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Abstract

Macroporous cellulose membranes with large pore sizes (1-2 pm) and high porosity (about 60%) were prepared from filter
paper by chemical crosslinking. These membranes were activated by introducing epoxy groups with various spacer lengths,
after which maltose was immobilized as an affinity ligand. Packed into a cartridge, the prepared membranes were used for
the affinity purification of concanavalin A, © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

As a new technology in affinity separation, the
membrane affinity chromatography has proven its
efficiency and time stability. This technology had
already significant applications in the separation and
purification of biomolecules [1-12]. One of the most
important factors in membrane affinity chromatogra-
phy is the identification of suitable membranes. The
selection of the membrane material and its preparation
constitute dominant factors affecting the chromato-
graphic performance. The materials used for affinity
membranes can be roughly divided into two groups,
namely, natural and artificial polymers. Generally, the
artificial polymers, such as nylon, polysulfone and
glycidyl methacrylate are suitable from a mechanical
point of view, but are less suitable for the immobiliza-
tion of the ligand due to their low compatibility. The
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natural macromotecular materials, such as agarose,
dextrin, chitosan and cellulose, are good affinity ma-
trixes because they are compatible with the usual
ligands, but are often difficult to process as mem-
branes. How to solve this problem constitutes one of
the main issues in the research regarding membrane
affinity chromatography.

Cellulose is a good affinity matrix because of its
high compatibility with the usual ligands. However,
it is difficult to prepare macroporous membranes
from cellulose because of its insolubility in almost
all solvents. Regenerated acetate cellulose or nitrate
cellulose membranes could be obtained through the
phase-inversion method, and ion exchange groups or
affinity ligands could be coupled to the crosslinked
regenerated membranes [13—15]. These membranes
have, however, a low porosity (less than 20%) and
small pore sizes (~0.45 wum),! which are inherited
from the initial acetate or nitrate moieties of the cel-
lulose materials, and are not suitable for affinity chro-

! Catalogue of Millipore.
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matography because of the high pressure drop through
them. Composite macroporous cellulose membranes
could be obtained by grafting an acrylic polymer
on a cellulose backbone, and could be used for the
purification of immunoglobulins and the removal of
endotoxins [16-18].

In this paper, we suggest to prepare macroporous
cellulose membranes from high quality filter paper
by chemical crosslinking. As shown later in the pa-
per, the prepared membranes possess a high porosity
(about 60%) and large pore sizes (1-2 um), and are,
therefore, snitable for membrane affinity chromatogra-
phy. Indeed, the large pore size together with the high
porosity reduce the pressure drop through the mem-
brane. In addition, these membranes have chemical
and mechanical stability. Our experiments indicated
that after crosslinking, the dimensions of the dried and
soaked membranes were almost the same. Since their
dimensions remained unchanged in various solvents,
they could be further modified (by activation followed
by the immobilization of a ligand) by dynamic cir-
culation through a cartridge. Obviously, the dynamic
method is more efficient than the static, batch one, re-
garding both the time and cost invested.

As a primary application of the macroporous cel-
lulose membranes, maltose was immobilized as a
test ligand, using epichlorohydrin, glutaraldehyde,
1,2-ethylene glycol diglycidyl ether or 1,4-butanediol
diglycidyl ether as activation reagent. Using the four
kinds of affinity membranes, the commercially avail-
able crude concanavalin A (con A) was purified. The
results indicated that the adsorption capacity for con
A was the largest when 14-butanediol diglycidyl
ether was used as activation reagent. The extent of
purification was determined by electrophoresis.

2. Experimental

2.1. Chemicals

Whatman filter paper No. 42 was purchased from
Whatman International Ltd. (Maidstone, UK) and
concanavalin A (type I, 15% protein), maltose
(95%), methyl a-D-mannopyranoside (99%) and hu-
man serum albumin (HSA, 99%) were purchased
from SIGMA (St. Louis, MO). Epichlorohydrin,
1,2-ethylene diglycidyl ether, 1,4-butanediol digly-

cidyl ether, sodium hydroxide volumetric standard,
dimethyl sulfoxide (DMSO), ethylenediaminete-
traacetic acid disodium salt dihydrate (EDTA), sodium
dodecyl sulfate (SDS), PB-mercaptoethano], bro-
mophenol blue, sodium borohydride and Coomassie
Brilliant Blue G-250 were provided by ALDRICH
(Milwaukee, WI). Electrophoresis gels (PhastGel
Homogeneous 12.5, PhastGel Homogeneous 20 and
PhastGel Gradient 8-25) were purchased from Phar-
macia (Uppsala, Sweden).

2.2. Equipment

Two peristaltic pumps were used for the pro-
cessing of the mobile phases, a Masterflex 7520-00
(Cole-Parmer Instrument Co., Vernon Hills, IL) and
a TRIS (ISCO Co., Lincoln, NE), The concentration
of the protein was determined using a BECKMAN
DU 650 UV-VIS Spectrophotometer (BECKMAN
Instruments Inc., Fullerton, CA). The eluant was col-
lected with a Retriever 500 Fraction Collector (ISCO
Co., Lincoln, NE), and the purity of the protein was
determined with a PhastSystem Electrophoresis Sys-
tem (Pharmacia LKB Biotechnology Inc., Uppsala,
Sweden).

2.3. Removal of impurities from the filter paper

The impurities of the filter paper can be removed
by (a) its immersion into a 2N acetic acid solution for
several days, followed by its rinsing with distilled wa-
ter, and (b) its subsequent immersion in 1:1 (v/v) ace-
tone/alcohol solution for at least one week, followed
by drying in air. The Whatman filter paper employed
in our experiments was very pure, but still it was
purified.

2.4. Preparation of the cellulose membrane via the
crosslinking of the filter paper

Hundred sheets of filter paper (0.18 g per sheet)
were immersed sequentially into one of the following
solutions: (1) 20ml 6.25M NaOH, 50m! epichloro-
hydrin and 150 ml DMSO; (2) 40ml 6.25M NaOH,
100 ml epichlorohydrin and 150 ml DMSQ; (3) 40 ml
6.25M NaOH, 150ml epichlorohydrin and 200ml
DMSO and (4) 40 ml 6.25 M NaOH, 200 ml epichloro-
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hydrin and 200 m] DMSO. The systems containing
all one hundred sheets were allowed to react for 2h at
50°C. After reaction, the products were washed with
water. The mechanical properties of the membranes
have been affected by crosslinking and activation.
The first two recipes provided non brittle membranes,
while the last two brittle membranes. Recipe (2) was
selected for the present experiments.

2.5. Determination of pore size and porosity of
cellulose membrane

The pore size was determined using water as the
mobile phase, and the equation J = (er?/8ut) x
(AP/L), where AP is the pressure drop, r the radius
of the pore, 1 the dynamic viscosity, & the porosity, 7
the tortuosity factor (taken 2), L the total thickness of
the membranes and J the flux through the membrane.
The porosity (about 60%) was obtained by comparing
the weights of the soaked and dried membrane.

2.6. Activation of the cellulose membrane by epoxy
reagents

To 65ml DMSO, 35ml of activation reagent and
35ml of IN NaOH were added. A total of 40 sheets
of crosslinked cellulose membrane were immersed
sequentially into the solution and collectively allowed
to react for 200 min at room temperature (20°C). Af-
ter reaction, the activated membranes were washed
with water. Three kinds of epoxy activated mem-
branes were prepared by using (1) epichlorohydrin,
(2) 1,2-ethylene diglycidyl ether or (3) 1,4-butanediol
diglycidyl ether as activation reagent.

2.7. Activation of cellulose membrane by
gluraraldehyde

In a mixture containing 100 mi buffer (0.1 M sodium
chloride 0.1 M sodium acetate—acetic acid pH 7.4) and
100ml 25 vol.% glutaraldehyde aqueous solution, 40
sheets of cellulose membranes were suspended se-
quentially. The system was occasionally stirred and
allowed to react for 150 min at 30°C, After reaction,
the excess of glutaraldehyde was removed by wash-
ing the membranes three times with a 2 M acetic acid
solution.

2.8. Coupling of maltose onto a cellulose membrane
activated by epoxy reagents

The activated membranes were packed into a car-
tridge (40 sheets, 47 mm i.d., 15 mm in total thickness)
through which the reacting solution (2.0 g maltose in
100 ml 1.0N NaOH) was circulated at 15 ml/min. The
reaction was carried out at room temperature for 2h.
After reaction, the reactant solution became brown,
most likely because of oxidation.

2.9. Coupling of maltose onto the cellulose
membrane activated by glutaraldehyde

Forty sheets of activated membranes were packed
into a cartridge (47 mm i.d., 15 mm in total thickness)
through which the reacting solution (2.0 g maltose in
100 ml 0.2 M sodium acetate-acetic acid pH 7.5 buffer
containing 0.5 g sodium borohydride) was circulated
at 40°C, for 150 min at the flow rate of 10 ml/min.

2.10. Determination of the protein content by the
Coomassie Brilliant Blue method

The Coomassie reagent was prepared in an 11 vol-
umetric flask, by introducing 100 mg Coomassie Bril-
liant Blue G-250 dissolved into 50 ml 95% ethanol,
after which 100 ml phosphoric acid and distilled water
up to the 11 mark were added. The solution was then
filtered through a filter paper. For the protein assay,
0.2ml of sample was added to 3.0ml of Coomassie
reagent, the mixture was shaken a few times, allowed
to react for 5min at room temperature, and then the
absorbance at 595 nm was determined with a UV-VIS
Beckman Spectrophotometer. The calibration curve
was obtained using HSA as standard.

2.11. Adsorptive capacity of con A on the affinity
membrane

50-200 mg con A (Sigma, Type III) were dissolved
in 2ml 1 M NaCl and then diluted with 6.0ml of 0.1 M
NaCl, 0.1M NaAc-HCl pH 7.0 buffer, containing
L mM MnCl;, 1 mM MgCl; and 1 mM CaClz which
stimulate the adsorption [19]. Two sheets of maltose
affinity membrane cut in small pieces were added,
and the system was shaken for 30 min at room tem-
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perature. The protein content in the supernatant was
determined by the Coomassie Brilliant Blue method.

2.12. Determination of the epoxide groups content in
the activated membrane

The epoxide content was determined by the hy-
drochlorination reaction [20], using a saturated mag-
nesium chloride solution containing 0.IN HCI as
reagent. It was prepared by shaking 1000g of CP
magnesium chloride hexahydrate with 300 ml of dis-
tilled water and adding 8.0ml of concentrated HCL
The mixture was shaken at room temperature for
about 20 min, and allowed to settle for at least 2h.
Finally, the supernatant was filtered through glass
wool and stored in a glass bottle. Five to ten sheets
of epoxy-activated cellulose membranes (each sheet
47mm in diameter, 0.34 mm in thickness, 0.16g in
weight) were cut in small pieces and placed in a
100 m] flask, to which 25 ml of the hydrochlorination
reagent were added. With stirring, the mixture was
allowed to react for 30 min at room temperature. Sev-
eral drops of a 0.1% methyl orange indicator were
added to the mixture before titrating with a 0.IN
sodium hydroxide solution.

2.13. Purification of con A by the maltose affinity
membrane

1.0 g of crude con A (Sigma, Type III) was dissolved
in 100ml buffer (0.1 M NaCl, 0.1 M NaAc-HCl pH
7.0, buffer, containing 1 mM MnCl, 1 mM MgCl; and
1 mM CaCly) and recirculated through a cartridge con-
taining 40 sheets (47 mm i.d. and 15 mm in total thick-
ness) of maltose affinity membranes. After washing,
the con A was eluted with the same buffer to which
0.2M methyl-¢-D-mannopyranoside was added, be-
cause the later forms a complex with con A [21]. The
flow rate of the mobile phase was 2.0 ml/min.

2.14. Electrophoresis of con A

The samples were first dialyzed against 10mM
Tris—-HCl" pH 8.0 buffer contasining 1mM EDTA,
and then mixed with an equal volume of an aque-
ous solution containing 5.0wt% SDS, 10vol.%
B-mercaptoethanol and 0.02 wt.% bromophenol blue

solution. The mixtures were heated at 100°C for 5 min
and then filtered to remove any insoluble material
before they were used for electrophoresis.

3. Results and discussion

The main advantages of the crosstinked cellulose
membranes prepared from filter paper are their chem-
ical and mechanical stabilities. Indeed, the original
filter paper introduced into a 1.ON NaOH solution
became jelly-like at temperatures higher than 50°C.
After crosslinking, the prepared membrane could
be, however, used even in a boiling solution of 2N
NaOH, without any loss of strength. In addition, the
dimensions of the crosslinked membrane remained
unchanged in various solutions, whereas the original
filter paper changed its dimensions. In this paper, the
changes of the crosslinked cellulose membrane were
investigated by examining the pressure drop as a func-
tion of flow rate (Figs. 1 and 2), These figures show
that after crosslinking, the pressure drops for 0.05 and
0.5N NaCl nearly coincide. The change in flow rate
before crosslinking is not due to the change in viscos-
ity, which is small, but to the stronger repulsion among
the charges of the molecules at lower ionic strength,
and the associated configurational modifications.

Because their dimensions remained unchanged in
different solutions, one could pack the affinity mem-
branes into cartridges. Some cartridges and their struc-
tural scheme are presented in Figs. 3 and 4. These
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Fig. 1. Flux through cellulose membranes before crosslinking (40
sheets of membrane, 47 mm i.d. and 15mm total thickness).
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Fig. 2. Flux through cellulose membranes after crosslinking (40
sheets of membrane, 47 mm i.d. and 15 mm total thickness).

affinity cartridges can be easily stored, transported and
used.

To achieve suitable mechanical and chemical sta-
bilities, our results revealed that only a relatively mild
crosslinking was sufficient. If the membranes can re-
main stable during activation, immobilization of a lig-
and and separation, then, additional crosslinking does
not contribute in a positive way to the membrane prop-

= [ |

g Z |
E Z|

[ d |.I ]
Fig. 4. Structural scheme of a membrane cartridge, from the top

there are: cover, distribution plate, membrane bundle, distribution
plate and cover.

erties (Table 1); on the contrary, increases their brit-
tleness.

While the adsorption capacity increases somewhat
with the amount of crosslinker, the increase is small
(Table 1) and is probably due to the enhanced hy-
drophobicity. The small increase of the adsorption
capacity when the amount of crosslinker increased by
a factor of four is probably due to the small number of
hydroxy groups involved in crosslinking compared to
the total number of hydroxy groups. In order to avoid

Fig. 3. Membrane cartridges.
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Table 1

Etfect of the crosslinking level on the characteristics of the membranes

Epichlorohydrine per Epoxy group content after Mean pore size® Adsorptive capacity for
100 membranes (ml) activation® (pmol/ml membrane) (diameter) (jum) con A® (mg/ml membrane)
50 135 1.38 0.80

100 126 1.37 091

150 120 1.20 091

200 125 133 1.05

*The membranes were activated with 1,4-butanediol diglycidyl ether, after the membranes were treated with a 0.IN NaOH solution
containing 0.2 wt.% sodium borohydride for 2h at room temperature, to eliminate the epoxy groups left from crosslinking.

b The pore size was determined using water as the mobile phase, and the equation J = (er/X;u:) x (AP/L), where AP is the
pressure drop, r the radius of the pore, ¢ the dynamic viscosity, ¢ the porosily, T the tortuosity factor (taken 2), L the total thickness of
the membranes and J the flux through the membrane.

(1) 5 atoms spacer (2) 7 atomns spacer

E
$

(3) 10 atoms spacer (4) 12 atoms spacer

: o-or-fe-on-o—uo-ou—? M—W»«m—o—m—d
| =& | ~&
N O—Ot—&m—mw—«w—o-oa—z:—ou—m@ E—O—oq—x—a,—o—(w.—o—oq—g:—cu,—o—@

Fig. 5. Preparation of the maltose affinity membranes with the four activators.




[image: image7.png]W. Guo, E. Ruckenstein/Journal of Membrane Science 182 (2001) 227-234 233

Table 2
Effect of spacer length on the capacity for con A adsorption®

Activator® (35 ml/40 membranes) Spacer length

Epoxy content Con A adsorption capacity

(atoms) {pmaol/ml membrane) {mg/ml membrane)
Epichlorohydrin 5 251 0.48
1.2-Ethylene glycol diglycidyl ether 10 145 0.56
1,4-Butanediol diglycidyl ether 12 126 091

2 All these membranes were crosslinked using 100ml epichlorohydrin/100 membranes.
b For details see Section 2. For comparison, it should be mentioned that when glutaraldehyde was used as an activator, the con A

adsorption capacity was 0.68 mg/mi.

the brittleness, 100 ml of crosslinker/100 membranes
was selected as the appropriate amount.

The performance of the affinity membrane depends
on the preparation method (i.e. the activator used
for the immobilization of the ligand and the ligand
employed). In this paper, epoxy group containing
molecules were employed as activators, and four acti-
vators were used for immobilization of maltose onto
the cellulose membrane (Fig. 5). The length of the
hydrophobic spacer constitutes the main difference
between the activators. A comparison among affinity
membranes is made in Table 2.

Table 2 shows that epichlorohydrin generated the
largest epoxy content but the smallest con A adsorp-
tion capacity, whereas, 1,4-butanediol diglycidyl ether
provided the highest adsorption of con A, even though
its epoxy content was the smallest. This probably

occurred because 14-butanediol diglycidyl ether
provides the longest spacer and can thus better expose
the ligand.

As an application, the commercially available
crude con A was purified. Con A is a common affin-
ity ligand that is mostly used to separate saccharides
containing molecules, such as glycoproteins, some en-
zymes, IgGs, interferons and some protein hormones.
In this paper, the crude con A was purified by using
a membrane activated with 1,4-butanediol diglycidyl
ether, upon which maltose was immobilized. The
chromatogram of con A is presented in Fig. 6, where
the shape of con A peak indicates a good separation
efficiency. The quality of the purification achieved
was determined by electrophoresis (Fig. 7). The
results show that the purified con A exhibits a single
band.

8.500886

Absorbance |7
at 280 nm

-0.0058

Temperature: N/A

0.0088

sec 5080.0

Time (sec)

Fig. 6. Chromatogram of con A on a maltose affinity membrane activated with 1,4-butanediol diglycidyl ether, the experimental conditions

are provided in the experimental part.
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Fig. 7. Electrophoresis of con A hefore and after purification by
membrane chromatography, PhastGel Gradient 8-25, SDS, total
95 Vh. A: HSA (99%); B and G: con A (crude sample); C and F:
dilute B; D: con A (purified by the affinity cartridge); E: dilute D.

4. Conclusion

In the present paper, filter paper was crosslinked
with epichlorohydrin and the membranes obtained
were activated with: epichlorohydrin, glutaraldehyde,
1,2-ethylene glycol diglycidyl ether or 1,4-butanediol
diglycidyl ether. Further, maltose was immobilized
on the activated membranes. For illustration pur-
poses, concanavalin A was purified using a cartridge
containing 40 membranes. '
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