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ABSTRACT 

Starches in various forms are extensively utilized industrially for a variety of 

purposes. Malto-oligosaccharides (MOS) can be synthesized by maltogenic amylase 

(MAG1) from starch. However, using maltogenic amylase alone has significant 

drawbacks, including inadequate specificity for starch and low MOS yield. 

Cyclodextrin glucanotransferase (CGTase) can convert starch to cyclodextrins, the 

preferred substrates for MAG1. Employing the substrate diversity of MAG1 and 

CGTase, the use of both enzymes could provide a new synthesis pathway for MOS 

from a low-cost and widely available starch. Although free enzymes can be used to 

produce MOS, this method is hindered by low enzyme recovery and lack of enzyme 

stability, making it unsuitable for industrial applications. Enzyme immobilization 

strategy was used in this study to alleviate these disadvantages. Entrapment 

immobilization technique that uses calcium alginate (CA) beads were developed to 

improve the stability and reusability of free MAG1 and CGTase. Factors affecting 

the formation of the beads for both CA-MAG1 and CA-CGTase were investigated.  

These include sodium alginate concentration, calcium chloride concentration and 

enzyme loading. The highest activity recovery of CA-MAG1 was obtained with 75 U 

MAG1 loading, 2 % (w/v) sodium alginate, and 0.8 % calcium chloride that yielded 

88.06 % of activity recovery. Meanwhile, the optimum conditions for CA-CGTase 

were achieved at 1000 U CGTase loading with 2.5 % (w/v) sodium alginate and 0.8 

% calcium chloride exhibited 89.45 % activity recovery. CA-MAG1 retained 41 % 

of the initial activity after 60 min incubation at 45 °C compared to free MAG1 in 

which the activity dropped after 10 min of incubation. After incubation for an hour at 

70 °C, CA-CGTase retained 44 % of its initial activity compared to 11 % of free 

CGTase. A kinetic study discovered that CA-MAG1 and CA-CGTase have shown a 

relatively high affinity towards starch, with Km value of 6.86 mM. Moreover, the 

developed beads revealed low enzyme leaching and were able to be reused up to 8 

cycles with more than 50% of activity retention. Starch hydrolysis reactions were 

carried out by two-steps and one-pot methods. For the two-steps method, MOS yield 

of 183.82 mg/g was obtained when 3 U MAG1 loading, 10 U CGTase loading, 2 % 

(w/v) of starch, and a total reaction of 5 h. With a 2 h reaction time, MAG1 loading 

to CGTase loading in a 3 U: 7 U ratio, and 1.5 % (w/v) starch loading, the one-pot 

technique provided 190.48 mg/g of MOS, which was 0.97-fold more than the two-

steps method. The entrapment method used to produce CA-MAG1 and CA-CGTase 

have proven to be a viable strategy for developing stable and reusable enzymes that 

are potentially useful biocatalysts for starch conversion in MOS production. 
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ABSTRAK 

Kanji dalam pelbagai bentuk digunakan secara meluas secara industri untuk 

pelbagai tujuan. Malto-oligosakarida (MOS) boleh dihasilkan oleh amilase 

maltogenik (MAG1) daripada kanji. Walaubagaimanapun, penggunaan MAG1 

sahaja mempunyai kelemahan yang ketara, iaitu kekhususan yang tidak mencukupi 

untuk kanji dan penghasilan MOS yang rendah. Glukanotransferase siklodekstrin 

(CGTase) pula boleh menukarkan kanji kepada sikoldekstrin, substrat pilihan bagi 

MAG1. Menggunakan kepelbagaian substrat MAG1 dan CGTase, penggunaan 

kedua-dua enzim boleh menyediakan laluan sintesis baharu bagi penghasilan MOS 

daripada kanji dengan kos yang rendah. Walaupun enzim bebas boleh digunakan 

untuk menghasilkan MOS, kaedah ini tidak realistik kerana perolehan enzim yang 

rendah dan kekurangan kestabilan enzim, menjadikannya tidak sesuai untuk aplikasi 

perindustrian. Strategi imobilisasi enzim digunakan dalam kajian ini untuk 

mengurangkan kelemahan ini. Teknik imobilisasi pengepungan yang menggunakan 

manik kalsium alginat (CA) telah dihasilkan untuk meningkatkan kestabilan dan 

kebolehgunaan semula MAG1 dan CGTase bebas. Faktor-faktor yang mempengaruhi 

pembentukan manik bagi CA-MAG1 dan CA-CGTase telah disiasat. Faktor tersebut 

ialah kepekatan natrium alginat, kepekatan kalsium klorida dan pemuatan enzim. 

Perolehan aktiviti tertinggi CA-MAG1 diperoleh dengan 75 U MAG1, 2 % (w/v) 

natrium alginat, dan 0.8 % kalsium klorida yang menghasilkan 88.06 % perolehan 

aktiviti. Sementara itu, keadaan optimum untuk CA-CGTase dicapai pada 1000 U 

CGTase dengan 2.5 % (w/v) natrium alginat dan 0.8 % kalsium klorida 

mempamerkan 89.45 % perolehan aktiviti. CA-MAG1 mengekalkan 41 % daripada 

aktiviti sebenar selepas 60 min inkubasi pada 45 °C berbanding MAG1 bebas di 

mana aktiviti itu menurun selepas 10 minit inkubasi. Selepas inkubasi selama sejam 

pada 70 °C, CA-CGTase mengekalkan 44% daripada aktiviti sebenarnya berbanding 

11 % daripada CGTase bebas. Kajian kinetik mendapati bahawa CA-MAG1 dan CA-

CGTase telah menunjukkan pertalian yang agak tinggi terhadap kanji, Km = 6.86 

mM. Selain itu, CA-MAG1 dan CA-CGTase dapat digunakan semula sehingga 8 

kitaran dengan lebih daripada 50 % pengekalan aktiviti. Tindakan hidrolisis kanji 

dilakukan oleh kaedah dua langkah serentak dan serentak. Untuk kaedah dua 

langkah, hasil MOS sebanyak 183.82 mg/g diperoleh apabila 3 U MAG1, 10 U 

CGTase, 2 % (w/v) kanji, dan jumlah tindakan 5 jam. Dengan masa tindak balas 2 

jam, MAG1: CGTase dalam nisbah 3 U: 7 U, dan kanji 1.5 % (w/v), teknik serentak 

menghasilkan 190.48 mg/g MOS, iaitu 0.97 kali ganda lebih banyak daripada kaedah 

dua langkah. Kaedah pengepungan yang digunakan untuk menghasilkan CA-MAG1 

dan CA-CGTase telah terbukti sebagai strategi yang baik untuk menghasilkan enzim 

yang stabil dan boleh diguna semula yang berpotensi sebagai biomangkin untuk 

penghasilan MOS daripada kanji.    
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  CHAPTER 1

 

 

INTRODUCTION 

 Background of Study 1.1

Starch is found naturally, the cheapest carbohydrate commercially available, 

and can be used to produce oligosaccharides. Due to the high interest in functional 

oligosaccharides for health benefits and other characteristics, the enzymatic process 

has been recognized in producing functional oligosaccharides with high yields and 

purity at a lower cost. The enzymatic process of oligosaccharides production 

involves more straightforward steps compared to the complicated procedures of a 

chemical process. Besides, it offers stereochemical specificity and is more 

environmentally friendly, without harmful chemicals usage. Malto-oligosaccharides 

are an essential kind of functional oligosaccharides with good adaptability to food 

processing as well as beneficial to human digestion and absorption performance. 

Therefore, they have been used widely in food industries. Malto-oligosaccharides 

(MOS) are low sweeteners with properties like antistaling effect on bread, high water 

holding capacity, and preventing sucrose crystallization.  

The enzymatic reaction requires more than one enzyme to improve the 

production yield. The enzymatic process of MOS can be produced by adding malto-

oligosaccharide forming amylase to starch. Ibrahim (2018) added pullulanase (EC 

3.2.1.9) to the starch as a second enzyme to break down α-(1→6) glycosidic bonds in 

the branched amylopectin starch. Maltogenic amylase (EC 3.2.1.133) is one of the 

glycoside hydrolase (GH13) family that exhibits high affinity of substrate specificity 

toward cyclodextrin (CD) than starch and pullulan (Abdul Manas, Pachelles, Mahadi, 

and  Md Illias, 2014). On the other hand, cyclodextrin glucanotransferase 

(EC2.4.1.19) an enzyme from the GH13 family undergone a cyclization process to 

split the starch and formed CD. Owing to the substrate diversity of both enzymes, the 
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use of these enzymes could provide a potential synthesis strategy for MOS 

production. 

The process of converting raw materials into MOS must be inexpensive and 

geared toward improving enzyme productivity and stability. Currently, several 

enzyme-based immobilization processes have proven economically and have already 

been implemented on a larger scale, mostly in the food industry in which the free 

enzyme-catalyzed process is replaced with the immobilized enzyme. For standard 

industrial practices, immobilization is a requirement to assist the enzyme recovery 

and reusable ability provided that they are stable enough. Nonetheless, these days, 

the objective of immobilization does not revolve around the reusability of the 

enzyme but to improve the enzyme features such as enzyme stability and activity that 

may be achieved by an appropriate immobilization approach.  

Research on various materials and techniques of enzyme immobilization has 

been established and is still ongoing. Different materials have been used as 

immobilization carriers such as ceramics (Gao, Feng, Li, Jiang, and  Zhou, 2015), 

chitosan (Gür, İdil, and  Aksöz, 2018), and carbon nanotubes (Tavares et al., 2015). 

Previously, Jaafar et al. (2021) employed synergistic action of free maltogenic 

amylase and cyclodextrin glucanotransferase using starch as the substrate for MOS 

production. This study improves the stability and reusability of both enzymes by 

entrapping them individually into calcium alginate beads to prevent substrate transfer 

limitation, allowing efficient substrate channeling. 

 Problem Background 1.2

This study was motivated to solve three main issues. First, a complete 

hydrolysis of polysaccharides complex structure (starch) into MOS is limited due to 

the low efficiency of a single maltogenic amylase enzyme for starch hydrolysis. 

Second, the use of a free enzyme to completely hydrolyze the starch is inadequate 

due to shorter enzyme lifetime, low enzyme operational stability, and impossible to 

reutilizing for continuous operation which will eventually increase the production 
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cost. Third, poor operation stability, substrate diffusion limitation and the enzyme 

can be easily detached from the support and lead to enzyme leakage by adsorption 

and cross-linking method. 

Forth, using enzymes mixture co-immobilization may lead to mass transfer 

limitations of the substrates to the active site of the enzymes. By designing an 

individual entrapped maltogenic amylase and cyclodextrin glucanotransferase, the 

activity, stability, and reusability of both enzymes can be enhanced for dual-enzyme 

starch hydrolysis system in a one-pot reaction for continuous production of MOS at a 

lower cost. Immobilizing enzymes independently can be accomplished using a 

different protocol for each enzyme that can be optimized. A partial inactive enzyme 

can also be restored by adding fresh biocatalyst of just that enzyme, without having 

to discard or deal with other enzymes. Bulk diffusion associated with the substrate 

channeling can be overcome by entrapping enzymes individually. It would also 

minimize competing reactions, minimize leaching and improve catalysis. It is also 

essential to study the kinetic of bioconversion and mechanical stability using this 

engineered biocatalyst to understand the new mechanism produced. 

 Research Objectives 1.3

The study aims to immobilize maltogenic amylase (MAG1) and cyclodextrin 

glucanotransferase (CGTase) for conversion of starch into MOS. To achieve the aim 

of the study, some objectives have been set. The objectives of this project are as 

follows: 

1. To optimize the entrapment conditions for MAG1 and CGTase in calcium 

alginate beads. 

2. To characterize the entrapped maltogenic amylase (CA-MAG1) and 

cyclodextrin glucanotransferase (CA-CGTase). 

3. To evaluate the performance of CA-MAG1 and CA-CGTase in the starch 

hydrolysis reaction for MOS synthesis.  
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 Scope of Study 1.4

This study focuses on the entrapment method to improve MAG1 and CGTase 

activity and recyclability. In order to achieve the objectives, the following scopes are 

outlined: 

(a) Expression and purification of recombinant MAG1 and CGTase from 

Bacillus lehensis G1. 

(b) Screening and optimization for entrapment conditions of MAG1 and CGTase 

on several parameters; (1) sodium alginate concentration (1 – 4 % (w/v)), (2) 

calcium chloride concentration (0.2 – 1.0 % (w/v)), and (3) enzyme loading 

(MAG1; 12.5 – 100 U; CGTase; 500 – 1500 U). Optimization of MAG1 and 

CGTase entrapment by central composite design (CCD) to obtain the highest 

activity recovery of entrapped enzymes.  

(c) Characterization of CA-MAG1 and CA-CGTase in terms of thermostability, 

optimum temperature and pH, reusability and kinetic. Mechanical study of 

leaching analysis of CA-MAG1 and CA-CGTase. 

(d) Physical characterization of the morphology and chemical composition of 

CA-MAG1 and CA-CGTase.  

(e) Production of MOS by CA-MAG1 and CA-CGTase using optimum 

conditions for two-steps (3 U MAG1 loading, 10 U CGTase loading, 2 % 

(w/v) of starch, and a total reaction of 5 h) and one-pot (MAG1 loading to 

CGTase loading in a 3 U: 7 U ratio, 1.5 % (w/v) starch loading, and 2 h 

reaction time). 
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 Significance of Study 1.5

The potential of MAG1 and CGTase for the synthesis of MOS has been 

developed before. The production of MOS by employing both enzymes could 

provide a new route to fulfill the market demand for oligosaccharides. Enzymatic 

synthesis is highly preferable in meeting the rising demand for sustainable and 

greener production. To provide a robust enzyme for industrial practice, a promising 

method of enzyme immobilization need to be established to improve enzyme activity 

and offer a simpler process for enzyme to be reutilize. Enzymes are attached to the 

support in beads form that allows them to be easily separated from the reaction. By 

immobilizing both enzymes individually into their respective support, any 

unfavorable kinetics such as diffusional resistance can be avoided. A partial inactive 

enzyme can also be restored by adding fresh biocatalyst of just that enzyme, without 

having to discard or deal with other enzymes. Alginate is utilized as the 

immobilization support that gives a milder and non-toxic condition for enzyme 

immobilization. Over the years, glutaraldehyde has been utilized for crosslinking 

immobilization support, the harmful effects on humans and enzyme deactivation 

have prompted researchers to look for another crosslinker that is safe, biodegradable, 

and environmentally friendly. In this study, the alginate beads formed demonstrate 

minimal enzyme leaching and do not require an extra crosslinker to hold enzymes 

into the support, and be easily detachable for the production of MOS at a lower cost. 

The biocatalyst produced from this study could be a potential for industrial 

application with high activity and reusability for continuous operation. 
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