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Two-dimensional capillary electrophoresis involving capillary
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Abstract

Capillary isoelectric focusing (cIEF) and capillary zone electrophoresis (CZE) was on-line hyphenated by a dialysis interface
to achieve a 2D capillary electrophoresis (CE) system. The system was used with just one high-voltage power supply and three
electrodes (one cathode shared by the two dimensions). The focused zone in the first dimension (i.e. the cIEF) was driven to the
dialysis interface by electroosmotic flow (EOF), besides chemical mobilization from the first anode to the shared cathode. And
then in the second dimension (i.e. the CZE), the separated zone was further separated and driven by an inverted EOF, which
originated from the charged layer of a cationic surfactant adsorbed onto the inner wall of the capillary. Finally, a solution of
ribonuclease was rapidly separated to assess the feasibility of the two-dimensional CE implement.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Complex biological systems challenge the tech-
nique of analysts all over the world, especially after
the introduction of the concept of proteomics, which
studies the whole protein contemplate expressed by a
genome[1]. Arduous proteomics tasks require tech-
niques with high throughput and high efficiency in
order to screen a certain proteome expression and to
monitor the effects of environmental conditions and
time on the expression. There seldom is, at present, a
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single separation mode sufficient enough to deal with
such complex samples. Multidimensional chromato-
graphic and capillary electrophoresis (CE) protocols
provide powerful methods to accomplish ideal sepa-
rations[2–4]. Among them the most important ones
are the integrated systems containing complemen-
tary dimensions, where different dimensions separate
components on the basis of independent or orthogonal
principles[5–8]. In such a multidimensional system,
the peak capacity is the product of the peak capacities
of each dimension[9,10].

CE is a significant tool for the separation of proteins
and peptides[11–13]. To finish complicated separation
jobs, great efforts have been concentrated on the de-
velopment of 2D CE[14–17]. These two-dimensional
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systems can be carried out in capillary formats or on
chips to obtain higher efficiency and capacity than 1D
methods. And they are also potentially automated for
high-throughput purposes.

We previously reported a two-dimensional capil-
lary isoelectric focusing–capillary gel electrophoresis
(cIEF–CGE) system just with one high-voltage power
supply and three electrodes. Chemical mobilization
was utilized to drive the sample zones of the first
dimension[18]. To actualize 2D cIEF–CGE perfor-
mance, coated and gel-filled capillaries were needed
to eliminate the undesired EOF. In a gel-filled cap-
illary the emergence of bubbles is tedious. So it is
valuable to exploit a convenient and robust 2D CE
system. In this paper we present a two-dimensional
capillary isoelectric focusing–capillary zone elec-
trophoresis (cIEF–CZE) system in which EOF was
utilized to transport the analyte. This two-dimensional
construction makes it easy to achieve a rapid
two-dimensional separation for ampholytic biological
macromolecules.

2. Experimental

2.1. Materials and instrumentation

The electrophoretic experiments were performed
on a TriSepTM 2000 GV system (Unimicro Technol-
ogy, Pleasanton, CA, USA) equipped with a Data
Module UV-Vis detector (wavelength continuously
adjustable) and a CEC Control Module high-voltage
power supply. A Workstation Echrom 98 of Elite
Co. (Dalian, China) was used for data acquisition.
The hollow fibers were taken out of a polyethersul-
fone hollow-fiber dialyzer (Diapes-R12, 30�m i.d.,
Caswasumi Laboratories, Inc., Tokyo, Japan) with
a molecular weight cutoff (MWCO) of 8000. The
silica capillaries (50�m i.d., 375�m o.d.) were pur-
chased from Ruiyang Chromatographic Device Co.
Ltd. (Yongnian, Hebei, China).

Hydroxypropylmethyl-cellulose (HPMC),N,N,N′,
N′-tetramethylethylenediamine (TEMED, 99%)
(both from Acros Organics), Ribonuclease (bovine
pancreas, Merck), and Pharmalyte (pH 3.0–10.0, Bio-
Chemika) were used directly without further purifica-
tion. Cetyltrimethylammonium bromide (CTAB) was
purchased from Beijing Chemical Reagent Co. (Bei-

jing, China). Other reagents used were of analytical
grade.

2.2. Fabrication of the interface

A section of a hollow fiber (10 mm long) was fixed
in a reservoir (20 mm× 10 mm× 10 mm, thickness
6 mm) made of polymethyl methacrylate. A thin
thread of platinum was plugged into the reservoir to
serve as the electrode. All the slots (between fiber and
reservoir, and electrode and reservoir) were sealed
with cyanoacrylate to protect from leakage. Both
ends of the fiber were made expedite and could be
later screwed to connect a capillary respectively to
establish a separation channel (Fig. 1).

2.3. cIEF and CZE of ribonuclease

An uncoated capillary was equilibrated by the sam-
ple buffer of cIEF (40 mmol/l Tris–HCl) containing
Pharmalyte (2% (v/v)), HPMC (0.2% (w/v)), and
TEMED (0.05% (v/v)) for 10 min before each run.
This treatment saturated the inner wall of the capillary
with HPMC. The silanol groups were partially cov-
ered by the hydrophilic polymer chain. A segment of
ribonuclease solution was injected into the capillary
at a certain voltage for a fixed period of time. A solu-
tion of 15 mmol/l H3PO4 was used as the anolyte and
20 mmol/l NaOH as the catholyte. After a voltage was
applied, the focusing began. Transported by a residual
EOF towards the cathode, the focused sample zones
would give signals as they pass the detection window.

Fig. 1. Dialysis interface: (1) capillaries; (2) buffer reservoir; (3)
hollow fiber; (4) electrode; (5) buffer inlet; (6) buffer outlet.
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Fig. 2. Construction of 2D cIEF–CZE. S: high-voltage power
supply; C1, C2: capillaries; I1, I2, I3: interfaces; D: detector.

In the case of CZE, a solution of ribonuclease was in-
jected into a capillary prefilled with CZE buffer. After
sample injection, the analysis voltage was applied on
the capillary to perform electrophoresis.

2.4. Hyphenation of cIEF and CZE

The two-dimensional system was set up asFig. 2.
Interfaces I1, I2 and I3 contained 15 mmol/l H3PO4,
20 mmol/l NaOH, and CZE buffer, respectively. Cap-
illary C1 was firstly filled with a ribonuclease solution,
and C2 with CZE buffer. The capillaries and inter-
faces were joined together carefully to avoid bubbles
in the separation pathway. Three electrodes were in-
troduced from the high-voltage power supply S. Two
anodes were linked to I1 and I3. And I2 was linked to
the shared cathode. One minute after the power was
turned on, the solution of NaOH in the interface I2
was displaced by the CZE buffer. Subsequently, till
the end of the total two-dimensional operation, CZE
buffer (at 0.1 ml/min) was compelled to flow through
the shared interface I2 and rinse the hollow fiber in it.

3. Results and discussion

3.1. Characteristics of 2D cIEF–CZE

This two-dimensional system enables a separation
based on two conterminous orthogonal criteria. Firstly
ampholytic macromolecules such as peptides and pro-
teins are distinguished in accordance with their differ-
ent isoelectric points (pIs) in the first dimension. The
EOF in the first dimension acts as an electrophoretic
pump to transfer the analyte. And the semi-permeable
property of the interface ensures that macromolecules
of ampholytic analytes remain in the separation chan-
nel. Zero net charged analyte molecules focused in the

first dimension are recharged in the interface (I2 in
Fig. 2) according to the pH of the altered buffer. Then
the recharged macromolecules are forced to migrate
into the second dimension. Further separation accord-
ing to the ratios of charge and mass (electrophoretic
mobility) will be carried out in the second dimension
(CZE). The dialysis interfaces play important roles in
the electrophoretic experiments. In the 2D CE system,
the two capillaries were tightly screwed to connect to
the hollow fiber in the interface. This protocol endues
the interface with durability and makes for convenient
performance. To reduce the dead volume, it is neces-
sary to match the inner diameter of the hollow fiber
to that of the capillaries. The tangent surfaces of these
units should be made even and smooth.

Isoelectric focusing in a dynamically modified
capillary with EOF suppressed to a certain level is
termed as dynamical focusing[19,20]. A section of
sample solution is injected into the capillary and
kept at a certain distance from the detection point.
Molecules of carrier ampholytes (CAs) establish a
pH gradient under a high voltage. Mixed analytes are
focused into various zones due to the differences in
the pIs and then mobilized by the EOF. It is simple to
carry out a fast two-dimensional separation with this
cIEF–CZE arrangement. For both cIEF (Fig. 3) and
CZE (Fig. 4), it took less than 3 min to deal with a
sample of ribonuclease.

When performing isoelectric focusing, one can fill
the total volume of a capillary with sample solution.
It can be expected that the detection sensitivity of the
hyphenated system benefits from the concentration
effect of the first dimension of cIEF. This feature
holds advantage over other CE modes such as CZE,
CGE, micellar electrokinetic capillary chromatogra-
phy (MECC), and capillary electrochromatography
(CEC). Practically, cIEF has a power to concentrate
analytes up to several hundred folds in a capillary
[21]. Such a condensed and shortened analyte plug in
a capillary is appropriate for sample injection to other
CE modes. Therefore cIEF is a proper candidate for
the first dimension in a multi-dimensional CE system.
Apparently, this will improve the sensitivity for mass
detection. It is advantageous over those systems in
which cIEF was utilized as the second dimension.
Nevertheless, the sensitivity of UV absorbance suf-
fers from the necessity of the CAs involved in cIEF.
Of course, isotachophoresis (ITP) as a pretreatment
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Fig. 3. cIEF of ribonuclease. The capillary is 30 cm long with an effective length of 22 cm from the anode to the detection window.
Ribonuclease concentration is 0.2% (w/v) in 40 mmol/l Tris–HCl containing Pharmalyte (2% (v/v)), HPMC (0.2% (w/v)), and TEMED
(0.05% (v/v)). Injection: 10 kV for 90 s. The voltage is 10 kV and the detection wavelength is 280 nm.

Fig. 4. CZE of ribonuclease. Buffer: 40 mmol/l Tris–HCl containing 0.1% (w/v) CTAB. Injection time is 5 s. Other conditions are the same
in Fig. 3.



C. Yang et al. / J. Chromatogr. A 1018 (2003) 97–103 101

tool for CZE separation also has a concentration ef-
fect [22]. ITP is carried out based on the mobility
differences of ions and, IEF, based on different pIs of
ampholytic molecules.

As mentioned above, a two-dimensional separation
system integrated by a dialysis interface could be used
with just one high-voltage power supply. During the
two-dimensional operation, the two dimensions shared
a cathode. In practice, the two dimensions are flexible
to share an anode. In such a way, chemical mobiliza-
tion towards anode (anodic mobilization) should be
run in the first dimension. And the EOF is normally
from the anode to the cathode in the second dimen-
sion. Additionally, this 2D CE has the expandability
to multi-dimensional system in theory[18]. But opti-
mization should be carried through before the utiliza-
tion in a practical proteome program. Aspects such as
compatibility with mass spectrometry (MS) and the
ability of identification and quantitation need to be
improved.

3.2. Mobilization of the electrolytes from the first to
the second dimension

After focusing, the ampholytic molecules possess
zero net charge in the capillary. Thus there should be
at least one additional force to drive the focused zones
other than electric mobility. The semipermeable fea-
ture of a dialysis interface supplies convenience to in-
troduce small molecules or to remove them from the
separation channel. This provides a method to adjust
the properties such as pH, ionic strength, and viscos-
ity in the capillaries[23–26]. In the mean time, elec-
trolytes can be displaced on-line by applying dialysis
interfaces. Thus, there is a choice to run chemical mo-
bilization in the dimension of cIEF after focusing.

Under the control of a high voltage, the CAs will
move and then establish a stable pH gradient between
the acidic anolyte and the basic catholyte. Once an
electrolyte is displaced by a salt solution, the pH
gradient will be destroyed and the focused zones will
begin to migrate. This is known as chemical mobiliza-
tion [27]. A 2D CE system involving cIEF as the first
dimension could apply chemical mobilization as an
inherent force for driving the focused zones[18]. In
this paper the transfer of analytes is achieved by both
EOF and chemical mobilization. In this case, chem-
ical mobilization could be used[18]. But we know

that chemical mobilization is inefficient when the pH
is extremely basic or acidic. Valves and sample loops
were usually used in two- or multi-dimensional sepa-
ration systems[6,7]. The advantage of a valve or sam-
ple loop is their robustness. Naturally separated zones
were driven mechanically in those systems. Switching
by a valve or sampling by a loop is simple to operate
and is easy to be automated. But it is not so easy to
precisely collect the whole components within a peak
in the first dimension and transfer them to the second
dimension. The discontinuity of sample transfer and
injection into the second dimension will further result
in component loss during the performance. Analytes
with molecular mass bigger than the MWCO of the
hollow fiber cannot be lost in this cIEF–CZE imple-
ment. On the contrary, they will all be injected into
the second dimension for further separation. Focused
zones could also be hydrodynamically injected into
the second dimension by simply elevating the inlet
reservoir above the outlet for a certain time[8]. How-
ever, on turning off of the high-voltage power applied
to the cIEF capillary intermittently, broadening of the
zones can be expected. Because there are no solid
materials to stack in either of the capillaries, mechan-
ical methods such as nitrogen pressure and siphon
could be utilized to drive analyte zones.

The directions of the electric fields in the two
dimensions of this three-electrode setup are in re-
verse to each other. It is necessary to modify the
second-dimensional capillary before utilizing the EOF
to transfer separated zones. Quaternary ammonium
cationic surfactants could be adsorbed onto silica and
will drastically alter the polarity of the hydrophilic
surface. Hence the compounds such as CTAB were
used to coat silica capillaries and reverse the direc-
tion of EOF[28–30]. Thus, a solution of 0.05% (w/v)
CTAB was added to the buffer to initiate the EOF
from the shared cathode (in the interface I2) to the
anode (in I3). This adapts to the direction of the EOF
from the anode (in I1) to the shared cathode (in I2) in
the first dimension.

The EOF in the first dimension varies with the
position in the gradient while running cIEF. Low
EOF appears at acidic pH in a capillary due to a
deficiency in the ionization of the silanol groups and
vice versa. Verification experiment was carried out to
evaluate whether all the CAs could be swept through
the two-dimensional separation pathway. In such an
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Fig. 5. Electrophoregram of 2D cIEF–CZE. The detection wavelength is 280 nm. Other conditions are the same as inFig. 3 or 4.

experiment the detection wavelength was 254 nm,
which was strongly absorbed by the CAs. Other con-
ditions were the same inFig. 5 but without ribonu-
clease. The result showed it would take more than
100 min to transfer all the gradient carriers through
the two dimensions (data not showed). It proves that
the remainder EOF is sufficient to migrate all focused
zones in a wide pH gradient (3–10), even though
there are different pH values in the capillary.

Only a reproducible method is valuable in prac-
tical analytical experiments. The reproducibility of
this cIEF–CZE system depends on the stability of
high-voltage power supply, the properties of the cap-
illary inner walls, and the components of the buffers.
Repeat experiments exhibited acceptable reproducibil-
ity of the elution times. The result of six continuous
runs of 2D cIEF–CZE gave an R.S.D. value of 2.7%
for the first peak and 3.1% for the second inFig. 5.

3.3. An example: 2D cIEF–CZE electrophoregram
of ribonuclease

A solution of ribonuclease was used to verify the
effectiveness of the 2D cIEF–CZE system. Firstly the
sample was separated in both cIEF and CZE modes.

Due to the poor absorbance sensitivity at 280 nm and
limited sampling volume of the two modes, cIEF and
CZE, electrophoregrams of both cIEF and CZE gave
a single peak (Figs. 3 and 4). By the agency of the
concentration effect from cIEF the cooperation of
cIEF–CZE could reveal different components in the
sample solution. Once the sample was subjected to
CZE after being focused by cIEF, two peaks were
clearly observed (Fig. 5). It can be concluded that
the 2D cIEF–CZE system possesses higher resolving
power than each of the single modes.
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