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Abstract

Using a methodology described by the authors in previous papers, macroporous cellulose membranes possessing large
pore sizes (0.4-1 jum) and high porosity (about 55%) were prepared from filter paper by crosslinking or mercerization
followed by crosslinking. Epoxy and aniline groups were attached to activate the membrane, and a bjomolecule ligand
(bovine serum albumin, trypsin or papain) was coupled via diazotization. A detailed comparison between the mercerized
and non-mercerized membranes showed that the former was more efficient for biomolecule immobilization. The uniformity
of the ligand distribution was investigated using triazine dye and bovine serum albumin as test ligands. The activities of
the membranes containing trypsin or papain as ligand for the hydrolysis of N-a-benzoyl-L-arginine p-nitroanilide were also
determined. Using papain-containing affinity membranes, papain inhibitors were separated from potato tubers. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

In recent years, the membrane affinity chromatog-
raphy of biomolecules had a fast development, be-
cause their pharmaceutical potential required reliable
and efficient methods of separation and purification
[1-5]. Numerous materials, such as nylon, polysul-
fone, glycidyl methacrylate, chitosan, cellulose and
cellulose derivatives [6-11], were used to prepare
matrixes for membrane affinity chromatography. The
synthetic polymeric materials are suitable, from a
mechanical point of view, for membrane preparation,
but many of them are less suitable for ligand immo-
bilization, because their lower compatibility increases
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the probability for denaturation of the biomolecules.
In contrast, the natural macromolecular materials are
compatible with the usuval ligands, but often difficult
to process as membranes.

Cellulose is highly compatible with biomolecules,
but being insoluble in almost any solvent, it is diffi-
cult to process as a membrane [12]. However, acetate
cellulose and nitrate cellulose are soluble in aqueous
solutions, and membranes could therefore be prepared
through the phase-inversion method; in addition, ion
exchange groups or affinity ligands could be coupled
to the crosslinked membranes [13]. Composite macro-
porous cellulose membranes could also be obtained
by grafting an acrylic polymer to a cellulose back-
bone; they have been used for the purification of im-
munoglobulins and the removal of endotoxins [14].

In a previous paper, macroporous cellulose mem-
branes were prepared from high quality filter paper
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by chemical crosslinking [15]. In an improved ver-
sion [16], mercerization was also carried out prior
to crosslinking, The prepared membranes possessed a
high porosity (~50%) and large pores (0.4-1.0 pm),
and were suitable for membrane affinity chromatog-
raphy. The preparation conditions, such as the effects
of crosslinkers and activators, were investigated. For
ligand coupling, three immobilization methods, based
on 1,4-butanediol diglycidyl ether, glutaraldehyde or
1,4-phenylenediamine as activators, were employed
and compared. The results revealed that the immobi-
lized trypsin prepared using 1,4-phenylenediamine as
activator possessed the highest activity. As applica-
tions, maltose and trypsin were immobilized as affin-
ity ligands, and the prepared affinity membranes were,
respectively, used for the purification of concanavalin
A from a crude product [15], and the separation of
trypsin inhibitor from the egg white [16].

In the present paper, a more detailed comparison
between mercerized and non-mercerized crosslinked
cellulose membranes was made, leading to the con-
clusion that the former constitutes a better matrix for
affinity chromatography. The capacity of the mem-
brane for ligand immobilization was investigated us-
ing bovine serum albumin (BSA) as a test molecule.
A ligand density as high as 14 mg/ml membrane could
be thus achieved. The uniformity of the immobilized
bovine serum albumin or triazine dye in cartridges was
also determined. The results revealed very uniform
ligand distributions in both radial and axial directions.
Papain was immobilized, and its stability as a function
of pH was investigated, by determining its activity
for the hydrolysis of N-a-benzoyl-L-arginine-p-nitro-
anilide. Finally, using a papain-immobilized. mem-
brane, the papain inhibitors from potato tubers were
separated. The purity of the separated papain in-
hibitors was determined by activity assays and electro-
phoresis.

2. Experimental

2.1. Chemicals

Whatman filter paper no. 42 was purchased from
Whatman International Lid. (Maidstone, England).
Reactive Red 2 (triazine dye), papain, trypsin, N-a-
benzoyl-L-arginine-p-nitroanilide (BAPNA), BSA and

human serum albumin (HSA, 99%) were purchased
from Sigma (St. Louis, MO). Epichlorohydrin, 1,4-
butanediol diglycidyl ether, 1,4-phenylenediamine,
sodium hydroxide volumetric standard, dimethyl sul-
foxide (DMSO), B-mercaptoethanol, bromophenol
blue, ethylenediaminetetraacetic acid disodium salt
dihydrate (EDTA), sodium dodecyl sulfate (SDS),
sodium borohydride, sodium nitrite and Coomassie
brilliant blue G-250 were provided by Aldrich (Mil-
waukee, WI). Electrophoresis gels (PhastGel Homo-
geneous 12.5) were purchased from Pharmacia (Up-
psala, Sweden), and potato tubers, purchased from
the local super market, were kept refrigerated until
used.

2.2. Equipment

A Waring LB20G blender (Christison Scientific
Equipment Limited, Gateshead NE8 3AT, UK) was
used for sample homogenization, and a Sorvall
RT600B Refrigerated Centrifuge (Sorvall Products,
L.P, Newtown, CT) for the pretreatment of the potato
juice. The morphology of the cellulose membrane
was investigated using a fully automated equipment.
The equipment consisted of an Olympus BX-60M
optical train with epi-illumination, a Nomarski inter-
ferometer (Olympus Optical Co. Ltd., Tokyo, Japan),
a Sony XC-73 CCD camera (570 TV-line resolution)
and a Sony 14in. high resolution Trinitron Color
Monitor-PYM14M2U, with over and under scan fea-
tures (Sony Electronics Inc., Tokyo, Japan). Two peri-
staltic pumps were used to process 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 Spectrophotome-
ter (Beckman Instruments Inc., Fullerton, CA). The
eluent was collected with a Retriever 500 Fraction
Coltector (ISCO Co., Lincoln, NE), and the purity of
the protein was determined with a PhastSystem Elec-
trophoresis System (Pharmacia LKB Biotechnology
Inc., Uppsala, Sweden).

2.3. Purification and mercerization of the filter paper

The filter paper was first purified and then mer-
cerized in a NaOH solution, as described previously
[15,16].
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2.4. Preparation of the cellulose membrane via the
crosslinking of the filter paper

The cellulose membranes were prepared by
crosslinking the filterpaper with epichlorohydrin, at
the optimum concentration identified previously [16].
One hundred sheets of filter paper (0.16 g per sheet)
were immersed sequentially into a mixture composed
of 40ml 6.25M NaOH, 100ml epichlorohydrin and
150 ml DMSO. The solutions were then allowed to
react with the hundred sheets for 2h at 50°C, with
shaking from time to time in order to keep the con-
centration uniform. After reaction, the obtained mem-
branes were washed with water until neutral condition
was achieved.

2.5. Activation of the cellulose membrane by epoxy
reagents

The activation was carried out at the optimal condi-
tions found in a previous paper [16]. The crosslinked
membranes were packed into cartridges (20 sheets,
47mm id., 8mm in total thickness per cartridge)
through which a reacting solution, containing 65 mt
DMSO, 35ml of 1,4-butanediol diglycidyl ether and
35mi of 1IN NaOH, was recirculated at 15 ml/min.
The reaction was carried out at room temperature for
2h. After reaction, the cartridge was washed with
water until neutral condition was achieved.

2.6. Modification of the cellulose membrane with
1,6-hexanediamine

Cartridges containing epoxy-activated membranes
(20 sheets, 47 mm i.d., 8mm in total thickness per
cartridge), were allowed to react with 100 ml aque-
ous solutions containing 2.5 g 1,6-hexanediamine and
0.5 g sodium carbonate decahydrate, which were re-
circulated at 5 ml/min for 2h at 60 °C. After reaction,
the cartridge was rinsed with water until neutral.

2.7. Determination of the triazine dye ligand
distribution in the 1,6-hexanediamine modified
cellulose membrane

Cartridges containing 1,6-hexanediamine modified
membranes (20 sheets, 47mm i.d., 8mm in total
thickness per cartridge) were subjected to a 20ml

0.05 M NaHzP04-Nay HPO, buffer (pH 7.8) contain-
ing 15 mg Reactive Red 2, which was recirculated at
5ml/min. The reaction was allowed to last 10min at
room temperature. After reaction, the cartridge was
rinsed with water until the eluate became colorless.

2.8. Modification of the cellulose membrane with
1,4-phenylenediamine

Cartridges containing epoxy activated membranes
(20 sheets, 47 mm i.d., 8mm in total thickness per
cartridge), were modified with 1,4-phenylenediamine
as described previously [16].

2.9. Coupling of trypsin or papain to the
1,4-phenylenediamine modified cellulose membrane

The method employed for trypsin immobilization
was described previously [16), and a similar method
was used for papain immobilization. A cartridge
containing 20 sheets of aniline modified cellulose
membranes (47 mm i.d., 8mm in total thickness) was
placed in an ice bath and allowed to react with a dia-
zotization solution containing 25 ml 5 wt.% NaNO,,
25ml IN HCl and 50ml water, recirculated for
15 min at 20 mi/min. Then, the cartridge was washed
with 100ml IN HCI solution and 200 ml water suc-
cessively. For papain immobilization, 100 mg papain
were dissolved in 100 ml 0.2M Tris-HCI buffer (pH
8.80), and the solution was recirculated through an
activated cartridge for 3h at 0°C, at a flow rate’ of
10 ml/min.

2.10. Determination of the membrane capacity for
BSA ligand immobilization and the BSA ligand
distribution in the 1,4-phenylenediamine modified
cellulose membrane

A cartridge containing 20 sheets of aniline modi-
fied cellulose membranes (47 mm i.d., 8 mm in total
thickness), located in an ice bath, was ailowed to re-
act with a solution containing 25 ml 5 wt.% NaNO,
25 ml 1IN HCI and 50 ml water, recirculated for 15 min
at 20 ol/min, and then washed with 100ml 1IN HC1
solution and 200 ml water successively. An amount
of 100-400mg BSA was dissolved in 100ml 0.2M
Tris-HC!l CaCl, buffer (pH 8.80), and the solution
was recirculated through an activated cartridge at 0°C
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and a flow rate of 10 ml/min. For the determination
of the radial ligand distribution, 100 mg BSA were
used and the reaction was allowed to last a short time
(20 min). For the determination of the immobiliza-
tion capacity for BSA, the reaction was allowed to
last up to 3h, and the extent of reaction was moni-
tored in time by a protein content assay of the reacting
solution.

2.11. Determination of the activity of trypsin and
papain

The activity of trypsin was determined as described
previously [16], and that of papain by a similar
method. A suitable amount of papain solution was in-
troduced at 25 °C into a 3.0 ml 0.1 M Tris-HCI buffer
(pH 6.0) containing 0.05M KCl, 0.01M EDTA and
0.05 M cysteine, after which 15 pl of 0.15M BAPNA
solution in DMSO were added with mixing. One unit
of papain activity is defined as a 0.001 increase in
optical density at 410 nm/min, under the above con-
ditions. The activity of the immobilized papain was
determined by a similar method, using a small frac-
tion of a papain containing membrane cut into small
pieces. Each experiment was repeated at least three
times and the experimental uncertainty of this method
was below 5%.

2.12. Determination of the papain inhibitor activity

A suitable amount of papain inhibitor was mixed
with a somewhat larger amount of papain, and the
mixture was incubated for 30 min at 4 °C for the com-
ponents to form a complex. The activity of the remain-
ing papain was determined by the method described
in the previous section. By comparing the activities of
papain before it was mixed with the papain inhibitor
and after incubation, one could determine the papain
inhibitor activity.

2.13. Other determination methods employed

The determination of the pore size and porosity of
cellulose membrane, the determination of the protein
content by the Coomassie brilliant blue method, and
the determination of the epoxide group content in the
modified membrane, were carried out as described pre-
viously [15].

2.14. Separation of papain inhibitor from the
potato tubers

Two hundred and fifty grams of potato tubers
were cut into small pieces and suspended at 4°C, in
400 ml 0.05 M NaAc-HAc buffer (pH 6.5), containing
0.5wt.% NaySO; and 0.5M NaCl. The mixture was
then thoroughty homogenized for 10 min in a Warning
LB20G blender. Then, the suspension was subjected
to centrifugation at 1000 pm for 20 min, after which
the sediment was separated and discarded, The potato
juice thus obtained was recirculated through an affin-
ity cartridge. (20 sheets of papain membranes, 47 mm
i.d. and 8§ mm in total thickness) at room temperature
for 2h at a flow rate of 2ml/min. After washing with
0.05M Tris-HCl buffer (pH 7.40) containing 0.1 M
NaCl and 10mM NaSO3, the papain inhibitor was
eluted with a 4M urea aqueous solution at a flow
rate of 1.0 ml/min. After separation, the affinity car-
tridge was regenerated using a 0.1 M Tris-HCI buffer
(pH 6.0) containing 0.05M KCl, 0.01 M EDTA and
0.05M cysteine, at room ternperature and a flow rate
of 2 ml/min, for 2h.

2.15. Electrophoresis of papain inhibitors

The eluent containing the papain inhibitors was first
dialyzed against 10 mM Tris—HCI buffer (pH 8.0) con-
taining 1 mM EDTA, and then mixed with an equal
volume of an aqueous solution containing 5.0 wt.%
SDS, 10 vol.% B-mercaptoethanol and 0.02 wt.% bro-
mophenol blue solution. The mixture was heated at
100 °C for 5 min and then filtered to remove any insol-
uble material before performing the electrophoresis.

3. Results and discussion

The cellulose fiber consists of glucosidic chains
with a molecular weight greater than 300,000. The
glucosidic molecules have a large number of hydroxyl
groups, which, generating via hydrogen bonding
crystallized regions, make the hydroxyl groups less
accessible [17]. Mercerization was employed to di-
minish the extent of the crystalline region and thus
to improve the performance of the membrane. In this
manner, the cellulose crystal I was converted into
crystal IT and amorphous regions, with more acces-
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Table 1

Properties of mercerized and non-mercerized crosslinked cellulose membranes

Properties. Thickness®® Pore size® Epoxy content Trypsin activity
(mm) {pm) {pwmol/ml) after 24 h (U/ml)

Mercerized cellulose membrane 0.40 0.44 168 12000

Non-mercerized cellulose membrane 0.38 1.38 126 9650

® The thickness was measured after the membranes were packed into a cartridge.
®The thickness and pore size differ somewhat from those in our previous paper [16], mostly because different batches of filter paper

were used; the other properties remained the same.

sible OH groups. After mercerization, the swollen
fibers acquired a larger diameter but a shorter length.
Qur previous experiments indicated that after mer-
cerization, the content of epoxy groups, introduced
through activation, was increased by about 25% and
that the mean pore size was reduced from 1.38 to
0.54 pm [16]. In the present paper, the improvement
of the cellulose membrane caused by mercerization
was further investigated by comparing the activities
(Table 1) and stabilities (Fig. 1) of immobilized trypsin
on mercerized and non-mercerized membranes.
Table 1 shows that through mercerization, the cellu-
lose membrane could acquire a greater epoxy content

introduced by activation, and an increased activity of
the immobilized trypsin. Very significant is the fact
revealed by Fig. 1, that the trypsin immobilized on a
crosslinked mercerized cellulose membrane was more
stable than that immobilized on a non-mercerized one.
At the beginning, the activity of trypsin immobilized
on the mercerized membrane was about 24% higher
than that immobilized on a non-mercerized membrane;
it increased to 80% after 9 days. This means that the
compatibility between the mercerized membrane and
trypsin is higher than that of the non-mercerized one.

During mercerization, swelling occurred, and the
diameter of the cellulose fiber increased. As a result,

2. 00E+04

1. 00E+04

Activity of Immobilized Trypsin (U/ml)

0. Q0E+00

—— (2)
—h— ()

=

5 10

Time (day)

Fig. 1. Activity of the immobilized trypsin (U/ml) against time: (a) non-mercerized crosslinked cellulose membranes; (b) mercerized
crosslinked cellulose membranes. The trypsin containing membranes was stored in a 0.05M CaCly 0.05M Tris—HCI buffer (pH 8.8) at

T00m temperature.
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Fig. 2. Effect of crosslinking on the permeability of the mercerized
cellulose membranes: (a) before crosslinking; (b} after crosslinking.
Both cartridges contained 20 sheets of membrane, 47 mm i.d. and
Smm in total thickness, the mobile phase was a 0.5M NaCl
aqueous solution.

the thickness, as well as the softness of the membrane,
increased [16]. This weakening of the mechanical
properties was, however, corrected by the subsequent
crosslinking. Indeed, the almost linear curve of the
flow rate against pressure drop after crosslinking indi-
cates that little deformation of the membrane occurred
(Fig. 2), and the small deviation from linearity of
the non-crosslinked one indicated that the weakening
caused by mercerization was mild.

Another important parameter of the affinity mem-
branes is their capacity for ligand immobilization, or
the maximum ligand amount per unit volume of mem-
brane (ligand density). In this paper, BSA was used as
a test ligand to determine the maximum ligand density
(Fig. 3). For the activation by diazotization, which was
demonstrated previously to be the best [16], the max-
imum immobilized ligand density was 14 mg BSA/ml
membrane. Fig. 3 and calculation showed that a very
efficient ligand immobilization (more than 95%) could
be achieved when 100 and 200mg BSA in 100ml
buffer were employed. For larger amounts of BSA
(300400 mg), the efficiency of immobilization was
smaller because of the excess of BSA compared to
the diazo groups. A background adsorption of BSA
on unmodified cellulose membranes was also carried
out and for concentrations of BAS between 100 and
400 mg per 100 ml buffer it was 0.14-0.2 mg/ml mem-
brane, hence negligible.

€ —

Content of Inmobilized BAS (mg/ml)
o

Q T T T
0 50 100 150 200

Reaction Time (min)

Fig. 3. Capacity of the cellulose membranes for the BSA ligand
immobilization. The immobilization was carried out via diazoti-
zation, using a 100 ml buffer containing (a) 100 mg, (b) 200 mg,
(c} 300mg or (d) 400 mg BSA, and cartridges contained 20 mem-
brane sheets, 47 mm id. and 8 mm in total thickness (the total
volume of the membranes was 14.0ml),

In membrane affinity chromatography, wide but
short cartridges (bundle of membranes) are used
for separation instead of the thin and long columns
employed in the conventional chromatography. Con-
sequently, the uniformity of the radial and axial dis-
tributions of the immobilized ligand is expected to
affect the efficiency of the cartridge. The radial and
axial ligand profiles were determined by immobi-
lizing color ligands onto the membrane because the
color distribution can provide some qualitative infor-
mation about the uniformity of the ligand distribution
in the cartridge. Reactive Red 2, which is a triazine
dye, and BSA were used to evaluate the uniformity
of the immobilized ligands (Fig. 4). BSA did not
provide any color by itself, but when immobilized
via diazotization, the immobilized BSA exhibited a
vivid color. In contrast to the process of ligand im-
mobilization, in the uniformity determination a lower
ligand content reacting solution and a shorter reaction
time were required. (For too high ligand contents or
long reaction times, no color differences would have
been detectable.) Fig. 4 indicates a high uniformity
in the distribution for both ligands. This occwred
because the fibers of the cellulose membrane are
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B1 B2 B3

Fig. 4. Ligand distribution across the cellulose membrane. The
experimental details are provided in Section 2. Al, A2 and A3
represent the Reactive Red 2 distribution on the Ist, 10th and 20th
membranes, respectively, in the cartridge. B1, B2 and B3 repre-
sent the BSA distribution on the 1st, 10th and 20th membranes,
tespectively, in the cartridge.

parallel to the plane of the membrane (Fig. 5), and this
arrangement is favorable for a more uniform ligand
distribution across the membrane, due to the capillary
effect.

Fig. 1 indicates that the prepared affinity mem-
branes were stable. One can see that at room temper-
ature, the activity of the immobilized trypsin could
remain almost unchanged for several days. The sta-

Fig. 5. Texture of the cellulose membrane surface.
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Fig. 6. Stability of papain containing membranes in various pH me-
dia. A papain containing membrane was cut into small pieces, and
immersed at room temperature into 50ml buffer, for (a) 20 min,
(b) 1h and (c) 24 h, under gentle stirring. The activity was deter-
mined using the method described in Section 2.

bility of the affinity membrane in various pH buffers
was also determined, using papain as ligand (Fig. 6)
and the diazotization method for papain immobiliza-
tion (Fig. 7). Fig. 6 reveals that the papain immobi-
lized affinity membrane is more stable in alkaline than
in acidic conditions. However, Fig. 6 also shows that
the above membrane can maintain more than 90% ac-
tivity in the pH 5-10 range for at least 1h, which is
long enough for the application of the affinity chro-
matography membrane procedure. It should be also
pointed out, that the natural papain is very stable in
a wide range of pH values. The activity decrease ob-
served below pH 8, was mainly due to the acid stim-
ulated cleavage of the chemical bond between papain
and membrane. For other ligands, the stability of the
affinity membrane will depend upon the nature of the
ligand.

Using papain immobilized affinity membranes, the
papain inhibitors were separated from potato tubers
(Fig. 8).

The papain inhibitors, usually referred as thiol or
cysteine proteinase inhibitors, are present in greater
amount in animal tissues than in plants. However, be-
cause the plant samples are less expensive and more
easily to process, the cysteine proteinase inhibitors
were usually extracted from plant samples for research
purposes [18-21]. Three or more types of cysteine
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Fig. 7. Immobilization of papain via diazotization.
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Fig. 8. Separation of papain inhibitors by membrane affinity chromatography. The experimental details are provided in Section 2, the
content of papain inhibitor was assayed by the inhibition of papain. The total protein content was determined by the Coomassie brilliant
blue method. The mobile phase was switched to 4 M urea after 50 min.
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Table 2
Purification of papain inhibitors obtained from potato tubers®
Volume (ml} Protein content {mg} Inhibitor activity (U) Purification
Potato juice 400 461 19030
Purified product® 30 12 4515 911

*The inhibitor purity was defined as the activity per milligram of protein, and the purification was calculated by dividing the purity

of the final product by the purity of the potato juice.

b The product was collected from the fractions from 75 to 105 min in the separation presented in Fig. 8.

proteinase inhibitors are present in the potato tubers
[19]. A wide elution peak of the papain inhibitors is
present in Fig. 8, from which three fractions at 70, 80
and 90 min were selected to examine their purity by
electrophoresis (samples B-D in Fig. 9). As shown in
Fig. 9, the elution peak involves at least three types
of papain inhibitors. Because the amount of impuri-
ties became smaller in the later stages of elution, the
final purity of the papain inhibitors was enhanced.

s it i

i e

Fig. 9. Electrophoresis of papain inhibitors. PhastGel Homoge-
neous 12.5, SDS, total 75V h: (A) HSA (99%); (B) eluate frac-
tion at 70min; (C) eluate fraction at 80min; (D) eluate fraction
at 90min; (E) potato juice; (F) BSA (99%). The lowest band for
samples B-E represents the impurities (MW ~ 50,000), while the
upper bands represent the papain inhibitors.

Table 2 summarizes the results of the separation pro-
cess represented in Fig. 8.

4. Conclusion

In this paper, mercerized macroporous cellulose
membranes were employed as affinity matrices, using
triazine dye, BSA, trypsin and papain as affinity lig-
ands. The radial and axial distributions of the immo-
bilized ligand were very uniform, and the membrane
capacity for BSA immobilization was as high as
14 mg/ml membrane. The papain immobilized mem-
brane was employed to separate papain inhibitors
from potato tubers; their purity was determined by
electrophoresis and activity determination.
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