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Abstract Anion-exchange superporous cellulose
(DEAE-SC) and microporous cellulose (DEAE-MC)
adsorbents were packed in an electrochromatographic
column, and the effect of external electric field (eEF)
on the dynamic adsorption was investigated. The column
was designed to provide longitudinal, transverse or 2-
dimensional (2D) eEF. It was found that the electro-kinetic
effect caused by the introduction of an electric field played
an important role in the dynamic adsorption of bovine
serum albumin to the adsorbents. The dynamic binding
capacity (DBC) in the presence of 2D eEF was higher than
in the presence of a one-dimensional eEF. The effect of
flow velocity on the DBC of the two adsorbents was also
demonstrated. It was found that the effect of electric field
on the DEAE-MC column was more remarkable than that
on the DEAE-SC column at the same flow rate, whereas
the DEAE-SC column showed higher DBC and adsorption
efficiency (AE) than the DEAE-MC column. With
increasing flow rate, the DEAE-SC column could still
offer high DBC and AE in the presence of the 2D eEF. For
example, a DBC of 21.4 mg/mL and an AE of 57.7% were
obtained even at a flow rate as high as 900 cm/h. The
results indicate that the 2D electrochromatography packed
with the superporous cellulose adsorbent is promising for
high-speed protein chromatography.

Keywords electrochromatography, two-dimensional
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1 Introduction

Liquid chromatography has been extensively used in
biotechnology for its high resolution and mild separation
conditions [1,2]. However, the application in the separation
of biomacromolecules is always hindered by the high
intraparticle mass transfer resistance inside porous sup-
ports. During the last two decades, continual efforts have
been made to improve the intraparticle mass transport and
many advances have been obtained. Using perfusion
support [3] or superporous matrix [4,5] for protein
chromatography is one method to reduce the intraparticle
mass transfer resistance and increase the bead permeability.
For example, the diethylaminoethyl (DEAE) group
functionalized superporous and microporous cellulose
beads were prepared and used for bovine serum albumin
(BSA) adsorption and purification [6]. As a result, the
column packed with superporous beads can offer lower
backpressure, higher column efficiency as well as higher
dynamic binding capacity (DBC) than with microporous
matrix.
Another solution to improve the intra particle mass

transport is to introduce electrokinetic transports by
applying an external electric field (eEF). The applied eEF
could induce the electroosmosis of the fluid phase on a
charged surface and electrophoresis of charged solutes,
thereby improving the mass transfer inside stationary
phase particles [7]. So far, many publications have been
reported about protein separation and purification with
preparative electrochromatography [8–12]. Among them
eEF can be added to the chromatographic column
transversely or longitudinally. Recently, Jia et al. designed
a preparative electrochromatography (PEC) system with
seven compartments [13]. The system gave promise to
provide a transverse, longitudinal and two-dimensional
(2D) electric field. The designed PEC system was also used
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for protein adsorption. The dynamic binding capacity of
proteins in PEC with transverse, longitudinal or 2D eEF
was higher than that in the chromatography system without
eEF. Besides, it was confirmed that the 2D electric fields
promoted the mass transport more remarkably than a 1D
electric field.
Though both superporous matrix and PEC were used for

improving the intraparticle mass transport in protein
chromatography, no publication has be reported on the
use of superporous beads in PEC for protein adsorption
and purification. In this work, homemade superporous
cellulose beads were packed in the electrochromatographic
column to investigate the effect of eEF on the mass transfer
of proteins. As a control, the effect of eEF on the mass
transfer of microporous cellulose beads was determined
too. The comparison of DBC between the superporous and
microporous matrix in PEC was investigated at different
eEF and flow rates. The mass transfer performance of the
two adsorbents was interpreted in detail.

2 Materials and methods

2.1 Materials

Degreasing cotton was purchased from League Health
Materials (Jiaozuo, China). Calcium carbonate granule
with an average particle size of 2.34 μm was received from
Lihe (Tianjin, China). Tris(hydroxymethyl) aminomethane
(Tris), glycine (Gly), diethylaminoethyl chloride (DEAE-
Cl) and bovine serum albumin (BSA) with a purity of 96%
were obtained from Sigma (St. Louis, MO, USA).
Transformer oil was provided by the Transformer Station
of Tianjin University (Tianjin, China). Other reagents were
of analytical grade from local sources. Deionized water
was used for the preparation of all solutions.

2.2 Chromatographic system

The experimental system is shown in Fig. 1. The key part
of this system is the seven-compartment chromatographic
column, including the central gel compartment, two
transverse electrode compartments, two mini feeding
compartments and two longitudinal electrode compart-
ments. The dimensions (length � width � depth, mm) of
the central gel compartment were 40 � 7 � 7 and the
volume is 2 mL. The homemade cellulose beads were
packed into the central compartment by gravity sedimenta-
tion. The cooled circulating electrode solution kept in 4°C
was pumped into the four electrode compartments to
generate eEF meanwhile to remove the electrolysis gases
and the Joule heating. Sample solution was pumped into or
out from the two feeding compartments. The column was
connected to the AKTÄ FPLC system (Amersham
Biosciences) controlled by Unicorn 4.11 for data
acquisition and processing. More information about the

electrochromatographic system can be found in our
previous publication [13].

2.3 Adsorption equilibrium experiments

The adsorption equilibrium experiments were carried out
on both DEAE superporous cellulose beads (DEAE-SC)
and DEAE microporous cellulose beads (DEAE-MC).
Fabrication and characterization of the two absorbents
have been described in detail in the previous work [6].
The adsorption properties of the two beads for BSA
were detected by finite batch experiments in buffer A
(3.9 mmol/LTris, 47 mmol/LGly, 5 mmol/LNaCl, pH 8.2).

2.4 Frontal analysis experiments

Frontal analysis in the 2D electrochromatographic column
was conducted in buffer A containing 2 mg/mL BSA to
determine DBC of the DEAE-SC and DEAE-MC
adsorbents. Moreover, buffer A was also used as the
equilibration and electrode solution to keep the constant
buffer conductivity in the chromatographic system. Buffer
B (3.9 mmol/L Tris, 47 mmol/L Gly, 1 mol/L NaCl) was
used as elution and regeneration solution. The experi-
mental procedure was similar to that reported earlier [13].
First, the longitudinal, transverse as well as 2D electric
fields were added respectively to the column packed with
DEAE-SC and DEAE-MC at the flow rate of 600 cm/h.
The longitudinal current density was 10 mA and the
direction of the electric field was obverse to the pressure
driven flow. The transverse current density was 80 mA at a
current cycle of 20 s. Since the 2D eEFs were consisted of
transverse and longitudinal electric fields, the experimental
conditions were coincidental with the corresponding
conditions in the 1D electric field. DBC of BSA in
the two matrices at different flow rates (300, 600 and
900 cm/h)wasmeasured in the column addedwith 2D eEF.
To directly show the effect of the eEF on DBC, a

parameter δ10 was introduced [13]:

Fig. 1 Structure of the electrochromatographic column with 2D
eEF
1. longitudinal electrode compartments; 2. transverse electrode
compartments; 3. mini feeding compartments; 4. central gel
compartment
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�10 ¼
DBC10,eEF

DBC10
, (1)

where DBC10,eEF is the dynamic binding capacity
calculated at 10% breakthrough with the eEF and DBC10

is that without eEF. DBC10 and DBC10,eEF were,
respectively, calculated by the follow equations:

DBC10,eEF ¼ C � VeEF

VW
, (2a)

DBC10 ¼
C � V

VW
, (2b)

where C is the inlet protein concentration, V and VeEF are
the loading volume at 10% breakthrough without and with
eEF, respectively. VW is the wet gel volume packed in the
column. Besides, the adsorption efficiency (AE) of the
matrix was also evaluated by the ratio of DBC to static
adsorption capacity (qm).

3 Results and discussion

3.1 Adsorption isotherms

The adsorption equilibrium experiments of BSA on
DEAE-SC and DEAE-MC adsorbents were carried out
by stirred batch adsorption as described by Wang et al. [6].
The experimental results were fitted by the Langmuir
equation. The obtained qm and Kd as well as some physical
properties of the two absorbents are also shown in Table 1.
As can be seen, the qm of DEAE-SC and DEAE-MC
adsorbents were 37.12 and 48.15 mg/mL wet beads,
respectively. The qm of the DEAE-SC adsorbent was
smaller than that of the DEAE-MC, indicating that the
introduction of wide pores in the DEAE-SC resulted in the

loss of specific surface area. That phenomenon was
coincident with the typical features of the superporous
matrix prepared by other methods [14,15].
As described by Liu et al., the adsorption capacity in

protein electrochromatography was not influenced by the
eEF. The max current density used in their work was
80 mA [10]. A similar result was also reported in Yarmush
and Olson’s publication, in which the maximum value of
the current density was 200 mA [16]. In the present work,
the current density was controlled below 80 mA. There-
fore, the static adsorption capacities of BSA on DEAE-SC
and DEAE-MC matrices could not be influenced by the
absence of an electric field in this work.

3.2 Effect of the mode of electric field on DBC

Frontal analysis experiments were performed in the 2D
electrochromatography to determine the effect of different
eEF on the DBC of the two matrices. Figure 2 displays the
effect of different eEF on the breakthrough curves of
DEAE-SC and DEAE-MC. The DBC at 10% break-
through, AE and δ10 are summarized in Table 2. For both
matrices, the DBC were enhanced because of the
introduction of each kind of eEF and the highest DBC
was obtained under the 2D electric fields. Similar
tendencies were also figured out in the values of δ10 and
AE which directly described the effect of eEF on the
protein mass transfer. However, there were obvious
differences in the effect of the eEF between the two
matrices. The higher δ10 obtained in DEAE-MC indicated
that the introduction of eEF improved the mass transfer in
the DEAE-MC more efficiently than in the DEAE-SC.
Based on the discussion in Section 3.1, the protein

adsorption was not affected by the eEF. Therefore, the
enhancement of the DBC was attributed to the improve-
ment of mass transfer in the column, especially the
intraparticle mass transfer which was considered as the
rate-limiting factor for the adsorption of biomacromole-
cules [17,18]. In principle, the effect of the electric field on
the mass transfer should be ascribed to the occurrence of
electro-kinetic effect including electroosmotic flow (EOF)
and electrophoresis of charged solute [19,20]. In this work,
the electrical double layer on the matrices surface and the
model protein were both negatively charged. For the
obverse longitudinal electric field, the generated electro-
phoresis and EOF were reversed to the pressure driven

Table 1 Parameters of physical properties and adsorption equilibria

adsorbent DEAE-MC DEAE-SC

effective porosity, εp (–) 0.42 0.51

ion-exchange capacity/(μmol∙mL–1) 111.4 96.9

dp /μm 85 88

qm /(mg$mL–1 wet bead) 48.15 37.12

Kd /(mg∙mL–1) 0.0055 0.0053

Table 2 Comparison of δ10 between the different types of eEF on the column packed with DEAE-MC and DEAE-SC at the flow rate of 600 cm/h

electric field DBC /(mg∙mL–1) AE /% δ10

MC SC MC SC MC SC

no eEF 7.20 19.7 14.9 53.1 1.00 1.00

longitudinal, 10 mA 8.40 23.2 17.4 62.5 1.17 1.18

transverse, 80 mA 10.5 23.6 21.8 63.6 1.46 1.20

2D 15.3 26.1 31.7 70.4 2.13 1.32

Dongmei WANG et al. Protein adsorption in two-dimensional electrochromatography 231



direction, so the breakthrough of the model protein was
prolonged. Moreover, the EOF could induce convective
flow even in the micropores [21]. Hence, more protein
molecules can reach the binding sites in the pores by the
transport of mobile phase. Therefore, a significant augment
of DBC can be obtained in the presence of the obverse
longitudinal electric field. However, for the transverse
electric field, the direction of the generated electro-kinetic
transport was perpendicular to the mobile phase flow and
varied periodically with the oscillatory electric field, thus
the charged solute would pass through the column in a
zigzag trajectory in experiments. During the run, the

retention time of the aimed proteins was delayed and the
mass transfer was also enhanced, so the DBC increased
drastically. While the 2D eEF was applied, 2D electro-
kinetic transports could be generated. Both the obverse
longitudinal electric field and the transverse electric field
could work together to increase the mass transfer of
proteins. For a single protein molecule, the transverse eEF
would enhance the transport in the transverse pore in the
adsorbent. Meanwhile, the longitudinal eEF could not only
improve the axial transport but also prolong the retention
time of the protein in the column. Therefore, the mass
transfer was enhanced more efficiently under 2D eEF than
1D eEF. A similar conclusion could be drawn from the
comparison of the δ10 between 2D eEF and 1D eEF (shown
in Table 2). The highest δ10 for both matrices were
obtained in the presence of a 2D eEFs, which were 1.32 for
the DEAE-SC column and 2.13 for DEAE-MC. The
results exhibited that the mass transfer of proteins can be
enhanced by the introduction of eEFs including obverse
longitudinal, transverse or 2D electric fields. Compared
with the other two electric fields, the use of 2D electric
fields can improve the protein mass transfer more
efficiently.
By comparing the δ10 of the two matrices, it was found

that the effect of the electric field on the DEAE-MC
column was more remarkable than that on the DEAE-SC
column. Whereas, the DBC obtained in the DEAE-SC was
higher than the DEAE-MC. For example, the DBC without
eEF were 19.7 and 7.2 mg/mL for DEAE-SC and DEAE-
MC, respectively. Considering the lower static adsorption
capacity of DEAE-SC, the adsorption efficiency (AE) of
DEAE-SC was much higher than that in DEAE-MC. As
can be seen in Table 2, in the absence of the eEF, the AE
could reach 53.1% for DEAE-SC whereas it was only
14.9% for DEAE-MC. Those results suggested that the
mass transfer in DEAE-SC was superior than that in
DEAE-MC, which could be ascribed to the convective
protein mass transfer in the macropores of the DEAE-SC.
The protein mass transfer in the DEAE-MC particles was
limited by the pore diffusion in the micropores. Therefore,
the introduction of eEF could improve the mass transfer in
DEAE-MC to a larger extent due to the electro-kinetic
transports, especially to the induced electrical double layer
transport in the micropores. Although there was more
remarkable improvement for theDEAE-MCcolumn,DEAE-
SC column showed the highest DBC of 31.7 mg/mL and
performed the best AE of 70.4% in the presence of 2D eEF
(Table 2).

3.3 Effect of flow velocity on DBC

To investigate the effect of eEF on the mass transfer at
different flow rates, the DBC were measured at flow rates
of 300, 600 and 900 cm/h, respectively. The experimental
results are exhibited in Table 3. For DEAE-MC, the DBC
decreased significantly with the increase in flow rate,

Fig. 2 Breakthrough curves of BSA on DEAE-SC (a) and
DEAE-MC (b) with different types of eEF. L, longitudinal electric
field; T, transverse electric field at 600 cm/h. The mobile phase was
buffer A (3.9 mmol/L Tris, 47 mmol/L Gly, 5 mmol/L NaCl, pH
8.2). Sample solution was 2 mg/mL BSA prepared with buffer A
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whereas, the δ10 showed a maximum value of 2.13 at the
flow rate of 600 cm/h. In the absence of the eEF, a high AE
of DEAE-MC (41.7%) was achieved through diffusion
mass transfer at the flow rate of 300 cm/h, so there was
little influence of the electric field on the mass transfer.
With increasing flow rate, the mass transport in the pore
decreased drastically without the eEF. Therefore, the effect
of mass transfer provided by electro-kinetic transport
would be more obvious. Hence, the maximum δ10 was
obtained at a flow rate of 600 cm/h. However, when the
flow rate was further increased to 900 cm/h, the intrapar-
ticle mass transfer exhibited a very serious resistance for
protein adsorption which could not be improved efficiently
even by the eEF. Therefore, the δ10 of DEAE-MC at a flow
rate of 900 cm/h was decreased to 1.76 (Table 3).
For DEAE-SC, the δ10 of DEAE-SC increased mono-

tonically with the increase of the flow rate. Because of the
inherent intraparticle convective mass transport induced in
the macropores, both of the DBC and the AE were at a high
level [6]. It indicted that the DEAE-SC can provide a better
mass transfer than the DEAE-MC. So the effect of the eEF
on the protein mass transfer in the DEAE-SC was not as
remarkable as that in the DEAE-MC. With the increase of
the flow rate, the intraparticle mass transfer decreased, then
the effect of the eEF increased. Therefore, the effect of flow
velocity on the δ10 of DEAE-SC column showed
monotonically increasing tendency (Table 3).
By comparing the DBC, AE and δ10 of the two

adsorbents shown in Table 3, the effect of the eEF on
DEAE-SC was not as obvious as that on DEAE-MC,
whereas the DBC and AE of DEAE-SC were higher than
that of DEAE-MC at the same flow rate. For example, the
comparison at a flow rate of 600 cm/h is exhibited in Fig. 3.
These results have further confirmed the speculation that
the introduction of wide pores can lead to convective mass
transfer in the particles and reduce the intraparticle mass
transfer resistance efficiently [3–6]. In the presence of the
eEF, the DBC of DEAE-SC was still 21.4 mg/mL and the
AE could reach 51.7%, which were more than two times
higher than those of DEAE-MC at the high flow rate of
900 cm/h. It can be concluded that the DEAE-SC packed
column was more suitable for the high-speed preparative
electrochromatography.

4 Conclusions

In the present work, homemade superporous cellulose
adsorbents and microporous cellulose adsorbents were
packed in a preparative electrochromatographic column
with a 2D eEF to investigate the effect of the eEF on the
dynamic adsorption on both adsorbents. The results
showed that the electro-kinetic effect caused by the
introduction of an electric field played an important role
in DBC of BSA in the adsorbents. Besides, the DBC in the
presence of the 2D eEFs was higher than the 1D eEF,
indicating that the 2D eEFs promoted mass transfer in the
adsorbents more efficiently. With the increase of the flow
rate, the effect of eEF on DBC and AE in DEAE-MC
increased first and then decreased, whereas, the effect on
DEAE-SC increased monotonically. At the same flow rate,
the effect of the electric field on DEAE-MC column was
more remarkable than DEAE-SC column, whereas the
DEAE-SC showed a higher DBC and AE than DEAE-MC.

Table 3 Comparison of DBC, AE and δ10 at different flow velocity in 2D eEF applied column packed with DEAE-MC and DEAE-SC

flow rate /(cm∙h–1) electric field DBC /(mg∙mL–1) AE /% δ10

MC SC MC SC MC SC

300 no eEF 20.1 22.3 41.7 60.1
1.67 1.21

2D 33.6 27.0 69.7 72.8

600 no eEF 7.20 19.7 14.9 53.1
2.13 1.32

2D 15.3 26.1 31.7 70.4

900 no eEF 6.13 15.2 12.7 41.0
1.76 1.41

2D 10.8 21.4 22.4 57.7

Fig. 3 Breakthrough curves of BSA on DEAE-MC and DEAE-
SC columns with 2D eEF at 600 cm/h. The mobile phase was
buffer A (3.9 mmol/L Tris, 47 mmol/L Gly, 5 mmol/L NaCl, pH
8.2). Sample solution was 2 mg/mL BSA prepared with buffer A
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It should be emphasized that the DEAE-SC still has an
excellent DBC and AE even at the flow rate of 900 cm/h in
the presence of the 2D eEF. All the results suggest that the
2D electrochromatography packed with the superporous
cellulose adsorbents is promising for high-speed protein
chromatography.
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