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ABSTRACT: Invertase was immobilized onto poly(p-chloromethylstyrene) (PCMS) beads
that were produced by a suspension polymerization with an average size of 186 um. The
beads had a nonporous but reasonably rough surface. Because of this, a reasonably
large external surface area (i.e., 14.1 m?/g) could be achieved with the proposed carrier.
A two-step functionalization protocol was followed for the covalent attachment of
invertase onto the bead surface. For this purpose, a polymeric ligand that carried amine
groups, polyethylenimine (PEI), was covalently attached onto the bead surface by a
direct chemical reaction. Next, the free amine groups of PEI were activated by glutar-
aldehyde. Invertase was covalently attached onto the bead surface via the direct
chemical reaction between aldehyde and amine groups. The appropriate enzyme bind-
ing conditions and the batch-reactor performance of the immobilized enzyme system
were investigated. Under optimum immobilization conditions, 19 mg of invertase was
immobilized onto each gram of beads with 80% retained activity after immobilization.
The effects of pH and temperature on the immobilized invertase activity were deter-
mined and compared with the free enzyme. The kinetic parameters K,, and V,, were
determined with the Michealis—Menten model. K,, of immobilized invertase was 1.75
folds higher than that of the free invertase. The immobilization caused a significant
improvement in the thermal stability of invertase, especially in the range of 55—-65°C.
No significant internal diffusion limitation was detected in the immobilized enzyme
system, probably due to the surface morphology of the selected carrier. This result was
confirmed by the determination of the activation energies of both free and immobilized
invertases. The activity half-life of the immobilized invertase was approximately 5
times longer than that of the free enzyme. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci
83: 1268-1279, 2002
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INTRODUCTION

One of the most important research areas in en-
zyme immobilization technology is on the produc-
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tion of carriers, and much effort has been dedi-
cated toward their development.'? Glycoenzymes
are an important family that is widely used in
immobilization studies. Hydrophilic support ma-
terials precoupled with Concanavalin-A (Con-A)
have been extensively investigated for the immo-
bilization of these enzymes.?>® Invertase has
been one of the most widely used glycoenzymes in
immobilization studies because of the commercial
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importance of sucrose hydrolysis. Yeast invertase
was coupled with high yields onto Con-A-aga-
rose.” A fixed reactor of immobilized invertase
onto Con-A—sepharose was successfully operated
without a significant loss in the enzyme activity.®
Igbal and Saleemuddin reported a significant im-
provement in the stability of yeast invertase by
immobilization onto Con-A—sepharose.” The same
researchers also investigated the activity and sta-
bility of various invertase preparations immobi-
lized on sepharose matrices carrying different
amounts of precoupled Con-A.® The immobiliza-
tions of other glycoenzymes, glucose oxidase, S1-
nuclease, RNase T2, and B-pD-glucosidase, onto
Con-A carrying hydrophilic supports have also
been investigated.®~13

Another biospecific route tried in the immobi-
lization of glycoenzymes has been the preparation
of insoluble complexes of these enzymes with
Con-A. This method has been applied for the im-
mobilization of glucose oxidase, amyloglucosi-
dase, yeast invertase, B-glucosidase, and B-galac-
tosidase.'*~17 The insoluble complex of Con-A and
invertase showed an enhanced stability over the
soluble enzyme.'”

Various attempts have also been made for the
immobilization of invertase by physical entrap-
ment or covalent attachment.'®2° Polyvinyl alco-
hol films under electrochemical polarization and
carboxymethylcellulose-gelatine gels crosslinked
by different chromium salts have been used for
the physical entrapment of invertase.'®® Differ-
ent synthetic supports (i.e., granular dimer acid-
co-alkyl polyamine, poly(ethylene-g-acrylic acid
and periodate-activated sepharose beads) have
also been tried as alternative matrices for the
immobilization of invertase by covalent attach-
ment. 2022

Suspension polymerization is a useful tool in
the preparation of beaded support materials suit-
able for enzyme immobilization by physical en-
trapment or covalent attachment.?°33 Covalent
enzyme immobilization methods usually involve
reactive functional groups on the bead surface.
These groups can be incorporated into the bead
structure by the use of functional monomers dur-
ing the polymerization.?®3! Then, enzymes can be
covalently attached onto the polymeric beads af-
ter the activation of surface functional groups
(i.e., hydroxyl, carboxyl, or amine groups) by the
appropriate agents. The polymeric supports with
the functional groups with a direct reaction abil-
ity against the amine group have been widely
utilized in the covalent attachment of enzymes.

Functional monomers, such as p-chloromethylsty-
rene (CMS), epoxypropyl-methacrylate, N-acrylo-
xysuccinimide, and acrolein, can be considered in
this class.>*=38 Poly(p-chloromethylstyrene) (PCMS)
beads have attracted attention especially as a
carrier matrix for biotechnological applications
because of their capability to directly bind amine
groups. Several polymerization procedures have
been proposed for the production of CMS based
beads with different bulk and surface proper-
ties.?9~*1 We also developed some polymerization
procedures for the synthesis of PCMS carriers
both in the form of large-size polydisperse parti-
cles and uniform latex particles.*>~** In our pre-
vious studies, we have investigated the DNA-
binding properties of proposed materials.*34*

In this study, PCMS beads were produced by
the suspension polymerization of CMS. A two-
step derivatization route was developed for the
functionalization of the produced beads. For this
purpose, a polymeric ligand carrying amine
groups, polyethylenimine (PEI), was covalently
attached onto the bead surface. Next, the free
amine groups of PEI were activated by glutaral-
dehyde (GA). A model glycoenzyme, invertase,
was covalently attached onto the bead surface via
the direct chemical reaction between aldehyde
and amine groups.*>*% The appropriate enzyme
binding conditions and batch-reactor perfor-
mance of the immobilized enzyme system were
investigated.

EXPERIMENTAL

Materials

The monomer CMS (CMS, 98% purity), the cross-
linker ethylene glycol dimethacrylate (EGDMA),
and the stabilizer poly(vinyl alcohol) (87—89% hy-
drolized; M, = 85,000-146,000) were supplied
from Aldrich Chemical Co. (Milwaukee, WI) and
used as received. The initiator 2,2'-azobisisobuty-
ronitrile (AIBN) was obtained from BDH Chemi-
cals Ltd. (Poole, England). PEI (molecular weight
= 25,000) was supplied from Aldrich. Invertase
(EC 3.2.1.26, Grade V), GA (Grade II, 25% aque-
ous solution), and Biuret reagent were purchased
from Sigma Chemical Co. (St. Louis, MO). The
substrate sucrose was supplied from the Ankara
Sugar Plant (Ankara, Turkey). Distilled—deion-
ized water was used in all experiments.

Production of PCMS Beads

Crosslinked PCMS beads were prepared by a sus-
pension polymerization method. The detailed
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preparation procedure was described elsewhere.*?
The proposed method was obtained by the combi-
nation of the principles of the polymerization
method proposed by Nonaka et al.*! and the prin-
ciples of suspension polymerizations investigated
in our previous studies.*”™® CMS (2.5 mL),
EGDMA (0.75 mL), and AIBN (0.06 g) were dis-
solved in cyclohexane (3.6 mL). The resulting ho-
mogeneous phase was dispersed in the aqueous
medium prepared by dissolution of PVA (0.1 g) in
water (40 mL). The polymerization was carried
out in a magnetically stirred batch reactor (100
mL) at 78°C for 6 h. The stirring rate was kept
constant at 300 rpm during the polymerization.
After the polymerization period, PCMS beads
were extensively washed with ethanol and then
with water to remove the diluent and any possible
unreacted monomer. The beads were screened in
the presence of water and a proper size fraction
(i.e., 147-297um) was isolated.

PEI Attachment onto the PCMS Beads

It is known that chloromethyl groups present on
the PCMS beads are reactive to amino groups.*°
Then, PEI was covalently attached to the PCMS
beads with the direct reaction between chlorom-
ethyl and amine groups. The detailed procedure
and the mechanism of the reaction were given
elsewhere.*®> PCMS beads (1 g) were dispersed in
the aqueous medium prepared by dissolution of
PEI (3 g) in water (30 mL). We conducted the
reaction at 50°C for 6 h by shaking the medium at
100 cpm. At the end of this period, PCMS beads
were extensively washed with water to remove
the physically bound PEI from the PCMS beads.

GA Activation of PEI-Carrying PCMS Beads

PEI-carrying PCMS beads were activated with
GA by methods described in the literature.***¢
For this purpose, free amine groups of covalently
attached PEI chains present on the surface of
PCMS beads were reacted with GA. PEI-carrying
PCMS beads (1 g) were dispersed in a buffer so-
lution (30 mL) with a pH of 8.5 and containing GA
(2.5% by weight). We conducted the activation at
room temperature (i.e., 22°C) for 1 h by shaking
the medium at 100 cpm. The beads were exten-
sively washed with water to remove unbound GA.

Immobilization of Invertase

GA-activated PCMS beads were immediately put
into the invertase solution (25 mL) with a pH of

4.7. In these experiments, invertase concentra-
tion was varied between 0.5 and 2.75 mg/mL
(based on total protein content of invertase). We
conducted the enzyme immobilization at 4°C for
24 h by shaking the medium at 100 cpm. The
amount of immobilized protein was found by the
determination of initial and final protein concen-
trations in the immobilization medium by the
Biuret method. PCMS beads were extensively
washed with pH 4.7 buffer to remove physically
adsorbed enzyme. However, no significant inver-
tase release from the beads was detected after
completion of the washing. Invertase-immobilized
PCMS beads were stored at 4°C in a buffer solu-
tion at pH 4.7. To determine the optimum immo-
bilization conditions, the effects of GA concentra-
tion, immobilization pH, and initial enzyme con-
centration on the immobilized amount of
invertase were investigated.

Determination of Invertase Activity (U)

U was defined as the amount of hydrolized su-
crose per unit time (umol of sucrose hydrolyzed/
min). Enzymatic activity experiments both by
free and immobilized invertase were performed in
a stirred batch reactor. We determined U by fol-
lowing the concentration of inverted sugar by the
dinitrosalicylic acid (DNS) method.?! A typical
procedure utilized for the determination of immo-
bilized U was as follows: By means of a special
pipette, a certain amount of invertase-immobi-
lized PCMS beads or free invertase (0.5 mg based
on total protein content of invertase) were added
into a batch reactor containing 15 wt % sucrose
solution (30 mL) with a pH of 4.7. The hydrolysis
reaction was conducted at 55°C with a stirring
rate of 200 rpm. The concentration of inverted
sugar was determined against to the time by DNS
method.

RESULTS AND DISCUSSION

Characterization of PCMS Beads

A detailed physical characterization of the PCMS
beads was given elsewhere.*® In the suspension
polymerization, the yield of spherical beads was
87 wt % based on the mass of monomer initially
charged to the reactor. Figure 1 shows a scanning
electron miscroscopy (SEM) photograph of the
typical surface morphology of the plain PCMS
beads. As seen here, the PCMS beads had a non-
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Figure 1 SEM photograph of the typical surface
structure of plain PCMS beads.

porous but reasonably rough surface. For the
spherical PCMS beads, the specific surface area
was 14.1 m%g by the BET measurement.*® The
rough character of the bead surface probably pro-
vided a high specific surface area. PCMS beads
obtained by the proposed suspension polymeriza-
tion procedure were dominantly collected in the
size range of 88—354 um.*® The average bead size
was 186 um, as determined by screen analysis.*?
PCMS beads in the size range of 147-297um were
isolated and used as carriers for the immobiliza-
tion of invertase.

The synthesis of PCMS beads with different
functional groups can be accomplished by the co-
valent binding of ligands such as NH,(CH,) X,
where X can be CH,NH,, CH,0H or COOH.*! In
this study, a polymeric ligand (i.e., PEI) was se-
lected for the introduction of amine functionality
onto the surface of PCMS beads. PEI was at-
tached covalently onto the bead surface via a di-
rect chemical reaction that took place between
amine groups of PEI and chloromethyl groups of
PCMS beads. The number—density of amine func-
tionality on the PEI chain was reasonably high.
In contrast to a small (i.e., short chain) ligands,
the flexibility of free amine groups on a long-chain
polymeric ligand attached onto the particle sur-
face should be higher. The steric hindrance effect
could be reduced by the selection of a ligand with
a longer chain, such as PEI. The variation of
equilibrium PEI adsorption capacity of PCMS
beads by the initial PEI concentration was de-
fined in our previous study.*>. Based on these
results, the plateau value of equilibrium PEI ad-
sorption capacity was obtained as approximately

200 mg of PEI/g of beads with the initial PEI
concentrations higher than 5.0 wt %.*® After co-
valent attachment of PEI with the initial PEI
concentration of 10 wt %, the free amine content
of PCMS beads was 0.875 meq/g. A reaction
scheme for the covalent binding of PEI onto the
PCMS beads was given elsewhere.* Based on the
proposed mechanism, PEI could react with the
chloromethyl groups via either primary or second-
ary amine groups. However, the possibility of the
reaction being conducted via secondary amine
groups was higher relative to that of primary
amines.*?

Determination of Appropriate Immobilization
Conditions

GA is one of the most widely used bifunctional
agents for enzyme immobilization. It has been
known to be an extremely effective agent in en-
zyme immobilization studies despite the fact that
major questions still exist with regard to its
mechanism of action.? To create free aldehyde
groups on the bead surface, the residual amino
groups on the PEI-attached PCMS beads were
activated by GA. In this part, PEIl-attached
PCMS beads were activated with different GA
concentrations ranging between 0.5 and 5.0 wt %,
and the activated beads were treated with an
aqueous buffer solution (pH 4.7) that contained
invertase (2 mg of protein/mL). The variation of
the immobilized amount of invertase on the
PCMS beads by the GA concentration is given in
Figure 2. Based on the observed behavior, the
appropriate GA concentration was 2.5 wt %.

It is well known that enzymes are amphoteric
molecules with a large number of acidic and basic
groups. The charges on these groups vary accord-
ing to the their dissociation constants and with
the pH of their environment. This affects the total
net charge of the enzyme and the distribution of
charge on its exterior surface in addition to the
reactivity of the active groups.®® Therefore, the
optimum pH for the immobilization of invertase
onto PCMS beads was determined. Then, inver-
tase was immobilized onto the PCMS beads at
different pH values ranging between 4 and 7. The
variation of the immobilized amount of invertase
by the immobilization pH is shown in Figure 3.
Here, the effect of immobilization pH on the rel-
ative activity of immobilized invertase was also
included. All activity determinations of the immo-
bilized invertase samples obtained by different
immobilization pH values were performed at pH
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Figure 2 Variation of the immobilized amount of invertase on the PCMS beads by the
GA concentration [GA activation conditions: 1 g of PCMS beads in 30 mL of solution, pH
8.5, room temperature (22°C), 100 cpm; invertase immobilization conditions: initial
invertase concentration = 2 mg of protein/mL, 1 g of PCMS beads in 25 mL of solution,
pH 4.7, 4°C, 24 h, 100 cpm].

4.7. The relative activity was defined as the ratio mobilized invertase prepared at the immobiliza-
of activity of immobilized invertase obtained by a tion pH of 4.7. The immobilization pH that pro-
certain immobilization pH to the activity of im- vided the highest enzymatic activity under se-
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Figure 3 Variation of the immobilized amount of invertase by the immobilization pH
(invertase immobilization conditions: initial invertase concentration = 2 mg of protein/
mL, 1 g of PCMS beads in 25 mL of solution, 4°C, 24 h, 100 cpm).
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Figure4 Variation of the immobilized amount of invertase on the PCMS beads by the
initial invertase concentration [invertase immobilization conditions: GA concentration
= 2.5% (w/v), pH 4.7, 1 g of PCMS beads in 25 mL of solution, 4°C, 24 h, 100 cpm].

lected test conditions (pH 4.7 and 55°C) was
evaluated as the optimum value and determined
as 4.7, as shown in Figure 3. The determined
value was the same with the pH at which the free
invertase also showed maximum activity. This
should be considered as a factor that reduces the
possibility of enzyme denaturation during the im-
mobilization period (i.e., 24 h).

The maximum invertase binding capacity of
PCMS beads was determined by the derivation of
invertase adsorption isotherm in the existence of
GA-activated PCMS beads. In these experiments,
we changed the initial enzyme concentration be-
tween 0.5 and 2.75 mg/mL (based on total protein
content of invertase) by fixing the other immobi-
lization conditions at their appropriate values
(i.e., GA concentration = 2.5 wt %, pH 4.7). The
variation of the immobilized amount of invertase
on the PCMS beads by the initial invertase con-
centration is given in Figure 4. As seen in this
figure, the plateau value of invertase binding ca-
pacity was obtained as 19 mg of protein/g of beads
with the initial invertase concentrations higher
than 2 mg/mL.

Effect of pH on the Activity of the Immobilized
Enzyme

The optimum pH of an immobilized enzyme may
be different from that of the free one because of
the nonuniform distribution of the hydrogen ions
between the microenvironment of enzyme and the

bulk solution. This effect mostly occurs when the
carrier contains ionizable groups.’?®3 Addition-
ally, if the enzyme reaction produces or consumes
acid, some special effects may be observed.’* The
activation process may also affect the enzyme
structure and the pH-activity profile of the im-
mobilized enzyme. The initial activity of immobi-
lized invertase was determined at different pH
values ranging between 3.5 and 6.5 with appro-
priate buffer solutions. In these experiments, the
sucrose concentration and the temperature were
fixed at 15 wt % and 55°C, respectively. Identical
conditions were also used for the free enzyme.
The effects of pH on the relative activities of free
and immobilized invertase are shown in Figure 5.
As seen here, the maximum activity was obtained
at pH 4.7 for both forms. This result indicates
that the possible situations regarding pH effect
mentioned previously were not significant in our
case. Additionally, no significant conformational
chance probably occurred in the enzyme by the
immobilization. As shown Figure 5, the pH-activ-
ity curve was wider than that of free enzyme. This
result was attributed to the fact that pH stability
of immobilized invertase was better than that of
free one.

Effect of Temperature on the Activity of the
Immobilized Enzyme

To determine the effect of temperature on the
initial activity of free and immobilized invertase,
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Figure 5 Effects of pH on the relative activities of free and immobilized invertase
(amounts of free and immobilized invertase = 0.5 mg based on protein, 30 mL of buffer
solution, initial sucrose concentration = 15 wt %, 55°C, 200 rpm).

the activity experiments were performed in batch
fashion at different temperatures ranging be-
tween 35 and 70°C. In these experiments, the
sucrose concentration and pH were fixed at 15 wt
% and 4.7, respectively. The effects of tempera-
ture on the initial activities of free and immobi-
lized invertase are given in Figure 6. For both free
and immobilized enzymes, the relative activity
was defined as the ratio of activity at any temper-

ature to the activity obtained at 55°C. For the free
enzyme, the relative activity increased with in-
creasing temperature in the range of 35-55°C and
exhibited a maximum at 55°C. In this tempera-
ture range, the thermal deactivation was proba-
bly slow and had no appreciable effect on the rate
of the catalyzed reaction. Then, an increase was
observed in the relative activity with the increas-
ing temperature. The activity of free enzyme de-
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Figure 6 Effects of temperature on the initial activities of free and immobilized
invertase invertase (amounts of free and immobilized invertase = 0.5 mg based on
protein, 30 mL of buffer solution, initial sucrose concentration = 15 wt %, pH 4.7, 200

rpm).
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Figure 7 Arrhenius plots sketched for free and immobilized invertase (amounts of
free and immobilized invertase = 0.5 mg based on protein, 30 mL of buffer solution,
initial sucrose concentration = 15 wt %, pH 4.7, 200 rpm).

creased at temperatures higher than 55°C, prob-
ably due to thermal deactivation. However, the
activity of immobilized invertase continuously in-
creased with increasing temperature in the range
of 35—65°C. Therefore, we came to the conclusion
that the immobilization caused a significant im-
provement in the thermal stability of invertase,
especially in the range of 55—-65°C.

Activation Energy

The SEM results obtained from our previous
studies indicated that although PCMS beads had
a rough and nonporous surface, they possessed a
highly macroporous interior.*> The electron mi-
crograph given in Figure 1 also showed the non-
porous character of the particle surface. However,
these electron micrographs were obtained with
dried beads,*® and it was difficult to ensure that
these photographs exactly reflect the real surface
structure in the aqueous medium. In other words,
the surface morphology in the aqueous medium
may be different than that observed in the dry
state because some morphological changes occur
in the particles during the drying process. For
instance, the bead surface may be porous in the
aqueous medium, and surface porosity may dis-
appear in the drying process. In the case of a
porous surface in the enzymatic reaction media,
the immobilized enzyme system involves a diffu-
sion reaction process, whereas only a surface re-
action is possible with the beads with nonporous
surfaces.

Activation energy is an important parameter
for immobilized enzyme systems because it may
indicate diffusion limitations. Miyamoto et al. de-

tected the contribution of intraparticle diffusion
of the substrate to the overall reaction rate.’®
Arrhenius plots were sketched for the hydrolysis
of maltose by both free and immobilized glu-
coamylase. They observed that the apparent acti-
vation energies decreased as a result of the influ-
ence of the intraparticle diffusion with increasing
particle size.?® Sharp et al. reported that B-galac-
tosidase immobilized onto porous cellulase sheets
had a smaller activation energy than that of the
free enzyme, and their reaction system was
slightly limited by the internal diffusion.’® Whal-
ley showed that as the effectiveness factor fell
below unity, the measured activation energy also
fell, tending toward the arithmetic mean of the
activation energies for the diffusion process and
the chemical reaction.?”

Arrhenius plots were sketched for free and im-
mobilized invertase for the determination of ap-
parent activation energies. Here, the activity data
collected in the temperature range of 35-55°C
(where no significant denaturation of enzyme was
observed for both forms) were used. The results
are given in Figure 7 and in Table I. As seen here,
the apparent activation energies of both forms of
invertase were nearly the same. In this case, no
intraparticle diffusion resistance was possible for
the immobilized enzyme. This result was also con-
sistent with the nonporous view of the bead sur-
face (Fig. 1).

For the proposed carrier, two specific morpho-
logical properties probably played an important
role in the kinetic behavior of the immobilized
enzyme. The rough character of the bead surface
provided a reasonably higher surface area (14.1
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Table I Kinetic Parameters of Free and
Immobilized Invertase

Free Immobilized
Parameter Invertase Invertase
K,, (wt %) 2.0 3.5
Vur (U/mg of protein) 495 410
Activation energy 2829 2818
(cal/mol)
Kd (min™ 1) 0.00075 0.000143
Activity half-life 924 4842
(min)
pH = 4.7, 55°C.

m?/g) for the interaction of the immobilized inver-
tase and the substrate (Fig. 1). The nonporous
bead surface probably prevented the diffusion of
the substrate into the particle interior. Hence, the
possible limiting effect of intraparticle diffusion
resistance on the overall substrate consumption
rate was not observed. The enzyme—substrate in-
teraction only occurred on the nonporous bead
surface. In the case of a relatively high particle
surface area used for the enzyme—substrate inter-
action, an immobilized enzyme system working
based on a surface reaction (i.e., without inclusion
of an intraparticle diffusion process) should pro-
duce substrate consumption rates comparable to
those of free enzyme. To test this idea, the kinetic
behavior of the immobilized enzyme was deter-
mined and compared to that of the free enzyme.

Kinetic Parameters K,, and V,,

To determine the kinetic parameters of immobi-
lized invertase, the variation of initial activity
with the initial sucrose concentration was inves-
tigated. In these group of experiments, the initial
sucrose concentration was varied between 0.5 and
25.0 wt %. pH and temperature were fixed at 4.7
and 55°C, respectively. The activity experiments
were also conducted with free invertase under
identical conditions. The variation of activity with
the initial sucrose concentration is given in Fig-
ure 8. Here, the specific enzyme activity is defined
as the U based on per milligram of protein. For
both forms of invertase, the plateau value of ac-
tivity was observed after the initial sucrose con-
centration of 10 wt %. The relation between the
activity and the initial sucrose concentration
could be adequately described by the Michaelis—
Menten model. The apparent kinetic parameters
determined based on this model (i.e. K;, and V,,)
are presented in Table I.

There are several reasons why a different ki-
netic behavior is observed with an enzyme immo-
bilized onto a solid support relative to the free
enzyme. First, the immobilization may cause
some conformational changes in the enzyme mol-
ecules. Second, the immobilized enzyme is located
in an environment different from that when it is
in the free solution, and this can have a signifi-
cant effect on the kinetics.’* Third, there is a
partitioning of substrate between the solution
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Figure 8 Variation of activity with the initial sucrose concentration (amounts of free
and immobilized invertase = 0.5 mg based on protein, 30 mL of buffer solution, 55°C,

pH 4.7, 200 rpm).
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and support; hence, the substrate concentration
in the neighborhood of the enzyme may be signif-
icantly different from that in the bulk solution.?*
The results show that the apparent K;,; value of
the immobilized invertase (3.5 wt %) was approx-
imately 1.75 times higher than that of the free
invertase, (2 wt %). The small increase in the
apparent K, value of the immobilized invertase
was probably related to the conformational
changes. V,; of the immobilized invertase [410.0
U/mg (umol of sucrose hydrolized min~! mg of
protein~1)] was 83% of the corresponding value of
the free invertase (495 U/mg). The comparison of
kinetic parameters for the free and immobilized
invertases indicated that conformational changes
or the deactivation that originated from the se-
lected immobilization method were not too signif-
icant.

Stability of the Immobilized Invertase

Thermal stability of the immobilized invertase
was tested by two methods. First, the rate of
activity decrease was determined for the free and
immobilized invertases at 55°C. These experi-
ments were performed in a batch reactor with 150
mL of reaction medium. Sucrose concentration
and pH were 15 wt % and 4.7, respectively. The
activity half-lives of free and immobilized inver-
tase were calculated according to first-order deac-
tivation kinetics.?® The deactivation kinetics of
both forms of invertase are shown in Figure 9. As
seen here, the experimental results obtained for
both forms could be adequately described by the

first-order deactivation model. The activity half-
lives of free and immobilized invertases were
found as 15.4 and 80.7 h, respectively (Table I).
Under optimum conditions, a fivefold longer ac-
tivity half-life could be achieved by the immobi-
lized enzyme.

Second, we tested the reusability of the immo-
bilized invertase by performing 26 batch experi-
ments with the same sample of particles carrying
immobilized invertase. Each experiment contin-
ued for 1 h, and we completed 26 batch experi-
ments in a time period of 13 days by performing
two batch experiments per day. Here, the relative
activity of immobilized enzyme was defined as the
ratio of initial activity at any run to the initial
activity observed in the first run (U/U,). The vari-
ation of relative activity of the immobilized inver-
tase with the run number is given in Figure 10.
As seen here, immobilized enzyme exhibited quite
stable behavior. The activity of the immobilized
invertase decreased about 20% after 25 batch ex-
periments.

CONCLUSIONS

In this study, crosslinked PCMS beads produced
by a suspension polymerization process were in-
vestigated as an alternative carrier for the cova-
lent immobilization of the glycoenzyme invertase.
For this purpose, a chemical derivatization route
including amine and aldehyde functionalization
steps (i.e. PEI attachment and GA activation) was
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Figure 10 Variation of relative activity of the immobilized invertase with the run
number (amount of immobilized invertase = 0.5 mg based on protein, initial sucrose
concentration = 15 wt %, 30 mL of buffer solution, pH 4.7, 55°C, 200 rpm).

applied onto the PCMS beads. Invertase was
then covalently attached onto the beads with
free aldehyde groups. The kinetic parameters
(K,; and V,,), the apparent activation energy,
and the thermal stability of immobilized en-
zyme were determined and compared to those of
the free one. As shown by the electron micro-
scopic study, PCMS beads had a nonporous but
reasonably rough surface. The rough character
of the bead surface provided a reasonably
higher surface area (14.1 m%/g) for the interac-
tion of immobilized invertase and substrate.
The nonporous character prevented the diffu-
sion of substrate into the particle interior.
Hence, no significant intraparticle diffusion re-
sistance was detected for this system. This re-
sult was obtained by the comparison of activa-
tion energies determined both for free and im-
mobilized enzymes. The interaction between
the immobilized enzyme and substrate probably
occurred on the bead surface. So, high apparent
substrate consumption rates could be achieved
due to the large external surface area and the
absence of intraparticle diffusion resistance.
The substrate consumption rate of immobilized
enzyme exhibited only a 20% decrease relative
to that of the free one under optimum condi-
tions.
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