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Abstract 

Stability enhancement attempted in this study demonstrated that significant improvement in the 
stability of the α-amylase isolated from Aspergillus fumigatus was achieved by immobilizing the 

enzyme on a bentonite/chitosan hybrid matrix using the adsorption method. Centrifugation was used 

to isolate the α-amylase, which was then refined using (NH4)2SO4 salt precipitation and dialysis. The 
purity of the α-amylase improved 19.40 times when compared to that of the crude extract. The 

optimal temperature for free α-amylase is 50˚C, while the optimum temperature for α-

amylase/bentonite/chitosan is 60˚C. The KM value of α-amylase/bentonite/chitosan was 1.69 ± 0.08 
mg mL-1 substrate and the Vmax value was 52.32 ± 3.29 µmol mL-1 min-1, whereas for free α-amylase, 

the KM value of 2.56 ± 0.09 mg mL-1 substrate and the Vmax value of 3.78 ± 0.09 µmol mL-1 min-1 

were obtained. The ΔGi value of free α-amylase is 102.68 ± 0.30 kJ mol-1 and the t½ is 21.23 ± 0.23 
min, whereas the ΔGi value of α-amylase/bentonite/chitosan is 104.43 ± 0.00 kJ mol-1 and the t½ is 

94.29 ± 0.91 min. The higher values of ΔGi and t½ demonstrated that α-amylase/bentonite/chitosan 

has better stability than that of free α-amylase. Another important finding is that α-amylase 
/bentonite/chitosan was able to retain their activity as high as 47.61 ± 0.53% after six recycles, 

indicating that the enzyme has the potential to be used in industry. 
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1- Introduction 

The α-amylase (EC 3.2.1.1, α-1,4-glucan-4-glucanohydrolase) refers to the hydrolase group of enzymes and has been 

acknowledged as an important class of enzymes in several industries, with continuous growth of application for health 

and hygiene hygienic reasons. α-Amylase is a crucial enzyme in an array of important industries, including starch 

conversion, baking industry, detergents, paper, textile industry, production of alcohol for fuel, production of syrups from 

starch, beverage manufacturing, medicinal, biomedical, and farm waste decomposition [1, 2]. For example, the use of α-

amylase in the baking industry is required to enhance the dough, structure, color, and tenderness of the products. 

According to Singh et al., amylase accounts for around 25–30% of the global demand for the enzyme utilized in various 

industries [3]. In 2022, the worldwide market for α-amylase was reported to reach $321 million USD, and it is projected 

to increase by USD 465.5 million by 2032, at a CAGR of 3.8% [4]. The α-amylase enzyme belongs to the endo-amylase 

family, which hydrolyzes starch molecules at random, resulted in the production of straight and branched 

oligosaccharides with different chain lengths through a two-step process. The first step is a fast process in which the 

starch molecule is randomly broken to produce dextrin, followed by a rapid decline in viscosity. The second step is a 

comparatively slower process to produce glucose and maltose as the end products. 
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The α-amylase enzymes are widely found in mammals, plants, and microbes. Microbes are the most important sources 
for industrial sectors for several reasons, such as availability, easy renewability, inexpensive, simple separation, high 
yields, and requiring less time to produce [5]. Furthermore, enzymes isolated from microbes such as bacteria and fungi 

are more active and stable than those extracted from plants and mammals [6]. Fungi are popular in the industry because 
of their ability to rapidly break down biomass, improve resource efficiency, reduce greenhouse gas emissions, and 
produce appealing flavors, colors, and textures [7]. Fungi from the genus Aspergillus are the most important sources for 
the commercial production of α-amylase. Some well-known examples are Aspergillus terreus, A. ochraceus, A. tamarii 
MTCC5152, A. flavus AUMC10636, A. niger, A. oryzae, and A. fumigatus [8–14]. Of the various aforementioned sources 
of α-amylase, A. fumigatus is of particular importance since this fungus is known to have a high ability to endure heat, 

grow rapidly in a fundamentally nutrient-rich habitat, and require no special nutrition [15]. With respect to the beneficial 
characteristics of A. fumigatus, in this research production of the α-amylase enzyme from A. fumigatus was carried out 
using the submerged fermentation technique. This method was chosen because it allows more effective interaction 
between the A. fumigatus and the fermentation medium, enhancing the production of α-amylase as a result. 

Regardless of their very important role in industrial processes, enzymes are acknowledged to have some severe 
practical problems. High temperature conditions may cause a change in the three-dimensional structure of the enzyme 

proteins from their original (folding) to their denatured (unfolding) form. This structural change leads to decreased 
catalytic activity, and ultimately the enzyme becomes inactive [16]. Enzymes are sensitive to changes in the pH of their 
surroundings, causing the enzymes to lose their activity when the pH shifts outside of the optimal range. Furthermore, 
there are a number of other constraints associated with the utilization of enzymes in industry, including cost, limited 
availability, solubility in water, which is a particular concern for batch procedures on an industrial scale, contamination 
by other components that alter the reaction, and limited use to only one run. To alleviate the problem associated with the 

water solubility of enzymes, one technique that has been progressively explored is the immobilization method, in which 
the enzyme is attached to a matrix that does not dissolve in the batch, enabling the enzyme to retain its activity. According 
to Mohamad et al., immobilization techniques may be categorized into two broad categories, generally known as 
chemical and physical approaches. The two techniques are distinguished based on the interactions between the enzyme 
and the matrix, in which the physical technique involves non-covalent interactions, whereas the chemical method is 
characterized by the formation of covalent bonds [17]. 

Enzyme immobilization methods can improve enzyme stability under mild conditions and allow the enzyme to be 
reused [18]. The immobilization matrix is heterogeneous materials, making it simple to isolate the products from the 
reaction mixture [19]. According to Zdarta et al., enzyme immobilization is still widely used in industrial processes due 
to its benefits, which include high matrix affinity for enzymes, insolubility in reaction processes, biocompatibility 
properties, the presence of reactive functional groups, availability and less costly, and improved chemical and thermal 
stability [20]. The matrix used as a support substance for enzyme immobilization is progressively expanding. New 

materials, also known as hybrid matrices, which combine materials with various characteristics, have lately demonstrated 
positive results. The goal of this merger is to develop a matrix with superior powers compared to the traditional matrices. 
Hybrid matrices have numerous benefits, including high mechanical strength, thermal and chemical durability, increased 
enzyme catalytic efficiency, improved reaction product quality, and enhanced enzyme binding to the matrix [20]. 

In this study, α-amylase was isolated and immobilized on a bentonite/chitosan matrix utilizing the adsorption 
technique. The goal of this research is to develop a hybrid matrix that is simple to prepare, ecologically benign, 

inexpensive, and reusable for immobilizing α-amylase to improve the stability of the enzyme, which is a very important 
characteristic on an industrial scale. A new hybrid matrix composed of bentonite and chitosan and crosslinked with 
glutaraldehyde, specified as a bentonite/chitosan matrix, was developed and subsequently applied as immobilization 
support for the α-amylase enzyme isolated from A. fumigatus, using the adsorption method. Bentonite has several 
advantages, including a large surface area, high adsorption, chemical and bacterial resilience, and mechanical durability 
[21]. Chitosan, on the other hand, has benefits such as being hydrophilic, biocompatible, and non-toxic [22]. The 

adsorption technique, according to Mohamad et al., has the benefit of being easy and simple [17]. The formation of non-
covalent interactions, such as hydrogen bonds, Van der Waals forces, affinity effects, ionic bonds, and hydrophilicity, is 
a distinguishing trait of the adsorption technique. Furthermore, because the matrix used can be readily separated if the 
enzyme activity is lost, this technique is ideal for lowering manufacturing costs. Once separated, the matrix can be 
repurposed by binding to a new enzyme. Tiarsa et al. found that using a hybrid matrix of bentonite and chitin increased 
the thermal durability of the α-amylase from A. fumigatus by 3.8 times compared to that of the free enzyme [23]. 

Meanwhile, when compared to free enzymes, the use of bentonite alone only increased thermal durability by 2.9 times 
[24]. Previous workers reported that the use of a hybrid matrix of zeolite and chitosan boosted the thermal resistance of 
the A. fumigatus α-amylase by 4.65 times when compared to the free enzyme [25]. 

2- Materials and Methods 

2-1- Materials 

The A. fumigatus was acquired from the Microbiology Laboratory, Department of Biology, University of Lampung. 
Bentonite (Al2O3.4SiO2.H2O), chitosan (deacetylated chitin, poly(D-glucosamine)) with a deacetylation degree of 75%, 
and glutaraldehyde solution (-50 wt.% in H2O) were purchased from Sigma AldrichTM. All of the materials used are of 

pro analysis. 
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2-2- Production and Isolation of α-Amylase from A. fumigatus 

The fermentation media consisted of (NH4)2SO4 3.5 grams, KH2PO4 5 grams, MgSO4.7H2O 0.75 grams, urea 0.75 

grams, CaCl2 0.75 grams, FeSO4.7H2O 0.0125 grams, ZnSO4.7H2O 0.0035 grams, CoCl2 0.005 grams, corn starch 1.875 

grams, and peptone 1.875 grams were dissolved in 250 mL of 0.05 M phosphate buffer with the pH of 6.5. The 

fermentation was carried out for 112 hours at 32°C using the submerged fermentation technique. The α-amylase crude 

extract was isolated by centrifugation at 5000 rpm for 15-20 minutes [25]. The research's flowchart is displayed in Figure 

1. 

 

Figure 1. Flowchart of the research 

2-3- Purification of α-Amylase 

While agitating with a magnetic agitator, enzyme crude extract was steadily supplied with (NH4)2SO4 salt. Cold 

centrifugation at 5000 rpm for 15 minutes was conducted to separate the enzyme precipitate produced in each saturated 

portion of ammonium sulfate from the filtrate. The separated enzyme was placed in a cellophane bag and subjected to 

24 hours dialysis treatment at 4°C using 0.01 M phosphate buffer pH 6.5. During dialysis, the buffer was replaced every 

4-6 hours to decrease the concentration of ions in the cellophane [25, 26]. 

2-4- Activity Test and Protein Content Determination 

The activity of the α-amylase investigated was determined using the iodine and dinitrosalicylic acid methods. The 

iodine method is a useful and practical method to follow a decrease in the quantity of substrate (starch) after the 

hydrolysis process [27], and the dinitrosalicylic acid method is a common method to determine the concentration of 

glucose resulting from the starch hydrolysis process [28]. The Lowry technique was used to measure enzyme protein 

levels [29]. 

2-5- Determination of the Optimum pH 

To find out at what pH the α-amylase exhibited the highest activity, the activity tests for the enzyme sample produced 

from dialysis was conducted at varied pH levels of 5.5; 6.0; 6.5; 7.0; and 7.5. The pH at which the enzyme displayed the 

highest activity was taken as determined. 

2-6- Preparation of Bentonite/chitosan 

A mass of 7.5 g of chitosan was dissolved in 100 mL of 1% acetic acid solution followed by addition of 5 mL of 1 M 

NaOH and 300 mL of distilled water. Into dissolved chitosan a mass of 7.5 g of bentonite was added and the mixture 

was mixed for 24 hours at 120 rpm using an incubator shaker. After the completion of the mixing, an aliquot of 7.5 mL 

of 0.4% (v/v) glutaraldehyde was added. The mixture was then mixed again for 24 hours at 120 rpm using an incubator 

shaker. The precipitate formed was then separated from liquid part and then dried at 65°C, and finally characterized 

using FTIR to determine the chemical groups of the resulting bentonite/chitosan combination [25]. 
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2-7- Determination of Optimal Conditions for Formation of α-Amylase/bentonite/chitosan (α-A/Bt/Ct) 

A mass of 0.2 gram of bentonite/chitosan was stabilized with buffer solutions with varied pHs of 5.5; 6.0; 6.5; 7.0; 

and 7.5, and then a mixture of 0.5 mL of purified enzyme with 0.5 mL of buffer solution was added into 

bentonite/chitosan. The mixture was then centrifuged to separate. The resulting supernatant was then analyzed for 

activity to identify which enzymes were not adsorbed. The activity of the precipitate was determined to identify which 

enzymes were absorbed and attached to bentonite/chitosan. The optimal pH state is described as the activity that gives 

the highest activity [25]. 

2-8- Immobilization of the α-Amylase on Bentonite/chitosan 

0.2 gram of bentonite/chitosan stabilized buffer solution with optimum pH was mixed with 0.5 mL of purified enzyme 

and 0.5 mL of buffer solution with optimum pH. The mixture was then centrifuged to separate the supernatant from the 

precipitate. The precipitate was then reacted with starch (substrate). 

2-9- Determination of Optimum Temperature 

In order to hydrolyse starch into glucose, α-amylase enzymes require elevated temperatures in industry. This is 

because at high temperatures significant interaction between the enzyme and the substrate takes place rapidly. In this 

study, the free α-amylase and α-A/Bt/Ct were subjected to incubation treatment at temperatures in the range of 45 to 

80˚C with 5˚C variation in order to determine the optimum temperature for the enzyme. 

2-10- Determination of Chemical Kinetics 

The Michaelis-Menten constant (KM) and maximum rate of reaction (Vmax) were calculated from the activities of free 

α-amylase and α-A/Bt/Ct against different substrate concentrations of 0.1, 0.2, 0.4, 0.6, and 0.8%, at their optimum 

temperatures. Lineweaver-Burk curve was produced by plotting the rates of the reaction and the concentrations of the 

substrate. The Lineweaver-Burk equation was used to calculate the KM and Vmax values shown in Equation 1. 

1

V
=

1

 Vmax
+

KM

 Vmax
×

1

[S]
  (1) 

where KM is the Michaelis constant; Vmax is the maximum reaction rate; 𝑣 is the initial reaction rate; and [S] is the 

substrate concentration. 

2-11- Determination of Thermal Stability 

Enzyme stability at high temperatures is a major issue because it pertains to enzyme denaturation. The goal of 

temperature stability testing is to identify the immobilized enzyme's resilience to free α-amylase. This technique was 

used to evaluate the residual activity of free α-amylase and α-A/Bt/Ct by changing the incubation duration at 60˚C. 

Incubation times was changed from 0 to 10, 20, 30, 40, 50, 60, 70, and 80 minutes. The residual activity was calculated 

using Equation 2. 

Residual activity (%) = 
Ei

Eo
 × 100% (2) 

where Eo is the residual activity at to and Ei is the residual activity at ti [30]. 

2-12- Determination of the Value of t½, ki, and ΔGi 

The values of the thermal inactivation rate constant (ki) and t½ were determined based on the equation of the first 

order inactivation rate (ki) between the residual activity of the enzyme on to ([E]o) and the activity of the remaining 

enzyme on ti ([E]i) (Equation 3). 

ln (
Ei

Eo
) = – ki × ti (3) 

Equation 4 can be used to determine the free energy changes as a consequence of denaturation (ΔGi) of free α-amylase 

and α-A/Bt/Ct obtained from the thermodynamic equation. 

ΔGi = -RT ln 
ki.h

kb.T
 (4) 

where R is the ideal gas constant (8.315 J K-1 mol-1), T is the absolute temperature (K), ki is the thermal inactivation rate 

constant, h is Planck's constant (6.625×10-34 J sec), and kb is the constant Boltzman (1.381×10-23 J K-1) [31]. 

2-13- Repeated Use 

In this work, the α-A/Bt/Ct was tested 6 times. After each use, the used α-A/Bt/Ct was washed with an optimal pH 

solution and centrifuged. The immobilized enzyme precipitate was then reacted with the new substrate. The residual 

activity (%) of immobilized enzymes was then evaluated and compared before and after 6 repeats [25]. 
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2-14- Statistical Analysis 

Sample measurements were evaluated twice (n=2), and the results are shown in mean standard variation (SD). As a 

result, in addition to ANOVA, the potential of significant variations between samples was tested using the t-test (Paired 

Two Sample for Means). The results are thought to be significant at p 0.05 in order to deny the null hypothesis. 

3- Results and Discussion 

3-1- Isolation and Purification of the α-Amylase from A. fumigatus 

The α-amylase crude extract was obtained by centrifuging the fermented product at 5000 rpm for 15-20 minutes. The 

crude extract was found to have unit activity of 58.81 U mL-1 and a specific activity of 280.05 U mg-1. The crude extract 

was then purified using the (NH4)2SO4 precipitation method and dialysis. With (NH4)2SO4, the precipitation pattern is 0-

20% and 20-85% [17]. Figure 2 depicts the connection between (NH4)2SO4 percent concentration and enzyme specific 

activity. The selection of the 20-85% portion is to reduce wasted enzyme, so that the maximum enzyme is received. The 

20-85% fraction was found to have a unit activity of 389.82 U mL-1 and a specific activity of 1499.30 U mg-1. As a 

result, the purity level of the 20-85% portion is 5.35 times than that of the crude extract. Table 1 shows the findings of 

the purification stage of the α-amylase investigated. 

 

Figure 2. Fractionation scheme using (NH4)2SO4 

Table 1. Table of α-amylase purification from A. fumigatus 

Stage 
Volume 

(mL) 

Unit activity 

(U mL-1) 

Protein content 

(mg mL-1) 

Specific activity 

(U mg-1) 

Total activity 

(U) 

Purity 

level 

Recovery 

(%) 

Enzyme crude extract 2000 58.81 0.21 280.05 117620.00 1.00 100.00 

Fraction of (NH4)2SO4 (20-85%) 70 389.82 0.26 1499.30 27287.40 5.35 23.20 

Dialysis 100 271.58 0.05 5431.60 27158.00 19.40 23.10 

Dialysis for 24 hours with 0.01 M phosphate buffer pH 6.5 removes the (NH4)2SO4 salt at a fraction of 20-85%. 

Because of differences in buffer concentrations, (NH4)2SO4 salts will pass through the semipermeable membrane. After 

dialysis, the enzymes have a greater purity rise than that of the crude extract. This is evidenced by the dialyzed enzyme's 

enhanced specific activity of 5431.60 U mg-1 when compared to the crude enzyme extract. When compared to the crude 

extract, the purified enzyme has a purity level of 19.40 times. According to Table 1, the protein concentration of each 

purification procedure dropped, indicating that the protein impurities has been vanished. In earlier investigations, the 

purity of the dialyzed α-amylase from A. fumigatus was 10 and 14.5 times [24, 25]. In this regard, the results of this 

study indicate that the purity and catalytic activity of α-amylase from A. fumigatus significantly increased compared to 

those reported in previous studies. 

3-2- Determination of the Optimum pH 

The optimum pH for the enzyme investigated was determined by conducting experiments at varied pHs, with the 

results as shown in Figure 3. As can be seen in Figure 3, the highest activity was exhibited by the enzyme at pH = 6.5, 

and slightly declines when the conditions were shifted to neutral condition, followed by quite significant decline at 

0

50

100

150

200

250

300

350

400

0-20 20-85

S
p

e
c
if

ic
 a

c
ti

v
it

y
 (

U
 m

g
-1

)

Percent saturation of (NH4)2SO4



Emerging Science Journal | Vol. 7, No. 5 

Page | 1816 

alkaline conditions, suggesting that the enzyme is unstable in alkaline conditions. Several workers also reported the 

optimum pH at acidic range for α-amylase isolated from different sources. In previous research, Planchot & Colonna 

reported the optimum pH of 5.5 for the α-amylase isolated from A. fumigatus (Aspergillus sp. K-27) is 5.5 [32]. This 

optimum pH is the same for α-amylase isolated from A. fumigatus [33], while the optimum pH of 6.0 was reported by 

Akhter et al. [34] for α-amylase isolated from A. fumigatus Fresenius. The agreement between the optimum pH observed 

in this study and those reported by others confirm that α-amylase enzyme from A. fumigatus tends to work most 

effectively at in acidic conditions, which also implies that the enzyme is stable in acidic environments. 

 

Figure 3. Relationship between pH variations and the activity of the α-amylase units from A. fumigatus (mean ± SD; n = 2; p <0.05) 

3-3- Fourier Transform Infrared (FTIR) Spectrometry Analysis of Bentonite/chitosan 

To identify functional groups of the samples, bentonite, chitosan, and bentonite/chitosan were characterized using 

FT-IR technique, and the resulted spectra are compiled in Figure 4. The FTIR spectrum of is characterized by the 

presence of absorption bands in the range 3,631.96 to 3,448.72 cm-1, assigned to stretching vibration of H-O-H weakly 

bound to the Si-O surface [35]. The H2O bending vibration is indicated by the absorption band at 1,637.56 cm-1 [36]. 

The absorption bands 1045.42, 918.12, and 798.53 cm-1 are associated with Si-O-Si stretching, OH bending, and free Si 

broadening [37, 38]. The band at 623.01 cm-1 is a mix of the Al-O and Si-O vibrational fields [28]. The absorption bands 

at 524.64 and 466.77 cm-1 represent bending modes of Si-O-Al and Si-O-Si [38]. In the spectrum of chitosan, the 

existence of CH3, CH2, CH, NH2, together with primary and secondary OH groups attached to the pyranose ring, as well 

as glycosidic bonds is indicated by absorption peak in the range 1,423.47-617.22 cm-1. Furthermore, the existence of 

C=O in the NHCOCH3 and C-H groups in the pyranose ring is indicated by the absorption bands at 1,656.85 and 2,879.72 

cm-1 [39]. The vibrational strain of the intermolecular and intermolecular hydrogen bonds of the NH2 and O-H groups is 

indicated by a wide band at around 3,448.72 cm-1 [40]. 

 

Figure 4. FTIR spectra of bentonite, chitosan, and bentonite/chitosan 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

5.5 6.0 6.5 7.0 7.5

U
n

it
 a

c
ti

v
it

y
 (

U
 m

L
-1

)

pH variation



Emerging Science Journal | Vol. 7, No. 5 

Page | 1817 

The FTIR spectrum of bentonite/chitosan reveals a mixture of bentonite and chitosan groups. A slightly shift of the 

absorption band in the wave number range of 1047.35-464.84 cm-1 was observed. This region is assigned to stretching 

region of Si-O-Si, the bending of O-H, the widening of free Si, the combining out of the Al-O and Si-O vibrational fields, 

and the bending modes of Si-O-Al and Si-O-Si. The absorption band at 1423.47 cm-1 shifted to 1421.54 cm-1, and the 

absorption band at 1323.47 cm-1 shifted to 1321.24 cm-1, both are associated to CH2 in the CH2OH group and C-H in the 

pyranose ring. Meanwhile, the position of absorption band representing CH3 group of the NHCOCH3 remains unchanged 

(1,379.10 cm-1), and the same is true for the position of the C=O group. The NH2 and O-H groups are responsible for the 

shift from 3,448.72 cm-1 to 3,429.43 cm-1. This shift is due to overlapping as a result of formation of bentonite and 

chitosan composite. After merging with chitosan, the stretching vibration of the H-O-H, which is loosely bound to the 

Si-O surface of bentonite, is no longer evident. This is due to the drying of the material during the synthesis process. 

3-4- Determination of Optimal Adsorption Conditions for α-Amylase with Bentonite/chitosan 

pH is an important parameter in immobilizing enzymes by adsorption because it influences the binding parameters 

between the enzymes and the matrix. Therefore, the performance of the enzyme at different pHs can be used as a base 

to determine the optimum parameters for the adsorption of α-amylase on bentonite-chitosan. Figure 5 demonstrates the 

activity of the α-amylase in the adsorption process at different pH levels. According to Figure 5, the bound enzyme 

exhibited the greatest activity at pH 6.0. In previous study, it was reported that α-amylase from A. fumigatus was 

optimally attached to bentonite as a matrix at pH 7.5 [24]. Electrostatic contact between the positive charge of 

bentonite/chitosan and the negative charge of the enzyme at pH 7.5 is suggested to make the enzyme is adsorbed more 

effectively [23]. However, at neutral pH, the activity of the α-amylase is insufficient, resulting in losses due to reduced 

enzymatic activity. The binding rate at pH 6.0 was 5.37 ± 0.57 times that at pH 7.5. The pH of 6.0 is better because it is 

within the highest working range for the enzyme, so there is no risk of a decline in its catalytic activity. 

 

Figure 5. Correlation between pH variation and adsorption activity of α-amylase from A. fumigatus (mean ± SD; n = 2; p <0.05) 

The optimum pH for contact of the enzyme with the bentonite/chitosan matrix after is 6.0. In previous study, it was 

found that at pH 6.0, the free enzymes exhibited greater activity than that of the enzymes adsorbed on bentonite [24]. In 

the work by Agustine et al., it was reported that the use of core-shell structured aniline formaldehyde crosslinked 

polyaniline magnetic nanocomposite is able to improve the performance of the immobilized α-amylase enzyme in 

alkaline conditions compared to that of free enzyme [41]. In another study it was reported that at pH 4.5, chitosan mixed 

with zeolite binds α-amylase from A. fumigatus optimally [25]. In an acidic environment, the α-amylase from A. 

fumigatus is more active than in an alkaline environment. Wang et al. found similar outcomes when using chitosan mixed 

with haloisite nanotubes to immobilize laccase from Trametes versicolor, with a maximum adsorption state at an acidic 

pH (pH 5), and a drastic decrease in adsorption at a more alkaline pH [42]. It has been demonstrated that combining 

bentonite/chitosan can boost the amount of adsorbed enzymes in the acidic area. This is due to chitosan's unique property, 

which is that under acidic circumstances, the NH2 group in the linear chain changes to NH3 [43]. Acidic pH conditions 

can support the association of negatively charged enzyme groups with positively charged chitosan groups [44, 45]. 

3-5- Determination of Optimal Temperature Conditions 

An optimal temperature is required in the reaction process between the enzyme and the substrate in to produce the 

highest yield. The active site of the enzyme will open and interact well with the substrate at the optimum temperature, 
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resulting in an excellent enzyme-substrate complex. Figure 6 depicts the impact of temperatures on the activity of free 

α-amylase and α-A/Bt/Ct, demonstrating that the optimum temperature for free α-amylase is 50°C while for the 

immobilized enzyme, the optimum temperature of 60°C was observed. In addition to higher optimum temperature, the 

remaining activity of α-A/Bt/Ct was much higher than that of free α-amylase at temperatures ranging from 60°C to 80°C. 

Previous workers suggested that the α-amylase is protected by a matrix on which it is immobilized, which results in 

optimum temperature shifts to higher value and higher activity [46]. 

 

Figure 6. Correlation between temperature variations and free α-amylase and α-A/Bt/Ct activities (mean ± SD; n = 2; p <0.05) 

The change in optimum temperature results in a shift in the optimum conditions for the formation of the enzyme-

substrate complex. Table 2 shows the optimum temperatures for α-amylase in free state and immobilized on various 

matrices used, demonstrating the influence of the matrices used on optimum temperature of the enzyme. According to 

Bodakowska-Boczniewicz and Garncarek, the use of a matrix of chitosan microspheres triggered with glutaraldehyde 

can induce the optimum temperature change of the Penicillium decumbens naringinase from 40 to 70°C [47]. The use of 

gellan-based hydrogel particles to immobilize α-amylase from porcine pancreatic was able to increase the optimal 

temperature from 35 to 60°C [48]. According to Ahmed et al. the use of alginate beads was able to increase the optimal 

temperature of α-amylase isolated from A. terreus from 50 to 60°C [49]. 

Table 2. Optimal temperatures of free and immobilized α-amylase in different matrices 

Host Matrix 
Optimal temperature (°C) 

Reference 
Free α-amylase Immobilizied α-amylase 

A. fumigatus Bentonite 55 70 [24] 

A. fumigatus Zeolite 50 60 [50] 

A. terreus alginate beads 50 60 [49] 

porcine pancreatic gellan-based hydrogel particles 35 70 [48] 

A. fumigatus Zeolite/chitosan 50 55 [25] 

A. fumigatus Bentonite/chitin 55 60 [23] 

A. fumigatus Bentonite/chitosan 50 60 This study 

3-6- Determination of Chemical Kinetics 

The determination of KM and Vmax attempts to determine the maximum reaction rate by determining the 

concentration of the substrate. The KM and Vmax were determined by varying the concentrations of the substrate. 

Figure 7 shows the Lineweaver-Burk equation graph used to calculate the KM and Vmax values. Table 3 shows the 

results of calculating the KM and Vmax values for free α-amylase, as well as the results of immobilization in the 

different matrices used. 
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Figure 7. Lineweaver-Burk plot of free α-amylase and α-A/Bt/Ct from A. fumigatus (mean ± SD; n = 2; p <0.05) 

In Table 3, Vmax value decreased from 52.32 ± 3.29 to 3.78 ± 0.09 μmol mL-1 min-1. The Vmax value of free α-amylase 

was greater than that of immobilized enzyme, suggesting that the free enzyme can hydrolyze a wider range of substrates. 

KM value increased from 1.69 ± 0.08 to 2.56 ± 0.09 mg mL-1 substrate. The high KM value is owing to the reduced 

affinity of the enzyme toward the substrate. The same findings were achieved by Nazarova et al. who used a ceramic 

membrane to immobilize α-amylase from Bacillus subtilis, resulting in a decrease in Vmax and an increase in KM [51]. 

According to Kaushal et al. the catalase immobilized with bentonite and bentonite/chitosan displayed greater KM value 

and a lower Vmax value than those of the unimmobilized enzyme [52]. Because the matrix utilized displaced the substrate 

toward the active site, the Vmax and KM values are altered. As a result, the substrate moving to the active site is obstructed 

by the matrix during the reaction process, reducing its accessibility relative to the free enzyme. According to Califano 

and Costantini (2020), the structural changes that occur when the enzyme is protected by the matrix is due to non-

covalent bonds between the enzyme and the matrix [53, 54]. 

Table 3. KM and Vmax values of free and immobilized α-amylase in different matrices 

Matrix Type 
KM Vmax 

Ref. 
Free α-amylase Immobilized α-amylase Free α-amylase Immobilized α-amylase 

Bentonite 
3.04 ± 1.04 mg mL-1 

subtrate 

8.31 ± 2.67 mg mL-1 

subtrate 

10.90 ± 1.89 μmol 

mL-1 min-1 

1.44 ± 0.30 μmol mL-1 

min-1 
[24] 

Zeolite 
3.478 ± 0.271 mg 

mL-1 subtrate 
11.685 ± 0.183 mg mL-1 

subtrate 
2.211 ± 0.096 

μmol mL-1 min-1 
1.406 ± 0.049 μmol mL-1 

min-1 
[50] 

TiO2/lignin hybrid 11.04 mM 15.03 mM 920 U/mg 855 U/mg [46] 

Chitosan 1.63 mg mL-1 3.51 mg mL-1 
39.68 µmole mL-1 

min-1 
7.05 µmole mL-1 min-1 [55] 

ceramic membrane 4.3 mg mL−1 4.7 mg mL−1 61 (mgenzyme min)−1 45 (mgenzyme min)−1  

Zeolite/chitosan 
3.478 ± 0.271 mg 

mL-1 subtrate 
12.051 ± 4.949 mg mL-1 

subtrate 
2.211 ± 0.096 

μmol mL-1 min-1 
1.602 ± 0.576 μmol mL-1 

min-1 
[25] 

Bentonite/chitin 
3.04 ± 1.04 mg mL-1 

subtrate 

11.57 ± 0.76 mg mL-1 

subtrate 

10.90 ± 1.89 μmol 

mL-1 min-1 

3.37 ± 0.12 μmol mL-1 

min-1 
[23] 

Bentonite/chitosan 
1.69 ± 0.08 mg mL-1 

subtrate 

2.56 ± 0.09 mg mL-1 

subtrate 

52.32 ± 3.29 μmol 

mL-1 min-1 

3.78 ± 0.09 μmol mL-1 

min-1 
This study 

3-7- Determination of Thermal Stability 

Thermal stability was determined by incubating free α-amylase and α-A/Bt/Ct at 60°C for 0, 10, 20, 30, 40, 50, 60, 

70, and 80 minutes. Figure 8 depicts the thermal stability of α-A/Bt/Ct, which is more stable than free α-amylase. The 

residual activity of free α-amylase was 7.42 ± 0.02%, whereas α-A/Bt/Ct has the residual activity of 59.61 ± 043%. α-

A/Bt/Ct demonstrated greater residual activity than free α-amylase during 10 to 80 minutes of incubation. This is because 

the bentonite/chitosan matrix can protect the α-amylase, preventing denaturation of the enzyme [56]. 
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Figure 8. Thermal stability of free α-amylase and α-A/Bt/Ct from A. fumigatus (mean ± SD; n = 2; p <0.05) 

The hydrophilic parts of the enzymes are located on the exterior of the enzymes. In the adsorption technique, 

positively charged hydrophilic moieties such as lysine, histidine, and arginine can interact with bentonite groups such as 

Si-O-Si, O-H, Al-O, Si, and Si-O-Al via non-covalent bonds such as hydrogen bonds, hydrophobic interactions, 

electrostatic interactions, and Van der Waals forces. The oxygen from the bentonite will form a hydrogen connection 

with the NH+
3 group on the lysine, histidine, and argenine. Furthermore, the excess of -OH groups in chitosan can 

enhance associations with enzymes that contain NH2 groups on lysine, histidine, and argenine residues. Table 4 displays 

the findings of immobilization of α-amylase obtained from A. fumigatus on different matrices and the results of 

determining the thermal durability for free α-amylase. Table 4 demonstrates that, when compared to the other matrices, 

the combined bentonite/chitosan matrix has the highest ratio between enzymes that are immobilized and those of free 

enzyme. The binding of enzymes to the matrix leads to better improvement of the stability when hybrid matrices were 

used compared to the single conventional matrices (bentonite and zeolite), the use of hybrid matrices results in a higher 

ratio. This is because the hybrid matrix has thermal and chemical stability, mechanical resistance, and make the enzymes 

bound to the matrix more stable [20]. 

Table 4. Thermal stability values of free and immobilized α-amylase from A. fumigatus in different matrices 

Matrix 
Residual activity (%) 

Ratio Reference 
Free α-amylase Immobilizied α-amylase  

Bentonite 29 56 1,93  [24] 

Zeolite 21.50 ± 0.11* 49.18 ± 0.07* 2.29 ± 0.01*  [50] 

Zeolite/chitosan 21.50 72.28 3.36  [25] 

Bentonite/chitin 30 72 2,40  [23] 

Bentonite/chitosan  7.42 ± 0.02* 59.61 ± 0,43* 8.04 ± 0.04* This study 

* (mean ± SD; n = 2; p <0.05) 

3-8- Determination of the Value of t½, ki, and ΔGi 

The first order thermal deactivation rate was graphed using the measured thermal stability of the enzyme. Figure 

9 displays the curve of In (Ei/E0) for free α-amylase and α-A/Bt/Ct. The slope of the line in Figure 9 represents the 

rate constant of thermal inactivation (ki) and is used to determine the half-life (t½) and the free energy conversion 

due to denaturation (ΔGi). Table 5 displays the t½ and ΔGi values for free and immobilized enzyme. The data in 

Figure 9 demonstrate that free α-amylase has a greater ki value than that of α-A/Bt/Ct. When compared to free α-

amylase, the denaturation rate constant (ki) of immobilized enzyme is smaller, suggesting a slower rate of enzyme 

denaturation. 
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Figure 9. Plot of first-order inactivation rates of free α-amylase and α-A/Bt/Ct of A. fumigatus (mean ± SD; n = 2; p <0.05) 

Table 5. Half-life and ∆Gi values of free and immobilized α-amylase from A. fumigatus in different matrices 

Matrix 
t½ (min) ∆Gi (kJ mol-1) Improved 

stability 
Reference 

Free α-amylase Immobilizied α-amylase Free α-amylase Immobilizied α-amylase 

Bentonite 40.53 ± 1.90 115.50 ± 5.79 104.47 ± 0.13 107.37 ± 0.14 2.9 [24] 

Zeolite 38.75 ± 1.53 92.40 ± 0.00 104.35 ± 1.09 106.76 ± 0.00 2.38 [50] 

Zeolite/chitosan 38.75 ± 1.53 180.03 ± 3.31 104.35 ± 1.09 108.03 ± 0.05 4.65 [25] 

Bentonite/chitin 40.53 ± 1.90 154.00 ± 13.34 104.47 ± 0.13 108.17 ± 0.24 3.8 [23] 

Bentonite/chitosan 21.23 ± 0.23 94.29 ± 0.91 102.68 ± 0.30 104.43 ± 0.00 4.44 ± 0.01 This study 

Table 5 shows that the ΔGi value of α-A/Bt/Ct is larger than that of free α-amylase, in which the ΔGi value of 102.684 

± 0.30 kJ mol-1 was found for the free enzyme, while for α-A/Bt/Ct the ΔGi value is 104.427 ± 0.00 kJ mol-1. A higher 

ΔGi value suggests that the immobilized enzyme is a more stable enzyme and has experienced a lower thermal 

denaturation process. The ΔGi value is determined by stabilizing factors in the enzyme structure, such as hydrogen bonds 

and Vander Waals interactions in the enzyme's 3D structure. In contrast, the lower ΔGi value of free amylase reflects a 

spontaneous thermal denaturation process, implying that free amylase unfolds quicker than α-A/Bt/Ct. If the hydrogen 

bonds and Vander Waals interactions in the enzyme are broken, the enzyme will lose its stabilizing power [56, 57]. The 

non-covalent interaction between the enzyme and the matrix in the adsorption technique protects the enzyme and 

strengthens its structure, preventing denaturation of the enzyme. The α-A/Bt/Ct structure is more rigid, allowing the 

enzyme to live and settle at higher temperatures than free α-amylase. This is demonstrated by the fact that the half-life 

(t½) of α-A/Bt/Ct is 4.44 ± 0.01 times greater than that of free α-amylase. Table 5 demonstrates that the enzyme 

immobilized on the hybrid matrix has significantly higher stability than that immobilized on the traditional matrix. This 

is because the hybrid matrix protects the enzyme better than the traditional matrix, enabling the enzyme to retain higher 

activity. 

3-9- Repeated Use 

The immobilization technique for increasing enzyme stability offers the opportunity for repeat using of the enzyme, 

since the enzymes bound to specific matrices can maintain catalytic activity even after repetitive use. Figure 10 depicts 

the effects of repeated use of α-A/Bt/Ct investigated in this study. 

Table 6 compares the findings of repetitive use of α-amylase immobilized on different matrices used. The process of 

repeated usage results in a reduction of enzyme activity. This is due to enzyme loss after repeated washing, dissolution 

of some of the matrix during the washing process, and denaturation of the enzymes [58]. According to Table 6, using 

chitosan in combination with bentonite can boost the residual activity from the repeated use process. As can be seen, the 

enzyme immobilized on bentonite alone was able to retain the residual activity of only 42%, while the enzyme 

immobilized on bentonite/chitosan was able to retain 47.61 ± 0.53% residual activity. Furthermore, when chitosan is 

combined with bentonite, the recurrent usage of enzymes is increased as compared to bentonite/chitin. This permits the 

NH2 group to better maintain the active group of the enzyme [58]. 
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Figure 10. Repeated use of α-A/Bt/Ct from A. fumigatus (mean ± SD; n = 2; p <0.05) 

Table 6. Repeated use of immobilized enzyme in different matrices 

Enzyme Host Matrix Repeated use Residual activity (%) Reference 

α-amylase A. fumigatus Bentonite 6 42 [24] 

Maltogenic amylase B. lehensis G1 Alginate 8 35 [59] 

Maltogenic amylase B. lehensis G1 Alginate/chitosan 8 21 [59] 

α-amylase A. fumigatus Zeolite/chitosan 5 11 [25] 

α-amylase A. fumigatus Bentonite/chitin 6 38 [23] 

α-amylase A. fumigatus Bentonite/chitosan 6 47.61 ± 0.53* This study 

* (mean ± SD; n = 2; p <0.05) 

4- Conclusion 

The use of bentonite/chitosan matrix as immobilization support was found to effectively improve the stability of 

the α-amylase from A. fumigatus. Purified α-amylase has a purity level of 19.40 times that of crude extract. The 

optimum adsorption conditions between enzymes and bentonite/chitosan in the acidic pH range (phosphate buffer pH 

6) sustain the pH of free α-amylase, minimizing enzyme activity loss. The immobilized enzyme is categorized as 

thermostable, as demonstrated by increasing the optimum temperature from 50 to 60˚C. The immobilized amylase is 

then more stable than free amylase at elevated temperatures (60-80˚C). Following immobilization, the KM and Vmax 

values changed significantly, in which the immobilized enzyme having a greater KM value than that of free enzyme, 

suggesting a lower affinity for the substrate. As a result, the maximum rate (Vmax) is reduced, and a larger quantity of 

substrate is required. The immobilization of A. fumigatus α-amylase on a bentonite/chitosan hybrid matrix improved 

its thermal stability, reusability, and characteristics. The rise in residual activity in the thermal stability test from 7.42 

± 0.02 to 59.61 ± 0.43, or with a ratio of around 8.04 ± 0.04, demonstrated that the α-amylase was protected from 

inactivation by the bentonite/chitosan matrix. The half-life of α-amylase/bentonite/chitosan increased from 21.23 ± 

0.23 minutes to 94.29 ± 0.91 minutes, or by 4.44 ± 0.01 times when compared to free α-amylase. The value of the 

Gibbs free energy (ΔGi) increased from 102.68 ± 0.30 to 104.43 ± 0.00 kJ mol-1, indicating that α-

amylase/bentonite/chitosan was stiffer and more stable than free α-amylase. The immobilized enzyme retained an 

activity of 47.61 ± 0.53% after six successive uses, indicating that it has the ability to be used in industry. As a result, 

this method offers a straightforward and effective method for using bentonite/chitosan hybrids, as well as a possible 

utility as a matrix to support enzyme immobilization. 
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