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Abstract Experimental and theoretical works were performed for the separation of large
polyelectrolytes such as DNA in the column packed with gel particles under an electric field.
This paper shows how intraparticle convection effects the separation of DNAs in the column
because DNAs quickly oriented through the pores in the field direction. Dimensionless tran-
sient mass balance equations were derived considering diffusion and electrophoretic convec-
tion. The separation criteria is theoretically studied using two different Peclet numbers in the
fluid and solid phases and these criteria were verified uing two different DNAs by electro-
phoretic mobilities measured experimentally, showing how the separation position of DNAs
varies in the column according to values of Pe/Fe, of individual DNA. Governing equations
are simultaneously solved by operator theoretic and characteristic methods to yield the col-

umn response.
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INTRODUCTION

The separation tools using polymeric materials such
as gel electrophoresis and gel chromatography have im-
portant applications in a wide range of separation and
purification of biomolecules. Commonly gel electropho-
resis provides the highest resolution in the purification
of polyelectrolytes such as protein and nucleic acid.
However, it has extremely poor scaling properties so
that it has been impossible to adapt this milligram
bench technique to multi-gram preparative separations.
On the other hand, gel chromatography has far superior
scaling properties and a resolving power that is second
only to gel electrophoresis. However, electrochroma-
tography by combining of electrophoresis with chroma-
tography would show better separation, perhaps be-
cause field-induced dispersion is virtually eliminated by
proper manipulation of an electric field and amplifies
the resolving power of each while retaining the superior
scaling properties of chromatography. Therefore, what
needs to be known about the separation process of elec-
trochromatography is the underlying physics of the
process or how it can be effectively scaled-up.

An important feature utilizing an electric field in the
column is the presence of intraparticle convection be-
cause polyelectrolytes move headfirst through the pores
of the gel. The theoretical model of electrochroma-
tography has been rarely investigated under the consid-
eration of intraparticle transport of both the diffusion
and the convection by decoupling of the particle in the
column. Previous researches of convective-diffusive
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mass transport were studied in the area of reaction en-
gineering [1,2] and separation engineering [3-7]. The
separation of proteins with electrochromatography was
performed by several researchers [8-9], but has been
rarely tried with DNA.

The conventional separation method in the case of
large polyelectrolytes such as DNA causes the peak of
the elution curve to be broadened in the column, and
the peak-broadening in the column may make separat-
ing two different DNAs difficult to separate, maybe due
to the fact that the radius of gyration of DNA is rela-
tively large compared to the pore size of a sieving parti-
cle. Therefore, two different DNAs will be separated to
prevent the peak-broadening in the presence of an elec-
tric field because they stretch and move readily through
the sieving particle packed in the column, implying that
the electric field may enhance the permeation of DNA
due to the electrophoretic convection inside the pore.
The examples using an electric field in the separation
process were frequently employed for the more delicate
separations in the chromatography column [10] and the
extractor [11].

Therefore, it is necessary to prove that the beneficial
effect of the intraparticle convective velocity is ex-
pressed by the occurrence of response curve in the col-
umn. The objective of this paper was to predict the
separation criteria of two ditferent DNAs in the column
using the ratio (x=Pe/Pe,) of dimensionless Peclet
numbers which contained two different convective ve-
locities in the fluid and in the solid phases of individual
DNA, and to examine experimentally. Theoretical
methods to solve the electrophoretic mass transport
problem are performed by the operator theoretic method
[12,13] and the characteristic method [14]. Therefore,
basic understandings of the physical dynamics by solute
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surrounding the gel particle will be a key for the separa-
tion of DNA in the packed column.

THEORY

The theoretical model of the system as shown in Fig.
1(a) was developed with the following assumptions:
The electric field is assumed to be uniformly applied to
polymeric gel media as well as for the convective elec-
trophoretic velocities in bulk fluid and intraparticle to
be constant. The axial dispersion was assumed to be
negligent because of the solute transport at very slow
flow velacity in the column under an electric field. The
electric field was assumed to be applied to the x-
direction in the electrophoretic chamber and a single
particle considered for this study has a uniform stag-
nant boundary layer of the fluid phase as shown in Fig.
1(b). The continuity equations of species i for the gel
particle and packed column with boundary conditions
are given as follows
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with boundary and initial conditions in the electro-
chromatography
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Fig. 1. (a) A schematic picture of a packed column in the pres-
ence of an electric field (Bio-Gel paricles are packed with size
of less than 40 pm and the power conditions during the run
can be altered with a range of up to 1,000 volts or 500 mA.
Power supply has the ability to monitor current to the micro-
ampere level). (1) Main body of electrochromatography, (2)
Controller, (3) Recorder, (4) Buffer solution, (5) Switch, (6)
Electric power, (7) Vent valve, (8) Inlet of sample, (9) Pump,
(10)-(11) Electric line, (12) Water jacket, (13) Column; (b)
Schematic diagram for the gel particle in the rectangular coor-
dinate.

The summation of integration of Eq. (7) is to get the
total amount of solute held up by the action of the elec-
tric field. B(t) denotes the total average concentration
of the gel particle in the presence of an electric field. Its
expression with respect to time is calculated from the
solution of Eq. (1) and is introduced into Eq. (2) to solve
the dispersion curve. It is given by the sum of the total
solute associated with the solid phase (including that in
the boundary layer) minus the amount that would be
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in the boundary layer if no electrical field is applied,
divided by the amount (x,’-x;")c,, i.e. the amount in the
particle when no electrical field is applied. The reason of
the substraction in the denominator of Eq. (7) is to
make B(t) reduce to the proper limit of constant value
when an electric field goes to zero. In this case of no
electric field the effective distribution coefficient B(t)
comes to be B and it is a function of the applied electric
field gradient V/L.

Fig. 1(b) shows that subscript k of Eq. (1) denotes
each phase of the fluid-solid phase, for example, an up-
per boundary layer of rectangular coordinate is in the
case of k=1, a lower boundary layer for k= 3 and a gel

oV,
layer for k=2. zFu,, —a—f- of Eq. (1) indicates the con-
X

i

vective electrophoretic velocity, it redescribed as the
electrophoretic mobility multiplied by the electric field
per unit length as shown in Appendix I. And the elec-
trophoretic mobility will be measured experimentally in
the gel slab electrophoresis. In above Eqs. (1) and (2), ¢,
u, v, D, Fandy, are referred to “Nomenclature”
and <c,> is the average concentration in the fluid in-
side pores. The solution of equations (1)-(7) was de-
scribed in Appendix II.

MATERIALS AND METHODS
Apparatus of Electrophoresis Chamber

The gel particle was prepared with electrophoretic
grade agarose from Bio-Gel-A-50m (BioRad) which frac-
tionated in range of 200,000-1,000,000. The gel particles
which has the diameter of 40 um were packed in the
column as shown in Fig. 1. After agarose gel particles
were loaded in the column, the column was inserted
into the vertical BioRad electrophoresis chamber. The
electrophoretic mobility of DNA can be easily observed
because it moved having a sharp band shape along the
column under the fluorescence light. The packed col-
umn used in this experiment was a cylindrical glass
tube of 2.0 ¢cm in diameter and 30 cm in length designed
specially by Duke Scientific Corp. The buffer solution
in the electrophoresis chamber had at pH 7.2 and the
absorbance in the column was measured with a spec-
trophotometer at 340 nm. The temperature of the cir-
culator in the electrophoresis chamber was kept at 18°C.

Measurement of Physical Properties

The extraparticle void volume (V) was determined
using T4 DNA, a large molecule which was totally ex-
cluded from the gel particles. V; (total column volume)
was measured in the absence of an electric field by in-
jecting 100 pL of the sample containing the selected
urea at a concentration in the range of 1 mg/mL and
measuring the volume of the eluent required for the
peak to emerge from the column. The extraparticle void
fraction (B) was calculated from the relation of V./ V..
T4 DNA was purchased from Sigma Chemical Co. The
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mobility of DNA in free solution was 4.0x10* cm?/Vsec
from Olivera et al. [15]. The gel porosity (B) was esti-
mated using the first moment equation of Rodrigues et
al. [16] using the curve response measured by gel scan-
ning spectrophotometer (Gilford Co.).

The diffusion coefficients of DNA in the free solution
are obtained from Pecora [17] and those in a gel particle
were estimated by assuming that the DNA would be
spherical. If the pore size diameter “a” and the radius of
gyration “R.” are known, the diffusion coefficient of
DNA can be described by the ratio of 6= R /a. The dif-
fusion coefficient at the value of 6 can be estimated [18]

by
D, 6m(1-0)?

D, %nzﬁ(l -0)%*[1-1.2167(1-0)+ 1.5336(1 - 8)’ ]+

6n(1-9) 8
(-22.5083 -5.61176 — 0.33630° — 12168 + 1.6476")

From above results, the experimental data are listed in
Table 1.

¢ is a relative ratio of mobilities in the gel phase and
fluid phase, the mobility in free solution was referred
from Olivera et al. {15] and the mobility in the gel par-
ticle was measured experimentally. The boundary layer
thickness (8) can be calculated when the sphere was
immersed in a stagnant fluid and was obtained from
the relationship, 8 = D,/k;, in which the mass-transfer
coefficient was calculated when the mass-transfer
Sherwood number was equal to 2.0 [19] at low velocity.

Measurement of Electrophoretic Mobility

The gelation process for 4% agarose gel elctrophoresis
took place within 15 min after casting at 60°C, and the
electrophoretic mobilities of DNA fragments were
measured. Agarose was chosen because of its good me-
chanical properties at low concentration. Large polye-
lectrolytes used for this experiment were DNAs such as
A phage DNA and ®X HAE III DNA fragments which
were purchased from BRL (Bethesda Research Laborato-
ries). The range of molecular length was from 23,600 to
310 bp (base pair). The loading solution contained 20%
DNA by weight, 10% dye solution (10% bromophenol
blue +50% glycerol and 40% EDTA by weight). Tris
buffer was used to prepare the loading DNA solution
and to fill the electrophoretic tray. The pH of Tris buffer
was 6.8. The electrophoretic apparatus used was a Bio-
Rad Model 2303, and the gel length loaded inside the
apparatus was 20 cm. Two silver electrodes were in-
serted from the top, 8 cm apart, into the electrophoretic
tray. The voltage between these electrodes was meas-
ured with a digital voltmeter, and the average voltage
drop during an experiment was less than 3%. The tem-
perature of the buffer was controlled within an accu-
racy of 0.2°C in order to keep the temperature with a
digital thermometer connected to two thermocouples
dipped in the apparatus as shown in Fig. 1.
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Table 1. Physical dimension for the size of DNA and porous
gel particle
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Table 2. Physical properties of DNA measured experimentally
at 8 V/cm

Item 0.367 kbp DNA 1010 kbp DNA Item 0.367 kbp DNA  1.010 kbp DNA

Radius of gyration 36.5 70.7 Diffusion coefficient in 1.37x10°® 1.37x10°8

R, (nm) gel particle (cm?/s)
Persistence length 51.0 51.0 Diffusion coefficient in 15.8x10°® 7.15x10%¢

p (nm)[17] free solution (cm?/s)
Contour length 125.0 343.0 Porosity (B) 0210 0.125

? (nm) Mobility in free solution 4.0x10* 40x10*
Pore size diameter 40.0 40.0 in pH 7.2 (cm?¥/V-s)

a (nm) Mobility in gel particle 1.9x104 1.2x10*

¢ /p 25 7.0 in pH 7.2 (cm?/V-s)

Each experimental run was soaked for 30 min in a
2x10° M ethidium bromide solution to bind the inten-
sity of the fluorescence of the ethidium bromide. Each
electrophoretic mobility was determined with at least
three measurements of the position of the bands at dif-
ferent time intervals. The electrophorteic mobilities of
DNA fragments were measured as a function of the
electric field and molecular size.

Radius of Gyration of DNA

When the contour length “¢” of the fragment was
smaller than its persistence length “p”, which is itself
smaller than the average pore size <a> for most aga-
rose gel particle, the fragment can be seen as a rod of
negligible width and length that can enter through all
pores. When “ ¢ ” was larger than the persistence length
“p”, the fragment folded on itself and took the ap-
proximate shape of a globule with radius of gyration, R
given by [20]

;1 p P ¢
RI=—Pr1-L£4+2 - 9
<73 { e+€eXp[ p)}

This fragment was excluded from the pores of radius
because of a << R, where “a” is the pore size (diame-
ter) of gel particle.

14

RESULTS AND DISCUSSION
Total Concentration in the Gel Particle

The pore size played an important role when DNA
migrated electrophoretically with appreciable mobility
through the gel and its size of 4% agarose gel particle
was about 89 nm [21]. The contour length of DNA was
generally much longer than the diameter of the average
pore in the gel matrix. Table 3 shows their comparisons
between the dimension of the gel matrix and DNA. The
contour lengths in Table 2 are estimated, assuming the
value of 0.34 nm for the repeat per base pair.

Experimental results of Fig. 2 show that the mobility
begins to be field-dependent, DNA are clearly discrimi-
nated according to length at values of the applied field.

1
)
z
Y
=
S
=
0.1 e i
1000 10
DNA Molecular size (bp)

Fig. 2. Logarithm of the molecular length vs the electropho-
retic mobility at various electric field strength for 4% agarose
concentration (B: 0.5 V/cm; @: 1.5 V/em; A: 3V/cm; A: 5
V/cm; O: 8 V/cm).

In model Egs. (1)-(2), the electrical field is assumed to
be the same in the gel particle as in the fluid phase of
boundary regions, because the current-carrying ions can
readily penetrate through the gel particles. Total con-
centrations in the gel particle and in the boundary layer
around gel particle can be calculated from Eq. (11) by
two different Peclet numbers in the fluid phase (Pe;
Pe,=Pe;) of bulk fluid and the solid phase (Pe,; Fe,) of a
gel particle.

It the electric field was small enough, DNA confor-
mation in the gel particle was not affected by the elec-
tric field as shown in Fig. 2. Larger DNA (N>1,000 bp)
slowly penetrated through the gel particle, the electro-
phoretic mobility of DNA fragments increased with the
electric field. At a high electric field of 8 V/cm and 4%
agarose gel, the electrophoretic mobilities were experi-
mentally 1.2x10“ and 1.9x10* cm?/V-sec for 1.01 kbp
and 0.367 kbp, respectively. Since the diffusion coeffi-
cient in the gel particle was much smaller than that in
the bulk phase, the ratio of Pe/Pe, had a value of smaller
than 1.0. Experimentally, the ratio (¢) of electrophoretic
mobility was 0.35 in the case of 1.01 kbp DNA at 1
V/em in Fig. 2.
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Fig. 3. Theoretical results of the effective distribution coeffi-
cient in a gel particle as a function of an electric field (1) x =
0.182 (0.367 kbp DNA); (2) x = 0.0026 (1.01 kbp DNA); (3 =
Pe/Pe,)

The average concentration of DNA in a gel particle,
B(t), was dependent on the electric field. The depend-
ence of B(t) on the electrical voltage was theoretically
analyzed by the parameters in the gel particle as a func-
tion of Pe/Pe,(=Y). Fig. 3 shows that the rate of ap-
proach to the limiting value is strongly dependent on
the electric field strength and total concentration on
the voltage gradient which is significantly dependent
on the convective electrophoretic velocity of species in a
porous gel particle. In the present analysis, it is interest-
ing to note that total concentration of B(t) goes to the
proper limiting value of the porosity (B) at the steady
state when an electric field is not applied, implying that
B(7) is equal to the volume of pore space to be accessible
to the solute inside a gel particle and B(t) is a measure
of the capacity of DNA in a gel particle. The value of
B(7) in high electric field increased until it reached the
limiting value of 1/¢. This result can indirectly compare
with experimental results in which the electrophoretic
mobility became constant in a higher electric field with
molecular size as shown in Fig. 2.

Fig. 3 shows that the build-up of two different DNAs
in the gel particle is strongly dependent upon the value
of Pe/Fe,(=y). When the value of x became larger, the
dynam1c speed of DNA to approach the steady state is
faster and the transport rate of DNA through the gel
particle can be increased in the high electric field as
shown in Fig. 3. This indicates that the total concentra-
tion inside a gel particle becomes steeper with the ap-
plied electric field in case of 0.367 kbp DNA compared
with 1.01 kbp DNA as shown in Fig. 3.

Separation of Large DNA in the Column
Fig. 4 shows how the concentration profiles of DNA

in the column vary depending on the Pe/Pe, (=) in the
cases of 0.367 kbp and 1.01 kbp DNA. The higher Pe/
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Fig. 4. Theoretical results of concentration profiles of DNA
dispersed in the packed column (1) 1.01 kbp DNA (y = Pey/Pe,
= 0.0026, B = 0.125, ¢ = 0.3); (2) 0.367 kbp DNA (y = e/ Fe,
=0.182, § = 0.210, ¢ = 0.5).
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Fig. 5. Theoretical result for the separation of two different

* DNAs (Solid line indicates the separation point in the column

to separate two different DNA at 8 V/cm. Pe, Peclet number
in the fluid phase, is independent upon the electric field. L is
the column length, x is the separation point in the column).

Pe, (=x) was, the faster the movement of DNA oc-
curred along the column, implying that 0.367 kbp DNA
would migrate faster from the fluid phase into and
through the gel particle due to an increase of electro-
phoretic mobility. This relationship can be used to sepa-
rate different DNA in the column using the electropho-
retic mass transport parameter, Pe/Pe,(=).

The separation criteria of the mixture of two compo-
nents can be separated from band migrations using the
ratio of Peclet numbers in the two phases. The ratio (x)
of Pe;/Pe, is related to the retention time of DNA in the
gel partlcle Fig. 5 shows how one component can sepa-
rate from the other component through the column.
Note that when the ratio (R= y,/ x,) of the two differ-
ent DNAs is equal to 1.0, they are inseparable because
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Fig. 6. Gel scanning experimental result for the separation of
two different DNAs in the glass column packed with gel par-
ticles (A: 1.01 kbp DNA, B: 0.367 kbp).

the transport properties of DNA such as diffusion coef-
ficient and convective electrophoretic velocity would
become identical to each other. But if the transport
properties of two different DNAs were different, their
separation can be predicted as shown in Fig. 6. There-
fore, the separation criteria can be compared with re-
sults separated experimentally from those predicted by
the ratio R=(Fe,),/(Pe,), in which (Pe;),/(Pe),=2.211 for
the separation of 0. 36g7 and 1.01 kbp at 8 V/cm and an
R value is 2.09.

The subscript “1” represents DNA which was eluted

first, and subscript “2” 1s DNA which was eluted second.

The distance to start the separation of two components
in the column can be theoretically calculated from the
dimensionless term, x/L. The separation point of two
different DNAs in the packed column can be predicted
by different properties of the diffusion coefficient and
convective electrophoretic velocity in the porous gel
particle. The predicted separation distance in the col-
umn was 10.4 cm for the mixtures of 0.367 kbp DNA
and 1.01 kbp DNA at 30 cm column length under an
electric field of 8 V/cm as shown in Fig. 4. Experimental
measurement under the fluorescent light was per-
formed to check this predicted separation point in the
column when 0.367 kbp and 1.01 kbp DNAs were
loaded. Fig. 6 shows an experimental separation result
scanned along the column using a gel scanning spectro-
photometer. The separation point in the experiment
turned out to be 10.3 c¢m, which supported the theo-
retical calculation presented by the model equation.

CONCLUSION

A model was formulated to predict the behavior of
the transport of a column packed with gel particles. A
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complete analysis of the model equations was done in
the transient state for the full description of the effects
of the system parameters including diffusion coefficient
and convective electrophoretic velocity. The relative
ratio of electrophoretic convection and diffusion in solid
phase and fluid phase, Peclet number, was a factor de-
termining the transport of DNA inside a gel particle,
and the separation of two different DNAs was pre-
dicted by this ratio of x=Pe/Pe,. The findings in this
study provide a useful guide to the analysis and the de-
sign of devices in laboratories and other scales required
for a variety of bioseparations.
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Appendix I

The electrophoretic mobility of Eq. (8) can be solved
by Poisson’s equation. If electroneutrality was assumed
and the diffusion coefficient was considered to be inde-
pendent of the concentration, the multiplication of Eq.
(1) by zF of the charge per mole, and summation of all
species at steady state leads to

o & 5o, ) O
(S {SFuca ] @
_ i~1 ' X

i=1

ox’ Ox

the left hand side of Eq. (A-1) becomes zero by elec-
troneutrality because of D;>>D,, and Eq. (A-1) reduces
to

N D,
DI Zcx,kzx,k+ CaxZ dk}_chxk kE
i=1 |

where the subscript “d” denotes DNA with a small dif-
fusion coefficient and all current-carrying species pre-
sent in the solution have the same diffusion coefficient,
D, Thus, the integration of Eq. (A-1) leads to Ohm’s
law [13] and an electrochemical potential term of Eq.
(A-1) can be written as

ov I

' N
ox >cuz’F
=1

hi

(A-2)

where ] is the integration constant and it is equivalent
to a constant current. R is the electrical resistance de-
fined by Newman [10], V is the electrical field and L is
the length of column. The convective electropharetic velo-

_— . o \4
city in the fluid phase UZFE(* is described u ik This

term is the electrophoretic mobility of DNA measured
experimentally in the gel.
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Appendix II

The dimensionless formulation of equations (1)-(2)
are redescribed by

_l_aC 62C|k_Pez,,kC
o, ot os’ 4 T (A-3)

S,.<s<s, for k=123
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C.(t=0)=0 for k=1,2,3

Dimensionless equation in the column is given by

10(C,z Fv,AY,) aC,, 8B()

- b1 if if 1 B i, - _

R S Gl
where the gradient of Eq. (A-5) indicates x-direction of

rectangular coordinate and boundary and initial condi-
tions are as follows.

Ce (A-5)

Cy(0,0)=c, at 0<t<t,
C,(0t)=0 at t>t,
Cpxt=00=0 at x

where y,, = exp(Pe\ksk/Z) Dimensionless terms in the
system, s, Pe,, C', C, X, o, ¢, and 1, are x'/x,
u(V/Dx,, /D c/c,, x/'L, &/(1-€), u,(V/L),/u, (V/L)l, tD/x 2, k
respectlvely It 'is assumed that 5=5, ¢,=1 and
Pe, =Pe; for k=1; and that s,=s,, ¢,=¢ and Pe,=Pe
for k=2; and that s.=1, ¢,,=1and Pe, =Pe, for k=3 and
x=0 at k=0 for a single gel particle surrounded by two
equal sized stagnant boundary layers. The transient
solutions of Eq. (A-3) were represented in each phase as

& Q),kULk (Xl ’ Xn)[

C . (x',1)= Z - 1-exp(- 2, 7));
) k=1,2,3 (A-6)

The eigenvalue A and eigenfunction U was described by
the characteristic equation {13].

The concentration profile of Eq. (2) can be calculated
using the equations for the characteristic direction o in
the (x,t)-plane if the equations for the characteristic
curves are put together (14},

8B(7)
dC, __ v (A7)
dt 1+ aB(x)

The concentration profile along each characteristic
curve can be written as integrating Eq. (A-7) as follows.
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1+aB(ra)

C,=C
=G T

(A-8)

A characteristic curve is formed from the start as the
state of concentration ¢, moves into the column, and
the concentration profiles of DNA in the column moves
along the characteristic curve. The time, 1, represents
the time after the DNA begins to penetrate into a gel
particle. The time, t, in Eq. (2) represents the time after
the DNA sample on the column is injected. When the
sample is transported to the direction of an electric field
from the top of the column, DNA in a certain gel parti-
cle is an empty state in the column before DNA pene-
trates into the gel particle. In this case, the relationship
between two different transient times of t and t is
given by
X

6‘}’
[V z F—= e J (A-9)

T=t—

The structure of the characteristic curve of DNA in-
jected into an initially empty column. The characteris-
tics emanating from the t=0 axis for the initially empty
column all had the slope equal to zero due to B(t)=0,
and zero concentration of C in Eq. (A-8) from 1,= ¢ at
X,=0. To construct particular characteristics in this re-
gion, it was necessary to choose t,. The position of
DNA in the column can be calculated when t varies
from 1, to some desired upper limit from Eq. (A-8).

NOMENCLATURE
: Pore size diameter, cm

B(1) : Effective distribution coefficient of solute

c : Concentratlon of DNA in the gel particle,
g/cm?

<¢,> : Average concentration in the fluid inside

' pore, g/cm®

C : Dimensionless concentration in the gel particle

G : Concentrat1on of DNA in the boundary layer,
g/cm’

Cy : Dimensionless concentration of DNA in the
boundary layer

D,, D, : Diffusion coefficient of DNA, cm?¥/s

D, : Diffusion coefficient of species in the gel, cm?/s

D : Diffusion coefficient of ionic species, cm?/s

D, . Diffusion coefficient of species in free solu-
tion, cm?/s

E : Electric field, V

F : Faraday constant, C/equiv

k : Each phase in the gel particle layer

f : Contour length, cm

L : Column length, cm

N : Number of species

p : Persistence length of Eg. (9), cm

Pe, : Peclet number in gel particle

Pe; : Peclet number in fluid phase

R, : Radius of gyration of DNA, cm
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s : Dimensionless x-coordinate

t : Time, s

U, : Mobility of ionic species in the gel, cm?/Vs

U, : Eigenfunction of Eq. (A-6)

v : Mobility of ionic species in the external phase
of gel particle, cm?*/Vs

\% : Electric voltage, V

A - Void volume in the column, cm?

Vo - Total volume in the column, cm®

x' : Space coordinate in the gel particle, cm

X', : Total length of particle diameter and stagnant
boundary layers, cm

X : Axial coordinate in the column

X : Dimensionless column length

z : Valence of solute

Greek Symbols

B : Porosity of gel particle

3 : Boundary layer thickness, cm

€ : Bed porosity

¢ : Ratio of electrophoretic convection velocity

A : Eigenvalue

u : Mobility in the gel, cm?/Vs

1, - Mobility in free solution, cm?/Vs

T : Dimensionless time in the gel particle

Y : Electrophoretic potential, V
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