Available online at www.sciencedirect.com
S(.?IENCE(dDIHEOTE G

Journal of Molecular Catalysis B: Enzymatic 38 (2006) 131-138

JOURNAL OF
MOLECULAR
CATALYSIS

B: ENZYMATIC

HVINI3 10N

www.elsevier.com/locate/molcatb

Invertase reversibly immobilized onto polyethylenimine-grafted
poly(GMA—-MMA) beads for sucrose hydrolysis

M. Yakup Arica*, Glulay Bayramglu
Biochemical Processing and Biomaterial Research Laboratory, Faculty of Science, Kirikkale University,
71450 Yahgihan-Kirikkale, Turkey

Received 18 September 2005; received in revised form 11 December 2005; accepted 19 December 2005
Available online 19 January 2006

Abstract

The epoxy group containing poly(glycidyl methacrylate-co-methylmethacrylate) poly(GMA-MMA) beads were prepared by suspension pol
merisation and the beads surface were grafted with polyethylenimine (PEI). The PEI-grafted beads were then used for invertase immobiliza
via adsorption. The immobilization of enzyme onto the poly(GMA-MMA)-PEI beads from aqueous solutions containing different amounts ¢
invertase at different pH was investigated in a batch system. The maximum invertase immobilization capacity of the poly(GMA-MMA)—PEI bea
was about 52 mg/g. It was shown that the relative activity of immobilized invertase was higher then that of the free enzyme over broader pH ¢
temperature ranges. The Michaelis const&if)(@and the maximum rate of reactioli.(,x) were calculated from the Lineweaver—Burk plot. The
Kn andVnax values of the immobilized invertase were larger than those of the free enzyme. The immobilized enzyme had a long-storage stabi
(only 6% activity decrease in 2 months) when the immobilized enzyme preparation was dried and stofeevhatid under wet condition 43%
activity decrease was observed in the same period. After inactivation of enzyme, the poly(GMA-MMA)—-PEI beads can be easily regenerated
reloaded with the enzyme for repeated use.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction orption of enzymes from the polyethylenimine coated support
was found to require the use of denaturing conditions (under
Many methods of immobilization have been tried, rangingjow pH and high ionic strength), but this desorption would be
from covalent attachment to adsorption or physical entrapmerfecessary after inactivation of the enzyme upon[li6e21]}
[1-7]. Among the various immobilization techniques avail-  |n this study, poly(GMA-MMA) beads were synthesized
able, adsorption may have a higher commercial potential thafiom the monomers glycidyl methacrylate and methylmethacry-
other methods because the adsorption process is simpler, lgsge and cross-linked with ethyleneglycol dimethacrylate. The
expensive, retains a high catalytic activity, and most imporepoxy groups of poly(GMA-MMA) beads were used for attach-
tantly the support could be repeatedly reused after inactivatioment of PEI. The polycationic amino groups of the PEI are
of the immobilized enzymg-10] A number of methods for ysed for the reversible immobilization of invertase. The inver-
reversible immobilization of enzymes have been reported in thease is a carboxylic group rich acidic protein. Therefore, the
literatures[2,11,12] However, the adsorption is generally not enzyme “invertase” was selected as a negatively charged pro-
very strong and some of the adsorbed enzyme is desorbed dy&in to evaluate its immobilization on support coated with an
ing washing and operation. For this reason, reversible enzymgpposite charged polymer. The immobilization of invertase via
immobilization via adsorption requires a strong hydrophobic ofionic adsorption onto the poly(GMA-MMA)—PEI beads from
ionic interaction between the enzyme and supfid+17] Des-  aqueous solutions containing different amounts of enzyme at
different pH was investigated in a batch system. The optimum
pH and temperature for the free and immobilized enzymes, as
* Corresponding author. Tel.: +90 318 3572477; fax: +90 318 3572329,  Well as operational stability in a continuous system, were inves-
E-mail address: yakuparica@kku.edu.tr (M.Y. Arica). tigated.
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2. Experimental acetate (25 ml, 50 mM, pH 4.0-5.5) or phosphate buffer (25 ml,
50 mM, pH 6.0-7.0). The initial concentration of invertase was
2.1. Materials 1.0mg/ml in each buffer solution and poly(GMA-MMA)-PEI

beads (0.3 g) was used. In the second set experiments, the ini-

Invertase§-fructofuranosidase, EC 3.2.1.26, Grade VIl from tial concentration of invertase was changed between 0.25 and
baker’s yeast), glucose oxidase (GOD, EC 1.1.3.4. Type IR.00 mg/ml in the immobilisation medium. In this case, inver-
from Aspergillus niger), peroxidase (POD, EC 1.11.1.7, Type |l tase was dissolved in acetate buffer (25 ml, 50 mM, and pH 5.5)
from horseradish), bovine serum albumin (BSéJlianisidine  and PEl-grafted poly(GMA-MMA) beads (0.3 g) were added.
dihydrochloride, sucrose, glucose, polyethylenimine (PEI),The immobilization experiment was conducted for 2 h at@0
polyvinyl alcohol (PVA), a,a’-azoisobisbutyronitrile (AIBN), while continuous stirring. At the end of this period, the enzyme-
bovine serum albumin (BSA) were obtained from Sigma Chemimmobilized beads were removed from the enzyme solution.
Co. Glycidyl methacrylate (GMA), methylmethacrylate (MMA) The amount of protein in the enzyme preparations and the wash
and ethyleneglycoldimethacrylate (EGDMA) were obtainedsolution were determined by spectrofluorimetry (excitation at
from Fluka AG (Switzerland). The monomers GMA and MMA 280 nm and emission at 340 nm) using a (Jasco, Model FP 750,
were distilled under reduced pressure in the presence of hydrd@okyo, Japan) spectrofluorimeter. A calibration curve was pre-
quinone and stored at°€ until use. All other chemicals were pared from crystalline invertase as a standard (0.02-0.2 mg/ml)
of analytical grade and were purchased from Merck AG (Darm-and was used in the calculation of enzyme concentration.
stadt, Germany).

2.5. Activity assays of free and immobilized invertase
2.2. Preparation of poly(GMA-MMA) beads
The activities of both free and immobilised enzyme were

Poly(GMA-MMA) beads were prepared via suspensiondetermined as described previougy9]. The activity—pH pro-
polymerisation. The aqueous continuous phase was compriséites of the free and immobilized invertase were studied in
of 0.2M NacCl. The organic phase contained GMA (7.5ml), acetate buffer (50 mM) in the pH range 4.0-5.5 and in phos-
MMA (10 ml), EGDMA (7.5ml; cross-linker) and isopropyl phate buffer (50 mM) in the range pH 6.0-8.0. The effect of
alcohol (15 ml, containing 5.0% polyvinyl alcohol as stabilizer) temperature on the free and immobilized invertase was stud-
were mixed together with 0.5 g of AIBN in 30 ml of toluene. The ied in acetate (50 mM, pH 5.5) and phosphate buffer (50 mM,
polymerisation reactor was placed in a water-bath and heated fiH 6.0), respectively. The immobilised invertase activity was
65°C. The reactor was then equipped with a mechanical stirreterminated by decantation of the reaction mixture into another
nitrogen inlet and reflux condenser. The polymerisation mixturelass. The results of dependence of pH, temperature and storage
was placed into a dropping funnel and was introduced drop wisare presented in a normalized form with the highest value of
into the reactor in about 10 min during stirring at 200 rpm undereach set being assigned the value of 100% activity. The activ-
a nitrogen atmosphere. The polymerisation reaction was mainties of the free and the immobilized invertase were expressed
tained at 75C for 2.0 h and then at 8% for 2.0 h. After the in wmol glucose/min/mg of enzyme andnol glucose/min/mg
reaction, the beads were filtered under suction and washed witnzyme-immobilized invertase on the poly(GMA-MMA)-PEI
distilled water and ethanol. The product was dried in a undebeads, respectively.

vacuum oven. The beads were sieved and 50418Gize of Sucrose hydrolysis performance of the free and immobilized
fraction was used in further reactions. enzyme preparations was determined by measuring the glucose

content of the medium according to a method described pre-
2.3. Grafting of poly(GMA-MMA) beads with viously [22] using an UV-vis spectrophotometer (Shimadzu,
polyethylenimine Model 1601, Tokyo, Japan), at 525 nm.

Functional epoxy group carrying poly(GMA-MMA) beads 2.6. Determination of the kinetic constants
(10g) were equilibrated in phosphate buffer (50 mM, pH 8.0)
for 2h, and transferred to the same fresh medium containing Ky, andVimax values of the free enzyme were determined by
PEI (1.0% (v/v)). Grafting of PEI on the poly(GMA-MMA) measuring initial rates of the reaction with sucrose (30—-300 mM)
beads surface was carried out at°@for 5h, while con- in acetate buffer (50 mM, pH 5.5) at 38. K, and Vinax Were
tinuously stirring the reaction medium. After this period, the calculated from the data obtained after 5 min.
poly(GMA-MMA)—PEI beads were removed from the reaction
medium and washed with 1.0 M NaCl and then phosphate buffe?.7. Storage stability measurements of free and

(0.1 M, pH 7.0). immobilized enzymes
2.4. Immobilization of invertase onto PEI-grafted The storage stability of invertase immobilized poly(GMA—
poly(GMA-MMA) beads MMA)-PEI beads was tested in both dry and wet

states. For the wet state storage, the enzyme-immobilized
Immobilization of invertase on the poly(GMA-MMA)-PEI poly(GMA-MMA)—PEI beads were stored in phosphate buffer
via adsorption was studied at various pH values, in eithesolution at #C. For dry storage, the enzyme-beads were left to
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dry in vacuum desiccators for 24 h at@ under reduced pres- 1.0g beads was transferred in 50 ml pyridine—HCI solution
sure, and then stored in a sealed bottle at the same temperatusead refluxed for 20 min. After cooling down the solution, the
The activities of the immobilized invertase were determined fomamount of available epoxy groups was determined by titration
both storage conditions as described above for a storage period pyridine—HCI solution with 0.1 M NaOH.

of up to 2 months. The residual activity was defined as the frac-

tion of total activity recovered after immobilization of invertase 2.9.2. Determination of the free amino groups content

on the poly(GMA-MMA)—-PEI beads compared with the same  The content of amino groups in the final poly(GMA-MMA)—

quantity of free enzyme. PEI support, i.e. those that remained free in PEI after its covalent
bonding to poly(GMA-MMA), was determined by potentio-
2.8. Reusability of poly(GMA-MMA) beads metric titration. For that 1 g poly(GMA-MMA)—PEI beads was

transferred in HCI solution (0.1 M, 20 ml) and it was then incu-

In order to determine the reusability of the poly(GMA- bated in a shaking water-bath at35for 6 h. After this reaction
MMA)—PEI beads for repeated enzyme immobilization, adsorpperiod, the final HCI concentration in the solution was deter-
tion and desorption cycle of invertase was repeated six timesiined by a potentiometric titration with 0.05 M NaOH solution.
by using the same poly(GMA-MMA)-PEI beads. Enzyme des-
orption were performed in a KSCN solution (1.0 M, pH 8.0, 2.9.3. Scanning electron microscopy
1.0ml). The enzyme adsorbed beads were placed in the des- The dried poly(GMA-MMA) beads were coated with gold
orption medium while stirring at 100 rpm at 26 for 3h. The  under reduced pressure and their scanning electron micrographs
beads were removed from desorption medium washed sevenakre obtained using a JEOL (Model JSM 5600, Japan) scanning
times with acetate buffer (50 mM, pH 5.5) and were then reusedlectron microscope.
in the enzyme immobilization.

2.9.4. Surface area measurement
2.9. Characterization of poly(GMA-MMA) The surface area of the poly(GMA-MMA)-PEI| beads sam-
ple was measured with a surface area apparatus (BET method).
2.9.1. Determination of the epoxy groups content

The available epoxy groups content of the poly(GMA-2.9.5. Determination of the water content
MMA) beads was determined by pyridine—HCI method as The poly(GMA-MMA) and PEI-grafted poly(GMA-MMA)
described previously23]. Briefly, the pyridine—HCI solution beads were allowed to soak in distilled water for 24h,
was prepared by mixing 16 ml HCI with 984 ml pyridine. A swollen beads~1 g) were weighed after removing the excess
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Fig. 1. The representative chemical structure of the support.
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water, dried in vacuum oven at 6Q for 24 h until constant
weight.

3. Results and discussion
3.1. Properties of poly(GMA-MMA) beads

The representative chemical structure of polycationic poly-
mer (i.e. PEIl)-grafted poly(GMA-MMA) is presented in
Fig. L The amount of epoxy groups available in the initial
poly(GMA-MMA) was determined to be 1.44 mmol/g beads.
Epoxy group carrying supports are able to form covalent link-
ages with different side chain groups (amino, thiol, phenolic
ones) on the macromolecule structure under suitable experime
tal conditions (e.g. pH 7.(Jg8]. The polyethylenimine polymer
was linked to the acrylic backbone by an amide bond formed b’
the reaction of the —Niiwith the epoxy group of GMA. The
free amino groups content of the poly(GMA-MMA)—PEI| beads
were determined by potentiometric titration and the amounts o
free amino groups on the polyethylenimine-grafted beads wer
found to be 1.6% 10~3 mmol/g beads.

The water content of the poly(GMA-MMA) and PEI-grafted
poly(GMA-MMA) beads were determined as 34% and 41%,
respectively. These are moderate swelling degrees and su
able to use as column packing material for application ol
immobilized enzyme in a continuous flow system. Scanning
electron microscopy (SEM) micrographs presenteign 2A
and B. The SEM micrographs show that the beads have
porous surface structure. The porous surface properties of tt
poly(GMA-MMA) beads would favour higher immobilization
capacity for the enzyme due to increase in the surface area. TIB)
surface area of the poly(GMA-MMA) beads was measured by _ ) S
BET method and was found to be 11.4/mbeads. The surface fg%x;zk;iﬁﬁs':f;‘;ﬁ;ipﬁg‘ﬁiﬁﬂ’{éﬁ“Q'Qg MVA) beads: (A) magnification
properties of the poly(GMA-MMA) beads would favour higher
immobilization capacity for PEI and the enzyme due to increas@bout 1.0 unit to less acidic pH values of thievalue of inver-
in the surface area. tase. At this pH, invertase is negatively charged. On the other

hand, the g value of the amino groups of PEl is about 7.1 and
3.2. Immobilization of invertase onto PEI-grafted it has positive charge at pH 5.5. The maximum adsorption at pH
poly(GMA-MMA) beads

KIRIKKALE

80 - Poly(GMA-MMA)-PEl-invertase

In order to maximize the immobilized invertase onto PEI-
grafted poly(GMA-MMA) beads; medium pH and initial
enzyme concentration were changed for each individual set of
batch immobilization experiments. Although insignificant, the
amount of enzyme desorbed into the washing solution was also
accounted for the calculation of immobilization efficiency of
invertase on the poly(GMA-MMA)-PEI beads. The amount of
immobilized invertase on the poly(GMA-MMA)-PEI beads is
expressed as the weight of immobilized protein per gram beads
(mg/g).

The maximum invertase immobilization was obtained at pH 0
5.5 about 52 mg/g beadEif. 3). Significantly lower invertase 3 4 5 6 7 8
immobilization was observed for the poly(GMA-MMA)-PEI pH
beads in the other studied pH regions. Invertase is an acidic

rotein with val f 4.5 and it contains large number fF|g. 3. Effect of pH on invertase immobilization via adsorption on the
prote a pvalue of 4.5 a contains large number o poly(GMA-MMA)—-PEI beads. The immobilization of invertase on the beads at

hydroxyl, carboxyl and amino groups. In the present study, tharious pH values was studied under the following conditions: initial concen-
maximum adsorption was observed at pH 5.5, and was shifteghtion of enzyme 1.0 mg/ml; temperaturezn

50 -

40 +
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20 -
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Fig. 4. Effect of initial invertase concentration on the enzyme loading on theFig. 5. The substrate saturation curves of free and immobilized invertase at
poly(GMA-MMA)-PEI beads. The experimental conditions are: pH 5.5; initial different sucrose concentrations.
concentration of enzyme varied between 0.25 and 2.0 mg/ml; temperatiCe 20
culated from reciprocal plot of the data (Lineweaver—Burk plot).

5.5 could result from preferential interaction between invertas& hese were, therefore, determined in this study as well. For the
and grafted cationic PEI molecules. Additional interactions mayfree enzymeK,, was found to be 17 mM, whereds,ax value
result from hydrogen bonding and ion-exchange effects, the latwas calculated as 148 U/mg proteins. Kinetic constants of the
ter was caused between the amino groups of the PEI and themobilized invertase were also determined in the batch system
carboxylic acid side-chains of the enzyme molecules. (Table ). The apparenkn, value was found to be 29 mM for

As seen inFig. 4, an increase in protein concentration in the adsorbed invertase on the poly(GMA-MMA)-PEI beads.
the medium led to an increase in immobilization efficiency butThe Vinax value of immobilized enzyme was estimated from the
this levelled off at an invertase concentration of 1.0 mg/ml. Asdata as 97 U/mg adsorbed protein onto poly(GMA-MMA)—-PEI
presented irFig. 4 with increasing enzyme concentration in beads. As expected, th&, and Vimax values were significantly
solution, the amount of invertase adsorbed per unit area bgffected after immobilization on to the PEI-grafted beads. The
poly(GMA-MMA)—-PEI beads increases almost linearly up toreason for the difference ik, values between the free and
1.0 mg/ml. It becomes constant when the enzyme concentratiche immobilized invertase could be due to extensive interaction
is greater than 1.0 mg/ml. This could be explained by saturaef ionic groups of invertase with the PEI molecules or large
tion of interacting groups of the grafted PEI molecules with theareas of contact between individual enzymes and the support
adsorbed invertase molecules, which achieve maximum immasurface causing deformation on the enzyme conformation. A

bilization capacity. comparison with the results obtained by Bayratoicet al.[7]

for the covalently immobilised invertase on the surface of the
3.3. Biochemical properties of free and immobilized poly(2-hydroxyethyl methacrylate—glycidyl methacrylate) film,
invertase the K, value of the immobilized enzyme was increased from

14 to 38 mM compared to the free form. The decreaséigx

When a biocatalyst is immobilized, kinetic paramet&ts value as a result of immobilization should be related with the
and Vmax undergo variations with respect to the Correspono|jncrease inkm, value, since an increase in th@, value leads a
ing parameters of the free form, revealing an affinity changélecrease in the affinity of the enzyme for its substfa@4-27]
for the substrate. These variations are attributed to several faEurthermore, the immobilization of the enzyme also occurred
tors such as protein conformational changes induced by thi@side the porous space of the beads, so increasing mass trans-
Support, steric hindrances and diffusional effects. These fad(.er resistance. In any case, |mm0b|llzed invertase showed lower
tors may operate simultaneously or separately, alternating th&Pecificity constants compared to its free counterpart.
microenvironment around the bound enzyme. In the construc-
tion of an enzyme reactors and biosensors, it is very important.4. Effect of pH and temperature on the catalytic activity
to know the variations in the apparent kinetic parameters that
appear as a result of immobilization. The substrate saturation The change in optimum pH depends on the charge of the
curves of both free and immobilised invertase are presented ienzyme and/or of the water insoluble matrix. This change is
Fig. 5 The maximumreaction rat&ay) and Michaelis-Menten useful in understanding the structure—function relationship of
constantsKy,) for the free and immobilised invertase were cal- enzyme and to compare the activity of free and immobilized

Table 1

Properties of the free and immobilized invertase onto poly(GMA-MMA)-PEI beads

Form of enzyme Km (mMM) Vmax (U/mg enzyme) Enzyme loading (mg enzyme/g beads) Recovered activity (%)
Free invertase 17 148 - 100

Immobilized invertase 29 97 52 66
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100 - ous deactivating force due to restricted conformational mobility
of the molecules following immobilizatiofi7,26—28]
80 - The results for the temperature range from°@0to opti-
mum temperatures are also used for the calculation of activation
60 4 energy (from Arrhenius plots). The plots for both the enzymes
were linear and the calculated values of activation energy were
404 about 17.75 and 13.47 kcal/mol for the free and immaobilised
invertase, respectively. The lower value of activation energy
obtained for the immobilised invertase could be resulted from the
—O— Free invertase internal diffusion limitation of the substrate “sucrose” into the
—=— Poly(GMA-MMA)-PEl-invertase porous space of the support-enzyme system. Similar results were
0 3 4 5 6 Z 8 9 reported previouslj29-32] For example, Sharp et al. reported
pH that B-galactosidase immobilised onto porous cellulose sheets
had a smaller activation energy than that of the free enzyme,
and their system was slightly limited by the internal diffusion
) . [29]. Kitano et al [30], Ramachandran and Perimutfgt] and
enzyme as a function of pH. The effect of pH on the activity gjjiq et a1, [32] reported that the activation energy for the immo-
of the free and immobilized invertase preparations for SUCTOSgjjiseq enzyme was lower than that of the free enzyme because
hy‘?"?'ys's IS presented iRig. 6. The pH value for optimum the internal diffusion of the substrate into the enzyme-carrier
activity for the free invertase was found to be at 5.5. On theSystem was rate-limiting step. In contrast, cases where enzyme

other hand, the optimal pH for the immobilized invertase was, .jyation energy increased after immobilisation have also been
extended between pH 5.5 and 6.0. This extension is possibly dlf@portec{SZ 33]

to the secondary interactions (i.e. ionic and polar interactions, It should be noted that the pH and temperature profiles

hydrpgen binding) betweenthe enzyme and.the PEI_ incorporate(tfi;igs_ 6 and Y of the free invertase are different from those
matrix. Furthermore, the pH profiles of the immobilized inver- reported in our previous studig,9]. The enzyme “invertase”

tase display significantly improved stability on both sides of the, o5 commercially obtained from chemical company at different
optimum pH value, in comparison to that of the free form, whichime interval. The commercial enzyme preparations can be pre-

means that the immobilization method preserved the enzymg, e from different strain of the same microorganisms, purified

20 4

Relative invertase activity (%)

Fig. 6. pH profiles of the free and immobilized invertase preparations.

, the experimental
results could be slightly different for the numerical data and the
pH and temperature profiles for the enzyme ‘invertase’.

from multipoint ionic complex formation with the grafted PEI
moleculeq17].

As seen irFig. 7, the activity of the free invertase is strongly
dependent on temperature, with the optimum temperature beir}gi Repeated loading of poly(GMA-MMA) beads with the
observed at about 3%. The optimum reaction temperature for
immobilized invertase was between 35 and@0and the tem-
perature profiles of the immobilized invertase were broader than 1,4 adsorption capacity of the support was not changed dur-
that of the free counterpart. The increase in optimum temperqhg successive repeated loading of invertase on poly(GMA—
ture for the immobilised enzyme is probably a consequence Qfy\a)_PE| beads. Enzyme activity of the preparations did not
enhanced thermal stability. One of the main reasons for enzymgqiicantly change during the adsorption—desorption cycles
immobilization is the anticipated increase in its stability to vari- o5t above its original capacity about 7% ends of the six uses).

This result showed that the PEI-grafted poly(GMA-MMA)

enzyme

100 4 beads can be repeatedly used in enzyme immobilization with-
~ out significant detectable losses in its initial adsorption capacity.
5.; 80 4 The result also indicate that KSCN is a suitable desorption agent
g for the PEI-grafted poly(GMA-MMA)-PEI beads and allows
S 60 repeated use of the poly(GMA-MMA)-PEI beads in this study.
[

(7]

% 0 4 3.6. Storage stability of the invertase preparations

[ =

_g In general, if an enzyme is in solution, it is not stable during

5 20 1 —O— Free invertase storage, and the activity is gradually reduced. The free and the

T —8— Poly(GMA-MMA)-PEl-invertase immobilized invertase preparations were stored in both dry and
0 y v y T v ) wet states. In dry storage condition, only a 6% decrease in activ-

10 20 30 40 50 60 70

ity was detected during a 2-month storage perfed.(8). Under
the wet storage conditions, the activity loss of the immobilized
Fig. 7. Temperature profiles of the free and immobilized invertase preparationsnvertase was about 43% in the same storage period. The free

Temperature (°C)
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— 1004 under mild experimental conditions; (iii) the poly(GMA-MMA)
-';i beads has high compatibility with grafted PEI molecules for
s 80 biomolecules and also has high enzyme binding capacity due
g to the large number of polycationic binding sites on the beads
§ 601 surface; the desired amount of epoxy and amino groups can
§ 40 be created on the beads surface by changing the monomer
£ o Free invertase ratio in the initial polymerisation mixture; (iv) in addition, the
§ 20 —=— Immobilised invertase dry storage reusability of the poly(GMA-MMA)—PEI beads support may
E —+— Immobilised invertase wet storage provide economic advantages for large-scale biotechnological
T 4 . > : : . . application. A high storage stability obtained with the immo-

0 10 20 30 40 50 L bilized invertase indicates that the stability of invertase was

Time (day) increased upon immobilization on the poly(GMA-MMA)-PEI

Fig. 8. Storage stabilities of the free and immobilized invertase under wet an€ads.
dry conditions.
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