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Abstract

Background: Glucoamylase enzyme is one of the most important enzymes. It catalyzes the hydrolysis of starch into
soluble sugars. It was covalently immobilized onto k-carrageenan gel beads after activation by using polyethylenimine
(PEI) followed by glutaraldehyde (GA). All parameters in activation process were studied.

Results: The immobilized enzyme shows enhancement in temperature profile as the optimum temperature for the
free enzyme was 60 °C, and it becomes 60-80 °C that means broader range and also shows stability in acidic
conditions more than free enzyme. The apparent Km of immobilized enzyme, 14746 mM, becomes higher than Km of
the free one, 110 MM and the maximum reaction velocity (Vmax) values for the immobilized enzyme decreased from
22810 1.11 pmol min~". The immobilized enzyme can be reused and kept its activity (100%) till 11 successive cycles.
The immobilization process steps were characterized by FTIR and SEM.

Conclusions: These results confirm the economic and biotechnical benefits of enzyme immobilization, particularly
with regard to the number of enzyme reuses, which open the possibility of different industrial applications.
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Introduction

One of the great importance to food industries, fermenta-
tion, and scarification of most oligosaccharides and starch
is glucoamylase enzyme (a-1, 4-glucan glucohydrolase,
amyloglucosidase, EC 3.2.1.3). This enzyme can hydrolyze
glycosidic bonds (a-1, 4) found in starch in the production
of glucose (Wang et al. 2012). There are a lot of microor-
ganisms which can produce this enzyme (glucoamylase),
the microorganisms which can be classified as industrial
organisms such as Aspergillus niger, Aspergillus awamori,
and Rhizopus oryzae (Coutinho and Reilly 1997).

In various production stages, enzymatic bioconversion
processes have been widely used. This process, the enzym-
atic one, has many advantages; the most important advan-
tage is that it is not dangerous for the environment as it is a
cleaner technology (Faber, 2011). Enzyme reactions also
save time and have a high degree of substrate specificity
(Bassem et al. 2018). But it cannot be separated from the
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reaction easily (Mohamed et al. 2019). This problem can be
solved by immobilization of the enzyme on a solid support
(Girelli and Mattei, 2005).

Immobilized enzymes are used in many industries such
as food technology, analytical chemistry, biomedicine, and
biotechnology. They have various advantages over free
enzymes, as it improves thermal stability and increases
resistance to pH changes of the reaction (Sunita, 2019). It
also provides reuse ability for enzymes which makes the
reaction cost decrease because of the easy recovery of the
immobilized enzyme. To achieve this, enzymes can be
immobilized in or on the surface of different carriers by
using different methods such as adsorption, entrapment,
ionic bonding, and covalent binding (Alftrén and Hobley,
2013). The very effective method is the covalent binding
method (Schultz et al. 2007). By using this method, the
enzyme can be retained and also can achieve high activity
after immobilization because of the strong interaction
between the enzyme function group and support material
(Gerhartz, 1990).

There is a rapid progress in studies on glucoamylase
immobilization; many supports have been used. These
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include ceramic membranes (Ida et al. 2000), polymer
microspheres (Oh and Kim, 2000), magnetic supports
(Wang et al. 2014).

For choosing a support material for enzyme
immobilization, the carrier, which is a support material,
should have some features such as good mechanical
strength and large surface area containing available func-
tion groups, should be resistant for microbial attachment,
and finally should be cheap in production. All of these fea-
tures are found in k-carrageenan (Bezerra et al. 2015).

Among immobilization techniques, we used the covalent
one as it contains the formation of covalent bond, strong
bond, between enzyme function group and carrier function
group (Franzreb et al. 2006).

In this work, glucoamylase has been immobilized onto
treated «-carrageenan gel beads with polyethylenimine and
glutaraldehyde. Immobilized glucoamylase can provide
many advantages for biotechnological and industrial appli-
cations; these advantages include reusability, ease of separ-
ation of products from the enzyme, improved enzyme
stability at different temperature, and pH without changing
enzyme properties. These factors have been studied in
addition to the kinetic constants of immobilized and
free glucoamylase. The steps for treating the hydrogel
and immobilizing the enzyme were monitored using
FTIR and SEM.

Material and methods

Materials

k-Carrageenan, glucoamylase enzyme (100k units/mg solid
lyophilized powder), and polyethylenimine (PEI) were pur-
chased from Beijing Solarbio Co., Ltd; potassium chloride
was purchased from Tianjin Kermel Chemical Reagent Co.,
Ltd; and glutaraldehyde (GA) (50%) was from Shanghai
Aladdin Biochemical Technology Co., Ltd. All other fine
chemicals were of Analar or equivalent quality.

Methods

Preparation of gel beads

k-Carrageenan was dissolved in distilled water to pro-
duce polymer solutions with a concentration of 2% (w/
v); the solution was left standing to disengage bubble be-
fore use. Afterwards, we spray polymer solution of k-
carrageenan into KCl solution 2% (w/v) by using a syr-
inge. The formed microcapsules were hardened in cross-
linking solution for 3h. Then, the gel beads are ready
for immobilization (Ying et al. 2016).

Activation of gel beads

Firstly, we soak the beads in amine solution of polyethyle-
neimine (PEI) for 3 h and then wash it well to remove ex-
cess PEL; we now put the beads in a glutaraldehyde (GA)
solution for 3 h, and then after, we wash it well to remove
unbound GA. These beads were ready for immobilization

Page 2 of 11

(Fig. 1). Here, we can notice that the beads’ color becomes
orange brown while it was translucent. This color appears
because of the reaction between amino groups found in
PEI and aldehyde group found in GA forming Schiff’s base
(-N=CH-) (Elnashar et al. 2013).

Covalent immobilization of glucoamylase onto the
activated gel beads

In this step, the enzyme amino group (NH,) reacted with
the free C=O groups of glutaraldehyde that was found on
the surface of activated gel beads forming amide bond (C=
N-) (Amal et al. 2016). About 1 g of the previously treated
gel beads was loaded with 4 mL of 100 mM acetate buf-
fer (pH 5) containing 15U glucoamylase. This mixture
was incubated in bottle (25 mL) for 16h at room
temperature using a roller stirrer, and then the gel
beads were washed well with buffer and directly assayed
for glucoamylase activity.

Determination of glucoamylase activity

Glucoamylase can transform starch into glucose so the de-
termination of glucoamylase activity was done by using the
dinitrosalicylic acid (DNS) method. Glucoamylase activity
was measured by mixing 200 uL free enzyme (or 0.5g
beads of immobilized enzyme) with 1 mL starch (5% in
acetate buffer pH 5) and incubated it for 10 min at 50 °C.
To stop the reaction, we add 2 mL of DNS and boil for 5
min and then cool to room temperature. Blank is 200 uL
buffer to 1 mL starch at the same conditions of the reaction
and read with spectrophotometer at A 540 nm. One unit of
enzyme activity was equivalent to the amount of enzyme
required to produce 1 umol glucose/min (Miller, 1959).

Evaluation of the catalytic activity of glucoamylase
Determination of optimum pH

Both free and immobilized glucoamylase were assayed in
different values of buffer (pH 3.5-8) as described in the
section of determination of glucoamylase activity. The
buffer used was 100 mM acetate buffer. The activity
measured at optimum pH was taken as the 100% activ-
ity, and the other activities at other pH values were
expressed as a percentage of this optimum 100% activity.

Determination of optimum temperature

Both free and immobilized glucoamylase were assayed
at different temperatures (30-90 °C) as described in the
section on the determination of glucoamylase activity.
Activity at an optimum temperature was taken as the
100% activity, and the other activities at other tempera-
tures were expressed as a percentage of this 100%
activity.
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Fig. 1 Schematic representation of carrageenan gel beads activation and enzyme immobilization

Km and Vmax of immobilized and free glucoamylase

These parameters, Km and Vmayx, for free and immobilized
of glucoamylase were determined by using the Hanes-
Woolf plot. To determine Km and Vmax, we used different
final concentrations of starch (25-300 mM) in 100 mM
acetate buffer of pH 5.

Operational stability (reusability)

This is one of the most important characters for the immo-
bilized enzyme, so immobilized glucoamylase on activated
beads was used in glucose production from starch for many
times and after each reaction, the beads containing enzyme
were washed well by using a buffer and reassayed again
and the initial activity was considered as 100%. The
relative activity was expressed as a percentage of the
starting operational activity.

Fourier-transform infrared (FTIR)

Infrared spectra of all formulations were recorded with
Fourier-transform infrared spectroscopy (FTIR-850, Tian-
jin Guangdong Sci & Tech Development Co., Ltd, China).
FTIR spectra were taken in the wavelength region from
400 to 4000 cm ™" at ambient temperature.

Scanning electron microscope (SEM)

The difference occurred in the surface of different for-
mulations (carrageenan, aminated carrageenan, activated
one, and enzyme immobilized on beads) was examined
using a scanning electron microscope (SEM, SU3500,
HITACHI) to prove the changes that happened in the
gel beads’ surface as a result of each reaction.

Statistical analysis Data were analyzed with Microsoft
Excel 2007. Results were expressed as the mean *
standard error.

Results

Gel beads’ activation process

Step A

We optimized this step which deals with PEI while keep-
ing conditions of the reaction for step B constant. In all
the experiments, the gel beads were soaked in a solution
of 0.5% (v/v) GA for 2 h at room temperature.

Effect of the PEI concentration The effect of the dif-
ferent concentrations of PEI on the catalytic activity of
immobilized glucoamylase is shown in Fig. 2. It is clear
that there was a linear increase in activity while increas-
ing PEI concentration. This increase up to 1%, and after
that, concentration tends to stabilize. This increase in
enzyme activity is due to the increase in amine groups
on the surface of carrageenan gel beads that were related
to the increase of PEI concentration.

Effect of PEI pH To determine the best PEI pH, 7 dif-
ferent pH values (from 7 and 10.5) were studied as
shown in Fig. 3. The results displayed a linear increase
in the amount of immobilized glucoamylase with the in-
crease in values of PEI's pH up to 9, and there is a grad-
ual decrease in the catalytic activity.

Effect of PEI reaction time It is evident in Fig. 4 that
variation in reaction time of PEI has an effect on immo-
bilized glucoamylase activity. The obtained results
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Fig. 2 Effect of variation of PEI concentration on the catalytic activity of immobilized enzyme

J

confirmed the given explanation concerning the reaction
between the surfaces of the carrageenan beads with PEL
In general, the catalytic activity increases with the
increase of reaction time with PEI up to 2 h. The activity
slightly decreased after 2 h. This data was in agreement
with that reported by Wahba and Hassan (2017).

Step B

Step B, activation process, which involved the determin-
ation of best condition needed for the reaction of GA with
the PEI-treated gel beads. This activation step is for creat-
ing new free active aldehyde groups on the surface of gel
beads capable of covalently immobilizing glucoamylase.
Optimization of step B involves the determination of the
optimum conditions of GA concentration and soaking
time. The steps done during the optimizations of step A
were employed here.

Effect of GA concentration The effect of the different
concentrations of GA on immobilized glucoamylase

activity was investigated. Figure 5 reveals that with
increasing GA concentration up to 0.5%, there is a linear
increment of the activity was observed. It was expected
that with the increasing of GA concentrations, the
amount of immobilized enzyme will increase dramatic-
ally, but further increasing of GA concentration to 4%
(v/v) caused a decrease in the amount of immobilized
glucoamylase slightly.

Effect of GA soaking time To determine the best time
for the reaction between activated beads and GA, seven
different times of soaking beads in GA ranging from
0.5 to 5 h were studied. The activity of immobilized glu-
coamylase varied slightly along with the entire tested
time range. Figure 6 describes this effect. The obtained
data show that during the increasing reaction time with
GA up to 3h, the activity of the immobilized enzyme
increases and, after that, the activity tends to decrease,
so the best time is 3 h.
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Fig. 3 Effect of variation of PEl pH on the catalytic activity of immobilized enzyme.
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Evaluation of catalytic activity of free and immobilized
glucoamylase

At this stage, we studied five important experiments.
They were divided into two sections: in the first one,
we determined the optimum values of pH, temperature,
and substrate concentration. Then, we used these data
to determine the full conversion rate of the substrate
and immobilized enzyme reusability.

Optimum pH

In this experiment, we measured enzymatic activity
for free and immobilized enzyme using different sub-
strate pH values. Figure 7 shows the activity behavior
of both free and immobilized glucoamylase. Although
there is no big difference between the optimum pH
values for two forms of enzyme, we can notice that
the pH values of immobilized one became slightly
broader than those of free. This result shows that the
immobilized glucoamylase became more stable for
changes in pH than the free one.

Optimum temperature

Figure 8 shows the free and immobilized enzyme
temperature profile. In studying the enzymatic activity in
different substrate’s temperature, a bell-shaped curve is
obtained. From that curve, we can see that the curve of
immobilized enzyme became wider and broader than that
of the free one, although the optimum temperature is the
same in the case of free and immobilized enzyme. Also,
there are very interesting observations from a close inspec-
tion of that figure; one of them is the wide range of
temperature (20 °C); during this range, the immobilized glu-
coamylase can keep 96—100% of its initial activity. It should
be noted here that the effect of environmental temperature
on the immobilized enzyme is less than the free one.

Kinetic parameters

The kinetic parameters of free and immobilized glucoa-
mylase were shown in Fig. 9. The apparent Km of the
immobilized enzyme, 147.46 mM, become higher than
the Km of the free one, 110 mM; this indicates that the

120 -

100 -

80 -

Relative activity (%)

20 A

0 T T T

0 0.5 1 15

Fig. 5 Effect of variation of GA concentration on the catalytic activity of

2 25 3 3.5 4 45
[GA] (%)

immobilized enzyme




Hassan et al. Bulletin of the National Research Centre

(2019) 43:102

Page 6 of 11

120

100

80

60

40

Relative activity (%)

20

15

2.5 3
Time (hrs.)

3.5

4

4.5 5.5

Fig. 6 Effect of variation of GA reaction time on the catalytic activity of immobilized enzyme

immobilized enzyme needs a higher concentration of
substrate. On the other hand, the maximum reaction
velocity (Vmax) values for the immobilized enzyme were
determined; it was found that it decreased from 2.28 to
1.11 pmol min~". These data, higher Km value with
lower Vmax value for covalently immobilized glucoamy-
lase onto spacer-arm attached magnetic poly (methyl-
methacrylate) microsphers, were in agreement with
Arica et al. (2000).

Full conversion

The relative rate of conversion of the substrate using
immobilized enzyme and free one was shown in Fig. 10;
we notice that it was higher for the free enzyme than the
immobilized one for the first 45 min. After that, both en-
zyme forms reached their maximum relative conversion
rate at around 60 min. The higher activity for the free
enzyme compared to the immobilized form for the first
45 min could be regarded to the time required for the

immobilized enzyme to retain its better 3D conform-
ation inside the gel beads (Amal et al. 2016).

Reusability

Reusability is the most important requirement for indus-
trial enzyme applications. The importance of this param-
eter is because it can evaluate the whole immobilization
process. Covalently immobilized glucoamylase reusabil-
ity was evaluated (Fig. 11). From that figure, we notice
that the immobilized enzyme kept its activity (100%) till
11 successive cycles.

Elucidation of the modified gel beads

Fourier-transform infrared spectroscopy

The FTIR spectroscopic analysis of gel beads in different
stages was carried out from 400 to 4000 cm™" (Fig. 12).
IR spectrum of beads showed characteristic peaks (curve
A). Spectra for aminated carrageenan beads showed a
new broad peak at 3400-3600 cm ' which was corre-
sponding to NH, group; this proves that the surface of
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beads become aminated with an amine group (curve B),
while GA-activated beads showed two new peaks. First
one was at 1630 cm ™' referred to the (C=0) group of a
free aldehyde end of GA, and another peak is at 1740
cm™" referring to (C=N) group which resulted from the
reaction of NH, end groups with GA aldehyde group
(curve C). Finally, immobilized carrageenan beads show
a broader peak at 3400-3600 cm ™, referring to the in-
crease in NH, group’s concentration. This increase is
due to the enzyme NH, group (curve D).

Scanning electron microscope (SEM)

Figure 13 displayed SEM for carrageenan, aminated
carrageenan, activated carrageenan, and immobilized
one. From these curves (A, B, C, and D), we noticed the
changes which happened in each step and the accumula-
tion of PEL, GA, and enzymes appear on the surface of
the gel beads. As we can see, there is a difference in the
surface after each step. From the figure also, we can see
the difference in pore size after each step.

Discussion

For the immobilization of the enzyme on the gel beads,
gel beads should be activated first by adding new func-
tion groups that interact with the function groups of en-
zyme. This activation process contains two main sub-
processes. Amination step in which the catalytic activity
of enzyme increased with the increase of amino groups
also increase with increasing amination pH as reported
by Wahba and Hassan (2017). On the other hand, in the
activation process, the catalytic activity increased with
the increase of GA concentrations up to 0.5% and tends
to decrease. This decrease in activity may be because of
the consumption of two aldehyde groups in the reaction
with an amino group on the surface of carrageenan gel
beads, so the suitable concentration of GA was 0.5% (v/
v) and it was close to the results reported by Kishore et
al. (2012). After the immobilization of glucoamylase en-
zyme on the k-carrageenan gel beads, the optimum pH
was determined. Although there is no big difference be-
tween the optimum pH between free and immobilized
one, the immobilized enzyme shows more stability under
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Fig. 9 Kinetic parameters of free and immobilized glucoamylase enzyme using the Hanes-Woolf plot method
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Fig. 10 Full conversion of substrate using free and immobilized glucoamylase enzyme onto activated gel beads

acidic conditions. This pH stability at the acidic region is
well known as the effect of Schiff’s base formation, and
this is in accordance with other previously published
data (Zhou 2010). This behavior of stability may also be-
cause of the covalent bond formed between amine groups
of enzyme and function groups found on the surface of gel
beads. These strong covalent bonds can increase enzyme
stability against pH changes. Tanriseven and Olcer (2008)
have the same observation when they immobilized glucoa-
mylase onto polyglutaraldehyde-activated gelatin. And for
the optimum temperature, the immobilized enzyme be-
came stable at a wide range of temperatures (about 20 °C).
This behavior may be because of the formation of a strong
covalent bond between enzyme and gel beads.

These data is in agreement with Zifei Dai (2011) who
found that the optimum temperature of immobilized glu-
coamylase is 60 °C. The immobilization could reduce the
conformation flexibility of the enzyme, leading to an in-
crease in thermal stability. For the kinetic parameters of

the immobilized enzyme, the Km became higher than that
of the free one. The increase in Km value might be be-
cause of the diffusional limitations or steric effects that
made changes in the reaction ability between the active
site of the enzyme and the substrate (Buchholz, 1992).

The most important parameter that evaluates the
immobilization process is the reusability of the immobi-
lized enzyme many times. In our case, the immobilized
glucoamylase was reused for 11 cycles without any loss
of its activity. This is similar to the data reported by
Tanriseven and Olcer (2008) who immobilized glucoa-
mylase onto polyglutaraldehyde-activated gelatin by the
covalent method and Czichocki et al. (2001) who immo-
bilized the same enzyme into polyelectrolyte matrix
using the entrapment method. From characterization
steps, FTIR and SEM, it was concluded that the process
of amination, activation, and immobilization takes place
successfully. This result was in agreement with other
published results (Abeer et al. 2017).
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Conclusions

It could be concluded from the obtained results that glu-
coamylase enzyme can be immobilized on x-carrageenan
gel beads after activation by using polyethylenimine (PEI)
followed by glutaraldehyde (GA). The immobilization
process improved the enzyme properties such as
temperature, pH to great instance. The immobilized en-
zyme can be reused for 11 cycles without loss in its activity.
The Km of the immobilized enzyme, 147.46 mM, becomes
higher than Km of the free one, 110 mM. The maximum
reaction velocity (Vmax) values for the immobilized
enzyme decreased from 228 to 1.11 umolmin'. These
results confirm the economic and biotechnical benefits of
enzyme immobilization.
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