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The electrophoretic separation of DNA molecules is usu- 
ally performed in thin slabs of agarose or polyacrylamide 
gel. However, DNA separations can be achieved more 
rapidly and efficiently within a microbore fused silica 
capillary filled with an uncrosslinked polymer solution. 
An early assumption was that the mechanism of DNA 
separation in polymer solutionxapillary electrophoresis 
(PS-CE) is the same as that postulated to occur in slab 
gel electrophoresis, i.e., that entangled polymer chains 
form a network of "pores" through which the DNA mi- 
grates. However, we have demonstrated that large DNA 
restriction fragments (2.0-23.1 kbp) can be separated by 
CE in extremely dilute polymer solutions, which contain 
as little as 6 parts per million (0.0006% (w/w)l of un- 
crosslinked hydroxyethyl cellulose (HEC) polymers. In 
such extremely dilute HEC solutions, far below the mea- 
sured polymer entanglement threshold concentration, 
pore-based models of DNA electrophoresis do not apply. 
We propose a transient entanglement coupling mecha- 
nism for the electrophoretic separation of DNA in un- 
crosslinked polymer solutions, which is based on physi- 
cal polymer/DNA interactions. 0 1996 John Wiley & Sons, 
Inc. 
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INTRODUCTION 

Increasing the rate of DNA restriction mapping is a major 
obstacle in the current international effort to map and se- 
quence the 3 billion base pairs (bp) of the human genome. 
One of the slowest steps in the restriction mapping of chro- 
mosomal DNA is the electrophoretic separation of DNA 
restriction fragments ranging in size from a few thousand to 
a few million base pairs. Currently, DNA fragments ranging 
from 2 to 40 kilobase pairs (kbp) in length are separated in 
agarose slab gels using small voltage gradients, requiring 
1-2 h of electrophoresis. DNA larger than -40 kbp cannot 
be separated by steady-field electrophoresis; size separation 
is achieved by the application of low-voltage, pulsed elec- 
tric fields, which are applied alternately in two directions 
(Schwartz and Cantor, 1984). Pulsed-field electrophoresis 
typically requires 12-24 h of electrophoresis. The high- 

resolution separation of small DNA fragments (under 2 kbp) 
is necessary for fine restriction mapping and is typically 
achieved in crosslinked polyacrylamide gels in 1-2 h. In this 
article, we demonstrate the potential of the technique of 
polymer-solution capillary electrophoresis to vastly in- 
crease the rate of DNA restriction mapping for DNA in the 
size range of 0.7-23.1 kbp. 

Slab Gel Electrophoresis 

DNA electrophoresis is typically performed on slab gels, in 
which several samples are run in parallel lanes alongside 
DNA molecular weight standards. Because DNA chains of 
different lengths have different electrophoretic mobilities 
within the gel matrix, they form separate bands on the gel. 
To allow detection of these bands, the DNA molecules are 
labeled with fluorescent or radioactive compounds before, 
during, or after the electrophoretic separation. Relatively 
large samples of DNA (up to 10 Fg) are required, because 
while the fluorophores or radiolabels emit in all directions, 
the signal is only collected by imaging the gel in two di- 
mensions (e.g., by exposing one side of the gel to X-ray 
film). Because gels are prepared and loaded manually, slab 
gel electrophoresis is labor intensive; furthermore, the sepa- 
ration step is slow, requiring from l to 24 h of electropho- 
resis, depending on the conditions, desired resolution, and 
size range of DNA to be analyzed. Advantages of slab gel 
electrophoresis include the ability to make side-by-side 
comparisons of related DNA samples and molecular weight 
standards (necessary for applications such as restriction 
mapping, DNA sequencing, mobility shift assays of protein 
binding to DNA, etc.) and the ability to separate and sub- 
sequently collect from the gel relatively large amounts of 
DNA for further manipulation. 

Capillary Electrophoresis 

There are several practical advantages to performing DNA 



ration. The magnitude of the current which may be applied 
to a slab gel is limited, because it is important that the gel 
remain at a relatively low and uniform temperature during 
electrophoresis, to prevent sample or gel degradation and/or 
thermal convection of DNA molecules which can be caused 
by temperature gradients. The maximum voltage which can 
be applied to conventional slab gels is in the range of 5 4 0  
V/cm, depending on the thickness of the gel (thin gels dis- 
sipate heat more efficiently). A microbore fused silica cap- 
illary (inner diameter 50-100 pm) has an internal volume of 
only 1-2 IJ.L and an intrinsically high electrical resistance, 
so that the current and resultant Joule heat generated during 
the application of even very high voltage gradients are rela- 
tively low in magnitude. The small amount of Joule heat 
produced during capillary electrophoresis is dissipated with 
great efficiency because of the high surface-area-to-volume 
ratio of the capillary; hence voltage gradients of up to 700 
V/cm may be applied without appreciable temperature rise 
within the capillary. Consequently, DNA separations by 
capillary electrophoresis typically require less than 20 min- 
utes, running up to 25 times faster than slab gel electropho- 
resis (Brumley and Smith, 1991). Efficiencies of greater 
than 100,000 theoretical platedmeter are routinely obtained 
(Liu et al., 1992). Detection of the DNA bands separated by 
capillary electrophoresis may be accomplished on-line (by 
running the capillary directly through a detector), either by 
UV absorbance (Hjertkn, 1967) or by laser-induced fluores- 
cence of labeled DNA (Cohen et al., 1990). In addition, 
various methods to collect separated DNA bands from cap- 
illaries have been developed (Albin et al., 1992; Altria and 
Dave, 1993; Cohen et al., 1988; Guttman et al. 1990). Small 
sample volumes (2-100 nL) are required for high- 
performance capillary electrophoresis, so only small 
amounts of DNA are required (less than 50 ng). Hence, 
capillary electrophoresis serves extremely well as an ana- 
lytical technique. 

Attempts to perform capillary electrophoresis of DNA in 
gel-filled capillaries have focused almost exclusively on the 
use of polyacrylamide gels and have met with limited suc- 
cess. The preparation of gel-filled capillaries of uniform 
quality and stability has proven difficult and remains a dif- 
ficult problem (Drossman et al., 1990; Swerdlow and Geste- 
land, 1990; Yin et al., 1990). Furthermore, the structure of 
crosslinked polyacrylamide is such that it can only separate 
DNA smaller than -2 kbp, making it inadequate for most 
chromosome mapping separations, though it can provide 
excellent separation of small DNA fragments (15-500 
bases) for DNA sequencing. Agarose gels, though useful in 
a slab geometry for restriction mapping of large DNA, are 
poor media for capillary electrophoresis, because they are 
difficult to cast within a capillary, are optically opaque, and 
yield relatively poor and irreproducible separations (Chan et 
al., 1993). Thus, no crosslinked gel matrix is effective for 
the capillary electrophoresis separations of DNA restriction 
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laries. Polymer solutions are easy to handle, providing a 
“replaceable” separation matrix which can be pumped into 
and out of the capillary automatically. Unlike gel-filled cap- 
illaries, polymer-solution-filled capillaries are stable under 
the high electric fields which are typically applied during 
capillary electrophoresis. Different fluorescent dyes are 
available to label different DNA samples, allowing accurate 
sizing of an unknown DNA sample separated in the same 
capillary with a molecular weight standard (Clark and Ma- 
thies, 1993). Capillary arrays, which will allow parallel 
DNA separations such as those performed in slab gels, have 
also been developed (Mathies and Wang, 1992; Ueno and 
Yeung, 1994) and will soon be commercially available 
(Molecular Dynamics, Sunnyvale, CA). 

It has been shown that high-concentration polyacryl- 
amide solutions (e.g., 9%T) provide single-base resolution 
of single-stranded DNA sequencing fragments much more 
quickly than the separation is accomplished by polyacryl- 
amide slab gel electrophoresis (Carson et al., 1993; Ruiz- 
Martinez et al., 1993). Restriction mapping of DNA larger 
than 600 bp is best accomplished in more dilute polymer 
solutions. Several different types of polymers have been 
employed as DNA separation media for capillary electro- 
phoresis, such as linear polyacrylamide (Pulyaeva et al., 
1992), alkyl celluloses (e.g., hydroxyethyl cellulose, hy- 
droxypropyl methyl cellulose (Barron et al., 1993; Chram- 
bach and Aldroubi, 1993), polyethylene glycol (Dolnik and 
Novotny, 1992), liquefied agarose (Chrambach and Al- 
droubi, 1993), and polyvinyl alcohol (Chrambach and Al- 
droubi, 1993; Dolnik and Novotny, 1992). Separations are 
performed in fused silica capillaries, which can be internally 
coated (typically with polyacrylamide; (Hjertkn, 1985)) or 
left uncoated. Typical electrophoresis buffers have a pH of 
about 8; under these conditions the negative charge of the 
fused silica walls causes the formation of a diffuse double 
layer of positive counterions. The application of a voltage 
gradient to the capillary, if it is left uncoated, gives rise to 
electroosmotic flow in the capillary; the buffer solution 
flows toward the cathode with a flat velocity profile (Ad- 
amson, 1990). 

MATERIALS AND METHODS 

Instrumentation 

The capillary electrophoresis apparatus employed in these 
studies is described in detail elsewhere (Grossman and 
Soane, 1991) and is shown schematically in Figure 1. The 
apparatus employs a single fused silica capillary (Polymicro 
Technologies, Phoenix, AZ) 50 cm in length (35 cm to the 
detector), with i.d. 51 pm and 0.d. 360 pm, either uncoated 
or internally coated with a covalently attached layer of 
crosslinked polyacrylamide. The capillary connects the an- 
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Figure 1. Schematic representation of a capillary electrophoresis apparatus. 

CA) was used to drive the electrophoresis. Current was 
measured over a 1-kR resistor in the return circuit of the 
power supply using a digital multimeter (model 3465B, 
Hewlett-Packard, Palo Alto, CA). On-column detection was 
by UV absorbance at 260 nm using a modified variable- 
wavelength detector (model 783, Applied Biosystems, Fos- 
ter City, CA). Data were collected using an integrator 
(model 3390, Hewlett-Packard, Palo Alto, CA). 

Materials 

A nonstoichiometric mixture of A-HiiindZZZ and @X 174- 
HueZZZ restriction fragments (A-HindZZZ fragments are pre- 
sent at a lower concentration, so that peaks of the larger 
DNA fragments in this digest will not dwarf those of the 
@X174-HueZZZ digest) was obtained from Pharmacia LKB 
Biotechnology (Alameda, CA) at a concentration of 500 
p.g/mL. In experiments with uncoated capillaries, the time it 
took a neutral species, mesityl oxide (Aldrich Chemical Co., 
Milwaukee, WI), to move from the entrance of the capillary 
to the detection window was used to calculate the neutral 
marker's average velocity, assumed to be the electroosmotic 
velocity. The buffer used in all experiments with DNA was 
89 mM Tris, 89 mM borate, and 5 mM ethylenediaminetet- 
raacetic acid (EDTA), with a pH of 8.15 (all buffer reagents 
purchased from Sigma Molecular Biology, St. Louis, MO). 

Measured amounts of hydroxyethyl cellulose (HEC) were 

P 
sive dilution was used to make extremely dilute solutions. 
The HEC samples used had manufacturer-reported number- 
average molecular masses of M,, E 90,000-105,000 g/mol 
and M,, G 24,000-27,OOO g/mol and were obtained from 
Polysciences, Inc. (Warrington, PA). 

Capillary Electrophoresis 

DNA samples containing A-HiiindZZZ and @X174-HueZZZ re- 
striction fragments were preheated for 5 min at 65°C and 
then stored on ice (A-HindZZZ restriction fragments of 4361 
and 23,130 bp have cohesive termini). All DNA samples 
were premixed with a minute amount of mesityl oxide and 
injected without dilution. In the electropherograms, peaks 
were identified by integration of peak areas. A representa- 
tive plot of peak area as a function of the number of DNA 
base pairs can be found in Barron et al. (1993). 

Uncoated Capillaries 

Each new, uncoated capillary was treated with 1 M NaOH 
for 3 h and then rinsed with water before initial use to etch 
the fused silica surface clean of adsorbed impurities. There- 
after, before each filling of the capillary with a given poly- 
mer solution, the uncoated inner capillary wall was condi- 
tioned first with 1 M NaOH for 10 min, then with 0.1 M 
NaOH for 10 min, and finally with the electrophoresis 
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specific time which depended on the buffer viscosity, to 
introduce approximately 3 nL ( 3  x cm3) of sample for 
each run. After the sample was drawn into the capillary, the 
anodic end of the capillary was replaced in the electropho- 
resis buffer, together with the anodic electrode, and the 
electrophoretic voltage of 265 V/cm was applied. The un- 
coated capillary was enclosed in a plexiglass box and sur- 
rounded by convected air at a temperature of 30.0 k 0.1”C 
during all experiments. 

Absolute electrophoretic mobilities are calculated by sub- 
tracting the electroosmotic mobility (determined from the 
elution time of the neutral marker) from the apparent elec- 
trophoretic mobility of the DNA band, since the electroos- 
motic flow and the DNA move in opposite directions; a 
mathematical description of this calculation can be found 
elsewhere (Grossman et al., 1989). Electroosmosis of the 
buffer results in uniform flow with a flat velocity profile 
(Grossman and Colburn, 1992). This flow exerts an equal 
force on all DNA molecules in the sample, regardless of 
chain length. This is demonstrated by the fact that when 
electrophoresis is performed in free solution, in the absence 
of polymers in the buffer, all DNA molecules migrate at the 
same velocity and elute as a single peak. 

Coated Capillaries 

Polyacrylamide-coated capillaries were produced according 
to the method of HjertCn (1985). When coated capillaries 
were used, DNA was injected electrokinetically at the ca- 
thodic end of the capillary by placing both the capillary and 
the platinum wire electrode into the DNA sample and ap- 
plying a voltage of 265 V/cm for 3-4 s. The capillary and 
cathodic electrode were then placed in a vial containing the 
electrophoresis buffer, and the electrophoretic voltage of 
265 V/cm was applied. Because the coated capillaries re- 
quire the polarity of the electrodes in relation to the detec- 
tion window to be reversed, limitations of the apparatus 
required experiments to be run at room temperature. Thus, 
a temperature correction was used to compare electropho- 
retic mobilities with uncoated capillary experiments (Barron 
et al., 1995). 

MODELING OF DNA GEL ELECTROPHORESIS 

Theories describing the electrophoretic separation of DNA 
are based on slab gel electrophoresis. Without any separa- 

tion medium, the electrophoretic mobilities of DNA mol- 
ecules are independent of molecular size (Olivera et al., 
1964) and no separation of DNA occurs. The “DNA siev- 
ing” capability of gels is thought to arise from the presence 
of a network formed by the interstices between gel struc- 
tures, termed “pores,” through which the negatively 
charged DNA molecules are forced to migrate by the ap- 
plication of an electric field. The two models commonly 
employed for steady-field DNA gel electrophoresis, the 
Ogston and reptation models, are both based on this as- 
sumption. 

Ogston Model 

The Ogston model (Chrambach and Rodbard, 1971; Rod- 
bard and Chrambach, 1970) describes the gel as a random 
network of fibers having some average pore radius. A DNA 
molecule is assumed to migrate through this network as a 
spherical random coil, diffusing laterally until it encounters 
a pore large enough to allow its passage. DNA electropho- 
retic mobility is assumed to be proportional to the volume 
fraction of gel pores that will permit its passage. The Ogston 
model is successful in fitting experimental data for small 
DNA fragments in the limit of low electric fields (Viovy et 
al., 1992). However, DNA with radii of gyration much 
larger than the average gel pore radius still migrate rapidly 
through the gel during electrophoresis, implying that the 
assumptions inherent in the Ogston model are invalid for 
larger DNA. Tietz and Chrambach developed an “extended 
Ogston model” (Tietz, 1988) to account for the behavior of 
larger DNA fragments. ‘‘Local retardation coefficients” for 
large DNA are determined, which depart from the original 
Ogston model by allowing the gel concentration to affect 
the equivalent radius of the DNA and the gel fiber radius. 

Reptation and Biased Reptation Model 

Experimentally, DNA smaller than -40 kbp undergo steady- 
field size separation in agarose; larger DNA migrates as a 
single band and can only be separated by pulsed electric 
fields (Fangman, 1978; Schwartz and Cantor, 1984). The 
reptation model was developed to explain these results 
(Lumpkin et al., 1985). It is assumed that spherically coiled 
DNA molecules too large to fit through a pore undeformed 
will migrate head fist, snake-like, through ‘‘tubes’’ formed 
by the pore network of the gel. This model has the advan- 
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Figure 2. Separation by capillary electrophoresis of a mixture of A-Hind111 and @X174-HaelIl restriction fragments (in nonstoichiometric mixture) (a) 
in 0.15% (w/w) HEC (90,000-lO5,OoO g/mol). The far left peak corresponds to a neutral marker (mesityl oxide), used to determine the velocity of 
electroosmotic flow in the capillary. Peak identification: 1 = 23,130 bp, 2 = 9416 bp, 3 = 6557 bp, 4 = 4361 bp, 5 = 2322 bp, 6 = 2027 bp, 7 = 
1353 bp, 8 = 1078 bp, 9 = 872 bp, 10 = 603 bp, 11 = 310 bp, 12 = 281 bp, 13 = 271 bp, 14 = 234 bp, 15 = 194 bp, 16 = 118 + 72 bp. (b) In 
0.025% (w/w) HEC (90,000-105,000 g/mol). The far left peak corresponds to a neutral marker (mesityl oxide), while the second peak at left is an impurity 
present in the DNA sample. Peak identification: 1 = 23,130 bp, 2 = 9416 bp, 3 = 6557 bp, 4 = 4361 bp, 5 = 2322 bp, 6 = 2027 bp, 7 = 1353 bp, 
8 = 1078 bp, 9 = 872 bp, 10 = 603 bp, 11 = 310 + 281 + 271 bp, 12 = 234 + 194 + 118 + 72 bp. (c) In 0.00125% (w/w) HEC (90,00Crl05,000 g/mol). 
The far left peak corresponds to a neutral marker (mesityl oxide), while the second peak at left is an impurity present in the DNA sample. Peak identification: 
1 = 23,130 bp, 2 = 9416 bp, 3 = 6557 bp, 4 = 4361 bp, 5 = 2322 + 2027 bp, 6 = 1353 + 1078 + 872 + 603 bp, 7 = 310 + 281 + 271 + 234 + 194 
+ 118 + 72 bp. 
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tage of providing a theoretical explanation for the experi- 
mentally observed regime in which electrophoretic mobility 
is inversely related to DNA size. The biased reptation model 
(Slater and Noolandi, 1985, 1989) modifies the basic rep- 
tation model to explain the behavior of DNA at high fields 
andor for DNA larger than 40 kbp. It is believed that under 
these conditions field-induced DNA orientation extends the 
stretching periods of the DNA fragments, strongly biasing 
the random walk in the forward direction so that DNA is 
stretched to a rod-like conformation. Since all DNA mol- 
ecules in this rod-like conformation no longer take a tortu- 
ous path through the gel, the size-based separation ability of 
the gel is lost for DNA larger than 40 kbp. 

While the Ogston model envisions DNA as a spherical 
random coil, and the reptation model treats it as an ex- 
tended, snake-like molecule, both assume that it moves 
through topologically static “pores” having a certain aver- 
age radius. H.-J. Bode (1979) has questioned this static 
concept of a gel, particularly in the case of polyacrylamide, 
a vinyl polymer which would be expected to form a highly 
flexible and easily deformable network. Bode showed that 
experimental results from polyacrylamide gel electrophore- 
sis of macro-ions, interpreted earlier as substantiation of the 
“rigid-pore’’ model of a gel, could be equally well ex- 
plained by a viscosity model based on the assumption that 
gel structures function as obstacles which are moved aside 
by the electrokinetic pressure of the migrating macroions. 

Application of Gel Electrophoresis Models to 
Capillary Electrophoresis in Polymer Solutions 

Although it was originally thought that capillary-based 
separations of DNA would be impossible without the siev- 
ing effect of a high-density gel, it was later shown that 
solutions of uncrosslinked polymers are capable of separat- 
ing DNA (Heiger et al., 1990) The use of uncrosslinked 
polymers for the separation of macroions was pioneered by 
Bode (Bode, 1976) and later applied to capillary electro- 
phoresis of DNA by Zhu et al. (Zhu et al., 1989). The 
mechanism of DNA separation in uncrosslinked polymer 
solutions has been a matter of debate. Some researchers 
assert that the mechanism is essentially the same as that in 
traditional slab gel electrophoresis, i.e., that transient 
“pores” are formed in the polymer solutions (Grossman 
and Soane, 1991; Pulyaeva et al., 1992), while others at- 
tribute separation to the attraction and interaction of DNA 
fragments with the polymers in the buffer, without specify- 
ing these interactions (Chin and Colburn, 1989; Strege and 
Lagu, 1991). A version of the biased reptation model, modi- 
fied to include constraint release, has been proposed by 
Viovy and Duke (Viovy and Duke, 1993; Viovy et al., 
1991) to account for the dynamic nature of the un- 
crosslinked polymer network. This model includes tube di- 
mension fluctuations due to the movement of the polymer 
fibers. Grossman and Soane (1991) proposed that, in order 
for uncrosslinked polymers to be effective for DNA sepa- 
ration, they must be entangled and that the physical simi- 

larity of this entangled network to the pore network of a gel 
allows size-dependent separation of DNA. A polymer solu- 
tion is entangled if it is well above the overhp threshold 
concentration (a*) (de Gennes, 1979), i.e., the concentra- 
tion at which the polymer chains begin to interact strongly 
in solution. This concentration is determined from a log-log 
plot of solution viscosity vs. polymer concentration, as evi- 
denced by a large increase in slope upon the formation of an 
entangled network in solution (Barnes et al., 1989). 

RESULTS 

Dilute and Ultradilute Solution Separation 
of DNA 

We find, however, that excellent DNA separations in HEC 
solutions are possible at extremely dilute concentrations, far 
below the HEC overlap threshold (Barron et al., 1993). 
Figure 2a depicts the separation by capillary electrophoresis 
of a mixture of (PX174-HueZfZ and A-HindZZZ DNA restric- 
tion fragments, ranging between 72 bp and 23.1 kbp, in 
0.15% (w/w) HEC solution. This represents less than half 
that of the measured HEC overlap threshold concentration 
[@* - 0.37% (w/w) for HEC ( M ,  = 90,000-105,000 
g/mol)]. Figure 2b shows the separation of the same restric- 
tion digest in a 0.025% (w/w> HEC solution. At this con- 
centration, resolution is lost for DNA smaller than 600 bp 
but retained for larger restriction fragments. Even at con- 
centrations as low as 0.00125% (w/w), (12 parts per mil- 
lion), resolution of larger DNA fragments is achieved (see 
Fig. 2c). Resolution is only completely lost when HEC con- 
centration is reduced below 1.5 parts per million. 

Figure 3a gives a plot of DNA electrophoretic mobility 
(p) as a function of HEC concentration for this mixture of 
@X174-HueZZf and A-HindZZZ restriction fragments. For 
fragments larger than 2 kbp, there is a distinct concave 
curvature at low HEC concentrations. Although the mea- 
sured overlap threshold concentration of the HEC is -0.37% 
(w/w), no distinguishable changes in the behavior of the 
electrophoretic mobilities occur at this concentration. Fig- 
ure 3b shows the ultradilute solution data on an expanded 
scale; the transition from the equal electrophoretic mobili- 
ties of all DNA fragments in free solution to size-dependent 
electrophoretic mobilities is seen to occur at ultradilute 
HEC concentrations. For smaller HEC (M,  = 24,000- 
27,000 g/mol), we find that dilute separations of large DNA 
(>2 kbp) is not possible, though DNA smaller than 2 kbp is 
separated at concentrations well below the entanglement 
threshold [@* - 1.80% (w/w)] (Barron et al., 1994). 

At concentrations two orders of magnitude below the 
overlap threshold, HEC chains remain relatively isolated in 
solution. Although chains may collide and interact tran- 
siently, HEC does not form an entangled network. Nothing 
resembling the “tubes” or “pores” which are assumed to 
exist in the reptation and Ogston models would be expected 
to exist. Yet, DNA larger than 2 kbp can be readily sepa- 
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Figure 3. Plot of DNA electrophoretic mobility vs. HEC concentration (HEC 90,000-105,000 g/mol) for DNA restriction fragments ranging from 72 bp 
to 23,130 bp in length. (a) Normal scale. (b) Plotted on an expanded scale to show detail at ultradilute HEC concentrations. Data points at each HEC 
concentration are the average of 3-5 individual determinations. Average run-to-run variation in calculated electrophoretic mobilities: i0.46%. The 
entanglement threshold for this HEC is shown [@* = 0.37% (w/w)]. 

rated at these concentrations. This suggests that the mecha- 
nism of DNA separation in dilute, uncrosslinked polymer 
solutions must be quite different from that postulated for 
gels. In an extremely dilute uncrosslinked polymer solution, 
no obstacle is permanent on the time scale of DNA motion 

(Bae and Soane, 1993; Barron et al., 1993). Thus, the con- 
trolling factor in DNA electrophoretic mobility may be the 
local resistance of polymer chains to dislocation and defor- 
mation, which would depend on the relative sizes of the 
DNA and the polymer chains, as well as other polymer 
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properties such as stiffness, hydrophilicity, and polydisper- 
sity. 

Coated and Uncoated Capillaries 

Since our demonstration of the separation of DNA frag- 
ments at concentrations significantly below the entangle- 
ment threshold was shown in uncoated fused silica capil- 
laries, we considered the possibility that adsorption of DNA 
to the wall or some other wall effect might play some role 
in the separation. To investigate the importance of the wall, 
we compared DNA separations carried out in polyacryl- 
amide-coated and uncoated capillaries using HEC polymer 
solutions. The polyacrylamide coating prevents electroos- 
motic flow in the capillary by essentially having an infinite 
viscosity in the polyacrylamide coating layer. The surface 
charge of the capillary is not completely masked (Hjertkn, 
1985). We found that the mobilities of the DNA fragments 
were practically equal at all concentrations, and the shapes 
of the mobility vs. DNA size curves were the same in coated 
and uncoated capillaries, as shown in Figure 4 (Barron et al., 
1995). We therefore conclude that the separation of DNA in 
dilute polymer solutions is only a function of polymer- 
DNA interactions. An interesting observation is that while 
the electrophoretic mobilities of DNA fragments are equiva- 
lent in coated and uncoated capillaries, the presence of elec- 

troosmotic flow in uncoated capillaries effectively increases 
the residence time of the DNA in the capillary and allows 
for better temporal resolution for the same length of capil- 

The electrophoretic separation of DNA in dilute and ul- 
tra-dilute polymer solutions suggest that a mechanism of 
separation different from those postulated by the Ogston 
and reptation models exists in capillary electrophoresis. To 
account for the observations that separation only occurs in 
solutions containing polymers and that DNA separations are 
equivalent in coated and uncoated capillaries, any proposed 
model must be based on interactions between the polymer 
and DNA molecules and be based on knowledge of polymer 
and DNA properties. Any model must also explain the non- 
linear size dependence of these interactions that allow for 
separation to occur. HEC is a linear, uncharged cellulose 
derivative, having bulky, ethylene oxide side chains termi- 
nating in hydroxyl groups. These hydrophilic side groups 
force HEC chains into an extended, stiff conformation, as 
evidenced by its Porod-Kratky persistence length of 83 A 
(roughly 10 times that of a flexible, random-coil polymer) 
(Brown, 1961). Double-stranded DNA is even more stiff 
and extended in solution, with a Porod-Kratky persistence 
length of 450 A in 0.2 M buffer (Cantor and Schimmel, 
1980). At comparable concentrations, stiff, extended poly- 
mers exhibit the effects of entanglement coupling much 
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Figure 4. Log-log plot comparing the electrophoretic mobilities of A-HindIII and CPX17CHaeIII restriction fragments as a function of DNA size in 
polyacrylamide-coated and uncoated capillaries. The mobilities in coated and uncoated capillaries are essentially equal at all three HEC concentrations of 
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for the difference in run temperature for uncoated and coated capillaries. 
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more strongly than flexible, random-coil polymers (Bueche, 
1962). 

DISCUSSION 

Transient Entanglement Coupling 

We propose a mechanism of DNA separation based upon 
transient entanglement coupling (Barron et al., 1994). 
When DNA molecules encounter isolated HEC molecules 
in solution, it is likely that they undergo transient entangle- 
ment coupling with the polymer molecules. Hence, DNA 
molecules are forced to drag the uncharged HEC molecules 
along with them during electrophoresis, resulting in a de- 
crease of DNA electrophoretic mobility. Larger DNA mol- 
ecules have a higher probability of encountering and entan- 
gling with HEC molecules. Figure 5 is a schematic illustra- 
tion of DNA motion in a dilute HEC solution, showing the 
relative sizes of large DNA (9461 bp) and small DNA (118 
bp) compared to HEC. It has been demonstrated theoreti- 
cally by Bueche (1 962) that the apparent molecular friction 
factor of a polymer in solution is much increased by en- 
tanglement coupling with other polymers. Therefore, this 
type of DNA/HEC entanglement coupling interaction could 

Figure 5. Schematic illustration of DNA motion in a dilute HEC solu- 
tion. In the figure, the approximate relative sizes of HEC and small and 
large DNA are shown. Using the Porod-Kratky model for a stiff, wom- 
like coil, the calculated radius of gyration (R,) of HEC (90,000-105,000 
g/mol) is 56.5 nm. For a small, 118-bp DNA restriction fragment (from 
@X174-HueIU), the Porod-Kratky R, is 35 nm, while the contour length is 
40 nm. Since the Porod-Kratky persistence length of double-stranded DNA 
is 45 nm, this represents less than one persistence length and the 118-bp 
fragment is small and rod-like and unlikely to interact strongly with HEC 
in extremely dilute solution. A larger DNA restriction fragment, consisting 
of 9416 bp (from A-HindIU) has a Porod-Kratky radius of gyration of 533 
nm; thus, it is -10 times larger in radius than the HEC molecules, as shown 
schematically in the figure, and has a higher probability of undergoing 
transient entanglement coupling with several HEC molecules. This forces 
the larger DNA molecule to drag HEC molecules along with it during 
electrophoresis, decreasing its electrophoretic mobility in a size-dependent 
manner. We have simplified the sketch by showing fewer HEC molecules 
than are actually present, even at a concentration of 0.00125% (w/w) HEC. 

cause a size-dependent increase in the apparent molecular 
frictional coefficients of DNA molecules during electropho- 
resis. One of the advantages of this model for the mecha- 
nism of DNA separation is that it requires no theoretical 
constructs such as “pores” or “tubes.” Recently, Moms 
and co-workers used epifluorescence microscopy to show 
that yeast chromosomal DNA (225 kbp l .9  Mbp) electro- 
phorescing through polymer solutions both above and be- 
low the entanglement threshold underwent conformational 
changes from compact to U-shaped conformations, qualita- 
tively similar to the motions in gels (Shi et al., 1995). The 
existence of the U-shaped comformations, especially at di- 
lute concentrations, provide evidence that the DNA is en- 
tangling with polymer molecules. 

The importance of polymer properties and the relative 
sizes of the HEC and DNA molecules is shown by compar- 
ing electrophoretic separation in small and large HEC (M,, 
values of 27,000 and 105,000 g/mol). Unlike the large HEC, 
the solutions of the smaller HEC cannot separate DNA 
larger than 600 bp very well even at low concentrations 
(Barron et al., 1994). DNA larger than 1353 bp does not 
separate in any concentration of the smaller HEC, which 
implies that large HEC molecules are required to separate 
large DNA. It is likely that if the HEC molecules are much 
smaller than the DNA molecules, they may be easily dis- 
placed by the larger, stiffer DNA restriction fragments, and 
there would not be an increase in the polymer-DNA inter- 
actions with increasing DNA size. In this case, there would 
be an upper size limit of DNA for which transient entangle- 
ment coupling with small HEC molecules would be able to 
introduce a size-dependence to the molecular friction factor 
of larger DNA, as is observed experimentally. It is not 
known what effects the polydispersity of the HEC solutions 
are on the separation in dilute solutions, but good separa- 
tions were obtained with very polydisperse HEC (MJM,, - 
12.5 for M,, = 105,000 g/mol). 

Effect of Polymer Concentration on 
DNA Separation 
Using the data displayed in Figure 3a, we may determine the 
optimum HEC concentration for the separation of each set 
of two adjacent DNA peaks. This provides a “window of 
separation,” i.e., the HEC concentration range which is ap- 
propriate for a given range of DNA sizes. This is accom- 
plished by calculating the difference in DNA electrophoret- 
ic mobilities (Ap,) for each set of adjacent peaks as a func- 
tion HEC concentration. Figure 6a is a plot of Ap, vs. HEC 
concentration for all of those DNA restriction fragments 
larger than 1353 bp. Clearly, the optimum Ap, for these 
larger fragments is obtained at quite low HEC concentra- 
tions, in the range 0.03-0.08% (w/w) HEC. Figure 6b is the 
same plot for those DNA restriction fragments in the range 
603-1353 bp. It can be seen that smaller DNA requires 
much higher HEC concentrations to effect good size sepa- 
ration. For those DNA fragments smaller than 310 bp, the 
optimum HEC concentration was not yet reached at 0.55% 
(w/w). as shown in Figure 6c. 
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Figure 6. Plot of the difference in electrophoretic mobilities (Ap) between adjacent DNA peaks as a function of HEC concentration (HEC 90,OOO- 
105,000 glmol): (a) for DNA ranging in size from 1353 to 23,130 bp; (b) for DNA ranging in size from 310 to 1353 bp; and (c) for DNA ranging in size 
from 234 to 310 bp. The A p  was calculated from the data plotted in Fig. 2a. These plots allow us to determine the optimum HEC concentration to separate 
DNA as a function of DNA size. For the large DNA (1353-23,130 bp), the optimum HEC concentration lies between 0.03 and 0.08% (w/w). For DNA 
310-1353 bp, the optimum lies between 0.10 and 0.45% (w/w), while for smaller DNA the optimum HEC concentration is greater than 0.55% (w/w). The 
entanglement threshold for this HEC is shown [@* = 0.37% (w/w)]. 

However, at concentrations of HEC (MW 90,000- 
105,000) greater than 0.45% (w/w), peaks for DNA larger 
than 872 bp begin to merge, and separation is lost as con- 
centration is increased. This may be because at high con- 

centrations, large DNA can no longer move easily through 
the solution as a random coil, as free space between HEC 
chains vanishes. The DNA is then likely to undergo a con- 
formation change and become elongated in the field direc- 
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tion, such as is postulated to occur in the reptation model. 
However, the easy dislocation of the uncrosslinked HEC 
chains, in comparison to the semirigid structures of a gel, 
may effectively place the reptating DNA in a rapidly dilat- 
ing “tube” which constantly expands and changes, allow- 
ing DNA to pass. When DNA migrates in this manner, the 
dependence of its frictional properties on molecular length 
would be decreased (Barron et al., 1993). 

CONCLUSIONS 

Our observations of DNA separations in ultradilute solu- 
tions of hydroxyethyl cellulose suggests that a new ap- 
proach must be taken to understand DNA electrophoresis in 
such uncrosslinked polymer solutions and that the models 
used for traditional gel electrophoresis are not appropriate. 
Based upon a transient entanglement coupling model for 
DNA electrophoresis in dilute solutions, it is not clear what 
will be the upper size limit for DNA separations by capillary 
electrophoresis in a constant field; this remains to be ex- 
plored. At field strengths as high as those used in our cap- 
illary electrophoresis experiments (265 Vkm) DNA as large 
as 23.1 kbp cannot be separated in an agarose slab gel under 
a steady electric field. Pulsed fields can also be applied to 
capillaries for the separation of extremely large DNA (Kim 
and Morris, 1994a,b; Sudor and Novotny, 1994). Whether 
steady or pulsed fields are applied to capillaries filled with 
dilute polymer solutions, we anticipate a dramatic speed 
increase in DNA restriction mapping separations of large 
DNA using this technique. 

Continued 
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