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 Enzymatic hydrolysis of starch and cellulose from natural sources has a very big 

potential for commercial glucose production. In this study, the encapsulated of 

multi-enzymes (alpha-amylase, glucoamylase and cellulase) onto calcium alginate-

clay beads were applied using a stirred bioreactor to hydrolyze tapioca slurry into 

glucose. The performance of encapsulated enzymes in terms of reusability, ideal 

pH, temperature and reaction time was investigated. The optimum pH and 

temperature for encapsulated enzymes were found at pH 6 and 50 oC, respectively. 

Under optimal conditions, the maximum conversion of glucose was obtained after 6 

hrs. The encapsulated enzymes were able to retained 12% of its activity after five 

hydrolysis cycles. The result from the enzymes leaching test showed that the 

reduction of enzymes activity after each cycle was consistent with the residue of 

enzymes loading in the beads. 
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INTRODUCTION 

  

Bioethanol is a renewable fuel which is becoming increasingly important due to depletion of oil reserves, 

rising crude oil prices and greenhouse effect. The bioethanol can be produced from the fermentation of sugars, 

starches or cellulose [10]. Cassava root is considered as an attractive raw material for bioethanol production 

because it contains high amount of starch and fibre [9]. Cassava root is also inexpensive and abundantly 

available in Malaysia and other Asian countries [4,12]. In the enzymatic hydrolysis process, alpha-amylase, 

glucoamylase and cellulase are commonly used for the glucose production. Alpha-amylase is usually used to 

hydrolyze starch by cleaving α-(1→4) glycosidic bonds to produce maltodextrin while glucoamylase is able to 

hydrolyze α-(1→4) and α-(1→6) glycosidic bonds in starch to produce glucose [18]. For the cellulose or fibre 

hydrolysis, the cellulase can be used due to it has ability to attack β-(1→4) linkages in fibre to produce glucose 

[17]. 

Recently, the enzyme immobilization technology is widely applied in food and biotechnology, biomedicine 

and also analytical chemistry. The immobilized enzyme technology offers many advantages over free enzyme 

technology such as easy separation from the reaction media, easy recovery and reuse of the enzymes by 

repeatedly or continuously [19]. The enzymes can be immobilized onto various supporting materials by 

adsorption, covalent binding, encapsulation, entrapment and cross-linking [5]. Each technique has advantages 

and disadvantages, however, the encapsulation of enzyme within alginate beads is commonly used due to easy 

for formulation, mild gelation conditions, non-toxic, biocompatibility, low cost and resistance to microbial 

attack [20,16]. Unfortunately, the alginate beads have a low mechanical strength, large pore size and leakage of 

enzymes. To improve these properties, the surface of alginate beads is coated with cross-linked biopolymers 

[6,8]. Besides that, the alginate also can be blended with clay to solve this problem [1]. Gülay and Sanlı-

Mohamed reported that the modification of alginate beads gives higher reusability and prevent the leakage of 

enzymes. Therefore, in this study, the alginate is blended with local kaolinite clay to obtain the higher 

performance of encapsulated enzymes. 

The immobilized enzyme bioreactor can be designed as stirred, packed, fluidized and membrane reactor 
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that can be operated either in batch or continuous system [21]. The stirred bioreactor is a commonly employed 

in bench scale and industrial scale application. This bioreactor is a versatile and easy to operate. Besides, the 

stirred bioreactor has some advantages compared to packed bed bioreactor where it provides lower construction 

costs and the efficiency of stirring will eliminates the presence of concentration and temperature gradient [15] 

Thus, the stirred bioreactor can be expected to be effective for the hydrolysis of tapioca slurry into glucose by 

using encapsulated enzymes.  

The present study demonstrates the performance of enzymes encapsulation onto calcium alginate-clay 

beads in a stirred bioreactor. The factors that affected the encapsulation such as temperature, pH and reaction 

time were investigated in order to obtain the optimum condition for hydrolysis process. Besides that, the 

reusability and leaching of encapsulated enzymes were also studied.   

 

MATERIALS AND METHODS 

 

1. Materials: 

Alpha-amylase from Bacillus subtilis, glucoamylase from Rhizopus niveus Lyophilized and cellulase from 

Aspergillus niger were purchased from MP Biomedicals, United States. All other chemicals reagent used were 

analytical grade.  

 

2. Preparation of tapioca slurry:  

Cassava root was purchased from local market as a substrate. It was washed free of dirt, hand peeled and 

sliced to small pieces. The chips were dried in oven at 65 oC for 24 hr to remove moisture and then ground into 

powder. 1 % (w/v) of tapioca slurry was prepared using citrate phosphate buffer solution and then boiled in the 

water bath with continuously agitated for 1 hr to gelatinize the starch before further use.   

 

3. Preparation of clay powder:  

The local kaolinite clay was obtained from Sg. Sayong, Perak, Malaysia was dried at 90oC for 24 hr, ground 

into fine powder and lastly sieved through 150 μm mesh before further use. 

 

4. Encapsulation of enzymes within calcium alginate-clay beads:  

The encapsulation of enzymes onto alginate-clay beads was carried out by following method reported by 

Adzmi et al. (2012). 2.5 g (2.5 % w/v) of previously prepared kaolinite clay was dissolved into 100 mL of 

citrate phosphate buffer solution and stirred for 1 hr at room temperature. Then, 2.5 g of alginate powder was 

added to the clay solution and stirred for 4 hr. Next, 2.5 mL of glycerol was added to the alginate-clay solution. 

1 mL of each enzyme solution (1 mg solid/mL of alpha-amylase, glucoamylase and cellulase) was mixed with 

12 mL of alginate-clay solution which produced the final clay concentration 2 % w/v. The mixture solution was 

stirred thoroughly to ensure complete mixing and dropped into 0.2 M CaCl2 solution by using syringe. After 3 

hr of hardening, the beads were collected and then washed with buffer solution several times to remove any 

unbound enzymes. Finally, the beads were stored at 4 oC until use.  

 

5. Bioreactor set-up:  

The schematic diagram of enzyme bioreactor to hydrolyzed tapioca slurry into glucose is illustrated in Fig 

1. The bioreactor is made from glass where the size of bioreactor is 27 cm in height and 10 cm in inner diameter 

(with a total volume of 2.1 L). The water jacket is supplied in bioreactor to control the reaction temperature by 

circulating the water from the water bath tank. It is also equipped with propeller where it was mounted on the 

shaft that is connected to the agitator motor (IKA, RW 20 Digital, Germany). 

 

Water Bath Tank

Enzyme Bioreactor

Motor

Circulation 

pump

Propeller

Alginate-clay 

beads

Tapioca slurry

 
Fig. 1: Schematic diagram of stirred tank bioreactor 
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6. Determination of enzymes activity:  

The hydrolysis of tapioca slurry catalyzed by encapsulated enzymes within calcium alginate-clay beads was 

carried out in stirred tank bioreactor. 27 g of alginate-clay beads was added to 1000 mL of 1 % (w/v) of tapioca 

slurry. The reaction mixture was agitated at 120 rpm. After complete the reaction, the activity of enzymes was 

measured by using spectrophotometer at 540 nm with 3,5-dinitrosalicylic acid (DNS) as an indicator (Bernfeld, 

1955). Theoretically one unit of alpha-amylase activity is defined as the quantity of enzyme that releases 1 mg 

of reducing sugar as maltose per minute at pH 6.6 and 30 oC. One unit of glucoamylase is expressed as the 

amount of enzyme releasing 10 mg of reducing sugar (glucose) per minute at pH 4.5 and 40 oC. One unit of 

cellulase activity is liberated as the amount of enzyme that produces 1 μmole of reducing sugar (glucose) at pH 

5 and 37 oC in 1 min. 

 

7. Effect of temperature and pH:  

The effect of temperature on the activity of encapsulated enzymes within alginate-clay beads was 

determined at various temperatures (30 – 70 oC) by fixing other conditions. Meanwhile, the effect of pH on the 

activity of encapsulated was measured at different pH (3 – 7) by using citrate phosphate buffer solution. The 

relative activity was calculated in percentage with reference to the activity of the optimum temperature or pH 

(100 %).  

 

8. Effect of reaction time: 

The effect of reaction time for the hydrolysis process was investigated by varying reaction periods from 0.5 

– 7 hr. The product produced was measured based on the glucose content by using DNS method as described 

above.  

 

9. Reusability:  

The reusability of encapsulated enzymes was evaluated by repeated enzymatic hydrolysis several times. 

The hydrolysis reaction was conducted at optimum condition. After each cycle of hydrolysis, the beads were 

separated and washed with citrate phosphate buffer. Next, the fresh tapioca slurry solution was added to start the 

next round. The activity of each round was compared with the first run which was defined as 100 %. 

 

10. Enzymes leaching study:  

After each batch of recycling process, the amount of enzymes leached into bulk solution was determined by 

Lowry’s procedure modified by Hartree[7] to measure the change of enzymes loading efficiency. 

 

RESULTS AND DISCUSSION 

 

1. Effect of pH:  

pH is one of the major parameters that can influence the enzyme activity in the reaction mixture. In this 

study, the encapsulated of enzymes within calcium alginate-clay beads were assayed at different pH ranging 

from 3 to 7. The relative activity of the encapsulated enzymes was depicted in Fig. 2. From the figure, the 

activity encapsulated enzymes increased from pH 3 to 6 and then decreased at pH 7. Therefore, it can be 

deduced that the optimum pH for the encapsulated enzymes was at pH 6. According to Anwar et al. [2], the 

surfaces of the beads which localize the enzymes have a cationic and anionic nature that will produce 

microenvironment charges and then it will affect the nature of active enzyme. Thus, the increasing or decreasing 

of pH from pH 6 will reduce the activity of enzymes due to charge acquired by the support. 

 

 
Fig. 2: Effect of pH on the activity of encapsulated enzymes 
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2. Effect of temperature:  

The changes in the reaction temperature can affect the activity and stability of the encapsulated enzymes. In 

this study, the effect of temperature on the activity of encapsulated enzymes was investigated at various 

temperatures in the range of 30 to 70 oC. As shown in Fig. 3, the maximum activity of encapsulated enzymes 

that gives 100 % of relative activity was observed at 50 oC. From the figure, there was a slight increased in the 

enzymes activity from temperature 30 to 50 oC and then a gradual decreased from 50 to 70 oC.  The enzymes 

activity decreased above 50 oC which can be explained due to the vibration and movement of the enzyme 

molecule which can affect the hydrogen and other bonding in the enzymes structure. Therefore, the enzymes 

molecule will unfold and alter its tertiary and quaternary structure where it will reduce the catalytic power of 

enzymes and lastly it will tend to the denaturation of enzymes [13,11].  

 

 
 

Fig. 3: Effect of temperature on the activity of encapsulated enzymes 

 

3. Effect of reaction time:  

The time course is another important parameter to determine the necessary time in the reaction process in 

order to obtain a good yield and minimize the process cost [13,14]. In this study, the effect of retention time on 

the activity of encapsulated enzymes was determined by varying the time course from 0.5 to 7 hr at optimum 

conditions. The profile of glucose production at various time intervals is presented in Fig. 4. From the figure, the 

glucose concentration increased with increasing reaction time. This is because the reaction time is required for 

the substrate to penetrate into the beads and reach the active site of enzymes so that the substrate can be 

converted into glucose [2]. After 6 hr, the glucose concentration was relatively constant due to the reaction has 

achieved the equilibrium state.  

 

 
 

Fig. 4: Effect of reaction time on the activity of encapsulated enzymes 

 

4. Reusability:  

The reusability of encapsulated enzymes was determined by using recovered enzymes from different cycles. 

The reaction was conducted under optimum condition as obtained above and the reusability pattern of 

encapsulated enzymes is depicted in Fig. 5. It was observed that the encapsulated enzymes retained 68, 44 and 
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was 12 %. The decrease in activity may due to the leakage of enzymes from the beads along with the process 

and washing steps at the end of each cycle [2].   

 

 
Fig. 5: Reusability of encapsulated enzymes 

 

5. Enzymes leaching behavior:  

The leaching of enzymes from calcium alginate-clay beads was examined by measuring enzymes content in 

the solution after each reaction batch (Fig. 6). The enzymes were encapsulated onto alginate-clay beads lost 

more than 21 % of its initial amount after the first cycle. After fifth cycles, the amount of enzymes that still 

available in the beads was only 27 %. The decreasing of enzymes loading trend was in agreement with the result 

of reusability where the activity of enzymes was also decreased after each cycle. Therefore, it was proved that 

the leaching of enzymes from the beads occurred during the hydrolysis process.  

 

 
Fig. 6: Enzymes loading efficiency in the beads after recycling process 

 

Conclusion: 

In the current study, alpha-amylase, glucoamylase and cellulase was immobilized onto calcium alginate-

clay beads by using encapsulation technique. The encapsulated enzymes were successfully carried out into a 

stirred bioreactor to hydrolyzed tapioca slurry into glucose. The optimal conditions for enzymes encapsulation 

including pH, temperature and reaction time were examined. The encapsulated enzymes showed optimum 

activity at pH 6 and 50 oC, respectively. As the purpose of encapsulation, the reusability of enzymes was also 

observed. The work has demonstrated that encapsulated enzymes can be used at least five hydrolysis cycles. 

Thus, the application of encapsulated enzymes in the stirred bioreactor still has a potential for industrial 

application.  
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