
C
e

M
D

a

A
R
R
A
A

K
A
B
C
E
I
S

1

u
a
c
c
b
P
r
[

t
o
f
o
b
t

c
t
b

(

1
d

Journal of Molecular Catalysis B: Enzymatic 57 (2009) 164–170

Contents lists available at ScienceDirect

Journal of Molecular Catalysis B: Enzymatic

journa l homepage: www.e lsev ier .com/ locate /molcatb

alcium alginate–starch hybrid support for both surface immobilization and
ntrapment of bitter gourd (Momordica charantia) peroxidase

ahreen Matto, Qayyum Husain ∗

epartment of Biochemistry, Faculty of Life Sciences, Aligarh Muslim University, Aligarh, U.P. 202002, India

r t i c l e i n f o

rticle history:
eceived 8 January 2008
eceived in revised form 30 July 2008
ccepted 19 August 2008
vailable online 29 August 2008

a b s t r a c t

Calcium alginate–starch hybrid gel was employed as an enzyme carrier both for surface immobilization
and entrapment of bitter gourd peroxidase. Entrapped crosslinked concanavalin A–bitter gourd peroxidase
retained 52% of the initial activity while surface immobilized and glutaraldehyde crosslinked enzyme
showed 63% activity. A comparative stability of both forms of immobilized bitter gourd peroxidase was
investigated against pH, temperature and chaotropic agent; like urea, heavy metals, water-miscible organic
eywords:
lginate
itter gourd peroxidase
oncanavalin A
ntrapment

solvents, detergent and inhibitors. Entrapped peroxidase was significantly more stable as compared to
surface immobilized form of enzyme. The pH and temperature-optima for both immobilized preparations
were the same as for soluble bitter gourd peroxidase. Entrapped crosslinked concanavalin A–bitter gourd
peroxidase showed 75% of the initial activity while the surface immobilized and crosslinked bitter gourd
peroxidase retained 69% of the original activity after its seventh repeated use.
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. Introduction

Peroxidases (E.C. 1.11.1.7) are ubiquitous oxidoreductases that
se hydrogen peroxide or organic hydroperoxides for oxidation of
wide range of substances [1]. Most peroxidases are glycoproteins

ontaining N-linked oligosaccharide chains [2]. Apart from biologi-
al role, peroxidases have been found effective in analytical, clinical,
iotechnological, industrial and environmental applications [3,4].
eroxidases are being used in detoxification, decolorization and
emoval of various organic contaminants from polluted water
5].

However, soluble enzymes have certain inherent limitations and
hus cannot be used at large-scale whereas immobilized enzymes
ffer several advantages and these preparations can be employed

or the continuous synthesis of noble compounds and degradation
f toxic pollutants in batch as well as in continuous reactors [6]. Sta-
ilization of enzymes against the inactivation mediated by various
ypes of denaturants has been accomplished using a multitude of

Abbreviations: BGP, bitter gourd peroxidases; Con A, concanavalin A; E-BGP, cal-
ium alginate–starch entrapped crosslinked Con A-BGP; SI-BGP, BGP immobilized on
he surface of concanavalin A layered calcium alginate–starch beads and crosslinked
y glutaraldehyde; S-BGP, soluble BGP.
∗ Corresponding author. Tel.: +91 571 2700741; fax: +91 571 2706002.

E-mail addresses: qayyumhusain@yahoo.co.in, qayyumbio@rediffmail.com
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mmobilization strategies including covalent coupling, adsorption,
icroencapsulation, polymer entrapment, chemical aggregation,

ioaffinity, etc. [3,7–9].
Among the various techniques employed for the immobiliza-

ion of enzymes, entrapment may be a good choice owing to a
elatively inert aqueous environment within the matrix and caus-
ng relatively little damage to the structure of the native enzyme
10,11]. Alginate appears to be one of the most suitable polymers for
he immobilization and microencapsulation technologies because
f the following advantages: hydrophilic nature, presence of car-
oxylic groups, natural origin, mechanical stability and stability
ver extreme experimental conditions [12–14].

However, it has been reported that because of the porous nature
f sodium alginate, most of the entrapped material is released from
he gel beads during its application. In order to optimize the encap-
ulation efficiency and controlled release of enzyme from the gel
atrix, entrapment of crosslinked or pre-immobilized enzymes has

een done [10,15]. However, the major limitation of physical entrap-
ent is that large molecular size substrates/products cannot easily

e diffused in and out of the gel [16].
In this work an effort has been made to prepare a hybrid gel

f alginate and starch which could be exploited for the entrap-

ent of enzymes as well as bioaffinity attachment of glycosylated

nzymes on the surface of gel beads. These calcium alginate–starch
eads were layered with concanavalin A (Con A). Con A lay-
red calcium alginate–starch beads were used for the surface
mmobilization of glycosylated peroxidases from bitter gourd. Con

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:qayyumhusain@yahoo.co.in
mailto:qayyumbio@rediffmail.com
dx.doi.org/10.1016/j.molcatb.2008.08.011
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–bitter gourd peroxidase (BGP) complex was also entrapped in
he calcium alginate–starch beads. A comparative stability study
f entrapped and surface immobilized peroxidase has been carried
ut against various physical and chemical denaturants. Immobi-
ized BGP preparations have also been studied for their reusability.

. Materials and methods

.1. Materials

Jack bean meal was procured from DIFCO, Detroit, USA. o-
ianisidine HCl was obtained from IGIB, New Delhi, India. Cadmium
hloride (CdCl2), dioxane, n-propanol, mercuric chloride (HgCl2),
tarch and Tween 20 were obtained from the SRL Chem. Pvt.
td., Mumbai, India. Ethylene diamine tetracetic acid (EDTA) and
odium azide were purchased from the Merck Chem. Pvt. Ltd.

orli, Mumbai, India. Bovine serum albumin, glutaraldehyde and
thanolamine were procured from Sigma Chemical Co. (St. Louis,
O, USA). Bitter gourd was purchased from the local vegetable
arket. Other chemicals and reagents employed were of analytical

rade and were used without any further purification.

.2. Ammonium sulphate fractionation of bitter gourd proteins

Bitter gourd (100 g) was homogenized in 200 ml of 100 mM
odium acetate buffer, pH 5.0. Homogenate was filtered through
our layers of cheese-cloth. The filtrate was then centrifuged
t 10,000 × g on a Remi R-24 Cooling Centrifuge for 20 min at
◦C. The clear supernatant was subjected to salt fractionation by
dding 20–80% (w/v) ammonium sulphate. The solution was stirred
vernight at 4 ◦C and the obtained precipitate was collected by
entrifugation at 10,000 × g on a Remi R-24 Cooling Centrifuge for
0 min at 4 ◦C. The collected precipitate was redissolved in 100 mM
odium acetate buffer, pH 5.0 and dialyzed against the assay buffer
khtar et al. [17].

.3. Preparation of Con A–BGP complex

Jack bean extract (10%, w/v) was prepared according to the
ethod described by Matto and Husain [11]. Insoluble residue was

emoved by centrifugation at 3000 × g for 30 min, until a clear
upernatant was obtained. The collected supernatant was used as
ource of Con A.

BGP (1200 U) was incubated with increasing concentrations
f jack bean extract (0.1–1.0 mL) containing Con A and the final
olume was adjusted to 4.0 mL with 100 mM sodium phosphate
uffer, pH 6.2. The mixtures were incubated at 37 ◦C for 12 h. The

nsoluble complex was collected by centrifugation at 3000 × g for
5 min at room temperature and the precipitates were washed
hrice with sodium phosphate buffer, pH 6.2 to remove unbound
rotein. Finally each precipitate was suspended in assay buffer and
eroxidase activity was determined.

The Con A–BGP complex (840 U) was crosslinked prior to entrap-
ent in calcium alginate–starch beads with 0.5% glutaraldehyde for
h at 4 ◦C with constant shaking [18].

.4. Entrapment of crosslinked Con A–BGP into calcium
lginate–starch beads

Alginate is an anionic polymer composed of �-l-guluronic acid

nd �-d-mannuronic acid. Enzymes can be entrapped in alginate
eads produced by the crosslinking between �-l-guluronic acid
nd divalent cations such as calcium ions [15]. The crosslinked Con
–BGP complex (792 U) was mixed with sodium alginate (2.5%,
/v) and starch (2.5%, w/v) prepared in 10.0 mL of assay buffer.

p
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he resulting mixture was slowly extruded as droplets through a
.0 mL syringe with attached needle no. 20,200 mM calcium chlo-
ide solution and further gently stirred for 2 h. The obtained calcium
lginate–starch entrapped crosslinked Con A–BGP (E-BGP) was
ashed with 100 mM sodium acetate buffer, pH 5.0 and stored in

he assay buffer at 4 ◦C for its further use [11].

.5. Immobilization of BGP on the surface of Con A layered
alcium alginate–starch beads

Sodium alginate (2.5%, w/v) and starch (2.5%, w/v) beads were
repared without enzyme according to the procedure described

n the above section and these beads were incubated in 10.0 mL
ack bean extract, a source of Con A for 12 h at room temperature

ith slow stirring. After incubation period, Con A bound calcium
lginate–starch beads were collected and washed with assay buffer.
on A layered calcium alginate–starch beads were then incubated
ith BGP (1200 U) overnight at room temperature with slow stir-

ing. Unbound enzyme was removed by repeated washing with
00 mM sodium acetate buffer, pH 5.0. BGP immobilized on the sur-
ace of Con A layered calcium alginate–starch beads was crosslinked
y 0.5% glutaraldehyde for 2 h at 4 ◦C [18]. Surface immobilized and
lutaraldehyde crosslinked BGP (SI-BGP) was stored at 4 ◦C for its
urther use.

.6. Effect of pH

Appropriate and equal amounts of S-BGP, SI-BGP and E-BGP
ere taken to determine the activity of peroxidase in the buffers of
ifferent pH. The buffers used were glycine–HCl (pH 2.0 and 3.0),
odium acetate (pH 4.0 and 5.0) and Tris–HCl (pH 6.0–10.0). The
ctivity at pH-optimum was considered as control (100%) for the
alculation of percent activity at other pH.

.7. Effect of temperature

The activity of soluble and immobilized BGP (1.3 U) was deter-
ined at various temperatures (30–80 ◦C) in 100 mM sodium

cetate buffer, pH 5.0. The activity at temperature-optimum was
onsidered as control (100%) for the calculation of percent activity
t other temperatures.

In another set of experiment, all three BGP preparations were
ncubated at 60 ◦C for varying time intervals in 100 mM sodium
cetate buffer, pH 5.0. After each incubation period the enzyme was
uickly chilled in crushed ice for 5 min. The enzyme was brought to
oom temperature and the peroxidase activity was measured. The
ctivity without incubation at 60 ◦C was taken as control (100%) for
he calculation of remaining percent activity.

.8. Effect of urea

Soluble and immobilized BGP (1.3 U) were incubated with 4.0 M
rea for varying times in 100 mM sodium acetate buffer, pH 5.0
t 37 ◦C. Peroxidase activity was determined at the indicated time
ntervals. The activity of enzyme without incubation with urea was
aken as control (100%) for the calculation of remaining percent
ctivity.

.9. Effect of water-miscible organic solvents
Soluble and immobilized BGP (1.3 U) were incubated inde-
endently with varying concentrations of water-miscible organic
olvents; dioxane and n-propanol (10–60%, v/v) in 100 mM sodium
cetate buffer, pH 5.0 at 37 ◦C for 1 h. Activity of enzyme without
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decreased after crosslinking and crosslinked preparation retained
66% activity. However, the entrapment of crosslinked Con A–BGP
complex into calcium alginate–starch beads further resulted in a
loss of 14% activity (Table 1).

Fig. 1. Schematic diagram of (a) E-BGP and (b) SI-BGP.

Table 1
Immobilization of BGP into and on calcium alginate–starch beads

Enzyme immobilized preparations Activity expressed (%)

Con A–BGP complex 70
Crosslinked Con A–BGP complex 66
E-BGP 52
66 M. Matto, Q. Husain / Journal of Molecu

rganic solvent was taken as control (100%) for the calculation of
emaining percent activity.

.10. Effect of sodium azide and EDTA

The inhibitory effect of sodium azide/EDTA (0.01–0.1 mM) was
xamined on BGP preparations (1.3 U). Soluble and immobilized
GP were pre-incubated with inhibitors in 100 mM sodium acetate
uffer, pH 5.0 at 37 ◦C for 1 h. The activity of enzyme without expo-
ure to sodium azide/EDTA was considered as control (100%) for
he calculation of remaining percent activity.

.11. Effect of HgCl2/CdCl2

Soluble and immobilized BGP (1.3 U) were incubated indepen-
ently with HgCl2/CdCl2 (0.01–0.1 mM) in 100 mM sodium acetate
uffer, pH 5.0 at 37 ◦C for 1 h. The activity of enzyme without expo-
ure to heavy metal was taken as control (100%) for the calculation
f remaining percent activity.

.12. Effect of detergent and NaCl

Soluble and immobilized BGP (1.3 U) were incubated with
ween 20 (0.5–5.0%, v/v) in 100 mM sodium acetate buffer, pH 5.0
t 37 ◦C for 1 h. The activity of enzyme without Tween 20 was taken
s control (100%) for the calculation of remaining percent activity.

In another set of experiment soluble and immobilized
GP preparations (1.3 U) were incubated with sodium chlo-
ide (0.1–1.0 M) under the identical experimental conditions as
escribed in the above section.

.13. Reusability of immobilized BGP

E-BGP and SI-BGP were taken in triplicates for assaying the
eroxidase activity. After each assay the immobilized enzyme
reparations were taken out, washed and stored in 100 mM sodium
cetate buffer, pH 5.0 overnight at 4 ◦C. The activity was assayed
or 7 successive days. The activity determined for the first time
as considered as control (100%) for the calculation of remaining
ercent activity after each use.

.14. Measurement of peroxidase activity

Peroxidase activity was estimated from the change in optical
ensity (A460 nm) at 37 ◦C by measuring initial rate of oxidation of o-
ianisidine HCl (18 mM) by H2O2 (6.0 mM). The assay mixture with

mmobilized BGP was continuously stirred for the entire duration
f assay [19].

One unit (1.0 U) of peroxidase activity was defined as the amount
f enzyme protein that catalyzes the oxidation of 1.0 (mol of o-
ianisidine HCl per min at 37 ◦C.

.15. Determination of protein concentration

The protein concentration was determined according to the pro-
edure described by Lowry et al. [20]. Bovine serum albumin was
sed as standard.

.16. Statistical analysis
Each value represents the mean for three independent experi-
ents performed in duplicates, with average standard deviation,

5%. The data exposed in various studies was plotted using Sigma
lot-5.0 and expressed as mean with standard deviation of error

P

S

E
c

alysis B: Enzymatic 57 (2009) 164–170

±). Data was analyzed by one-way ANOVA. P-values <0.05 were
tatistically significant.

. Results

.1. Entrapment and surface immobilization of BGP

The entrapment and surface immobilization of BGP into/on cal-
ium alginate–starch beads is demonstrated in Fig. 1. Insoluble
on A–BGP complex retained 70% of the initial activity. In order
o prevent the dissociation of Con A–BGP complex, this complex
as crosslinked by 0.5% glutaraldehyde. The activity of enzyme was
eroxidase immobilized on Con A layered calcium
alginate–starch beads

69

I-BGP 63

ach value shows the mean for three independent experiments performed in dupli-
ates, with average standard deviation, <5%.
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Fig. 2. Effect of pH and temperature on soluble and immobilized BGP. (a) pH-activity
profile. Soluble and immobilized BGP (1.3 U) were incubated in the buffers of vary-
ing pH. The molarity of each buffer was 100 mM. The activity at pH 5.0 for all the
preparations was taken as control (100%) for the calculation of remaining percent
activity. The symbols show S-BGP (�), SI-BGP (©) and E-BGP (�). (b) Temperature-
activity profile. The activity of soluble and immobilized BGP (1.3 U) was measured
in 100 mM sodium acetate buffer, pH 5.0 at various temperatures (30–80 ◦C). The
activity obtained at 40 ◦C was taken as control (100%) for the calculation of remain-
ing percent activity. For symbols refer to Fig. 2a legend. (c) Thermal denaturation of
soluble and immobilized BGP. Soluble and immobilized BGP were incubated at 60 ◦C
for various times in 100 mM sodium acetate buffer, pH 5.0. Aliquots of each prepa-
ration (1.3 U) were taken at indicated time intervals and chilled quickly in crushed
M. Matto, Q. Husain / Journal of Molecu

BGP immobilized on the surface of Con A layered calcium
lginate–starch beads exhibited 69% of the original activity. More-
ver, the surface immobilized enzyme was also crosslinked by 0.5%
lutaraldehyde in order to maintain its integrity. The crosslinking
f surface immobilized BGP also resulted in a marginal loss of 6%
ctivity (Table 1).

.2. Effect of pH

Fig. 2a demonstrates the effect of pH on the activity of soluble
nd immobilized BGP. Both immobilized BGP preparations showed
ame pH-optima as their soluble counterpart, pH 5.0. However,
hey exhibited a remarkable broadening in pH-activity profiles as
ompared to S-BGP. E-BGP retained significantly very high enzyme
ctivity at acidic and alkaline side of pH-optima as compared to SI-
GP and S-BGP. The E-BGP showed 57% and 60% of the maximum
ctivity at pH 3.0 and 8.0, respectively whereas soluble enzyme
xhibited only 36% and 41% activity under similar incubation con-
itions.

.3. Effect of temperature

Both immobilized BGP preparations exhibited same
emperature-optima, at 40 ◦C as their free form (Fig. 2b). E-
GP retained remarkably higher fraction of catalytic activity
t temperatures below and above the temperature-optima as
ompared to SI-BGP and S-BGP. E-BGP exhibited 50% activity at
0 ◦C while SI-BGP and S-BGP retained 40% and 30% activity at this
emperature, respectively.

Soluble and immobilized BGP were incubated at 60 ◦C for vari-
us time intervals. Incubation of S-BGP at 60 ◦C for 2 h resulted in a
oss of 53% of initial activity. However, E-BGP and SI-BGP retained
3% and 60% of the original activity under similar incubation con-
itions, respectively (Fig. 2c).

.4. Effect of urea

Fig. 3 demonstrates the effect of 4.0 M urea on the activity of
GP. E-BGP and SI-BGP retained 70% and 50% of their activity after
h incubation in 4.0 M urea, whereas soluble enzyme lost nearly
8% activity under identical urea exposure.

.5. Effect of organic solvents

The effect of increasing concentrations of water-miscible
rganic solvents; dioxane and n-propanol (10–60%, v/v) on the
ctivity of soluble and immoblilized BGP is shown in Table 2. E-
GP showed more than 55% of the initial activity when exposed
o 40% (v/v) dioxane/n-propanol for 1 h at 37 ◦C. However, S-BGP
xhibited only 34% and 23% of the initial activity after exposure to
0% (v/v) dioxane and n-propanol, respectively.

.6. Effect of sodium azide/EDTA

Table 3 demonstrates the effect of sodium azide/EDTA on the
ctivity of soluble and immobilized BGP. E-BGP and SI-BGP retained
9% and 35% activity after 1 h exposure to 0.06 mM sodium azide.
oreover, SI-BGP and E-BGP retained 64% and 76% activity after 1 h

xposure to 0.05 mM EDTA, respectively while the soluble BGP lost
early 47% of its activity under identical EDTA exposure (Table 3).
.7. Effect of HgCl2/CdCl2

The chemical contamination of water from a wide range of toxic
erivatives, in particular heavy metals, is a serious environmen-

ice for 5 min. Enzyme activity was determined as described in the text. Activity
obtained without incubation at 60 ◦C was taken as control (100%) for the calculation
of remaining percent activity. For symbols refer to (a) legend.
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Table 2
Effect of organic solvents on soluble and immobilized BGP

Organic solvent (v/v, %) Remaining activity (%)

Dioxane n-Propanol

S-BGP SI-BGP E-BGP S-BGP SI-BGP E-BGP

10 75.89 ± 1.89 85.25* ± 1.12 92.79* ± 3.97 50.97 ± 1.83 67.82# ± 1.87 89.15# ± 2.01
20 63.67 ± 2.23 72.24* ± 2.14 85.24* ± 1.34 38.24 ± 1.61 49.97# ± 2.18 80.81# ± 1.66
30 41.13 ± 1.67 57.91* ± 1.54 66.68* ± 1.25 28.69 ± 1.89 39.79# ± 1.43 77.19# ± 1.98
40 34.21 ± 2.14 39.97* ± 1.78 57.94* ± 1.78 23.23 ± 1.74 35.39# ± 1.67 55.89# ± 1.54
50 25.92 ± 1.16 30.81* ± 1.96 37.82* ± 1.97 17.91 ± 1.36 29.87# ± 1.54 42.63# ± 1.56
60 19.27 ± 2.11 23.92* ± 1.61 28.73* ± 1.91 14.40 ± 1.23 26.81# ± 1.14 35.29# ± 1.46

Soluble and immobilized BGP (1.3 U) were incubated independently with dioxane/n-propanol (10–60%, v/v) in 100 mM sodium acetate buffer, pH 5.0 at 37 ◦C for 1 h. The
activity of BGP without exposure to organic solvent was taken as control (100%) for the calculation of remaining percent activity. Effect of various concentrations of organic
solvents on soluble and immobilized BGP was analyzed by one-way ANOVA*. Values (#P < 0.05) were statistically significant when SI-BGP and E-BGP were compared with
S-BGP, with respect to dioxane/n-propanol, respectively.

Table 3
Effect of sodium azide/EDTA on soluble and immobilized BGP

Inhibitor (mM) Remaining activity (%)

sodium azide EDTA

S-BGP SI-BGP E-BGP S-BGP SI-BGP E-BGP

0.01 69.78 ± 1.07 82.17 ± 2.83 89.12 ± 1.44 82.24 ± 1.32 86.78# ± 1.41 92.15# ± 2.65
0.02 63.12 ± 2.16 71.18 ± 1.53 75.31 ± 2.17 75.79 ± 1.47 85.35# ± 1.27 89.71# ± 1.42
0.04 42.65 ± 1.23 52.33 ± 1.74 58.65 ± 1.73 59.83. ± 1.99 71.63# ± 1.68 83.22# ± 1.89
0.06 27.69 ± 1.67 34.87 ± 2.13 39.34 ± 1.19 48.61 ± 0.97 64.29# ± 0.16 76.18# ± 1.28
0.08 21.38 ± 1.27 26.84 ± 1.77 31.33 ± 1.95 41.18 ± 2.19 57.17# ± 1.67 70.17# ± 1.14
0.10 12.24 ± 1.51 19.67 ± 1.93 23.74 ± 1.49 30.71 ± 1.43 51.38# ± 1.23 61.39# ± 1.88
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oluble and immobilized BGP (1.3 U) were incubated independently with (0.01–1.0
he activity of soluble and immobilized BGP without exposure to inhibitor was ta
oncentrations of inhibitors on soluble and immobilized BGP was analyzed by one-w
ompared with S-BGP, with respect to sodium azide/EDTA, respectively.

al problem owing to their potential human toxicity. In view of
heir presence in wastewater, it becomes important to examine the
ffect of some heavy metals on the activity of BGP. E-BGP and SI-
GP retained 71% and 58% activity in the presence of 0.1 mM HgCl2,
espectively whereas S-BGP exhibited only 53% activity under sim-
lar treatment conditions (Table 4).

Immobilized BGP preparations were more resistant to inac-
ivation induced by CdCl2. E-BGP and SI-BGP retained 69% and
9% activity after 1 h incubation with 0.1 mM CdCl2, respectively.
owever, S-BGP lost 48% of its original activity when it was pre-

ncubated to 0.1 mM CdCl2 (Table 4).
.8. Effect of detergent (Tween 20) and sodium chloride

The effect of Tween 20 on the activity of soluble and immobi-
ized BGP is shown in Table 5. E-BGP and SI-BGP retained 57% and
0% of the original activity when exposed to 5.0% (v/v) Tween 20

b
r
a

able 4
ffect of HgCl2/CdCl2 on soluble and immobilized BGP

gCl2/CdCl2 (mM) Remaining activity (%)

HgCl2

S-BGP SI-BGP E-BGP

.01 72.43 ± 2.41 79.87* ± 1.76 90.17*

.02 69.14 ± 1.98 72.90* ± 3.28 85.93*

.04 64.43 ± 2.19 70.36* ± 1.92 82.42*

.06 60.35 ± 1.49 63.24* ± 2.16 76.25*

.08 56.25 ± 1.75 61.28* ± 1.24 73.78*

.10 53.12 ± 1.67 57.98* ± 1.83 71.35*

oluble and immobilized BGP (1.3 U) were incubated with HgCl2/CdCl2 (0.01–1.0 mM) in
xposure to HgCl2/CdCl2 was taken as control (100%) for the calculation of remaining perc
GP was analyzed by one-way ANOVA*. Values (#P < 0.05) were statistically significant w
espectively.
f sodium azide and EDTA in 100 mM sodium acetate buffer, pH 5.0 at 37 ◦C for 1 h.
control (100%) for the calculation of remaining percent activity. Effect of various
OVA*. Values (#P < 0.05) were statistically significant when SI-BGP and E-BGP were

or 1 h at 37 ◦C. However, soluble enzyme was sensitive to Tween
0 exposure and it lost nearly 80% activity under similar expo-
ure.

The effect of NaCl on the activity of BGP has been illus-
rated in Table 5. The activity of immobilized BGP preparations
as slightly enhanced in the presence of 0.2 M NaCl. E-BGP

nd SI-BGP showed 104% and 114% activity after 1 h incuba-
ion with 0.2 M NaCl. However, S-BGP exhibited a marginal loss
f 6% of the original enzyme activity under similar incubation
onditions.

.9. Reusability of immobilized BGP
Reusability of two immobilized preparations of BGP has
een shown in Fig. 4. After 7th repeated use the E-BGP
etained 75% of the original activity, whereas SI-BGP showed 69%
ctivity.

CdCl2

S-BGP SI-BGP E-BGP

± 2.24 77.26 ± 1.39 85.16# ± 1.96 92.15# ± 1.57
± 1.54 73.41 ± 1.68 80.43# ± 1.61 88.31# ± 2.74
± 2.13 69.29 ± 0.86 73.98# ± 2.49 82.43# ± 2.32
± 1.78 62.14 ± 0.51 69.56# ± 1.33 75.89# ± 1.65
± 1.45 56.38 ± 1.44 63.24# ± 1.13 74.15# ± 1.94
± 1.61 52.34 ± 1.96 59.18# ± 1.54 69.29# ± 1.37

100 mM sodium acetate buffer, pH 5.0 at 37 ◦C for 1 h. The activity of BGP without
ent activity. Effect of various concentrations of metals on soluble and immobilized
hen SI-BGP and E-BGP were compared with S-BGP, with respect to HgCl2/CdCl2,
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Table 5
Effect of Tween 20/NaCl on soluble and immobilized BGP

Tween 20 (%, v/v) Remaining activity (%) NaCl (M) Remaining activity (%)

S-BGP SI-BGP E-BGP S-BGP SI-BGP E-BGP

0.5 45.67 ± 3.14 70.37* ± 2.32 86.27* ± 1.44 0.1 91.78 ± 1.91 98.32# ± 1.57 109.55# ± 2.58
1.5 41.12 ± 1.45 63.56* ± 1.84 79.35* ± 2.98 0.2 94.16 ± 2.45 103.86# ± 2.56 114.38# ± 1.72
2.5 36.82 ± 2.15 56.87* ± 2.39 76.22* ± 1.13 0.4 100.27 ± 1.73 109.71# ± 1.92 128.73# ± 1.45
3.5 31.13 ± 1.98 52.36* ± 1.12 69.51* ± 1.30 0.6 102.65 ± 1.89 111.58# ± 1.65 132.41# ± 1.78
4.5 25.21 ± 1.76 42.28* ± 1.94 61.69* ± 1.47 0.8 106.52 ± 1.44 112.33# ± 1.36 135.13# ± 1.27
5.0 21.54 ± 1.37 39.51* ± 1.67 56.24* ± 1.39 0.10 110.64 ± 2.22 119.48# ± 2.76 142.93# ± 1.87

Soluble and immobilized BGP (1.3 U) were incubated with Tween 20 (0.5–5.0%, v/v)/NaC ◦

of BGP without exposure to Tween 20/NaCl was taken as control (100%) for the calculati
salt on soluble and immobilized BGP was analyzed by one-way ANOVA*. Values (#P < 0.05
with respect to Tween 20/NaCl, respectively.

Fig. 3. Effect of 4.0 M urea on soluble and immobilized BGP. Soluble and immobilized
BGP were incubated with 4.0 M urea in 100 mM sodium acetate buffer, pH 5.0 for
various times. The aliquots of each preparation (1.3 U) were taken and assayed for
the activity of peroxidase. Activity obtained without urea exposure was taken as
control (100%) for the calculation of remaining percent activity. For symbols refer to
Fig. 2a legend.

Fig. 4. Reusability of immobilized preparations of BGP. E-BGP and SI-BGP (1.3 U)
were independently assayed in 100 mM sodium acetate buffer, pH 5.0. After each
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. Discussion

Sodium alginate has been considered since a long time for the
ntrapment of enzymes due to its biocompatibility and processibil-
ty [13,21]. Calcium alginate entrapped enzyme preparations have

i
i
v
s
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l (0.1–1.0 M) in 100 mM sodium acetate buffer, pH 5.0 at 37 C for 1 h. The activity
on of remaining percent activity. Effect of various concentrations of detergent and
) were statistically significant when SI-BGP and E-BGP were compared with S-BGP,

ne inherent limitation that the large molecular weight substrates
r products cannot easily diffuse in and out of gel beads [7]. In order
o circumvent this problem, the immobilization of enzymes on the
urface of such beads would be a preferred choice. In this work an
ffort has been made to prepare a hybrid calcium alginate–starch
el beads which has successfully been employed both for entrap-
ent of BGP and its immobilization on the surface of these beads

fter layering with Con A.
The immobilization of BGP on the surface of Con A layered cal-

ium alginate–starch beads has presented a strategy to overcome
he problem of diffusion limitation of the substrate/product and to
ncrease the surface area of contact between enzyme and substrate
o that such preparation could be exploited for the treatment of
arge volume of industrial waste. The enzyme activity expressed by
I-BGP was more than E-BGP due to the compact structure of E-BGP,
hich decreased the flexibility of enzyme as well as considerably

imited diffusion of the substrate (Fig. 1, Table 1). It has already been
eported that the enzyme immobilized on the surface of gel beads
as minimum mass transfer constrain [22–24].

Immobilization of an enzyme to a support often limits its free-
om to undergo drastic conformational changes and thus resulted

n increased stability towards denaturants; organic solvents, ther-
al denaturation, inhibitors and urea (Figs. 2 and 3, Tables 2–5).
owever, some earlier workers have demonstrated that the sta-
ility of surface immobilized enzymes was significantly higher
gainst pH, heat and proteolysis than the free enzyme [22]. Thus
he enhanced resistance to the stability of immobilized BGP against
enaturants offered a potential advantage for the application of
uch type of enzyme preparations in treatment of wastewater.

The pH-activity profiles of E-BGP and SI-BGP have the same
H-optima as that of S-BGP (Fig. 2a). However, entrapped and sur-

ace immobilized BGP preparations showed significant broadening
n pH-activity profiles indicating a marked increased in stability
n the buffers of varying pH. This predicts that the entrapment
f enzyme in the gel beads provides a microenvironment for the
nzyme, which might play an important role in the state of proto-
ation of the protein molecules. However, the surface immobilized
GP provided stability due to multiple point attachment between
nzyme and Con A. The crosslinking of BGP present on the Con A
ayered calcium alginate–starch beads by glutaraldehyde further
ncreased stability.

Furthermore, immobilized peroxidase preparations retained
heir structure and remarkably high activity at elevated temper-
tures as compared to soluble peroxidase (Fig. 2b and c). These
bservations were in agreement with the findings of some earlier

nvestigators [11,25,26]. It is well established that thermal exposure
nitiate unfolding of protein molecules which is followed by irre-
ersible changes due to aggregation and formation of scrambled
tructures which takes place more in soluble form as compared to
he immobilized enzyme [27]. However, E-BGP and SI-BGP were
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SI-BGP and E-BGP were markedly more stable to the denat-
ration induced by 4.0 M urea (Fig. 3). E-BGP exhibited greater
tability as compared to calcium alginate–pectin entrapped turnip
eroxidase under similar exposure conditions [11]. Although, the
ction mechanism of urea on the protein structure has not yet been
ompletely understood some earlier workers have proposed that
he presence of carbohydrate moieties in enzymes increased their
esistance to inactivation induced by urea [28]

E-BGP and SI-BGP were more resistant to the inactivation medi-
ted by water-miscible organic solvents; dioxane and n-propanol
Table 2). It has already been reported that the stabilization
f enzyme insoluble complexes against various organic solvents
hich could possibly be due to low water requirement or enhanced

igidity to its structure [29]. More recently in our laboratory it has
een shown that enzymes immobilized on protein supports are
uite resistant to denaturation induced by various water-miscible
rganic solvents [36].

The immobilized peroxidase preparations showed more than
0% of their original enzyme activity in the presence of 0.1 mM
odium azide and EDTA (Table 3). A number of studies have already
een performed on the inhibitory effect of such compounds on
orseradish peroxidase [30]. Sodium azide has been shown to be
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cally viable enzyme-catalyzed process [7]. However, E-BGP and
I-BGP retained more than 60% of their original activity even after
ts seventh successive uses (Fig. 4). The activity loss during repeated
se might be due to the inhibition of enzyme by product or by leach-
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10,37].
. Conclusions

The results presented in the present work showed that E-BGP
as more stable as compared to SI-BGP against various types of
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enaturants. However, SI-BGP retained more activity in its immo-
ilized form and this perpetration has no problem of substrate and
roduct diffusion. SI-BGP can also occupy a large surface area and
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eactor would not affect the flow rate of the column. In view of
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