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Urease enzyme was immobilized in copolymer matrices containing poly(ethylene glycol) (PEG; MW 14 000 
and 1000) or polypropylene glycol (PPG; MW2000), prepared with 2-hydroxyethyl methacrylate (HEMA) 
and/or N-vinyl-2-pyrrolidone (VP). Urease-immobilized copolymer matrices were stored in phosphate 
buffer solutions of pH 7.0 at 4”C, and the activity of the enzyme was determined periodically for up to 90 
days. The highest activity was observed for HEMA and VP containing PEG (MW 14000) matrix. The 
matrices comprising VP and PEG (MW 14000) did not have mechanical stability and degraded in 3 weeks, 
while all the others were stable and demonstrated enzyme activities for up to 3 months. The effective 
diffusion coefficients of urea in these polymer matrices were calculated with a ‘diffusion and reaction model’ 
and the highest effective diffusion coefficient was found in the HEMA and VP containing PEG matrix, 
possibly due to its highly porous structure. 
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INTRODUCTION 

Enzymes are proteins that catalyse many chemical 
reactions in living organisms. Unlike most ordinary 
chemical catalysts, they can operate under very mild 
conditions of pH, temperature and pressure, and are 
extremely specific in the types of reactions in which they 
are involved. To facilitate the separation of an enzyme 
from the reaction products and to increase its stability, 
the enzyme can be immobilized. An immobilized enzyme 
is physically confined on or within an inert support but 
retains its catalytic activity, allowing it to be used 
repeatedly and continuously. 

There are many different methods for the immobiliza- 
tion of an enzyme. Covalent bonding to an activated 
support, copolymerization of the enzyme molecules with 
polymers, crosslinking between enzyme molecules, phy- 
sical adsorption of the enzyme onto a solid support and 
entrapment of enzyme molecules in a polymeric struc- 
ture, are some of the ways of immobilization. In the 
entrapment method, the enzyme is confined in the pores 
of a matrix structure, allowing low molecular weight 

substrate and products to diffuse through the matrix, 
while retaining the high molecular weight enzyme in the 
structure. 

The enzyme urease catalyses the hydrolysis of urea, 
with the production of ammonia and carbon dioxide. 
The substrate urea is one of the toxic substances present 
in blood plasma and is normally removed by the kidneys. 
Therefore, a potential application for immobilized 
urease is in the treatment of kidney failure. In addition, 
systems utilizing urease can be used in the detection of 
the urea content of plasma. Therefore there have been 
many studies on the immobilization of urease in 
polymeric matrices, and varying degrees of efficiency 
and specific activity retention were reportedld5. 

In immobilized enzyme systems, mass transfer of the 
substrate occurs in three different zones: from the bulk 
fluid to the matrix system, through the pores of the 
matrix system and finally inwards from the pores to the 
site of reaction. The first zone is often referred to as the 
one with external mass transfer resistance and the latter 
two are considered to show internal mass transfer 
resistance8. 

*To whom correspondence should be addressed 

One important factor in the design of immobilized 
enzyme systems is the effective diffusion coefficient Dr of 
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the reacting substrate(s) within the matrix used for 
immobilization. Measuring the concentration gradient 
through the matrix in a diffusion cell and coupling it 
with substrate flux is the direct method of estimating Df 
(ref. 7). In the estimation, some assumptions are made 
for a laminated matrix such that it forms a membrane for 
the diffusion cell and should contain no enzyme, i.e. no 
reaction occurs within the membrane. However, in this 
method the sensitivity of the measurements is very 
critical and, in addition. a matrix without enzyme may 
not simulate the real performance of the natural system. 
The effectiveness factor or ‘diffusion and reaction 
technique’ is an indirect method for the estimation of 
Dr and does not alter the characteristics of the enzyme- 
support structure. In this technique, numerical methods 
are used to solve the continuity equation within the 
matrix for known diffusion coefficient, the value of which 
is stabilized after successive iterations in the solutions. 
By this method, diffusion coefficients of reactive sub- 
strates are reasonably evaluated in their natural 
environment’. 

In this work, various polymeric matrices of 
poly(ethylene glycol) (PEG; MW 14000 and 1000) 
poly(propylene glycol) (PPG; MW 2000) 2-hydroxy- 
ethyl methacrylate and N-vinyl-2-pyrrolidone with vari- 
able compositions were used for the immobilization of 
urease. After immobilization, the activity, leakage 
and stability of the enzyme entrapped in these 
matrices were determined and compared. Then the 
effective diffusion coefficients of urea in these polymer 
matrices were calculated with the ‘diffusion and reaction 
model’. 

EXPERIMENTAL 
Materials 

Poly(ethylene glycol)s (M W 1000, PEG1 and MW 
14000, PEG14) were provided by Riedel-de-Haen AG 
(Germany) and Aldrich Chemical Company (USA) 
respectively, and used as obtained. 2-Hydroxyethyl 
methacrylate (HEMA) was obtained from Aldrich 
Chemical Company (USA) and vacuum distilled to 
remove the inhibitors. N-Vinyl-2-pyrrolidone (VP) and 
PPG (MW 2025) were obtained from BDH Chemicals 
Ltd (UK). VP was vacuum distilled prior to use. 
Ethylene glycol dimethyl acrylate (EGDMA) was 
supplied by Polysciences (USA). Enzyme urease (urea 
amidohydrolase, EC 3.5.1.5; from sword beans, lyo- 
philized, 5 IUmg-t) was obtained from Merck AG 

(Germany). A blood urea nitrogen kit 
obtained from Sigma Diagnostic (USA). 

Preparation qj’polymeric matrices 

(no. 535) was 

Prescribed amounts of the components (Table I) were 
placed in phosphate buffer (1.5m1, 0.1 M, pH 7.0) 
contained in glass ampoules and EGDMA (45 ~1) was 
added to each solution as crosslinker. The ampoules were 
then degassed three times, heat-sealed, and irradiated 
with gamma rays from a 6oCo Gammacell 220 source for 
4 h. The dose rate was 0.43 kGy h-’ as determined by 
conventional Fricke Dosimeter. These matrices were 
used in spectrophotometric studies and swelling mea- 
surements. The matrices in which the enzyme was 
entrapped, were prepared in the same way. For these 
preparations, urease (5mg) was dissolved in phosphate 
buffer (1.5 ml, 0.1 M, pH 7.0) prior to the addition of the 
other components and then the same steps were 
followed. 

After the polymerization, the glass ampoules were 
broken and the gelled matrices were removed. They were 
cut into smaller discs (6.5 mm radius and 2mm thick- 
ness), immersed in phosphate buffer of pH 7.0 and used 
for leakage, activity and stability measurements. 

Structure qf’polymeric matrices 

The chemical structures of the matrices were analysed 
using a Nicolet 510 FTIR spectrophotometer from KBr 
pellets. The surface topography and the physical 
structure of the matrices were examined using a Cam- 
bridge Stereoscan S4-10 scanning electron microscope 
after coating with gold. 

Swelling properties of’ matrices 

The per cent water content (W) of the swollen 
polymeric matrices was calculated from the weights of 
the swollen and equilibrated matrices (~9,) and the 
completely dried matrices (wd) using the equation 
W = [(~i,~ - wd)/w,] x 100. For this purpose, the gelly 
matrices were kept in distilled water about 1 week until 
maximum swelling was reached. After weighing, they 
were dried in a vacuum oven until complete dryness, and 
weighed again. 

The per cent volume change (I’) values for the 
matrices were determined by measuring the volumes 
of the dry (.ud) and the swollen and equilibrated 
(11~) matrices, and using the equation I/ = 
[(?is - Q)/w~] x 100. W and V values of polymers were 
utilized directly to estimate the available volume of 

Table 1 Composition of polymer matrices and their swelling, diffusion, stability and leakage properties 

Matrix components 

Swelling 

propertics 

PPG 

(g) 

HEMA VP W 

(ml) (ml) ( k, ) 

PEG14V 1 .o 0 I 5 95.9 

PEGl4H 1.0 1.5 0 55.4 

PEGl4HV 1.0 0.8 0.7 13.5 

PEGlH 1 .o 1.5 0 51.6 

PPGZH I .o I.5 0 49.5 

PPG2HV I.0 0.8 0.7 72.5 

I 

( (i,” ) 

1094 

75 

41 

36 

40 

61 

Activity of immobilized or leaked enzyme 

(pm01 NH3 min-‘) 
Effective diffusion 

1st 8th 

day day 

90th 

day 

Leaked 

enzyme 

coefficient of urea 

(cm*miK’) 

Polymer 

matrix 

PEG 

(g) 

6.88 10.35 degraded 0.00 1.12 X 10-6 

5.64 4.54 0.02 0.74 4.76 x lo-’ 

x.53 6.76 0.02 1.99 2.50 X 10-6 

4.92 2.96 0.02 0.00 9.00 X 10-7 

4.95 7.06 0.03 0.92 2.00 X 10-6 

6.46 8.06 0.03 0.00 9.55 X lo-’ 
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reaction within the polymer matrix and swollen dimen- 
sions, respectively. 

Activity measurements 
The urea concentrations were detected using the 

diagnostic kit obtained from Sigma, the pink chromogen 
of unreacted urea being measured spectrophotometri- 
tally at 530nm with an LKB Biochrom Novaspec II 
colorimeter’O”l. All experiments were carried out in a 
thermostated stirred batch reactor in 100ml phosphate 
buffer of pH 7.0 at 25°C for an initial urea concentration 
of 90 mg dl-’ . Initial urea decomposition rates were used 
to calculate urease activity, which was expressed as 
micromoles of NH3 produced per min in the presence of 
5 mg immobilized or free urease, unless otherwise stated. 

From the Lineweaver-Burk12 plot, the kinetic para- 
meters K, [the Michaelis-Menten constanti (mg l-l] 
and VPaX _ [the maximum reaction rate of the enzyme 
(mgll min ‘)I for urease were determined. These runs 
were carried out at 25°C for various urea concentrations 
(9 to 90mgdll’) using a fixed free urease content of 
5 mg dl-’ in 100 ml phosphate buffer of pH 7.0. 

Leakage of enzyme 
The discs prepared from the matrices containing 

immobilized urease were immersed in phosphate buffer 
(20m1, pH 7.0) and kept at 4°C for 8 days. Then, the 
activity of leaked enzyme in the supernatant liquid was 
measured at 25°C and pH 7.0. 

Stability of enzyme in polymeric matrices 
The discs prepared from the matrices containing 

immobilized urease were kept in phosphate buffer 
(20m1, pH 7.0) at 4°C. The urease activity of these 
matrices was measured periodically for up to 90 days. 

Calculation of eflective diflision coeficient of urea 
For a single cylindrical disc of the etr:yme-polymer 

matrix, a ‘diffusion and reaction model was applied 
under pseudo steady-state conditions in order to 
calculate the effective diffusion coefficient of urea. Since 
most of the substrate flux into the enzyme-entrapped disc 
is in the z-direction, the substrate continuity equation” 
may be written for the z-direction in a cylindrical pellet 
with Michaelis-Menten kineticsi as: 

D = d’s = vm,s f dz2 h+s 
The boundary conditions for the equation are 

S = S, at z = i-L/2 and z = -L/2 (2) 

dS 
dz = 0 at 0 I z < +L/2 and 0 2 z > -L/2 (3) 

J, = 2DfF at z = +L/2 and z = -L/2 (4) 

In equations (l)-(4), Df is the effective diffusion 
coefficient of urea in the polymer matrix (cm2 mm’), S 
and S, are respectively the concentrations of urea within 
the structure and at the particle surface (mg l-l), z is the 
axial distance along the cylindrical enzyme-polymer 
matrix (cm), L is the thickness of the polymer disc (cm), 
and J, is the total urea flux to the polymer matrix 
(mg min-’ cmP2). 

In the application of these equations at pseudo steady- 
state, the following assumptions were made: (1) the 
polymer matrix has perfect cylindrical geometry and 
homogeneous structure (i.e. uniform enzyme distribution 
in the particle); (2) the substrate urea diffuses in the z- 
direction only; (3) reaction occurs in the void volume of 
the particle; (4) the intrinsic immobilized enzyme activity 
as well as the Michaelis-Menten coefficients13 are equal 
to those of the free enzyme; and (5) the surface 
concentration of urea is equal to the bulk concentration 
(ignoring liquid film resistance). 

Boundary conditions (2) and (4) refer to experimental 
conditions prevailing in the reactor. The bulk concentra- 
tion of urea in equation (2) was determined and the 
substrate flux J, in equation (4) was calculated from the 
total surface area of particles and the overall experi- 
mental urea decomposition rate. Boundary condition (3) 
should be interpreted such that if urea concentration S 
goes to zero anywhere in the pellet, (0 < z < + L/2 and 
0 2 z > -L/2), the substrate flux (i.e. dS/dz at z) should 
also converge to zerot6. 

There is no analytical solution available for equation 
(l), so it must be solved numerically. Furthermore, the 
diffusion coefficient of urea is required for the solution, 
thus an iterative algorithm was developed. First, an 
appropriate start-up value for the diffusion coefficient of 
urea (smaller than that in water) was assigned and 
boundary condition (4) was calculated from experimen- 
tal data. Then, using boundary conditions (2) and (4), 
equation (1) was turned into an initial value problem of a 
nonlinear differential equation. This equation was solved 
with a fourth-order Runge-Kutta-Gill algorithm in 
double precisioni7. During the progress of iterations, 
equation (3) was checked repeatedly either at z = 0 or at 
any point in the particle where the substrate concentra- 
tion was found to be zero. If the urea concentration was 
found to be zero anywhere within the particle, the urea 
concentration derivative value or flux at this point also 
had to be zero. If not, a new effective diffusion coefficient 
was proposed automatically. Finally, the total urea 
decomposition rate of a single particle, Tparticte 
(mgmin-‘), in equation (5) had to be equal to the 
observed experimental value. If this condition was not 
satisfied, again a new effective diffusion coefficient was 
suggested by the algorithm. 

Tparticle = 4: (s) rR2dz 

-L/2 

(5) 

In equation (5), R is the radius of the cylindrical particle 
of polymer matrix (cm). 

Equation (1) was solved for the substrate urea and the 
sum of relative errors of predicted urea decomposition 
rates was found to be << 1%. The algorith used was 
programmed and executed in FORTRAN 77 on a Data 
General MV 10000 Mainframe computer in double 
precision. Although Finlayson’s has recommended the 
orthogonal collocation method for the solution of ‘diffu- 
sion and reaction’ models, in this study a better and faster 
technique, the shooting method, was employed”. 

RESULTS AND DISCUSSION 

In enzyme reactions, the proper ratio of enzyme to 
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substrate is crucial for a detectable rate of hydrolysis. To 
find out that ratio, experiments were carried out with a 
variable urease concentration at a fixed urea concentra- 
tion, 15 mM. For sensitive determination. the amounts of 
urease (either free or immobilized) and urea were chosen 
as 5 and 90 mg, respectively, in 100 ml buffer solutions for 
all experiments and every activity measurement was 
carried out in this reaction medium. For urease, the 
maximum rate of hydrolysis (I’,,,) and the Michaelis 
Menten constant (KM) were found to be 0.153 mM min ’ 
and 12.432 mM, respectively, for the reaction carried out 
in phosphate buffer (pH 7.0) at 25°C. 

A broad O-H stretching vibration in the range 3550.m 
3420cm-‘), C-O stretching vibrations at 1320 
1210cm~’ and C--O-C stretching vibrations in the 
range 1300- 1000 cm ’ were observed in the infra-red 

spectra of all the matrices. Methyl and methylene 
absorptions were observed in the 1465-1370cm-’ 
region and C-H stretching absorptions appeared in the 
3000-2850 cm-’ region. In VP-containing matrices, 
primary and secondary amides give medium intensity 
absorption peaks caused b N-H bending vibrations at 
around 1640 to 1550cm -‘y 

tions at 1400cm-‘. 
and C-N stretching vibra- 

In PPG2HV and PEGl4HV 
matrices, C=O stretching and N-H bending vibrations 
were observed at 1725 and 1640cm-‘. 

The activity of an immobilized enzyme depends on the 
chemical structure and crosslink density of the polymer, 
as well as on the porosity of the matrix in which reaction 
occurs. The matrix porosity can be estimated from the 
maximum adsorbed water content given in Table 1. For 
PEG14H, PEGlH and PPG2H, the per cent water 

Figure 1 SEM micrographs (x500) of PEG-containing matrices: (a) PEGl4V: (b) PEG14H; (c) PEGl4HV: (d) PEGIH 
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content values were found to be 55.4, 51.6 and 49.5% 
respectively. These close results show that, in these 
matrices, the amount of adsorbed water was determined 
mostly by the HEMA present in the structure. The 
chemistry of glycol was not very effective: the change 
from PPG to PEG and the increase of the molecular 
weight caused only a 5% change in the results. A similar 
trend was observed for the PEG14HV and PPG2HV 
matrices, which have water content values of 73.5 and 
72.5% respectively. On the other hand, the presence of 
vinyl pyrrolidone in the copolymer increases the water 
content and the highest value was obtained for the 
PEG14V matrix as 95.9%. 

The enzyme entrapped in polymeric matrices may leak 
out, especially if the matrix has a very porous structure 
or the enzyme is loosely bound. Therefore, the matrices 
were kept in buffer solution at 4°C and the activities of 
the leaked enzymes were measured in the supernatant 
solutions after 8 days. Leakage of enzyme was detected 
for PEG14H, PEG14HV and PPG2H matrices, as shown 
in Table 1. The highest value, obtained with PEG14HV, 
might be the result of the very high molecular weight of 
PEG and low crosslink density. Also VP, being a very 
hydrophilic polymer, can cause breakage of the covalent 
bonds in the matrix structure. 

The stability of immobilized enzyme in buffer solu- 
tions at 4°C was tested by measuring the activity on the 
lst, 8th and 90th days of storage and the results are 
presented in Table 1. The enzyme activity in PEG14V 
matrix achieved a 50% increase on the 8th day due to the 
largest swelling, and then the matrix degraded. Activity 
on the 8th day decreased for all other PEG-containing 
matrices and increased for PPG-containing matrices. 
Activities on the 90th day were found to be co.03 pmol 
NH3 min-’ for all matrices. 

The effective diffusion coefficients of urea through the 
polymeric matrices were calculated and are presented in 
Table 1. The lowest effective diffusion coefficient for urea 
was found for the PEG14H matrix at 
4.76 x lo-’ cm2 min-’ while the highest value was 
found for the PEG14HV matrix at 2.50 x low6 cm2 mir-‘, 
based on the 8th day activity values. Thus the diffusion 
coefficients of urea in all polymeric matrices were less 
than that in water20-22 (8.22 x 10e4 cm2 mm’). Diffu- 
sion of urea through polymeric matrices and micro- 
capsules has been studied experimentally with some 
theoretical approximations by several researchers23-26, 
and the diffusion coefficient is reported to be of the order 
of 1O-6 cm* min-‘. 

The effective diffusion coefficient of urea through 
PEG14V was found to be 1.12 x 10-6cm2min-1. This 
high value results from the highly porous and swollen 
structure of the matrix (Figure la), which degraded in 3 
months in aqueous medium. For PEG14H matrix 
(Figure lb), the replacement of VP with HEMA caused 
a decrease of N 55% in the effective diffusion coefficient. 
The highest diffusion coefficient was calculated for the 
PEG14HV matrix (Figure Ic) as 2.50 x 1O-6 cm2 min-‘. 
HEMA gave the stability to the matrix while VP caused 
the hydrophilicity. Although PEG14HV was swollen less 
than PEG14V, the higher diffusion coefficient of 
PEG14HV may be attributed to laminated and neat 
infrastructure (Figures la and c). 

For the matrices which involve 
structures, namely PEG14H (Figure 

HEMA in their 
lb) and PEGlH 

(Figure Id), the effective diffusion coefficients were found 
to be 4.76 x 1O-7 and 9.00 x 10-7cm2min-’ respec- 
tively. Decreasing the molecular weight of PEG from 
14000 to 1000 increased the diffusion coefficient by 
almost 50%, most probably as a result of increased 
packing due to long glycol chains. Addition of VP into 
PEG-containing matrices caused a large increase in the 
effective diffusion coefficients: 1.12 x 10e6 cm2 min-’ for 
PEG14V and 2.50 x 10d6cm2 min-’ for PEG14HV 
matrices. On the contrary, for PPG matrices the addition 
of VP caused a 50% decrease in the effective diffusion 
coefficient, from 2.00 x 10-6cm2 min-r for PPG2H to 
9.55 x lo-’ cm2 min-’ for PPG2HV, possibly due to a 
decrease in porosity of macropores within the structure 
(Figures 2a and b). 

Figure 2 SEM micrographs (x50) of PPG-containing matrices: (a) 
PPGZHV; (b) PPG2H 
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CONCLUSIONS 

In the preparation of an immobilized enzyme, the major 
criteria are the biocompatibility of the support material 
for a higher apparent activity, the stability of the matrix 
and immobilized enzyme, and diffusional limitations. In 
this study glycols were used as the main component of 
the support structures. HEMA was selected for its high 
biocompatibility and structural stability, and VP was 
used to increase surface porosity and void volume 
fraction in order to enhance diffusion of urea through 
the polymeric matrices. The presence of VP within the 
copolymer matrix increased the void volume and surface 
porosity and, in turn, observed enzymatic activity was 
maximized for PEG14V matrix; however, poor mechan- 
ical stability was the major disadvantage for this matrix. 
The presence of HEMA together with VP increased 
mechanical stability as well as favouring a laminated and 
neat infrastructure for the PEG14HV matrix, and the 
highest effective diffusion coefficient was realized along 
with high enzymatic activity. However, an adverse trend 
was observed for PPG matrices when VP participated in 
the structure. 
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