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Abstract

Mercerized macroporous cellulose membranes with large pore sizes (0.5-1 wm) and high porosity (about 55%) were
prepared from filter paper by mercerization (caustic treatment) followed by chemical crosslinking. These membranes were
activated by introducing epoxy, aldehyde or aniline groups, before trypsin was immobilized as an affinity ligand. The activities
and stabilities of the immobilized trypsin membranes prepared by several methods, in the hydrolysis of Ny -benzoyl-L-arginine
p-nitroanilide (BAPNA), were investigated and compared. The immobilized trypsin membranes were employed to separate
trypsin inhibitor from the egg white. © 2001 Elsevier Science B.V. All rights reserved.
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1, Introduction

Being an easily available natural polymer, cellu-
lose can play an important role in the membrane
affinity chromatography because of its compatibii-
ity with biomolecules [1-4]. However, it is difficult
to prepare macroporous membranes from cellulose
because of its insolubility in almost all solvents. Usu-
ally, the cellulose membranes have been obtained by
regenerating the acetate cellulose or nitrate cellulose
membranes [5-7]. Because the acetate or nitrate moi-
eties are small, these membranes do not possess large
pores and enough high porosity, and therefore are not
suitable for affinity chromatography because of the
high pressure drop through them. Composite macro-
porous cellulose membranes prepared by grafting
acrylic polymers on a cellulose backbone, have been
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employed for the purification of immunoglobulins
and the removal of endotoxins [8-10].

In a previous paper [11], macroporous cellulose
membranes were prepared from high quality filter
paper by chemical crosslinking. The prepared mem-
branes possessed a high porosity (57.6%) and large
pores (1.37 um), and were suitable for membrane
affinity chromatography. The experiments revealed
that after crosslinking, the dimensions of the dried
and soaked membranes were almost the same, and
therefore the membranes could be modified by the dy-
namic circulation through a cartridge, which is more
efficient than the static, batch one, regarding both the
time and cost invested. The maltose was immobilized
using several methods, and the commercially avail-
able crude concanavalin A (con A) could be purified.

The goal of the present paper is to propose an
additional improvement of the crosslinked filter pa-
per membrane, suggested by the observation that the
crystalline regions of cellulose possess less accessible
hydroxyl groups than its more disordered regions {12].
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In order to reduce the effect of the crystalline region,
mercerization (a caustic treatment) was employed by
us to improve the performance of the membrane. In
this manner, the cellulose crystal I was converted into
crystal Il and amorphous regions, with more accessi-
ble OH groups. After mercerization, the swollen fiber
acquired a larger diameter but a shorter length. Our ex-
periments indicated that after mercerization, the con-
tent of epoxy groups, introduced through activation,
could be increased by about 25%; the mean pore size
was, however, reduced from 1.38 to 0.54 pm.

To evaluate the prepared membranes, trypsin
was selected as a test ligand. Three immobiliza-
tion methods, based on 14-butanediol diglycidyl
ether, glutaraldehyde or 1,4-phenylenediamine as ac-
tivators, were employed and compared. The results
revealed that the immobilized trypsin prepared using
1,4-phenylenediamine as activator exhibited the high-
est activity in the hydrolysis of N,-benzoyl-L-arginine
p-nitroanilide (BAPNA) used as substrate.

As an application, the trypsin containing mem-
branes were packed into a cartridge and used for
the separation of trypsin inhibitor from the egg
white.

2. Experimental
2.1. Chemicals

Whatman filter paper No. 42 was purchased
from Whatman International Ltd (Maidstone, UK).
Trypsin (type [X), No-benzoyl-L-arginine p-nitroani-
lide (BAPNA), N-benzoyl-L-tyrosine ethyl ester
(BTEE), and human serum albumin (HSA, 99%) were
purchased from Sigma (St. Louis, MO). Epichlorohy-
drin, 1,4-butanediol diglycidyl ether, 1,4-phenylene-
diamine, sodium hydroxide volumetric standard,
dimethyl sulfoxide (DMSO), -mercaptoethanol, bro-
mophenol blue, sodium borohydride, sodium nitrite
and Coomassie Brilliant Blue G-250 were provided by
Aldrich (Milwaukee, WI). Fresh eggs were purchased
from the local food market and refrigerated until used.

2.2. Equipment

A Sorvall RT600B Refrigerated Centrifuge (Sor-
vall Products, L.P.,, Newtown, CT) was used for the

pretreatment of the egg white. The morphology of the
cellulose membrane was investigated using a fully au-
tomated equipment, containing an Olympus BX-60M
optical train with epi-illumination, a Nomarski inter-
ferometer (Olympus Optical Co. Ltd, Tokyo, Japan),
a Sony XC-73 CCD carnera (570 TV-line resolution)
and a Sony l4in. high resolution Trinitron Color
Monitor-PVM14M2U with over and under scan fea-
tures (Sony Electronics, Inc, Tokyo, Japan). Two
peristaltic pumps were used for the processing of the
mobile phases, a Masterflex 7520-00 (Cole-Parmer In-
strument Co., Vernon Hills, IL) and a Tris (ISCO Co.,
Lincoln, NE). The concentration of the protein was de-
termined using a BECKMAN DU 650 UV/VIS Spec-
trophotometer (Beckman Instruments Inc., Fullerton,
CA). The eluant was collected with a Retriever 500
Fraction Collector (ISCO Co., Lincoln, NE).

2.3. Removal of impurities from the filter paper

The Whatman filter paper employed in our experi-
ments was very pure. For less pure papers, a pu-
rification method was described in a previous
paper [11].

2.4. Mercerization of the filter paper

Fifty filter papers were immersed individually into
400ml 8 M NaOH solution at room temperature for
20 min. Then the filter papers were removed, washed
thoroughly with water and finally immersed in a re-
ducing 0.2 wt.% NaBH, solution to avoid oxidation.

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

Hundred sheets of filter paper (0.16g per sheet)
were immersed sequentially into one of the following
solutions: (1) 40ml 6.25M NaOH, 50ml epichloro-
hydrin and 200 ml DMSO, (2) 40ml 6.25M NaOH,
75 ml epichlorohydrin and 200 ml DMSO, (3) 40ml
6.25M NaOH, 100ml epichlorohydrin and 200mi
DMSO, (4) 40ml 6.25M NaOH, 125ml epichloro-
hydrin and 200 ml DMSO, (5) 40ml 6.25 M NaOH,
150ml epichlorohydrin and 200mt DMSO and (6)
40ml 6.25M NaOH, 175ml epichlorohydrin and
200 ml DMSO. The solutions containing all 100 sheets
were allowed to react for 2h at 50°C with shaking
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from time to time to keep the concentration uniform.
After reaction, the obtained membranes were washed
with water until neutral.

2.6. Activation of the cellulose membrane
by epoxy reagents

The crosslinked membranes were packed into car-
tridges (25 sheets, 47 mm i.d., 9 mm in total thickness
per cartridge) through which one of the following
reacting solutions was recirculated at 15 mVmin: (1)
65 ml DMSO, 5 ml of 1,4-butanediol diglycidyl ether
and 35ml of IN NaOH, (2) 65ml DMSO, 10ml
of 1,4-butanediol diglycidyl ether and 35ml of IN
NaOH, (3) 65ml DMSO, 30ml of 1,4-butanediol
diglycidyl ether and 35 ml of 1N NaOH and (4) 65 ml
DMSO, 40ml of 1,4-butanediol diglycidyl ether and
35ml of IN NaOH. The reaction was carried out at
room temperature for 2 h, After reaction, the cartridge
was washed with water until neutral.

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

Cartridges containing epoxy activated membranes
(25 sheets, 47mm id., 9mm in total thickness per
cartridge), which were prepared by one of the pro-
cedures mentioned in the previous section, were sub-
sequently subjected to reacting solutions containing
2 g 1,4-phenylenediamine in 95 ml water and 5 ml 6N
NaOH, which were recirculated at 5 ml/min. The re-
action was allowed to last 2h at 50°C. After reaction,
the cartridge was rinsed with water until the latter be-
came colorless.

2.8. Coupling of trypsin onto the cellulose
membrane modified with 1,4-phenylenediamine

A cartridge containing 25 sheets of aniline modified
cellulose membranes (47 mm i.d., 9 mm in total thick-
ness), located in an ice bath, was subjected to a react-
ing solution containing 25 ml 5 wt.% NaNOs, 25ml
IN HCI and 50 ml water, recirculated for 15 min at
20 ml/min, and then washed with 100 ml 1N HCI so-
lution and 200 ml water successively. For trypsin im-
mobilization, 100 mg trypsin were dissolved in 100 ml
0.2M Tris-HC1 0.005M CaCl, pH 8.80 buffer, and

the solution was recirculated through an activated car-
tridge for 4h at 0°C, at a flow rate of 10ml/min. The
extent of immobilization was determined from time to
time by an activity assay of the immobilized trypsin
by taking out a membrane from the cartridge. This
assay was performed by cutting the membrane disk
into small pieces and evaluating activity under intense
stirring, so that no diffusion limitation was involved.
The experimental uncertainty of this method was de-
termined to be 50%.

2.9. Coupling of trypsin onto a cellulose
membrane activated by epoxy reagents

A cartridge containing epoxy-activated membranes
(25 sheets, 47mm i.d., 9mm in total thickness) was
subjected to a reacting solution (100mg trypsin in
100 ml 0.2 M Tris—HCl1 0.05 M CaCl; pH 7.4 buffer),
which was recirculated at 15 ml/min. The reaction was
carried out at room temperature for up to 12 h. During
reaction, the immobilization was monitored in time by
an activity assay of the immobilized trypsin by taking
out each time a membrane from the cartridge.

2.10. Activation of cellulose membrane by
glutaraldehyde

The crosslinked membranes were packed into a car-
tridge (25 sheets, 47 mm i.d., 9 mm in total thickness)
through which a reacting solution (100ml 25 vol.%
glutaraldehyde aqueous solution and 100ml 0.1M
sodium chloride 0.1 M sodium acetate—acetic acid pH
7.4 buffer) was circulated at 15 ml/min, for 150 min
at 30°C. After reaction, the excess of glutaraldehyde
was removed by washing the membranes three times
with a 2M acetic acid solution.

2.11. Coupling of trypsin onto a cellulose
membrane activated by glutaraldehyde

Twenty five sheets of glutaraldehyde activated
membranes packed in a cartridge (47 mm i.d., 9 mm
in total thickness) were subjected to a reacting
solution (100mg trypsin in 100ml 0.2M sodium
acetate—acetic acid pH 7.5 buffer) at 40°C, for up
to 5h at a recirculation rate of 10ml/min. The im-
mobilization was monitored in time by an activity
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assay by taking out each time a membrane form the
cartridge.

2.12. Determination of the pore size and
porosity of cellulose membrane

The methods to determine the pore size and the
porosity of the prepared membranes were described
previously [11].

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

The method for the preparation of Coomassie
reagent was described previously [11]. The cal-
ibration curve was obtained using human serum
albumin (HSA) as standard and the optical den-
sity was determined with a UV/VIS Beckman
Spectrophotometer.

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

The epoxide content was determined via the hy-
drochlorination reaction, using a magnesium chlo-
ride solution containing HCl whose preparation was
previously described [11]. Three to six sheets of
epoxy-activated cellulose membranes (each sheet
47mm in diameter, 0.36 mm in thickness, 0.16g in
weight) were cut in.small pieces and placed in a
100mi flask, to which 25ml ef 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.

2.15. Determination of the aromatic amino groups

The content of aromatic amino groups was deter-
mined by titration [13]. A number of 5-10 sheets
of aniline modified cellulose membranes (each sheet
47 mm in diameter, 0.36 mm in thickness, 0.16 g in
weight) were cut in small pieces and placed in a 100 ml
flask, to which 25ml of a 8 M lithium chloride aque-
ous solution containing HCl were introduced. Sev-
eral drops of a solution of 0.1 wt.% methyl orange

indicator were added to the mixture, and the latter was
titrated with a 0.IN sodium hydroxide solution,

2.16. Determination of the activity of trypsin

The activity of trypsin was determined at 25°C us-
ing BAPNA as substrate. A suitable amount of trypsin
solution was added to 3.0 ml 0.05 M Tris-HCl pH 8.50
buffer containing 0.01M CaCl,, after which, 15 ul
of 0.15M BAPNA solution in DMSO were added
with mixing. The reaction could be stopped by adding
0.5 ml 30 vol. % acetic acid aqueous solution. One unit
of trypsin activity is defined as a 0.001 increase in opti-
cal density at 410 nm/min, under the above conditions.

The activity of the immobilized trypsin was deter-
mined with a similar method, using -a small part of a
trypsin containing membrane cut into small pieces.

2.17. Determination of the trypsin inhibitor activity

A suitable amount of trypsin inhibitor was mixed
with a somewhat larger amount of trypsin, 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 trypsin was determined by the method described
in the previous section. By comparing the activities of
trypsin before it was mixed with the trypsin inhibitor
and after incubation, one could determine the trypsin
inhibitor activity.

2.18. Separation of trypsin inhibitor from the egg
white

An amount of 40ml egg white was diluted
with 80ml 0.05M Tris-HC]1 pH 7.40 buffer con-
taining 0.1M NaCl, 10mM CaCl; and 10mM
B-mercaptoethanol at 4°C and dialyzed at the same
temperature against the same buffer. Then, the insol-
ubles were removed by centrifugation at 1000rpm
for 10min. The sample thus obtained was then re-
circulated through an affinity cartridge (25 sheets of
trypsin membranes, 47 mm id. and 9mm in total
thickness) at room temperature. After washing with
0.05M Tris—HCl pH 7.40 buffer containing 0.1 M
NaCl, 10mM CaCls, the trypsin inhibitor was eluted
with a 6M urea aqueous solution at a flow rate of
2 ml/min.
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3. Results and discussion

Mercerization can affect the supramolecular struc-
ture of the cellulose fibers, and for this reason was
widely used to improve some of the properties of cot-
ton fibers, such as their capacity for dye loading, the
reactivity of its OH groups in certain reactions, the
tensile strength, the luster and smoothness of the tex-
ture. Sodium hydroxide is the most often used reagent
for mercerization. At a given NaOH concentration,
the extent of conversion of the crystalline I domains
into crystalline II and amorphous ones increases as the
temperature is lowered and as the accessibility of the
fiber to the solution is increased [14].

In the present paper, the extent of mercerization was
monitored by the change in the cellulose membrane di-
ameter (Fig. 1). As expected, the extent of conversion
depends on the treatment time and the NaOH concen-
tration, For a given NaOH concentration, the extent
of mercerization attained saturation after a sufficiently
long reaction time.

During mercerization, swelling occurred, and some
crystalline I domains were converted into crystalline
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Fig. 1. Effects of sodium hydroxide concentration on mercerization
and of the processing time on the diameter of filter paper. The
diameter was determined after the membrane was thoroughly rinsed
with water. Processing condition: (a) 2M NaOH; (b} 4M NaOH;
(c) 6M NaOH; (d) 8M NaOH.

II and amorphous domains. Fig. 2 shows that dur-
ing mercerization the diameter of the cellulose fiber
increased and that its smoothness was reduced.
Fig. 2 also shows that the thickness of a mercerized

Fig. 2. Micrographs of crosslinked cellulose membranes: (a) surface of the cellulose membrane before mercerization, 400x: (b) surface of
the cellulose membrane after mercerization, 400x; (¢) section of the cellulose membrane before mercerization, 200x; (d) section of the

cellulose membrane after mercerization, 200x .
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Table 1

Comparison of crosslinked cellulose membranes with and without mercerization

Membrane Thickness® (mrm) Pore size (mm) Porosity (%) Epoxy content (mmol/ml)
Normercerized 0.38 1.38 576 126
Mercerized 0.36 0.54 553 154

3 The thickness was measured after the membranes were packed into a cartridge.

membrane expanded. However, when the membranes
were packed into a cartridge under pressure, the thick-
ness of the mercerized membrane became even some-
what smaller than that of the original non-mercerized
membrane. This indicates that mercerization increased
the softness of the fibers. In addition, the porosity and
the pore size were somewhat reduced (Table 1), and
the flow rate was decreased when compared to the
non-mercerized membranes (Fig. 3). Fig. 3 provides
also evidence for crosslinking because the flow rate
through the membranes is not affected by the ionic
strength of the mobile phase (water solution).

It should be noted that the conversion of some
crystalline I cellulose domains into more disordered
ones has made additional OH groups accessible for

activation by the 1,4-butanediol diglycidyl ester. In-
deed, as shown in Table 1, the content of epoxy
groups introduced during activation became greater
after mercerization.

Since in the filter paper, the fibers interact only
via physical interactions, which are fairly weak, a
chemical crosslinking is necessary to ensure that the
membrane will remain stable during subsequent mod-
ifications and affinity chromatography. In this paper,
the crosslinking was carried out with six amounts of
crosslinker and four amounts of activator (Fig. 4). The
mechanical properties of the membranes have been
affected by the amount of crosslinker. For crosslinker
amounts of 150 and 175ml, the membranes have
been brittle; for 50-100ml amounts they have been

801
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Fig. 3. Effect of mercerization on the flow rate through crosslinked cellulose membranes. Crosslinked membrane cartridge: 25 sheets
of membrane, 10mm total thickness; mercerized and crosstinked membrane cartridge: 25 sheets of membrane, 9 mm total thickness. (a)
0.05M NaCl solution through the crosslinked membrane cartridge; (b) 0.5M NaCl solution through the crosslinked membrane cartridge;
(¢} 0.05M NaCl solution through the mercerized and crosslinked membrane cartridge; (d) 0.5M NaCl solution through the mercerized

and crosslinked membrane cartridge.
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Fig. 4. Effects of crosslinking and activation conditions on the
epoxy content of a membrane. The membranes were activated
with 1,4-butanediol diglycidy! ether, after they were treated with a
0.1N NaOH solution containing 0.2 wt.% sedium borohydride for
2h at room temperature, to eliminate the epoxy groups left after
crosslinking: (a) 40mi activator per 100 sheets of membrane; (b)
30ml! activator per 100 sheets of membrane; (c) 10mi activator
per 100 sheets of membrane; (d) 5ml activator per 100 sheets of
membrane.

non-brittle. Fig. 4 shows that at high amounts of
activator, greater than about 30ml, the epoxy con-
tent increased only weakly with increasing activa-
tor amount. It also indicates that high amounts of
crosslinker caused a slow decrease of the epoxy con-
tent. This occurred because some of the OH groups
were consumed in crosslinking.

The performance of the affinity membranes de-
pends on the preparation method (ie. the activator
used for the immobilization of the ligand and the lig-
and employed). When biomolecules such as proteins
or enzymes are selected as affinity ligands, the im-
mobilization method acquires particular importance,
because the activity of the ligand can be affected by
its denaturation during the immobilization procedure.
In this paper, three methods, presented in Fig. 5, for
the immobilization of trypsin onto the cellulose mem-
brane were used. They are compared in Figs. 6 and 7.

Fig. 6 reveals that, when glutaraldehyde or epoxy
was used as functional group, the activity of the
immobilized enzyme decreased somewhat at large
times with increasing immobilization coupling reac-
tion time, This happened because of denaturation and
self-hydrolysis. However, the rate of self-hydrolysis
is relatively small because a large fraction of the
enzyme is either linked chemically or adsorbed onto

the membrane. The diazotization method provided
a higher performance. In the latter case a shorter
immobilization coupling time was required to reach
maximum activity even though a lower temperature
was used (0°C compared to room temperature, see
Section 2). For these reasons, less denaturation and
self-hydrolysis occurred.

Approximate values for the amounts immobilized
from 100mg trypsin and those remained in solution
can be obtained on the basis of the activity determi-
nation with BAPNA as a substrate. The activity of the
original trypsin was 12,000 U/mg and the activities
of the immobilized enzymes for the optimum con-
ditions (maximum activity) taken from Fig. 7 have
been 16,700, 8060 and 1570 U/ml membrane for the
diazotization, glutaraldehyde and epoxy methods,
respectively. For a cartridge (20ml membrane), the
total activities were 334,000, 161,000 and 31,000U,
respectively. Assuming that the activities per mg of
immobilized and in solution enzymes were equal to
that of the original trypsin (this constitutes a rough
approximation because the specific activity of trypsin
changes), one obtains that the amounts of enzyme
immobilized have been: 27.8, 13.4 and 2.6 mg per car-
tridge, for the diazotization, glutaraldehyde and epoxy
methods, respectively. The amount that remained in
solution after the diazotization method had an activity
of 390,000 U, corresponding to 32.5 mg trypsin.

The stability of the immobilized trypsin, determined
as indicated in the experimental part, was investigated
and the results are presented in Fig. 7. The experi-
ments were performed in severe conditions for the
immobilized enzyme, namely, the room temperature.
The immobilized trypsins, prepared using the three
activation methods, were very stable during at least 1
week, indicating that the mercerized crosslinked cel-
lulose membrane provided a good matrix for affinity
chromatography. The immobilized trypsin prepared
by the epoxy method possessed the highest stabil-
ity, most likely because it also exhibited the lowest
activity and hence was less subjected to change.

As one of the most common sources of edible pro-
teins, the egg was frequently employed because it is
cheap and readily available. A variety of methods,
such as protein precipitation by salts, or liquid chro-
matography have been employed for purifying the
major egg white proteins [15,16]. However, almost
all procedures are complex both during pretreatment
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Fig. 5. Immobilization of trypsin by (a) epoxy activation; (b) glutaraldehyde activation; (c) epoxy followed by diazotization activation.
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Fig. 6. Effect of the immobilization coupling time on the
relative activity [100{activity/maximum activity)] for the hy-
drolysis of BAPNA by immobilized trypsin prepared via
(a) epoxy followed by diazotization activation, maximum
activity = 16,700 U/ml membrane; {b) glutaraldehyde activation,
maximum activity = 8060 U/ml membrane; {c) epoxy activation,
maximum activity = 1570 U/ml membrane.

as well as during separation. In this paper, the trypsin
immobilized affinity membrane was used for the sep-
aration of trypsin inhibitor (ovomucoide) from the egg
white, and a product with high purity was obtained
(Fig. 8). This procedure is advantageous because the
membranes possess fairly large pore sizes and porosi-
ties, and only a simple pretreatment (centrifugation,
see the experimental part) was necessary to remove
the insoluble from the solution of egg white.
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Fig. 7. Stability at room temperature of immobilized trypsin, as
activity per ml membrane against time prepared via (a) epoxy fol-
lowed by diazotization activation; (b) glutaraldehyde activation; (c)
epoxy activation. The immobilized trypsins employed correspond
to the optimum conditions in Fig. 6.

Since the immobilized trypsin exhibits a high activ-
ity and stability, the affinity membranes can self-clean
themselves [17,18], after their permeability was de-
creased by fouling. In this paper the self-cleaning
could be easily carried out by incubating the cartridge
in a suitable buffer, which, activating the immobilized
enzyme, could hydrolyze the proteins retained in-
side the membrane. The permeability of the cartridge
could be thus restored to its original level (Fig. 9).

15 6
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Fig. 8. Separation of trypsin inhibitor (ovomucoide) by affinity membrane. The experimental details are provided in Section 2.18, the
content of trypsin inhibitor (ovomucoide) was assayed by its specificity, assuming that one mg inhibitor inhibits one mg of trypsin. The total
protein content was determined by the Coomassie Brilliant Blue method. The mobile phase was switched to 6 M urea after 25 min (50 ml).
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Fig. 9. Self cleaning effect at room temperature of the trypsin cont-
aining membrane. The affinity cartridge was first subjected to a
recirculating dilute egg white solution, as the one used to separate
the trypsin inhibitor, until the pressure drop increased to a certain
value. Then the cartridge was eluted with a 6 M urea solution to
remove the inhibitor, and finally was subjected via recirculation
to a 0.01M CaCly 0.05M Tris—-HCI pH 8.80 buffer for incuba-
tion. Using the same buffer, the permeability of the cartridge was
determined from the pressure drop under a flow rate of 4 ml/min:
(a) first cleaning; (b) second cleaning; (c) third cleaning.

4. Conclusion

In this paper, macroporous cellulose membranes
were prepared from filter paper through mercerization
followed by chemical crosslinking. Trypsin was im-
mobilized onto the above membranes via three dif-
ferent methods. The prepared affinity membrane was
stable at room temperature, and could be used for the
separation of the trypsin inhibitor from the egg white.
A self cleaning of the membrane was possible.
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