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Abstract In this study, cellulose acetate (CA) based he-
modialysis membranes were prepared by a dry phase
inversion method and the influences of urease immobiliza-
tion on the clearing performance and protein adsorption
capacity of the membranes were investigated. Permeation
experiments have shown that modification of CA mem-
branes with urease immobilization not only enhanced the
transport rate of urea but also increased the permeation
coefficients of uric acid and creatinine by changing the
structure of the membrane. Furthermore, the protein
adsorption capacity of the CA membranes decreased. On the
other hand, the mechanical strength of the modified CA
membrane did not change significantly compared with that
of the unmodified one. A mathematical model was derived to
determine the rate of mass transfer of urea through modified
CA membranes. Model predictions along with the experi-
mental data suggest that urease immobilization can be used
as an alternative method in preparing CA based hemodialysis
membranes with improved transport characteristics and
biocompatibility through reduced protein adsorption
capacities.

1 Introduction

Hemodialysis is a frequently used clinical therapy for the
treatment of chronic renal failure in which removal of
metabolic toxic compounds takes place in an artificial
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kidney containing a membrane. Hemodialysis membranes
are the most important elements of a dialysis unit and
should have high permeability and low protein adsorption
capacity, hence, enough biocompatibility in order to
decrease the treatment time and prevent undesirable reac-
tion with blood. Most of the hemodialysis membrane
materials are hydrophobic in nature and allow protein
adsorption on the surface easily due to hydrophobic inter-
action between membrane surface and protein molecules
[1]. Protein adsorption does not only cause reductions in
solutes permeation characteristics but it can also be fol-
lowed by the activation of different defense systems in
blood [1].

Although many techniques are proposed, surface mod-
ification is a commonly used approach to create membrane
surfaces of biomedical devices which resist to protein
adsorption. To increase hydrophilic nature of the blood
contacting membranes, numerous surface modification
methods have been suggested which can be summarized as
follows: 1) blending hydrophilic polymers such as 2-
methacryloyloxyethyl phosphorylcholine (MPC) [2-8],
polyvinylpyrrolidone (PVP) [9, 10], or polyethylene oxide
(PEO) [11, 12] into the membrane forming solution, 2)
grafting hydrophilic groups such as polyethylene glycol by
UV-irradiation [13-15] or low temperature plasma tech-
nique [16-19], 3) graft copolymerization of monomers
[20-23], 4) coating with hydrophilic polymers or copoly-
mers [24-29]. Hemodialysis membranes were also immo-
bilized with low molecular weight anticoagulant heparin to
decrease protein adsorption capacities, hence, to improve
hemocompatibilities [30-37]. Lin et al. have found that
adsorption of human serum albumin and human plasma
fibrinogen on polyacrylonitrile membrane decreased when
chitosan/heparin polyelectrolyte complex was immobilized
on the surface [37]. This was attributed to electrostatic
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repulsion between SO3;~ and COO™ groups on heparin and
negatively charged proteins in normal blood circumstance
(pH 7.4). An alternative approach to membrane surface
modification is protein immobilization on the hemodialysis
membranes [38, 39]. Zhao et al. modified polysulfone
membranes by immobilizing single-strand DNA onto their
surfaces with UV-irradiation. Although hydrophilicity of
the DNA immobilized membranes increased significantly,
amount of model protein, bovine serum albumin, adsorbed
on the membranes did not decrease. This was explained by
strong hydrogen bonds formed between DNA and BSA
molecules [38]. Liu et al. covalently immobilized plasma
proteins onto polyacrylonitrile membranes to evaluate the
hemocompatibility and anaphylatoxin formation [39].
Their results have shown that amount of fibrinogen
adsorption increased with the immobilization of platelet-
adhesion-promoting protein. On the other hand, fibrinogen
adsorption capacity of the PAN membranes decreased
significantly when platelet-adhesion-inhibiting protein,
human serum albumin, was used as a model protein for
surface modification.

There has also been interest in surface modification
techniques to improve the selectivity and permeability of
the membranes. Among these techniques, a promising
approach is enzyme immobilization on the hemodialysis
membranes, however, only a few studies exist in the lit-
erature on this method [40, 41]. Yang and Lin immobilized
urease enzyme on polyacrylonitrile hollow fibers by using
glutaraldehyde and investigated the influences of concen-
tration of glutaraldehyde, pH and temperature on the
catalysis of urea [40]. The results of in vitro dialysis
experiments have shown that the rate of removal of urea
from the blood side with an urease immobilized dialyzer is
almost 3 times faster than that obtained with a regular
dialyzer.

In the current work, we prepared asymmetric cellulose
acetate (CA) based hemodialysis membranes through dry
phase inversion method and modified them by blending
urease enzyme directly into the casting solution. The
influence of the casting composition on the permeation
rates and the mechanical properties of unmodified mem-
branes was determined. Based on these results, appropriate
composition of the membrane forming solution was chosen
for urease immobilization. Transport rates of model toxic
compounds, urea, uric acid and creatinine, through blend
membrane were compared to those of unmodified CA
membrane. In addition, the effect of enzyme immobiliza-
tion on the protein adsorption capacity and the mechanical
properties of the CA membranes was investigated. A
mathematical model was derived to determine the rate of
mass transfer of urea through modified CA membranes. To
our knowledge, this is the first study illustrating the use of
enzyme immobilization technique not only for enhancing
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transport rates but also for improving biocompatibility of
hemodialysis membranes through the reduction of protein
adsorption capacity of these membranes.

2 Materials and methods
2.1 Materials

Cellulose acetate (CA) with a molecular weight of
50000 g/mol and an acetyl content of 39.8% was purchased
from Sigma. Acetone, bovine serum albumin (MW 65000),
urea (MW 60.06), creatinine (MW 113.12) and uric acid
(MW 168.11) were also purchased from Sigma.

Urease (E.C.3.5.1.5) from jack beans and H,NaPOQ,,
were purchased from Fluka. Na,HPO,, used for buffer
solutions was purchased from Riedel. Phenol, sodium-
nitroprusside dihydrate, sodium-hypochlorite were obtained
from Merck, acetic acid was obtained from Aldrich and
NaOH was purchased from Sigma. Water used in the
experiments was distilled ion-exchanged water.

2.2 Preparation of the membranes

The cellulose acetate was dissolved in acetone, water
was added and the solution was stirred for 6 h until it
became homogeneous. The solution was left standing
for 18 h to eliminate bubbles, then, cast onto 10 cm X
24 cm glass substrate with the aid of an automatic film
applicator (Model 1133 N, Sheen Instrument Ltd.) at a
speed of 100 mm/s. The initial thickness of the cast film
was adjusted by a four sided applicator with the gap size
of 300 um. Immediately after casting, the support was
transferred into an environmental chamber (Model
CH250, Challenge Series-Angelantoni Industrie, Italy)
where the solution was dried for 2 h at 25°C and 40%
relative humidity. Membranes were allowed to dry fur-
ther for a period of 24 h in a vacuum oven maintained
at 100°C. They were then kept in a desiccator until
their use.

To prepare immobilized urease-membranes, 0.5 g of
cellulose acetate was dissolved in 10.2 ml of acetone and
50 mg of urease was dissolved in 1.45 ml of water. The
polymer and enzyme solution were mixed and stirred for
30 min. Then, the solution was cast on a glass substrate
with a knife of 300 pm gap and dried in the environ-
mental chamber for 2 h under 25°C temperature and
40% relative humidity. In order to remove soluble and
weakly bonded enzyme, membranes were rinsed with
10 ml distilled water during 30 min by changing the
rinsing water for every 10 min. Urease desorption during
the operation was checked by immersing the membrane
in 25 ml Na-phosphate buffer solution maintained at
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37°C. During 4 h immersion period, the urease content
in the solution was determined by measuring the absor-
bance at 285 nm with a UV-spectrophotometer (Perkin-
Elmer, Model No: Lambda 45). All immobilized urease-
membranes were kept in the refrigerator at 4°C until use.
The compositions of the initial casting solutions used to
prepare different membranes are shown in Table 1.

2.3 Determination of immobilized urease activity

Enzyme activity was calculated by measuring the amount
of ammonia produced enzymatically where urease can
catalyze the hydrolysis of urea as follows:

H,NCONH, + 2H,0"%°2NH; + CO,

The amount of ammonia produced was determined
spectrophotometrically using the method reported by
Weatherburn [42]. In this method, two reagents were
prepared according to the following procedure: Reagent
A was prepared by dissolving 5 g of phenol and 25 mg
of sodium-nitroprusside in 500 ml distilled water, while
2.5 g of sodium hydroxide was dissolved in 4.2 ml of
sodium-hypochlorite and completed to 500 ml of distilled
water to prepare reagent B.

The immobilized activity of urease was determined by
contacting 7 cm” catalytic membrane with 25 ml of
100 mM urea solution that was prepared in 0.05 M pH 7.4
phosphate buffer solution. Before immersing the mem-
branes, urea solution was incubated for 30 min at 37°C.
The membrane was kept in the solution for a period of
90 min and during this period, the solution was maintained
at 37°C and continuously stirred with a speed of 200 rpm.
After reaction started, 1 ml sample was taken at 45 min and
10% acetic acid solution was added in order to stop the
reaction. 20 pl volume from this sample was pipetted into
three tubes, then, 5 ml of reagent A was added, stirred
sufficiently and 5 ml reagent B was mixed thoroughly. The
test tubes were incubated at 37°C for a period of 20 min to
observe color change which corresponds to ammonia
evolution. The absorbance of the solution was then mea-
sured at 625 nm against a 20 pl phosphate buffer solution.

The activity of urease was calculated from the production
rate of NH3 in 45 min as follows:

Number of moles of NH; produced in 45 min
(45min) x (cm?2 of the membrane)

Activity = (

(1)

To determine stability of immobilized urease in buffer,
four pieces of membranes were immersed into 25 ml of
0.05 M phosphate buffer solution at pH 7.4 and 37°C. The
solution was stirred thoroughly and the membrane samples
were removed from the solution at 60, 120, 180 and
240 min successively. The stability of immobilized urease
during dry storage was also determined by storing the
membranes in dry form at 4°C for about 8 weeks. The
activity of urease immobilized in both wet and dry-stored
membranes was measured using same procedure described
above.

Kinetic parameters of the enzymatic reaction were
determined by immersing three pieces of membranes with
an area of 5 cm? into 25 ml of urea solution that was
prepared in 0.05 M pH 7.4 phosphate buffer solution,
previously incubated at 37°C. The urea concentration in the
reaction mixture was changed between 1 and 150 mM. The
kinetic parameters were determined through Lineweaver-
Burk plots.

2.4 Permeation experiments

Permeation experiments were carried out in a side by side
diffusion cell (Permegear Membrane Transport Systems) as
shown in Fig. 1. The membrane with an area of 1.8 cm?
was placed between two chambers, each with a volume of
6 ml. The left-side (Donor) chamber was filled with
phosphate buffer (pH 7.4) containing desired amount of
solute, while the right-side (Receiver) chamber was only
filled with phosphate buffer (pH 7.4). The solution in each
chamber was stirred sufficiently to eliminate concentration
gradient and temperature was maintained constant at 37°C
by circulating water through the jacket which surrounds the
chambers. Samples were removed from each chamber at
given time intervals and the concentration of uric acid was

Table 1 Morphological characteristics of modified and unmodified CA membranes

Code of the ~ Weight percentage of components (wt%) Thickness of Percentage of dense  Average pore  Porosity (%)
membrane membrane (um)  skin layer (%) size (1um)
CA Acetone Water Urease
CAI 5 80 15 0 27.94 13.44 1.15 67
CAll 10 80 10 0 19.66 17.10 0.53 31
CAIIl 15 80 5 0 19.16 29.96 0.42 19
CAI-U 5 80 14.5 0.5 16.71 2.62 1.37 68
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determined by directly measuring its natural absorbance at
285 nm. Urea and creatinine concentrations were evaluated
using commercial enzymatic kits (BT Product, Turkey).
For that purpose, samples were mixed with 1 ml of reagent
and allowed to react. Then, the concentration of urea was
determined from the difference in absorbance readings at
340 nm taken 30 and 90 s after mixing while the difference
in absorbance readings at 510 nm taken 60 and 180 s after
mixing was used to determine creatinine concentration.

In the case of permeation experiments conducted with
immobilized urease-membranes, the concentration of
ammonia in both donor and receiver compartments was
determined by the method described in Sect. 2.3. Then,
urease was added into the solution to completely decom-
pose the unreacted urea into ammonia. The concentration
of nondecomposed urea in each compartment was then
determined from the difference in concentrations of
ammonia measured before and after urea was decomposed
completely with urease.

2.5 Protein adsorption experiments

Protein adsorption experiments were also carried out in the
diffusion cell shown in Fig. 1. The membrane with an area
of 1.8 cm® was placed between two chambers. The donor
compartment was filled with bovine serum albumin (BSA)
solution with a concentration of 1 mg/ml prepared in
0.05 M, pH 7.4 phosphate buffer solution. The receiver
compartment was only filled with phosphate buffer (pH
7.4). Both compartments were maintained at 37°C for at
least 24 h. During this period, 100 pl samples were taken
at given time intervals and BSA concentration in the
solution was determined using a rapid and sensitive
Bradford method which utilizes the principle of protein-
dye binding [43].

Thermostatic Unit Thermostatic Unit

o = ol

RECEIVER. B

Cpw 3 : Crin

Magnetic
Engine

Magnetic
Engine

Fig. 1 Experimental set-up used for permeation experiments
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2.6 Characterization studies
2.6.1 Measurement of tensile strength

The tensile strength of the membranes was measured using
a Shimadzu AG-I-250 KN testing machine. The mem-
branes were strained at constant rates of 0.25 and 0.5 mm/
min until failure. The test method and sample preparation
were in accordance with ASTM D 882-02 standard. At
least five test samples with 10 mm in width and 5 cm in
length were used for measurements. The tensile strength
() and the strain (o) were calculated using the following
equations:

(2)

where F is the applied load, A is the cross-sectional area of
the specimen, L, is the original distance between gage
marks and L is the distance between gage marks at any
time. Young’s modulus was obtained from the initial linear
part of J versus ¢ graph.

2.6.2 Surface characterization

The surface morphology of the membranes was examined
by scanning electron microscopy (SEM) on a Philips XL-
30SFG model. The samples were coated with gold using a
Magnetron Sputter Coating Instrument.

To determine porosity of the membranes, the samples
were dried for 2 h at 100°C under vacuum and weighed in
dry form (wg-). Then, they were immersed in water and
kept there until all pores were filled with water. Finally, the
weight of the samples in water (W;,,yure) and in wet form
(Wye;) after removing water was determined. Based on
these measurements, the total volume of the pores is cal-
culated from the difference between the volume of CA (V;)
and volume of CA membrane (V) as follows:

Wdry Vv Wdry
= — 2 =

Pp Pm

Vi

Vpores =V-V (3)

where p,, is the density of the membrane

P PwaterWdry (4)
Wyet — Winwater

and p,q.- and p, are the densities of pure water and
polymer, respectively. The porosity of the membrane, ¢, is
then calculated from the ratio of the volume of the pores to
that of the membrane.

Vpores
= — 5
T 5
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3 Theory

To study the transport of solutes, the enzyme immobilized
membrane with a thickness of L and area of A is placed
between two compartments of the diffusion cell shown in
Fig. 1. The solution in each compartment is well mixed to
eliminate concentration gradients, thus, the concentration of
solute in each compartment only changes with time. It is
assumed that mass transfer through the membrane is one
dimensional, dominantly by diffusion and steady-state
condition is reached in a short period of time in the mem-
brane since the volume of the membrane is very small
compared to the volume of the solution in each compart-
ment. Furthermore, it is assumed that no enzyme desorbs
during the experiment and the enzymatic reaction takes
place homogeneously through the membrane and is descri-
bed by a slight modification of Michaelis—Menten equation:
r = Vr;axtcs (6)
K + Cs

where C is the concentration of the substrate, K,, is the
substrate concentration required to reach half of the
maximum reaction rate and V, , takes into account
enzyme inactivation which may occur during the
permeation process and it usually follows an exponential
function [44].

VE = Ve X (7)

maxt

In Eq. 7, k represents the inactivation constant and it is
clear that when there is no inactivation, V., corresponds
to the maximum reaction rate, V.. in the original
Michaelis—Menten equation. If it is assumed that
K,, > C, then the rate expression becomes linear

r= V;;axtcé‘ (8)

Ky

and the species continuity equation for the substrate
through the membrane is given by the following equation.

PC Vi,
sm™ 3 5 —sz =0 9
dx? K, ©)

where Dy, is the diffusivity of the substrate in the
membrane. Equation 9 is a linear, homogeneous, second-
order differential equation with constant coefficients. Its
general solution is given by Eq. 10.

Ci(x) = Cie™ + Cre™™ (10)
where
V*a t
— _maxr 11
"=V K,.D, (1)

and C, and C, are constants which are evaluated from the
following boundary conditions

x=0 C;=Cy x=L Cy=Cin (12)

The concentrations at the membrane surfaces are related to
those in the donor and receiver compartments by assuming
a linear equilibrium relationship.

Cui =KCp  Cyp = KCp (13)

where K is the partition coefficient of the solute between
the membrane and the adjacent phase. Then, the
concentration profile of the solute through the membrane
is given as follows:

~ {(Cuz — Cune™™\ Cuz — €™\
Cs (x) - el _ p—mL e - eMmL _ p—mL ¢
(14)

In order to calculate the solute concentrations in the donor
and receiver compartments, overall mass balances are
written

dCp

VD7 = (—JA), (15)
dC

VRd—tR = (+JA),_, (16)

based on the assumptions that the solution is well stirred
and no enzyme desorbs during the experiment, thus, there
is no enzymatic reaction in the solution. In Egs. 15 and 16,
t represents time and Vp, Vg, Cp and Cg are the liquid
volumes and solute concentrations in the donor and
receiver compartments, respectively. The solute fluxes at
the membrane surfaces are calculated using Fick’s law and
the concentration profile of the solute through the
membrane (Eq. 14). The results are given in the
following equations.

dcC,
(J)x:O 7Dsma|x:;)‘ i
Cyi1e™ —Cyn  Cyie™™ —Ci2
= ng{ emL _ eme + emL _ 67’"1‘ }m (17)
dcC,
()= DsmEb:L

Cvie™ —Cyr _
:Dsm{ e mL+

—mL
CMl e " — CM2 mL
C m
emL _ e—mL

6‘mL _ e—mL

(18)

Finally, if Eqgs. 17 and 18 are inserted into Egs. 15 and 16

dCp A {CMlemL —Cur  Cye™ — CMZ}
= sm + m

v oL _ g—mL oML _ g—mL
(19)
dCr A Cvie™ —Cuz _y  Cie™™ —Cuz 1
(20)
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and if Egs. 19 and 20 are integrated numerically, the
concentrations of solute in the donor and receiver com-
partments are obtained.

In the case of noncatalytic membranes, effective per-
meation coefficient of the solute, P,z through the mem-

brane is calculated from the slope of the In CC’;:EZ' versus
time graph [45].
Cpi — Cg;
In—— = fP.yt 21
o = Cr BPey (21)
where Cp; and Cg; represent the initial solute
concentrations in donor and receiver compartments,

respectively and the geometric constant f§ and P, are
given by the following equations:

1 1

p= |:V_D + V—J A (22)
D, K

Py = 5 (23)

4 Results and discussion

4.1 The influence of casting composition on the
permeation of model solutes through unmodified
cellulose acetate membranes

Typical experimental results for the clearance of urea, uric
acid and creatinine through CAIIl membrane are shown in
Fig. 2. The data are presented in terms of solute concen-
tration difference measured in donor and receiver com-
partments, normalized with respect to the concentration
difference at the beginning, as a function of time. The urea
concentration decreases most rapidly due to fast diffusion
of this small molecular weight solute. Each data set in this
figure were fitted to a linear equation and the linearity of
the data was found to be perfect determined with R* values
greater than 0.98. The permeation coefficients were eval-
uated from Eq. 21 by dividing the slope of the fitted data
by the constant § value of 0.59. Figure 3 shows that the
permeation coefficients decrease exponentially with the
increased molecular weight of the solutes and the increased
CA concentration in the casting solution. This is mainly
caused by the change in final structure of the membranes
from porous to dense one as shown by SEM pictures in
Figs. 4, 5, and 6. All of the membranes have an asymmetric
structure with the pore size larger on the glass contacting
surface than that on the air-facing surface. As listed in
Table 1, the results obtained from the analysis of SEM
pictures indicate that average pore sizes and porosities
decrease while the percentage of dense skin layer increase
by increasing CA concentration in the casting solution.
Macrovoids present in CAI membrane lead to larger
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thickness for this membrane compared to CAII and CAIII
membranes. Macrovoid formation in CA membranes pre-
pared with dry casting method was also reported in other
studies [46, 47].

4.2 Characterization of immobilized urease-CA
membranes

CAI membrane prepared with 5% CA in the solution was
selected for modification due to high solute permeation
rates through this membrane and its sufficient mechanical
strength. Modified CAI membranes (CAI-U) were prepared
by blending 0.5% urease enzyme directly into the casting
solution. Immersion of these membranes in the Na-phos-
phate buffer solution at 37°C during 4 h of typical he-
modialysis time did not cause desorption of urease from the
membranes into the solution. This simply indicated that the
blending technique for immobilization of urease is simple,
yet provides sufficient entrapment of the enzyme within the
polymeric matrix. In addition to desorption study, immo-
bilized urease-membranes were also characterized in terms
of wet/dry storage stabilities and their kinetic parameters.
The results are discussed in the following sections.

4.2.1 Determination of stability of immobilized urease

The stability of immobilized urease activities was deter-
mined in both wet and dry conditions. Figure 7 shows the
change in the relative activity of immobilized urease when
the CA membrane was stored at 37°C in a pH 7.4 phos-
phate buffer solution. Activity was measured during 4 h of
time period which corresponds to typical hemodialysis
time. The results have shown that 51% of the initial activity
was lost within 4 h. Lin and Yang [41] found that urease
immobilized on polyacrylonitrile hollow fibers retained
90% of its initial activity within 20 days when stored at pH

0.0 §
202
-0.4 ®
’_."2
Q06
a
< 0.8
x -0.8 4
<
UQ -1.0 4 ® Urea
k=] O Creatinine
-1.2 4 v Uric acid
1.4 4
1.6 T T T T T
0 50 100 150 200 250 300

Time (minute)

Fig. 2 The change of In g;’:g’; with respect to time for the

permeation of urea, uric acid and creatinine through CAIIl membrane




J Mater Sci: Mater Med (2009) 20:2167-2179

2173

120
= B cal
g 100 A O cAnl
5 B call
g}
S 80 A
>
g
.§ 60 4
E
Q
o
O 40 -
=
=}
=
g
E 20 A
5}
- = =
0

Urea Creatinine UricAcid

Fig. 3 The permeation coefficients of urea, uric acid and creatinine
through CAI, CAII and CAIIl membranes

AccV¥ SpotMagn Det WD ———  10ym
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Fig. 4 SEM picture of CAI membrane, magnification 3500 x

Det WD F——————— 10ym

AccV  Spot Magn

300kV 20 3500x SE 48 IYTE-MAM

Fig. 5 SEM picture of CAIl membrane, magnification 3500 x

Fig. 6 SEM picture of CAIIl membrane, magnification 3500 x

7 and 4°C. Much higher urease stability observed in their
study is due to immobilization of enzyme with a strong
covalent bonding. On the other hand, the difference in
stability can also be explained by different polymeric
supports and storage temperatures used in our and their
studies. Considering the fact that reuse of hemodialysis
membranes is forbidden in many countries, the long term
stability of urease immobilized on hemodialysis mem-
branes does not seem to be critical. The change in relative
activity of immobilized urease when CA membrane was
stored at 4°C in a dry form is also shown in Fig. 7.
According to this figure, dry-stored immobilized urease
retained its activity above 85% for almost 60 days, much
higher than that of wet-stored urease, since temperature
during dry storage is lower than that of wet storage. In
addition, phosphate buffer solution contributes to the faster
inactivation of urease. Similar results were reported in the
literature by some other groups. Krajewska et al. [48]
reported 30% lost in the initial activity of wet-stored
immobilized urease within 10 days and 20% lost over a
period of 60 days when immobilized urease was stored in a
dry form. Lin and Yang [49] found that dry-stored cho-
lesterol oxidase (COD) retained its activity above 95% for
60 days, while the activity in wet form decreased sharply
when it was stored for more than 3 days. The dry-storage
stability of immobilized urease is an important factor for
the economical use of immobilized urease-membranes in
commercial hemodialysis units.

4.2.2 Determination of kinetic parameters
of immobilized urease

Enzyme kinetic measurements were carried out for native
and immobilized urease and the kinetic parameters are
listed in Table 2. For each case, a linear relationship
between (1/r) and (1/C;) indicated by high R? value close to
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Fig. 7 The effect of storing time on the relative activity of urease
immobilized in CAI membrane. Initial activity of ure-
ase = 1.18 pmol NHs/min cm?. Membrane was stored in phosphate
buffer solution at pH 7.4, T = 37°C (wet-stored) and in dry form at
4°C (dry-stored)

1 demonstrates that the decomposition of urea by either
native or immobilized urease follows the Michaelis—Men-
ten type kinetics. V.« value of the urease immobilized in
CA membranes is lower than that of the native urease. This
can be explained by the inactivation of urease during
immobilization and increased diffusional resistance
encountered by the urea while it approaches to the catalytic
sites. The adsorption of BSA on the CA membrane caused
a decrease in the reaction rate of the immobilized urease as
shown in Fig. 8. This may be due to a change in the
location and number of electrostatic interactions created
between enzyme and protein or simple steric blocking of
the urease by adsorbed BSA which may have all affected
the optimal configuration and resulting activity of immo-
bilized urease. Lower catalytic activity of the BSA fouled
CA membrane can also be explained by the inactivation of
the enzyme during the fouling process.

4.3 The influence of urease immobilization on the
transport rates of solutes through CA membranes

To determine the influence of urease immobilization on the
solute transport rates, permeation experiments for three
model compounds were performed with the initial

0.004
® Fouled CAI-U
A Clean CAI-U £
0.003- PSS
E -
3]
2
% 0.002 .
= .
= -
E A
£ .
" :
= 0.0011 !
A
ﬁ)/ @
0 20 40 60 80 100 120 140 160

Concentration of Urea (mmol/It)

Fig. 8 The rate of reaction as a function of substrate concentration

concentrations used in the previous experiments. The data
collected for creatinine and uric acid were evaluated with
Eq. 21 to determine their permeation coefficients. The
partition coefficients of these solutes were also measured
from independent static sorption experiments which
allowed to calculate diffusivities from Eq. 23. The results
listed in Table 3 clearly indicate that diffusivities of both
uric acid and creatinine through immobilized urease-CA
membrane are slightly higher. This is caused by the change
in structure of the membrane as illustrated in Fig. 9. The
comparison of the structural properties of the modified and
unmodified CAI membranes listed in Table 1 points out
that urease immobilization caused a decrease in the
thickness of the dense skin layer. When urease is blended
into the casting solution, diffusion of acetone and water in
the solution is hindered and evaporation becomes slower.
Consequently, less amount of polymer and urease accu-
mulate on the surface leading to thinner dense skin layer
once all solvent and nonsolvent are removed. The total
thickness of the membrane decreased with urease immo-
bilization due to disappearance of macrovoids while aver-
age pore size and porosity did not change considerably. As
a result, the resistance to diffusion of the uric acid and
creatinine which are not decomposed by urease becomes
smaller in modified CA membrane leading to faster diffu-
sion rates.

Diffusivity of urea in the immobilized urease-mem-
brane along with the enzyme inactivation constant, k,
were regressed by minimizing the difference between the

Table 2 Kinetic data for decomposition of urea by native urease and immobilized urease in CA membrane

Michaelis—Menten constants Native urease

CAI-U clean membrane CAI-U fouled membrane

K,, (mmol/l) 13.7

Vinax (mmol/s-1) 0.01030
Vinax/Km (1/5) 752 x 1073
R? 0.99

10.4 12.2
0.00337 0.00064
32.5 x 1073 52 % 107
0.98 0.98
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Table 3 The list of partition coefficients and diffusivities of model solutes

Parameters Model CAI clean CAI-U clean CAI-U fouled
solute membrane membrane membrane

Partition coefficient of Urea Urea 401 3156 2442

(cm3 solution/cm® membrane) Creatinine 313 320 284

Uric acid 2146 2405 2391

D x 10'° (cm¥s) Urea 74.16 7.00 7.00
Creatinine 11.33 12.01 8.25
Uric acid 1.31 1.85 1.24

Det WO F———————— 10um
10.3 IVTE-MAM

AccV  Spot Magn
500kV 30 3600x SE

Fig. 9 SEM picture of modified CA membrane (CAI-U) with urease
immobilization, magnification 3500x
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Fig. 10 The comparison of model predictions with the experimental
data for the change of urea concentration in donor and receiver
compartments with respect to time when immobilized urease-CA
membrane was used. The symbols correspond to experimental data
and the lines represent model predictions. The enzyme inactivation
constant, k, regressed is 0.008 min~!

experimental data and model predictions as shown in
Fig. 10. The mathematical model derived in this study
provides a good correlation of the experimental data. The

immobilization of urease into the CA membrane caused
a decrease in the diffusivity of urea by a factor of 10
due to the fact that in the presence of urease, the affinity
between the enzyme and urea leads to an increase in the
diffusion pathway. Although, the diffusion rate of urea
decreased, at the end of 2 h, we obtained a 1.4-fold
increase in the urea removal rate with the modified CA
membrane since in this case, not only the rate of dif-
fusion but also the rate of enzymatic reaction controls its
removal rate. Figure 11 shows that at the beginning of
the dialysis experiment, urea removal becomes slower
with modified CA membrane. This simply indicates that
the transport of urea is initially controlled by diffusion.
After 40 min of the dialysis, no more urea removal
occurs with unmodified CA membrane, while urea con-
centration continues to decrease when using immobilized
urease-membrane. This result points out that at later
times urea transport is dominantly controlled by enzy-
matic reaction. The dominant transport mechanism that
influences the performance of the immobilized urease-
CA membrane can be determined by a dimensionless
parameter called Thiele modulus which is defined as the
ratio of the reaction rate and diffusion rate of the sub-
strate [50].

g — 1 Ynano /2 24)
-~ \DasKn

Using the data in Tables 2 and 3, Thiele modulus was
calculated as 1.08 which supports the observation in
Fig. 11 that the transport of urea through immobilized
urease-CA membrane is governed both by its diffusion and
decomposition. Compared to 1.4-fold increase in the urea
removal rate with urease immobilization in our study, Lin
and Yang [41] observed approximately 3 times increase
when using immobilized urease-PAN membrane. Higher
enhancement in urea clearance value obtained by this
group is mainly due to different enzyme immobilization
technique and the support type both of which strongly
influence the initial activity and stability of the enzyme
during its usage.
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Fig. 11 The change of concentration of urea in donor compartment
with respect to time. The symbols denote experimental data and lines
correspond to model predictions

4.4 The influence of urease immobilization on the
protein adsorption capacity of CA membranes

To determine protein adsorption capacities of both modi-
fied (CAI-U) and unmodified (CAI) CA membranes, the
change in concentration of bovine serum albumin (BSA) in
both donor and receiver compartments was followed. It
was found that equilibrium was achieved within 24 h of
period. Using equilibrium and initial concentrations in the
donor compartment, amount of BSA adsorbed on the CAI-
U and CAI membranes were determined as 8.3 and
25.5 pg/em?, respectively. The decrease in protein
adsorption capacity of CA membrane with urease immo-
bilization can be explained by the change in its surface
hydrophilic character. During protein adsorption experi-
ments, both urease enzyme and BSA are negatively
charged since their isoelectric points (BSA: 4.9 and urease:
5) are lower than pH of the BSA solution adjusted to pH of
the blood (7.4). Thus, urease enzyme located on the surface
of the CA membrane repels BSA due to electrostatic
interactions, as a result, amount of BSA adsorbed on the
immobilized urease-membrane decreases. Considering the
fact that total area of the hemodialysis membranes is large,
threefold decrease in the protein adsorption capacity of the
CA membrane with urease immobilization helps in
improving its biocompatibility.

4.5 The influence of protein fouling on transport rates
of solutes through unmodified and immobilized
urease-CA membranes

To determine the influence of protein fouling on the
transport rates of solutes, all permeation experiments were
repeated with BSA fouled, modified (CAI-U) and unmod-
ified (CAI) membranes. Figure 12 shows that protein
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Fig. 12 The influence of protein adsorption on the permeation
coefficients of uric acid and creatinine through unmodified (CAI) and
modified (CAI-U) membranes

fouling on the membranes caused a decrease in the per-
meation coefficients of both solutes. Urease immobilization
reduced the decrease in the permeation coefficients of uric
acid and creatinine by a factor of 2.8 and 1.5, respectively.
Similarly, the influence of protein adsorption on the effi-
ciency of urea removal from the donor compartment is less
pronounced when immobilized urease-CA membrane was
used. Due to protein fouling, % removal of urea from the
donor compartment in 1 h decreased by 27.5% and 12.5%
through unmodified and modified CA membranes, respec-
tively. The experimental data for urea removal with the
modified CA membrane were regressed with the mathe-
matical model and as shown in Fig. 13, the model provides
reasonably good correlation of the data collected for BSA
fouled membranes as well. The Thiele modulus value was
found to decrease from 1.08 to 0.44 due to adsorption of
BSA on the CA membrane. As a result, the transport of
urea is dominantly controlled by enzymatic reaction,
hence, the diffusivity of urea in the modified CA mem-
brane does not change due to protein fouling. The enzyme
inactivation constant, k, for BSA fouled CA membrane was
found to be much smaller than that of the clean CA
membrane. This is due to preliminary inactivation of ure-
ase during the fouling experiment. Thus, no more loss in
catalytic activity of BSA fouled CA membrane occurs
during the permeation experiment.

4.6 Mechanical properties of CA membranes
Mechanical properties of the CA membranes were evalu-

ated in terms of tensile strength and Young’s modulus
values and the results are listed in Table 4. The tensile
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Fig. 13 The comparison of model predictions with the experimental
data for the change of urea concentration in donor and receiver
compartments with respect to time when protein fouled modified CA
membrane was used. The symbols correspond to experimental data
and the lines represent model predictions. The enzyme inactivation
constant, k, regressed is 0.00005 min~!

Table 4 Mechanical properties of modified and unmodified CA
membranes

Code of the Maximum tensile Young modulus Thickness

membrane stress (kN/mz) (kN/mz) of the
membrane
(nm)

CAI 3750 + 880 2568 £ 1016 27.94

CAll 19530 £ 5414 7946 + 2056 19.66

CAIll 58584 + 7551 19352 + 4557 19.16

CAI-U 6720 + 1262 2734 + 751 16.71

strength of the membranes increased more than one order
of magnitude by increasing CA concentration in the casting
solution from 5% to 15%. This is mainly due to reduced
pore sizes and much more dense structure of the mem-
branes which can support higher load. Young’s modulus
was also found to increase with increased CA content in the
membranes since dense structures become stiffer compared
to porous structures. The results have shown that the
addition of 0.5% urease into 5% CA solution increased the
tensile strength of the membrane by a factor of 1.8, while
the Young’s modulus remained approximately the same.
This can be attributed to disappearance of macrovoids and
blockage of some of the pores present in CAI membranes
with the immobilization of urease as shown by the SEM
pictures in Figs. 4 and 9, respectively.

5 Conclusion

In this study, asymmetric cellulose acetate membranes
were prepared by dry phase inversion method and modified

through urease enzyme immobilization. Before the modi-
fication step, the effect of composition of the initial casting
solution on the permeation rates and the mechanical
properties of the membranes were investigated. With
increased CA content in the casting solution, the perme-
ation coefficients of all model solutes decreased while the
percentage of dense skin layer, tensile strength and
Young’s modulus values of the membranes increased. The
membrane prepared with 5% CA was selected for enzyme
immobilization due to its high permeation rates and suffi-
cient mechanical strength. The transport rates of the uric
acid and creatinine through modified CA membrane
slightly enhanced over the regular unmodified one due to a
change in the structure of the membrane. Urease immobi-
lization also enhanced the rate of removal of urea mainly
due to its decomposition and caused a decrease in the
protein adsorption capacity of the unmodified membranes
without any loss in the mechanical properties. The
enhancement in the transport rate of urea through immo-
bilized-urease membrane was also verified by the mathe-
matical model predictions. Although the improvement in
the clearance values obtained with our enzyme immobili-
zation strategy is moderate, it is possible to increase the
catalytic performance of the membranes by immobilizing
the enzyme on the surface with the strong covalent bond-
ing. It is also interesting to investigate the influence of
enzyme immobilization technique on the protein adsorp-
tion capacity of the membranes. To our knowledge, this is
the first study which suggests enzyme immobilization as a
possible technique to prepare membranes with reduced
protein adsorption capacities along with improved trans-
port properties. Thus, immobilized urease-membranes can
be used to improve the efficiency of hemodialysis
operation.
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