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Abstract Maltogenic amylase (MAG1) is a potent enzyme that hydrolyzes the glycosidic bond of
polysaccharides to produce malto-oligosaccharides (MOS). However, the MAG1 enzyme has poor
stability and reusability, leading to inefficient MOS production. Enzyme immobilization is a
promising method to solve the enzyme stability problem. Entrapment and encapsulation technique
was used in this study to immobilize MAG1 because of high biocompatibility and prevention of
enzyme degradation, hence lesser loss of enzymatic activity. Chitosan was used as a coating
membrane on the alginate matrix, preventing enzyme leaching from the beads. MAG1 entrapped
in alginate-chitosan beads showed better performance compared to alginate beads in terms of
thermostability, reusability, and enzyme retention. Alginate-chitosan beads showed improvement
of temperature stability of approximately 35%, 30%, and 20% of enzyme activity at a respective
temperature of 30 °C, 40 °C, and 50 °C. Reusability analysis showed immobilized MAG1 can be
used up to at least eight cycles with the retained activity of 80% and 70% from its initial activity for
alginate-chitosan and alginate beads respectively. Enzyme leakage percentage in alginate-
chitosan was 7-21%, while that in alginate was 12-35%. The overall findings envisage the
promising application of alginate-chitosan beads immobilized MAG1 as a biocatalyst for MOS
synthesis.

Keywords: Maltogenic amylase; enzyme immobilization; alginate-chitosan; stability; reusability.

Introduction

An enzyme is a substance that performs catalytic behavior in regulating the rate of chemical reactions.
An enzyme that can catalyze the hydrolysis process of the starch is called amylase. Maltogenic amylase
(MAG1) is a potential catalyst to produce oligosaccharides. Oligosaccharides are carbohydrate polymers
made up of two to ten monosaccharides linked by glycosidic bonds and have been widely used in the
food and pharmaceutical industries. Oligosaccharide is a potential ingredient and highly demanded
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functional food due to its prebiotic properties. The mildly sweet taste with mouth feeling characteristics
of functional oligosaccharides makes it suitable to become a partial substitute for sugars and fats to
improve food texture in the food industry [1]. MAG1 is an amylolytic enzyme belonging to glycosyl
hydrolase family 13 (GH13) which is capable to hydrolyse two or three substrates such as starch,
pullulan, and cyclomaltodextrins (CDs) [2]. MAG1 possesses special physicochemical and catalytic
properties which are capable of hydrolyzing a-1,4- and a-1,6- glycosidic bonds and transglycosylation of
oligosaccharides to form various lengths of sugar molecules [3]. Compared to typical a-amylase which
hydrolyze starch efficiently, maltogenic amylase exhibits the highest hydrolytic affinity to
cyclomaltodextrins as the substrates.

MAG1 is widely used as a biocatalyst in the field of bioprocess technology. Due to the large extent of
commercialization of biocatalysts in industry, the reusability of biocatalyst has become a crucial factor to
be considered despite its expensiveness. Besides that, the maintenance of their structural stability during
any biochemical reaction is challenging because the unstable biocatalyst cannot withstand high
temperatures and unsuitable pH values. So, enzyme immobilization techniques have received great
attention from every industrial sector to enhance the reproducibility and stability of biocatalysts. Enzyme
immobilization techniques include adsorption, entrapment, encapsulation, cross-link, and covalent
bonding. The bonding interactions formed between these techniques are different. Carrier materials are
one of the factors contributing to the development of immobilized enzymes in enhancing their stability
and reactivity [4].

Carrier material for enzyme immobilization can be classified as organic, inorganic, and composite. The
types of carrier material are important to give a strong effect to produce a highly efficient catalytic system.
The carrier can protect enzymes from being damaged in harsh reaction conditions so that the enzyme
can retain its high catalytic activity. Biopolymer is one of the suitable carrier materials that has been
widely used in enzyme immobilizations. Biopolymer is a renewable material that is obtained from natural
sources. The characteristics of biopolymers are renewable, abundant in nature, non-toxic, biodegradable
to harmless products, and biocompatible, which makes them suitable to become a support for enzymes
[5]. The examples of biopolymers used in enzyme immobilization techniques are chitin, chitosan, and
alginate.

Sodium alginate is a widely used polymer for entrapment techniques. It is known as a biodegradable
substance and a controllable porosity substance. Calcium alginate is frequently used as the carrier
material for immobilized enzymes because it can increase adhesion and proliferation by cross-linking
the carboxyl group of alginates with cross-linker such as calcium chloride or barium chloride. However,
due to the low mechanical strength of calcium alginate, there is still enzymatic leakage occurred.
Previously, a study from Nawawi, et al. [6] reported that entrapment of MAG1 in calcium alginate caused
enzyme leakage which resulted in low entrapment efficiency. Hence, another method needs to be
developed to prevent enzyme leakage and enhance the mechanical strength of the carrier material.
Special attention should be paid to chitosan which is normally used in immobilization as a coating
material to improve the mechanical stability and efficiency of the carrier material (Zdarta et al., 2018).
Chitosan is another natural polymer that will provide support due to biocompatibility, biodegradability,
and non-toxic. In this study, MAG1 is entrapped, localized, and protected in the alginate core matrix,
while the chitosan shell encapsulated the alginate core that protects the enzyme from leakage and
strengthens the beads while regulating the entry and exit of substrate and product. The present work
introduces a novel chitosan-coated immobilized MAG1 in calcium alginate to improve enzyme retention
and stability. To the best of our knowledge, thus far, there is no study published on the MAG1 co-
immobilized in calcium alginate and chitosan. The study was conducted to develop a robust biocatalyst
with enhanced enzymatic retention, low enzyme leakage as well as highly reusable that is important for
industrial applications.
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Materials and methods

Materials

Recombinant MAG1 [2] from Bacillus lehensis G1 was used throughout the study. In this study,
chemicals such as sodium alginate, chitosan, and calcium chloride were purchased from Sigma Aldrich
(Missouri, USA), Merck (Darmstadt, Germany), and Thermo Fisher Scientific (Massachusetts, USA).

Enzyme immobilization

Maltogenic amylase (MAG1) enzyme was expressed according to the previous method by Abdul Manas,
et al. [2]. The preparation of alginate core (alginate beads) is conducted according to the method as
described by Nawawi, et al. [6] where sodium alginate solution was prepared by mixing it with deionized
distilled water and stirred until complete dissolution. About 2 mg/mL of maltogenic amylase enzyme was
added to 2.5% (w/v) sodium alginate solution. The solution was extruded by syringe into 0.6% (w/v)
calcium chloride solution for beads formation. After 30 min, the beads were washed thrice with 100 mL
distilled water. Then, alginate beads were dispersed into (1%, 2%, 3% and 4%) w/v chitosan in 0.1 M
acetic acid solution to encapsulate the beads and left it for another 30 min, producing MAG1 immobilized
into alginate-chitosan beads. The concentration of chitosan was optimized depending on the enzyme
activity and compared with the alginate beads in terms of enzyme relative activity. The immobilization
was carried out at 4°C to avoid enzyme degradation.

Enzyme activity determination

The enzyme activity of MAG1 was measured using the dinitrosalicylic acid (DNS) method [7]. For free
MAG1, a mixture of 100 pyL of maltogenic amylase enzyme, 250 pL of 1% wi/v B-cyclodextrin (B-CD)
dissolved in 50 mM potassium phosphate buffer pH 7.0, and 150 pL of 50 mM potassium phosphate
buffer pH 7.0 were incubated at 40°C for 10 min. For immobilized MAG1, 3 beads of immobilized MAG1
were added in 250 pL of 50 mM potassium phosphate buffer pH 7.0 and 250 pL of 1% w/v B-CD before
incubation at 40°C for 10 min. After incubation, the reaction solution was added by 500 uL DNS reagent
and boiled for 5 min. The mixture was cooled to room temperature, and the absorbance at 575 nm was
read relative to a maltose standard using a UV-VIS spectrophotometer. One unit of enzyme activity is
defined as the amount of enzyme required to produce 1 umol maltose per minute under the optimum
conditions.

Morphological and chemical composition analysis

Immobilized maltogenic amylase in alginate and alginate-chitosan beads were freeze-dried at —70 °C
under vacuum for 4 h and sputter-coated with platinum before examination using scanning electron
microscopy (SEM) (JSM-6390LV, JEOL Ltd., Tokyo, Japan). The chemical compositions of immobilized
MAG1 were observed using Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer, Ohio, USA).
Potassium bromide (KBr) powder was mixed with the freeze-dried beads and compressed into discs.
The absorbance percentage was observed at 5004000 cm™™.

Stability analysis

The thermal stability was evaluated by pre-incubating the immobilized MAG1 into alginate and alginate-
chitosan beads in 50 mM potassium phosphate buffer (pH 7.0) without substrate at different
temperatures, 30 °C, 40 °C, 50 °C for 10 min until 50 min [8]. The relative enzymatic activity was
determined by a DNS assay with MAG1 immobilized into alginate beads as control.

Enzyme leaching analysis

Developed beads were incubated in 50 mM potassium phosphate buffer (pH 7) for 30 min intervals for
each cycle. Enzyme leaching analysis was measured by Bradford assay [9] with Bovine serum albumin
(BSA) as a standard and absorbance reading was measured at a wavelength of 595 nm using a UV-VIS
spectrophotometer. The enzymatic activity was determined and the percentage of leaching was
calculated by using Equation (1) [10].
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Free enzyme activit:
L (%) = i — % 100% (1)
Enzyme activity in beads used in leaching analysis

Reusability of immobilized MAG1 enzyme

The reusability of the immobilized enzyme was evaluated by the repeated use in the -CD hydrolysis
reaction. After each cycle of reaction, the immobilized MAG1 were washed with distilled water and used
for the next reaction using a fresh reaction medium. The enzyme activity for the first cycle was set as
100% and measured as relative activity.

Results and discussion

Optimization of alginate-chitosan beads

Factors affecting the formation of alginate core such as sodium alginate concentration, calcium chloride
concentration, and curing time have been optimized previously by Nawawi, et al. [6]. In immobilizing
MAG1 into alginate-chitosan beads, the concentration of chitosan was optimized as chitosan had a
significant protective role against external damages in immobilized MAG1 with a layer-by-layer approach.
This sustained the permeation of small molecules, while it trapped larger molecules. Figure 1 shows the
best concentration of chitosan shell was 3% w/v. The 3% chitosan developed the suitable membrane
which allows substrate 3-CD to diffuse through and prevent enzyme leaching from the beads. When the
chitosan concentration was increased over 3% w/v, B-CD diffusion was limited due to the compact
structure of the chitosan membrane, thus reducing enzyme activity. In contrast, if chitosan concentration
was reduced below 3% w/v, there were more porous structures formed on the coated layer of chitosan
causing the enzyme to easily leach out. Few studies of enzyme immobilization reported that 2.5%, 3%,
and 2% (w/v) of chitosan were the optimum concentration for enzyme laccase, a-amylase, and
metalloprotease, respectively [11-13].

100

95

90
85
80
1 2 3 4

Concentration of chitosan bound (% (w/v))

Relative activity (%)

Figure 1. Optimization of chitosan concentration on immobilized MAG1 on 2.5% (w/v) sodium alginate,
0.6% (w/v) calcium chloride and 30 min curing time. Relative activity was calculated by enzyme assay
and the error bars represented the standard deviation of triplicate experiments.

Physical characterization and chemical composition analysis

The cross-section of alginate and alginate-chitosan beads were characterized by scanning electron
microscopy as represented in Figure 2(a) and Figure 2(b) respectively. Experimentally, MAG1 was
entrapped and presented in alginate core as illustrated in Figure 2(a) and Figure 2(b). Based on the
morphology, the structure of alginate beads [Figure 2(a)] was observed to be rough and porous that
similarly described by Nawawi, et al. [6]. This morphology structure was observed evenly distributed on
the whole bead. In contrast, alginate-chitosan beads [Figure 2(b)] developed two distinct structures
consisting of a rough outer structure of chitosan layer and porous structure of alginate core, similarly as
viewed by Dhillon, et al. [14]. The distinct morphology structure of alginate-chitosan beads proved the
successful coating of chitosan on the outer surface of alginate beads.
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Figure 2. Morphology of immobilized (a) MAG1 in alginate beads for x1000 magnification and (b) immobilized MAG1
in alginate-chitosan beads for x1000 magnification

The chemical compositions of entrapped MAG1 in alginate and alginate-chitosan beads were observed
using FTIR analysis as shown in Figure 3. The complexed material of alginate-chitosan has a more
intense band at about 3294.42 cm™ and 3327.21 cm-! which is caused by intermolecular bond formation
between —OH and —NH> group in chitosan and —C=0 and —OH groups of calcium alginate. This band
indicates an increase in the concentration of NH, groups which may be due to less enzyme leakage and
more enzyme entrapped in the beads. However, alginate-chitosan beads have a lower peak compared
to alginate beads due to the unavailability of -OH and —NH. groups of chitosan that are unable to form
a bond with calcium alginate. These results corroborate those found by Kulig, et al. [15] and Pereira, et
al. [16].
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Figure 3. Fourier-transform infrared (FTIR) spectroscopy of immobilized MAG1 in (a) alginate, labeled
in blue, and (b) alginate-chitosan, labeled in red.

The reading of 1597.06 cm™ for alginate bead is also within the absorption range which is usually seen
between 1649 cm™ and 1652 cm™ and 1558-1598 cm™', corresponding to C-O stretching (amide 1) and
N-H bending (amide Il) respectively, which was confirmed by Smitha, et al. [17], Batista, et al. [18], Brena,
etal. [19], Leceta, et al. [20]. Thus, the overlapping of the band created a strong peak which was 1597.06
cm™'. As chitosan was not involved in cross-linking with the alginate beads, the peak does not exist within
the range of 1649 cm™', 1652 cm, and 1558- 1598 cm" for alginate-chitosan beads.

It was identified that there was a spectrum of the produced biocatalytic immobilization system that
contains signals characteristic for MAG1 which was successfully deposited on the surface of the support
material. This was proven by the presence of a peak at 1415.75 cm™ in alginate beads, which indicated
that there were changes in the intensity of signals, which is also supported by Zdarta, et al. [21]. Besides,
absorption bands were observed at 1024.20 cm™ shows the characteristics of the polysaccharide
structure [17, 18].
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Thermal stability analysis

Generally, the immobilized MAG1 was more stable due to a higher resistance against thermal
denaturation compared to the free MAG1. Experimental results in Figure 4 confirmed that the
immobilization process namely entrapment and encapsulation improved the thermal stability of MAG1.
Thermal denaturation occurred at the high temperature and caused unit activity to drop. It was seen that
alginate-chitosan beads retained the highest activity at 30 °C, 40 °C, and 50 °C after 50 min of incubation,
with relative activity of 88%, 85%, and 78% respectively. Similarly, immobilized inulinase which
immobilized onto alginate-chitosan beads had retained 86.5% activity at 50°C even after 4 hr [22]. The
increased stability observed with alginate-chitosan beads was probably due to the solid core that reduces
the mobility of the enzyme, thus shielding it from the effects of the environment. Besides, alginate-
chitosan beads have a protective layer that can protect MAG1 from high temperatures and also decrease
the conformational flexibility for the immobilized enzyme [23]. The coating can reduce the permeability
of the beads, therefore increasing the stability under harsh conditions, such as high temperature [24,
25]. Alginate beads retained lesser relative activity which was 83%, 75%, and 60% at temperatures 30°C,
40°C, and 50°C after 50 min, respectively as compared to alginate-chitosan beads. As there was no
boundary coated layer near the surface of alginate beads, the substrate concentration at the surface
may differ from the substrate concentration in the bulk fluid, which potentially does not withstand higher
temperatures for a longer period. The free MAG1 was inactive and decreased sharply as observed in
Figures 5, 6, and 7 which showed relative activity of 48%, 43%, and 40% at temperatures 30°C, 40°C,
and 50°C, respectively after 50 min. Studies had discussed that immobilized MAG1 increased the
stability of enzyme compared to free MAG1 because the multipoint attachment led to an improved
denaturation resistance of the immobilized MAG1 against a range of temperature changes. Hence, the
immobilization method preserved the MAG1 enzymatic activity.
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Figure 4. Temperature stability of immobilized MAG1 alginate (e), alginate-chitosan (m), and free MAG1 (A) at
(a) 30°C, (b) 40°C, and (c) 50°C. Relative activity was calculated by enzyme assay. The error bars represented
the standard deviation of triplicate experiments.

Enzyme leaching analysis

MAG1 was encapsulated within alginate-chitosan beads to create an intracellular environment for the
enzymes, preventing them from leaching out or coming into direct contact with the external environment.
However, there was a possibility that enzyme leaching occurred on immobilized MAG1 after the 8th time
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of repeated usage. The leaching analysis of immobilized MAG1 after the 8th cycle for each interval of
30 min for alginate and alginate-chitosan beads is shown in Figure 5. For MAG1 entrapped in alginate
beads, leaching activity ranged from 12-35%. The initial burst leaching of enzymes might have been
caused by the leaching of enzymes near the bead surface. Alginate at the surface has a very low content
of negative charges and cannot interact strongly either with calcium or positively charged chitosan [26].
The leaching of encapsulated alginate coated with chitosan was quite low in the range of 7-21%. There
was a clear decline in the leaching of encapsulated enzymes in alginate-chitosan beads, enhancing the
exchange of sodium ions from glucuronic acid with the divalent cations during gelation [27]. This resulted
in a denser matrix structure and a reduction in leaching. The chitosan-coated could reduce the pore size
of the alginate gel matrix and improve the thickness of the gel membrane between the amine group and
the carboxyl group of alginate [28]. Similarly in a study, the encapsulated protease onto calcium alginate-

chitosan beads and calcium alginate-xanthan gum beads had a low leaching percentage of 8.1% and
6.2% [10].

40 ® Alginate-chitosan [ Alginate

30
20

10

Leakage activity (%)

Reaction cycle

Figure 5. Leaching analysis of immobilized MAG1 after 8th cycle for each interval of 30 min alginate (o)
and alginate-chitosan (m). The error bars represented the standard deviation of triplicate experiments.

Reusability

Figure 6 shows the relative activities of the alginate beads and alginate-chitosan beads for 8 consecutive
usages. The free MAG1 can be used only once due to poor enzyme recovery and poor stability while
immobilized MAG1 can be used up at least 8 times. MAG1 in alginate-chitosan beads retained 80%
relative activity while MAG1 in alginate beads retained 70% relative activity. As observed, immobilized
alginate beads have retained lesser enzymatic activity which was 10% than that of immobilized alginate-
chitosan beads. This is because the core and shell of the structure of the alginate-chitosan bead prevent
the motility of the enzyme out of the immobilized cell and thus enzyme leakage is avoided.

120 B Alginate-chitosan EAlginate
100
80
60
40
20

Relative activity (%)

Number of cycle

Figure 6. Reusability of immobilized MAG1. The error bars represented the standard deviation of
triplicate experiments.
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Similar results were observed from other immobilization studies where alginate beads were coated with
chitosan to prevent enzyme leakage by using a different enzyme [22, 29]. Hence, it reveals that
immobilized MAG1 has good operational stability. On the study of immobilization of a-amylase onto the
calcium alginate, it retained its activity after the 5th cycle [30]. As reported by Abd Rahim, et al. [31], o-
amylase which was immobilized on calcium alginate had retained 51.77 % activity after the 7th cycle.

Conclusions

Encapsulation represents the best alternative to preserve MAG1 enzymatic activity for MAG1
immobilization. Chitosan and sodium alginate are used due to their biocompatibility, renewable source,
and abundance in nature. Alginate-chitosan beads could be used up to eight cycles of reaction and
retained 80% relative activity with leakage activity of 7-21%. This research had successfully developed
a novel chitosan-coated immobilized MAG1 in alginate. The coating provides a protective layer that
creates a microenvironment and gives inclusion to immobilized MAG1, improving the enzyme stability
and preventing enzyme leakage. This improves the enzymatic performance in terms of reusability and
stability which are crucial factors for its application.

Conflicts of interest

The authors declare that there is no conflict of interest regarding the publication of this manuscript.

Funding statement

This study was financially supported by Universiti Teknologi Malaysia and the Ministry of Higher
Education Malaysia’s Fundamental Research Grant Scheme [Grant no. FRGS/1/2020/TKO/UTM/02/6].

References

[1]  ©O.O. Ibrahim, "Functional Oligosaccharides: Chemicals Structure, Manufacturing, Health Benefits, Applications
and Regulations," J Food Chem Nanotechnol vol. 4, no. 4, pp. 65-76, 2018.

[21 N. H. Abdul Manas, M. A. Jonet, A. M. Abdul Murad, N. M. Mahadi, and R. M. lllias, "Modulation of
transglycosylation and improved malto-oligosaccharide synthesis by protein engineering of maltogenic amylase
from Bacillus lehensis G1," Process Biochemistry, vol. 50, no. 10, pp. 1572 - 1580, 2015.

[3] T.J.Kim, M. J. Kim, B. C. Kim et al., "Modes of action of acarbose hydrolysis and transglycosylation catalyzed
by a thermostable maltogenic amylase, the gene for which was cloned from a Thermus strain," Appl Environ
Microbiol vol. 65, pp. 1644 - 1651, 1999.

[4] N.R.Mohamad, N. H. C. Marzuki, N. A. Buang, F. Huyop, and R. A. Wahab, "An overview of technologies for
immobilization of enzymes and surface analysis techniques for immobilized enzymes," Biotechnology &
Biotechnological Equipment, vol. 29, no. 2, pp. 205-220, 2015/03/04 2015.

[5] B. Krajewska, "Application of chitin- and chitosan-based materials for enzyme immobilizations: a review,"
Enzyme and Microbial Technology, vol. 35, no. 2, pp. 126-139, 2004/08/05/ 2004.

[6] N. N. Nawawi, Z. Hashim, R. A. Rahman et al., "Entrapment of porous cross-linked enzyme aggregates of
maltogenic amylase from Bacillus lehensis G1 into calcium alginate for maltooligosaccharides synthesis,"
International Journal of Biological Macromolecules, vol. 150, pp. 80-89, 2020/05/01/ 2020.

[7]1  G. L. Miller, "Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar," Analytical Chemistry,
vol. 31, no. 3, pp. 426-428, 1959/03/01 1959.

[8] N.N.Nawawi, Z. Hashim, N. H. Abdul Manas, N. |. Wan Azelee, and R. M. lllias, "A porous-cross linked enzyme
aggregates of maltogenic amylase from Bacillus lehensis G1: Robust biocatalyst with improved stability and
substrate diffusion," International Journal of Biological Macromolecules, vol. 148, pp. 1222-1231, 2020.

[91 M. M. Bradford, "A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing
the Principle of Protein-Dye Binding," Analytical Biochemistry, vol. 72, no. 1 - 2, pp. 248 - 254, 1976.

[10] T.Thuand W. Krasaekoopt, "Encapsulation of protease from Aspergillus oryzae and lipase from Thermomyces
lanuginoseus using alginate and different copolymer types," Agriculture and Natural Resources, vol. 50, 2016.

[11] M.Bilal, Z. Jing, Y. Zhao, and H. Igbal, "Immobilization of fungal laccase on glutaraldehyde cross-linked chitosan
beads and its bio-catalytic potential to degrade bisphenol A," Biocatalysis and Agricultural Biotechnology, vol.
19, p. 101174, 05/01 2019.

[12] S. D. Giir, N. idil, and N. Aksdz, "Optimization of Enzyme Co-Immobilization with Sodium Alginate and
Glutaraldehyde-Activated Chitosan Beads," Applied Biochemistry and Biotechnology, journal article vol. 184,
no. 2, pp. 538-552, February 01 2018.

[13] S. T. Silveira, S. Gemelli, J. Segalin, and A. Brandelli, "Immobilization of keratinolytic metalloprotease from
Chryseobacterium sp. strain kr6 on glutaraldehyde-activated chitosan," J Microbiol Biotechnol vol. 22, no. 6, pp.

50



MJFAS

Kumar et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 18 (2022) 43-51

[14]
[19]

[16]

[17]
[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]

818 - 825, 2012.

G. S. Dhillon, S. Kaur, and S. K. Brar, "Facile fabrication and characterization of chitosan-based zinc oxide
nanoparticles and evaluation of their antimicrobial and antibiofilm activity," Int Nano Lett, vol. 4, no. 107, 2014.
D. Kulig, A. Zimoch-Korzycka, A. Jarmoluk, and K. Marycz, "Study on Alginate—Chitosan Complex Formed with
Different Polymers Ratio," Polymers, vol. 8, no. 5, p. 167, 2016.

A. d. S. Pereira, M. M. Diniz, G. De Jong et al., "Chitosan-alginate beads as encapsulating agents for Yarrowia
lipolytica lipase: Morphological, physico-chemical and kinetic characteristics," International Journal of Biological
Macromolecules, vol. 139, pp. 621-630, 2019/10/15/ 2019.

B. Smitha, S. Sridhar, and A. A. Khan, "Chitosan—sodium alginate polyion complexes as fuel cell membranes,"
European Polymer Journal vol. 41, no. 8, pp. 1859 - 1866, 2005.

M. K. S. Batista, L. F. Pinto, C. A. R. Gomes, and P. Gomes, "Novel highly-soluble peptide—chitosan polymers:
Chemical synthesis and spectral characterization," Carbohydrate Polymers, vol. 64, no. 2, pp. 299 - 305, 2006.
B. Brena, P. Gonzalez-Pombo, and F. Batista-Viera, Immobilization of enzymes: a literature survey.
(Immobilization of enzymes and cells. Methods in Molecular Biology (Methods and Protocols)). Humana Press,
Totowa, NJ, 2013.

I. Leceta, P. Guerrero, and K. de la Caba, "Functional properties of chitosan-based films," Carbohydrate
Polymers, vol. 93, no. 1, pp. 339 - 346, 2013.

J. Zdarta, A. Jedrzak, t. Klapiszewski, and T. Jesionowski, "Immobilization of cellulase on a functional
inorganic—organic hybrid support: Stability and kinetic study," Catalysts, vol. 7, no. 12, p. 374, 2017.

J. Missau, A. J. Scheid, E. L. Foletto et al., "Immobilization of commercial inulinase on alginate—chitosan beads,"
Sustainable Chemical Processes, vol. 2, no. 1, p. 13, 2014/05/27 2014.

J. S. Lee, D. S. Cha, and H. J. Park, "Survival of freeze-dried Lactobacillus bulgaricus KFRI 673 in chitosan-
coated calcium alginate microparticles," Journal of Agricultural and Food Chemistry, vol. 52, no. 24, pp. 7300 -
7305, 2004.

M. T. Cook, G. Tzortzis, D. Charalampopoulos, and V. V. Khutoryanskiy, "Production and evaluation of dry
alginate-chitosan microcapsules as an enteric delivery vehicle for probiotic bacteria," Biomacromolecules vol.
12, no. 7, pp. 2834 - 2840, 2011.

T. Heidebach, P. Forst, and U. Kulozik, "Microencapsulation of Probiotic Cells for Food Applications," Critical
reviews in food science and nutrition vol. 52, no. 4, pp. 291 - 311, 2012.

A. Blandino, M. Maci‘as, and D. Cantero, "Glucose oxidase release from calcium alginate gel capsules,”
Enzyme and Microbial Technology, vol. 27, no. 3 - 5, pp. 319 - 324, 2000.

N. Sheela, B. Vijayakumar, K. Bhaskar Reddy et al., "Design and characterization of novel calcium
alginate/xanthan gum beads of ketoprofen," J. Pharm. Res, vol. 4, no. 10, pp. 3750 - 3752, 2011.

0. Gasergd, O. Smidsrgd, and G. Skjak-Breek, "Microcapsules of alginate-chitosan — I: A quantitative study of
the interaction between alginate and chitosan," Biomaterials, vol. 19, no. 20, pp. 1815-1825, 1998/10/01/ 1998.
X. Wang, K.-X. Zhu, and H.-M. Zhou, "Immobilization of glucose oxidase in alginate-chitosan microcapsules,"
(in eng), International journal of molecular sciences, vol. 12, no. 5, pp. 3042-3054, 2011.

H. S. Raghu and R. Achur, "Immobilization of a- amylase (1, 4-a-D-glucanglucanohydralase) by calcium alginate
encapsulation," International Food Research Journal, vol. 22, pp. 869-871, 01/01 2015.

S. N. Abd Rahim, A. Sulaiman, F. Hamzah et al., "Enzymes encapsulation within calcium alginate-clay beads:
Characterization and application for cassava slurry saccharification," presented at the The Malaysian
International Tribology Conference 2013, MITC2013 2013.

51



