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Abstract: We present a study aimed at understanding the factors affecting the separation of large
DNA molecules by capillary electrophoresis in polymer solutions. In a first series of experiments,
a systematic study of the effect of operational parameters on the development of an electrohydro-
dynamic instability resulting in DNA aggregation and spurious peaks in the electropherograms is
presented. The results are discussed in regard to a recent theory of electrohydrodynamic instabil-
ities in macroion suspensions, recently proposed by Isambert et al. Overall, the results provide
strong support to the theory. Some situations of interest for applications, and not explicitly
considered in the theory, such as asymmetric field pulsing and the use of polymer additives in the
buffer, were also considered. Furthermore, robust optimized protocols for high resolution separa-
tion of DNA in the range of 100 base pairs to 160 kilobase pairs, are proposed. As predicted by the
model, it is shown that using a concentrated isoelectric buffer (histidine) strongly reduces aggre-
gation as compared to the use of a conventional buffer at the same concentration, and allows
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separation of DNA from 100 bp to 160 kbp in less than 10 min. We also present a systematic study
of the dependence of the mobility vs DNA size, pulse frequency, and field strength. The results are
discussed with respect to the Biased Reptation with Fluctuations model and a good agreement is
obtained. © 1999 John Wiley & Sons, Inc. Biopoly 49: 385–401, 1999

Keywords: field inversion capillary electrophoresis; biased reptation theory; hydroxypropyl cel-
lulose; entangled polymer solution; polyelectrolyte aggregation; isoelectric buffer; histidine

INTRODUCTION

DNA electrophoresis appears as a necessary step in
almost any research involving molecular genetics.
The size range involved can vary enormously depend-
ing on the application; A few tens of base pairs (bp)
is the common DNA size in oligonucleotide analysis,
sequencing fragments are in the range of a few hun-
dreds of bp, whereas PCR products usually range
from 100 to 2000 bp and restriction maps concern
DNA up to few tens of kilobase pairs (kbp). The
search for genes (physical mapping and karyotyping,
require the manipulation of DNA in the megabase pair
(Mbp) range. Double-stranded DNA larger than typ-
ically 20 kbp cannot be separated in constant field gel
electrophoresis: chains orient in the direction of the
field due to biased reptation, and the mobility be-
comes independent of the DNA size.1–7 Pulsed Field
Gel Electrophoresis (PFGE), a method in which the
direction of the electric field is varied periodically to
take advantage of the size dependence of the DNA
reorientation time, yielded a solution to this problem,
and permitted separations up to several Mbp.8–11Sep-
arating larger and larger DNA, however, requires the
use of lower and lower fields, and long separation
times (typically several days for Mbp DNA).

Capillary electrophoresis (CE) recently appeared
as a fast and resolutive alternative to slab-gel electro-
phoresis and is nowadays widely applied for separa-
tion of biopolymers (e.g., DNA, proteins, polysaccha-
rides).12 In an early stage of development, DNA sep-
arations in CE were performed in cross-linked
gels,13–15but due to technical difficulties this type of
separation media has been progressively replaced by
entangled polymer solutions that can be easily filled
into and flushed out of the capillary (see Ref. 16 for a
review on CE of DNA). Systematic studies of DNA
migration in polymer solutions show that the mobility
follows the predictions of the Biased Reptation with
Fluctuations model (BRF)6 when the polymer is
highly entangled (c . c*). In particular, a transition
to a size-independent migration mechanism occurs17

(around approximately 2 kbp in usual CE conditions).
However, the separation range can be increased up to
approximately 23 kbp using very dilute polymer so-
lutions (c , c*). 18,19The time to complete the anal-

ysis in such solutions is short, but the resolution is
generally poorer compared to the one obtained in
entangled solutions.

Pulsed Fields can be applied in CE, using the “field
inversion” mode, in which unequal forward and back-
ward pulses are alternated (for a review, see Ref. 20).
Field Inversion Capillary Electrophoresis (FICE) was
proposed first by Heiger et al.21 as a way to increase
the size range separable in CE. Several groups have
reported separations of DNA standards containing
fragments in the size interval of 10 kbp to a few Mbp,
using FICE.24–30 However, the peaks corresponding
to DNA fragments 30 kbp and larger were often found
to be split into several subpeaks, whereas smaller
fragments migrated as single gaussian-shaped
peaks.22–26 A multiplicity of sharp peaks was also
observed when running supposedly monodisperse
l-phage or T4-phage DNA.24–26 At first, these nu-
merous and rather regularly spaced peaks were attrib-
uted to high-resolution separation of different species,
but a number of features did cast doubts about this
interpretation. For instance, the occurrence of multi-
ple peaks and the number of peaks in the electro-
pherograms increased with increasing DNA size
and/or increasing field strength.25 Apart from difficul-
ties concerning peak identification, other problems
such as capillary blockage, unstable baseline, and low
reproducibility in the mobility where frequently ob-
served. Spurious peaks and low reproducibility were
also reported in attempts to separate large DNA using
constant field.23

Some insight into the physical mechanisms at play
was provided by fluorescence microscopy studies of
DNA solutions submitted to direct current (DC) and
alternating current (AC) fields32 and by fluorescence
resonance energy transfer (FRET) microscopy.33 The
application of an alternating field of typically 100
V/cm was shown to induce the segregation of an
initially homogeneous and monodisperse DNA solu-
tion into DNA-poor regions and vortex-like DNA-rich
domains (aggregates). Actually, aggregation of DNA
in high fields had been observed previously but its
connection with spurious peaks in CE was not made at
that time.31 Aggregation can be suppressed to some
extent by running a low concentration DNA sample at
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low field strength in rather concentrated polymer so-
lutions. For instance, separation ofl-phage from T4-
phage DNA (48.5 and 166 kbp, respectively) in 3
hours, with no or little aggregation, was reported24,26

but notably with very low reproducibility. Interest-
ingly enough, much faster separation of the chromo-
somes ofSaccharomyces cerevisiae(ranging in size
from 250–2000 kbp) in about 10 min using diluted
hydroxyethyl cellulose (HEC) polymer solution was
reported by Kim et al.29 Apart from a rather low
resolution (some chromosomes comigrated in an un-
resolved band) and poor reproducibility, the high
fields used in this study and the rapidity of the sepa-
ration are spectacular and thought-provoking.

Numerous questions concerning separation of
large DNA in CE remain open, and require further
study. On the applied ground, a rational understanding
of the effect of operational parameters and of the
actual limits of the method are crucial for the future
applications of this approach, as compared to conven-
tional pulsed-field gel electrophoresis. In particular, it
would be interesting to combine the high resolution
achieved in entangled solutions with the fast separa-
tions that has until now been achieved only in dilute
solutions: Is this possible, or are there fundamental
reasons for which it is not? On the fundamental side,
experimental semiquantitative and/or scaling laws are
necessary for guiding progress in the theoretical de-
scription of the aggregation phenomenon. These two
aspects are somewhat interconnected, since theoreti-
cal models are useful for understanding and organiz-
ing experimental results, and for proposing new di-
rections of research.

The work presented here has a threefold aim: (a)
To use a very simple model experiment to investigate
the occurrence of aggregation as a function of oper-
ational parameters in CE of DNA. (b) To use exper-
imental data for comparison with existing theory. (c)
To propose new and improved separation conditions.
The article is organized as follows: In the next section
we provide a qualitative description of the theory
discussed in Refs. 36 and 37, explain the physical
concepts involved, and extend the model to isoelectric
buffers. Materials and methods are described in the
third section. In section four, we present results con-
cerning the development of aggregates in capillaries
uniformly filled with a DNA/buffer solution, in order
to unravel the influence of the following operational
parameters: Field strength and frequency, buffer con-
centration and chemical nature, and presence of poly-
mer. In the fifth section, we present optimized sepa-
ration protocols using the results of section four. A
critical evaluation of the DNA mobility with reference

to the BRF model is proposed in the sixth section, and
concluding remarks are given in the last section.

THEORY

We recall here the ideas and equations necessary for
understanding the physical origin of polyelectrolyte
aggregation and the scaling predictions of the model.
For a more detailed mathematical description, the
reader is invited to refer to the original articles.36,37In
a solution of a polyelectrolyte such as DNA (macro-
ion) and background electrolytes (co- and counteri-
ons), local concentration fluctuations exist. In the
regions of increased macroion concentration (which
can be either monomolecular, i.e., corresponding to
the fractal distribution of monomers inside one mac-
roion, or polymolecular, i.e., corresponding to a local
excess in the number of macroions) deviations of the
co- and counterion concentrations from the bulk value
occur to maintain electroneutrality. Under the action
of an electric field, the DNA and the coions on the one
hand, and the counterions on the other hand, migrate
in opposite directions. The electrophoretic migration
of all the charged species, combined with the co- and
counterion concentration deviations, lead to a pertur-
bation of the electrolyte distribution in the vicinity of
the macroion-rich regions, which spreads out by dif-
fusion on the scale of a few microns. This in turn
causes a slight violation of electroneutrality extending
far beyond the Debye layer (of typical thickness 1 to
2 nm). It has been shown analytically by Isambert et
al. that this electroneutrality breakdown gives rise to
nonlinear electric forces, which are in turn able to
produce an electrohydrodynamic flow. It was pro-
posed by the same authors that this electrohydrody-
namic flow is responsible for the spectacular patterns
of aggregation observed experimentally in polyelec-
trolyte solutions under electric field, such as
DNA31–33 and polysaccharides.34 In the following
subsection we go through the main steps in the de-
velopment of the theory and discuss its semiquantita-
tive predictions concerning the onset of aggregation.
This recall will finally be used to consider the case of
an isoelectrical buffer.

Concentration Perturbation in a Solution
of Macroions in a Buffer Containing
Strongly Dissociated Electrolyte

We start with the conservation equations describing
the concentration perturbations for all the species in
the solution [Eq. (1a–c)], and the Poisson equation
[(Eq. (1d)]:
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­tcM 1 ¹W z ~ 2 DM¹W cM 1 zMmMcMEW 1 cMnW ! 5 0
(1a)

­tc1 1 ¹W z ~ 2 D1¹W c1 1 m1c1EW 1 c1nW ! 5 0
(1b)

­tc2 1 ¹W z ~ 2 D2¹W c2 2 m2c2EW 1 c2nW ! 5 0
(1c)

¹W z EW 5
e

««0
~c1 2 c2 1 zMcM! 5

re

««0
(1d)

where cM(rW, t) is the concentration profile of the
monovalent charges of the macroions (e.g., DNA
molecules),DM is the (small) diffusion coefficient of
the macroions,mM their electrophoretic mobility, and
zM the sign of their net charge. Similarly,c1(rW, t),
c2(rW, t), D1, D2, m1, andm2 are the concentration
profiles, diffusion coefficients, and mobilities of the
positive and negative electrolyte ions, respectively.nW
is the electrohydrodynamic convection velocity,re(rW,
t) the local charge density,««0 the dielectric constant
of the solution, ande the elementary electronic
charge. As usual in zone electrophoresis, we assume
small average concentration of DNA,cM(rW, t) ! cS,
and small deviations of the background electrolyte
concentration from the bulk valuecS. One can then
linearize the equation set (1a–d) with regard to the
deviation quantities:dc1 5 c1 2 cS anddc2 5 c2

2 cS. This yields, for the total electrolyte concentra-
tion perturbationS(rW, t) 5 dc1 1 dc2:

­tS~rW, t! 2 DSDS~rW, t! 2 zMmSEW z ¹W cM~rW, t! 5 0
(2)

with S(rW, t) ! cS. Here, the diffusion coefficients and
the mobilities of the electrolyte ions have been taken
identical for simplicity, i.e.,D1 [ D2 5 DS andm1

[ m2 5 mS. Note also that electroneutrality is
assumed in Eq. (2), which is here a good first-order
approximation as long asEW 0 ! 105 V/cm and for
distances larger than the Debye length. The nonuni-
form electrolyte profile is then polarized under the
electric field to ensure a quasi-uniform current. This
gives rise to a local net charge densityreS, which
extends (typically over microns) into the bulk of the
electrolyte solution:

reS5 2 ««0¹W z dEW < 2 ««0

EW 0 z ¹W S

2cS
(3)

Note that in Eq. (3) we have only written the term
corresponding to the charge at distances larger than

the Debye length,k21 > 2 nm. The resulting electri-
cal body force,reEW 0, generates, within the polyelec-
trolyte solution, an electrohydrodynamic flow that
effectively convects the very slowly diffusing macro-
ions, whereas it generally brings a negligible correc-
tion to the approximate conservation for the much
faster diffusing electrolyte ions [Eq. (1)]. This large-
scale electrohydrodynamic flownWh within the macro-
ion dispersion is described by a Stokes-like equation:

hDnW h 2 ¹W P 1 reSEW 0 5 0 (4)

wherereS is given by Eq. (3),h is the solvent vis-
cosity, andP is the hydrostatic pressure. Under a DC
electric field or a low frequency AC field, a quasi-
stationary concentration perturbation in salt develops
in the vicinity of the migrating macroion rich regions.
Its expression can be found from Eq. 2.19 in Ref. 37
and scales asS } 2(mS/mM)cM. Hence, combining
Eq. (3) and (4) we eventually find that the electrohy-
drodynamic flow rate should be proportional to

nW h}««0

mS

mMcSh
E0

2cM (5)

Qualitative Predictions of the Theory

The electrohydrodynamic convection term¹W (cMnW )
actually dominates the large-scale, long-time macro-
ion’s dynamics given by Eq. (1a) once the spontane-
ous stochastic macroion concentration fluctuations are
taken into account. This suggests that under DC or
low frequency AC field, the aggregation process is
governed by this term, and that the aggregation rate,
1/Ta should be approximately proportional tonWh as
given by Eq. (5). Note that we defined the rate as the
inverse of a characteristic “aggregation time”Ta. Ag-
gregates grow continuously in time, so this can be
defined only for a given size scale. As discussed later
on in the fourth section, capillary electrophoresis ex-
periments bear their own “natural” size scale, i.e., the
smallest detectable aggregate. Experiments also bear
an intrinsic time scale, i.e., the time for the macroion
to migrate from the inlet to the detectorT. The com-
bination of these time and size scales allow us to
define a field threshold for aggregationEt as the
minimal field at which aggregates can reach a detect-
able size duringT (or, equivalently, the field for
which Ta 5 T). From Eq. (5), we expect thatTa and
Et respectively scale as

Ta}
csh

cME2 (6)
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Et}ÎcSh

cM
(7)

(note that the absolute value of the threshold should
depend on the particular choice of time and size
scales, but not its scaling). These predictions suggest
in particular that the propensity for aggregation
should increase dramatically with increasing field
strength (this has indeed been verified experimental-
ly26,32 in the case of DNA). The model also predicts
that the aggregation rate should be directly propor-
tional to the spontaneous concentration fluctuations of
the macroioncM, in agreement with the experimental
observation that aggregation is favored by high DNA
concentrations and large DNA sizes.26,32Aggregation
can thus be reduced by injecting less concentrated
DNA samples.29,30From Eqs. (6) and (7) we also see
that aggregation is slowed down when the total elec-
trolyte concentration is increased. To our knowledge,
this parameter has not been systematically studied in
the past, although a brief communication by Hjerte´n
et al.22 suggested that aggregation could be dimin-
ished by adding NaCl to the buffer. Finally, we expect
that high viscosity separation media should tend to
retard the aggregation process (but they also slow
down the migration velocity of DNA!). It should be
kept in mind that the neutral polymers used as sieving
media do not respond to the field, so that the predic-
tions given above should remain valid for polyelec-
trolyte separation in any neutral polymer solution at
any concentration, taking into account the viscosity
change induced by this polymer. On the other hand,
the use of a cross-linked gel should prevent aggrega-
tion, since its gel-like structure does not enable any
large-scale electrohydrodynamic convection. Indeed,
to our knowledge, aggregation has not been observed
in gels so far.

Concentration Perturbation in a Solution
of Macroions and Isoelectric Buffer

As suggested by Isambert,35 the use of a buffer con-
taining a large quantity of an isoelectric species could
help reduce aggregation. We consider here the special
case of a pure isoelectric buffer, with the following
two thermodynamic dissociation constants:K1 5
ZH1/Z1, K2 5 Z2H1/Z. For the particular case of
histidine close to its isoelectric point,Z, Z1, andZ2

correspond toHisH, HisH2
1, andHis2, respectively

(see the third section for the equilibria) (for terseness,
brackets indicating concentrations are omitted). These
two chemical equilibria can be combined into

2Z4k2

k13Z1 1 Z2 (8)

wherek1 andk2 are the kinetic rate constants. The
conservation equations for each species in the solution
[analogous to equation set 1(b–c) are

­tZ 2 DSDZ 2 2k2Z1Z2 1 2k1Z2 5 0 (9a)

­tZ
1 2 DSDZ1 1 mS¹W z ~Z1EW !

1 k2Z1Z2 2 k1Z2 5 0 (9b)

­tZ
2 2 DSDZ2 1 mS¹W z ~Z2EW !

1 k2Z1Z2 2 k1Z2 5 0 (9c)

These equations contain terms directly related to the
chemical kinetics in Eq. (8), which were not present in
the case of a strongly dissociated electrolyte (see Eq.
(1)). Note that the convection terms have been ne-
glected for these fast-diffusing species, as discussed
in Concentration Perturbation. Combining Eq. 9(a–c)
to form the quantitiesZT 5 Z 1 Z1 1 Z2 andZ2

2 Z1, and linearizing as in and Refs. 35 and 37, we
obtain

­tZT 2 DSDZT 2 mSEW 0 z ¹W ~Z2 2 Z1! 5 0
(10a)

­t~Z
2 2 Z1! 2 DSD~Z2 2 Z1! 2 mSEW 0 z ¹W ~Z2 1 Z1!

2 mS2cS¹W z dEW 5 0 (10b)

From Eq. (10b) and taking into account the approxi-
mations developed for the case of a strongly dissoci-
ated electrolyte,37 we obtain for the large-scale charge
density in the macroion/isoelectric solution

reZ 5 2 ««0¹W z dEW < 2 ««0

EW 0 z ¹W ~Z2 1 Z1!

2cS

(11)

Assuming quasi-static chemical equilibrium locally,
i.e., Z1Z2/Z2 5 K2/K1

¹W ~Z2 1 Z1! <
2ÎK2/K1

1 1 2ÎK2/K1

¹W ZT (12)

In turn, ZT can be evaluated from Eq. (10a), which
becomes

­tZT 2 DSDZT 2 zMmSEW 0¹W cM 5 0 (13)

in the approximation of electroneutrality:Z2 2 Z1

5 zMcM. Comparing Eq. (13) with Eq. (2), we see
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that the total concentration of histidineZT obeys the
same equation as the total electrolyte perturbation in
the case of a strongly dissociated electrolyte. Further-
more, it is apparent from Eqs. (3), (11), and (12) that
the charge density for an isoelectric buffer is weaker
(approximately 503 for the particular case of histi-
dine) than that of a strongly dissociated electrolyte
solution of similar ionic strength:

reZ ;
2ÎK2/K1

1 1 2ÎK2/K1

reS (14)

Physically, Eq. (13) can be interpreted in the follow-
ing way: The presence of the macroion is directly
coupled to the total quantity of the isoelectric buffer
ZT 5 Z 1 Z1 1 Z2. However, sinceK1 @ K2, only
a small portion of the buffer is in the charged state,

i.e., Z2 < Z1 <
ÎK2/K1

1 1 2ÎK2/K1

ZT ! ZT. We there-

fore expect that the physical effects originating from
the electrohydrodynamic flow should be significantly
reduced with an isoelectric buffer like histidine as
compared to a strongly dissociated electrolyte of sim-
ilar ionic strength.

MATERIALS AND METHODS

Field Inversion Capillary Electrophoresis

A modified P/ACE System 2100 apparatus (Beckman In-
struments, Fullerton, CA) was used for FICE, essentially as
described in Ref. 24. The pulses were generated by a pro-
grammable function generator (Hameg HM 8130, Villejuif,
France) and amplified by a high voltage amplifier (Trek 20
3 20, Trek Inc., Medina, NY). The output of the amplifier
was connected to the inlet electrode, whereas the outlet
electrode was connected to the ground. The pulsed field was
created by applying a square formed AC pulse having equal
duration and amplitude combined with a DC offset. Two
types of capillaries were used, purchased from J & W
Scientific (Folsom CA, USA): DB-17, ID5 100 and 0.2
mm inner coating; DB-210, ID5 75 and 0.3mm inner
coating. The two capillaries yielded identical performance
in terms of resolution, suppression of electroosmosis, and
aggregation when fresh, but the DB-210, which was made
available in the course of the experimental work, could
maintain optimal resolution and reproducibility of migration
times during a longer period of use, and was thus preferen-
tially used in the latest series of experiments. Capillary
lengths to the detector of 30 and 7 cm were used, depending
on the application (in the latter case, the “outlet” port of the
P/ACE was used for injection and polarity was reversed).
Systematic studies of aggregation in uniformly filled capil-
laries were performed with uv detection by absorption at

254 nm in the absence of ethidium bromide (EB). Control
experiments at identical DNA concentration in the presence
of 10 mM EB showed no significant difference in aggrega-
tion time compared to the one obtained in a solution without
EB. Separation of molecular weight DNA standards were
performed using laser induced fluorescence (excitation ar-
gon ion line 488) detection, with 10mM EB in the buffer.
The emitted light from the sample was filtered by a band-
pass filter with a wavelength interval oflem 5 555–655
nm. In all experiments the temperature of the cartridge
containing the capillary was controlled at 25°C.

Electrophoresis Buffers and DNA Samples

Tris boric acid EDTA (TBE) buffer at various concentra-
tions indicated in the text at pH5 8.6 (13 TBE is 89 mM
Tris, 89 mM boric acid, and 2 mM Na2 EDTA) with all
chemicals from Sigma-Aldrich Chemie (Steinheim, Ger-
many) and solutions of various amount of pure histidine at
pH 5 7.5, purchased from Fluka Chemie AG (Buchs Swit-
zerland) were used. Histidine is an amino acid having three
functional groups, resulting in the three following pKa val-
ues: 1.8, 6.1, and 9.2. Having the two highest pKa’s rather
close, histidine has a reasonably good buffer capacity
around its pI, which makes it a good candidate for DNA
separations38–40:

His3
21O¡

pK0 5 1.82
His2

1 1 H1

His2
1O¡

pK1 5 6.00
HisH 1 H1

HisHO¡

pK2 5 9.16
His2 1 H1

K2

K1
5

@HisH#2

@HisH2
1#@His2#

(15)

In our discussion we consider only the main species existing
at pH $ 6.0. When dissolved in water, the neutral species
(corresponding toHisH) is the most abundant one together
with the less abundant negatively and positively charged
speciesHis2 andHisH2

1, respectively. Counting only the
two highest pKa values, the pI of histidine is 7.6, a value
well compatible with the range of stability and full disso-
ciation of DNA. Separations were performed by adding to
the buffer 0.7% hydroxypropyl cellulose (HPC;Mw 5 106)
purchased from Sigma-Aldrich (Dorset, United Kingdom).
All buffers were filtered and degassed before use. The
following DNA molecular weight standards were used: 1
kbp ladder, fX174/HaeIII and High Molecular Weight
Marker (HMW), all from Life Technologies Ltd. (Paisley,
United Kingdom),l-phage came from New England Bio-
labs (Beverly, MA, USA) and T4-phage DNA from Sigma-
Aldrich (Dorset, United Kingdom). Sample concentrations
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were adjusted with water or the running buffer to 2–100
mg/mL.

DNA AGGREGATION IN CAPILLARIES

Principle

Since aggregation is expected to depend on the con-
centration of the DNA, and since this concentration
varies during electrokinetic injection (or at the begin-
ning of the separation process itself in case of hydro-
dynamic injection), it is difficult to gain quantitative
information on the mechanism of aggregation using
conventional Capillary Zone Electrophoresis (CZE)
separations. Therefore, we chose to study the forma-
tion of aggregates by a procedure originally proposed
by Hjertén et al.22 The capillary is entirely filled with
a solution of DNA and buffer at known concentrations
and the response of the uv detector is then monitored
as a function of time directly after the application of
the field. Since the field is now applied over a homo-
geneous solution, the only source of variations in the
detector output other than the noise in the apparatus
should originate from eventual formation of aggre-
gates (see second section). An example of electro-
pherograms obtained in such condition is presented in
Figure 1a. In the beginning, the signal from the de-
tector remains constant, as expected for a homoge-
neous and stable DNA/buffer sample. However, the
“noise” in the signal starts to increase significantly
after the first minute, indicating some heterogeneities
in the solution. We attribute this variation of the
signal to the progressive formation of aggregates and
to their passage in front of the detector. The peak
height progressively grows, reflecting the increase in
the average size (and/or density) of the aggregates.
When approximately three minutes have passed, the
aggregation formation has come to an apparent sta-
tionary state, and the peak height is stable. Compari-
son with direct microscopy observations shows that
this corresponds to a situation in which the aggregates
have reached the size of the capillary, and do not grow
any further. Finally, the baseline reaches the same
signal-to-noise ratio as before the formation of aggre-
gates and a lower level, indicating that the capillary
has been emptied of DNA molecules and only buffer
ions pass the detector window (in this case, no capil-
lary blockage was observed). The difference between
the measured initial and final absorption levels was in
good agreement with the calculated absorption value
(through Lambert/Beer’s law) for this particular DNA
concentration.

Effect of Buffer Concentration on
Aggregation Time and Threshold

Using the type of experiments described in the previ-
ous section, we varied the buffer concentration, and
observed that the noisy pattern on the electrophero-
gram appeared earlier as the buffer became more
diluted. To apply a reproducible and unique criterion
for all experiments, we define the time that the aggre-
gates take to form,Ta, as the point where the root
mean square (rms) of the signal fluctuation has dou-
bled as compared with the value at the beginning of
signal recording. Note, however, that our aggregation
criterion pertains to the time necessary for DNA to
migrate from the capillary inlet to the detector. Hence,
the observation of aggregation in a particular experi-
ment depends on the chosen capillary length. Al-
though somewhat arbitrary, this criterion is a good
basis for comparison, since it was applied to all of our
experiments using the same capillary length to the
detector. Using this criterion, we systematically var-
ied the field strength, and for, each field strength
studied the capillary was refilled with a fresh DNA/
buffer solution and the detector signal recorded. The
aggregation could only be observed beyond a certain
field threshold, which is probably due to the finite size
of the capillary. We have plottedTa as a function of
TBE concentration in Figure 2 and the relationship is
linear, in agreement with the theoretical prediction
given by Eq. (6). In Figure 3, we have plotted the
lowest field at which aggregation was observed as a
function of buffer concentration. The field threshold
increases with buffer concentration for both histidine
and TBE, which is in qualitative agreement with Eq.
(7). However, a quantitative fit leads to an experimen-
tal exponent 0.656 0.5, somewhat higher than the
theoretical prediction (0.5). Note, however, that the
determination of the threshold is not very accurate,
and error bars are rather large.

Comparison of Histidine and TBE
Buffers

Figure 1b shows the evolution of the electrophero-
gram obtained in conditions identical to those of Fig-
ure 1a, except that TBE buffer was replaced by 50
mM histidine. Note the low values of the current, due
to the weak dissociation of histidine (this value is
actually at the limit of sensitivity of the apparatus,
leading to a spurious low-frequency ripple in the
signal). We believe the initial decrease in the current
is due to progressive elimination of salts initially
contained in the DNA stock solution. The plateau
current corresponds to the “pure” isoelectric buffer.
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The rms fluctuation of the detector signal, represent-
ing the absorption from all components of the sample,
is constant until the DNA molecules have migrated
out of the capillary. The results from these experi-
ments show unambiguously that, at equal concentra-
tion of DNA, 50 mM histidine induces less DNA
aggregation than 13 TBE. In the light of the theo-
retical discussion, this means that, although concen-
trated solutions of histidine have a lower ionic
strength than traditional electrophoretic buffers (Fig-

ures 1a and 1b show a tenfold variation in conductiv-
ity between 13 TBE and 50 mM histidine), the
“isoelectric effect” we have described is sufficient to
prevent the formation of aggregates under these ex-
perimental conditions. In Figure 3, the field thresholds
obtained for DNA/histidine solutions are compared
with those obtained with DNA/TBE solutions, at
equal DNA concentration. The result is also in qual-
itative agreement with the theoretical prediction sug-
gesting that a higher field is needed to initiate aggre-

FIGURE 1 The uv-detector response at the capillary window from the time the DC field of 200
V/cm was applied. Capillary of type DB-17, ID5 100 mm (total length 37 cm, length to detector
30 cm) was entirely filled with the DNA/buffer solution before the field was switched on. (a)
Capillary filled with 100mg/mL of l-phage DNA in 89 mM TBE buffer. (b) Capillary filled with
100 mg/mL of l-phage DNA in 50 mM histidine buffer.
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gation in isoelectric buffers as compared to more
dissociated ones such as TBE.

Effect of Frequency on Aggregation
Time
As discussed earlier,24 the separation of large DNA
fragments with CE in entangled polymer solutions

requires the use of pulsed fields, because the chains
tend to orient along the field direction. In Figure 4,Ta

is plotted as a function of the frequency of a6 216
V/cm AC squared pulse with a 108 V/cm DC offset.
The aggregation time varies slowly up to 150 Hz, then
increases abruptly before stabilizing around 200 Hz.
Interestingly, this transition frequency corresponds to

FIGURE 2 Aggregation timeTa as a function of TBE concentration. Capillary of type DB-17, ID
5 100mm (total length 37 cm, length to detector 30 cm) was entirely filled with 10mg/mL l-phage
DNA in 1 3 TBE buffer before the field was switched on. Electric field 200 V/cm.

FIGURE 3 Electric field thresholdEt above which aggregation occurred as a function of buffer
concentration (DNA concentration fixed) for two different solutions, TBE/DNA (h), and histidine/
DNA (F). For each field value studied the capillary (of type DB-17, ID5 100mm; total length 37
cm, length to detector 30 cm) was filled withl-phage DNA at 10mg/mL in the buffer before the
field (AC square pulses) was switched on. Field frequency 0.01 Hz. The points indicate the lowest
electric field at which the aggregation was observed.
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the highest frequency at which the AC component of
the electric field is still expected to induce a quasi-
static electrolyte concentration perturbation at the
scale of thel-DNA coil in solution, i.e.,v0 , DS/Rg

2,
whereRg is the radius gyration of al-DNA molecule.
Hence, this weak dependency ofTa upon the pulse
frequency below 150 Hz is in good agreement with
the “DC regime” case discussed in Ref. 37, which we
have briefly recalled in the theoretical section. At
frequencies above this value, on the other hand, the
electrolyte perturbation cannot follow quasi-statically
the pulsed field and lags behind it due to its relaxation
time 1/v0. That this high frequency regime induces
less aggregation than the low frequency one is remi-
niscent to the theoretical prediction37 that the electro-
hydrodynamic convection is in fact expected to trig-
ger aggregation under an high frequency electric field
with an efficiency inversely proportional tov2 (herev
5 2pv, wherev is the applied pulse frequency). Note,
however, that the theory developed in Ref. 37 for high
frequencies strictly corresponds to the case of an AC
field without an offset. Therefore, the increased ag-
gregation time observed here around 150 Hz is likely
to involve nonlinear combinations between the AC
component and the DC offset of the electric field.
Ultimately, these findings suggest that the onset of
aggregation is indeed sensitive to electrolyte concen-
tration perturbations on the scale of one DNA mole-
cule. From a practical point of view, these results also
suggest that the pulsing frequency plays an important

role for the formation of aggregates and adds a further
complication to the task of separating large DNA,
since larger molecules requires a lower pulsing fre-
quency to be separated.

Effect of Sieving Polymer on
Aggregation Time

Separation of DNA requires a sieving medium, in
general composed of a neutral hydrosoluble polymer.
Therefore, it is of high interest to understand how
such a polymer may affect the electrohydrodynamic
flow velocity. Although theoretical investigations on
this point are not very developed, we expect from Eq.
(6) thatTa increases linearly with increased viscosity.
Note, however, that the theory used here only consid-
ers a purely Newtonian medium (for whichh is in-
dependent of the length scale and of the shear rate)
and does not take into account the more complex
viscoelastic properties of polymer solutions—in par-
ticular, above their entanglement threshold. In this
work we studied the aggregation of DNA in a high
molecular weight polymer. We chose Hydroxy Propyl
Cellulose (HPC) (Mw ' 106, c* ' 0.4%), which
has been shown to be suitable for separation of large
DNA molecules.41 A concentration interval ranging
from below the entanglement thresholdc* (dilute) to
highly entangled solution was explored (Figure 5). In
the dilute regime, the aggregation time increases lin-

FIGURE 4 Aggregation timeTa as a function of field frequency. Capillary of type DB-17, (ID
5 100 mm, total length 37 cm length to detector 30 cm), was entirely filled with the 10mg/mL
l-phage DNA in 13 TBE buffer solution before the field was switched on. Electric field: AC square
pulse (432 V/cm) combined with a DC offset (108 V/cm).
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early with concentration, as expected, but then tends
to level off for concentrations abovec*. This latter
behavior does not reflect the relationship between the
polymer concentration and the viscosity, known to
increase more rapidly abovec* (reaching an exponent
of order 3.75 for a highly entangled polymer in good
solvent). From a practical point of view, increasing
the polymer concentration beyondc* does not seem
to be an effective way of slowing down aggregation.

APPLICATION TO DNA SEPARATIONS

Experimental Results

With the conclusions of the previous sections in mind,
we can now attempt to improve the protocols for the
separation of large DNA in polymer solutions. Our
criterion is a fast and accurate analysis within approx-
imately 10 min. To obtain a fractionation throughout
a wide size interval and to minimize the risk for
aggregation, we have used an entangled polymer so-
lution of HPC as a medium. Using a relatively viscous
medium demands the use of relatively high fields to
minimize the analysis time. Being interested in pro-
tocols applicable routinely to a commercial apparatus
and to various biological samples in which the solute
of interest might be of low abundance compared to
other components in the sample, we have adapted our
protocol to DNA concentrations of typically 10mg/

mL. Because of the low efficiency of electrokinetic
injection into separation media of low conductivity,
long injection times (at low fields) had to be chosen
instead of injection at high fields (and short times), to
avoid the risk for aggregation during injection. As a
guideline, we chose injection conditions yielding a
signal strong enough to detect the 72 bp fragment of
the fX174/HaeIII molecular weight standard. Com-
bining these constraints with the results of the preced-
ing section, a polymer solution slightly abovec*
(0.7% HPC) in a isoelectric buffer at high concentra-
tion (200 mM) is applied in our study. It should be
mentioned at this stage that other polymers such as
Hydroxy Ethyl Cellulose (HEC) were also used with
good success in the entangled state (results not
shown), but in our hands, separations in dilute HEC
solutions did not lead to results reproducible enough
for routine applications.

Typical electropherograms are shown in Figures 6
and 7. Inspecting the separation of the kbp-ladder
(0.072–12 kbp) and T4-phage DNA (166 kbp; Figure
6), one can notice that no aggregation is visible for the
T4 fragment. Note, however, that this corresponds to
a rather high frequency, optimal for the separation of
fragments up to about 20 kbp. Therefore, the absence
of aggregates in this particular case does not demon-
strate the possibility of avoiding aggregation and
achieving good resolution at 166 kbp. These condi-
tions, however, provide in less than 6 min an excellent

FIGURE 5 Aggregation timeTa as a function of polymer concentration (HPC,Mw ' 106). The
capillary DB-17, ID5 100mm, total length 37 cm, was entirely filled with a solution of 10mg/mL
l-phage DNA, 13 TBE and various concentrations of polymer. Electric field: AC square pulse (432
V/cm) combined with an DC offset (108 V/cm). Field frequency: 2 Hz.
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resolution from 72 bp to 13 kbp (only the 506 and 517
bp fragments are not resolved), a range suitable for
many applications presently achievable only by slab
gel electrophoresis in a much longer time. Figure 7
shows the resulting electropherogram from the sepa-
ration of fX174/HaeIII (0.072–1.4 kbp) mixed with
HMW (8.2–48.5 kbp) in less than 10 min. In contrast
to the previous run, the experimental conditions were
chosen for optimizing the separation in the upper part
of the size range, thus leaving the 8271 and 8612 bp
fragments of the HMW unresolved. Correct peak as-
signment was checked by mixing different DNA stan-
dards having overlapping size ranges (such as kbp-
ladder and HMW) and by spiking runs withl- or
T4-phage DNA.

The run-to-run reproducibility of migration times
were found to be extremely good in these experi-
ments, with variations generally within 2–4%. How-
ever, the resolution became progressively worse after
approximately 5 days of intensive use, probably be-
cause of interactions between the capillary wall and
the various components of the separation solution.
Very probably, microaggregates of DNA or other
impurities in the sample could adsorb to the capillary
wall during repetitive runs, or the capillary coating
itself may degrade with time. Importantly, attempts to

separate the same DNA samples under identical ex-
perimental conditions, but with 13 TBE buffer in-
stead of histidine, were nonreproducible. An interpret-
able separation (usually worse than with histidine
buffer) could occasionally be obtained with a new
capillary, but most electropherograms showed a very
unstable baseline and capillary blockage occurred af-
ter only a few runs. Finally, it is important to mention
that the use of histidine reduces aggregation as com-
pared with TBE at equivalent concentration, but does
not avoid it in all circumstances. For instance, runs
performed on samples containing 10mg/mL T4-phage
DNA at frequencies lower than 35 Hz and at an
average field of 133 V/cm displayed many sharp
peaks (aggregations) instead of one single peak (not
shown). This means, for instance, that we were not
able to separate the T4-phage from thel-phage at this
particular field strength, since a frequency lower than
40 Hz is needed to create enough difference in their
mobilities (see Figure 8 and comments below).

The increased bandwidth observed for large DNA
fragments, such as the T4-phage peak in Figure 6,
deserves a comment. Partial degradation by shear is
very probable for a DNA of this size, but it should
yield an asymmetric peak with a shoulder on the
low-molecular mass side only, so this is probably not

FIGURE 6 Fluorescence signal (arbitrary scale) during the separation of a mixture of kbp-ladder
(2 mg/mL) and T4-DNA (4mg/mL). Running buffer: 0.7% HPC diluted in 178 mM histidine.
Injection: 18.5 V/cm (DC offset) for 40 s. FICE conditions: AC square pulse of 519 V/cm combined
with a DC offset of 133 V/cm, field frequency5 80 Hz. Capillary: of type DB-210, 7 cm to the
detector, total length 27 cm. Peak assignments: 72 bp (1), 134 bp (2), 154 bp (3), 201 bp (4), 220
bp (5), 298 bp (6), 344 bp (7), 396 bp (8), 506 bp (9), 517 bp (10), 1018 bp (11), 1636 bp (12), 2036
bp (13), 3054 bp (14), 4072 bp (15), 5090 bp (16), 6108 bp (17), 7126 bp (18), 8144 bp (19), 9162
bp (20), 10,180 bp (21), 11,198 bp (22), 12,216 bp (23) and 166 kbp (24).
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the only cause of peak broadening. Peaks in the
30–50 kbp range in Figure 7 are also enlarged as
compared to smaller fragments, although to a lesser
extent than the T4 peak. This phenomenon, which is
obviously detrimental for separations, seems very
general and is worth further investigations.

Discussion with Regard to the BRF
Model

In order to guide the search of optimal separation
conditions in a given size interval, the mobility was
plotted as a function of DNA size on a log–log scale
for five different pulse frequencies (Figure 8). As
expected from theoretical10 and experimental work
about migration mechanisms of DNA in pulsed field
in gels42 and polymer solutions,24 there is a size range
in which the mobility is independent of the frequency.
In our study, this independence holds until approxi-
mately 3 kbp. According to the biased reptation the-
ory, this particular range has been attributed to the
regimes of “Ogston sieving” and “reptation without
orientation.” For larger chains, field pulsing interferes
with field-induced chain stretching and orientation
(corresponding to the “reptation with orientation” re-

gime), and a strong size dependence of the mobility
may be obtained. This pulsed-field effect is charac-
terized by a locally steep slope in the mobility, which
is shifted toward higher molecular weights when low-
ering the frequency. The theory predicts that the drop
in the mobility occurs for DNA molecules having
reptation timestrep comparable with the pulse timet
of the applied field, and provides scaling predictions
that permits extrapolation from one experimental sit-
uation to the other. With the aid of these scaling
predictions one can rapidly find the optimal field
strength and pulse time for a given size range of DNA
to be separated. Using the BRF model, the reptation
time for a chain in a sieving matrix is found to follow
the scaling law.5–7:

trep}NE21.2 (15)

WhereN denotes the molecular size andE the electric
field. Given thatNopt corresponds to the DNA molec-
ular size at which the mobility is the most sensitive to
the pulse time, we expect that

trep~Nopt!}t (16)

FIGURE 7 Fluorescence signal (arbitrary scale) during the separation of a mixture offx174/
HaeIII (5 mg/mL), HMW (16 mg/mL) andl-phage (2mg/mL). Running buffer: 0.7% HPC diluted
in 178 mM histidine. Injection: 18.5 V/cm (DC offset) for 70 s. FICE conditions: AC square pulse
of 519 V/cm combined with a DC offset of 133 V/cm, field frequency5 30 Hz. Capillary: DB-210,
7 cm to the detector, total length 27 cm. Peak assignments: 72 bp (1), 118 bp (2), 194 bp (3), 234
bp (4), 271 bp (5), 281 bp (6), 310 bp (7), 603 bp (8), 872 bp (9), 1078 bp (10), 1656 bp (11), 8271
bp (12), 8612 bp (13), 10,086 bp (14), 12,220 bp (15), 15,004 bp (16), 17,057 bp (17), 19,399 bp
(18), 22,621 bp (19), 24,776 bp (20), 29,942 bp (21), 33,498 bp (22), 38,416 bp (23), and 48,502
bp (24).
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Nopt can thus be regarded as the midpoint of the
optimal separation range and by combining Eq. (15)
and (16) one obtains

Nopt}t1E1.2 (17)

For quantitative analysis of our data we evaluatedNopt

by using the inflexion point in the mobility curve in
Figure 8 for each frequency. This value was then
plotted as a function of the pulse timet as shown in
Figure 9. The slope, corresponding to the exponent of
t in Eq. (17), was independent of the electric field
(within experimental error) and equal to 0.986 0.10.
The same method was applied to the field exponent
(Figure 10), i.e.,Nopt was evaluated for different fields
at a fixed frequency, and then plotted as a function of
the electric field, yielding a slope of 1.26 0.2. Then,
according to our data, the size of optimal separation is
described by the following relationship:

Nopt < t0.9860.10E1.260.2 (18)

These results are in reasonable agreement with theo-
retical predictions and with earlier experimental work
in gels42 as well as in concentrated polymer solu-
tions.24

CONCLUDING REMARKS

This article reports a systematic investigation of im-
portant parameters affecting the separation of large

DNA molecules in pulsed field CE. In particular, we
confirmed a theoretical prediction which associates
the aggregation of a polyelectrolyte with an electro-
hydrodynamic flow related to the apparition of net
charge density, this latter originating from spontane-
ous concentration fluctuations in the DNA/buffer so-
lution. That a theory based on an expansion around
equilibrium accounts so well for a process ultimately
reflected in seemingly very chaotic macroscopic be-
havior can be explained as follows. It was actually
shown in Ref. 37 that the stochasticity concerns only
the dynamics of the (slowly diffusing) aggregates,
whereas the small ions and the local flows around one
particular aggregate can be described (in the experi-
mental conditions used here) by deterministic equa-
tions quasistatically slaved to the slow aggregate dy-
namics.

It was confirmed experimentally that the time for
establishing aggregatesTa increased linearly with
buffer concentration, and that a higher field was nec-
essary to trigger the aggregation in histidine buffer
than in TBE. Aggregation was also favored by in-
creasing field strength, DNA size, and DNA concen-
tration, and by lowering pulse frequency. On the other
hand, it was observed that aggregation was slowed
down (Ta increased) by increasing the concentration
of the sieving polymer and the pulse frequency. Using
178 mM histidine and laser-induced fluorescence de-
tection, it was possible to separate double-stranded
DNA in the range of 100 to 50,000 bp in less than 10
min, with a reproducibility, reliability, and resolution

FIGURE 8 Effect of pulse frequency on FICE separation (a double logarithmic plot of the
mobility as a function of the molecular size for various frequencies); 20 Hz (Œ), 30 Hz ({), 40 Hz
(}), 60 Hz (E), and 80 Hz (‚). All experimental conditions are identical to those given in Figures
6 and 7.
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comparable to those usually obtained in the range of
100–2000 bp with constant-field CE. In order to sep-
arate larger sizes, however, aggregation may still be
encountered using DNA concentrations of 10mg/mL.
To avoid aggregation in such conditions, one may
propose to reduce the field strength, which in turn
leads to longer runs, or to use more sensitive probes
for DNA detection and/or more sensitive detection
systems.

As mentioned in the fourth section, decreasing the
electric field reduces aggregation (at a given fre-
quency) but it also imposes a lower optimal frequency
for separating DNA in a given size range. Since
lowering the frequency favors the buildup of aggre-
gation, it cannot be granted a priori that improvements
can be obtained by lowering the electric field. From
Figure 4, however, one can see that the dependence of
the aggregation time on frequency is weak, apart from

FIGURE 9 Midpoint of the separation windowNopt using data from Figure 8 (together with data
not shown) as a function of the pulse time for 133.3 V/cm (‚) and 66.7 V/cm (F). The resulting
slope is 0.986 0.1.

FIGURE 10 Midpoint of the separation windowNopt using data from Figure 8 (together with data
not shown) as a function of the average field (DC offset) for square field pulsing at 10 Hz (Œ) and
20 Hz (E). The resulting slope is 1.26 0.2.
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the steep transition at approximately 150 Hz. We have
seen, in addition, that this transition corresponds to
the time necessary for establishing the perturbed con-
centration profiles of the background electrolyte at the
scale of the DNA molecules, i.e., a time much smaller
than the time necessary for the reptation time of a
DNA chain of 50 kbp and more (at equal field
strength). Therefore, one can expect from these results
that resolutive separation of DNA above 50 kbp will
generally occur in the “low frequency” regime, in
which aggregation is fast. This probably explains at
least in part why there seems to be a qualitative jump
in difficulty, when attempting to separate DNA be-
yond a typical size of a few tens of kbp. Fortunately,
theTa vs frequency curve seems to remain rather flat
in the low frequency regime, so that lowering the field
strength (and the frequency) within this regime should
actually help reduce aggregation. However, the strong
dependence of the electrophoretic velocity upon the
field in the reptation with orientation regime makes
this approach very unfavorable in terms of analysis
time. Therefore, we believe other routes still have to
be explored such as the optimization of pulse se-
quences and/or shapes or the investigation of novel
sieving matrices. Investigating the possible reasons
for band broadening of large DNA peaks will also be
necessary. At present, it is not clear if this is inherent
to the separation process, or associated to some yet-
to-be-understood polydispersity of conformations af-
fecting the DNA molecules themselves. Along these
lines, the effect of DNA topology on separation in
pulsed fields will also deserve investigation.
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helpful discussions, and the referees for useful comments
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LIST OF SYMBOLS

cM(rW, t): Concentration profile for the charges
fixed on the macroion (DNA);

c1(rW, t): concentration profile of the counteri-
ons;

c2(rW, t): concentration profile of the coions;
cS: concentration of electrolytes in the

bulk solution;
DM: diffusion coefficient of the macroions;
D1: diffusion coefficient of the counteri-

ons;
D2: diffusion coefficient of the coions;

DS: diffusion constant of the background
electrolyte;

dc1 5 c1 2 cS: deviation of the coion concentration
from the bulk value;

dc2 5 c2 2 cS: deviation of the counterion concentra-
tion;

EW 0: applied electric field;
Et: electric field threshold;
e: elementary electronic charge;
««0: dielectric constant of the solution;
h: viscosity of the macroion/electrolyte

solution;
K1, K2: dissociation constants for the equilib-

ria of histidine;
k1, k2: kinetic rate constants;
k21: debye length of the macroion/electro-

lyte solution;
mM: mobility of the macroions;
m1: mobility of the counterions;
m2: mobility of the coions;
mS: mobility of the background electro-

lyte;
Nopt: midpoint of optimal separation range;
v: applied pulse frequency;
P: hydrostatic pressure;
re(rW, t): charge density profile due to the fixed

charges on the macroion;
reS: charge density due to the concentra-

tion perturbation in an highly dis-
sociated buffer;

reZ: charge density due to the concentra-
tion perturbation in an isoelectric
buffer;

S(rW, t): total electrolyte concentration pertur-
bation;

Ta: aggregation time;
T: time for aggregates to reach the detec-

tor;
trep: reptation time;
t: pulse time (period);
nW: electrohydrodynamic convection ve-

locity;
nWh: electrohydrodynamic flow due to the

concentration perturbation;
zM: sign of charge of macroions;
Z: concentration of the neutral compo-

nent in an isoelectric buffer;
Z1: concentration of the positively charged

component in an isoelectric buffer;
Z2: concentration of the negatively

charged component in an isoelectric
buffer;

ZT: total concentration of the isoelectric
buffer;

1/v0: time it takes the background electro-
lyte ions to migrate a distance of
typical one macromolecule (1mm);

v 5 2pv: electric field pulsation.
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