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Attempts have beenmade to optimize immobilization parameters, catalytic property, and stability of immobilized𝛼-amylase in agar.
The work compares natural entrapment efficiency of agar with the ionotropically cross-linked agar hydrogel, with the advantage of
easy scale-up and cost and time effectiveness. Beads prepared with 3% (w/v) agar and 75mM calcium chloride and hardened for 20
minutes were selected for further studies on the basis of entrapment efficiency (80%) and physical stability. Following entrapment,
pH and temperature optima of enzyme were shifted from 6 to 6.5 and 50 to 55∘C, respectively. Michaelis constant (𝐾

𝑚

) for both
free and entrapped enzymes remained the same (0.83%) suggesting no change in substrate affinity. However, 𝑉max of entrapped
enzyme decreased ∼37.5-fold. The midpoint of thermal inactivation for entrapped enzyme increased by 8 ± 1∘C implying its higher
thermal stability. The entrapped enzyme in calcium agar bead had an E

𝑎

value of 27.49 kcal/mol compared to 17.6 kcal/mol for free
enzyme indicating increased stability on entrapment. Half-life of enzyme increased ∼2.2 times after entrapment in calcium agar at
60∘C indicating stabilization of enzyme.The reusability of beads was size dependent. Beads with diameter <710 𝜇mwere stable and
could be reused for 6 cycles with ∼22% loss in activity.

1. Introduction

Enzymes have an enormous potential as catalysts in chemical
processes in wide range of industries [1]. 𝛼-Amylases are one
of the largest selling industrial enzymes that find use in a
wide variety of industrial applications such as production of
ethanol, starch liquefaction, detergents, desizing of textile,
modified starches, laundering, dye removal and feed prepro-
cessing, and paper recycling [2]. But the largest volume is sold
to the starch industry for conversion of starch to maltose in
preparation of high fructose corn syrup and ethanol [3].

Amylases are produced by a wide spectrum of organisms,
although each source produces biochemical phenotypes that
significantly differ in parameters like pH and temperature
optima as well as metal ion requirements [4, 5]. Bacterial
amylases used in industrial applications are highly ther-
mostable with optimum temperatures greater than 90∘C

[3, 6]. Such high temperature optima could lead to deleterious
change in foods and result in burnt flavors. Further, high
temperature optima (near 100∘C) means that the enzymes
cannot be used at lower temperatures (60∘C) with good
efficiency. Fungal amylases (source Aspergillus niger and
Aspergillus oryzae being mesophilic in nature) have the
advantage of high catalytic rates at moderate temperatures
of 50–60∘C without affecting the sensory appeal in starch
liquefaction process leading to refined syrups and sweeteners
widely used in the food industry.The starch refining industry
spends $62.2 million each year on these enzymes [7]. Since
the recovery yield and the reusability of free enzymes as
industrial catalysts are quite limited, attention has been paid
to enzyme immobilization that offers advantages over free
enzymes in choice of batch or continuous processes, rapid ter-
mination of reactions, controlled product formation, and ease
of enzyme removal from the reactionmixture, saves labor and
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overhead costs, and has adaptability to various engineering
design [8]. Furthermore, the interest in immobilized enzymes
and their application to bioprocessing, analytical systems,
and enzyme therapy has steadily grown in the past decade.
Various studies have been carried out on constraining the
enzyme on to a solid support thereby immobilizing it and
increasing its stability towards temperature [9–11].

A wide variety of supports have been used for immo-
bilization of amylases, most of which modify the enzyme
chemically, hampering the enzyme performance. Physical
entrapment of alpha-amylase in ionotropically cross-linked
biodegradable hydrogels like calcium alginate and kappa-
carrageenan beads has been shown to be a relatively easy,
rapid, and safe technique [12, 13]. However, both calcium
alginate and kappa-carrageenan get ionized in acidic or
slightly acidic environment. Thus, beads lose their integrity
and reusability of the enzyme is lost. On the other hand,
agar is resistant to acidic hydrolysis. Agar is a naturally
occurring heterogeneous colloidal polysaccharide complex
of agarose and agaropectin having alternating 𝛼-(1→ 3) and
𝛽-(1→ 4) linkages. Agarose is an alternating copolymer of
3-linked∼-D galactopyranose and 4-linked 3,6-anhydro-𝛼-
galactopyranose units. The structure of agaropectin is not
fully known but it is a sulphonated polysaccharide in which
galactose as well as uronic acid is partly esterified with
sulphuric acid. However, agar has the ability to form gel
at salt free condition. Because of ionic nature of polymer
(agaropectin), gelation may be influenced by the presence
of electrolytes similar to the carrageenan. However, gels
prepared in the presence of metallic ion are substantially
stronger than those obtained under salt free conditions.
Such gels are known as ionotropic hydrogels which are
held together by molecular entanglements and/or secondary
forces including ionic, H-bonding, or hydrophobic forces
[14]. It is the polymer of choice for entrapment of cells and
enzymes because of its cost effectiveness and resistance to
acidic hydrolysis. Agar also offers a relatively inert aqueous
environment within matrix. Keeping the said information
in view, attempts have been made to entrap 𝛼-amylase in
agar in order to optimize the immobilization parameters
such as agar concentration, calcium chloride concentration,
and hardening time on entrapment of enzyme and physical
stability of beads. Attempts have also been made to study the
catalytic property and stability of the immobilized enzyme
compared to those of native enzyme.

2. Materials and Methods

2.1. Materials. Potassium dihydrogen phosphate, sodium
hydroxide, hydrochloric acid, agar, calcium chloride dihy-
drate (Qualigens Fine Chemicals, Mumbai, India), and
soluble starch and 3,5-dinitrosalicylic acid (DNS) (Hime-
dia Laboratories Pvt. Ltd., Mumbai, India) were used
as received. Fungal 𝛼-amylase (source Aspergillus oryzae),
sodium potassium tartrate, coomassie brilliant blue G, and
ortho-phosphoric acidwere purchased fromS.D. Fine-Chem
Ltd., Mumbai, India. All other chemicals and solvents were of

analytical grade and were used without further purification.
Double-distilled water was used throughout the study.

2.2. Enzyme Immobilization. Agar solution (2–4%w/v) was
prepared by heating agar powder dispersion in phosphate
buffer (pH 6.8) at 90∘C and the solution was cooled to 45∘C.
Required quantity of enzyme (565mg 𝛼-amylase in 100mL
of final solution) was dissolved in agar solution. Afterwards,
the solution was degassed under vacuum. Enzyme entrapped
agar beads were prepared by dropping the molten agar-
enzyme solution through a syringe with 20G × 1.5 in. flat-
tip hypodermic needle to a magnetically stirred cool dis-
tilled water or calcium chloride solution (40mL, 50mM to
100mM) at a rate of 5mL/min and the beads were allowed
to harden for specific time (10–30min). Different concentra-
tions of agar and calcium chloride and different hardening
times were tried. The beads were collected by decanting
distilled water or calcium chloride solution, washed twice
with distilled water, and dried to constant weight in a
desiccator at room temperature for 48 h.The filtered distilled
water or calcium chloride solution and the twowashings were
collected for protein content estimation.

Immobilization efficiency was defined as follows:
Immobilization efficiency (%) = [(Theoretical enzyme

loaded − Amount of enzyme leached in calcium chloride
solution and washings)/Theoretical enzyme loading] × 100.

2.3. Determination of Protein Content. Protein contents of
free enzyme and washings were determined by Bradford
method [15] after some modifications. Appropriately diluted
onemilliliter of enzymewas added to 1mL of 0.1Mphosphate
buffer pH 7.5 followed by addition of 5mL Bradford’s reagent
(0.1 g of coomassie brilliant blueG 250was dissolved in 50mL
of ethanol followed by addition of 100mL 85% phosphoric
acid and volume was made to 1 L) with uniform mixing. The
test tubes were kept for 2min to develop the color completely.
The absorbancewas read at 595 nm against blank.The protein
content of samples was determined from the standard cali-
bration curve of absorbance versus concentration in 𝜇g/mL
of protein (BSA).

2.4. Enzyme Assay. Amylase activity was determined accord-
ing to the procedure of Bernfeld et al. [16] after some
modifications. Appropriately diluted enzyme was added to
1mL of buffered soluble starch (1%) substrate solution (pH
6.0). After incubation at 50∘C for 5min in a shaking water
bath, the reaction was stopped by the addition of 2mL of 3,5-
dinitrosalicylic acid (DNS) reagent (1% DNS in 30% sodium
potassium tartrate and 1.6% sodium hydroxide). The tubes
were kept in boiling water bath for 10min to develop the
color after which they were cooled. The absorbance was
read at 540 nm in a spectrophotometer, after making up
the volume to 10mL. Amylase activity is expressed as mg
of maltose liberated in 5min by 1mg enzyme under assay
conditions. The amount of maltose formed by test samples
was calculated using calibration curve of maltose prepared
by plotting absorbance versus different concentrations of
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maltose (mg/mL) in distilled water at 540 nm spectropho-
tometrically. Similarly, the enzyme activity of immobilized
enzyme was determined by the above mentioned procedure
by taking the amount of immobilized enzyme equivalent to
1mg of free alpha-amylase.

2.5. Particle Size Measurement. The particle size of 50 gel
beads was measured with a gauge type micrometer (0.01mm
least count, Durga Scientific Pvt. Ltd., Vadodara, India)
for each group of samples and the mean particle size was
determined.

2.6. Enzyme Characteristics

2.6.1. Determination of Kinetic Constants. The kinetic con-
stants of native and entrapped 𝛼-amylase were determined at
different concentrations of buffered soluble starch substrate
ranging from 0.2% to 2.0% at pH 6.0 and 50∘C. The 𝐾

𝑚
and

𝑉max of the native and immobilized enzyme were calculated
according to Lineweaver-Burk plot [17].

2.6.2. pHOptimum. pH optimumof both entrapped and free
enzymes was tested by assaying activity in the pH range of
3.0–8.0. Buffers (0.1M) used included acetate (pH 3–5.5) and
phosphate (pH 6.0–8.0) buffers. Relative activities at the test
pH were calculated assuming maximum activity observed as
100% (during the experiment).

2.6.3. Temperature Optimum. Temperature optima of free
and entrapped enzymes were determined by assaying activity
at pH 6.0, in the temperature range of 0–80∘C. The temper-
ature at which maximum activity was observed was taken
as 100% and relative activities at different temperatures were
calculated.

2.6.4. Thermal Stability of Free and Entrapped Amylase

Midpoint of Thermal Inactivation. Both free and entrapped
enzyme samples were incubated for 30min at different
temperatures in the range of 20–70∘C. After cooling, residual
activity was measured at pH 6.0 by transferring suitable
amount to the assay mixture. The midpoint of thermal
inactivation, where the activity was diminished by 50%, was
calculated from the plot of percent residual activity versus
temperature. Activity of the unincubated enzyme was taken
as 100%.

Thermal Inactivation Kinetics. Kinetics of thermal inactiva-
tion of free and entrapped enzymes was studied at different
temperatures in the range of 50–70∘C for 2 h. Enzyme samples
were incubated at test temperature and aliquots withdrawn at
appropriate time intervals, that is, after every 30min. It was
immediately cooled in an ice bath and residual activity mea-
sured at pH 6.0. Activity of unincubated enzyme was taken
as 100%. From a semilogarithmic plot of residual activity
versus time, the inactivation rate constant, 𝑘in, was calculated.
The temperature dependence of 𝑘in was analyzed from the
Arrhenius plot to obtain the inactivation parameters.

2.7. Reusability of Entrapped Amylase. Amylase entrapped
agar and calcium agar beads were screened through sieve
numbers 16 and 22 according to Indian Pharmacopoeia.
Beads which passed through sieve 22 were of particle size
<710 𝜇m and those which passed through sieve 16 but were
retained by sieve 22 were of particle size 0.71–1.4mm. To
test the reusability, these amylase entrapped agar beads of
different sizes (<710 𝜇m and 0.71–1.4mm) were used to assay
enzyme activity. Beads were kept in a small wire mesh basket
of sieve number 100 and immersed in 100mL of 1% buffered
starch substrate (pH 6), under stirring. After incubation
for 5min, basket containing beads was removed from the
reactionmixture and reused after washing thrice with double
distilledwater. Enzyme activity was determined at pH6 in the
same manner as described for enzyme assay. The decrease in
activity for each cycle was determined assuming activity of
beads in the first cycle as 100%.

3. Results and Discussion

3.1. Entrapment of 𝛼-Amylase. From Table 1, it can be
observed that all the process variables like concentration
of agar, calcium chloride, and hardening time affect the
entrapment efficiency. As the agar solution was added to
cool distilled water, the gelation of agar at the interface
of agar solution and distilled water takes place followed
by further gelation of interior when kept in cool distilled
water. On addition of agar solution to calcium chloride,
instantaneous interfacial cross-linking takes place followed
by a more gradual gelation of the interior and causes loss of
enzyme from the beads, which was found to be proportional
to the degree of cross-linking. Increase in viscosity with
increase in agar concentration may retard the penetration of
distilled water or calcium to the interior of the bead, resulting
in decreased cross-linking and hence increased entrapment
efficiency. Degree of cross-linking increased with increase in
calcium chloride concentration and hardening time, and so
entrapment efficiency decreased [14]. Since the agar gels are
porous in nature, the retention of beads in distilled water
increased the leaching of enzyme.

At the lower concentration of agar, calcium chloride,
and shorter hardening time, beads get ruptured during
decantation and washing of beads. Calcium agar beads
prepared with 3%w/v agar and 75mM calcium chloride and
hardened for 20min were selected for further studies on the
basis of its physical stability and entrapment efficiency. The
entrapment efficiency of𝛼-amylase in calcium agar beads and
agar alone was 80.0% and 63.83%, respectively.Thus, calcium
agar provides more efficient entrapment of enzyme than agar
alone.

3.2. Particle Size. From Table 1, it can be observed that, as the
concentration of agar was increased, it resulted in increase in
% entrapment aswell as particle sizewhile increase in calcium
chloride as well as hardening time had reduced the same.The
bead size is influenced by the opening through which agar
is allowed to pass (which was kept constant) and the viscosity
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Table 1: Effect of different concentrations of agar, calcium chloride, and hardening time on the percentage entrapment of 𝛼-amylase and
particle size of bead formed.

Agar concentration Calcium chloride concentration Hardening time (min) % entrapment Particle size (mm)

2%

0mM 20min 49.78 0.482 ± 2.92
30min 45.35 0.477 ± 1.18

50mM
10min 63.87 0.497 ± 2.21
20min 61.32 0.497 ± 1.17
30min 58.96 0.485 ± 2.20

75mM
10min 62.50 0.466 ± 1.19
20min 57.59 0.461 ± 1.22
30min 56.21 0.459 ± 2.18

100mM
10min 55.22 0.460 ± 3.17
20min 54.25 0.462 ± 2.15
30min 52.86 0.462 ± 2.22

3%

0mM 20min 63.83 0.844 ± 3.19
30min 61.99 0.842 ± 2.17

50mM
10min 82.68 0.715 ± 2.21
20min 78.00 0.708 ± 1.17
30min 74.40 0.701 ± 1.20

75mM
10min 82.81 0.682 ± 2.19
20min 80.00 0.677 ± 3.22
30min 76.26 0.671 ± 3.18

100mM
10min 76.20 0.672 ± 2.21
20min 74.68 0.669 ± 1.23
30min 73.11 0.663 ± 2.18

4%

0mM 20min 64.05 1.12 ± 3.21
30min 62.03 1.11 ± 2.19

50mM
10min 78.81 1.02 ± 3.17
20min 76.45 1.01 ± 3.20
30min 74.88 1.01 ± 2.19

75mM
10min 76.06 0.96 ± 3.22
20min 73.51 0.95 ± 2.20
30min 71.54 0.95 ± 3.21

100mM
10min 73.11 0.92 ± 3.16
20min 70.75 0.91 ± 3.18
30min 69.18 0.91 ± 3.21

of agar solution. As the concentration of calcium chloride and
hardening time was increased, it resulted in smaller particle
size due to increased cross-linking, although the negative
effect of calcium chloride and hardening time was of less
magnitude.

3.3. Morphology of the Beads. The spherical shape of the
beads in the wet state was usually lost after drying, especially
for the beads prepared with low concentration of agar. With
increase in concentration of agar from 2 to 4% (w/v), the
shape of bead was retained to be slightly spherical. The beads
prepared with 2%w/v agar were having lesser mechanical
strength and they had the tendency to develop a collapsed
center which may be because of mass- and heat-transfer
phenomena and/or aggregation of agar helical fibers into

bundles and squeezing out of some water from the gel.
The shape of the optimized beads changed near to a sphere
with a collapsed center during the drying process.

3.4. Enzyme Characteristics

3.4.1. Kinetics of Free and Entrapped Enzyme. The kinetic
parameters, maximum hydrolytic reaction rate (𝑉max) of
enzymatic reaction, and Michaelis-Menten constant (𝐾

𝑚
) of

free and immobilized enzyme were determined by plotting
the inverse of hydrolysis reaction rate (𝑉

0
) against the inverse

of substrate concentration percentage [(S) %] according to
the Lineweaver-Burk equation [17]. It was observed that the
plot gave a good linear relationship between (1/𝑉

0
) and [1/(S

%)] as shown in Figure 1. The intercepts of straight line
on y-axis and x-axis corresponded to 1/𝑉max and −1/𝐾

𝑚
,
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Figure 1: Effect of amylase entrapment on substrate concentration
and reaction velocity.

respectively. In enzyme kinetics, 𝐾
𝑚
is an inverse function

of the affinity between enzyme and substrate [16]. Since
𝐾
𝑚

for free, agar-entrapped, and calcium agar-entrapped
enzyme remained the same (0.83%), there is no change in
the substrate affinity for the entrapped enzyme compared
to free enzyme. Thus, agar entrapment as well as calcium
agar entrapment did not have any effect on the binding of
substrate to the enzyme. However,𝑉max of entrapped enzyme
in calcium agar was affected with ∼37.5-fold decrease from
833.33 U (for free enzyme) to 22.22 U, while entrapment in
agar alone led to decrease in 𝑉max to 105.26U, that is, ∼8-
fold, compared to free enzyme.This indicates that entrapment
of the enzyme results in inflexibility of the protein molecule
thereby affecting product turnover. Since 𝑉max is directly
proportional to enzyme concentration or number of binding
sites, the reduction of𝑉max on entrapment suggests reduction
in substrate binding sites.

3.4.2. pH and Temperature Optima for Amylase Activity. pH
optimum of the free enzyme and enzyme entrapped in agar
was 6.0 while pH optimum of the entrapped enzyme in
calcium agar was shifted by 0.5 units to 6.5 (Figure 2).

The entrapped enzyme in calcium agar was active at a
higher temperature range (compared to free enzyme and agar
entrapped enzyme) and the optimum temperature for activity
was shifted by 5±1∘C.The temperature optimumwas shifted
from 50∘C (free and agar entrapped enzyme) to 55∘C for the
calcium agar entrapped enzyme (Figure 3).

Entrapment affects the enzyme characteristics which are
reflected by a change in the pH and temperature optimum of
the enzyme. Similar shift in pH and temperature optima on
entrapment of 𝛼-amylase in alginate beads has been reported
by Kumar et al. [17]. Higher temperature optima in enzymes
are attractive because rate of reactions is faster and there
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Figure 2: pH optimum of 𝛼-amylase before and after entrapment in
agar and ionotropically cross-linked calcium agar hydrogel.
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Figure 3: Temperature optimum of free and entrapped 𝛼-amylase
in agar and ionotropically cross-linked calcium agar hydrogel.

is less microbial contamination of food materials. Kennedy
[18] suggested that an increase in temperature optimum can
result from a lower temperature in the gel microenvironment
compared to bulk solution. Increased thermal stability for
immobilized 𝛼-amylase fromA. oryzae in polyacrylamide gel
has been reported [19].

3.5. Thermal Stability of Entrapped Amylase

3.5.1. Midpoint of Thermal Inactivation. Midpoint of thermal
inactivation shifted from 57∘C (free enzyme) to 61∘C and
65∘C for the agar entrapped and calcium agar entrapped
amylase reflecting increased temperature stability (+8∘C) on
entrapment in calcium agar (Figure 4).
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Table 2: Thermodynamic parameters of free and entrapped 𝛼-amylase.

Temperature (Kelvin)
Free enzyme Agar entrapped enzyme Calcium agar entrapped enzyme

𝑘in × 10
−4 (s−1) 𝐸

𝑎

(kcal/mol)

Half-
life

(min)
𝑘in × 10

−4 (s−1) 𝐸
𝑎

(kcal/mol)

Half-
life

(min)
𝑘in × 10

−4 (s−1) 𝐸
𝑎

(kcal/mol)

Half-
life

(min)
323 1.71 17.60 67.77 1.52 20.04 76.11 1.03 27.49 111.58
328 2.83 17.60 40.75 2.27 20.04 50.91 1.32 27.49 87.64
333 4.47 17.60 25.85 3.29 20.04 35.06 2.02 27.49 57.07
338 6.40 17.60 18.05 5.02 20.04 23.03 3.65 27.49 31.62
343 — — — — — — 6.97 27.49 16.59
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Figure 4: Midpoint of thermal inactivation for free and entrapped
𝛼-amylase in agar and ionotropically cross-linked calcium agar
hydrogel.

3.5.2. Thermal Inactivation Parameters. Thermal inactiva-
tion parameters for the free and entrapped enzyme were
determined by incubation at different test temperatures in
the range of 50–70∘C and assaying for residual activity as
a function of time (Figures 5(a), 5(b), and 5(c)). Enzyme
inactivation followed first order kinetics. The Arrhenius plot
derived from the slopes of the plot of log % residual activity
versus time is shown in Figure 5(d). Ea values of entrapped
enzyme were higher (27.49 kcal/mol and 20.04 kcal/mol,
resp., for enzyme entrapped in calcium agar and agar alone)
compared to free enzyme (17.6 kcal/mol). Half-life of the
enzyme increased from 25.85 to 57.07min (∼2.2 times higher)
after entrapment in calcium agar at 60∘C (333K) indicating
stabilization of the enzyme (Table 2).

3.6. Reusability of Entrapped Amylase. The approximate per-
centage of beads of particle size <710 𝜇m and 0.71–1.40mm
was 85% and 15%, respectively. Operational stability of the
entrapped amylase in agar beads and calcium agar beads was

evaluated by reusing beads for enzyme assay (after washing
with distilled water) for several cycles. The results are shown
in Figure 6. Reusability was highly dependent on bead size.
Beads with <710 𝜇m diameter were more stable and retained
∼78% activity at the end of six cycles for calcium agar beads,
while the agar beads of <710 𝜇m diameter retained only
20% activity at the end of sixth cycle. Since the agar beads
are porous in nature compared to calcium agar beads, the
physical loss of enzyme from the carrier is highwhich leads to
greater decrease in activity compared to calcium agar beads
on repetitive use of beads.

Beads with 0.71–1.40mm diameter lost activity rapidly
with <40% residual activity at the end of fifth cycle in case
of calcium agar beads. Bead size has a significant effect on
the rate of enzymatic reaction [13]. Immobilized enzymes
generally experience mass transfer limitations. The size of
beads in which 𝛼-amylase is entrapped may be one of the
most important parameters of amylase immobilization. It is
expected that enzymes in smaller beads will show higher
catalytic activity due to reduced substrate transfer resistance
[20]. In the present study, entrapped enzyme in calcium agar
beads of <710 𝜇m diameter was more stable and retained ∼
78% activity at the end of six cycles. Decrease in the enzyme
activity during the repetitive use may be due to enzyme
denaturation and/or due to physical loss of enzyme from the
carrier [13].

Higher half-life represents higher stability which ensures
that the enzyme is active for several more cycles compared
to less stable enzymes. Immobilized enzymes are more stable
compared to free enzymes, due to the restricted rotation and
prevention of the unfolding of structure.

Earlier, entrapment of amylase in calcium alginate has
been reported [21]. But in the acidic or slightly acidic environ-
ment calcium alginate being anionic could break into calcium
chloride and alginic acid and beads would lose their integrity
and reusability as whole of the entrapped enzyme could
leach with complete loss of activity. But amylase entrapped
in agar bead is less likely to cause such a problem as the
agar is resistant to acidic hydrolysis. So, ionotropically cross-
linked agar beads containing 𝛼-amylase can be used instead
of calcium alginate beads if the feed is slightly acidic. 𝛼-
Amylase encapsulation in calcium agar beads thus can serve
as a robust and economical technology in the context of



International Scholarly Research Notices 7

Time (min)
0 20 40 60 80 100 120 140

lo
g 

%
 re

sid
ua

l a
ct

iv
ity

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

50
∘C

55
∘C

60
∘C

65
∘C

(a)

Time (min)
0 20 40 60 80 100 120 140

lo
g 

%
 re

sid
ua

l a
ct

iv
ity

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

50
∘C

55
∘C

60
∘C

65
∘C

(b)

Time (min)
0 20 40 60 80 100 120 140

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

70
∘C

50
∘C 55

∘C
60

∘C
65

∘C

lo
g 

%
 re

sid
ua

l a
ct

iv
ity

(c)

2.90 2.95 3.00 3.05 3.10
−9.5

−9.0

−8.5

−8.0

−7.5

−7.0

Free enzyme
Agar encapsulated enzyme
Calcium agar encapsulated enzyme

ln
k

in

1/T × 10
−3

(K−1
)

(d)

Figure 5:Thermal inactivation kinetics of free and entrapped 𝛼-amylase. (a) Free enzyme; (b) 𝛼-amylase entrapped in agar gel; (c) 𝛼-amylase
entrapped in ionotropically complexed calcium agar hydrogel; and (d) Arrhenius plots for free and entrapped enzyme.

food/feed improvement and treatment of biological waste
from food processing industries.

4. Conclusion

𝛼-Amylase from A. oryzae was successfully entrapped/
immobilized in calcium agar beads with high entrapment

efficiency.The entrapped enzymehad higher thermal stability
and unchanged substrate affinity and was reusable. The
enzyme immobilization in agar is simple, cheap, safe, and easy
to scale up. Since the agar is naturally occurring, nontoxic,
and biodegradable, the results of the study are useful in the
development of a general approach for carbohydrate hydrol-
ysis in food/feed industry and biological waste management.
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Figure 6: Effect of bead size on the reusability of the entrapped 𝛼-
amylase in calcium agar beads.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors are grateful to Banasthali Vidyapith, Rajasthan,
India, for providing facilities for the research.

References

[1] N. Munjal and S. K. Sawhney, “Stability and properties of
mushroom tyrosinase entrapped in alginate, polyacrylamide
and gelatin gels,” Enzyme and Microbial Technology, vol. 30, no.
5, pp. 613–619, 2002.

[2] H. Guzman-Maldonado and O. Paredes-Lopez, “Amylolytic
enzymes and products derived from starch: a review,” Critical
Reviews in Food Science and Nutrition, vol. 35, no. 5, pp. 373–
403, 1995.

[3] T. Amylase, T. H. Richardson, X. Tan et al., “A novel, high
performance enzyme for starch liquefaction. Discovery and
optimization of a low pH, thermostable 𝛼-amylase,” Journal of
Biological Chemistry, vol. 277, no. 29, pp. 26501–26507, 2002.

[4] J. A. Thoma, J. E. Spradlin, and S. Dygert, “Plant and animal
amylases,” in The Enzymes, P. D. Boyer, Ed., pp. 115–189,
Academic Press, New York, NY, USA, 1979.

[5] T. Takagi, H. Toda, and T. Isemura, “Bacterial and mold
amylases,” in The Enzymes, P. D. Boyer, Ed., pp. 235–271,
Academic Press, New york, NY, USA, 1979.

[6] A. Pandey, P. Nigam, C. R. Soccol, V. T. Soccol, D. Singh, and
R.Mohan, “Advances inmicrobial amylases,” Biotechnology and
Applied Biochemistry, vol. 31, no. 2, pp. 135–152, 2000.

[7] M. F. Chaplin and C. Bucke, Enzyme Technology, Cambridge
University Press, New York, NY, USA, 1990.

[8] J. James and B. K. Simpson, “Application of enzymes in food
processing,” Critical Reviews in Food Science and Nutrition, vol.
36, no. 5, pp. 437–463, 1996.

[9] S. Aksoy, H. Tumturk, and N. Hasirci, “Stability of 𝛼-amylase
immobilized on poly(methyl methacrylate-acrylic acid) micro-
spheres,” Journal of Biotechnology, vol. 60, no. 1-2, pp. 37–46,
1998.

[10] J. Emneus and L. Gorton, “Effects on the hydrolysis of native
starch and glycogen by a thermostable 𝛼-amylase after immo-
bilization on solid supports,” Analytica Chimica Acta, vol. 234,
no. 1, pp. 97–106, 1990.

[11] E. Linne, N. Garg, R. Kaul, and B. Mattiasson, “Evaluation of
alginate as a ligand carrier in affinity precipitation,” Biotechnol-
ogy and Applied Biochemistry, vol. 16, pp. 48–56, 1992.

[12] M. G. Sankalia, R. C. Mashru, J. M. Sankalia, and V. B.
Sutariya, “Stability improvement of alpha-amylase entrapped
in kappa-carrageenan beads: physicochemical characterization
and optimization using composite index,” International Journal
of Pharmaceutics, vol. 312, no. 1-2, pp. 1–14, 2006.

[13] G.Dey, B. Singh, andR. Banerjee, “Immobilization of𝛼-amylase
produced by Bacillus circulans GRS 313,” Brazilian Archives of
Biology and Technology, vol. 46, no. 2, pp. 167–176, 2003.

[14] G. D. Prestwich, D. M. Marecak, J. F. Marecek, K. P. Ver-
cruysse, and M. R. Ziebell, “Controlled chemical modification
of hyaluronic acid: synthesis, applications, and biodegradation
of hydrazide derivatives,” Journal of Controlled Release, vol. 53,
no. 1–3, pp. 93–103, 1998.

[15] M. M. Bradford, “A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein dye binding,”Analytical Biochemistry, vol. 72, no. 1-2,
pp. 248–254, 1976.

[16] P. Bernfeld, S. P. Colowick, and N. O. Kalpan, “Amylase 𝛼 and
𝛽,”Methods in Enzymology, vol. 1, pp. 149–158, 1955.

[17] R. S. S. Kumar, K. S. Vishwanath, S. A. Singh, and A. G.
A. Rao, “Entrapment of 𝛼-amylase in alginate beads: single
step protocol for purification and thermal stabilization,” Process
Biochemistry, vol. 41, no. 11, pp. 2282–2288, 2006.

[18] J. F. Kennedy, “Enzyme technology,” in Biotechnology, J. F.
Kennedy and J. M. S. Carbral, Eds., vol. 7, VCH Publ. Verlags-
gesellschaft mbh, Weinbein, Germany, 1978.

[19] P. Raviyan, J. Tang, and B. A. Rasco, “Thermal stability of 𝛼-
amylase from Aspergillus oryzae entrapped in polyacrylamide
gel,” Journal of Agricultural and Food Chemistry, vol. 51, no. 18,
pp. 5462–5466, 2003.

[20] K. Won, S. Kim, K. Kim, H. W. Park, and S. Moon, “Opti-
mization of lipase entrapment in Ca-alginate gel beads,” Process
Biochemistry, vol. 40, no. 6, pp. 2149–2154, 2005.

[21] F. Ertan, H. Yagar, and B. Balkan, “Optimization of 𝛼-amylase
immobilization in calcium alginate beads,” Preparative Bio-
chemistry and Biotechnology, vol. 37, no. 3, pp. 195–204, 2007.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


