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Abstract

Invertase was immobilized into polyacrylamide—gelatin carrier system by chemical cross-linking with chromium (III) acetate,
chromium (III) sulphate, and potassium chromium (III) sulphate. The optimum conditions, namely substrate concentration, tem-
perature, and pH were determined. The effect of polyacrylamide-gelatin ratio and cross-linker concentration on immobilized
enzyme activity were analysed. Maximum immobilized enzyme activities were obtained with chromium (III) acetate
(0.01 mol dm™3), chromium (III) sulphate (0.004 mol dm~>) and potassium chromium (III) sulphate (0.001 mol dm~) for 0.177
(w/w) polyacrylamide—gelatin carrier ratio as 79%, 72% and 79%, respectively. The K, values were 86 and 166 mM for free and
immobilized enzyme, respectively. All immobilized samples were used 20 times over a period of 2 months without a considerable

loss of activity.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Enzymes are biological catalysts that increase the rate
of chemical reactions taking place within living cells by
lowering the activation energy. Immobilization of
enzyme is undertaken either for the purpose of basic
research or for use in technical processes of commercial
interests (Cirpan, Alkan, Toppare, Hepuzer, & Yagcli,
2003; Danisman, Tan, Kacar, & Ergene, 2004; Erginer,
Toppare, Alkan, & Bakir, 2000).

Many methods have been described for the attach-
ment of enzymes to supporting structures. The activity
of an immobilized enzyme depends on a number of
factors which can be summarized as size and shape
of the carrier material, the nature of the immobiliza-
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tion method, the composition of the carrier material
and the specific conditions during immobilization.
The success of an immobilized enzyme for practical
applications depends strongly on the properties of
the carriers employed. The carrier should have a high
capacity for forming large number of bonds such that
each unit of carrier can immobilize large amounts of
enzymes, if desired. Carriers should also be chemically
stable and inert towards microbiological contamina-
tion so that they do not deteriorate due to attack
by microorganisms and should thereby provide an
immobilized enzyme system having a prolonged life
of activity.

A large variety of carrier materials which may be
organic or inorganic in structure, have been used for
the attachment of enzymes (Coughlin & Charles, 1980;
Zaborsky, 1973). Among the carriers, gelatin (G) is a
widely used natural polymer which is a product of par-
tial hydrolysis of collagen. Reactive groups present in
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gelatin are primarily hydroxyl, carboxyl, and amino
functions. Their abondances are approximately 100, 75
and 30 milliequivalents (per 100 g of quality gelatin),
respectively (Sungur & Akbulut, 1994; Yilidrim, Akbu-
lut, Aring, & Sungur, 1994). Inorganic compounds can
harden gelatin by chemical cross-linking. Among the
inorganic hardeners alums and chromium salts are the
most commonly used compounds. Hardening with
alums and chromium salts occurs by the formation of
cross-links between the carboxyl groups of the gelatin
through their divalent metallic ions. Gelatin is known
to harden with chromium (III) acetate (CA), chromium
(IIT) sulphate (CS), and potassium chromium (III) sul-
phate (PCS) whereas polyacrylamide (PAA) on its own
does not harden under the same experimental conditions
(Kirk-Othmer, 1986). Polyacrylamide is a well-known
high molecular weight polymer which has the advantage
of good chemical stability, a uniform physical state,
porosity, and commercial availability (Kirk-Othmer,
1986; Sungur, Elgin, & Akbulut, 1992).

Immobilization of invertase has reached a high level
of performance which led to some important large
scale applications. Among the industrial applications
the most important one is the use of immobilized
invertase in converting sucrose to glucose and fructose
in food industry to prevent crystallization of sucrose in
sugar mixtures. The product obtained by invertase has
the advantage of being colourless compared to the
coloured version obtained through acid hydrolysis
(Marek, Valentino, & Kas, 1984; Kotzelski & Staude,
1996; Mansfeld, Forster, Schellenberger, & Dautzen-
genberg, 1991). It is widely used in the production of
noncrystallizing creams, for making jams and is also
used in the production of artificial honey, and to a
small extent in the industrial production of liquid sugar
(Hartmeimer, 1996). Many studies were performed on
the immobilization of invertase on microporous pHE-
MA-GMA membrane (Danisman et al., 2004), Cajanus
cajan lectin support (Ahmad, Anwar, & Saleemuddin,
2001), poly(aniline-acrylic acid) film (Chen, Kang,
Neoh, & Tan, 2000), dimmer acid-co-alkyl polyamine
granules (Tumtirk, Arslan, Disli, & Tufan, 2000),
acrylamide/maleic acid cylinder (Arslan, Tumtirk,
Caykara, Sen, & Gtiven, 2000), calcium alginate beads
(Arruda & Vtole, 1999), materials such as anion ex-
changer wates cotton thread (Godbole, Kubal, &
D’Souza, 1990), polyacrylonitrile (PAN) and car-
boxyl-modified polyacrylonitrile (PAN-AA) ultrafiltra-
tion membranes (Mathias & Alexandra, 1997), and
carboxymethylcellulose-gelatin  (Emregiil, Sungur, &
Akbulut, 1996). The invertase has been immobilized
into conducting polymers by electropolymerization (Al-
kan, Toppare, Yagci, & Hepuzer, 1999; Cirpan, Alkan,
Toppare, Yagci, & Hepuzer, 2002; Cirpan et al., 2003;
Kizilyar, Akbulut, Ozden, Toppare, & Yagci, 1999;
Selampinar, Akbulut, Ozden, & Toppare, 1997).

In the present work, cost, physiological inertness,
structural suitability for immobilization was the criteria
for choosing gelatin as carrier material. Polyacrylamide
was used as filling material in order to increase the sur-
face area of the carrier system. Invertase was immobi-
lized by chemical cross-linking in carrier systems
obtained from various ratios of PAA-G. The resultant
immobilized invertase system was chracterized and its
activity retention, catalytic properties, and reusability
were determined.

2. Materials and methods
2.1. Materials

Invertase [EC 3.2.1.26] and sucrose were obtained
from Sigma Chemical Co. [USA]. Polyacrylamide was
supplied from Aldrich [USA] having an average molec-
ular weight of about 5-6 million. Granular photo-
graphic gelatine was obtained from Croda Gelatine
Co. [UK]

Polyester films pre-coated with photographic gelatine
(100 um) were obtained from Dupont De Nemours
[Luxemburg]. Chemicals used in preparation of buffers
and cross-linking agents were purchased from Merck
[Germany].

2.2. Methods

2.2.1. Immobilization of invertase

Gelatin and polyacrylamide blends were prepared by
dissolving them in EDTA bulffer (pH 7.2, 0.1%) to ob-
tain a final weight of 0.75 g polymer in final volume.
Invertase solution (24 U) and appropriate amounts of
cross-linkers were added to carrier system solutions at
32°C to obtain final volume of 10 cm®. The solutions
were stirred for 1 min and 0.1 cm® aliquots were taken
and placed on polyester film strips. The strips were dried
at room temperature for 24 h. Enzyme leakage from
immobilized film strips were controlled by washing with
EDTA (pH 7.2, 0.1%)

2.2.2. Determination of invertase activity

Free and immobilized enzyme activities were deter-
mined according to the Nelson method (Sidney & Colo-
wick Nathan, 1957). The reaction by free or immobilized
enzyme were carried out in a mixture of free or immobi-
lized enzyme, ETDA buffer (pH 7.2, 0.1%), acetate
buffer (pH 4.6, 0.05 mol dm ). Following the preincu-
bation of the reaction mixture (2 min, 25 °C), substrate
solution (0.3 mol dm 3, sucrose) was added and incu-
bated for 10 min at the same temperature. The enzy-
matic process stopped by adding 1cm® of Nelson
Reagent. The activity was determined from the amount
of reducing sugar produced.
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The absorbencies were measured at 540 nm by using
Spectronic 20 D Milton Roy model spectrophotometer.
One unit of enzyme was defined as the quantity of en-
zyme which hydrolyses 1 umol of sucrose to glucose
and fructose per minute.

% Relative activities were calculated according to the
following formula:

activity of complex

3.2. Effect of weight ratios of PAA-G

We previously reported the immobilization of invert-
ase onto gelatin and carboxymethylcellulose—gelatin car-
rier system with cross-linkers CA, CS and PCS. Relative
activities obtained for a carrier system composed of pure
gelatin with 0.01 mol dm > CA, 0.004 mol dm > CS and

ra

ma : maximum value of ra in series of experiments,

% Maximum activity : ra x 100/ma.

3. Results and discussions
3.1. Effect of cross-linker concentrations

Invertase was immobilized into different carrier sys-
tems obtained by mixing with different ratios of PAAG
(0.000-0.333 w/w) with cross-linkers CA (0.01-
0.06 mol dm~?) CS (0.004-0.036 mol dm~°) and PCS
(0.001-0.017 mol dm ). Enzyme leakage test were per-
formed for all immobilized samples with EDTA buffer
(pH 7.2, 0.1%) for 12 min at 25 °C.

The results of washing procedure of the film strips
have shown that in PAA-G carrier systems the enzyme
leakage is disregardingly low and could even be zero
when the PAA-G ratio is increased.

Different concentrations of cross-linkers were used
for enzyme immobilization onto carrier systems ob-
tained by using different ratios of PAA-G. Results are
given in Fig. 1. Increasing the cross-linker concentration
decrease the relative activities of immobilized enzyme.
This can be explained as inactivation of enzyme mole-
cules and a more tight gel caused by the usage of excess
cross-linker.

The inactivation of enzyme by cross-linker, due to the
direct interaction of the free invertase with the cross-lin-
ker has been investigated. In free enzyme inactivation
experiments both cross-linker and enzyme concentra-
tions were kept the same as those in immobilized system.
Results are presented in Fig. 2. The enzyme inactivation
by cross-linkers has a more pronounced effect on activ-
ity decrease. Excess cross-linkers must have inactivated
some of the enzyme molecules by blocking the active site
of the enzyme (Emregiil et al., 1996). The results showed
the effect of enzyme inactivation to be more important
for cross-linker CS, especially when it was used above
0.020 mol dm .

~ total activity of enzyme used for coupling — activity loss by enzyme leakage’

0.001 mol dm™> PCS were found to be 32%, 38%, 56%,
respectively (Emregiil et al., 1996). To achieve enhanced
sucrose conversion to glucose and fructose, we examined
the possibility of utilizing the PAA based amplification
method to augment immobilized invertase on the gela-
tin—invertase systems for sucrose interactions. The effect
of carrier composition on relative activity of immobi-
lized invertase were determined for PAA-G ratios. Poly-
acrylamide was chosen as filling material because it does
not harden when treated with cross-linkers (CA, CS or
PCS) under predefined immobilization conditions. Dif-
ferent ratios of PAA-G (0.053-0.333 w/w) were tested
and results are presented in Fig. 3.

As the ratio of PAA increased, the relative activity
increase due to the enlarged surface area of gelatin
upto 0.177 PAA-G, w/w, was obtained. The increase
in the relative activity at low ratios must be associated
with an increase in the amount of immobilized surface
enzyme. Increasing the ratio of PAA to higher levels
resulted in a decrease in enzyme activity. The decrease
in the relative activity at high PAA ratios suggests
that in the presence of diffusion limitations, a consid-
erable fraction of the enzyme molecules are probably
embedded in the polymer and becomes less accessible.
The inhibition in enzyme activity at high PAA ratios
can arise from the increase in steric hindrance, and in-
crease in interaction between the active sites of the en-
zyme and the PAA. The increase of PAA content
possibly caused higher levels of binding between
PAA and the enzymes which resulted in poorer rela-
tive activity yields, probably because of excess enzyme
binding, leading to inactivation (Emregiil, Sungur, &
Akbulut, 1995). PAA had a positive effect on relative
activity for low ratios and negative effect for high ra-
tios. Thus, the maximum relative activities were in-
creased to 79%, 72%, and 79% for 0.177 PAA-G,
w/w, carrier ratio by same cross-linker concentrations
as in pure gelatin. A relative increase of 47% for CA,
34% for CS and 23% for PCS was accomplished by
changing the ratio of carrier system. The best results
were obtained for PAA-G ratio 0.177 (Fig. 3).
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Fig. 1. Effect of cross-linker concentration on the activity of PAA-G-
Invertase. Conditions for the preparation of PAA-G-Invertase: 0.177
w/w ratio PAA/G, (a) 0.01-0.06moldm™> CA, (b) 0.004-
0.036 mol dm™> CS, (c) 0.001-0.017 moldm~— PCS, 0.3 mol dm~>
sucrose.

3.3. Temperature dependence

Effect of temperature variations on free enzyme and
CA-immobilized invertase activities were investigated
(Fig. 4). Reactions were carried out with 0.3 mol dm >
sucrose concentration at pH 7.2 and the temperature
influence was studied within the 5-70 °C range. The
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Fig. 2. Effect of cross-linker concentration on the activity of free
invertase. Conditions for the preparation of PAA-G-Invertase: 0.177
wiw ratio PAA/G, (a) 0.01-0.017moldm™> CA, (b) 0.004—
0.036 mol dm™ CS, (c) 0.001-0.017 moldm™> PCS, 0.3 moldm >
sucrose.

activities of free and immobilized enzyme were found
to increase continuously with increasing temperature
upto 55°C then declined. The free and immobilized
enzyme exhibited a temperature optimum of 55 °C.
The activity of the invertase is strongly dependent
on temperature. The activity of the free invertase
showed a more critical temperature dependence com-
pared to the immobilized invertase. The immobilized
invertase retained 43% of its optimum activity whereas
the free was 4% at 10 °C. The free and immobilized
invertases retained 7% and 30% of their optimum
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Fig. 4. Dependence of temperature on the activity of free and PAA-G-
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activities at 70 °C. The difference in the temperature
activity profiles between the free and immobilized
invertase is that the latter is less susceptible to temper-
ature-induced conformational changes after immobili-
zation into PAA-G system while the quarternary
structure of the free invertase may be easily disaggre-
gated (Esmon, Esmon, Schauer, Taylor, & Schekman,
1987; Greenfield & Laurence, 1975). The immobiliza-
tion procedure probably helps to maintain the oligo-
meric forms (mainly octameric and hexameric
aggregates) of the enzyme prevailing in the free invert-
ase solution (Reddy, Maccoll, & Maley, 1990). The
denaturation of the immobilized enzyme could take
place on the tertiary structures of the peptidic chain
of the invertase, which would also occur for the free

form at 70 °C (Garnier, Youssoufi, Srivastava, & Yas-
sar, 1994). During thermal experiments the loss of
activity at higher temperatures can be attributed to
the denaturation of some enzyme molecules, leaching
of enzyme from the swollen polymer matrix and deg-
radation of polymer matrix. The leakage of enzyme
and the denaturation of gelatin does not constitute a
major problem at 25°C, which was selected as the
incubation temperature throughout the work. The
immobilized invertase displays significantly improved
stability over the free form at lower and higher
temperatures.

3.4. Effect of immobilization on enzyme kinetics

In order to study the kinetic effect of immobiliza-
tion, the rates of sucrose hydrolysis reaction by the
free and immobilized invertase were measured at var-
ious sucrose concentration (0.05-0.525 mol dm?). The
Michaelis-Menten constant, K, and maximum reac-
tion rates, V, were obtained from Lineweaver-Burke
plot (Lineweaver & Burk, 1934). In this study, V;, val-
ues for free and immobilized invertase were found as
2.1 and 1.92 pmol min~!, respectively. The Michaelis
constants, K,,, of free and immobilized invertase were
determined to be 86 and 166 mM, respectively.

K, and V,, values were affected after immobilization
of invertase. The K, value of PAA-G-Invertase was
approximately 1.92-fold higher than that of free enzyme.
The difference in K, values between the free and immo-
bilized invertase can be attributed to the limited accessi-
bility of sucrose molecules to the active sites of the
immobilized invertase as a result of the spatial distribu-
tion of the invertase molecules in the polymer layer and
conformational changes of invertase caused by the
immobilization. The decrease in V,, value as a result
of immobilization is considered to be associated with
the external and internal diffusional resistances. This
resistances can include external and internal transport
of the substrate and products to the surface of the mem-
brane (Danisman et al., 2004; Prodanovic, Javonovic, &
Vujcic, 2001).

3.5. pH dependence

The free and immobilized immobilized invertase
activities as a function of pH using 0.3 mol dm~ su-
crose were determined. The pH influence was studied
within the 3.6-10 pH range. The results obtained are
presented in Fig. 5. The optimum pH of free enzyme
and PAA-Invertase was 6 and 7.2, respectively. The
pH shift towards alkaline value upon immobilization
is due to the secondary interactions between enzyme
and the polymeric matrix (Arica, Denizli, Baran, &
Hasirci, 1998; Erginer et al., 2000; Mansfeld et al.,
1991; Tien & Chiang, 1999). The support is a charged
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polymer which will affect the local pH. The polar
groups of gelatin may have interacted with the func-
tional groups of invertase changing the pH character-
istics of the enzyme.

3.6. Reusability of PAA-G-invertase
Reusability of immobilized invertase was analysed by

measuring activities of all samples 20 times over a period
2 months. Reusability tests were carried out for CA-,
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Fig. 6. Reusability of immobilized invertase with CA, CS, PCS in
gelatin systems (a) and PAA-G systems (b). Conditions for the
preparation of gelatin—invertase: 0.177 w/w ratio PAA/G,
0.0l moldm * CA, 0.004 moldm >, CS, 0.00l moldm * PCS,
0.3 mol dm™ sucrose.

CS- and PCS- immobilized invertase for gelatin and
0.177 PAA-G ratio. Results are presented in Fig. 6.
There was no significant difference in the relative activi-
ties over 20 times tested. Immobilized enzymes were
durable and could be used at least 20 times without
considerable activity loss.

4. Conclusion

Invertase enzyme was immobilized into PAA-G car-
rier systems with cross-linkers CA, CS and PCS. By
using PAA; 47% for CA, 34% for CS and 23% for
PCS relative activity enhancements were achieved.
Immobilized samples obtained were stable and could
be used many times over a period of 2 months without
considerable activity loss. The pH value for optimum
activity of invertase was not affected by the immobiliza-
tion reaction. The temperature dependent activity pro-
file for the immobilized invertase is broadened. The
immobilized invertase displays significantly improved
stability over the free form. These properties prove the
usefulness of the examined materials in continuous reac-
tors and biosensors in biotechnological applications.
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