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ABSTRACT 
 

 
Background and Objectives: The study focused on the amylase enzyme, widely used in the industrial starch liquefaction 

process. We looked into the best way to immobilize the native strain Bacillus licheniformis, which is the only alpha-amy- 

lase-producing bacterium, by trapping it in calcium alginate gel. This is a promising way to increase enzyme output. 

Materials and Methods: We examined the effects of alginate content, biomass age, initial cell loading (ICL), bead size, 

and solidification duration in calcium chloride solution on enzyme synthesis. We conducted batch fermentations using both 

immobilized and free cells. 

Results: Alpha-amylase production significantly increased with the alginate concentration ratio, achieving a maximum en- 

zyme yield of 23.5 U/mL at a 30 g/l alginate concentration, utilizing an initial cell loading of 1.5 g in 150-200 beads per flask. 

These involved cells from a 12-hour culture with a bead size of 5.0 mm, were solidified for 24 hours in a 2.5% (w/v) calcium 

chloride solution. The yield of the immobilized cells was approximately 111.71% higher than that of the free cells, which 

produced 11.1 U/ml. The immobilized cells consistently generated alpha-amylase over five repeated cycles, attaining a peak 

value of 23.5 U/ml during the first cycle, which was 2.2-fold more than the control (free cells). 

Conclusion: We used a basic mass balance analysis to understand the growth of both fractions and the dynamics of amylase 

production in free cells and cells immobilized in Ca-alginate beads. The production of alpha-amylase in immobilized cells 

results in enhanced volumetric activities during fermentation. Notable advantages of this technique encompass prolonged 

stability, reuse and recycling, and the potential for adaptable regeneration. 
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INTRODUCTION 

 
Amylase is an enzyme that hydrolyzes starch into 

sugars. All amylases are classified as glycoside hydro- 

lases and target α-1,4-glycosidic linkages. Alpha-am- 

ylases are calcium-dependent metalloenzymes that 

cannot operate in the absence of calcium. Alpha-am- 

ylase degrades long-chain carbohydrates at random 

sites along the starch chain, producing maltotriose 

and maltose from amylose, or glucose, maltose, and 

"restrict dextrin" from amylopectin. Due to its ability 

to function universally on substrates, alpha-amylase 

is often more rapid in action. It is a principal digestive 

enzyme in mammals, with an optimal pH range of 

6.7-7.0 (1). 

Researchers have thoroughly examined the produc- 

tion of alpha-amylase using immobilized Bacillus 

cells, affirming the method's dependability. Industry 

extensively uses this approach, which offers the bene- 

fit of increased enzyme synthesis, for starch liquefac- 
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tion. The major immobilization technique is trapping 

inside gel matrices. Numerous individuals have doc- 

umented the submerged synthesis of alpha-amylase 

using a synthetic medium (2, 3). 

However, because of the relatively low enzyme ti- 

ters, Bacillus licheniformis grown in immersed cul- 

tures is not a suitable generator of alpha-amylase. One 

method to enhance production efficiency is the long- 

term continuous synthesis of alpha-amylase via cell 

immobilization. Researchers often examine the cell 

immobilization technique for its potential to enhance 

fermentation processes and bioremediation. 

The immobilization of entire cells for the produc- 

tion of extracellular enzymes has many benefits, re- 

inforcing trust in the selected method. This involves 

isolating cell mass from the bulk liquid for potential 

reutilization, enabling sustained operation over an 

our study, from the isolation of the strain to the culti- 

vation conditions, ensures the validity of our results. 

 
Immobilization of cells by the capture technique 

with calcium alginate. There are many different 

kinds of alginates, each with a different molecular 

mass, mannuronate-to-glucuronate ratio, and ar- 

rangement of units in blocks and alternate sequences. 

Alginate solutions with concentrations ranging from 

0.5% to 10% are suitable for cell immobilization. 

Boiling water solubilized the alginate, which then 

underwent autoclaving at 121°C for 15 minutes. Cells 

were collected during the phase of logarithmic growth 

by centrifugation (3000 g, 20 min), washed in 2 ml of 

saline, and then introduced into 100 ml of sterilized 

alginate solution. The alginate/cell combination was 

extruded drop wise into a cool, sterile 2.5% (w/v) 

extended duration, and improving reactor efficiency. CaCl solution using a sterile 5 ml pipette while stir- 

Nonetheless, appropriate selection of immobilization 

methods and auxiliary materials is essential to reduce 

ring. Gel beads with a diameter of about 5 mm were 

acquired. The beads were solidified by resuspending 

the limitations of immobilization. The capture of cal- in a new CaCl solution for 24 hours at 4°C with mod- 

cium alginate is one of the most appropriate ways for 

cell immobilization due to its simplicity and cost-ef- 

fectiveness. Sodium alginate is easily accessible and 

a non-toxic biopolymer. Consequently, it is appropri- 

ate as an immobilization medium for biomolecules 

and microbes. We synthesized calcium alginate beads 

under gentle circumstances and widely used them for 

microencapsulation and cell entrapment. This study's 

goal was to find the best conditions for immobilizing 

Bacillus licheniformis cells in Ca-alginate gel and to 

test how stable the biocatalyst was in producing al- 

pha-amylase while the culture was running in a semi- 

continuous mode (4, 5). 
 

 
 

MATERIALS AND METHODS 

 
Bacterial strain and culture parameters. Bacteri- 

al strain used in this study, a local strain of Bacillus li- 

cheniformis, was isolated from wastewater generated 

by wheat mills in Kashan, a city in Iran. The isolation 

technique was a crucial component of the investiga- 

tion, yielding a distinctive strain for further research. 

We previously discovered the strain and determined 

its nucleotide sequence (GenBank Accession Num- 

ber AF438149) (6). We cultivated 50-ml cultures in 

250-ml Erlenmeyer flasks, agitating them at 130 rpm 

and 36.5°C (2). All materials used in this study were 

obtained from Merck Company. The thoroughness of 

erate agitation. Subsequently, these beads were rinsed 

with distilled water to eliminate surplus calcium ions 

and unencapsulated cells. The beads were then trans- 

ferred to a 50-ml production medium and incubated 

for the specified duration (4, 7, 8). 

 
Optimizing  effective factors  in  cell  immobili- 

zation. The optimization process was done for each 

component involved in cell immobilization. These 

factors included the following: sodium alginate con- 

centration, starting biomass loading, age of biomass, 

bead dimension, and solidifying time. 

The alginate entrapment process in this study was 

not just a routine procedure. It was conducted with 

meticulous attention to detail, ensuring the reliabil- 

ity of the results. Various sodium alginate concen- 

trations (10, 20, 30, 40, and 50 g/l), initial biomass 

loading (0.2 to 3.0 g of biomass in 150-200 beads/ 

flask), biomass age (using cells from 12, 24, 36, 48- 

hour culture), bead size (2.5, 3.5, 5.0, 7.5 mm), and 

solidification time (2, 6, 12, 18, 24, 32, 48 h) in a 2.5% 

(w/v) calcium chloride solution were examined. The 

entrapment of cells in alginate was conducted follow- 

ing the previously described approach (4, 7, 8). 

 
Enzyme assay. The dinitro salicylic acid (DNS) 

method was used to carefully test the amylase activ- 

ity. This method was chosen because it can accurate- 

ly measure the rise in reducing sugars that happens 
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when amylase works on starch. The principal issue in 

this test is the gradual fading of color and the degra- 

dation of glucose by components of the DNS reagent. 

It is essential to address these constraints since a re- 

vised approach for assessing and lowering sugars is 

urgently required. The updated technique has now 

been widely used to quantify lowering sugars without 

further adjustments. In order to test alpha-amylase's 

activity, 500 µL of enzyme supernatant was mixed 

with 500 µL of 1% (w/v) soluble starch in 0.01M phos- 

phate buffer at pH 6.5. We incubated the mixture for 

10 minutes at 90°C. The reaction was stopped, and 

the amount of free reducing sugars was measured ac- 

curately using colorimetry. This was done by adding 

500 µL of a reagent called 3-4-dinitro salicylic acid 

(9). An enzyme unit catalyzed the release of 1 μmol 

of glucose from the substrate in 1 minute at 96°C (6, 

9, 10). 

 
The potential for recycling immobilized cells in 

the enzyme manufacturing process. The primary 

benefit of using immobilized biocatalysts is their ex- 

ceptional efficiency in repeated and continuous appli- 

cations. This was clearly shown in our analysis of the 

reusability of Bacillus licheniformis cells entrapped 

in alginate gel. The procedure included decanting the 

used medium bi-daily and substituting it with new 

medium after the sterilization of the alginate beads 

with saline solution. This efficient process was com- 

pared with a similar experiment using free cells, fur- 

ther highlighting the impressive superiority of immo- 

bilized cells for producing alpha-amylase under these 

conditions (11). 
 

 
 

RESULTS 

 
Influence of alginate concentration. We performed 

an accurate investigation to determine the optimal 

alginate concentration for the immobilization of Ba- 

cillus licheniformis cells, using alginate solutions at 

several concentrations (10, 20, 30, 40, and 50 g/l). Fig. 

1 displays the results of these tests. The synthesis of 

alpha-amylase enhanced with increased alginate con- 

centration, with a peak yield of 23.5 U/ml at 30 g/l 

alginate. This was about 111.71% more than the value 

obtained from free cells (11.1 U/ml). 

Furthermore,  at  low  alginate  concentrations  (10 

and 20 g/l), the beads exhibited relative softness and 

demonstrated  quick  cell  leakage  compared  to  the 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Influence of alginate concentration on alpha-amy- 

lase synthesis by entrapped cells (Concentrations of alginate 

(g/l): 10 ( ), 20 ( ), 30 ( ) , 40 ( ), 50 ( ) 

 
higher alginate concentration of 30 g/l. Nevertheless, 

a further elevation in alginate concentration above 30 

g/l (to 40 and 50 g/l) resulted in a reduction in enzyme 

production, either attributable to heightened diffusion 

constraints or alterations in the microenvironment in- 

side the beads. 

 
Influence of initial cell loading (ICL). The influ- 

ence of initial cell loading (ICL) was examined by 

ranging the initial amount of biomass from 0.2 g to 3.0 

g in flasks containing 150 to 200 beads, utilizing a 30 

g/l alginate concentration. The experiment entailed es- 

tablishing cultures with differing initial biomass con- 

centrations and quantifying the resultant alpha-amy- 

lase production. It was hypothesized that an increase 

in ICL, represented by the number of beads, would 

enhance alpha-amylase production. The findings in- 

dicated that elevating the initial biomass amount up 

to 1.5 g correlated with an increase in alpha-amylase 

concentration (Fig. 2). In conclusion, the study deter- 

mined that an initial biomass amount of 1.5 g/flask 

was optimal, yielding a maximum enzyme output of 

23.5 U/ml. This finding clearly indicated that devia- 

tions from this concentration, whether higher or lower, 

diminished enzyme yield. 

 
Influence of alginate bead size. The size of alginate 

beads significantly influences mass transfer, which is 

crucial for the growth of immobilized cells. Alginate 

allows small substrates to diffuse similarly to water, 

but it may limit the diffusion of larger molecules. The 

square of the bead diameter may affect the growth 

and production of cells, as they predominantly prolif- 

erate near the bead surface. This study evaluated the 
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Fig. 2. Influence of initial amount of biomass on alpha-am- 

ylase synthesis by entrapped cells (biomass concentration g/ 

flask in 150 to 200 beads: 0.2g (  ), 0.5g (  ), 1.0g (  ), 1.5g 

(  ), 2.0g ( ), 2.5g ( ), 3.0g ( ) 

 
production behavior of Bacillus licheniformis cells 

immobilized in beads measuring 2.5, 3.5, 5, and 7.5 

mm. The results, shown in Fig. 3, showed that the 

5 mm beads produced more alpha-amylase than the 

bigger beads. This is likely because they had a larger 

surface area, which made it easier for mass to move 

between them. These findings not only advance our 

understanding of the influence of the alginate bead 

dimension on cell growth and synthesis behavior but 

also inspire potential applications in biotechnology 

and bioengineering, motivating further research and 

innovation in the field. 

 

 
 

Fig. 3. Influence of alginate bead dimension on alpha-amy- 

lase synthesis by entrapped cells. 

 

Influence of solidification time. To get more ac- 

curate results, we did an experiment to see what 

happened to calcium alginate beads that were solidi- 

fied for 2, 6, 12, 18, 24, 32, and 48 hours at different 

times. The beads were made with 3% alginate and 

 
 
 
presented in Fig. 4. Beads that underwent a 24-hour 

solidification period were identified as the most ef- 

fective enzyme producers. This practical knowledge 

may be used in the development of stable calcium 

alginate beads to enhance enzyme synthesis in indus- 

trial contexts. 

 

 
 

Fig. 4. Influence of solidification duration on the stability of 

alginate beads and the synthesis of alpha-amylase 

 
Influence of biomass age. We learned a lot about 

alpha-amylase synthesis by changing the age of the 

biomass used to start the alginate gel for immobili- 

zation. The isolated beads containing cells from 12, 

24, 36, and 48-hour cultures were fabricated using a 

3% sodium alginate and 2.5% (w/v) calcium chloride 

solution (Fig. 5). Maximum alpha-amylase level was 

obtained in the case of cells from a 12-hour culture, 

a finding that could reshape our approach to enzyme 

production. Increased biomass age led to a signifi- 

cant decrease in alpha-amylase production, suggest- 

ing the need for further research to fully understand 

this relationship. 

 

Comparison of amylase synthesis between free 

and entrapped cells. Fig. 6 displays how alpha-am- 

ylase is made by cells that are trapped in calcium al- 

ginate compared to Bacillus licheniformis cells that 

are free. In the instance of free cells, the synthesis 

of alpha-amylase escalated after around 6 hours. The 

logarithmic phase concluded at 24 hours, achieving 

a maximal activity of 11.1 U/ml, which remained rel- 

atively stable until the culture terminated. Simulta- 

neously, encapsulated Bacillus licheniformis cells in- 

side calcium alginate beads exhibited a considerable 

increase in alpha-amylase enzyme production from 

2.5% (w/v) CaCl solution. the start of the culture procedure. Fig. 3 illustrates 

The solidification durations of immobilized beads 

were  used  to  generate  enzymes;  the  findings are 

that  the  synthesis  of  alpha-amylase  by  entrapped 

cells attained 11 U/mL after about 20 hours, a level 
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Fig. 5. Effect of biomass age for immobilization in alginate 

beads and the synthesis of alpha-amylase 
 

 

 
 

Fig. 6. Alpha-amylase synthesis by free (  ) and entrapped 

cells (  ) 

 
that free cells achieved after 24 hours. This activity 

persisted in its escalation, attaining a peak value of 

23.5 U/ml at 48 hours and thereafter remained quite 

stable. The concentration of alpha-amylase from en- 

trapped cells was 111.71% more than that of the con- 

trol-free cells. 

 
Reutilization of entrapped cells for alpha-am- 

ylase synthesis in successive batch cultures. The 

semi-continuous fermentation was finished to look 

at how stable the biocatalyst was and how well it 

could make alpha-amylase in repeated batch culture 

settings. Consequently, we monitored the operational 

stability of the biocatalysts produced under optimal 

immobilization conditions (alginate concentration of 

30 g/l, initial biomass concentration of 1.5 g in 150- 

200 beads per flask, biomass derived from a 12-hour 

culture, bead size of 5.0 mm, and solidification for 24 

hours in a 0.2 M calcium chloride solution) over five 

cycles (Fig. 7). 

Alpha amylase was generated in repeated batch 

 

 
Fig. 7. Synthesis of alpha-amylase by entrapped cells in al- 

ginate beads in a repeated batch 

 
shake cultures, with each batch lasting 48 hours. 

Once the culture reached its projected maximal ac- 

tivity level, we decanted the culture supernatant and 

introduced 50 ml of new medium into the Erlenmey- 

er flasks. The findings at the conclusion of the first 

cycle demonstrated a significant increase (111.71%) 

in alpha-amylase activity in immobilized cells rela- 

tive to free cells cultivated concurrently. After trans- 

ferring to new media in the third culture cycle (192 

hours), the biocatalysts continued to generate high al- 

pha-amylase, and we evaluated their alpha-amylase 

yield against the control (free cells). The peak activ- 

ity of 23.5 U/ml achieved during the repeated batch 

shake flask experiment occurred in the third batch, 

about six days following the initiation of the repeated 

batch series. Subsequent modifications of the medi- 

um did not enhance enzyme production above 23.5 

U/ml after the fifth cycle (10 days). 
 

 
 
DISCUSSION 

 
Cell encapsulation is a conventional method for en- 

hancing total cell concentration and production. Iso- 

lating products from entrapped cells is simpler than 

from immersed cell systems. Cell encapsulation may 

facilitate the operation of continuous culture pro- 

cesses at elevated dilution rates. Finally, immobiliza- 

tion serves as a method for safeguarding cells from 

shear stresses. Researchers have presented numerous 

strategies for cell immobilization (12). 

The use of polymers for entrapment or encapsu- 

lation has evolved into a complex technique, with 

alginate gel beads emerging as the most promising 

and adaptable approach to date. Alginic acid and 
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its related compounds are available commercially 

in many forms, exhibiting varying viscosities and 

gelling characteristics. Calcium alginate gels quickly 

develop under moderate circumstances, offering an 

appropriate medium for the trapping of entire micro- 

bial cells. This study used just one kind of sodium al- 

ginate (Merck), which exhibited sufficient flexibility 

for the effective encapsulation of native strains of Ba- 

cillus licheniformis cells. Thus, de Alteriis et al. pro- 

duced glucoamylase from the immobilized cells of 

Kluyveromyces lactis, Adinarayana et al. produced 

the alkaline protease enzyme from the immobilized 

cells of Bacillus subtilis, and Chia and colleagues 

used calcium alginate after examining different poly- 

mers (11-13). 

This research involved varying the amounts of 

alginate solutions used to create biocatalyst beads 

to assess the effects of various conditions on the 

physiological processes of the native strain of Bacil- 

lus licheniformis cells. The gel network varied sig- 

nificantly based on the parameters used during the 

acquisition of gel beads. This case matched the re- 

search of Le-Tien and colleagues, who investigated 

modified alginate matrices with different concentra- 

tions to stabilize bioactive agents (14). 

The native strain of Bacillus licheniformis cells that 

were trapped changed shape and biological functions 

when the macromolecular organization of the matrix 

was changed. Fig. 1 demonstrates that an increase in 

alginate concentration above 30 g/l correlates with a 

reduction in alpha-amylase production. Higher algi- 

nate concentrations may enhance bead stability, but 

the robust gel consistency's diffusion constraints re- 

sult in diminished enzyme outputs. These findings 

are in line with those of Dobreva et al., who looked 

at how immobilization conditions affect the ability of 

Bacillus licheniformis to make α-amylase and with 

those of Le-Tien et al. (4, 14). 

Researchers may attribute the decline in alpha-am- 

ylase synthesis with increased alginate concentration 

to potential effects on substrate flow rate and the re- 

duced density of the beads. The studies of Shinmyo 

et al. and de Alteriis et al., which looked at the phys- 

iology of α-amylase synthesis by immobilized Bacil- 

lus amyloliquefaciens and the continuous synthesis 

of a heterologous glucoamylase by Kluyveromyces 

lactis cells encapsulated in Calcium alginate beads, 

made this point very clear (1, 11). 

The relationship between enzyme yield and initial 

cell loading (ICL) ranging from 0.2 to 3.0 g in 150 to 

200 beads per flask, using a 30 g/l alginate solution, 

was examined (Fig. 2). The beneficial impact of en- 

hanced cell loading, resulting in increased enzyme 

output, mirrored the findings of Rao & Panda on glu- 

conic acid synthesis by Aspergillus niger entrapped 

in calcium alginate beads (15). 

Enzyme  production  reduced  with  elevated  ini- 

tial cell loading (up to 1.5 g in 150-200 beads per 

flask). This may be due to the rise in cell biomass 

concentration, which results in a decreased nutrient/ 

bead ratio, potentially becoming limiting. Moreover, 

transfer of mass is a critical factor for the develop- 

ment of entrapped cells. It is crucial to emphasize 

the substantial influence of bead diameter on the de- 

velopment. The square of the bead dimension may 

affect the growth and production characteristics of 

the cells, as cell proliferation primarily occurs at the 

bead surface. This may be attributed to the increased 

surface area of the beads, which improves mass 

transmission. Beads solidified for 24 hours exhibited 

superior enzyme production compared to those so- 

lidified for shorter or longer durations. An extended 

solidification duration led to complex beads with de- 

creased enzyme output. This may be attributed to the 

reduced nutrient transfer ratio of the beads, aligning 

with the findings of Dobreva et al. and Chia et al., as 

previously referenced (4, 12). 

Moreover,  altering  the  age  of  biomass  used  to 

start  alginate  gel  for  immobilization  could  influ- 

ence alpha-amylase production. Increased biomass 

age caused a significant decrease in alpha-amylase 

production because biomass cells were exited in the 

enzyme production cycle. The results show that it is 

possible to reuse calcium alginate catalysts to make 

alpha-amylase in a semi-continuous way. Batch cul- 

ture is a conventional method for industrial produc- 

tion. Alongside fermentation duration, the produc- 

tion cycle includes turnover time required for steril- 

ization, inoculation, and subsequent processes which 

decreases the overall productivity and escalates 

production expenses. Similar results were noted in 

Dhanasekaran's research on alpha-amylase synthesis 

in both submerged and entrapped cells of Bacillus 

species (16). 

We conducted continuous cultivation to evaluate 

the biological catalysts' longevity and their capacity 

to produce alpha-amylase in successive batch culture 

settings using modified alginate beads. The reutiliza- 

tion of entrapped cells on alginate beads across three 

consecutive reaction cycles (each lasting 48 hours) 
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without any decline in catalytic activity and five runs 

with 60% remaining activity represents a notable ad- 

vancement compared to the prior research conduct- 

ed by Karandikar et al., Ahmed, and Dobreva et al., 

who implemented five cycles of entrapped cells for 

the production of enzymes (4, 17, 18). 

We detected no pieces of alginate beads in the cul- 

ture liquid, indicating that the structural integrity 

of the enzymes was sufficiently good. Conversely, 

floating cells exhibited reduced enzyme production 

compared to entrapped cells, and their activity sig- 

nificantly diminished with successive batch runs. We 

used the immobilized catalysts for about two weeks, 

during which they continued to exhibit substantial 

alpha-amylase synthesis. This indicates a favorable 

outlook for enzyme technology, with the capacity for 

sustained alpha-amylase synthesis. Researchers have 

found that cells that are immobilized can consistent- 

ly produce alpha-amylase. This supports the work of 

Oliveira et al. on immobilizing Bacillus subtilis in 

alginate microfluidic-based particles to increase li- 

pase output. It also supports Mrudula and Shyam's 

studies on the Ca-alginate entrapment method for the 

encapsulation of Bacillus megaterium to improve the 

secretion of alkaline protease (19, 20). 

The findings indicate that calcium alginate entrap- 

ment is an effective technique for the immobiliza- 

tion of the native strain Bacillus licheniformis for 

alpha-amylase production. When cells are immobi- 

lized, they make more alpha-amylase than when cells 

are free, which means that more volumetric activity 

happens in the same amount of time. This approach 

offers distinct benefits, such as longevity, reusability, 

and the potential for adaptive reproduction and data 

scalability (21-23). 
 

 
 

CONCLUSION 

 
The study findings suggest that adhesion, accumu- 

lation, capture, or containment can attain the immo- 

bilization of live microbial cells. This technique con- 

fines the cells to a specific area and enables the recur- 

rent use of their enzymatic activity. The capability 

to design and produce immobilized cell fragments in 

various shapes and sizes with certain densities en- 

ables their use as a distinct phase in the bioreactor, 

therefore decoupling their mechanical activity from 

other current parts. Consequently, various bioreactor 

arrangements, such as stirred container, fixed-base, 

fluidized border, gas excited, and barrier bioreactors, 

can utilize immobilized cells, allowing the user to 

benefit from operational flexibilities such as short 

residence times and high loading rates. Extended 

stability, improved biomass retention, reaction se- 

lectivity, elevated product output, and streamlined 

subsequent processing are other beneficial attributes 

of immobilized cell bioreactors. Investigations into 

the fundamental and practical dimensions of cell im- 

mobilization have resulted in several applications, 

including environmental biological engineering, 

beverage and food manufacturing, drugs, chemical 

compounds,  and  notably,  biomedical  engineering 

and medicine. 
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