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Abstract The a-amylase of Bacillus amyloliquifaciens
TSWK1-1 (GenBank Number, GQ121033) was immobi-
lized by various methods, including ionic binding with
DEAE cellulose, covalent coupling with gelatin and
entrapment in polyacrylamide and agar. The immobiliza-
tion of the purified enzyme was most effective with the
DEAE cellulose followed by gelatin, agar and polyacryl-
amide. The K, increased, while V., decreased upon
immobilization on various supports. The temperature and
pH profiles broadened, while thermostability and pH sta-
bility enhanced after immobilization. The immobilized
enzyme exhibited greater activity in various non-ionic
surfactants, such as Tween-20, Tween-80 and Triton X-100
and ionic surfactant, SDS. Similarly, the enhanced stability
of the immobilized «-amylase in various organic solvents
was among the attractive features of the study. The reus-
ability of the immobilized enzyme in terms of operational
stability was assessed. The DEAE cellulose immobilized
o-amylase retained its initial activity even after 20 conse-
quent cycles. The DEAE cellulose immobilized enzyme
hydrolyzed starch with 27 % of efficiency. In summary, the
immobilization of B. amyloliquifaciens TSWKI1-1 o-amy-
lase with DEAE cellulose appeared most suitable for the
improved biocatalytic properties and stability.
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Introduction

The thermophilic bacteria can grow and produce industri-
ally valuable compounds optimally at high temperatures
[1]. The ability to grow at high temperatures is associated
with the stability of the macromolecules. The thermophilic
enzymes could provide potential models for understanding
the thermostability. The thermophilic processes are stable,
rapid and less expensive, which ultimately leads to the
improved activity and product recovery [2, 3].

The amylases hydrolyze starch to form diverse products,
which include dextrin and successively smaller polymers
of glucose [4]. The a-amylase (E.C.3.2.1.1) family com-
prises of a group of enzymes with a variety of different
specificities that act on a substrate, which contains glucose
residues linked through o-1-1, a-1-4, o-1-6, glycosidic
bonds [5, 6]. It shares approximately 30 % of the enzyme
market demand [5], with potential applications in the starch
liquefaction, manufacturing of maltose, high fructose-
containing syrups (HFCS), oligosaccharides mixtures,
maltotetrose syrups, high molecular weight-branched
dextrins, in the removal of starch sizer from textiles, direct
fermentation of starch to ethanol and in the treatment of
starch processing waste water [7]. The thermostable
o-amylases of other Bacillus sp. with fairly good activity
and stability at high temperatures are also reported [8—12].
In general, the thermostable z-amylases are considered to
be calcium dependent in nature. However, the demand for
calcium-independent o-amylase in the starch industries is
ever increasing.

The immobilization of microbial cells [13] or enzyme
[14-19] is a value maximization approach for the efficient
utility, improved quality and better applications in the
industries. The advantages of enzyme immobilization
include enzyme re-utilization, enhanced stability, easy
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separation from the reaction mixture and ready applications
in the automated continuous processes [20]. The factors
affecting the yield of the enzyme immobilization are
mainly, type of enzyme and carrier used, type of immo-
bilization method used, enzyme concentration, concentra-
tion of the carrier, utilization of any cross-linking agent and
its concentration and bead/block size. Besides, the amount
of beads/blocks utilized in the reaction mixture also sig-
nificantly influence the substrate hydrolysis. The process
variables affecting the immobilization of «-amylase on
gelatin were also optimized by the response surface
methodology (RSM) [15]. Another study was focused on
the optimization of the immobilization of x-amylase using
calcium alginate [18]. The immobilized system should also
be stable for a longer time without any toxic and hazardous
effects. The stability parameters relate to the resistance
against various physicochemical factors including mainly
temperature, pH, denaturants, surfactants and organic sol-
vents. In addition, to the advantage of easy recovery of the
enzyme, the immobilization may also protect enzyme from
deactivation, destabilization and denaturation in organic
solvents [21].

The present study aimed at the immobilization of puri-
fied a-amylase of B. amyloliquifaciens TSWKI1-1 (Gen-
Bank Number, GQ121033) on various carriers using ionic
binding, covalent binding and entrapment methods. The
properties of free and immobilized enzymes were com-
pared with respect to the effect of pH, temperature, sur-
factants and organic solvents on enzyme activity and
stability.

Materials and methods
Materials

Starch, acrylamide, bis-acrylamide, TEMED and DEAE
cellulose were purchased from Merk, Mumbai, India. The
medium components and agar were purchased from Hi
Media Laboratories, Mumbai, India. The gelatin and other
chemicals were purchased from Rankem Laboratories,
Mumbiai, India, which were of the analytical grade.

Purification of a-amylase of B. amyloliquifaciens
TSWKI1-1

The single-step purification of the x-amylase of a thermo-
philic bacterium, B. amyloliquifaciens TSWKI1-1 (Gen-
Bank Number, GQ121033) was achieved on the phenyl
Sepharose 6FF column (Sigma, India; 1 cm x 6.5 cm) by
the hydrophobic interaction chromatography. The bacte-
rium was isolated from a hot spring reservoir, located in
Tulsi Shyam, Gujarat, India [22].
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The immobilization strategies

The ionic binding of the a-amylase with DEAE
cellulose

The DEAE cellulose in various amounts (1-3 g) was added
to 20 ml of 20 mM phosphate buffer, pH 7 and incubated
overnight with the continuous stirring for swelling and
mixing of the slurry. The swelled DEAE cellulose was
filtered on a Buchner funnel and was incubated with 20 ml
0.5 N HCI for 1 h. It was then washed with distilled water
thoroughly till pH 7. The HCl-treated DEAE cellulose was
further treated with 20 ml 0.5 N NaOH, followed by the
continuous slow stirring at the room temperature for 1 h. It
was then washed with distilled water until pH 7. The
activated DEAE cellulose was preserved in 20 ml of
20 mM phosphate buffer, pH 7 at 4 °C [23]. The purified
o-amylase (2,400 U/g of carrier) in 1 ml was mixed with
the activated DEAE cellulose, prewashed with the assay
buffer and stirred for overnight at 4 °C. The unbound
enzyme was washed out extensively with the assay buffer.

The covalent coupling of the a-amylase with gelatin

The gelatin powder in various concentrations from 5 to
15 % was swelled in 10 ml of 20 mM phosphate buffer,
pH 7. To ensure the complete solubilization, the prepara-
tion was heated at 50 °C for 10 min. After sufficient
cooling, 1 ml of the purified az-amylase (2,400 U/g of
carrier) was mixed. This followed by the addition of 0.6 %
(w/v) gluteraldehyde, an organic cross-linker. After con-
tinuous stirring, the preparation was poured on a glass plate
to prepare thin film of immobilized enzyme and preserved
at 4 °C. The unbound enzyme was washed out extensively
with the assay buffer and cut into small uniform blocks for
further applications [15, 16, 24].

The entrapment of the z-amylase in polyacrylamide
and agar

The enzyme immobilization in polyacrylamide gel was
achieved by mixing 3 ml of the acrylamide: bis-acrylamide
mixture, 4 ml of water, 2 ml of 100 mM Tris—Cl buffer,
pH 8 and 1 ml of the purified a-amylase (2,400 U/g of
carrier). The polymerization was achieved by the addition
of 100 pl of 1 % (w/v) ammonium persulfate and 6 pl of
TEMED. The gel film was polymerized at 4 °C on a glass
plate. The unbound enzyme was washed out with the assay
buffer. The immobilized gel was cut into small uniform
blocks before further utilization [24].

The various concentrations of agar from 1 to 5 % were
prepared in 20 mM phosphate buffer, pH 7. It was heated at
100 °C for 10 min followed by cooling till 50 °C. The purified



Bioprocess Biosyst Eng (2013) 36:567-577

569

o-amylase (2,400 U/g of carrier) in 1 ml was mixed with 5 ml
of the cooled mixture and allowed to solidify. The unbound
enzyme was washed out extensively with the assay buffer. The
immobilized enzyme was preserved at 4 °C before cutting
into small uniform blocks for further applications [20].

Amylase activity

The film of immobilized enzyme was cut into 24 small
uniform blocks before use. The amylase activity was
assayed using half of the blocks of the immobilized
enzyme and 2 % (w/v) starch as substrate, dissolved in
20 mM phosphate buffer, pH 7. The reaction mixture was
further incubated at 70 °C for 20 min. It was followed by
the dinitrosalicylic acid method [22]. One unit was defined
as the amount of enzyme liberating 1 pmol of maltose per
minute under the assay conditions. Maltose (100-1,000 pg)
was used as standard. The protein content of the purified
enzyme was measured according to the Bradford method
using bovine serum albumin (10 pg/ml) as a standard.
The preparations after each immobilization process were
assessed for the immobilization and activity yield.

Immobilization (theoretical) yield = A — B x 100 %/A
(1)
Activity (practical) yield = C x 100 %/A (2)

where, A is the activity (unit/g of carrier) of the free
enzyme before immobilization; B is the activity (unit/g of
carrier) of the unbound wash out and C is the activity (unit/
g of carrier) of the immobilized enzyme.

The enzyme characterization
The determination of kinetic parameters

The immobilized enzyme preparations were assayed at
substrate concentrations between 0.1 and 3 % (w/v) of
starch. The K, and V,,,,, were estimated from the reciprocal
plot of the substrate concentration versus the velocity.

The temperature and pH profiles of the immobilized
amylase

The amylase activity was measured by incubating reaction
mixtures, containing immobilized enzyme and 2 % starch
dissolved in 20 mM phosphate buffer, pH 7 at temperatures
ranging from 10 to 100 °C for 20 min to generate the
temperature profile. Similarly, for pH range and pH optima,
the immobilized enzyme was incubated with 2 % soluble
starch dissolved in various buffers, including 20 mM

citrate buffer, pH 3—4; 20 mM acetate buffer, pH 5; 20 mM
phosphate buffer, pH 6-7; 20 mM Tris—HCI buffer, pH 8;
20 mM glycine-NaOH buffer, pH 9 and 20 mM NaOH-
Borax buffer, pH 10-12, followed by the incubation at the
optimum temperature (70 °C) for the enzyme activity.

The thermostability and pH stability of immobilized
amylase

To assess the thermostability and pH stability, the immo-
bilized enzyme was incubated in various buffers, including
20 mM phosphate buffer, pH 6-7; 20 mM Tris—HCI buf-
fer, pH 8 and 20 mM glycine-NaOH buffer, pH 9 at
temperatures, 37 and 60 °C. The aliquots were withdrawn
at regular interval of 3 h for 12 h for the enzyme activity,
followed by the estimation of residual activities. The
residual activities were computed by comparing the
enzyme activity at 0 min (100 %) with the activities at
various time intervals after incubation.

The determination of decay constant (x) and half-life (¢,,,)

The values of decay constant (k) and half-life (¢;,) of the
enzyme were calculated as follows:

de/dt = —kE. (3)
At t = 0; E = E,. Integrating...

E = Ey.e™ (4)

where, E is the initial activity, while ¢ denotes to the time

elapsed during the reaction. The residual activity A, is

directly proportional to the concentration of the active
enzyme (E):

ArA¢ = E/E,. (5)
From the Egs. (2) and (3) [18],
A = Ag.eT) (6)

This is known as the exponential decay model.
Therefore,

K = 2.303/¢[log(A,/Ay)]. (7)
The half-life of the enzyme (#;,,) is the time required for

the enzyme activity to decrease 50 % of the initial value.
Therefore [25],

f, =1n (0.5)/K = 0.693 /. (8)

The effect of surfactants on enzyme activity
The effect of surfactants on enzyme activity was assessed
by incubating the free and immobilized enzymes for 1 h in

the ionic surfactant, 20 mM sodium dodecyl sulfate (SDS)
and non-ionic surfactants, including Tween-20, Tween-80
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and Triton X-100 in 5 % (v/v) concentration. The relative
activities were calculated by comparing the activities with
control, without any surfactant as 100 %.

The effect of solvents on enzyme activity

The range of solvents was selected on basis of their
interaction with water and logP,., values. The selected
solvents were as follows: acetone (—0.24), diethyl ether
(0.8), benzene (2.13), toluene (2.73) and cyclohexane (3.3).
The effect of these solvents on amylase activity was fol-
lowed by monitoring activities of free and immobilized
enzymes in various solvents at various concentrations
ranging between 10 and 50 % (v/v). The substrate con-
centration was 2 % starch dissolved in 20 mM phosphate
buffer, pH 7. The reaction mixtures were incubated at
70 °C for 20 min under the slow shaking condition
(80 rpm) to ensure proper mixing. The relative activities
were calculated by comparing the activity with control,
without any solvent as 100 %.

The effect of solvents on enzyme stability

The stability profiles of the free and immobilized o-amy-
lase against the above listed solvents were investigated.
The free and immobilized enzymes were incubated sepa-
rately with the above-stated solvents in 10 % (v/v) con-
centration at 60 °C under the slow shaking condition at
80 rpm for proper mixing. The activities were monitored at
regular intervals of 3 h for 12 h. The residual activities
were calculated thereafter.

The operational stability

The immobilized «-amylase was incubated with 500 pl of
2 % (w/v) starch, dissolved in 20 mM phosphate buffer,
pH 7 at the optimum temperature, 70 °C for 20 min. The
immobilized enzyme was separated and washed thoroughly
with the assay buffer before the next reaction. The protein
contents were measured by the Bradford method, which
was related to the activity. The procedure was repeated for
20 subsequent cycles.

Application of the DEAE immobilized «-amylase
in the starch hydrolysis

The DEAE cellulose immobilized «-amylase was incu-
bated with 10 ml of 2 % starch dissolved in 20 mM
phosphate buffer, pH 7 at 100 °C for 10 min. The gelati-
nized starch was further incubated at 80 °C for 1 h for the
starch liquefaction. At last, the liquefied starch was sub-
jected to starch saccharification by incubating with the
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DEAE cellulose immobilized a-amylase at 50 °C for 4 h.
The immobilized enzyme was removed and thoroughly
washed. The hydrolyzed products were analyzed for the
hydrolysis efficiency by measuring the reducing sugars
produced after each step. The reducing sugars were esti-
mated by DNS method using maltose as a standard.

The hydrolysis efficiency can be expressed as

Efficiency = 100 % x (number of glycosidic bonds broken/

number of glycosidic bonds present)

In other words [26],

Efficiency = 100 % x (amount of reducing sugars produced/
total starch concentration).

Results and discussion

The present study focused on the immobilization of purified
a-amylase of B. amyloliquifaciens TSWKI1-1 to achieve
improved functioning for the industrial applications.

Immobilization strategies

The B. amyloliquifaciens TSWKI1-1 o-amylase was
immobilized with different matrices by various methods,
including ionic binding by DEAE cellulose, entrapment by
agar and polyacrylamide and covalent coupling by gelatin.
Table 1 indicates the immobilization and activity yields
using various concentrations of the support matrices. While
immobilization was achieved by all the methods, the
immobilization with DEAE cellulose emerged as the most
suitable support. Quite low yield was evident for immo-
bilization with polyacrylamide. The trend of the efficacy of
the immobilization was also reflected in protein contents
and specific activities highlighted in Table 2. The peroxi-
dase of bitter gourd was successfully immobilized with
DEAE cellulose [23]. The studies with the f-xylosidase of
Talaromyces thermophilus, for the production of xylose
and xylooligosaccharide reflected that chitosan was the
best carrier for the immobilization, while DEAE cellulose
was also fairly good support for immobilization [24].

In the present study, the immobilization yield increased
with increasing concentrations of carrier, with the excep-
tion of gelatin. Besides, the trend of the present study
contradicts the immobilization of soybean x-amylase on
gelatin, where the increase in gelatin and gluteraldehyde
concentration leads to the enhanced immobilization yield
[16]. However, both the trends contradict a report on the
immobilized amylase of Bacillus sp. [20], where increasing
concentrations of carrier led to decreased immobilization
yield by the entrapment method.
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Table 1 I.mn.lob%hzatlon of Carrier ~ Added enzyme Unbound enzyme  Bound enzyme Immobilization Activity
B. amyloliquifaciens TSWK1-1 . : . . . .
. (A) (U/g carrier) (B) (U/g carrier) (C) (U/g carrier) (theoretical) yield  (practical)
o-amylase by various methods .
(%) yield (%)
DEAE cellulose (g)
1 2,400 330 2,009 86.25 83.7
2 2,400 305 2,031 87.29 84.62
3 2,400 189 2,186 92.12 91.08
Gelatin (%)
5 2,400 588 1,771 75.5 73.79
10 2,400 600 1,714 75 71.42
15 2,400 667 1,675 72.2 69.8
Polyacrylamide (%)
12 2,400 809 1,548 66.29 64.5
15 2,400 773 1,563 67.8 65.12
Agar (%)
The optimum concentration of 1 2,400 800 1,560 66.7 65
support, with highest practical 3 2,400 785 1,577 67.29 65.7
yield (%), was used further for 5 2.400 783 1.600 67.37 66.7
the characterization ’ ’ ) i
Table 2 Properties of the Properties Immobilized system
immobilized enzymes
DEAE cellulose Gelatin Polyacrylamide Agar
Specific activity (U/mg) 6,500 4,400 3,300 3,800
K, (mg/ml) 0.8 0.8 1.2 1.0
Vinax (mol/ml min) 2,186 1,771 1,563 1,600

The enzyme characterization
The determination of kinetic parameters

The kinetic parameters, including K, and V.. are pre-
sented in Table 2. The K,,, and V.« values of the purified
B. amyloliquifaciens TSWK1-1 a-amylase were 0.6 mg/ml
and 2,632 mol/ml/min, respectively [22]. In general, the
K., values exhibited by the immobilized amylase were
higher than that of the free form, which was most likely
due to either conformational changes or lower accessibility
of the substrate to the active site of the enzyme in its
immobilized form. This is likely to be supported by
decreased Vi,,x of the immobilized enzyme. The present
study revealed that the lowest K, 0.8 mg/ml, was
achieved with DEAE cellulose and gelatin, while the
highest K, 1.2 mg/ml, was apparent with polyacrylamide.
Similarly, the V., value was highest at 2,186 mol/ml/min
with DEAE cellulose, and lowest, 1,563 mol/ml/min, with
polyacrylamide. Similar trends were also reflected on the
immobilization of amylases of thermophilic Bacillus sp.
[20]1, Bacillus subtilis [27] and Aspergillus oryzae [28].

The temperature and pH profiles of the immobilized
enzyme

The o-amylase of B. amyloliquifaciens TSWKI1-1 was
active over a wide range of temperatures, from 37 to
100 °C, with an optimum at 70 °C. Similarly, the enzyme
was also active over a broad range of pH from 5 to 10. The
highest activity was achieved in 20 mM phosphate buffer,
pH 7 [22]. The optimum temperature and pH remained
unaltered after immobilization. However, the temperature
and pH profiles of the immobilized «-amylase turned
broader, i.e., the temperature between 10 and 100 °C, while
the pH from 3 to 12 (Fig. la, b). However, at 10 °C and
also in 20 mM NaOH-Borax buffer, pH 12, the activity of
the enzyme immobilized on polyacrylamide was com-
pletely lost. Similar findings on a-amylase immobilized on
polyacrylamide were reported at high temperatures [19].
According to Raviyan et al. [19], the possible reason was
due to the changes in the microenvironment of the gel
matrix at various temperatures, which induced conforma-
tional changes in the enzyme. The changes might have
further enhanced its susceptibility to the inactivation.
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Fig. 1 a Temperature optimization profile of the immobilized and
free B. amyloliquifaciens TSWKI1-1 «-amylase; immobilized on
DEAE cellulose (open diamonds), agar (open triangles), polyacryl-
amide (times) and gelatin (filled circles), respectively, b pH optimi-
zation profile of the immobilized and free B. amyloliquifaciens
TSWKI1-1 «-amylase; immobilized on DEAE cellulose (open dia-
monds), agar (open triangles), polyacrylamide (times) and gelatin
(filled circles), respectively

Moreover, the stabilized hydrogen-bonded structure
formed between amide groups in acrylamide and o-amy-
lase might have been affected. The trends of the present
study was also similarly observed for an immobilized
peroxidase with DEAE cellulose, where temperature and
pH optima of the enzyme in immobilized and free states
did not alter. Nevertheless, the immobilized enzyme had
significantly greater catalytic activity at higher tempera-
tures and pHs [23]. The starch converting enzymes were
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immobilized on DEAE cellulose and the co-immobilized
system of DEAE cellulose and silica gel. Interestingly, the
optimum temperature of the native and the immobilized
enzymes were 50 and 60 °C, respectively. The pH opti-
mum of the native enzyme was 5, which was shifted to 5.5
for immobilized enzymes [29].

The thermostability and pH stability of the immobilized
enzyme

The purified a-amylase of B. amyloliquifaciens TSWKI1-1
was thermally stable and calcium independent [22]. How-
ever, the thermostability was significantly increased after
immobilization on various supports. The increase in the
thermostability is reflected by the decreased decay rate and
increased half-life of the enzyme. The half-life of the
purified a-amylase of B. amyloliquifaciens TSWKI1-1 was
31.5 hin 20 mM phosphate buffer, pH 7 at 60 °C, while, it
increased to 38.5, 45, 62 and 86.5 h upon immobilization
with polyacrylamide, agar, gelatin and DEAE cellulose,
respectively [Table 3]. The thermostability of a-amylase of
B. subtilis ITBCCB148 increased upon immobilization
with CM cellulose [14]. In the same way, the thermosta-
bility of the z-amylase was enhanced upon immobilization
at 60 °C after 1 h of incubation. The residual activity of
a-amylase was 26.93 %, which was further enhanced upon
immobilization with AS-alumina, DEAE cellulose, chitin
and polyacrylamide to 70.53, 76.42, 98.0 and 88.1 %,
respectively [26].

Similarly, the pH stability profiles, illustrated in Table 3
pointed out that the immobilized enzyme had greater sta-
bility than the free form. However, the immobilization with
DEAE cellulose was the most effective among the different
methods with respect to the thermal and pH stability. As
indicated in Table 3, the enzyme was more stable at 60 °C
as compared to 37 °C, which highlighted the thermophilic
nature of the enzyme. While the stability of the enzyme
was the highest in 20 mM phosphate buffer, pH 7 as
compared to other buffer systems, the enzyme had a broad
pH range for the stability. Similar report on immobilization
of another o-amylase with gum arabica and agar gum
highlighted that gum arabica was the best support leading
to lower decay constant and thereby higher half-life [30].
On a similar note, the immobilized peroxidase [23] and
p-xylosidase [24] displayed enhanced temperature and pH
stability. The stability generally results from the molecular
rigidity introduced by attachment to a rigid support and
creation of a protected microenvironment. In case of
multimeric enzymes, it was found that the immobilization
of the enzyme may prevent subunit dissociation by inter-
subunit cross-linking while simultaneously reducing con-
formational inactivation by intra-subunit crosslinking [17].
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:fa tll)ll: i:r;nr:ggilsi?:;:z,zgr{r?gizisth Immobilized enzyme Decay constant (i) ti (h)
various supports in comparison 37 °C 60 °C 37 °C 60 °C
with the free form, with respect
to the decay rate and half-life of Stability experiments with 20 mM phosphate buffer, pH 6
the enzyme Free enzyme 11.5 x 1072 6.30 x 1072 6.0 11.0
DEAE cellulose 3.96 x 1072 2.85 x 1072 175 24.3
Gelatin 447 x 1072 3.22 x 1072 15.5 21.5
Polyacrylamide 6.30 x 1072 495 x 1072 11.0 14.0
Agar 533 x 1072 3.85 x 1072 13.0 18.0
Stability experiments with 20 mM phosphate buffer, pH 7
Free enzyme 6.93 x 1072 220 x 1072 10.0 31.5
DEAE cellulose 1.65 x 1072 0.80 x 1072 42.0 86.5
Gelatin 247 x 1072 111 x 1072 28.0 62.0
Polyacrylamide 4.07 x 1072 1.80 x 1072 17.0 38.5
Agar 3.08 x 1072 1.54 x 1072 225 45.0
Stability experiments with 20 mM Tris—HCI buffer, pH 8
Free enzyme 9.24 x 1072 533 x 1072 75 13.0
DEAE cellulose 2.27 x 1072 1.95 x 1072 30.5 35.5
Gelatin 3.46 x 1072 2.85 x 1072 20.0 24.3
Polyacrylamide 5.77 x 1072 453 x 1072 12.0 153
Agar 478 x 1072 3.59 x 1072 14.5 19.3
Stability experiments with 20 mM glycine-NaOH buffer, pH 9
Free enzyme 34.65 x 1072 23.10 x 1072 2.0 3.0
DEAE cellulose 478 x 1072 3.96 x 1072 145 17.5
Gelatin 6.60 x 1072 4.85 x 1072 10.5 143
Polyacrylamide 10.66 x 107> 8.15 x 1072 6.5 8.5
Agar 7.70 x 1072 6.60 x 1072 9.0 10.5
The effect of surfactants on the immobilized enzyme 100 -
90 -
After 1 hof incubation with various surfactants, the resistance é :g
of the immobilized B. amyloliquifaciens TSWK1-1 o-amylase g 60 -
against various ionic and non-ionic surfactants was enhanced £ s0-
as compared to its free form. However, 20 mM SDS inhibited g 40 4
the enzyme greatly as compared to other non-ionic surfac- g 301
tants. The results are illustrated in Fig. 2. The immobilization E is
with agar and DEAE cellulose was most suitable as compared 0 -

to gelatin and polyacrylamide. Similar results were obtained
with the immobilized f-xylosidase [24, 31, 32]. The amylases
are useful in the detergent industry. However, to have poten-
tial applications in detergent, the amylase must be alkali tol-
erant and should be stable in various detergent ingredients,
such as various surfactants [8]. The inherent properties of the
o-amylase and enhanced stability after immobilization make it
a promising candidate for detergent supplement.

The effect of various solvents on the enzyme activity
and stability

The solvent tolerance is among the key features of the
enzymes required for the field applications. The solvent-

Tween 20 Tween 80
Surfactants

Triton X- 100

Fig. 2 Effect of various surfactants on the free and immobilized
B. amyloliquifaciens TSWKI1-1 a-amylase; (from left to right bar)
free form, immobilized with DEAE cellulose, gelatin, polyacrylamide
and agar, respectively

tolerant enzymes must be active and stable in the presence
of toxic solvents, providing a promising tool for biocatal-
ysis in non-aqueous systems [33-37]. Most of the studies
on solvent-tolerant microorganisms have focused on the
Gram-negative bacteria, which display effective adaptive
mechanisms to acclimatize in organic solvents. However,
very limited information is available on organic solvent
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tolerance in Gram-positive bacteria [38]. The vast majority
of the synthetic enzyme reactions are performed in the
organic media. The biotransformation processes in the
organic solvents offer unique advantages as compared to
the traditional aqueous-biocatalysis. The advantageous
features include increased solubility of the non-polar sub-
strates and the products; enhancing the overall reaction
rates; reversal of the thermodynamic equilibrium in favor
of the synthesis over hydrolysis; suppression of undesirable
water-dependent side reactions, which can degrade com-
mon organic reagents and reduced risk of the microbial
contamination in the reaction mixture [39]. However, low
specific activity in the organic solvents is a major drawback
of non-aqueous catalysis. As water is responsible to
maintain the structural flexibility and mobility of the pro-
tein molecule, the organic solvent may cause deamidation
of Asn and GIn residues and hydrolysis of the peptide
bond, which ultimately leads to unfolding of enzyme
molecules and loss of enzymatic activity [40]. Although
hydrolases, such as proteases and lipases are extensively
studied [41], only limited attention has been paid to the
immobilized x-amylase with respect to enhanced solvent
tolerance.

In addition to other stabilization techniques, the immo-
bilization enhances the thermostability and solvent stability
of the enzyme [17]. As indicated in Fig. 3 and Table 4, the
B. amyloliquifaciens TSWKI1-1 o-amylase was active
against both, hydrophilic and hydrophobic solvents. The
results contradict the general perception that the hydro-
phobic solvents with lower log P, are usually not suitable
for enzymatic catalysis [42]. In the present study, the
o-amylase was active against various solvents. Neverthe-
less, the activity was further enhanced through immobi-
lizing. In the presence of 50 % (v/v) benzene; 84, 74, 68
and 82 % of the original activities were retained upon
immobilization of the enzyme with DEAE cellulose, gel-
atin, polyacrylamide and agar, respectively, as compared to

Fig. 3 Effect of various 120 -
surfactants on the free
and immobilized 100 -
B. amyloliquifaciens TSWKI-1 ! I
o-amylase; (from left to right 80 '
bar) free form, immobilized |
with DEAE cellulose, gelatin, 60 - |
polyacrylamide and agar,
respectively 40 4
20 -
0 -
Qt. <
6‘?' o
¥ ¥ &
ol ol® ole
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the free form of the purified enzyme with the residual
activity to be 51 %. Similar trends were also reflected with
other solvents; toluene, cyclohexane, diethyl ether and
acetone, where the enzyme catalysis of the a-amylase was
quite effective after immobilization on various supports as
compared to the free form of the enzyme (Fig. 3).

The immobilization of enzymes by multipoint attach-
ment protects them from denaturation induced by the
organic solvents. Enzyme immobilized by adsorption on
Eudragit S-100, chitin and chitosan exhibited enhanced
activity in organic co-solvent mixtures at around 10-20 %
solvents (v/v) [43, 44]. In comparison, the immobilized
amylase in the present study was active even at 50 % (v/v)
solvents.

The loss of stability of «-amylase of Haloarchaeon,
Haloarcula sp. S-1 was reported in presence of various
solvents [45]. We have not come across with any other
study on the solvent stability of the immobilized a-amy-
lase. However, the effect of various solvents on the amy-
lase activity has recently been reported [46]. Table 4
illustrates that the B. amyloliquifaciens TSWKI1-1 o-amy-
lase was fairly stable in 10 % (v/v) benzene, toluene,
cyclohexane, diethyl ether and acetone for 12 h, when
immobilized with DEAE cellulose and agar.

As illustrated in Fig. 3 and Table 4, the DEAE cellulose
immobilized a-amylase was quite active and stable against
various solvents at 10 and 50 % (v/v) concentrations, as
compared to other immobilized forms and that of the free
native form. Similarly, other reports have revealed the
enhanced enzyme stability against various denaturants after
immobilization with DEAE cellulose [47-49]. However,
DEAE cellulose immobilized enzymes have only non-
covalent forces between the support and enzyme mole-
cules, hence it may lead to desorption of the enzyme from
the support. However, the adsorbed enzyme can be cross-
linked with bifunctional or multifunctional reagents to
prevent desorption of the enzyme [48].
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Table 4 The comparative

stability to various solvents by
B. amyloliquifaciens TSWKI1-1
a-amylase in the free form and
immobilized with DEAE
cellulose and agar

Time (h) 0 1 3 6 9 12
Residual activity (U)
Benzene (10 %)
Free form (%) 100 89 78 61 54 43
DEAE cellulose (%) 100 100 93 83 74 61
Agar (%) 100 100 95 81 68 58
Toluene (10 %)
Free form (%) 100 92 81 66 53 45
DEAE cellulose (%) 100 100 100 88 78 65
Agar (%) 100 100 93 85 75 68
Cyclohexane (10 %)
Free form (%) 100 95 83 70 61 54
DEAE cellulose (%) 100 100 100 100 84 78
Agar (%) 100 100 100 95 80 72
Diethyl ether (10 %)
Free form (%) 100 81 72 55 41 31
DEAE cellulose (%) 100 95 81 68 56 45
Agar (%) 100 92 84 71 58 50
Acetone (10 %)
Free form (%) 100 75 62 48 22 0
DEAE cellulose (%) 100 84 76 59 31 22
Agar (%) 100 87 81 64 38 27

The operational stability of the immobilized enzyme

The operational stability of an immobilized preparation is
one of the most important factors in the enzyme-based
bioconversion processes. Therefore, the aspect of opera-
tional stability of the immobilized enzyme on various
supports was extensively studied in the present work. The
DEAE cellulose immobilized enzyme was reused repeat-
edly for 20 successive cycles at its optimum temperature
and pH with a marginal loss of 4 % in its original activity.
This was followed by the immobilization with gelatin,
where 83 % of the original activity was retained after 20
cycles. However, immobilization with agar and poly-
acrylamide were comparatively less stable with 71 and
65 % of original activity, respectively, after 20 cycles
(Fig. 4). The decrease in the activity and stability after
successive cycles could have been due to enzyme dena-
turation and/or physical loss of enzyme from the carriers.

In another study, the a-amylase immobilized with gum
arabica and agar gum, retained 98 and 13 % of its original
activity after four subsequent cycles, respectively [30]. The
o-amylase of Bacillus amyloliquifaciens, immobilized on
calcium alginate beads with 5 % (w/v) CaCl, were suitable
for up to seven repeated uses and 38 % of the initial
activity was retained [50]. However, the capsules prepared
from 2 % (w/v) sodium alginate and 5 % (w/v) CaCl, to
immobilize the «-amylase of B. subtilis were suitable for
up to 20 repeated uses, losing only 30 % of their initial

Relative activity (%)

110

50 -

12345678 91011121314151617181920

Number of subsequent cycles

Fig. 4 Operational stability of the immobilized B. amyloliquifaciens
TSWKI1-1 «-amylase; immobilized on DEAE cellulose (open dia-
monds), agar (open triangles), polyacrylamide (times) and gelatin
(filled circles), respectively

efficiency [51]. Similarly, the B. circulans o-amylase
immobilized by entrapment in calcium alginate beads
retained 83 % of the initial activity after seven cycles [52].
The findings would play key role in developing a biore-
actor for the continuous applications.
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Application of the DEAE immobilized z-amylase
in starch hydrolysis

The DEAE cellulose immobilized a-amylase fairly hydro-
lyzed starch to maltooligosachharides. In general, the
a-amylase acts randomly on the starch molecule, as com-
pared to f-amylase which acts on the non-reducing ends.
Thereby, the a-amylase generates maltose as major, while
glucose as minor end product. Besides, the hydrolysis effi-
ciency also indicates the rate of starch hydrolysis. The effi-
ciency values of pure starch and maltose are 0 and 50 %,
respectively, while the value, 100 % indicates complete
theoretical conversion of starch to glucose, indicating that
the total number of glycosidic bonds present before the
enzyme treatment equals the total number of glycosidic
bonds broken during the treatment. In the present study, the
hydrolysis efficiency values after gelatinization and lique-
faction were 1.5 and 4 %, respectively. While after the starch
saccharification, the value was 27 %, which indicates its
potential application in the high maltose syrup preparation.

Conclusion

The present study focused on the immobilization of a purified
o-amylase from B. amyloliquifaciens TSWKI-1 by ionic
binding, covalent coupling and entrapment methods to
achieve enhanced catalytic properties, in terms of activity and
stability. Among these, DEAE cellulose proved as the best
method in terms of activity yields and stability at various
temperatures and pH and in various surfactants and solvents.
The immobilized enzyme with enhanced properties can be
successfully explored in industries and also in the waste
treatment contaminated with the solvents. To the best of our
knowledge, this report is the first on the immobilized
o-amylase with the enhanced solvent stability. Besides, the
operational stability of the immobilized amylase was excel-
lent even after 20 successive cycles. The DEAE cellulose
immobilized enzyme satisfactorily hydrolyzed starch, which
directs its potential application in the maltooligosaccharide
production. The findings are of great interest toward the
development of a bioreactor for the continuous applications.
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