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In this paper, the A. fumigatus a-amylase had been immobilized onto zeolite/chitosan hybrid to Amylase;
improve its thermal-stabilization for industrial needs. The methods applied enzyme production, T
isolation, partial purification, immobilization, and characterization. The optimum temperatures of ~ ASPergillus fumigatus;
the native and immobilized enzymes were 50 and 55°C, respectively. The native enzyme has KM of  Zeolite/Chitosan Hybrid.
3.478 +£0.271 mg mL* substrate and Vmax 0f 2.211+ 0.096 pmole mL™* min', while the immobilized

enzyme has KM value of 12.051 + 4.949 mg mL* substrate and Vpax 0f 1.602 + 0.576 pmole mL™*

min?. The residual activity of the immobilized enzyme retained up 10.97% after fifth reuse cycles.  Article History:

The native enzyme has AG; of 104.35 + 1.09 kJ mole? and t% of 38.75 + 1.53 min, while the

immobilized enzyme has AG; of 108.03 + 0.05 kJ mole™ and %% of 180.03 + 3.31 min. Accordingto ~ eceived: 17 January 2022
the increase in half-life (t%2), stability improvement of the A. fumigatus a-amylase was 4.65 times  Revised: 31 March 2022
greater than the nati_ve enzyme. _Thus, the ge_olite/chitosan hybrid is used as a new supporting matrix Accepted: 07 April 2022
for further enzyme immobilization to stabilize the enzymes. . . .

Available online: 19  April 2022

1- Introduction

Enzyme is well known as biocatalyst which supports the green chemistry program in transforming the sustainable
and renewable natural resources. Enzyme is more profitable to be widely used in industry by the following advantages:
biodegradable, environmental friendly, high specificity and selectivity, well worked at mild conditions, low toxicity,
reduce production time and costs, and may improve the product [1, 2]. The enzyme market has gained recognition
globally from 10 billion US dollars in 2019 to 14.7 billion US dollars in 2025. In 2022, the highest demand of the
worldwide enzyme market will be in Asia Pacific (40%) followed by North America, and Europe. A number of enzymes
have been involved in the global market; including amylases, proteases, lipases, polymerases, and nucleases [3-5].

The a-amylase (E.C.3.2.1.1, a-1, 4-glucan-4-glucanohydrolase) breaks the a-1, 4 glycosidic bonds down in the starch
polymers, resulting the glucose, maltose, and maltotriose [6]. This enzyme is valuable in a broad range of industrial
applications ranging from foods and beverages, chemicals, pharmaceuticals, medical devices, biosensors, paper and
pulp, leather, textiles, detergents, cosmetics, animal feed, biofuel, and biodiesel industries [7, 8]. The a-amylase enzyme
can be isolated extracellular from several microorganisms, both bacteria and fungi. Bacillus and Aspergillus genus are
often used as the host a-amylase enzymes on industrial scale. Global production of a-amylase from B. licheniformis and
Aspergillus sp. were around 300 tons [4]. Microbial a-amylase is one of the most influential industrial amylases,
occupying approximately 25% of the global enzyme market [9]; for instance, the annual cost of a-amylase in the starch
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industry was about 62.2 million US dollars [10]. In this research, the a-amylase was isolated from Aspergillus fumigatus
which can adapt to various organic compounds for its metabolic processes and does not show special nutritional needs
[11].

Similar problems relating to thermal instability have been identified with most industrial enzymes, especially during
applications in batch processes. These include easy water solubility, a higher tendency for denaturation under greater
temperatures, the possibility of being contaminated with other substances in a reaction, and the fact that they can only
be used once in a process. In addition, the starches need a high temperature to be processed on an industrial scale. One
of the powerful methods to enhance the enzyme stability, reusability, and properties is by the immobilization [12]. The
use of immobilized enzymes on an industrial scale has several advantages, as follows: thermostable, rigid, easy to
regenerate, repeatedly used, does not contaminate the product, facilitates the reaction control process, biocompatible,
and presence of reactive functional groups [13].

In the current study, the A. fumigatus a-amylase was immobilized onto a zeolite/chitosan hybrid matrix as the newest
matrix type for thermal-stabilization enhancement. The hydroxyl and amine groups in a zeolite/chitosan hybrid structure
may undergo the non-covalent interaction to the enzymes by forming the hydrogen bonds [14]. Thus, this immobilization
method is based on the presence of physical adsorption which has some benefits, such as: does not affect to the enzyme
conformation, the enzyme is easily separated from the matrix, and the matrix can be regenerated [15]. Furthermore, the
zeolite matrix contains the heterogeneous surface to strengthen non-covalent interactions with the enzymes, while the
chitosan was chosen as a matrix by the following properties: economics, abundant raw material, has good adhesion and
mechanical strength [16-18].

Nowadays, some experiments of the hybrid matrices formed by various materials are being investigated to improve
the material properties include as an adsorbent, catalyst, or supporting matrix on the enzyme immobilization. The hybrid
of chitin-bentonite observed in recent studies confirmed the presence of elevated adsorption capacity compared to
samples where pure bentonite and chitin served as adsorbents [19]. Likewise, the hybrid matrices were confirmed to be
the better matrix than the classic material on the enzyme immobilization. For instance, the immobilization of the A.
fumigatus a-amylase onto a bentonite matrix increased its thermal stability 2.9 times according to the growth of half-
life [20]. Meanwhile, the A. fumigatus a-amylase immobilized on a chitin/bentonite hybrid matrix has greater thermal
stability about 3.8 times than the native form, and maintained 72% of its initial activity after incubating at 60°C for 80
min [21]. Furthermore, the cellulase immobilized onto a TiOJ/lignin hybrid had a half-life (113.61 min) five times the
values recorded for the native variant (433.13 min). Hence, the hybrid was determined to demonstrate relatively better
thermal stability compared to an unmodified lignin [22]. Similar finding, the immobilized glucose oxidase on a
zeolite/chitosan hybrid matrix showed the stability improvement against microbial activity [23]. Furthermore, the
immobilized a-amylase onto a bentonite/chitosan hybrid could be reused for fifth cycles and retained up 87 % of its
residual activity [24].

The hybrid matrix also showed some contrasting benefits against processes where classic material were used as
catalysts, especially in an attempt to ensure the matrix properties are improved, alongside an increase the thermal-
stabilization of enzyme [13]. The interaction between hybrid matrix and the enzyme will be more stable, mechanically
resistant, well worked at mild conditions, reusable, and prevent the conformational changes during storage [25, 26].
Based on it, this pioneering study analyzed the use of zeolite/chitosan hybrid as a supporting matrix to optimize the
thermal-stabilization stability of the A. fumigatus a-amylase by immobilization procedure. Therefore, the temperature
dependence, kinetic and thermodynamic parameters, and reusability of the immobilized A. fumigatus a-amylase were
examined for the first time to measure quantify of its stability improvement. This study suggests a protocol for the
production of highly stable and reusable biocatalytic systems for practical application in the starch hydrolysis. This
research information is important, as it can be used as a basis for further development in the search for reusable and
applicable hybrid matrix for producing immobilized enzyme on industrial scale.

2- Materials and Methods

2-1- Materials

The Microbiology Laboratory, Biology Department, Lampung University, provided the locally sourced fungi isolate
A. fumigatus. Zeolite (particle size: < 45 um) and glutaraldehyde (50 wt. in H,O) were purchased from Sigma-Aldrich,
while chitosan (DD: 95.22%) was purchased from CV. ChiMultiguna, and all chemical reagents were of analytical
grade.

2-2- Production and Isolation of the a-amylase

The enzyme isolation and partial purification were according to an earlier study [21], whereas the local fungal isolate
was cultivated in Potato Dextrose Agar medium which consist of 0.1% corn starch as an inducer. The crude enzyme was
produced from A. fumigatus through Sub-merged Fermentation at 32°C for 112 hours, containing: (NH4)2SO4 1.4%,
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KH2PO4 2.0%, MgSO..7H,0 0.3%, urea 0.3%, CaCl, 0.3%, FeS0..7H,O 0.005%, ZnS0O4.7H,0 0.0014%, CoCl,
0.002%, corn starch 0.75%, and peptone 0.75% in a 0.05 M phosphate buffer pH 6.5. The crude enzyme was isolated
from the fermentation broth by centrifugation at 5000 rpm for 15-20 min. The flowchart of the research is presented in
Figure 1.

Fermentation Native Enzyme

Purification by precipitation :
using ammonium sulphate
and dialysis

e——————

"
: Sub-merged fermentation
L at 32°C for 112 hours

: Determination of optimum temperature,
| Km, Vmax, thermal stability, t,,, ki,
! AGi, and reusability assay

Zeolite/Chitosan-Glutaraldehyde

]
Stirred for 96 hours 1

i s e e e e e .
Dried at 65°C ! : *  Acetate buffer pH of 4.5
]

Homogenized and stored in the refrigerator for 12 h

Figure 1. Flowchart of the research methodology

2-3- Purification of the a-Amylase

The partial purification of crude enzymes was achieved by precipitation with ammonium sulfate as well as dialysis
[27]. The crude enzyme was partially purified by ammonium sulphate in an ice bath. Furthermore 0-20% saturation
level was attained with the crude enzyme by using ammonium sulphate. Then the precipitate removal was achieved
through centrifugation for 15-20 min at 5,000 rpm, before introducing ammonium sulphate into the supernatant. This
process ensured saturation levels in the range of 20-85% was achieved [20]. The precipitated protein (enzyme) was
separated from its filtrate by centrifuging for 15 min at 5000 rpm, temperature of 4°C, and consequently dissolved in
sufficient quantity of phosphate buffer (0.025 M; pH 6.5). Furthermore, the suspension of enzymes was subjected to
dialysis, using a dialysis bag (8000 Da) through the night on phosphate buffer (0.01 M; pH 6.5) and set at 4 °C [20].

2-4- Analysis of a-Amylase Activity and Determination of Protein Content

The Fuwa method was applied to evaluate the activities exhibited by a-amylase enzymes the partial purification
process was. This involved adding iodine reagent proportionate to the substrate amount reduced within a 10 min
incubation time [28], while characterization steps, based on Mandel's method, involved applying dinitrosalicylic acid
reagent, and was centered on glucose (reducing sugar) concentration[29]. The protein content in purification steps was
determined based on the Lowry method [30].

2-5- Zeolite/chitosan Preparation

The chitosan powder, measuring 2.0 g, was added to 1% acetic acid (100 mL) and stirred to ensure dissolution for
about 4 hours. Then, a 2.0 g of zeolite was added, followed by 100 mL of distilled water. Next, 4 mL of 1 M NaOH and
100 mL of filtered water were added subsequently, and then stirred for 68 hours. After that, 160 pL of glutaraldehyde
was added and mixed for 24 hours. Finally, the hybrid matrix was dried in the oven at 65°C [31]. Furthermore, the
laboratory mill was used to ground the dried matrix before sieving, then functional groups were determined using FT -
IR spectroscopy, by analyzing about 5g of zeolite/chitosan hybrid powder at wavenumber ranging from 4000-650 cm'*
[20].

2-6- Immobilization of Native Enzyme

A total of 0.2 g of zeolite/chitosan matrix was washed by a 0.1 M acetate buffer pH 4.5. Then, 0.5 mL of native
enzyme was added, then stored in the refrigerator for 12 hours [31, 32]. The enzyme activity was assayed using Mandel’s
method.

Page | 507



Emerging Science Journal | Vol. 6, No. 3

2-7- Optimum Temperature Determination

The parameter evaluated to determine the optimum temperature of both immobilized and native enzymes was residual
activity (%). This analysis was performed after the samples were incubated at different temperatures, namely 45; 50;
55; 60; 65; 70; 75; and 80°C. Hence, the particular temperature with the most significant enzyme activity was considered
to be optimal.

2-8- Determination of KM Dan Vmax Values

Some of the kinetic parameters, comprising Michaelis constant (Ku) and maximum velocity (Vmax) were evaluated
applying the Lineweaver—Burk plot. This assessment was carried out on experimental data demonstrating an interaction
between enzyme activities and starch substrates under the ensuing concentration scope: 0.1; 0.2; 0.4; 0.6; 0.8; and 1.0%.
In addition, both native and immobilized enzymes were then incubated at respective optimal temperatures for 30 min,
before subjecting to assay through the Mandel's method. The existence of a proportional correlation between enzyme-
catalysed reaction rate and enzyme activity was established. The Lineweaver-Burk plot (Equation 1) was used to
determine the Km and Vmax vValues, as shown below:

1 KM 1

1
- = X 1
V" Vo T Voax 8] (1)

where Ky is Michaelis constant; Vmax is maximum reaction rate; v is initial reaction rate; and [S] is substrate
concentration. Ky value was determined as the optimum substrate concentration for subsequent procedures [15].
2-9- Thermal Stability Determination

Thermal stability of the native and immobilized enzymes were selected from the residual activity retainment after
inactivation at 60°C at the following inactivation time (t;) variations: 0, 10, 20, 30, 40, 50, 60, 70, and 80 min [33, 34].
The enzyme activity was assayed by Mandel's method, and this data was applied to define ki, t., and AG; values. The
residual activity is determined by Equation 2:

Residual activity (%) = £ x 100% )

where E, is the residual activity at to; and E; is the residual activity at t; [34].

2-10- Determination of ty, ki, and A Gi

The first demand enzyme inactivation rate Equation 3 was used to calculate the half-life (t.,) and thermal inactivation
rate constant (ki):

E.
In (E—) =—kixt ®)
where ki signifies thermal inactivation rate constant; E; was the residual activity at ti; E, denotes the residual activity at
to; and t; represents thermal inactivation time [35]. In addition, the ki was determined as the graph slope In % against t;

Therefore, free energy resulting from denaturation (AG;) was described as a prerequisite for enzyme denaturation.
This value was further estimated based on the following thermodynamic Equation 4:

_ ki.h
AGi =-RTIn kb_T (4)

where AG; is the free energy conversion due to denaturation; T is the thermal inactivation temperature (K); R is the ideal
gas constant; k; is the thermal inactivation rate constant; h is the Planck constant, and kg is the Boltzman constant [35].

2-11- Reusability Assay

The immobilized enzymes previously responded with starch substrate were subsequently rewashed by centrifugation
applying a 0.1 M acetate buffer solution of pH 4.5. The product was further reacted a second time using fresh substrate
[20, 36] before Mandel's method was applied to define the a-amylase activity. Furthermore, the entire procedure was
carried out in five replicates.

2-12- Statistical Analysis

Duplicate determination was performed for all samples (n = 2), and the data obtained were documented in the form
of a mean = standard deviation (SD). Therefore, the possible significant differences between replicates were evaluated
using the student t-test (Paired Two Sample for Means), alongside ANOVA analysis. The findings were believed to be
significant at p < 0.05 to reject the null hypothesis. This indicates the absence of any differences between the two
replicates.
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3- Results and Discussion
3-1- The a-Amylase Purification

In purification steps, the a-amylase activity to hydrolyse the starch substrate was emphasized to the starch-iodine or
reducing sugar value methods. The enzyme unit activity was evaluated using 0.1 % soluble starch in distilled water (pH
+ 6.5), which performed for 10 min at a temperature of 60°C. In addition, crude enzyme isolates obtained from A.
fumigatus demonstrated a specific activity of 568.07 U/mg, which was subsequently purified partially by precipitations
of ammonium sulphate at the percent saturations of (0-20)% and (20-85)%, as shown in Figure 2 Based on the Figure
2, the enzyme precipitate by the (20-85)% ammonium sulphate had specific activity of 2151.69 U/mg. As a comparison,
the A. fumigatus a-amylase in the latest research was partially purified by (20-85)% ammonium sulphate and its typical
activity was 3970.08 U/mg [20].

2500 -
S 2000
£
=)
? 1500 A
=
5]
< 1000 A
L
E
(&S]
<3
& 500 A

0 [
0-20 20-85
Percent Saturation of Ammonium Sulphate (%0)

Figure 2. The relationship between (0-20)% and (20-85)% saturation of ammonium sulfate on the enzyme specific activity

The enzyme fraction (20-85)% was purified by dialysis overnight using 0.01 M phosphate buffer pH 6.5. After
dialysis, the enzyme revealed significant growth in its purity than the crude enzyme which show by the higher of its
specific activity. The dialyzed enzyme had specific activity of 8237.09 U/mg. Table 1 summarizes the outcome of this
partial purification step. This result shows a 14.5 increase in enzyme purity compared to the crude variant. Furthermore,
these characteristics were supported by the relative decline in enzyme yield (%) which implied that the enzyme was free
from impurities, especially the salt ions and other proteins. As a comparison in a previous literature, the specific activity
of the dialyzed A. fumigatus o-amylase was 4514.67 U/mg [20]. Hence, this present study was successfully improved
the purity and catalytic activity of the A. fumigatus a-amylase.

Table 1. Partial purification procedures summary of A. fumigatus a-amylase

st Volume  Unitactivity  Proteincontent  Specific activity ~ Total activity Purity Yield
ep

(mL) (UmL?) (mg mL?Y) (Umg™) (V) (x-fold) (%)
Crude enzyme 4000 116.90 0.2058 568.07 467593.76 1.0 100.00
Fraction (NH,);SO, (20-85)% 400 559.25 0.2599 2151.69 223701.12 38 47.84
Dialysis 900 191.60 0.0233 8237.09 172441.73 145 36.88

3-2- Fourier Transform Infrared (FTIR) Spectrometry Analysis

The FTIR spectra of zeolite, chitosan, and zeolite/chitosan hybrid matrices are given in Figure 3. The FTIR spectrum
of zeolite in the range of 1200-450 cm™ was corresponded to the T-O-T layers (T= Si and Al) [37]. Another peak at
1001.06 cm* was contributed to the Si-O, Al-O, and Si-O-Al stretching in the tetrahedral layer [38]. The bands at
1656.85 cm™ and 3429.43 cm™ were corresponded to the water molecules in its cavity and O-H groups, respectively
[39, 40]. In contrast, corresponding region between 1422 and 603 cm™ in the FTIR spectrum of chitosan was confirmed
as the CHs, CH,, CH, and O-H groups attached to the pyranose ring [41]. The peaks at 1606.70 and 2922.16 cm
revealed the existence of N-H and C-H bending [42, 43]. A broadband at 3448 cm™ was corresponded to the
intermolecular hydrogen bonds by the NH» and O-H groups [44]. On another hand, the FTIR spectrum of zeolite/chitosan
hybrid showed both combination of functional groups in zeolite and chitosan. T-O bending and double ring vibration at
464.84 and 553.57 cm* did not change. Likewise, the band at 3429.43 cm* corresponded to the O-H stretching was still
exist. However, there was the band shift from 1421.54 to 1,425.40 cm contributed to the CHjsstretching, from 2922.16
to 2937.59 cm! corresponded to the CH, and from 667.37 to 671.23 cm™ corresponded to the symmetrical stretching in
zeolite [45-47]. This is due to the overlap of the zeolite-chitosan structures through the active siloxane group in the
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zeolite [48]. The peak at 1627 cm™ revealed the existence of a C=N imine group from the cross-linking between
glutaraldehyde and chitosan [49]. According to the previous research, chitosan adsorption on zeolite results from
electrostatic attraction of anionic zeolite on cationic chitosan [23].

Transmittance ()

M I I I I N NI B S I S R N N .

— Zeolite/Chitosan
e Chitosan

3448.72
2922.16
1606.70
1116.78
1056.99

T

4500 4000

— T r 1 ' T ' T r T T 1
3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 3. FTIR spectra of zeolite, chitosan, and zeolite/chitosan

3-3- Determination of Binding PH and Optimum Temperature

There are numerous process parameters known to affect the immobilized enzymes’ ability to degrade starch substrate,
including temperature and pH. Based on previous research, acidic pH media were determined to create a more suitable
environment for a-amylase to bind onto zeolite/chitosan matrix. The enzyme molecules were positively charged under
the immobilization condition provided by an acetate buffer set at pH 4.5. This set-up initiates biocatalyst immobilization,
which occurs predominantly through ionic and electrostatic interactions. At the optimum temperature, the substrate and
enzyme molecules will have an ideal kinetic energy to optimize the collisions whereas the catalysed reaction rate is
optimum. Thus, the enzyme's active site opens to interact with the substrate behind incubation at its optimum
temperature to form the enzyme-substrate complex [50]. The optimum temperature for the native and immobilized
enzymes is illustrated in Figure 4.

Residual Activity (%0)

100

80

60

40

20

g ——o— Native Enzyme
—o— Immobilized Enzyme
40 45 50 55 60 65 70 75 80

Temperature (°C)

Figure 4. Different temperatures effects on the native and immobilized enzymes activities (mean = SD; n = 2; p < 0.05)
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As presented in Figure 4, the native enzyme has optimum temperature of 50°C, while the immobilized enzyme has
higher temperature of 55°C. The optimum temperature shift indicated that the immobilized enzyme was more
thermostable compared to the native enzyme because of the matrix protection to the enzyme molecules [51]. Similar
finding was recorded by Klapiszewski et al. [22] who was reported that the immobilized A. oryzae a-amylase onto
TiO2/lignin hybrid matrix revealed the most elevated activity at 55-60°C optimum temperature. Furthermore, the
immobilized enzyme activity was higher at extreme temperatures after 60°C compared to the native form so that it was
more thermo-stable than the native form. According to the graph, the activity of enzymes under the specified temperature
was anticipated. However, further increase in temperature elevated the intrinsic activity to attain an optimum reaction
temperature and was consequently overlapped with enzyme deactivation. In conclusion, the use of zeolite/chitosan
hybrid matrix is suitable option for thermal-stabilization enhancement of the A. fumigatus a-amylase when applied to
batch process at extreme temperature.

3-4- Determination of Km and Vmax

The kinetic parameters, including Ky and Vmax Values, determined for the two enzyme forms were assessed to verify
the effect of immobilization on enzyme affinity with substrate molecules, as well as their catalytic efficiency. This
evaluation was calculated using a Lineweaver—Burk plot, estimated to show the linear association between 1/[S] and
1/V. However, the rate (V) of product formation is assumed to depend solely on substrate availability [S]. The correlation
between reaction rate (V) and substrate concentration [S] is dependent on the enzyme affinity for the substrate (Kw)
[15]. Figure 5 shows the Lineweaver—Burk plot of both immobilized and native enzymes, while Table 2 represents the
respective Ky and Vmax values. Furthermore, Michaelis constant (Km) depicts the enzyme affinity for a particular
substrate, while maximum velocity (Vmax) assesses the magnitude of this activity. A change in the substrate concentration
was also practiced to analyse the study kinetics [S], ranging from 2.0 to 10.0 mg/mL for both native and immobilized
enzymes at each optimum temperature.

o Native Enzyme
8 4 ¢ Immobilized Enzyme

7 - y = 7.4479x + 0.6673
R2 = 0.9909

1/V (mL/U)
(S

y =1.5718x + 0.4527

2 Rz=0.9851
1 '/gm/e/n/n

r L T

-0.3 -0.1 0.1 0.3 0.5 0.7 0.9
1/[S] (mL/mg)

Figure 5. Lineweaver-Burk plot of the native and immobilized enzymes (mean + SD; n = 2; p < 0.05)

Table 2. Kinetic parameters for the native and immobilized a-amylase in the latest experiments

Matrix Type K Viar Ref.
Native enzyme Immobilized enzyme Native enzyme Immobilized enzyme

Bentonite/chitosan hybrid 4356 ¢gL* 46.10gL* 20.58 U/mg 28.17 U/mg [24]

Bentonite 6.18 mg mL* 12.19 mg mL*? 909.09 umol mL* mint 88.5 mol mL* min*! [36]

TiO,/lignin hybrid 11.04 mM 15.03 mM 920 U/mg 855 U/mg [51]

Chitosan 1.63 mg mL? 3.51 mg mL*! 39.68 pmole mL* min‘! 7.05 umole mL! min [52]

Zeolite/chitosan hybrid 3478 £0.271* mgmL?  12.051 + 4.949* mg mL™! 2.211 + 0.096* pmole mL* min™ 1.602 + 0.576* umole mL™ min*  This study

* Values were shown as mean + SD, n = 2

Table 2 showed greater Ky with the immobilized enzyme compared to the native variant. This outcome attributes the
samples with Ky to the potential for low substrate affinity, indicating the need for additional substrate concentrations,
possibly reaching Vmax. Consequently, a significant decline in reaction rate (p < 0.05) was observed with the immobilized
enzyme, compared to the native variant. Similar results was found in some experiments as described in Table 2. The
increased Kw after immobilization revealed that the enzyme required a higher substrate [S] to acquire the maximum rate
(Vmax) and the affinity of the enzyme for the substrate decreased compared to the native enzyme. Higher Ky results in
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decreased enzyme affinity, caused by reduced substrate accessibility to the enzyme's active site and by enzyme structural
modifications after immobilization procedure by the presence of matrix. It may also be caused by decreased diffusion,
steric hindrance, and ionic strength [53]. Otherwise, the Vmax of the immobilized enzyme appeared slightly lower, which
suggests a subtle decline in starch substrate hydrolysis rate after an effective immobilization. This is potentially
attributed to the occurrence of diffusional substrate restrictions to the active sites of enzymes. Another notable inference
for lower Vmax Was explained based on the incident of conformational changes observed after enzyme molecules engage
in non-covalent interactions with the functional groups on a matrix [54].

3-5- Determination of Thermal Stability

The thermal stability of both samples was evaluated on the basis of individual residual activity following an
incubation period of 80 min and maintained at 60 °C without a substrate. Figure 6 shows the outcome of this assessment,
where a significant upsurge in stability at (p < 0.05) was observed in the immobilized specimen. This indicates a
relatively higher intrinsic residual activity. The residual activity of the native enzyme after being inactivated at 60°C for
80 min was retained up 21.50%, while the immobilized enzyme had maintained 72.28%. After incubation, the two
enzyme samples demonstrated a significant decline in enzymatic activity from the initial levels. However, the
immobilized variant exhibited a profile with lower thermal degradation as well as better heat tolerance following an 80
min incubation period.

100
80 -
S
>
= 4
s %
=
Q
5]
T 40
h=]
4
= 20
——0o— Native Enzyme
—o— Immobilized Enzyme
0 T T T T T T T ]
0 10 20 30 40 50 60 70 80
Inactivation Time (minute)

Figure 6. Thermal stability of the native and immobilized enzymes at 60°C (mean + SD; n = 2; p < 0.05)

The conformational structure of enzymes during immobilization is potentially altered. This initiates intrinsic changes
in stability and activity. Moreover, the immobilized enzyme demonstrated relatively greater stability, which is attributed
to the protective effects of hybrid matrices compared to enzyme structure denaturation influenced by punitive
temperature conditions. This outcome was promoted by the occurrence of interactions between matrix and enzymes,
which ultimately stabilizes the complete enzyme structure immobilization. The zeolite/chitosan hybrid delivered
supplementary external linkages to the individual molecules. This limits the incidence of conformational changes
potentially resulting from the impact of heat, and consequently help maintain proper enzyme tertiary structure [13]. In
the adsorption method, some functional groups in zeolite layer, including Si-O, Al-O, Si-O-Al, and OH groups interact
with the enzyme molecules through the hydrogen bonds, electrostatic interactions, hydrophobic interactions, and Van
der Waals forces [55]. Lysine and arginine residues have the most possibility to interact closely with the zeolite surface,
thereby increasing the enzyme stability [56]. In the crosslinking method, the amine groups in chitosan and enzyme were
cross-linked using glutaraldehyde to form the covalent bonds [57]. The O-H groups may also strengthen the interaction
between chitosan and enzyme molecules via adsorption [58, 59]. The hybrid matrix could confer a protecting effect to
the enzyme molecules so that the immobilized enzyme has higher thermal stability and become more rigid and has a
higher resistance on thermal denaturation than the native enzyme [22].

More recent literature reported similar issues in the aspect of thermal stability, particularly at greater temperatures.
The A. fumigatus a-amylase immobilized onto a bentonite matrix was more stable at elevated temperatures compared to
the native form. They reported that immobilized enzyme maintained 56% of initial activity when disclosed at 60°C for
80 min [20]. Meanwhile, the immobilized A. fumigatus a-amylase onto chitin/bentonite hybrid matrix maintained 70%
of initial activity at 60°C after 80 min of heating [21], implying that the hybrid matrix is a better matrix for raising the
thermal stability of A. fumigatus a-amylase as compared to the classical matrix. In conclusion, the zeolite/chitosan hybrid
in this present study had successfully improved the thermal stability of A. fumigatus a-amylase compared to the latest
immobilization experiment using chitin/bentonite hybrid.
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3-6- Determination of tw, ki, and 4Gi

Figure 7 showed the thermal stability assay, where both samples showed residual activities and the data plotted in a
graph representing first-order enzyme inactivation rate. The slope of graph in Figure 7 is expressed as a thermal
inactivation rate constant (k;), and this value was used to calculate the value of half-life (t,) and the free energy
conversion due to denaturation (AG;) as summarized in Table 3, As a result, thermal stabilization of the immobilized
enzyme was successfully improved which was observed by a significant (p < 0.05) decline of ki, the rise of its half-life
(t») and the increase of AG; compared to the native enzyme. A decline in the k; of immobilized enzymes showed
reductions in the denaturation rate resulting from low water flexibility. Therefore, higher stability is anticipated
following the folding structural conformation [35].

Inactivation Time (minute)
0 10 20 30 40 50 60 70 80
0 C é 1 1 1 1 1 1 ]
-0.2 '\m
>
-0.4 1
y =-0.0037x - 0.0499
06 1 R2=0.8691
4 08 A
)
c -1
—
12 1 y =-0.0179x - 0.1125
2 =
14 R2=0.9778
-1.6 o Native Enzyme
o -
18 Immobilized Enzyme

Figure 7. First-order inactivation rate plot of the native and immobilized enzymes at 60°C (mean + SD; n = 2; p < 0.05)

Table 3. t. and AGi values for native and immobilized a-amylase in the latest experiments

Half-life (ti2) The transformation of free energy -
Host Enzyme Matrix (min) because denaturation (AG;) (kJ mole™) Im?)tre(l)t\)/I(IEIrzent Ref.
Before After Before After
A. fumigatus Bentonite 40.53+£1.9001* 115.50 + 5.7895* 104.47 £0.1296*  107.37 £ 0.1386* 2.9 [20]
A. fumigatus Bentonite/Chitin hybrid  40.53 + 1.9001* 154.00 + 13.3963* 104.47 £0.1296*  108.17 + 0.2389* 3.8 [21]
B. subtilis ITBCCB148 Bentonite 42 88.85 104.57 106.65 2.12 [36]
B. subtilis ITBCCB148 Chitosan 113.61 433.13 107.34 111.06 3.8 [51]
A. fumigatus Zeolite/Chitosan hybrid ~ 38.75 + 1.53* 180.03 £ 3.31* 104.35 + 1.09* 108.03 £ 0.05* 4.65 ;S(Ijsy

* Values were shown as mean + SD, n = 2

The term “half-life (t,)” depicts the period during which half the enzyme activity is inactivated [35]. Therefore,
higher values of immobilized enzymes indicate a 4.65 times increase in thermal stabilization in contrast with the native
variants. This characteristic elongates the time for enzyme inactivation and loss of activity, thus denoting better stability.
The native variant is easily degraded at greater temperatures, and consequently yields a decline in half-life values. This
outcome is attributed to enzyme denaturation and thermal degradation, but the immobilized enzyme was could maintain
its activity and stability from the denaturation effect. In contrast, the smaller AG; of the native enzyme indicated a
spontaneous thermal denaturation process, while the higher AG; of the immobilized enzyme indicated the folding
conformation raise in tertiary structure of the immobilized enzyme. Hence, the enzyme conformation became more rigid,
stable, and less flexible in the water. Thus, the energy needed for denaturation became more increased. The denaturation
may loss the hydrogen bond's strength and Van der Waals interactions [35]. As compared to other experiments in Table
3, the zeolite/chitosan hybrid in this present study had successfully increased the half-life of A. fumigatus a-amylase
compared to the latest immobilization experiments using other classical matrices, resulting the best stability
improvement of the enzyme.

3-7- Reusability Study

The reusability of immobilized enzymes is the most important features for economically industrial application. The
immobilized enzyme exhibits the advantage of being repeatedly used on fresh substrates. Figure 8 showed the test for
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reusability, which was conducted five times under optimum conditions. According to the graph, the immobilized enzyme
could be used in fifth cycles and maintained 10.97% of its activity, while the reuse of it directed to the significant (p <
0.05) decline of its activity. The decline in activity was because of the loss of enzyme after rewashed. This outcome was
further clarified by enzyme inactivation resulting from denaturation and the consequent leakage.
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Figure 8. Reusability assay of the immobilized enzyme (mean + SD; n = 2; p <0.05)

Reusability study for immobilized a-amylase in the latest experiments than the present data was summarized in Table
4. The study result shows better thermal resistance and stability during reactions conferred on the biocatalysts by the
hybrid matrix. Also, the system was observed to have better reuse potentials, efficiency, purity and overall quality. The
enzymes are also protected against conformational changes under storage conditions, and the enzymes tend to be easier
to separate from the matrix [13]. Hence, the immobilized enzyme can be utilized in industrial applications without
significant loss of its properties over several cycles. The enzyme reusability in this present study is still need to be
improved in the next research for economically industrial application.

Table 4. Reusability study for immobilized a-amylase in the latest experiments

Host Enzyme Matrix Type Reuse Cycles  Residual Activity (%0) Ref.
A. fumigatus Bentonite 6 42 [20]
A. fumigatus Bentonite/chitin hybrid 6 36 [21]
B. subtilis Chitosan/bentonite hybrid 5 87 [24]
B. subtilis Bentonite 6 40 [36]
A. niger TiO,/lignin hybrid 10 90 [51]
B. subtilis Chitosan 6 16 [52]
A. fumigatus Zeolite/chitosan hybrid 5 11 This study

4- Conclusion

The immobilization of the A. fumigatus a-amylase onto zeolite/chitosan hybrid matrix successfully increased of its
thermal stability, reusability, and properties. The findings indicate A. fumigatus a-amylase has an optimum temperature
of 55°C which is higher than the native enzyme and become thermo-stable. Then, an acidic pH (acetate buffer at pH 4.5)
was suitable for binding the a-amylase onto the zeolite/chitosan hybrid. The Ky and Vmax values were slightly changed
after the immaobilization process. The significant higher Ky observed in immobilized enzymes showed a decline in
affinity for the substrate. Therefore, higher substrate quantities were required to attain the maximum rate (Vmax), in
contrast with the native variant. In particularly, the Km and Vmax of the immobilized enzymes were 12.051 + 4.949 mg
mL* and 1.602 + 0.576 pmole mL™ min‘, respectively.

The immobilized enzyme has ki of 0.0037 min, AG; of 108.03 + 0.05 kJ mole, and ty, of 180.03 + 3.31 min. Based
on increasing of its half-life, thermal-stabilization of the immobilized enzyme rose 4.65 times that of the native enzyme;
There was substantial progress in both the chemical and thermal stability of the immobilized a-amylase, as relative
activity greater than 72.28% was recorded after an 80 min incubation period. However, over 10.97% of the starting
activity was retained after the five hydrolysis cycles were consecutively completed. This characteristic authenticates
operational stability and is considered highly relevant in industrial applications. Therefore, this approach provides a
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simple and efficient technique for zeolite/chitosan hybrid synthesis, and potential applications as a matrix to support
enzyme immobilization. The hybrid materials produced as well as the methodology applied have potential for
application with other biocatalysts. This pioneering information is very important for use in further research related to
the development of new commercial immobilized a-amylase that are environmentally friendly and reusable.
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