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To stabilize the raw starch digesting amylase from fungus Aspergillus carbonarius (Bainier) Thom IMI
366159, the enzyme was immobilized on an inorganic porous support silica gel using different methods.
Immobilization was carried out by spontaneous adsorption and crosslinking (reticulation), initial
physical adsorption followed by crosslinking or conjugation on a silica gel activated with
glutaraldehyde or polyglutaraldehyde. Concentration of glutaraldehyde, pH and duration of enzyme
immobilization greatly influenced immobilization yield. A shift of optimum pH from pH 5 to 6 was
observed for reticulated raw starch digesting amylase (RSDA), while other immobilized derivatives
remained the same as the soluble enzyme. Immobilized enzyme exhibited increased activity at alkaline
pH 8 to 9. Glutaraldehyde and polyglutaraldehyde activated RSDA showed lower activity at acidic pH 3.5
to 4 as compared to the crosslinked enzyme derivatives which had above 75% activity. The temperature
optimum for the reticulated derivative was remarkably broadened from 30 to 60°C. All immobilized
derivatives were more active and stable at higher temperatures to varying degrees. Soluble amylase
lost 30% of its activity after 2 h incubation at 65°C, while 2.9% loss was recorded for reticulated
derivative, 6.2% loss was recorded for physically adsorbed and crosslinked derivative, and 1.9 and 10%
loss was recorded for polyglutaraldehyde and glutaraldehyde activated derivatives, respectively.
Immobilization led to a slight decrease in K, for all the derivatives. However, spontaneous adsorption
and crosslinking (reticulation) of RSDA to silica gel with glutaraldehyde gave the best overall stability

results.
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INTRODUCTION

Starch, the most abundant staple in the world, is lost
yearly especially in the developing countries of the world
due to unavailable resources and technologies for proper
storage or conversion to value added products (Dock et
al., 2008; Omemu et al., 2005). Starch can be hydrolyzed
to dextrins or simple sugars used as raw materials for a
number of products. Some of the available starch
hydrolyzing enzymes includes a-amylases, B-amylases
and glucoamylases. Starch hydrolyzing enzymes and
their products are utilized in a wide range of industrial
processes including food, paper, textile, detergent, fuel,
medical and bioanalytical processes (Saxena et al.,
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2007). However, most of these enzymes are incapable of
degrading raw starch; as a result, gelatinization of starch
is @ major step in starch hydrolysis.

Raw starch digesting amylases (RSDAs) are starch
hydrolyzing enzymes capable of catalyzing the hydrolysis
of raw starch to dextrins or simple sugars. RSDA offers
additional advantage of cost effectiveness coupled with
conservation of time since gelatinization is not required
prior to enzymic hydrolysis of starch. Gelatinization incurs
extra cost of energy used for heating and cooling the
starch before and after gelatinization (Goyal et al., 2005).

Although a number of reports exist on the production of
RSDA from different bacteria and fungi (Abe et al., 1988;
Burhan et al., 2003; Demirkan et al., 2005), the
application of these enzymes in industrial processes
remain limited (Liu and Ziu, 2008). According to a report
by Robertson et al. (2005), RSDAs are unstable and are
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inhibited by their hydrolysis products (glucose and
maltose). Also, they are unable to degrade a wide range
of raw starches and their utilization could lead to product
contamination due to the low temperature employed
during processing.

Immobilized enzymes are widely used in biotech-
nological processes for substrate conversion to value
added products (Cao et al., 2005), and they provide
various advantages over free enzymes including
increased catalytic, storage and operational stability.
Immobilization provides a two-phase medium capable of
minimizing competitive or non-competitive enzyme
inhibition by products of enzymic hydrolysis (Pessela et
al., 2003). Biocatalyst immobilization also affords easy
product separation and convenient handling (Cao et al.,
2005). Important factors influencing enzyme immobi-
lization include properties of carrier, enzyme surface
charges and immobilization conditions (Bryjak et al.,
2007). Enzyme immobilization on porous supports may
prevent enzyme proteolysis and aggregation during
processing with a resultant promotion of enzyme stability
(Mateo et al., 2000). Inorganic supports, such as silica
gel, are thermally and mechanically stable, non toxic and
highly resistant to microbial attacks (Reshmi et al., 2007).
Amylases contain a number of reactive lysine groups on
their surfaces which are capable of reacting with the
aldehyde groups from glutaraldehyde for enzyme
rigidification (Silva et al., 2004). Glutaraldehyde is a
bifunctional agent which could also serve as a spacer
arm in enzyme immobilization. Although there are various
methods of immobilization, the use of a spacer arm
facilitates greater rigidification of the enzyme structure
and enhances multipoint attachments (Mateo et al.,
2007).

A number of works exist on the immobilization of
amylase on silica gel and these are mostly based on
adsorption, conjugation or entrapment in sol gel or in
agents mixed with silica gel (Afsahi et al., 2007; Ajitha
and Sugunan, 2009; Bellino et al., 2010; Clarence et al.,
1979; Hon and Reilly, 1979; Kvesitadze and Dvali, 1982;
Leng et al., 2003; Rajagopolan and Krishnan, 2008;
Trevisan et al., 2000); however, much remains to be
done towards the stabilization of RSDAs for their use in
industrial application. Major factors considered during
immobilization are the price of the final immobilized
enzyme and the simplicity of the immobilization
procedure (Adamczak and Krishna, 2004).

We report the immobilization of RSDA capable of
degrading a wide range of cereal and tuber starches from
Aspergillus carbonarius (Bainier) Thom IMI 366159,
previously isolated by Okolo et al. (1995) on silica gel.
The fungus was capable of producing large amounts of
extracellular RSDA, which was relatively stable under
extreme conditions of pH and temperatures with glucose
and maltose as hydrolytic products (Okolo et al., 2001).
RSDA was stabilized by immobilization through
spontaneous adsorption and crosslinking (reticulation) on
silica gel. Immobilization was also carried out on silica gel

activated with glutaraldehyde or polyglutaraldehyde, or
through adsorption on silica gel followed by crosslinking
with glutaraldehyde, in order to determine the best
suitable method for RSDA stabilization using silica gel.
Effect of immobilization on the catalytic activity, storage
and operational stability and kinetic parameters of the
enzyme was evaluated.

MATERIALS AND METHODS

Raw potato starch was prepared in our laboratory according to the
method outlined by Okolo et al. (2001). Dinitrosalicylic acid (DNS)
was purchased from Lancaster, England. All other chemicals were
of analytical grade and were purchased from Wako pure chemicals,
Japan.

Enzyme isolation

The pre-inoculum culture was prepared by inoculating two loopfuls
of profuse growth into 500 ml Erlenmeyer flasks, each containing
100 ml of sterile fermentation medium. The fermentation medium
comprised 20 gL raw corn starch, 2 g yeast extract, 10 g L
(NH4)2HPO4, 1 g L' NaCl and 1 g L' MgS04.7H:0 in de-ionized
water. Cultures were incubated at 30°C with rotary shaking at 100
rpm for 24 h. After 24 h, 10 ml of the culture was used to inoculate
a 500 ml flask containing 100 ml of the aforementioned
fermentation medium. The culture was cultivated for 96 h at 30°C,
after which mycelial pellets were separated by filtration through
sterile Whatman No 1 filter paper. The resultant cell-free filtrate was
purified through affinity chromatography using raw corn starch. The
partially purified RSDA was crystallized using 80% (NH4)>SO4 as
precipitant. The solution was stirred at 4°C for 4 h, while the excess
(NH4)2SO4 was removed by decantation, and the saturated solution
was kept for 36 h at -21°C. The crystals formed were suspended in
citrate-phosphate buffer pH 6.0 containing 0.1% starch solution at -
21°C until they were used.

Preparation of soluble polyglutaraldehyde solution

Soluble polyglutaraldehyde was prepared by the method of
Tanriseven and Olcer (2008). Glutaraldehyde solution (20 ml 25%
w/v, pH 10.5) was polymerized by the addition of 0.6 ml of 1 M
NaOH solution at room temperature for 20 min. The reaction
mixture was neutralized using an equal volume (0.6 ml) of the HCI
solution.

Activation of carriers

Polyglutaraldehyde activation of carriers Prior to activation, silica
gel was washed with acetate buffer and sucked dry. Poly-
glutaraldehyde activation of the silica gel was achieved by the
reaction of 2 g of silica gel with 10 ml of soluble polyglutaraldehyde
in 0.2 M citrate-phosphate buffer at pH 8 for 15 min at 25°C using a
magnetic stirrer. The activated carrier was washed repeatedly with
distilled water for 10 min and it reacted with glutaraldehyde (10 ml,
25% w/v) in acetate buffer (10 ml, 25 mM, pH 6) for 30 min at 30°C.
The untreated glutaraldehyde was removed from the activated
carrier by washing repeatedly with acetate buffer (Tanriseven and
Olcer, 2008).

Glutaraldehyde activation of carriers

Glutaraldehyde activation was carried out by treating the silica gel



with varying concentrations of glutaraldehyde (1.5 to 12%) for
different durations (30 min to 6 h) at 30°C. Following the activation,
carriers were thoroughly washed with distilled water and the acetate
buffer was used to remove excess glutaraldehyde.

RSDA immobilization
Immobilization of activated silica gel

Activated silica support (1 g) was suspended in 5 ml of 0.2 M
citrate-phosphate buffer pH 6.0 containing 0.01 g of enzyme with an
initial activity of 360 U/ml and stirred gently for 24 h at 4°C. The gel
was recovered by filtration and thoroughly washed with distilled
water and 0.2 M phosphate buffer at pH 6.0. Immobilized enzyme
derivative was reduced with sodium borohydride (0.5 mg/ml, 4°C,
20 min) as earlier reported (Rodrigues et al., 2008), whereas
immobilized RSDA was stored at 4°C.

Henceforth, RSDA immobilized on glutaraldehyde-activated
support will be referred to as glutaraldehyde silica-RSDA derivative
(GSil-RSDA), while that immobilized on polyglutaraldehyde will be
referred to as polyglutaraldehyde silica-RSDA derivative (PGSil-
RSDA).

Immobilization of inactivated support
Prior to immobilization, silica gel was properly washed with distilled

water, equilibrated with 0.2 M citrate-phosphate buffer, with pH 6.0,
and sucked dry, unless otherwise stated.

Adsorption of RSDA followed by
glutaraldehyde (SiRSDA-CROSS)

crosslinking with

Equilibrated silica gel support (1 g) was suspended in 5 ml of 0.2 M
citrate-phosphate buffer at pH 6 containing 10 mg of enzyme
protein and stirred gently for 12 h at 25°C. The RSDA adsorbed into
the silica gel was recovered by filtration. This was followed by
crosslinking using varying concentrations of glutaraldehyde at 30°C
for 60 min. Crosslinked RSDA on the gel was filtered out from the
solution and was thoroughly washed with 0.2 M phosphate buffer
(pH 6.0). However, immobilized RSDA was stored at 4°C.

Spontaneous adsorption and crosslinking of RSDA (Sil-RSDA-
Ret)

To 1 g of equilibrated agarose support, 2.5 ml of 0.2 M citrate-
phosphate buffer (pH 6.0) containing 10 mg of enzyme protein and
25 ml of glutaraldehyde was added. This was followed by
incubation at 30°C for 2 h. Immobilized amylase was thoroughly
washed with 0.2 M phosphate buffer and stored at 4°C.

Optimization of immobilization method

Glutaraldehyde activation of carriers and RSDA immobilization of
enzyme protein was performed at varying levels (pH 5 to 7.5) at
25°C temperature for different durations (6 to 36 h), followed by
assaying of enzyme activity to determine the optimal condition for
immobilization on each carrier.

Enzyme assay

The RSDA activity was assayed using a reaction mixture containing
0.2 ml of 1% raw potato starch in 0.2 M citrate-phosphate buffer (pH
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6.0) and 0.2 ml of the enzyme solution, and incubated at 40°C for
10 min in a bioshaker for homogeneity. Reducing sugars released
after incubation were estimated by the DNS method of Miller
(1959). One unit of amylase was defined as the amount of enzyme,
which liberated 1 umol of reducing sugar per minute under the
assay conditions.

Estimation of protein

The amount of protein immobilized was estimated by subtracting
the amount of protein in supernatant after immobilization from the
total amount of protein used for immobilization. Protein content was
determined by the Bradford method using bovine serum albumin
(BSA) as the standard (Bradford, 1976) and/ or using the
spectrophotometer at a wavelength of 280 nm.

Properties of the enzyme preparations

Optimum pH of the RSDA preparations was determined by
incubating the RSDA preparations in 1% raw potato starch solution
prepared in buffers of pH ranging from pH 3.0 to 9.0 at a
temperature of 40°C. The pH stability of the RSDA of the soluble
and immobilized RSDA was studied by storing the enzyme in
appropriate buffers of pH values ranging from pH 3.0 to pH 9.0 for 2
h at room temperature. Afterwards, the residual amylase activity
was estimated as earlier described.

The effect of temperature on the activity of the immobilized
enzymes was determined by incubation at temperatures ranging
from 30 to 80°C for 20 min. Amylase activity was determined after
incubation. Thermal stability of the enzyme preparations was
determined by incubation in 0.2 M citrate-phosphate buffer of
optimum pH at a temperature of 60°C for 120 min. After incubation,
the enzyme preparation was cooled and the residual activity was
determined. Kinetic parameters of the RSDA preparations (Km and
Vimax) Were calculated from Lineweaver-Burk plots.

The effects of metal ions, surfactants and inhibitors were exami-
ned by incubating immobilized RSDA preparations with these
substances for 120 min at room temperature. Thereafter, the
residual activity was determined. Operational stability test was
carried out by repeated 10 batch experiments using the method for
activity determinations. Storage stability was tested after 30 days of
keeping the immobilized enzyme preparations at 4°C. Nonetheless,
all experiments were done in duplicates.

RESULTS
Optimization of immobilization parameters

To optimize conditions for RSDA immobilization, the
effect of the concentration and duration of glutaraldehyde
activation or crosslinking was evaluated. The optimum
concentration of glutaraldehyde for spontaneous
adsorption and crosslinking (Sil-RSDA-Ret) was 1.5%,
while for adsorption followed by crosslinking (Sil-RSDA-
CROSS), it was 3%; however, the optimum concentration
of glutaraldehyde needed for the activation of silica beads
was 10% (Figure 1). A short period of 30 min was
required for the preparation of Sil-RSDA-Ret, and 60 min
was needed for optimum activation of silica gel with
glutaraldehyde prior to enzyme immobilization (GSil-
RSDA). For SilIRSDA-CROSS preparation, crosslinking of
the physically adsorbed enzyme with glutaraldehyde for
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Figure 1. Effect of  glutaraldehyde
concentration on the activation of Sil-RSDA-Ret
(*), SiIRSDA-CROSS (%) and GSil-RSDA
(®).
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Figure 2. Influence of the duration of glutaraldehyde activation on
Sil-RSDA-Ret ( *), SIRSDA-CROSS (®) and GSil-RSDA ( *).

150 min gave the highest enzyme residual activity (Figure
2) while 6 h incubation of RSDA with polyglutaraldehyde /
glutaraldehyde activated silica gave the highest immobi-
lization yield; 18 h incubation was necessary for the
optimal enzyme adsorption on non-activated silica gel
prior to crosslinking for preparation of SIIRSDA-CROSS
(Table 1). Nevertheless, immobilization on silica gel was
optimal when carried out at the pH range of 6.0 to 7.5 as
shown in Table 2.

Properties of the immobilized enzyme

Sil-RSDA-Ret was most insensitive to pH change and it
retained 77% of its activity at pH 3.5; although the highest
residual activity (93.5%) at pH 9 was also recorded for
this derivative (Figure 3). The pH optimum shifted from
pH 5 (of the soluble enzyme) to 6 for Sil-RSDA-Ret, but

no change in pH optimum was observed for PGSil-RSDA,
SiIIRSDA-CROSS and GSil-RSDA. The immobilized
RSDA derivatives were more stable in pH than the
soluble RSDA as shown in Figure 4. The highest pH
stability results were observed for GSil-RSDA (83.5%)
and Sil-RSDA-Ret (78.7%) after 2 h storage in a buffer of
pH 3.5 at 10°C. However, the immobilized enzyme was
more pH stable and it retained 94.8 (GSil-RSDA) and
90% (Sil-RSDA-Ret) activities as compared to 70%
activity of the soluble RSDA.

Interestingly, while immobilization led to a positive shift
of 10°C for GSil-RSDA and SilIRSDA-CROSS, from the
optimum of 30°C observed for the soluble RSDA (Figure
5), the optimum temperature remained unchanged for Sil-
RSDA-Ret and PGSIil-RSDA. However, the optimum
temperature was remarkably widened for Sil-RSDA-Ret,
with retention of 100% activity in the range of 30 to 60°C.
Moreover, only 6.8% of its activity was lost after
incubation at 30 to 80°C. Investigation of the thermo-
stability of the immobilized and soluble RSDA showed
that the immobilized enzyme was remarkably more
thermostable than the soluble enzyme (Figure 6). The
highest stability was recorded for Sil-RSDA-Ret and
PGSIil-RSDA (97.1 and 98.1%) respectively, with the
residual activities after 2 h incubation at 60 °C.

To evaluate the operational stability of the immobilized
enzyme, starch hydrolysis by the immobilized RSDA was
carried out in batches with the enzyme activity assayed,
and the immobilized enzyme was washed prior to each
re-run. Sil-RSDA-Ret retained 90.2% activity after 10
batches, PGSil-RSDA retained 96.0%, SilIRSDA-CROSS
retained 92% and GSil-RSDA retained 94.1% as shown
in Figure 7. After storage for 30 days at 4°C, Sil-RSDA-
Ret and GSil-RSDA retained 100% activity and PGSil-
RSDA retained 106.3% activity, while SIRSDA-CROSS
and soluble RSDA lost 10 and 30% activity, respectively
as shown in Table 3.

Immobilization led to a decrease inthe K, of RSDA
(Table 4). K, of the soluble RSDA was 0.35 x 10" mg/ml
and those of Sil-RSDA-Ret, PGSIil-RSDA, SilRSDA-
CROSS and GSil-RSDA were 0.28, 0.31, 0.35 and 0.21 x
10" mg/ml, respectively. The use of 0.5% Tween 80 and
Triton X-100 stimulated the activity of the immobilized
enzyme to varying degrees as shown in Table 5.
Immobilized enzyme was also stable in the presence of
metal ions and inhibitors; although 5 mM concentration of
CaCl, SDS, EDTA and sodium deoxycholate had no
effect on the activity of Sil-RSDA-Ret (Table 5).

DISCUSSION

According to Saudagar and Singhal (2004), optimization
studies are necessary for proteins that are not widely
studied yet. To optimize the immobilization procedure, a
number of variables which might influence the interaction
between enzyme and support were investigated using the
trial and error method, reported as the dominant method
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Table 1. Effect of incubation time on immobilization of raw starch digesting amylase on silica beads.

Bound RSDA

®Expressed activity (%)

6h 12 h 18 h 24 h 48 h
PGSil-RSDA 86.2 85.1 85.5 75.7 69.2
SilIRSDA-cross 60.9 77.9 83.6 75.7 71.2
GSil-RSDA 72.5 62.8 60.0 60.5 59.7

Expressed activity (%) = Actual activity of the derivative/expected activity considering the
immobilized enzyme. Load in all experiments was 360 U/ml protein.

Table 2. Influence of immobilization pH on raw starch digesting amylase immobilization on

silica beads.
*Expressed activity (%)
Bound RSDA pH45  pH5.0 pH60 pH70 pH75
Sil-RSDA-Ret 51.7 52.6 68.1 59.4 55.3
PGSIil-RSDA 70.1 70.6 74.2 80.4 78.1
SIIRSDA-CROSS 68.3 70.7 83.0 65.4 62.4
GSil-RSDA 62.5 64.8 65.0 7.48 66.7

®Expressed activity (%)

Actual activity of the derivative/expected activity considering the

immobilized enzyme. Load in all experiments was 360 U/ml protein.
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Figure 3. pH activity profile of Si-RSDA-Ret (*),
PGSil-RSDA (0), SiIRSDA-CROSS (%), GSil-RSDA

(®) and soluble RSDA (&). Activity assays were
performed using RSDA immobilized gel incubated at
40°C at different pH with appropriate buffer solutions.
The enzyme activity at optimum pH was considered as
100%.

for selection of appropriate immobilization protocol
(Bryjak et al., 2007). The concentration of glutaraldehyde,
time and pH of enzyme incubation or carrier activation
greatly influenced the immobilization efficiency. Sil-
RSDA-Ret had the lowest activity after immobilization,
though protein concentration was similar to that of Sil-
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Figure 4. pH stability profile of Sil-RSDA-Ret (*), PGSIl-

RSDA (0), SiIRSDA-CROSS (&), GSil-RSDA (®) and
soluble RSDA (&). Activity assays were performed using
RSDA immobilized gel prepared with buffer of varying pH
and stored at 25°C for 120 min. Incubation was in a
bioshaker for 20 min at 40°C. The enzyme activity at
optimum pH was considered as 100%.

RSDA-CROSS and GSil-RSDA. Immobilization yield was
highest at a neutral range and this may be attributed to
the effect of both the pH activity of the enzyme and the
reactivity of glutaraldehyde. Glutaraldehyde was reported
to be most reactive in neutral or basic conditions
(Tanriseven and Olcer, 2008). Immobilization often times
lead to a shift in pH either towards the acidic side
(Kahraman et al., 2007) or towards the alkaline side (Li et
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Figure 5. Temperature activity profile of Sil-RSDA-Ret ( *), PGSil-

RSDA (0), SIRSDA-CROSS (&), GSil-RSDA (#) and soluble
RSDA (4&). Activity assays were performed using RSDA
immobilized agarose gel prepared with phosphate buffer of
optimum pH, incubated in a bioshaker for 20 min at varying
temperature. Optimum temperature was considered as 100%.
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Figure 6. Thermoinactivation kinetics of Sil-RSDA-Ret ( *) PGSil-

RSDA (), SIRSDA-CROSS (#), GSil-RSDA ( #) and soluble
RSDA (&) at 60°C.

al., 2007). A shift of one unit towards the basic side was
observed for Sil-RSDA-Ret; although the pH of the other
immobilized derivatives remained at pH 5, same as the
soluble type. Similar alteration in pH was reported for
RSDA immobilized on agarose using spontaneous
crosslinking method with glutaraldehyde as a cross linker
(Nwagu et al., 2011). Factors which influenced the pH of
immobilized enzyme include surface and residual
charges on solid matrix and the enzyme bound pH in the
micro-environment as compared to the bulk environment.
Strong interactions between enzyme and support
affected intra-molecular forces responsible for main-
taining the enzyme conformation leading to a resultant
change in enzyme activity. Immobilized derivatives, GSil-
RSDA and SilRSDA-Ret in particular, were remarkably

100
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Figure 7. Repeated batch hydrolysis with Sil-RSDA-Ret
(*), PGSil-RSDA (), SIRSDA-CROSS (*) and GSil-
RSDA ( »).

more stable in pH than the free enzyme. Increased
stability of immobilized RSDA over a wide range of pH
(3.5 t0 9.0) is an indication of greater insensitivity of the
enzyme to changes in environmental pH, brought about
by conformational changes following immobilization (El-
Batal et al., 2005). The stability of immobilized enzyme at
neutral pH is an added advantage as this will promote
storage of RSDA for longer periods. Sil-RSDA-Ret was
remarkably insensitive to temperature changes in the
range of 30 to 80°C, and it retained over 95% of its
activity after incubation at 80°C for 20 min. Some
researchers reported a shift in optimum temperature by
10°C (Kilinc et al., 2006; Li et al., 2008; or 20°C
(Kahraman et al., 2007), or no change (Tanriseven and
Olcer, 2007) was reported at all following immobilization.
It is remarkable that in this case the optimum temperature
did not shift but was broadened by 30°C, showing
increased temperature activation of the enzyme as a
result of immobilization by spontaneous adsorption and
crosslinking (reticulation) on silica gel. This indicates
greater rigidity of the immobilized RSDA leading to an
enzyme molecule more resistant to unfolding at higher
temperatures than the free form. The stability of Sil-
RSDA-Ret at low pH and its increased activity at high
temperatures implies that the enzyme can be applied in
starch hydrolysis at low pH and moderately in high
temperatures of 60°C and above (below gela-tinization
temperature) to minimize  contamination  during
processing (Kaneko et al., 2005; Nwagu et al., 2011).
Considering the high activity at very low pH, during
processing, the RSDA can also be used in a mixed
reaction with another saccharifying amylase to facilitate
the release of reducing sugars. In such situation, the
RSDA will serve as a liquefying as well as a saccharifying
amylase. Enzyme re-use is one of the greatest



Table 3. Immobilization efficiency of RSDA on silica beads
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Parameter Amylase activity Prole_in Immt:'>bilizaliona Expressed activity
(U/ml) concentration (mg) yield (%) (%)
Sil-RSDA-Ret 276.3 8.8 ND° 74.5
PGSIil-RSDA 329.6 9.6 98.3 89.4
SilIRSDA-CROSS 300.3 8.3 85.1 74.8
GSil-RSDA 287.5 8.6 90.0 80.0
Soluble 360.0 10.0 ND° ND°

dImmobilization yield (%) = Activity of control suspension — Activity of the supernatant of the immobilization suspension/Activity of the
control suspension; bExpressed activity (%) = Actual activity of the derivative/Expected activity considering the immobilized enzyme.

Load in all experiments was 360 U/ml protein.

Table 4. Kinetic parameters of free and immobilized RSDA on silica

beads.
RSDA Km (10") (mgml™")  Vmax (Umg™)
Sil-RSDA-Ret 2.79 28.40
PGSil-RSDA 3.13 20.01
SilRSDA-CROSS 3.48 26.10
GSil-RSDA 2.13 37.91
Soluble enzyme 3.54 23.82

advantages of immobilization due to the high cost of
biocatalysts. The immobilized enzyme derivatives are
operationally stable as shown in the experiments and
over 90% of the residual activity is maintained after 10
batch runs, in all cases. Sil-RSDA-Ret had the lowest
residual activity (90.1%) as compared to the other
derivatives. The reason for this is not very clear;
however, it is known that during spontaneous adsorption
and crosslinking of enzyme on support, the enzyme
molecules which are not bound to support could
aggregate (form crystals). Enzyme washing and re-use
could lead to the loss of these enzyme aggregates. It was
observed that there was a steady loss of activity as the
enzyme was re-used; however, after the 7th cycle, the
enzyme activity was stabilized. Immobilization also led to
an increase in the storage stability of the RSDA, where o-
amylase immobilized on silanized silica particles lost its
activity at the rate of 10% every 12 days of storage (Leng
et al.,, 2003). Kahraman et al. (2007) reported that
immobilized amylase on functionalized glass beads had
80% residual activity after 25 days of storage. In this
study, all derivatives with the exception of SilRSDA-
CROSS retained 100% of their activity after storage at 30
days. Immobilization is often times accompanied by
alteration of the kinetic parameters of the enzyme. A
decrease in K, was observed for all immobilized deri-
vatives obtained in this study. Reduction of K, signifies
similar or better affinity of the immobilized RSDA toward
starch and is an indication of reduced diffusional
resistance to mass transfer due to lack of steric
hindrance (Sanjay and Sugunan, 2005). The activation of

immobilized enzyme with surfactants Tween 80 and
Triton X-100 is an added advantage towards the
utilization of the immobilized enzyme. The stimulation of
the enzyme activity as a result of addition of surfactants
or additives has previously been reported (Yoon and
Robyt, 2005). The stability of the immobilized enzyme in
the presence of inhibitors, anionic surfactant and metal
ions is also worthy of note. Some of these agents, for
example, the anionic surfactant sodium dodecyl! sulphate
(SDS), could lead to the unfolding of the enzyme
structure (Svensson et al., 1996). From the results in the
foregoing, Sil-RSDA-Ret was the most stable, in terms of
catalytic, operational and storage stability. This may be
attributed to the rapid enzyme adsorption and cross-
linking favored by the high porosity of silica gel enabling
permeation of the enzyme molecules into the pores of the
matrix. Glutaraldehyde also served as a spacer arm
preventing intense rigidification and unfavorable confor-
mational changes in the enzyme structure.

Conclusions

RSDA was immobilized on silica gel using different
methods. Although the various RSDA derivatives
obtained were more stable than the soluble form to
varying degrees, Sil-RSDA-Ret was the most stable. Sil-
RSDA-Ret preparation involved a very simple procedure
as compared to all the other methods. The concentration
of glutaraldehyde used and the duration of crosslinking
probably helped to achieve enzyme rigidification without
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Table 5. Effect of metal ions, surfactants and inhibitors on activity of immobilized RSDA on silica beads.

Residual activity (%)

Agent Concentration RA? PGAP CXAC GA®
Calcium chloride 5mM 100.0 87.5 100.0 100.0
SDS 5mM 100.6 85.5 93.3 75.7
EDTA 5mM 100.0 94.2 75.8 102.8
Cholic acid 5mM 95.2 82.9 97.8 98.7
Strontium chloride 5mM 91.7 86.9 80.1 86.3
Sodium deoxycholate 5mM 100.0 93.3 80.0 93.2
Zinc chloride 5mM 87.7 95.2 100.3 100.0
Tween 80 0.5% 180.4 161.8 120.8 169.8
Triton x-100 0.5% 139.0 123.1 108.2 149.2

°RA= Sil-RSDA-Ret; "PGA= PGSil-RSDA; “CXA= SiIRSDA-CROSS; ‘GA= GSil-RSDA.

the distortion of the enzyme active sites as evident in the
reduced Michaelis Menten constant. A high immobi-
lization yield of 74.5% was recorded for the Sil-RSDA-
derivative. Sil-RSDA-Ret maintained optimum activity
even when temperatures were increased from 30 to 60°C
and at a very low pH of 3.5. Under these conditions,
starch hydrolysis can progress without risk of conta-
mination. Immobilization is also known to reduce product
inhibition. Nonetheless, application of this enzyme will be
more useful and cost effective in starch hydrolysis to
reducing sugars or in the numerous industrial processes
which require starch hydrolyzing enzyme.
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