33]
with optimized polymer molecular mass distribution,
matrix formulation, sample preparation and clean-up,
and base calling algorithms. However, LPA has some
limits in CE. The polymer solution usually has a
high viscosity, especially for high-molecular-mass
polymer solutions in order to increase the DNA read
length. High polymer solution viscosity usually
results in a more difficult medium replacement.
Furthermore, the silica capillary needs pretreatment
of coating with poly(vinyl alcohol) (PVA) [30,31] or
LPA [74] that is covalently attached to the inner
capillary wall by bifunctional reagents in order to

suppress electroosmosis and sample adsorption. This

kind of treatment demands in situ synthesis and often
gives rise to problems such as capillary fouling,
coating inhomogeneity and limited shelf life. Dy-
namic coating, which takes advantage of the interac-
tions between the silanol group of the capillary inner
wall and the separation medium, is a promising
alternative approach. However, only several poly-
mers, such as PEO, PDMA and PVP, have the
dynamic coating ability in a sequencing buffer.

The development of a separation medium, which
possesses high sieving ability, low viscosity and
dynamic coating ability, will facilitate the automa-

tion of CE, CAE and microfabricated chips and
further enhance their performance. Other properties,
such as non-toxicity and ease of preparation, are also
desirable but not crucial. It is difficult for a homo-
polymer solution to possess all the above properties,
because the physical nature of the polymers is
essentially determined by the chemical composition
of the monomer segments. However, copolymers,
which can combine the desirable properties of differ-
ent monomers, can offer the possibility to tune the
desirable properties by appropriate adjustments in
molecular architecture and chemical composition. A
range of copolymers have been developed and testec
as DNA separation media as shown in Table 1. They
can be divided into three categories according to the
type: (i) random copolymers, e.g., copolymer of LPA

and PDMA [P(AA—co-DMA)] [75]; (ii) block co-

polymers, amphiphilic triblock copolymer

e.g.,

EyoPssEqy (With E and P denoting oxyethylene and

oxypropylene, respectively) [76—81]; (iii) graft co-
polymers, e.gN4mapfopylacrylamide)—g-PEO
[82,83]. The copolymers could not only combine the
desirable properties of its components, some specific
features, which would be absent in the homopoly-
mers, could also be achieved. For example, the
ability to form a micellar structure renders an
amphiphilic triblock copolymeg, & & E a tem-
perature-dependent viscosity adjustable property, that
is not available to either polyoxypropylene or PEO
[76,78].
Viovy [84] has written a review on the physical

mechanisms of electrophoresis of DNA and other

polyelectrolytes. From his viewpoint of a physicist,
the mechanisms responsible for the electrophoretic
separation of polyelectrolytes depend on polyelec-
trolyte architecture, applied electric field, and prop-
erties of the separation medium. The present review
deals with how we can change the physical prop-
erties of the separation medium by changing its
chemical composition and molecular architecture. We
restrict our attention to size fraction on the above
three types of copolymers [(i)—(iii)] used as DNA
separation media. Moreover, the use of (iv) polymer
mixtures and (v) interpenetrating networks (IPNSs),
has almost the same effects as those of copolymers.
Thus, these applications are also covered briefly in
this review.
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Copolymers used as DNA separation media

Name of copolymers

Chemical structure

DNA sample

(i) Random copolymers

x j\
3\ ¥ N-CHa

07 "NH, 07 "N
P(AA—co-DMA) HsC DNA sequencing,
j\ j\ dsDNA [75,85]
.CH +
07N 3 o ,chsz
P(DMA-co-DEA) HsC CzHs Oligonucleotides,
DNA sequencing
OH
j\ [88-90]
+ Q
07 NH, HO BN
P(AA—-co0-AG) Ho OH Oligonucleotides,
DNA ladder [86,87]
(i) Block (or end- HoHa H Ha
capped) copolymers —-C-c-0— % —C-C-0—
EqgoPsoEge (F127) CHs Oligonucleotides,
dsDNA [76-81]
HaHy £
PEG end-capped with —C-C-O0— + —¢-C— DNA sequencing [91]
fluorocarbon FF
HaH, B
—C-C-0— + —C-C—
n-Dodecane—-PEQ+ b b Oligonucleotides [92]
dodecane
CH;
(iii) Graft copolymers A + HaH
07 "N “cH —C-C-0
PNIPAM—g-PEO d 3 dsDNA [82,83]
PRI E
PAA—g-PNIPAM 0" NH 0" N oHy DNA standard [95]

(iv) Polymer mixtures

O NH |
Mixture of PAA and HaC DNA sequencing
PDMA [101]
H

el o+ —g-co-

BioE2:B 1t B E.4B s cc CaHs dsDNA [102,103]
(v) IPN

/I . /\N(

IPN of LPA and PVP 0" 'NH, © dsDNA [97]

medium for DNA sequencing analysis, acrylamide
(AA) is a desirable first choice as one of the
monomer segments because polyacrylamide is al-

2. Random copolymers

In designing a random copolymer as a separation
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ready well known for its high sieving ability. The
choice of the other monomer segment is to address
the additional requirements; i.e., to improve the
dynamic coating ability or/and to decrease the
polymer solution viscosity.

Random copolymers of P(AA—co-DMA) [75]
developed in our laboratory is based on the above
consideration. According to Madabhushi [53],
PDMA has the best coating ability when compared
with other reported separation media, such as PVP
and PEO. Its combination with LPA should be able
to render the copolymer a dynamic coating ability
without losing the high sieving ability of LPA.
Random copolymers with AA to DMA ratios of 3:1,
2:1 and 1:1 were synthesized by free-radical solution
polymerization. To make a better comparison, LPA
was also prepared following the same procedure.
'H-Nuclear magnetic resonance (NMR) results
showed that the real AA to DMA ratio was very
close to the initially designed ratio. All the co-
polymers including LPA had a comparable molecular
mass of about 2.21. Single-colored DNA sequenc-
ing sample was used to test the separation per-
formance in uncoated capillary (except for LPA). It
was found that all the random copolymers had
enough dynamic coating ability in the sequencing
buffer. However, the separation varied at different
AA to DMA ratio. The calculated resolution and
efficiency showed that P(AA—co-DMA) (3:1) had
the best separation performance and P(AA—co-DMA)
(1:1) had the worst. Under optimized electrophoresis
conditions for longer read length DNA sequencing,
one base resolution of 0.55 up to 699 bases and 0.30
up to 963 bases were achieved within 80 min at
ambient temperature by using 2.5% (w/v) P(AA—co-
DMA) 3:1 as the separation medium. This per-
formance has exceeded that of LPA with comparable
molecular mass and under the same conditions but in
coated capillary [75]. Recently, the applications of
copolymer of P(AA—co-DMA) in the separation of
double-stranded (ds) DNA fragments and single
strand conformation polymorphism analysis have
been reported [85]. The molecular mass of such
copolymers was controlled at about 40 000 by using
isopropanol as a chain transfer agent in aqueous
solution. Successful single strand conformation poly-
morphism analysis was achieved by using 5%

P(AA—co-DMA) with AA to DMA ratio of 7:3 at
°C2[B5].
Chiari and co-workers [86,87] developed low
viscosity random copolymers containing acrylamide

and sugar monomers. One of the sugar monomers
that had been studied in detail waspatygluco-

pyranoside (AG) [86]. Such a monomer was ob-
tained by enzymatic synthesigylofcose and allyl
alcohol in water. Random copolymers with AA to
AG ratios of 1:1, 1:0.5 and 1:0.3 were synthesized
by free-radical solution polymerization. With the
hydroxyl groups in AG acting as a chain transfer

agent, the copolymers could not reach a high molec-

ular mass like that of LPA homopolymers. The
P(AA—co-AG) molecular mass was below 400 000
and inversely related to the AG to AA ratio for the
same reason. Random copolymers of P(AA—co-AG)
had a much lower viscosity when compared with
LPA of the same molecular mass, e.g., the viscosity
of a 6% LPA with a molecular mass of 320 000 was
1000 cP, a value three times larger than that of
P(AA—co-AG) having the same molecular mass.
Good performance on both dsDNA and oligonucleo-
tides separation by UV detection was observed by
using 10% (w/v) P(AA—co-AG) (1:1) as the sepa-
ration medium with 0.05% (w/w) PDMA acting as
the dynamic coating reagent. Besides AG, allyamide
gluyconic acid (AAG) and allyamide lactobionic acid
(AAL) [87] were also used to copolymerize with
acrylamide. Low viscosity and good separation were
maintained. Moreover, P(AAG—co-AA) showed self
coating ability and could be used in untreated
capillary. The addition of a small amount (1.4%) of
oxirane groups in P(AAG—co-AA) further suppressed
electroosmosis to a negligible level.

Random copolymers of DMA &hdieth-
ylacrylamide (DEA) developed by Sassi et al. [88]
used another strategy to decrease the viscosity: lowel

critical solution temperature (LCST) behavior. This

separation medium showed a worse separation per-
formance than that of LPA and PDMA mainly due to
the higher hydrophobicity of the diethyl group in
DEA. However, P(DMA—-co-DEA) has a significant
temperature-dependent viscosity-adjustable property.

AC2the viscosity of 2% P(DMA-co-DEA) was
about 100 cP. It sharply decreased to about 5 cP
when the solution was heated ‘@ Sich a
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temperature-dependent viscosity behavior is thermal-
ly reversible, facilitating easier medium replacement.
Moreover, P(DMA-co-DEA) also showed good
dynamic coating ability. By using 7.35% P(DMA—
co-DEA) with a molecular mass of 4.0 M and DMA
to DEA mass ratio of 47:53, DNA sequencing up to
463 bases in 78 min with 97% base-calling accuracy
was achieved [89]. Copolymers of P(DMA—co-DEA)
with different DEA to DMA ratios were also used to
study the hydrophobicity effect on DNA separation
[90]. It was found that the DNA sequencing read
length was decreased with increasing DEA content.

3. Block copolymers
Block copolymers in selective solvents can self-

assemble to form micelle structures. The driving
force comes mainly from the hydrophobicity in one

Absorbance

13 18 23 28 33 38
Time (min)

of the blocks. When compared with linear polymers, Fig. 1. Single nucleotide resolution of components of poly(U) by
capillary electrophoresis. Electrophoresis was performed in 25%

block copolymers CO_UId pI’OVIde a_n altematl.ve Pluronic F127 in TBE buffer at 28C with an applied voltage of
strategy to make transient networks with appropriate 18 kV (500 V/cm). Reprinted from Ref. [79], with permission.

mesh sizes by using hydrophobic blocks as cross-
linking points.

The amphiphilic triblock copolymer, & B &
(F127) [76-81], could demonstrate many advantages
as a DNA separation medium in terms of dynamic
coating ability, viscosity-adjustable property, com-
mercial availability and non-toxicity. At tempera-
tures below 15C, 25% (w/v) E,RyE, had a
viscosity below 50 cP, providing an easy means to
inject the separation medium into the capillary. At
room temperature, a sharp increase in the viscosity
was observed and a gel-like structure was formed.
Scattering techniques (laser light, X-ray and neutron)
[78] showed that, at concentrations above the critical
micelle concentration (CMC), & £ & formed a
star-like micelle in XTBE (89 mM Tris/89 mM
boric acid/2.5 mM EDTA) buffer at room tempera-
tures with the P blocks forming the core and the E
blocks dangling outside forming the corona. At the
concentration where electrophoresis was performed
(above 20%), the aggregation number was above 60
and the micelles were highly packed to form a face
centered cubic structure [78].

Due to the high block copolymer concentration
(above 20%) and the closely packed cubic structure,

0w £ E

the polymer network showed good sieving ability for

small size DNA fragments, especially oligonucleo-
tides [76,79—81] as shown in Fig. 1. It also allowed
the use of very short columns. Fig. 2 shows that the

11 DNA fragmentshiX174/Hae Il digest can be
clearly separated within 2 min by using an 8-mm

column operating at 300 V/cm [laser-induced fluo-
rescence (LIF) detection] [77]. Howeygr,,EoP E
was not very suitable for the separation of large size
DNA fragments due to its small mesh size. More
importantly, it could not be used for DNA sequenc-
ing analysis since the DNA denaturing reagents in
the sequencing buffer also affected the micellar

structure.

Menchen et al. [91] developed a block copolymer
consisting of polyethylene glycols (PEGs) end-
capped with fluorocarbpn,(C, F ) tails. In aqueous

solutions above the CMC, such copolymers formed a

flower-like micelle structure with the hydrophobic
fluorocarbons forming the core and PEG dangling

outside forming the hydrophilic corona. This self-

assembled structure is different from that formed by
due to the difference in molecular ar-
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Fig. 2. Electropherogram sbX174/Hae Il digest by using 25%
E4oPsoEqgg in IXTBE buffer. Conditions: 8 mm effective capillary
lengthx50 wm I.D.; running electric field strength 300 V/cm;
electrokinetic injection at 300 V/cm for 1 s. Peak identification
from left to right in bp are: 72, 118, 194, 234, 271, 281, 310, 603,
872, 1078, 1353. Reprinted from Ref. [77], with permission.

chitecture. With increasing polymer concentration,
the micelles could further aggregate to form a
network structure with the PEG blocks functioning
as bridges to link the micelles together. Such bridg-
ing invariably increased the viscosity and allowed
the copolymer to be used at lower polymer con-
centrations (below 6%) for DNA separation. The
block length effect on the DNA separation was
investigated by using copolymers of
(CcF;3),PEG8000 (8000 denoting PEG molecular
mass), (G F; ) PEG35000, and {C,F, ) PEG35000
with two significant figures for all molecular masses.
It was found that the end groups had subtle effects
on DNA sequencing since they formed the micellar
core as well as the cross-linking points that affect the
mesh size as mentioned briefly before. The PEG
chain length, which partially governed the mesh size,
showed a major effect, with short chains PEG
(molecular mass 8000) leading to a catastrophic
resolution loss for DNA fragments larger than 100
bases. It was also found that the optimum formula-
tion was a 6% mixture of (¢ | ,) PEG35000 and
(C4F,5),PEG35000 (1:1).
Another triblock copolymern-dodecane—PEQ+

dodecane (POEM10), was synthesized and used in

9.9 K. In aqueous solution, such a copolymer formed
the same micelle structure as that of polyethylene
glycols end-capped with fluorocarbon tails. Oligo-
nucleotide of poly-d(A) 25—30 and 40-60 was used
to test the performance of POEM10. Baseline res-
olution was essentially achieved under a concen-
tration between 5.1% to 10.1% with UV detection.
Such separation was much better than that of PEO
having the same molecular mass and under the same
conditions.

4. Graft copolymers

Based on the mechanism that DNA fragments
could be separated in size by using a static sieving
matrix, graft copolymer solutions should have a
higher sieving ability than those solutions formed by
entangled linear polymer chains. At a concentration
aboveC* (overlap concentration), the linear polymer
chains entangled with one another to form a transient

network with a certain mesh size (pore size) as
schematically shown in Fig. 3a. If the DNA fragment

has a size larger than the mesh size, it will adjust
itself to migrate through like a snake as described by
the reptation model [93]. On the other hand, the
network would also make an “adjustment” to en-

large the mesh size by changing the positions of the

b Graft copolymer

AT

a Linear polymer

\/_\

the separation of oligonucleotide by Magnusdottir et Fig. 3. schematic pictures showing the network formation by (a)
al. [92]. The PEO block had a molecular mass of linear homopolymers, and (b) graft copolymers.
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entanglements by a slide of the chains, resultingina 4
lower sieving ability. From another viewpoint, the
entanglement time is relatively short in flexible linear
polymer chains. When the residence time of a DNA 3t
fragment in the mesh exceeds the polymer relaxation
time, the resolution could deteriorate [44,94]. How-
ever, such a situation can be improved by using graft -
copolymers, where the short-chain branches attached
to the backbone chains could lock up the entangle-
ments and prevent the chains from sliding away from
each other as schematically shown in Fig. 3b. Such
entanglements should increase the polymer chain
entanglement time.

Copolymers  with  long-chain  poliiso-
propylacrylamide) (PNIPAM) as the backbone and
densely grafted short PEO chains (22 repeat units) Fig. 4. Electropherogram of pBR322/Hae llI digest by using 8%
was synthesized and tested as a DNA separation(W"’) PNIPAM—g-PEO in XTBE buffer. Conditions: 10 cm

. . effective length 100 wm 1.D. capillary; running electric field
medium in our laboratory [82,83]. PNIPAM-g-PEO strength: 200 V/cm; electrokinetic injection at 300 VV/cm for 1 s;

has a temperature dependent “coil-to-globule” con- peak identification from left to right in bp are: 11, 18, 21, 51, 57,
formational change due to the “coil-to-globule” 64, 80, 89, 104, 123, 124, 184, 192, 213, 234, 267, 434, 458, 504,
transition behavior of PNIPAM. At low concen- 540, 587. Reprinted from Ref. [82], with permission.
trations and room temperatures, both PNIPAM and
PEO are hydrophilic and the copolymer has a showed a dynamic coating ability but only weak
random coil conformation. When the temperature is Viscosity-adjustable property with temperature.
above 31°C, PNIPAM begins to shrink and collapse. =~ PNIPAM—g-PEO has a backbone with a LCST
A globule state with PNIPAM as the core and the and short hydrophilic branches. Another graft co-
hydrophilic PEO branches on the surface is eventual- polymer with an opposite design was reported by
ly formed upon further increase in temperature [83].
The physical properties of the separation medium
showed a direct relationship with its performance on
DNA separation. A good resolution was observed at 12 |
room temperature where a uniform and stable net-
work was formed by PNIPAM—g-PEO in the random
coil state. At elevated temperatures, the formation of
globule destroyed the network with an appropriate
mesh size and thus the separation ability. pBR322/
Hae 1l DNA digest was used to test its sieving
ability at room temperatures. A resolution of 1.4 on
the separation of 123/124 base pairs (bp) was
achieved within 12.5 min by using 8% (w/v)
PNIPAM—g-PEO in X TBE buffer with an effective 0.0
column length of 10 cm and an applied electric field
strength of 200 VV/cm with LIF detection as shown in
Fig. 4. Moreover, it could also be used for high- Fig. 5. Electropherogram abX174/Hae Il digest by using 8%
speed separation. Fig. 5 shows that the 11 fragments®/V) PNIPAM-g-PEO in TBE buffer. Conditions: 1.5 cm
in @X174/haelll digest have been clearly separated effective |ength<10p km 1.D. capillary running electric feld
T . . strength 800 V/cm; electrokinetic injection at 300 V/cm for 1 s.
within 24 s with a 1.5 cm capillary at 800 V/cm  peak identification as in Fig. 2. Reprinted from Ref. [82], with
[82]. As a separation medium, PNIPAM—g-PEO also permission.
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Sudor et al. [95]. They proposed a copolymer with
polyacrylamide as the backbone and PNIPAM as the
branches. The copolymers were characterized in
terms of size of polymer backbone, size of side
chains, and weight fraction of PNIPAM. Rheological
behavior and separation performance were sys-
temically studied. All the copolymers showed a
marked thermoviscosifying effect, with a large
plateau at high temperatures. It was found that a long
backbone (1.5-20°) of polyacrylamide grafted
with a small fraction (less than 10%) of relatively
short side chains (around 10 000) of PNIPAM
seemed to be the best choice. Without complete
optimization, a resolution of 0.5 could be achieved
for DNA segments of around 800 bases differing by
1 base in less than 1 h in a commercial ABI 310
apparatus. However, it is not applicable to evaluate
the read length on real DNA sequencing sample,
because the base-calling software on the commercial
instrument of ABI 310 could not provide a way to
adjust the mobility shifts [95].

With graft copolymers having appropriate density
and length of short grafted chains, the resultant
extension of the polymer backbone chains and
increase in backbone chain entanglement time can
improve DNA separation when compared with the
corresponding linear homopolymer backbone chain.

5. Interpenetrating network

An interpenetrating network (IPN) usually con-
sists of two distinct networks with different prop-
erties or compositions. The two networks intertwine
on a molecular level without covalent cross-links.
However, the network itself is usually cross-linked,
preventing the two distinct networks from macro-
scopic phase separation. The synthesis of IPN usual-
ly involves two polymerization steps. The first step is
to form a network of polymer A, typically with
cross-linking reagent added. The second step is to
soak the network A into a solution containing
monomer B, cross-linking reagent and buffer, to be
followed by the polymerization and cross-linking of
B. Boyd et al. [96] synthesized neutral and slightly
charged polyacrylamide-based IPN to improve the
DNA separation by using high-frequency alternating-
cross-field slab gel electrophoresis.

A typical IPN is not suitable for DNA capillary

B. Chu, D. Liang / J. Chromatogr. A 966 (2002) 1-13

electrophoresis since it is cross-linked and not re-
placeable. An IPN consisting of LPA and PVP but
without cross-linking points was developed and
tested as a DNA separation medium in our laboratory
[97]. By taking advantage of the low viscosity of
PVP, the IPN was synthesized in one polymerization
step. After carefully mixing the monomer of acryl-
amide with the PVP (molecular mass abibift) 1
matrix and followed by a degassing stage, the
polymerization was started by the addition of
initiators and allowed to proceed until completion.
The formation of IPN was confirmed by dynamic
light scattering experiments [97]. The molecular
mass of LPA inside the IPN was estimated to be
-1@F. In comparison with LPA, PVP has a low
viscosity and good dynamic coating ability but
relatively poor separation performance. A combina-
tion of these two polymers to form an IPN seems to
be very attractive. However, their mixtures showed a
weak sieving ability mainly due to the incompatibili-
ty of these two polymers. IPN is one of the ap-
proaches to alleviate the polymer immiscibility since
the entanglements between the two interpenetrating
networks prevent the macroscopic phase separation
over a sufficiently long time period. IPNs with
different concentrations of LPA (0.5, 1, 2, 4, 6%)
and PVP (0.5, 1, 2, 3, 4, 5, 6%) were synthesized
and used for dsDNA separation. It was found that a
total concentration of LPA and PVP of less than 6%
(w/v) was able to provide superior separation than
6% (w/v) LPA. The separation speed increased with
decreasing total concentration. With a concentration
combination of as low as 2% (w/v) PWR (w/v)
LPA, the 22 fragments in pBR322/Hae Il digest,
including the doublet of 123/124 bp were success-
fully separated within 6.5 min with LIF detection as
shown in Fig. 6 [97]. Under the same separation
conditions, similar resolution could only be achieved
by using LPA (molecular m4skE0®) with con-
centrations higher than 6% (w/v), and could not be
achieved by using only PVP (moleculalnviss
with a concentration as high as 15% (w/v). It is
noted that the IPN of LPA and PVP also has the
dynamic coating ability.

6. Mixtures of polymers

The mixing of two polymers is another approach
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Fig. 6. Electropherogram of pBR322/Hae Il digest by using 2%
(w/v) PVP+1% (w/v) LPA 1XTBE buffer. Conditions: 10 cm
effective lengthk 50 wm 1.D. capillary; running electric field
strength: 200 V/cm; electrokinetic injection at 50 V/cm for 3 s;
peak identification as in Fig. 4. Reprinted from Ref. [97], with
permission.

to combine the desired properties of different com-

ponents. The Yeung and co-workers used mixtures of

PEO with different PEO molecular masses for the
separation of both dsDNA [98] and single-stranded
(ss) DNA [45,46]. It was found that low-molecular-
mass polymers provided higher efficiency for smaller
DNA fragments, while high-molecular-mass poly-
mers favor the larger DNA fragments. In other
words, polymer mixtures were beneficial to the
separation of a broader range of DNA fragments.
Mixtures of hydroethylcellulose (HEC) [99], LPA
[31,32], and HEC with agarose [100] have been
successfully applied to DNA separation. Zhou et al.
[33] has employed a polymer mixture, consisting of
a very-high-molecular-mass LPA and a small amount
of low-molecular-mass LPA, to achieve a DNA
sequencing up to 1300 bases within a short time
period without significant increase in viscosity.

The above mixtures use the same types of poly-
mers, i.e., the components are totally compatible.
The mixture of polymers with different chemical
compositions have also been tried by Kim and Yeung
[47], where a mixture of PEO and hydroxypropyl-
cellulose (HPC) was used for DNA sequencing
analysis. However, the separation was very poor.
The failure was attributed to the incompatibility of
the two polymers. Based on their behaviors in
random copolymers, LPA and PDMA were mixed

and tested in DNA separation by CE in our labora-
tory [101]. 2.5% (w/v) LPA (2.2 M) was mixed with
PDMA with different molecular masses (8000,
106 000, 1.1 M) and concentrations (0.2, 0.5, 1%). It
was found that the incompatibility of the two poly-
mers increased with increasing molecular mass and
concentration and thus gave rise to a worse sepa-
ration on DNA analysis. By incorporating low
concentrations (0.2%) and low-molecular-mass
(8000) PDMA in high-molecular-mass LPA solution,
good dynamic coating ability of PDMA and good
separation ability of LPA has been successfully
combined. One base resolution of 0.5 up to 730
bases has been achieved within 80 min at ambient
temperatures.

Mixtures of block copolymers of B E, B (B
denoting polyoxybutylene) and [B,E B were
another type of DNA separation media developed in
our laboratory [102,103]. Both B E, B and
B¢E,cB form flower-like micelle in aqueous solu-
tion, similar to the behavior of polyethylene glycols

end-capped with fluorocarbon tails [89] and
POEM10 [91] as has been discussed above.
10B7E 0B ang B E B have the same chemical
composition and they are compatible. Light scatter-
ing results showed that they formed a uniform
micelle in their mixture over a broad range of ratio in
aqueous solution. Small angle X-ray scattering
showed that no ordered packing was observed at
elevated concentratioi286) [102]. The physical
properties of their mixtures are similar to those
formed by the same triblock polymer with different
chain length and molecular mass. However, the
performance on DNA separation is quite different.
Neithep B,E,,B nqr B E B was a good sepa-
ration medium. Poor resolution on dsDNA separation
was observed whep B, E, B of up to 8% was
used as the separation mediusp. B E B had no
sieving ability at all mainly due to its smaller size.
However, the mixture, pf,B K B and,BsE B
showed very promising results in dsDNA separation.
The mass ratio of B,;E,,B ang BE B was
determined by employing two series of experiments
with one keeping the content pf B, E, B constant
and the other keeping the content; gf B E B
constant. By taking into account of the desired
properties on viscosity, speed and resolution, an
optimal mass ratio was found to be 3% (w/v)
10825 1 B5% (w/v) BE, B Under optimal
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conditions, a resolution of 1.3 was achieved on the
separation of 123/124 bp in the pBR322/Haelll
digest within 20 min by using a 10 cm column of 75
pm ID with LIF detection [102]. It is noted that the
mixture of B, E,;,,B,, and B,E,B; has all the
advantages of F127 as a DNA separation medium in
terms of dynamic coating ability, viscosity-adjustable
property, and non-toxicity.

7. Summary

Copolymers used as DNA separation media attract
growing interests due to its versatility in design and
ability to provide new features. This capability
should be even more important when dealing with
new substrates (other than quartz) that are suitable
for microchip fabrications. A range of copolymers
with different molecular architecture and morpholo-
gy have been developed and tested as DNA sepa-
ration media with many promising features. Al-
though LPA has remained the best separation
medium to-date, the validation of our concept has

Mesh size stabilized
by cross-linking point
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endowed copolymers with great potential and prom-
ise to surpass LPA.

The design of the copolymer dominates its per-
formance on DNA separation. Current designs rely
partially on the knowledge of homopolymers with a

purpose to improve its performance, e.g., all the

copolymers reported today contain monomer seg-
ments of AA, E or DMA which are well-known
separation media for DNA analysis. In fact, the
concept of copolymers as DNA separation media is
beyond the demonstration stage. According to Soane
and others [44,93,104], cross-linked polymer gels
have a higher resolution for large DNA fragments

than that of linear polymer solutions because the

relaxation time of the mesh is longer in gels, i.e.,
polymer gels form a network with the mesh size
much more stable than that in polymer solution.

Nevertheless, due to the drawbacks in column prepa-

ration, polymer gels have almost been replaced
completely by polymer solutions in DNA capillary
electrophoresis. Its advantage in the network forma-
tion could not be transplanted to homopolymer
solutions since the entanglements in homopolymer
network are transient in nature. However, it can at

Linear

Random
copolymers

copolymers

/

Cross-linked

\pojymer

Micellar
structures

Fig. 7. Schematic pictures showing the stabilized mesh size in cross-linked polymer gels and the structures formed by copolymers with

different molecular architectures.
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least partially be maintained by using copolymers as
schematically shown in Fig. 7. The (partial) incom-
patibility of the two components in copolymers is the
driving force to keep the mesh size stabilized. As
shown in Fig. 7, the branches in graft copolymers not
only slow down the movement of the entangled
chains, their tendency to aggregate provides a way to
form transient cross-links [95]. Furthermore, with
short side chains, the backbone chains should be-
come more extended. Thus, random copolymers
could provide another way to extend the polymer
chains. The formation of IPN without cross-links
decreases the amount of polymer chains needed to
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