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ABSTRACT: Microporous poly(2-hydroxyethyl methacrylate) (pHEMA) membrane was
prepared by UV-initiated photopolymerization. The spacer arm (i.e., hexamethylene
diamine) was attached covalently and then invertase was immobilized by the conden-
sation reaction of the amino groups of the spacer arm with carboxyl groups of the
enzyme in the presence of carbodiimides. The values of the Michael’s constant K,,, of
invertase were significantly larger (ca. 2.5 times) upon immobilization, indicating
decreased affinity by the enzyme for its substrate, whereas V.. was smaller for the
immobilized invertase. Immobilization improved the pH stability of the enzyme as well
as its temperature stability. Thermal stability was found to increase with immobiliza-
tion and at 70°C the half times for the activity decay were 12 min for the free enzyme
and 41 min for the immobilized enzyme. The immobilized enzyme activity was found to
be quite stable in repeated experiments. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 75:
1685-1692, 2000
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INTRODUCTION

Immobilization confers additional stability to a
variety of enzymes against several forms of dena-
turation. Enzymes have been immobilized on dif-
ferent shape of supports (i.e., membranes or
beads) either by adsorption, entrapment ,or cova-
lent binding.'® Membrane-immobilized enzymes
may serve as model systems for enzymes, natu-
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rally bound to membranes, or may find practical
application in enzyme electrodes and enzyme re-
actors as less expensive, more stable, and reus-
able alternatives to free enzymes.*~¢

Earlier studies showed that poly(2-hydroxyethyl
methacrylate), pHEMA, is an attractive enzyme
carrier.”® pHEMA is a nontoxic and biocompatible
synthetic polymer with adequate mechanical
strength for most biotechnological applications. One
other advantage is the presence hydroxyl groups
that act as attachment sites for bioactive species
after activation or introduction of different func-
tional groups to the polymer chain.®!° These sug-
gest that pHEMA is a suitable support for enzyme
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immobilization and bioreactor applications. It has
been used in the previous studies to immobilize
enzymes and cells after preparation via various
techniques including suspension, bulk, and solution
polymerization using thermal, chemical ,and vy-irra-
diation as initiators.>”!! It can readily be put into
different shapes.? °

Invertase is a specific enzyme for converting
sucrose to glucose and fructose. A membrane-im-
mobilized invertase can be used in the analytical
field for the construction of sucrose biosensors
and in the enzyme reactors for hydrolysis of su-
crose. The product (sugar mixture) obtained by
invertase has the advantage of being colorless
compared to the colored version obtained through
acid hydrolysis.12-1%

Immobilization of invertase on natural poly-
mers such as corn grits,'® gelatin,'” and various
cellulose derivatives'® has already been achieved,
while its immobilization onto hydrogel polymers
is limited. The latter has good chemical and me-
chanical stability, and is not susceptible to micro-
bial attack.'®2°

In this study, the aim was to immobilize inver-
tase with a significantly higher activity and sta-
bility than those described in earlier studies. In-
vertase was covalently immobilized onto a spacer-
arm attached pHEMA membrane. The resultant
immobilized invertase system was characterized
and its activity retention, catalytic properties, re-
usability, and stability aspects were compared.

EXPERIMENTAL

Materials

Invertase (B-fructofuranosidase, EC 3.2.1.26,
Grade VII from baker’s yeast), glucose oxidase
(GOD, EC 1.1.3.4, Type II from Aspergillus niger),
peroxidase (POD, EC 1.11.1.7. Type II from horse-
radish), bovine serum albumin (BSA), o-dianisi-
dine dihydrochloride, sucrose, glucose, and p-tolu-
enesulfonic acid were all obtained from the Sigma
Chemical Company (St. Louis, USA) and used as
received.

2-Hydroxyethyl methacrylate (HEMA) was ob-
tained from Fluka AG (Switzerland), distilled un-
der reduced pressure in the presence of hydroqui-
none, and stored at 4°C until use. Ethylene glycol
dimethacrylate (EGDMA) was obtained from
Fluka AG. Inhibitors were removed by alkaline
salt extraction (20% NaCl and 5% NaOH),
washed twice with distilled water, dried with

CaCl,, and stored at 4°C until use. a,-a'-
Azoisobutyronitrile (AIBN) was obtained from
Fluka AG and used as received. Hexamethylene
diamine (HMDA) was obtained from BDH Chem-
icals Co. (UK). All other chemicals were of ana-
lytical grade and were purchased from Merck AG
(Darmstadt, Germany).

Membrane Preparation

The pHEMA membrane was prepared as previ-
ously described.’ The membrane preparation
mixture (5 mL) contained 2 mL (HEMA), 20 pL
(EGDMA) as crosslinker, 5 mg AIBN as polymer-
ization initiator, and 3 mL 0.1M SnCl,. The mix-
ture was then poured into a round glass mold
(diameter 9 cm) and exposed to ultraviolet radia-
tion (12 W lamp) for 10 min, while a nitrogen
atmosphere was maintained in the mold. The
membrane was washed several times with dis-
tilled water and cut into circular pieces (diameter
1.0 cm) with a perforator.

Incorporation of HMDA onto pHEMA Membrane

In order to prepare the HMDA-derived mem-
branes, the following procedure was applied.
pHEMA membrane pieces (23 g) were transferred
into benzene (60 mL) containing HMDA (15 g)
and p-toluenesulfonic acid (300 mg). The reaction
medium was boiled at 80°C in a Dean-Stark ap-
paratus and refluxed for 48 h. At the end of this
period, the HMDA-derived membrane pieces were
removed and washed several times with metha-
nol and then dried in vacuum oven for 24 h. They
were then stored at 4°C until use.

Immobilization of Invertase onto HMDA-Derived
pHEMA Membrane

HMDA-derived pHEMA membrane disks (diame-
ter 1 cm) were equilibrated in phosphate buffer
(50 mM, pH 7.0) and immersed in the same fresh
medium containing invertase (2 mg mL™!). The
immobilization of invertase was carried out at
4°C for 24 h, while continuously stirring the me-
dium. The HMDA-derived pHEMA membrane
containing invertase was washed with acetate
buffer (0.1M, pH 6.0).

Determination of Immobilization Efficiency

The amount of protein in the enzyme solution and
in the wash solutions was determined by using
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Coomassie Brilliant Blue as described by Brad-
ford®! with BSA as a standard.

Activity Assays

The activities of both the free and the immobi-
lized invertase preparations were determined by
measuring the amount of glucose liberated from
the invertase-catalyzed hydrolysis of sucrose per
unit time.

In the determination of the activity of the free
enzyme, the reaction medium consisted of acetate
buffer (2.5 mL, 50 mM, pH 5.0), sucrose (0.1 mL,
300 mM). Following a preincubation period (5 min
at 35°C), the assay was started by the addition of
the enzyme solution (0.1 mL, 10 mg mL™ %) and
incubation was continued for 5 min. In order to
terminate the enzymatic reaction, the reaction
medium was then placed in a boiling water bath
for 5 min.

The same assay medium was used to deter-
mine the activity of the immobilized enzyme. The
enzymatic reaction was started by the introduc-
tion of ten membrane disks into the assay me-
dium (10 mL) and was carried out at 35°C with
shaking in a water bath. After 15 min, the reac-
tion was terminated by removal of the membrane
disks from the reaction mixture.

Sucrose hydrolysis performance of the free and
immobilized preparation was determined by mea-
suring the glucose content of the medium accord-
ing to a method described previously.? The assay
mixture contained GOD (25 mg), POD (6.0 mg),
and o-dianisidine (13.2 mg) in phosphate buffer
(100 mL, 0.1M, pH 7.0). An aliquot (2.5 mL) and
0.1 mL of enzymatically hydrolyzed sample were
mixed and then incubated in a water bath at 35°C
for 30 min. After addition of sulfuric acid (1.5 mL,
30%), absorbance was measured in a UV-visible
spectrophotometer (Shimadzu, Model 1601, To-
kyo, Japan), at 525 nm.

The activities of the free and the immobilized
invertase were expressed in umol sucrose min *
mg ! of enzyme and pumol sucrose min~! cm ™2 of
enzyme membrane.

These activity assays were carried out over the
pH range 4.0-8.0 and temperature range 20—
60°C to determine the pH and temperature pro-
files of the free and the immobilized enzyme. The
results of dependence of pH, temperature, storage
stability, and repeated run are presented in a
normalized form with the highest value of each
set being assigned the value of 100% activity.

Determination of the Kinetic Constants

K, and V. values of the free enzyme were de-
termined by measuring initial rates of the reac-
tion with sucrose (3.0-300 mM) in acetate buffer
(50 mM, pH 5.0) at 35°C. The kinetic parameters
of immobilized invertase were determined in a
batch system by varying the concentrations of
sucrose (3—300 mM) in acetate buffer (50 mM, pH
5.0). The reaction temperature was 35C. K,, and
Vomax values were calculated from the data ob-

tained after 15 min.

Batch Use of Immobilized Invertase

The retention of the immobilized invertase activ-
ity after repeated batch use was tested as de-
scribed above in Activity Assays. After each run,
the enzyme-membrane disks were washed with
acetate buffer (50 mM, pH 5.0) and reintroduced
into fresh medium 10 times successively.

Storage Stability

The activity of the free and the immobilized in-
vertase after storage in acetate buffer (50 mM, pH
5.0) at 4°C was measured in a batch operation
mode under the experimental conditions given
above.

Thermal Stability of Free and Immobilized Enzyme

The thermal stabilities of the free and the immo-
bilized invertase were carried out by measuring
the residual activity of the enzyme exposed to
three different temperatures (50-70°C) in acetate
buffer (50 mM, pH 5.0) for 2 h. After every 15 min
time interval, a sample was removed and assayed
for enzymatic activity as described above. The
first-order inactivation rate constants %; were cal-
culated from

InA=1nA, — kit (1)

where A, is the initial activity and A is the activ-
ity after a time ¢ (min).

Characterization of pHEMA Membranes
Water Content of pHEMA Membranes

The water content of pHEMA membrane was de-
termined in distilled water. Dry membrane pieces
were placed into distilled water at 25 = 0.5°C
until they reached a constant weight for about
4 h. Swollen membrane was weighed by an
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electronic balance (Shimadzu, Japan, EB.280 + 1
X 1072 g). The water content of the swollen mem-
branes were calculated by using the following ex-
pression:

Water content % = {(W, — W_)/W_}-100 (2)

where W, and W, are weights of dry and swollen
membrane, respectively.

Fourier Transform IR Spectra

Fourier transform IR (FTIR) spectra of the plain
and the HMDA-attached pHEMA membranes
were obtained by using a FTIR spectrophotometer
(Shimadzu, FTIR 8000 Series, Japan). The
pHEMA membrane (0.1 g) and KBr (0.1 g) were
thoroughly mixed and the mixture was then
pressed in a pellet form, and the spectrum was
recorded.

Scanning Electron Microscopy

Scanning electron micrographs of the pHEMA
membrane were obtained using a Leitz
AMR-1000 (Germany) after coating with gold un-
der vacuum.

RESULTS AND DISCUSSION

Properties of pHEMA Membrane

The water content of the hydrogel membrane
used in the present study was about 58% weight
base. It should be mentioned that the water con-
tent of the membrane did not change after HMDA
attachment. The SEM micrograph of the surface
of pHEMA membrane is presented elsewhere.”
The surface structure of pHEMA membrane is
very porous, and this should lead to a large exter-
nal surface area for the immobilization of the
proteins.

To identify the HMDA-derived polymeric sur-
face of pHEMA membrane, FTIR spectra of plain
and HMDA-derived pHEMA membrane were ob-
tained. As shown in Figure 1, FTIR spectra of
both the pHEMA [in Fig. 1(A)] and the HMDA-
derived pHEMA [in Figure 1(B)] membranes
show a broad band which is characterized by hy-
drogen-bonded alcohol O—H stretching vibration
bands at about 3500 cm ™ '. The FTIR spectra of
HMDA-attached pHEMA shows some different
absorption bands from pHEMA. The bands are at
1565, 1550, and 1470 cm ™! and the characteristic

Transmittance, %

4000 2000 1500 1000 400

Wave Number, cm’!

Figure 1 FTIR spectra of membranes: (A) pHEMA;
(B) HMDA-pHEMA.

—NH,, —NH, and —CH,, bending mode (scissor-
ing), respectively. The bands at 2960, 1720, and
1150 cm™! represent stretching vibration of
C—H, C=0 and C—N, respectively. On the other
hand, hydrogen-bonded alcohol O—H stretching
vibration band intensity of plain pHEMA is
higher than the same band of HMDA-derived
pHEMA membrane. The reason for this is be-
cause of the —OH groups lost during the conden-
sation reaction between —OH groups of HEMA
and —NH,, groups of HMDA. The HMDA-derived
pHEMA has a shoulder absorption band at
around 3415 cm ™', which is characterized by
N—H absorption coming from HMDA on pHEMA
membrane.

Immobilization of Invertase on pHEMA Membrane

A two-step process was carried out for the cova-
lent immobilization of invertase on the pHEMA
membrane. In the first step, hexamethylene di-
amine (i.e., spacer arm) was covalently attached
to the pHEMA membranes through the hydroxy
groups. The second step consisted of the conden-
sation reaction of the amino groups of the support
with the carboxyl groups of enzyme in the pres-
ence of carbodiimides (Fig. 2). The amino or hy-
drazine group containing supports provide a
method of binding enzyme via their carboxyl
groups. In this method, the support and condens-
ing agent (in our case carbodiimide) are added
simultaneously to the enzyme solution. During
the condensation reaction, amide bonds are
formed between amino groups of the support and
carboxyl groups of the enzyme. The spacer arm
constituted by aliphatic chains of 6 carbon atoms
has been used to move away immobilized inver-
tase from the support. Invertase also has a large
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Figure 2 Schematic representation of hexamethyl-
ene diamine attachment and invertase immobilization
on to pHEMA membrane.

molecular weight about 1200 kDa.?? The attach-
ment of 6 carbon atoms hydrophobic spacer arm
on the membrane surface could a prevent an un-
desirable side interaction between the large en-
zyme molecule and support. In this way, all areas
of the immobilized invertase could become fully
accessible to its substrate sucrose. pHEMA and
HMDA-pHEMA membranes were subjected to el-
emental analysis. The amount of HMDA attached
to the membrane was calculated from the data (by
considering the nitrogen stoichiometry) to be 0.39
umol HMDA cm ™2 The enzyme loading and the
retained enzyme activity after immobilization on
the HMDA-pHEMA membrane were 106 pug
cm 2 (or 8.5 x 107° (mol cm ™ 2), and 67%, respec-
tively. The binding ratio was about 4500 HMDA
molecules per invertase molecule.

Kinetic Constants

Kinetic parameters K,, and the V. for the free
and the immobilized invertase were determined

for sucrose hydrolysis (Table I). The K,, value for
the free enzyme estimated from the Lineweaver—
Burk plot was 24 mM, whereas the V. value
was calculated as 320 U mg ™! protein. The value
of apparent K,, for covalently bound invertase
was approximately 2.5-fold higher than that of
the free enzyme. In a similar study, Kotzelski and
Staude'® reported that the K, values of co-
valently bound invertase on the polysulfone mem-
branes were larger—about up to 13 times that of
the native invertase. The change in the affinity of
the enzyme to its substrate is probably caused by
structural changes in the enzyme introduced by
the immobilization procedure and by lower acces-
sibility of the substrate to the active site of the
immobilized enzyme.'® The V. value of immo-
bilized invertase was found to be 214 U~ ! bound
mg protein (or 23 U per cm? membrane) on the
pHEMA membrane, and it decreased approxi-
mately 33% with respect to free enzyme after
covalent immobilization. The V_ . of invertase
immobilized on the porous pHEMA membrane
can be affected by external or internal diffusional
resistances, which respectively correspond to the
transport of the substrate and products from the
bulk solution to the outer surface of the enzyme—
membrane, and to the internal transport of these
species inside the porous system of the mem-
brane. As expected, the K,, and V. values were
significantly affected after covalent immobiliza-
tion of invertase onto the HMDA-attached
pHEMA membranes.

Effect of Temperature on the Catalytic Activity

The temperature dependence of the activities of
the free and the immobilized invertase were stud-
ied in acetate buffer (50 mM, pH 6.0) in the tem-
perature range 20—60°C (Fig. 3). The optimum
temperature for the immobilized invertase was at
50°C, being 5°C higher than that of the free en-
zyme at 45°C. Arrhenius plots in the temperature
range from 20°C to optimum appeared linear and
the activation energies were found to be 1.54 and
1.87 kcal mol ! for the free and the immobilized

Table I Kinetic Properties of the Free and Immobilized Invertase

Recovered
Activity (%)

Activity
(U cm ™2 Membrane)

Enzyme Loading
(ug cm ™2 Membrane)

Form of K, V max

Enzyme (mM) (U mg™! Enzyme)
Free invertase 24 320
Immobilized

invertase 62 214

106 23
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Figure 3 Temperature profiles of the free and the
immobilized invertase.

invertase, respectively. The increase in optimum
temperature and activation energy was caused by
the changing physical and chemical properties of
the enzyme. The covalent bond formation via car-
boxyl groups of the immobilized invertase might
also reduce the conformational flexibility result-
ing in higher activation energy for the molecule to
reorganize to the proper conformation for the
binding to substrate.

Effect of pH on the Activity

The pH effect on the activity of the free and
immobilized invertase preparations for sucrose
hydrolysis was studied at various pHs at 35°C.
The reactions were carried out in acetate and
phosphate buffers and the results are presented
in Figure 4. Optimal conversion was obtained at
pH 5.0 for the free enzyme. The optimum pH of
the immobilized enzyme was shifted 0.5 pH unit
to alkaline region. This shift is possibly due to
the secondary interactions (e.g.. ionic and polar
interactions, hydrogen bonding) between the
enzyme and the polymeric matrix.” Other re-
searchers®!%2% have reported similar observa-
tions upon immobilization of invertase and
other enzymes.

Batch Use of Immobilized Invertase

The operational stability of immobilized enzyme
systems is very important economically; an in-
creased stability could make the immobilized en-
zyme more advantageous than its free counter-

100 +
:\5 80 A
2
=
g 60 -
<
o
2
& 40 A
[}
1
20 1 ~{1-Free Enzyme
—— Immobilized Enzyme
0 T T — T : .
3 4 5 6 7 8 9
pH

Figure 4 The pH profiles of the free and the immo-
bilized invertase.

parts especially if its use as a biosensor or an
enzyme reactor is contemplated. The activities of
the immobilized invertase was retained its all-
initial activity after 10 successive batch reactions
mode.

Storage Stability

The free and the immobilized invertase prepara-
tions were stored in acetate buffer (50 mM, pH 5.0)
at 4°C and the activities were measured for a period
of 56 days (Fig. 5). The free enzyme lost all its
activity within 28 days. Immobilized enzyme lost
about 36% of its activity during the storage period.
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Time (Day)

Figure 5 Storage stabilities of the free and the im-
mobilized invertase.
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Figure 6 Influence of temperature on the stability of
the free invertase.

Thermal Stability

Thermal stability experiments were carried out
with the free and the immobilized enzymes,
incubated in the absence of substrate at various
temperatures. Figure 6 and 7 show the heat
inactivation curves between 50 and 70°C for the
free and immobilized enzymes, respectively.
The immobilized invertase preserved its activ-
ity at 50°C and free enzyme retained its initial
activity about 90% during a 90 min incubation
period. At 60°C the immobilized and the free
enzymes retained their activity about to a level
of 78 and 45%, respectively. The immobilized
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1S ——50°C

*g‘ 20 A —=—60°C
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Figure 7 Influence of temperature on the stability of
the immobilized invertase.

form was inactivated at a much slower rate
than the native form. After a 90 min treatment
at 70°C, the half-lives determined for the free
and the immobilized enzymes were about 12
and 41 min, respectively. The thermal inactiva-
tion rate constants (k;) at 70°C were calculated
as 9.36 x 10”2 min~ ! for free and 3.21 x 102
min ! for the immobilized invertase. These re-
sults suggest that the thermostability of immo-
bilized invertase increased considerably be-
cause of covalent immobilization onto pHEMA
membrane. Similar results have been previ-
ously reported for various immobilized en-
zymes.>?%25 Ulbrich et al.?® report that the ac-
tivity of the immobilized preparation, especially
in a covalently bound system, is more resistant
than that of the soluble form against heat and
denaturing agents.

REFERENCES

—

. Mosbach, K. Methods Enzymol 1987, 135, 130.

2. Sosnitza, P.; Farooqui, M.; Saleemmuddin, M.;
Ulber, R.; Scheper, T. Anal Chim Acta 1998, 368,
197.

3. Arica, M. Y.; Alaedinoglu, N. G.; Hasirci, V. En-
zyme Microb Technol 1998,22, 152.

4. Arica, M. Y.; Karpuzoglu, E.; Hasirci, V. Tr J Bio-
chem 1996, 21, 17.

5. Pozniak, G.; Krajewska, B.; Trochimczuk, W. Bio-
materials 1995, 16, 129.

6. Kenedy, J. F. ; Paterson, M. Polym Int 1993, 32,
17.

7. Arica, M. Y.; Denizli, A.; Baran, T. ; Hasirci, V.
Polym Int 1998, 46, 345.

8. Arica, M. Y.; Baran, T.; Denizli, A. J Appl Polym
Sci, in press.

9. Arica, M. Y. ; Denizli, A.; Salih, B.; Pigkin, E.;
Hasirel, V. J Membr Sci 1997, 129, 65.

10. Denizli, A.; Say, R. ; Patir, S.; Arica, M. Y. Reac
Funct Polym, in press.

11. Gdrsel, I.; Arica, M.Y.; Hasirci, V. Tr J Chem 1997,
21, 387-393.

12. Marek, M.; Velentova, O.; Kas, J. Biotechnol Bio-
eng 1984, 26, 1223.

13. Kotzelski, J.; Staude, E. J Membr Sci 1996, 114,
201.

14. Bowsky, L.; Ryu, D. Y. Biotechnol Bioeng 1971, 16,
337.

15. Mansfeld, J.; Forster, M.; Schellenberger, A.;
Dautzenberg, D. Enzyme Microb Technol 1991,
13, 240.

16. Monsan, P.; Combes, O. Biotechnol Bioeng 1984,

26, 347.



1692 ARICA ET AL.

17.

18.

19.

20.

21.

Emregiil, E.; Sungur, S.; Akbulut, U. Bimaterials
1996, 17, 1423.

Simionescu, C.; Popa, M.; Dumitri, S. Biotechnol
Bioeng 1987, 29, 361.

Arica, M. Y.; Hasira1 ,V.; Alaeddinoglu, N. G. Bio-
materials 1995, 16, 761.

Cantarella, L.; Alfani, F. ; Cantarella, M. Enzyme
Microb Technol 1993, 15, 861.

Bradford, M. M. Anal Biochem 1976, 72, 248.

22.

23.

24.

25.

Moreno, S.; Sanchez, Y.; Rodriguez, L. Biochem J
1990, 267, 697.

Selamipinar, F.; Akbulut, U. ; Ozden, M. Y.; Top-
pare, L. Biomaterials 1997, 18, 1163.

Germain, P.; Crichton, R. J Chem Technol Biotech-
nol 1986, 41, 297.

Ulbrich, R.; Schellenberger, Damerau, W. Biotech-
nol Bioeng 1986,28, 511.



