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ABSTRACT
The common methods and theories of DNA separation in capillary
electrophoresis (CE) using polymer solutions are briefly described. In this
article, we focus on reviewing our recently developed techniques for DNA
separation in the presence of EOF. These techniques are different from
conventional DNA separation methods with respect to separation procedure,
detection end, separation order, and factors affecting resolutions. First, DNA
separation was performed using capillaries without filling with polymer
solutions prior to analysis. Second, DNA fragments migrate towards the
cathode by the EOF. Third, larger DNA fragments are detected earlier than
smaller ones. Fourth, resolution between a pair of DNA fragments is
dependent not only on properties of polymer solutions, characteristics of
DNA fragments, buffer additives, and electric Field strengths, but also on the
EOF. Last, gradient techniques such as using different concentrations of
polymer solutions, intercalated dyes, and additives are easily generated. The
results suggest that possible applications of this technique include DNA
sequencing, analysis of PCR products, restriction fragments, and other
biopolymers.

1. INTRODUCTION
Capillary electrophoresis (CE) using polymer solutions is one of the latest
electrophoretic techniques for separations of biopolymers according to their
sizes /1-3/. CE is advantageous for DNA analysis because high electric fields
and laser-induced fluorescence incorporated in CE systems allow for much
faster, sensitive and efficient separation than traditional thick slab gel
electrophoresis

14-61. CE using polymer solutions has been commonly

applied to DNA diagnostics 111, and to the separation of DNA restriction
fragments/8, 91 and PCR products /10/.
Although CE provides advantages of speed and efficiency, throughput has
been limited because only one capillary is generally used in CE. To make CE
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more practical for DNA sequencing and mapping, a number of systems using
capillary array electrophoresis
developed

during the

with laser-induced fluorescence have been

Human

Genome

Project /11-15/.

Consequently,

research in several groups has focused on development of DNA separation in
microchannels on a chip /16-20/.
Another major concern in DNA sequencing is the limit of the read length
of sequence, which is dependent on properties and concentration of polymer
solution, applied voltage, capillary size and so on. Generally, the read length
decreases as electric field is increased, which is due not only to DNA
stretching at high electric fields, but also to changes in polymer viscosity and
conformation resulting from Joule heat /21-24/. Recently, a number of
polymers have been successfully employed for analysis of DNA, including
linear Polyacrylamide (LPA) /25,26/, poly(ethylene oxide) (PEO) /27-29/,
and celluloses /30-32/, polyvinylalcohol /33/, poly(N-acryloylaminoethoxyethanol) /34/, agarose /35/, N-acrylaminopropanol 1361, polyvinylpyridone
/37/, and polyethylene glycol /38/. Compared to gel-filled capillaries, use of
these polymer solutions provides advantages of easy replacement, tolerance
of high electric field strengths, a longer lifetime of capillaries, and better
reproducibility /39/.
One general problem in capillary electrophoretic DNA separation is that
DNA molecules and polymer molecules (separation matrices) tend to adsorb
into the capillary wall, which cause irreproducible results (migration time and
peak area) and loss in resolution /40,41/. To prevent interactions between
DNA and the capillary wall, a deactivated capillary is generally used /42,43/.
However, the deactivated capillary is more expensive and has a limited
lifetime. To date, only a few methods have been reported for separation of
DNA using bare fused-silica capillaries. PEO solutions have been used for
DNA sequencing in uncoated capillaries pretreated with HCl /44-46/.
Alternatively, DNA analysis is performed in the presence of high
electroosmotic flow (EOF) using a bare fused-silica capillary. Due to a
dramatic decrease in the EOF in presence of high concentration of polymer
solutions, ultradilute ones is commonly used for separating larger DNA
fragments /47,48/. Under alkaline conditions, DNA migrates

upstream

against the EOF. However, the EOF, with its greater velocity in the opposite
direction, causes all DNA fragments to be swept past the detector near the
cathode. Larger DNA fragments, which need to undergo deformation to pass
through polymer solutions, are detected earlier because of their smaller
electrophoretic mobilities (EPM).
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Slight decreases in the EOF may occur as a result of the dynamic coating
of polymer molecules in the capillary wall /47/. Even small variations in the
EOF may affect the reliability of DNA analysis. Thus, pretreating capillaries
with NaOH prior to analysis is suggested to minimize the adsorption of DNA
on the wall, to refresh the capillary wall for reproducible results, and to
maintain a high EOF to sweep DNA towards the cathode.
Recently, we developed a number of techniques for separations of DNA
in CE using capillaries without filling with polymer solutions prior to
analysis /49-51/. This review will focus on these newly developed techniques
for separating DNA, with a goal of providing a method of refreshing the
capillary wall and introducing a number of gradient techniques for specific
desired applications. We also hope that some important concepts of DNA
separation shown in the present review and comparisons of features of our
methods to conventional ones will be useful to the readers.

2. THEORY

2.1. Sieving mechanism
Although the method of using polymer solution for DNA separation in
CE

has

rapidly

grown

and

been

widely

accepted,

a

fundamental

understanding of the separation mechanisms on molecular levels is not
available. Most theoretical work in this area is based on gel

electrophoresis

theories.
2.1.1

Ogston

model

Since Morris applied the Ogston model to electrophoretic separation of
biopolymers, the sieving mechanism has been widely used in the separation
science 152, 53/. In the Ogston model (Fig. 1), the gel matrix is considered as
a random network of fibers, while analytes are treated as undeformable
spheres with radius R. Radbard and Chrambach further formalized and
extended this theory to account for molecular geometry /54/. They derived a
simple equation to express the relationship between electrophoretic mobility,
μ £ρ , and electrophoretic mobility in free solution, μ ε ρ 0 :
Me>ep,o=exp[-AO(R+r)2]

(1)

where A is a coefficient, R is the radius of the sphere (analytes), r is the fiber
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Fig. 1:

Representation

of the Ogston

model. The p o l y m e r

Chemistry

solution

is

modeled as a random network of fibers (radius r), and the D N A
chain is modeled as a rigid sphere (radius R).

radius, and Φ is the gel concentration. Taking the logarithm of both sides o f
this equation

exposes

the

linear relationship

between

log

μ

and

gel

concentration observed by Ferguston 1551. From the slope and intercept of the
Ferguston plot, the information of m o l e c u l a r size and free mobility

of

analytes are obtained.
The model has limited applicability, as is the evidence of the p h e n o m e n o n
that larger D N A molecules, of sizes larger than the average pore size o f the
gel, can still migrate through the gel during electrophoresis.

T h e limitation of

this m o d e l to small and sphere molecules is as a result that it does not
account for orientational and configurational entropy of D N A molecules, and
interconnectedness of the matrices.

2.1.2

Biased reptation

When a molecule extends over several gel pores, its motion is m a i n l y
along its backbone, and transverse fluctuations are restricted within a f e w
pores. In the reptation model (Fig. 2), a p o l y m e r chain is viewed as h a v i n g
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Fig. 2:

Representation of the reptation model. The D N A chain

migrate

through gel matrix with w o r m l i k e motion.

w o r m l i k e motion, and the gel matrix is replaced by a fictitious tube that
envelops the chain and restricts its motion along the curvilinear contour of
the tube 1561. A s a polymer molecule undergoes biased reptation at a high
electric field, the probability of a chain segment exiting the tube in a given
direction is biased by the applied electric field strength. The

equation

describing μ ε ρ related to the size of D N A fragments (N) and the electric field
strength (E) can be written as

Hep ® K ( l / N + bE 2 )

(2)

w h e r e Κ is a constant, and b is a function of the pore size of the matrix. A s
Eq. (2) shows that the mobility is irreversibly proportional to chain length at
lower electric fields, while this relationship diminishes at higher electric field
strengths.

2.1.3

Entropie

barriers

T h e p h e n o m e n o n of band inversion, where molecules of intermediate
length exhibit lesser mobility than either smaller or larger ones, is not simply
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explained by the above models. Baumgartner and Muthukumar proposed the
entropic barrier model (EBM) to explain the phenomenon of inversion band
1511. In this model, the matrix is viewed as open cavities connected by
constricting bottlenecks (see Fig. 3). When the radius of gyration of a flexible
polymer is comparable to the mean pore size of gel matrix, its internal
entropy becomes a major factor. When the chain is in a cavity, it gains
configuration entropy. However, the chain must reduce this entropy to
squeeze through the bottlenecks to migrate from the cavity to another. The
bottlenecks act as an entropic barrier, while the cavities play as entropic traps.
Thus the resulting activated j u m p process slows down the

long-range

diffusion of the polymer. One problem of the EBM model is that it is not
suitable for smaller analytes and at high electric fields (> 30 V/cm).

2.2EIectroosmotic flow
Electroosmotic flow (EOF) is one of the most important factors in C E
since it greatly contributes to the migration and separation of the solutes, and
hence affects resolution and reproducibility. EOF is generated by the charges

Fig. 3:

Representation of the entropy barrier model. The DNA chain has to
squeeze through the constricting bottlenecks to migrate to another
cavity.
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present at the inner face of a capillary w h e n a high voltage is applied. The
electroosmotic flow coefficient (μ«,) can be expressed as Eq. (3) /58/:
με0=εζ0/4πη

(3)

w h e r e ε is the dielectric constant, η is the bulk viscosity, and ζ* is the zeta
potential at the slipping plane, which depends on the pH, temperature,
electrolyte species and concentration, and applied electric field. A m o n g these
factors, p H control is most c o m m o n l y performed for e n h a n c i n g resolution
/59-63Λ

2.3 DNA migration mobility in presence of the EOF
Using the bias reptation model to express the migration mobility ( μ ) of
D N A fragments, Eq. (2) can be modified to Eq. (4) if E O F (μ«,0) keeps
constant during a run:

Heo " μ

=

μερ ~ Κ (1/N + bE 2 )

(4)

A s the migration mobility can be calculated f r o m the migration time, Eq. (4)
can be rearranged to a more practical f o r m as Eq. (5):
μ « (μ Ε 0 - Κ b E 2 ) - Κ / Ν

(5)

T h e r e f o r e a linear relationship b e t w e e n μ and 1/N should be predicted if
EOF, K, and b keep constant at a constant electric field strength.

2.4 Polymer solution
Polymer

solutions

are

separated

into

three

different

concentration

regimes: dilute, semi-dilute, and entangled (Fig.4). A solution in w h i c h the
p o l y m e r chains are hydrodynamically isolated from one another is defined as
a dilute solution. As the polymer concentration is increased, the p o l y m e r
chains begin to overlap. A further increase in p o l y m e r concentration leads to
f o r m entangled solution, in which p o l y m e r molecules interact strongly with
each other to form a physical network. The transition between dilute and
entangled

regimes

concentrations

near

is

termed

the

semi-dilute

entanglement

solution,

threshold,

φ,

which

occurs

defined

as

at
the
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C < Φ*; Dilute Solution

C ~ φ*; Semi-dilute Solution

C > φ*; Entangled Solution
Fig. 4:

Illustration of three different concentration regimes of polymer
solution.
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concentration at which the volumes occupied by individual polymers in
solution begin to overlap /64/:
cp = 3M/(4nN A R g 3 )

(6)

where R g is the radius of gyration, Μ is the molecular weight of the polymer,
and N a is the Avogadro's number. An entangled solution can be characterized
as having an average mesh size, ξ, which can be expressed as Eq. (7)
according to de Gennes 1651:

ζ

=

Rg (C/φ)" 0,75

(7)

where C is the concentration of the polymer solution in g/mL. It is
predictable that the mesh size decreases as the polymer concentration is
increased.

2.4 R e s o l u t i o n
The resolution, R, between a pair of adjacent DNA fragments can be
calculated from Eq. (8) when the separation is performed in presence of the
EOF at lower electric fields /66/:
R = 0.177 (μ, - μ 2 ) /V[D ( μ „ + μ ε ο )] ι / 2

(8)

where μ, and μ 2 are the effective mobility of two DNA

fragments,

respectively, μ„ν is the average mobility of two DNA fragments, V is the
applied voltage, and D is the diffusion coefficient. Resolution can be
enhanced by increasing the difference between the effective electrophoretic
mobilities of two DNA fragments and (or) decreasing the sum of EOF and
the average electrophoretic mobilities of two DNA fragments. On the other
hand, resolution obtained in absence of the EOF (conventional means) can
only be increased in the differences of the mobility of two DNA fragments.
Therefore, DNA separation in the presence of the EOF provides advantages
of enhancing resolution

by controlling

factors affecting the EOF.

In

summary, using a suitable polymer solution and generating a EOF in the
opposite direction of DNA migration are useful for enhancing resolution.
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3.

DETECTION

UV-VIS absorbance detection, electrochemistry, mass spectrometry, and
radiochemistry have been combined with CE for DNA analysis, and the
technique that has been shown to be the most important is laser induced
fluorescence (LIF) /67-74Λ LIF is not only sensitive, but also allows the
direct reading of the electropherogram

into a computer for automated

mapping and sequence determination. Array capillary electrophoresis

using

LIF has been developed and widely used for DNA separation. Although
DNA molecules can be detected in their nature forms using an UV laser /75/,
the detection of DNA labeled with suitable fluorophores is more popular. The
labeling can be accomplished via intercalation /76-78/, covalent bonding /79,
80/, and so on. The technique of energy transfer developed by Mathies et al.
is also applied to DNA analysis /81, 82/.
The choice of fluorophores is critical since the DNA chain becomes longer
and stiffer, and the net charges of the DNA fragments decrease after forming
complexes with cationic intercalating dyes /83-85/. As a consequence,
intercalated DNA migrates more slowly than pure DNA, and the band
becomes narrower /86/. It has also been shown that the mobility and
fluorescence

intensity of the intercalated DNA depend on DNA/dye ratios,

indicating that a better separation result may be achieved by carefully
choosing the species and concentration of cationic intercalating dyes.

4. SEPARATION STRATEGIES
4.1. E O F g e n e r a t i o n
It is important to keep a constant EOF for reproducible results when
polymer solutions are used for DNA separation in CE. Traditionally, a
number of polymers have been commonly used to coat the capillary wall to
suppress the EOF and to prevent interactions between the capillary wall and
DNA /87, 88/. However, irreproducible separation results due to unstable
inner surface coating have been found after several runs if the coating is not
through covalent bonding /89/. Thus a deactivated capillary made from a
sophisticated and time-consuming procedure is generally used for obtaining a
reasonable result.
Using a bare fused-silica capillary either in the presence or absence of the
EOF is an alternative for DNA separation if the capillary surface can be
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easily refreshed after a run. Yeung and Fung showed the DNA separation
using a bare fused-silica capillary, in which the capillary wall was treated
with HCl prior to filling the capillary with polymer solutions after each run
/44/. Recently, DNA
presence

of the

EOF

separation
has been

using entangled polymer solutions
demonstrated

/49-51/.

For

in

achieving

reproducible DNA separation results, the adsorbed polymer molecules must
be easily removed from the capillary wall, and the negative charges in the
capillary surface need to be regenerated after each run. As mentioned above,
it is important to keep a constant and high zeta potential at the inner capillary
surface for high-speed DNA separations with excellent reproducibility. To
make it possible, use of polymer solutions, which are not stable under
alkaline conditions, is essential. For example, PEO is a good choice since it
hydrolysis at pH > 7.4 /90/. Practically, the inner surface is easily regenerated
by

electrophoretically

washing

the

capillary

with

NaOH.

We

have

demonstrated that reproducibility of the EOF is quite reasonable (RSD < 3%,
η = 3) after such a washing process when PEO solutions were used for DNA
separation /49/. The EOF obtained after this treatment is above 3 χ 10"1
cm 2 V"'s"', and is high enough to move DNA fragments towards the cathode
end for high-speed separation. This washing procedure is also suitable for
obtaining a high and reproducible EOF when other common
solutions,

including agarose, cellulose derivatives,

and

polymer

Polyacrylamide

solutions, were used for DNA separation (unpublished results).

4.2. Isocratic separation
One advantage of doing DNA separation in the presence of the EOF is
that there is no need to fill capillaries with polymer solutions prior to
analysis. Figure 5 is a cartoon showing the separation method. After injecting
DNA sample, polymer solutions moved into the capillary by the EOF. Since
DNA with a great numbers of negative charges migrates more slowly towards
the cathode than the neutral polymer molecules, such as PEO, do, for a short
period of time, DNA migrates in the polymer solutions and separation takes
place immediately.
Figure 6 shows the separation of kbp DNA markers using different
concentrations of PEO solutions /49/. All 11 DNA fragments were separated
in 7 min when 0.5% PEO (M.W. 4 and 8 millions) solutions were used. It has
been shown that interactions between polymer molecules and DNA accounts
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χ:: χ · 0 5 ^ χ : χ : χ

t =

:
;
t 2 :·;': :·Χ·:·ΧΨ:*Φ':·Χ

Fig. 5:

EOF

; :;Χ;Χ^ΤΓν:·:·:ν:· v x v x r ^ * ^ :

Illustration of separation of DNA fragments using P E O solutions in
the presence of EOF. Top: DNA sample is injected into a capillary
filled with TBE buffer only; Middle: PEO solutions are moved into
the capillary by EOF and serve as sieving matrices for D N A
separation

after a short period

of time;

Bottom:

some

DNA

fragments migrate through different zones of PEO solutions after
another PEO solutions are migrated into the capillary.

for the separation of larger DNA fragments using ultradilute solutions. Table
1 shows that only certain ranges of PEO concentrations are suitable for kbp
DNA separation when different sizes of PEO are used. Figure 7 s h o w s that
the separation time of DNA markers V and VI was less than 12 min using a
2 % P E O solution containing 20 μg/mL ethidium bromide (EB) at 15 kV. The
shorter separation time and higher resolution values between

123- and

124-bp, and two 234-bp DNA fragments were observed than those using 1
μg/mL EB.
N o limit in choosing sizes of the capillary and the possibility of using
highly viscous polymer solutions are other advantages of the D N A separation
in presence of the EOF. When a small size of capillary is used, Joule heat
dissipates more efficiently and hence a less temperature variation is obtained.
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4.5

5

5.5

6

6.5

7

Time (min)
Fig. 6:

Separations of kbp D N A

fragments using P E O solutions in a

capillary at 15 KV. Capillary length: 40 c m ; B u f f e r solution: I X
TBE containing 5 p g / m L EB; Moving p o l y m e r solutions: A. 0 . 5 %
P E O (M. W. 8,000,000); B. 0 . 5 % P E O (M. W. 4,000,000); C. 0 . 5 %
P E O (M. W. 1,000,000); D. 1% P E O (M.W. 600,000); E. 0 . 5 % P E O
( M . W . 300,000). Peak identities: 1 . 1 0 kbp, 2. 8 kbp, 3. 6 kbp, 4. 5
kbp, 5. 4 kbp, 6. 3 kbp, 7, 2.5 kbp, 8. 2 kbp, 9. 1.5 kbp, 10, 1 kbp,
and 11. 0.5 kbp. (Adapted with permission f r o m Ref. 49.)
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Table 1
Suitable concentration ranges of PEO with different sizes
for kbp DNA separation in this study.

Separation window (min)

M.W.(million)

Concentration range

8

> 0.03% a

5.09 - 6.42 (0.5%)

4

>0.1%b

4 . 3 8 - 5 . 0 1 (1.0%)

1

0.1 ~ 1%

5 . 4 9 - 6 . 2 7 (0.5%)

0.6

0.2 ~ 0.5%

5 . 2 2 - 6 . 5 1 (1.0%)

0.3

0.5 ~ 1%

5.0 0 - 6 . 1 4 ( 1 . 0 % )

in % PEO

a: no upper limit was found till 0.5%.
b: no upper limit was found till 1%.
(Adapted with permission from Ref. 49.)

In consequence, a higher electric field can be applied for high-speed
separation. Figure 8 show the separation of DNA fragments using a 10-μιη
i.d. capillary at 15 kV. Theoretical plates as high as 12 million/m were
obtained (see Table 2). Small detection size, a less temperature variation, and
small amount of injecting DNA sample, excellent sieving mechanism of PEO
solution and the EOF are all taken into account for the high resolution result.
Although much higher electric fields can be applied without causing a
significant variation of temperature using a small capillary, the effect of
electric field on inducing DNA stretching must be considered, which causes a
loss in resolution. We found that separation performance became worse w h e n
we applied electric field strengths higher than 500 V/cm. For multiplexed
systems, reading error due to cross-talk effect between

two

adjacent

capillaries is less using small capillaries.
For DNA sequencing and separation of short restriction DNA fragments,
polymer solutions having a capability of providing single-base resolution are
needed. A great number of polymers have been used for this purpose,
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Fig. 7:

^

Separation of DNA markers V and VI in the presence of EOF at 15
KV, using a 2% PEO solution containing 20 μg/mL EB. Buffer vials
contain the 2% PEO and 20 μg/mL EB solution. Capillary: 40 cm in
total length and 30 cm in effective length; filled with a 1 X TBE
solution containing 20 μg/mL EB. (Adapted with permission from
Ref. 50.)

including high molecular weight of LPA prepared from Karger's group
/91,92/,

Polyacrylamide

derivatives

from

Righetti's

group

/93/,

and

commercially available polymers such as PEO, PA and cellulose derivatives.
Unfortunately, solutions prepared from these polymers are too viscous to be
used in a small capillary for DNA sequencing. It is no longer a problem when
polymer solutions moved into the capillary by the EOF. Figure 9 shows the
separation of DNA fragments using 3% PEO in a 75-μιη capillary. The
separation with completely resolved peaks between 123 and 124-bp DNA
fragments is less than 7 min.
4.3. G r a d i e n t s e p a r a t i o n
4.3.1 Gradient

type

In the presence of EOF, a variety of gradient techniques can be applied to
enhance resolution of DNA separation using polymer solutions. We simply
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4
Fig. 8:

5

Time (min)

6

7

Separation of 5 μg/mL φΧ 174 DNA-Hae III restriction fragments in
the presence of the EOF at 15 KV using a ΙΟ-μιτι capillary. Capillary
length: 35 cm (25 cm to the detector). The capillary was filled with
IX TBE containing 20 μg/mL EB. Buffer vials contain solutions of
2% PEO and 20 μg/mL EB. (Adapted with permission from Ref.
50.)

divide these techniques to three different types: (I) changes in the EOF; (II)
changes in the DNA mobility; and (III) simultaneous changes in the EOF and
the DNA mobility (a combination of types I and II).
Many different approaches have been developed to generate dynamic
changes of the EOF for enhancing resolution of the separations of small
analytes and proteins. For example, applying external electric fields, field
amplification, pH gradient, dynamically coating the capillary wall with
chemicals, and so on have been demonstrated /94-98Λ Theoretically, these
methods are all suitable for DNA separations in presence of the EOF, which
are also under intensive study in this group now.
Dynamic changes in the DNA electrophoretic mobility during

the

separation are possibly due to DNA conformation changes. Control of

61

Electrophoretic Separation of DNA

Vol. 19, No. 1, 2000

Table 2
Separation efficiency of φΧ-174/HaeIII D N A restriction f r a g m e n t s using 2 %
P E O solutions and different sizes of capillaries.
Ν (million/tri)
D N A (bp)

75 p.ma,b

25 μη/' 1 '

10 μη\°·6

10 μιτι"·'1

1353

1.12

7.86

2.86

5.87

1078

1.15

8.07

2.90

9.31

872

1.19

6.39

2.96

9.50

603

1.23

6.67

3.05

6.25

310

2.33

6.10

4.54

6.89

271

2.52

8.31

6.76

7.13

281

2.18

6.76

4.77

7.25

234

2.05

7.41

5.02

11.91

194

2.03

8.45

5.38

8.18

118

1.93

7.43

6.83

7.16

72

1.95

5.03

6.31

8.86

a: [ D N A ] = 5 μ g / m L ; b: /EB/ = 5 μ g / m L ; c: [ D N A ] = 25 μ g / m L ;
d: [EB] = 2 0 μ g / m L . (Adapted with permission f r o m Ref. 50.)

temperature and electric field has been c o m m o n l y used for D N A separations
in absence of the EOF. For example, gradient techniques, such as temperature
1991 and voltage /100/, have been demonstrated in C E for detecting point
mutations in the analysis of small alterations in D N A sequence of g e n o m i c
materials. A slight change in the mobility of D N A molecules, resulting from
the changes in D N A conformations, accounts for the high-resolution result.
Neutral chemicals, such as urea, usually used for denaturing D N A h a v e been
used to enhance D N A separation efficiency under isocratic conditions /101/.
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Separation of 5 μ § / ι η ί D N A m a r k e r s V and VI in the presence o f
E O F at 15 K V using a 75-μιη capillary. Capillary length: 4 0 c m (30
cm to the detector); the capillary w a s filled with I X T B E containing
1 μ g / m L E B prior to D N A injection. B u f f e r vials contain solutions
of 3 % P E O and 1 μ g / m L EB. ( A d a p t e d with permission f r o m Ref.
50.)

Generating a gradient of concentration and/or species of neutral c h e m i c a l s
inside the capillary during the separation m a y be u s e f u l for e n h a n c i n g D N A
separation,

which

is only

feasible in the

presence

of EOF.

Gradient

techniques using different kinds and/or concentration o f intercalated dyes are
also suitable for e n h a n c i n g resolution by m o d i f y i n g D N A structures.
C h a n g i n g the sieving matrices is an alternative for e n h a n c i n g separation
resolution o f a wide range size of D N A f r a g m e n t s , according to the rule that
separation p o w e r also depends on the relative p o r e size b e t w e e n p o l y m e r
solution and D N A /83/. Filling the capillary with p o l y m e r solutions h a v i n g
different m e s h sizes is another strategy for e n h a n c i n g the selectivity o f D N A
separation range, which can be simply p e r f o r m e d in the presence of the E O F .

4.3.2 Changes in PEO concentration
Capillary pore gradient gel electrophoresis

( P G G E ) is a useful t e c h n i q u e

for extending the separation range of D N A /102, 103/. H o w e v e r , it is not easy

63

Vol. 19, No. 1, 2000

Electrophoretic Separation of DNA

to perform PGGE in CE since filling capillaries with different polymer
solutions having a variety of sizes is not easily accomplished. Recently,
polydispersed polymer solutions prepared from different sizes of PEO have
been used for separating DNA fragments ranging from 18 to 2176 bp in 30
min 1211. More recently, a sophisticated method has been used to prepare PA
gradient gel matrices for the separation of oligosaccharides and poly(Asp) in
CE /104/, indicating that this method may be useful for enhancing resolution
in the analysis of DNA. However poor reproducibility, bubble formation, and
a short lifetime of the capillary are common problems when PA

is

polymerized inside the capillary.
Filling capillaries with a number of different concentrations and/or
species of polymer solutions to create varying pore sizes is easily achieved in
the presence of the EOF. Simply, different polymer solutions added into the
inlet end of the capillary by any physical means, such as pressure injecting or
pumping, are introduced to the capillary by the EOF. Figure 10 shows the
separation of DNA markers V and VI at 15 kV, using a 1% PEO solution for
4 min, then a 2% PEO solution for the rest of the separation time. For larger
DNA fragments, they mostly migrated in the zone of the 1% PEO solution,
and thus resolution values between any two large DNA fragments (larger
than 653 bp) obtained under stepwise changes were higher than those
obtained using the isocratic means (2% PEO). Two partially resolved bands
corresponding to 458- and 504-bp DNA fragments were only obtained under
stepwise conditions, which may be due to the changes in DNA conformations
when they migrated through the two different PEO solutions. A loss in
resolution between two 154-bp DNA fragments may be due to the changes in
DNA conformations and the diffusion effects (concentration changes on the
interface between the two different polymer solutions).

4.3.3 Changes in EB

concentration

According to the fact that the DNA mobility decreases when

the

concentration of cationic dyes such as EB and TOTO is increased, gradient
techniques using a variety of dyes can be developed for enhancing resolution.
Since larger DNA fragments are quickly migrated towards the cathode by the
EOF, a smaller amount of EB is suggested for a better resolution result. On
the other hand, it takes much longer time for smaller DNA towards the
cathode (higher electrophoretic mobility against the EOF). For shortening
separation time, a higher amount of EB is used to reduce the electrophoretic
mobility. We found that larger DNA fragments can not be completely
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Time (min)
Fig. 10:

Separation of DNA markers V and VI at 15 kV in SCE, using a
1% PEO solution containing ^ g / m L EB for 4 min, then a 2 %
PEO solution containing 1 μg/mL EB for the rest of the separation.
Buffer vials contain the 2% PEO and ^ g / m L

EB solution.

Capillary: 40 cm in total length and 30 cm in effective length;
filled

with IX TBE containing 1 μg/mL EB. (Adapted

with

permission from Ref. 51.)

resolved when 20 μg/mL EB were used, while two 154 bp-DNA fragments
and 123- and 124-bp DNA fragments were not resolved using 1 μg/mL EB.
Figure 11 shows the separation of DNA markers V and VI in less than 15
min at 15 kV using a 2% PEO solution containing ^ g / m L EB for 4 min,
then a 2% PEO solution containing 20μg/mL EB for the rest of the
separation. In this case, larger DNA fragments have a less chance undergoing
the PEO zone with higher EB concentrations. Thus resolution values between
any two large DNA fragments (larger than 653 bp) are higher than those
obtained under isocratic conditions (20μg/mL EB). On the other side, EB
molecules have more significant effects on slowing down the electrophoretic
mobility of smaller DNA fragments during the separation. It is therefore
considered that the total separation time is between those obtained under two
isocratic conditions (1 and 20μg/mL EB). Changing EB concentrations
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Time (min)
Fig. 11:

Separation of D N A markers V and VI at 15 kV in SCE, using a
2 % P E O solution containing ^ g / m L E B for 4 min, then a 2 %
P E O containing 20 μ g / m L E B for the rest of the separation. B u f f e r
vials contain the 2 % P E O and 2 ( t y g / m L E B solution.

Other

conditions as in Fig. 9. (Adapted with permission f r o m Ref. 51.)

during the separation also prevents problems of over scale on detecting larger
D N A f r a g m e n t s and of too weak fluorescence signals of smaller

DNA

fragments.

4.3.4 Simultaneous changes in EB and PEO
T o test the effects of the changes in the net charges and c o n f o r m a t i o n s of
D N A as well as the properties (such as pore size) of p o l y m e r solutions on the
D N A analysis, w e p e r f o r m e d the separation using solutions

containing

different concentrations of P E O and EB. Figure 12 s h o w s the separation of
D N A markers V and VI in 15 min at 15 kV using a 1% P E O solution
containing ^ g / m L

E B for 4 min, then a 2 % P E O solution

containing

2 ( ^ g / m L E B for the rest of the separation time. Results again show that 458and 504-bp D N A f r a g m e n t s were partially resolved (Table 3). Resolution
values between any t w o large D N A fragments (larger than 653 bp) obtained
under stepwise conditions are higher than those obtained under isocratic

66

Huan-Tsung Chang et al.

5

7

Reviews in Analytical Chemistry

9

11

13

15

Time (min)
Fig. 12:

Separation of DNA markers V and VI at 15 kV in SCE, using a
1% PEO solution containing ^ g / m L EB for 4 min, then a 2 %
PEO solution containing 20 μg/mL EB for the rest of the
separation. Buffer vials contain the 2 % PEO and 2 ( ^ g / m L EB
solution. Other conditions as in Fig. 9. (Adapted with permission
from Ref. 51.)

conditions (using 2 ( ^ g / m L EB); on the other hand, resolution between 123and 124-bp fragments is better than that obtained using ^ g / m L EB. The fact
that separation time obtained under stepwise conditions is in the range of
those obtained under two isocratic conditions (1% PEO solution containing
^ g / m L EB and 2% PEO solution containing 2 ( ^ g / m L ) supports that DNA
fragments migrated in at least two different zones.

5. COMPARISON WITH C O N V E N T I O N A L M E T H O D S
One obvious difference in electropherograms obtained in the presence and
absence of EOF is that the separation order of DNA fragments is different. In
the absence of the EOF, DNA migrates with electrophoretic mobility, thus
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Table 3
Comparison of some of the resolution values in the separation of DNA fragments
under isocratic conditions, stepwise changes in EB, and EB and PEO

Resolution
Base pair
A

Β

C

517/504

0.00

0.94

0.89

504/458

0.00

0.00

0.74

234/234

1.67

0.52

0.30

154/154

1.01

0.72

0.59

124/123

3.54

1.55

1.73

A: from Figs. 7
B: from Fig. 11.
C: from Fig. 12.
(Adapted with permission from Ref. 51.)

smaller DNA fragments migrate to the anode end earlier than larger ones. On
the other hand, DNA molecules migrate against the EOF in presence of the
EOF, and thus large DNA fragments were detected earlier than small ones at
the cathode end. When the same polymer solution is used, better resolution
between any two small DNA fragments should be obtained in the presence of
EOF, while better resolution between larger DNA fragments should be
obtained using conventional methods.
Advantages of performing DNA separation in presence of the EOF
include: (A) Filling a capillary with polymer solutions prior to analysis is not
necessary; (B) Choosing any size of capillaries and using highly viscous
polymer solution are possible; (C) Gradient (or stepwise) techniques are
easily applied for extending the separation range of DNA sizes; (D)
Pretreatment of PCR products may not be required since all small primers
migrate much more slowly than amplified DNA fragments (several hundred
bp) do; and (E) Loss in resolution due to high salt concentration in DNA
samples commonly found in conventional CE methods is not significant.
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One major concern on DNA separation in the presence of EOF is the
variation in the EOF. We showed that the RSD values of migration times are
less than 3%, which are comparable to the result obtained from conventional
means. To improve the accuracy in reading DNA sequences using a
multiplexed system, the variation of EOF coefficients among all capillaries
needs to be calibrated. Using capillaries without Filling with

polymer

solutions prior to analysis, the EOF coefficients are easily obtained from the
time at the baseline shift.

6. SUMMARY
CE using polymer solutions has been shown to be a powerful technique
for DNA sequencing, characterizing of oligonucleotides, and analysis of PCR
products. The choice of polymer matrix is important and depends on the type
of separations needed: ultradilute polymer solution for larger DNA fragment,
and entangled polymer solution for small DNA fragments. Generally,
polymer solutions prepared from high molecular weight of polymer are
suitable for DNA sequencing, while they are more viscous and not easily
replaced between runs using any pressure means.
In this review, we describe several recently developed techniques for
separating DNA in the presence of the EOF. In the presence of the EOF,
separation can be performed using capillaries without filling with polymer
solutions prior to analysis. Therefore there is no limit in choosing polymer
solutions and sizes of capillaries. Gradient techniques have also been
developed for DNA separation. Introducing different concentrations of PEO
solutions into the capillary is useful for enhancing resolution

between

different sizes of DNA fragments during the separation. By

applying

techniques of using different concentrations of EB, resolution and speed can
be optimized.
As the separation of DNA in the presence of the EOF is still at an early
stage of development, there are still a great number of exciting research areas
as yet untapped. For example, we will focus on DNA sequencing in the
presence of the EOF. Applying gradient techniques to DNA sequencing and
mapping, and analysis of DNA will also be emphasized in our group. For
example, a number of gradient techniques, such as using different polymer
solutions in presence of different concentrations of urea, are being developed
for these purposes. From some exciting results of the protein separation in the
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presence of the EOF using polymer solutions (unpublished results), we know
several gradient techniques being developed are useful for protein analysis
such as proteome. We predict that CE gradient techniques using polymer
solutions will become as powerful and popular as those in HPLC for analysis
of biopolymers in the next decade.
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