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Heart-cutting two-dimensional electrophoresis in a single capillary
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Laboratoire Organisation Mol´eculaire,Évolution et Matériaux Fluorés, UMR CNRS 5073, Universit´e de Montpellier II,
Case Courrier 17, Place Eug`ene Bataillon, 34095 Montpellier Cedex 5, France

Abstract

The possibility of performing two-dimensional capillary electrophoresis (2D-CE) separations in a single capillary was investigated. For
this purpose, a fraction stemming from the first dimension of the separation was selected and isolated in the capillary by evacuating out of the
capillary the other undesirable compounds. Next, the isolated fraction was submitted to a second separation medium that was introduced in
the capillary by electroosmotic flow. The second separation medium was able to reach the isolated fraction since the solutes were migrating
in counter-electroosmotic mode. Since only one fraction is submitted to the second dimension of the separation, this new methodology is
closer to a heart-cutting approach than to a true comprehensive 2D separation. However, it has the advantage of not requiring any special
coupling device between capillaries since the two dimensions of the separation are performed in the same capillary. In this work, a simple
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ixture of synthetic polymers taken as model compounds was separated according to: (i) the charge density by free solution CE
imension, and (ii) the molar masses by CE in the presence of an entangled polymer solution in the second dimension. The differe

hat were investigated to isolate the fraction at the end of the first dimension are described in detail. The influence of important ex
arameters (capillary diameter, applied pressure for mobilizing the solutes, diffusion coefficients of the solutes) on the performa

wo-dimensional separations were studied. A careful attention was paid to the influence of these parameters on the efficiency of the
he experimental results demonstrate that heart-cutting 2D electrophoretic separations can be performed in a capillary format us
apillary.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Samples are often complex in composition and can con-
ain more than a hundred of components. The peak capacity
f one-dimensional separations is often too low for handling
uch samples. Two-dimensional (2D) and, more generally,
ulti-dimensional separations offer the possibility to consid-
rably increase the peak capacity[1,2]. Two criteria must be

ulfilled for a separation to be considered as multidimensional
3]. First, the separations must be orthogonal each other. To
e orthogonal, the mechanisms of separation must be based
n different molecular characteristics. Second, the resolution
btained in one dimension of the separation must be pre-
erved in the other dimensions.

∗ Corresponding author. Tel.: +33 4 6714 3427; fax: +33 4 6763 1046.
E-mail address:hcottet@univ-montp2.fr (H. Cottet).

Two-dimensional separations can be classified into
categories: the conventional comprehensive 2D separa
and the heart-cutting 2D separations. Comprehensive
dimensional separations are based on a frequent trans
samples from one dimension to the second. Practically
implies that the second dimension operates on a much
scale than the first one. In heart-cutting 2D separations,
a fraction of the first dimension is subjected to the sec
dimension[1].

2D separations were first employed in a planar for
Earliest works involved 2D paper chromatography[4]. In
1975, O’Farrell[5] demonstrated that two-dimensional
electrophoresis coupling isoelectric focusing with sod
dodecyl sulfate-polyacrylamide gel electrophoresis was
to resolve more than 1000 proteins. To make the 2D
arations more quantitative, numerous 2D coupled-col
systems, mainly based on chromatographic separation
niques, were developed[6]. The coupling of high perfo
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mance liquid chromatography (HPLC) with capillary zone
electrophoresis (CZE) has been also investigated including
the coupling of reversed phase liquid chromatography or size
exclusion chromatography with CZE[1]. A review about
the coupling of continuous separation techniques to capil-
lary electrophoresis (CE), including the coupling of high-
performance liquid chromatography or isotachophoresis to
capillary electrophoresis, has been recently published[7]. Re-
cent approaches including two-dimensional chromatographic
or electrophoretic methods for the separation of peptides and
proteins have also been reviewed[8]. Tanaka et al.[9] recently
studied 2D-HPLC in a reversed-phase mode using monolithic
silica columns for the second dimension separation. Never-
theless, very few works report the possibility of coupling
together two CE methods. Mohan et al. recently published
results concerning on-line capillary isoelectric focusing with
transient capillary isotachophoresis coupled with capillary
zone electrophoresis[10]. However, the coupling of two cap-
illaries and the transfer of the fractions from the first to the
second capillary are not simple tasks in a technical point of
view. Ramsey and co-workers demonstrated the possibility to
perform multidimensional electrophoresis using microchip
electrophoresis[11].

In an attempt to overcome the inherent technical difficul-
ties associated with the coupling of CE techniques, we have
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heim, Germany). Deionized water was further purified with
a Milli-Q-system from Millipore (Molsheim, France). One
molar sodium hydroxide was from Prolabo (Briare-le-Canal,
France).

2.2. Polymers

Standards of poly(styrene sulfonates) (PSSs,Mw 3.33×
105 and 1.45× 105 g/mol) were purchased from Polymer
Standards Service (Mainz, Germany). The polydispersity in-
dexes of both PSSs were below 1.2. Random copolymer (PA-
MAMPS) of acrylamide (90% in mol) and 2-acrylamido-2-
methylpropanesulfonate (10% in mol) was synthesized by
radical polymerization initiated by potassium persulfate and
N,N,N’,N’-tetramethylethylenediamine according to the pro-
cedure described by McCormick and Chen[13]. The copoly-
mer was purified by precipitation in absolute ethanol. The
number average molecular weight of the PAMAMPS was
evaluated (number average molar mass,Mn ∼3× 105 g/mol)
by size-exclusion chromatography using polyethyleneoxide
standards for the calibration.

2.3. Capillary electrophoresis instrumentation

Capillary electrophoresis was carried out with a PACE
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nvestigated the possibility of performing heart-cutting t
imensional capillary electrophoresis (2D-CE) separatio
single capillary. For that, a fraction coming from the fi

imension of the CE separation was selected and isola
he capillary. Further, this fraction was submitted to a sec
eparation medium, the latter being introduced in the c
ary by electroosmotic flow. Indeed, we reported in a prev
ork the possibility of using electroosmotic pumping to
apillaries with entangled polymer solutions even for hig
iscous electrolytes[12]. In this work, the feasibility of thi
ovel approach was first demonstrated using a simple

ure of synthetic polymers taken as model compounds
rst dimension of the separation consisted in the free
ion CZE leading to a separation of the polymers accordin
heir charge densities. The second dimension consisted
ize-based separation of the isolated fraction containing
lectrolytes of different molar masses by CZE in the pres
f an entangled polymer solution. The influence of impor
xperimental parameters (capillary diameter, applied
ure for mobilizing the solutes, diffusion coefficients of
olutes) on the performances of the two-dimensional se
ions were investigated.

. Materials and methods

.1. Chemicals

Sodium tetraborate was from Fluka (Buchs, Swit
and). Hydroxyethyl cellulose (HEC; weight–average m
ar mass,Mw 250 × 103 g/mol) was from Aldrich (Stein
DQ Beckman Coulter (Fullerton, CA, USA) apparat
ample volumes were introduced hydrodynamically.

emperature of the capillary cassettes was maintained
tant at 25◦C. Data were collected at 214 nm. Separa
apillaries prepared from bare silica tubing were purch
rom Composite Metal Services (Worcester, UK). Capil
imensions were: 30 cm (20 cm to the detector)× 50, 25,
0 or 5�m i.d. New capillaries were conditioned by p

orming the following washes: 1 M NaOH for 20 min and
lectrolyte for 10 min. In between two runs the capillary
uccessively washed by water, 1 M NaOH and the electro
he rinsing times were adapted according to the capillar

n order to flush the capillary with at least two capillary v
mes of each washing solution. Sample mixture 1 was
ared by dissolving the PSSs (0.5 g/L) and the PAMAM
5 g/L) in water. Sample mixture 2 was obtained by add
htalate (0.5 g/L) to sample mixture 1. Sample mixture 3
imilar to sample mixture 2 but contained a higher con
rations in both PSSs (1 g/L). 0.05% (v/v) mesityl oxide
dded to each sample mixtures as a neutral marker.

. Results and discussion

To demonstrate the feasibility of heart-cutting 2D-
eparations in a single capillary, a mixture of three p
lectrolytes was first considered (sample mixture 1).
rst component of the mixture was a random copoly
compound A, PAMAMPS,Mn ∼3 × 105 g/mol) contain
ng 90% (in mol) of a neutral monomer, acrylamide (AM
nd 10% of a ionic monomer, sodium 2-(acrylamido
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Fig. 1. Schematic representation of three different strategies (A–C) for performing heart-cutting 2D-CE separations in a single capillary. Each strategy is based
on four key steps. Return of fraction B to the inlet end of the capillary by the application of a switched polarity (A) or a reverse hydrodynamic flow (B). Both
fractions B and C are submitted to the second dimension of the separation (C). The electrolyte used for the second dimension of the separation is depicted in
gray.

methylpropanesulfonate (AMPS). The mixture contained
also two standards of PSS of different molar masses (com-
pound B1,Mw 1.45× 105 g/mol, and compound B2,Mw 3.33
× 105 g/mol). It is worth noting that this three components
sample mixture can likely be separated using a single di-
mension CE separation under optimal conditions. However,
since our main objective was to demonstrate on simple mix-
tures that heart-cutting 2D-CE can be performed in a single
capillary, only 2D-CE approaches were investigated in this
work. Three different strategies (A–C) are proposed to isolate
the fraction of interest at the end of the first dimension (see
Fig. 1). Each strategy is based on four key steps. In the first
strategy (Fig. 1A), fraction B is isolated in the capillary by
switching the voltage polarity (step 2), and is next subjected
to the second dimension of the separation (steps 3 and 4).
In the second strategy (Fig. 1B), fraction B is isolated in the
capillary using an hydrodynamic flow. In the third strategy
(Fig. 1C), both fractions B and C are subjected to the second
dimension of the separation.

Fig. 2shows the two-dimensional separation of the three
aforementioned polyelectrolytes by CE in a single 50�m i.d.
fused silica capillary. The circled numerals inFig. 2refer to
the four different key steps of the separation that are schemat-
ically depicted inFig. 1A. Step 1 corresponds to the separa-
tion by free solution CE in a 80 mM borate buffer, pH 9.2. In
t were
m epa-
r onds
t be-
f iffer-
e ltage
( eak
A ore

proceeding to the second separation of the PSSs according
to their molar masses, the polarity of the applied voltage was
switched (step 2,−20 kV) for 2.75 min, so that fraction B
could reach the inlet end of the capillary without being evac-
uated out of the capillary. Next, in step 3, the inlet vial was
changed by an electrolyte containing an entangled polymer
solution (0.5 g/100 mL HEC) in a 80 mM borate buffer. The

Fig. 2. Separation of three synthetic polymers by heart-cutting two-
dimensional CE. Fused silica capillary, 20 cm (30 cm to the detector)×
5 mM
b . Ap-
p
t ple
m
t
1 the
s given
i

hese electrophoretic conditions, the polyelectrolytes
igrating in counter-electroosmotic mode and were s

ated according to their charge densities. Peak A corresp
o the 10% charged PAMAMPS and was thus detected
ore the peak assigned to the two comigrating PSSs of d
nt molar masses (Peak B). In step 1, the separation vo
+20 kV) was applied for 3 min until the undesirable p

(PAMAMPS) was evacuated out of the capillary. Bef
0�m i.d. Electrolyte: 80 mM borate buffer, pH 9.2 (first dimension); 80
orate buffer, pH 9.2 containing 0.5g/100 mL HEC (second dimension)
lied voltage:t = 0–3 min, +20 kV (first dimension);t = 3–5.75 min,−20 kV;
> 5.75 min, +6 kV (second dimension). Hydrodynamic injection of sam
ixture 1: 0.3 psi, 3 s. UV detection at 214 nm. Temperature: 25◦C. Iden-

ification: A, PAMAMPS; B2, PSS (Mw 3.33× 105 g/mol); B1, PSS (Mw

.45× 105 g/mol); B, B2 + B1; eof, electroosmotic flow. The status of
eparation at four different steps (circled numerals) is schematically

n Fig. 1A.
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second separation medium was then electroosmotically in-
troduced in the capillary by the application of a relatively
low positive voltage (+6 kV, step 3). Since the solutes (PSSs)
were migrating in counter-electroosmotic mode, they were
separated in this new electrolyte according to their molar
masses (peaks B2 and B1 inFig. 1, step 4 inFig. 1A). The
applied voltage was set at a lower value than that used in
free solution CE to limit the detrimental effect of the biased
reptation regime (orientation and stretching of the polymer
solutes in the direction of the electric field) on the resolution
of the size-based separation. The slight drop in the baseline at
9 min (Fig. 2, step 4) was due to the detection of the polymer
solution (HEC).

In a second experiment, we tried to extend this method-
ology in a more general configuration where the fraction of
interest in the first dimension of the separation (fraction B)
was followed by other fraction(s) with smaller apparent mo-
bilities (see step 1 inFig. 1B). Experimentally, this situation
was obtained by adding phtalate (compound C) to the sam-
ple mixture since its apparent mobility was found to be below
that of the PSS in the 80 mM borate buffer. In step 2 of this
scenario (Fig. 1B), the fraction B must reach back the inlet
end of the capillary, and at the same time, the undesirable
fraction C must be evacuated out of the capillary. This can be
performed by the application of a pressure at the outlet end
o ted
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Fig. 3. Separation of four compounds by heart-cutting two-dimensional CE
in a 50�m i.d. capillary. Fused silica capillary, 20 cm (30 cm to the detector)
× 50�m i.d. First dimension: 0 <t < 4.1 min, +20 kV. For 4.1 <t < 4.1 +
x (min), 0.1 psi at the outlet end of the capillary. Second dimension: 4.1 +
x < t (min), +6 kV. Hydrodynamic injection of sample mixture 2: 0.3 psi,
2 s. The status of the separation at four different steps (circled numerals)
is schematically given inFig. 1B. Other conditions and identification as in
Fig. 2.

ciently weak to avoid the recombination of fractions B and
C.

To minimize the loss in peak efficiency in step 2 (Fig. 1B),
the value of the applied pressure was optimized as a function
of the capillary i.d. For that, the heights equivalent to a the-
oretical plateH were measured for each of the four solutes
under a pure hydrodynamic flow (no applied voltage) in a
30 cm (20 cm to the detector)× 25�m i.d. capillary. The ex-
perimentalH values were next plotted as a function of the
applied pressure for all the solutes (Fig. 4). All these ex-
perimental values were fitted for each solute by non-linear
regressions according to the following equation, taking the
molecular diffusion coefficientD as the unknown parameter:

H = 64ηLD

d2
c

1

P
+ d4

c

3072ηLD
P (1)

whereη is the viscosity of the electrolyte taken as that of
water (0.89× 10−3 Pa s at 25◦C),L the total capillary length,
dc the capillary diameter andP is the difference of pressure
between both ends of the capillary.Eq. (1)is derived from the
Van Deemter equation in the case of open tubular columns
and for unretained solutes (for more details, see, for example
[14]).H can also be written as a function of the linear velocity
u of the electrolyte:

H
2

A of
t on
c m-
p r
t ers,
f the capillary resulting in an hydrodynamic flow direc
rom the outlet to the inlet end of the capillary. Indeed,
eversal in the polarity of the applied voltage from +20
20 kV, as previously described in step 2 ofFig. 1A, would

nduce a recombination of fractions B and C. The two o
teps (steps 3 and 4 inFig. 1B) were identical to those d
cribed inFig. 1A and corresponded to the second dimen
f the separation.Fig. 3displays the electropherograms t
ere obtained in a 50�m i.d. capillary according to the pr
edure depicted inFig. 1B and for different durations (x in
in) in the application of the hydrodynamic flow (step
he second electropherogram (x = 20 min) inFig. 3demon-
trates that it was possible to evacuate fraction C out o
apillary while fraction B was kept inside the capillary. F
= 23 min, both phtalate (fraction C) and PSSs (fraction
ere evacuated out of the capillary, and thus, no peak
etected in the second dimension of the separation. De

he very low pressure applied in step 2 (the lowest pres
hat was permitted by the apparatus, i.e. 0.1 psi or 7.1 m
oor resolution (Rs = 0.8) between the two PSSs (B1 and
as observed in the second dimension of the separatio
ig. 3, x= 20 min) in comparison withFig. 2(Rs = 3.4). This
ecrease in the resolution was attributed to peak broad
ue to the laminar flow profile in contrast to the flat fl
rofile generated under electrophoresis conditions. Si
esolutions were obtained by applying a negative voltag
mall intensity (−2 kV) in addition to the hydrodynamic flo
n step 2 (electropherograms not shown). By this way, th
al analysis time was decreased by a factor 1.33 due t
igher apparent velocities of the solutes in step 2. It is w
oting that the magnitude of the voltage (−2 kV) was suffi-
= 2D
1

u
+ dc

96D
u (2)

s expected fromEqs. (1) and (2), the ascending portion
he curves inFig. 4 was highly dependent on the diffusi
oefficient. This portion was fairly flat for the phtalate co
ound (small molecule, largeD value) while it was steep fo

he three polymer solutes (especially for the largest polym
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Fig. 4. Variations of the height equivalent to a theoretical plate as a function
of the applied pressure for four solutes in a 25�m i.d. capillary. The solutes
were mobilized by a pure hydrodynamic flow, no voltage was applied. Fused
silica capillary, 20 cm (30 cm to the detector)× 25�m i.d. All measurements
were performed in a 80 mM borate buffer. Hydrodynamic injection: 0.3 psi,
6 s. UV detection at 214 nm. Temperature: 25◦C. The lines were obtained
by the non-linear regression of the experimental data usingEq. (1). The
molecular diffusion coefficients derived from this non-linear curve fitting
are gathered inTable 1.

i.e. PSSMw 333×103 g/mol and PAMAMPS).Fig. 4has also
the merit to emphasize that very low pressures are needed to
get reasonable peak efficiencies for polymer solutes, even on
a 25�m i.d. capillary. TheD values obtained from the curve
fitting in Fig. 4were gathered inTable 1and were compared
with values derived from data of the literature. The molecu-
lar diffusion coefficientD of phtalate was estimated from the
ionic mobility at infinite dilution[15] (µ0,∞) usingEq. (3)
based on the reasonable assumption that the electrophoretic
frictional coefficient of such small molecule is similar to the
hydrodynamic frictional coefficient[16]:

D = kT

2e
µ0,∞ (3)

wherek is the Boltzmann constant,T the absolute temperature
ande is the elementary charge. TheD values for the PSS
solutes were also estimated from data of literature usingEqs.
(4) and (5):

Rg =
(

[η]M

63/2Φ

)1/3

(4)

Table 1
Comparison of experimental molecular diffusion coefficients (in m2 s−1) determin

Phtalate (compound C) PSS (Mr 145×
(compound B1

)

T 0.02)×
99)

F 0−11(c)

tal datF
] (52.9

sity da
d

Eq. (4)is known as the Flory–Fox equation[17] and allowed
us to estimate the PSS radius of gyrationRg from intrin-
sic viscosity [η] (see, for example[18] for data of intrinsic
viscosity on PSSs at different ionic strengths) and molecu-
lar massM of the polymer.Φ is a constant equal to 1.4×
1023 mol−1 for polyelectrolytes[19]. Next, the diffusion co-
efficient can be estimated from the Stoke–Einstein equation
[20]:

D = kT

6πηRh
≈ kT

9πηRg
(5)

whereRh is the hydrodynamic radius. In this latter equation
a relationship betweenRg andRh was required. As a first ap-
proximation, we used the relationRh ≈1.5Rg established for a
gaussian chain (polymer in aθ solvent)[20]. The experimen-
talD values derived from the curve fitting usingEq. (1)were
in good agreement with the estimations fromEq. (3)(phta-
late) andEq. (5)(polymer solutes). The experimental values
were found to be 3–5% higher than the estimated value from
electrophoretic or viscosimetric data of the literature. These
results prove that, under the experimental conditions of step
2 in Fig. 1B, Eq. (1)was suitable for describing the effect of
pressure on the peak broadening.

As already mentioned, the optimum pressure value (Popt, i)
and the corresponding mobile phase velocity (uopt, i), ob-
t re
a usion
c

P

u

T t can
m if-
f mass
p
g ffu-
s e
( ver
b
w t, as
i

his worka (7.06± 0.12)×10−10

(r2 = 0.994)
(2.38±
(r2 = 0.9

rom data of the literature 6.8× 10−10(b) 2.30× 1
a Values obtained from the non-linear curve fitting of the experimen
b Value derived from the ionic mobility of phtalate at infinite dilution[15
c Values calculated according toEqs. (4) and (5)taking intrinsic visco

L/g) [18].
ed in this work with values calculated from data of the literature

103)
)

PSS (Mr 333× 103)
(compound B2)

PAMAMPS (compound A

10−11 (1.51± 0.02)×10−11

(r2 = 0.999)
(1.37± 0.02)×10−11

(r2 = 0.999)
1.45× 10−11(c) –

a ofig. 4with Eq. (1).
× 10−9 m2V−1s−1) according toEq. (3).
ta for PSS in water at 0.1 M ionic strength ([η] = 1.68× 10−4 M0.68, [η] in

ained by differentiatingEq. (1)with respect to the pressu
nd setting the result equal to zero, depends on the diff
oefficientDi of the solutei:

opt,i = 256
√

3
ηLDi

d3
c

(6)

opt,i = 8
√

3Di

dc
(7)

hus, it is impossible to set the pressure at a value tha
inimizeH for all the solutes when compounds of very d

erent sizes such as small molecules and high molar-
olymers are considered.Table 2illustrates this difficulty by
iving the optimal pressure for solutes of very different di
ion coefficients [PSSMw 333× 103 g/mol (B2) and phtalat
C)] in capillaries of different i.d. A compromise can howe
e obtained by setting the pressure at a value (Popt, B2/C) for
hich the Van Deemter curves of the two solutes intercep

llustrated byFig. 5for different capillary i.d. IfDB2 � DC,
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Table 2
Optimal pressures (in psi) for minimizing the broadening effect of the hy-
drodynamic flow on a sample zone as a function of the capillary internal
diameter and the nature of the solute(s)

5 10 25 50

Popt,B2
a 2.10 0.26 –b –b

Popt,C
a 95.6 12.0 0.76 0.1

Popt,B2/C
c 14.3 1.80 0.11 –b

a The optimal pressure values were calculated usingEq. (6) with the
experimentalD values given inTable 1.

b The optimal pressure was below the minimal value that the apparatus
could apply.

c The optimal pressure for the mixture B2/C was calculated usingEq. (8).

thenPopt, B2/C is given byEq. (8):

Popt, B2/C =
√

DB2

DC − DB2
Popt,C (8)

Fig. 5 emphasizes that the use of capillaries with small i.d.
allow the application of higher pressures resulting in higher
linear velocities and should also lead to better peak efficiency.
Of course, the reduction of the i.d. affects also the sensitivity
of the detection.

Since in a 50�m i.d. capillary,Popt, B2/C was below the
lowest pressurePmin that the apparatus can produce (Pmin
= 0.1 psi), we tried to improve the two-dimensional separa-
tion by using a 25�m i.d. capillary. Moreover, as previously
described, a negative voltage of low intensity (−2 kV) was
simultaneously applied with the optimal pressurePopt, B2/C
(25�m i.d.) ≈0.1 psi in step 2. The corresponding electro-
pherograms are given inFig. 5for three different durations of
step 2. In the upper electropherogram ofFig. 6, the duration (x
= 25 min) of step 2 was not long enough for evacuating frac-

F ction
o te
( . The
c o-
e for
a graph
f otted
c

Fig. 6. Separation of four compounds by heart-cutting two-dimensional CE
in a 25�m i.d. capillary. Fused silica capillary, 20 cm (30 cm to the detector)
× 25�m i.d. First dimension: 0 <t <4.3 min, +20 kV. For 4.3 <t < 4.3 +x
(min), 0.1 psi at the outlet end of the capillary and−2 kV. Second dimension:
4.3 +x< t (min), +6 kV. Hydrodynamic injection of sample mixture 2: 0.3 psi,
6 s. Other conditions and identification as inFig. 2.

tion C out of the capillary by the inlet end. On the contrary,
for x= 28 min, the electropherogram inFig. 6shows that frac-
tion C was completely evacuated of the capillary since peak
C was not detected after peaks B1 and B2 during the second
dimension of the separation. As exemplified inFig. 6, good
resolutions (Rs = 2.9 versusRs = 0.8 inFig. 3) were obtained
for the separation of the two PSSs (B2 and B1) in the second
dimension of the separation. The application of the negative
voltage in step 2 may have also contribute to the reduction
in the detrimental effect of the hydrodynamic flow on the
peak broadening by diminishing the time required for frac-
tion B to reach the inlet end of the capillary. Following the
same approach,Fig. 7displays the two-dimensional electro-
pherograms that were obtained in capillaries of different i.d.
The applied pressure in step 2 was set to a value close to the
Popt, B2/C value (see last line inTable 2) excepted in the case
of the 50�m i.d. capillary where the pressure was set at the
Pmin value (0.1 psi). In addition to the hydrodynamic flow, a
−2 kV voltage was simultaneously applied for diminishing
the total analysis times. The peak symmetry, the resolution,
the signal-to-noise ratio, as well as the total analysis time
were dependent on the capillary i.d. In the 5�m capillary,
the peak asymmetry was critical and the signal to noise ra-
tio was obviously very low. The peak asymmetry observed
when using small internal diameter capillary was likely due
t ap-
i ased
t
i an in
t ond
d illary
i in
t

ig. 5. Variations of the height equivalent to a theoretical plate as a fun
f linear velocity for PSS (Mw 333× 103 g/mol, dotted line) and phtala
plain line). The capillary i.d. is indicated on the graph for each curve
urves were obtained usingEq. (2)and taking the molecular diffusion c
fficients of the solutes given inTable 1. The optimal pressures to apply
compromise in the dispersion of both two solutes are given on the

or different internal diameters by the intersection of the plain and d
urves.
o high electromigration dispersion (overloading of the c
llary) since the polymer sample concentration was incre
o improve the detection. The total analysis time in the 10�m
.d. capillary was more than one and a half time shorter th
he 25�m i.d. It appeared from the comparison of the sec
imension of the separations as a function of the cap

.d. that the 25�m i.d. capillary was the best compromise
erms of resolution and signal to noise ratio.
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Fig. 7. Effect of the capillary i.d. on the separation of four compounds by
heart-cutting two-dimensional CE. Fused silica capillary, 20 cm (30 cm to
the detector). First dimension: +20 kV for 0 <t < 4.1 min (50�m i.d.), 0 <
t < 4.3 min (25�m i.d.), 0 <t < 4.2 min (10 and 5�m i.d.). Application of
−2 kV and a pressure of 0.1 psi (50 and 25�m i.d.), 2 psi (10�m i.d.), 25 psi
(5�m i.d.), at the outlet end of the capillary for 4.1 <t < 17.1 min (50�m
i.d.), 4.3 <t < 32.3 min (25�m i.d.), 4.2 <t < 17.2 min (10�m i.d.), 4.2 <t <
16.2 min (5�m i.d.). Second dimension: +6 kV. Hydrodynamic injections:
0.3 psi, 2 s (50�m i.d.); 0.3 psi, 6 s (25�m i.d.); 1 psi, 20 s (10�m i.d.);
20 psi, 30 s (5�m i.d.). Sample mixtures 2 (50, 25, and 10�m i.d.), sample
mixture 3 (5�m i.d.).

In the previous examples, a small fraction (one peak) of
the first dimension was selected before being separated ac-
cording to the second dimension.Fig. 1C depicts the different
steps that were performed for submitting both fractions B and
C to the second dimension of the separation. At the starting
point of step 2, fraction A was already evacuated out of the

Fig. 8. Heart-cutting two-dimensional CE separation with selection of two
fractions from the first dimension in a 50�m i.d. capillary. Fused silica cap-
illary, 20 cm (30 cm to the detector)× 50�m i.d. Applied voltage: 0 <t <
4 ).
T e cap-
i the
s 3 s of
s on
a

capillary, fraction C was still in the capillary, while fraction
B was close to the outlet end of the capillary. The entangled
polymer solution was then electroosmotically introduced by
the outlet end of the capillary by applying a−3 kV voltage.
Relatively good resolution (Rs = 1.58) was obtained by this
method (Fig. 8) even in the 50�m i.d. capillary since there
was no hydrodynamic flow in step 2 (Fig. 1C) that could
induce peak broadening. However, when more than one frac-
tion is submitted to the second dimension of the separation,
components resolved in the first dimension can recombine in
the second dimension.

4. Conclusion

This work demonstrates that heart-cutting two-
dimensional capillary electrophoresis can be performed
in a single capillary using conventional apparatus. The
proposed methodology does not require any special coupling
device between capillaries since the two dimensions of the
separation are performed in the same capillary. Due to the
absence of coupling interface, there is potentially no loss of
material between the two dimensions of the separation. The
optimal capillary diameter as well as the optimal pressure
for mobilizing the solutes, in terms of peak efficiency
a the
s usion
c mall
m
s logy,
t ration
m her
a ple
w nd
d ode.
T otic
fl sed)
e

R

d.),
Se-

987)

244.

ues
arcel

resis

N.
K.
.55 min, +20 kV (first dimension);t> 4.55 min,−3 kV (second dimension
he second separation medium was introduced at the outlet end of th

llary by electroosmotic flow. Both fractions B and C are submitted to
econd dimension of the separation. Hydrodynamic injection: 0.3 psi,
ample mixture 2. Other conditions as inFig. 2.The status of the separati
t four different steps (circled numerals) is schematically given inFig. 1C.
nd in terms of sensitivity in the second dimension of
eparation, depend on the molecular masses (or diff
oefficient) of the solutes. When separating both s
olecules and large solutes an internal diameter of 25�m

eems to be a good compromise. In this new methodo
here is one requirement concerning the second sepa
edium: it must be able to enter in the capillary with a hig
pparent velocity than that of the isolated solutes. A sim
ay to fulfill this requirement is to perform the seco
imension of the separation in counter-electroosmotic m
his implies the existence of a cathodic electroosm
ow for the separation of anions and an anodic (rever
lectroosmotic flow for the separation of cations.
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