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Abhay Narayan Singh,” Sushant Singh,” Neeraj Suthar, and Vikash Kumar Dubey*"*

*Department of Biotechnology and *Centre for Environment, Indian Institute of Technology Guwahati, Assam, India 781039

ABSTRACT: Proteases have several applications in the food industry. We report the immobilization of procerain B, a novel cysteine
protease, on glutaraldehyde-activated chitosan beads through covalent attachment. Glutaraldehyde not only serves as a cross-linking
agent but also links the procerain B on the surface of bead through primary amine group (either lysine side chain or N-terminal) by
Schiff base linkage. Immobilized procerain B was characterized for optimum functional range and stability with respect to pH and
temperature. The chitosan-immobilized procerain B has broad pH and thermal optima. The effects of substrate concentration and
reusability of immobilized beads were also studied. It showed nearly 50% activity until the 10th use.
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B INTRODUCTION

Chitosan is the deacetylated product of chitin, the second
most abundant polysaccharide after cellulose in nature." Chitin,
the main constituent of the outer skeleton of insects and
crustaceans, yields chitosan after alkaline treatment for removal
of acetyl groups.”® Waste shells of shrimps, prawns, crabs,
lobsters, and crayfish are generally used as raw materials for
commercial production of chitin and chitosan. Recently, fungi
and insect larvae are being explored as alternate sources of raw
materials for chitin production.”® Recombinant approaches have
been applied to clone the gene responsible for production of
chitosan. Because of its easy availability, biocompatibility, and
inert and hydrophilic nature, it has several applications in
different fields.°'® It can be used as an encapsulating agent for
slow and prolonged release of drug''~'* as a chelating a§ent
for cleaning of industrial waste'® in surgery and grafting'®~'®
and in purification techniques as ion exchange and affinity
chromatography.'®~>" Chitosan is an ideal matrix for immobili-
zation of enzymes. It can be used in the form of a gel, membrane,
bead, or powder. Hydroxyl and amino groups present in chitosan
favor the immobilization process by adsorption and covalent
linkage.”***

Immobilized enzymes are more advantageous than their
soluble forms, as there are multiple limitations of soluble
enzymes, such as structural instability after isolation from the
natural environment, narrow functional range, sensitivity toward
a trace amount of inhibitors, and enzyme contamination of end
product, mainly in food and pharmacy industries where ultrapure
products are required. The use of immobilized enzymes can not
only circumvent these problems but also has some extra advan-
tages, such as repeated use of the same batch of enzyme and
better control of the catalytic period.”® *° Immobilized proteases
can be used in the dairy industry for the production of cheese.
Additionally, casein hydrolysate with a high free amino acids
content can be produced by immobilized proteases. Immobiliza-
tion is the attachment of enzymes with an inert insoluble matrix
through which the substrate can easily pass and product can
diffused out.
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Proteases are enzymes that degrade polypeptides into smaller
oligopeptides and amino acids. Five different catalytic types of
proteases have been recognized, depending on the serine,
threonine, cysteine, aspartic, or metallo group involved in
enzyme catalysis.>’ Many industries are exploiting the hydrolytic
property of proteases, mainly the food, detergent, pharmaceutical,
and leather industries. Several proteases have been isolated and
reported from different animal, plant, and microbial sources.
Proteases from various parts of plants have been characterized,
and most of them are found to be cysteine proteases. High-
temperature stability and broad substrate specificity make plant
cysteine proteases a preferred choice for industrial use.’'

Proteases are thought to be involved in a range of biological
processes, including senescence, perception, signaling, recyclin%
of damaged proteins, and execution leading to plant defense.”
We have previously reported a novel cysteine protease from the
latex of a medicinal plant Calotropis procera with a molecular mass
0f 25.7 kDa and broad pH and temperature optima.>* Because of
its broader functional range, high thermal stability, and compat-
ibility with detergents, it may have several industrial applications
in food, detergent, dairy, and leather industries.>* In the present
study, we aim to immobilize the procerain B on chitosan beads
through covalent linkages and characterize the immobilized
product.

B MATERIALS AND METHODS

Materials. The enzyme was purified from the latex of plant
C. procera by the method of Singh et al.** Chitosan (with a 75% degree
of deacetylation and molecular mass of 310 kDa), bovine serum albumin
(BSA), azocasein, protease inhibitor, and Bradford reagent were pur-
chased from Sigma Chemicals Co. (St. Louis, MO). Tris buffer, dialysis
tubing, and glutaraldehyde were obtained from Fluka Biochemika
(Germany). Trichloroacetic acid (TCA) was purchased from Hi-Media

Received:  February 2, 2011
Accepted:  April 29, 2011
Revised:  April 6, 2011
Published: April 30, 2011

6256 dx.doi.org/10.1021/jf200472x | J. Agric. Food Chem. 2011, 59, 6256-6262



Journal of Agricultural and Food Chemistry

Laboratories (India). All other chemicals used were of the highest purity
and commercially available. All reagents were prepared in Milli Q water
(Millipore, United States).

Methods. Protein Concentration. The protein concentration at
different stages of purification was determined by absorbance at 280 nm
as well as by the method of Bradford®® using BSA as a standard.

Protease Activity. The hydrolyzing activity of the protease was
determined with denatured natural substrates casein and azocasein using
the method of Dubey and Jagannadham.*® The enzyme solution (5 xg)
was incubated in a final volume of S00 #L of 50 mM Tris-HCl buffer, pH
7.5, at 37 °C for 10 min. Casein and azocasein solutions (1%) (w/v)
were prepared in the same buffer at the same pH and added to the
enzyme solution, making the final reaction volume to 1 mL, and the
reaction mixture was incubated for 30 min at 37 °C. The reaction was
stopped by adding 0.5 mL of 10% TCA, incubated further for 10 min at
room temperature, and centrifuged (10000 rpm for 10 min). The
absorbance of the soluble peptides in the supernatant was measured at
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Figure 1. Effect of pH on immobilization of procerain B in the range of
pH 5—10. The optimum pH for immobilization of procerain B was
nearly 8.5 with 65% immobilization.

280 nm. In the case of azocasein, as a substrate, 0.5 mL of supernatant
after TCA precipitation was mixed with an equal volume of 0.5 M NaOH
and incubated for 15 min. The development of color was measured
spectrophotometrically by taking the absorbance at 440 nm. A control
assay, without the enzyme, was done and used as a blank in all
spectrophotometric measurements. One unit of enzyme activity was
defined as the amount of enzyme, under given assay conditions, that
give rise to an increase of 0.001 units of absorbance at 280 nm or an
increase of 0.001 units of absorbance at 440 nm per minute of digestion.
The number of units of activity per milligram of protein was taken as the
specific activity of the enzyme.

Preparation of Chitosan Beads. Because of the high solubility of
chitosan at lower pH, the chitosan beads of uniform size were prepared
by dissolving powdered Chitosan in milli Q water containing 1.5% (v/v)
glacial acetic acid. The different concentrations (1.0—3.0%, w/v) of
chitosan were tried for bead preparation, and the most appropriate
concentration was used for further experiments. Uniform beads were
prepared by casting the stock solution of chitosan with a 12 mL syringe.
The syringe was fixed at appropriate height (from larger height the beads
became disk shaped), and the stock solution was added dropwise in 1 N
KOH solution containing 25% (v/v) ethanol under stirring to form
spherical beads, and solution was allowed to stand for 1—2 h for ripening
of beads. The beads of diameter nearly 2.0 mm and uniform shape
obtained were immediately washed with Milli Q water and stored in
water at 4 °C until activation with glutaraldehyde.

Immobilization of Protease. Before immobilization, the chitosan
beads were activated with glutaraldehyde. The beads were treated with
different concentrations of glutaraldehyde, in the range 0.5—3.0% (v/v)
at 37 °C. After incubation, the beads were washed extensively with
50 mM Tris-HCI buffer, pH 8.5, for complete removal of unreacted
glutaraldehyde until the absorbance was lower than 0.01 at 280 nm and
stored in the same buffer until further use. For immobilization, the
activated beads were incubated with varying concentrations of purified
protease at 4 °C. The beads were washed with SO mM Tris-HCI buffer,
pH 8.5, to remove unbound protease. The activity and protein content
(by Bradford method) of chitosan beads were determined. To determine
the optimum time required for their activation, the beads were kept
in 3% glutaraldehyde for different time intervals. Furthermore, the
activated beads were incubated in desired concentration of protease

Table 1. Optimization of Immobilization Conditions for Procerain B on Glutaraldehyde-Activated Chitosan Beads

glutaraldehyde activation coupling protein concentration in immobilization activity
concentration (%) time (h) time (h) immobilization mixture (mg/mL) (%) per bead
1 2 20 0.2 58.33£0.79 0.069 4 0.006
variation of glutaraldehyde 2 2 20 0.2 72.58£123 0.085+£0.013
concentration 3 2 20 0.2 84.39£0.32 0.097 +0.015
4 2 20 0.2 84.51+0.62 0.099 4 0.008
3 0.5 20 0.2 66.05 £ 0.44 0.083 £ 0.009
variation of activation time 3 1 20 0.2 70.49 4 0.93 0.090 £ 0.015
3 2 20 0.2 84.56 £ 0.69 0.100 & 0.023
3 3 20 0.2 86.69 £ 0.41 0.102 £ 0.027
3 4 20 0.2 85.17 £ 1.07 0.101 £ 0.017
3 3 8 0.2 43.55£0.35 0.052 £ 0.007
variation of coupling time 3 3 16 0.2 65.60 4= 0.92 0.069 4 0.011
3 3 24 0.2 86.98 £0.72 0.102 £ 0.031
3 3 32 0.2 64.46 1 0.45 0.068 & 0.019
3 3 24 0.2 87.50 £ 1.15 0.105 £ 0.015
variation of protein 3 3 24 0.4 74.02£0.73 0.139 4 0.087
concentration 3 3 24 0.6 48.60 £0.65 0.161 +0.073
3 3 24 0.8 24.05 4+ 1.98 0.1634-0.083
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solution for different time intervals to determine the optimum
coupling time.
The percent immobilization (percent enzyme activity retention) was
calculated as follows:
total activity of immobilized protease

immobilization (%) = X 100
immobilization (%) total activity of soluble protease

The total activity of immobilized protease was determined by subtract-
ing total activity of unbound protease from total activity of soluble
enzyme.

Fourier Transform Infrared (FTIR) Spectra of Chitosan Beads. To
confirm the activation of chitosan beads with glutaraldehyde, the FTIR
spectra of normal chitosan beads and glutaraldehyde activated beads
were taken with UNICAM Mattson 1000 FTIR spectrophotometer and
compared. For FTIR spectra samples were crushed with potassium
bromide (KBr) to form a very fine powder. This powder was then
compressed into thin pellet for analysis.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
(EDX) Analysis of Beads for Immobilization. The detailed surface
morphology of the normal chitosan bead, glutaradehyde-treated beads,
and immobilized beads were analyzed by SEM. Samples were subjected
to gold coating, then imaged, and photographed by using SEM (LEO
1430 VP) operated at an acceleration voltage of 10.00 kV. An EDX
spectrum was also collected to analyze percentage elemental composi-
tion of bead surface.

pH and Temperature Optima. The activity of the immobilized
enzyme was measured as a function of varying pH to determine the
pH optima of the immobilized procerain B. Seven beads were used
for activity measurement. The buffers used were 0.0S M glycine-HCI
(pH 2.0—3.5), 0.05 M Na-acetate (pH 4.0—5.5), 0.05 M Na-phosphate
(pH 6.0—7.5), 0.05 M Tris-HCl (pH 8.0—10.0), and 0.05 M sodium
carbonate (pH 10.5—12.5). The substrate solution of azocasein or
hemoglobin was prepared in the respective buffers. Immobilized procer-
ain B on beads was equilibrated in 0.5 mL of the buffer at a given pH for
1S min and added to the substrate solution of the same pH. The assay
procedure was the same as described above. Because of the insolubility of
azocasein below pH 4.0, hemoglobin was used as a substrate for activity
measurements at lower pH.”’

The effect of temperature on the activity of immobilized procerain B
was also studied using azocasein as the substrate. Seven beads were
incubated at the desired temperature in the range of 15—95 °C for 15 min
in 50 mM Tris-HCI buffer, pH 7.5, and then used for the activity
measurement at the same temperature. Prior to the assays, the substrate
solution was also equilibrated at the corresponding temperature in the
same buffer. At each temperature, a control assay was carried out without
the enzyme used as a blank.

Stability. The ability of immobilized enzyme to retain its activity
under various conditions such as extreme pH and temperatures was
studied. Seven beads were incubated at different pH values in the range
of 1—12 for 12 h at room temperature, and the residual activity was
measured as described earlier using azocasein as the substrate. Similarly,
beads were incubated at temperatures from 10 to 95 °C for 15 min and
assayed for residual activity.

Effect of Substrate Concentration on the Reaction Velocity. The
effect of increasing substrate concentration on the reaction velocity of
the enzyme hydrolysis was studied using azocasein as substrate at pH 7.5
and 37 °C. Seven beads were used, and the concentration of azocasein
was in the range of 1—160 (M. Assays were performed as already des-
cribed under proteolytic activity measurements. A blank was used at the
specific substrate concentrations without the enzyme. A Lineweaver—Burk
plot was plotted, and the value of Michaelis—Menten constant (K,,,) was
calculated.

Reusability of Immobilized Protease. The reusability of the immo-
bilized enzyme with repeated use of beads was tested. The assay was
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Figure 2. Comparison of FTIR spectra of normal chitosan beads (solid
lines) and glutaraldehyde-activated beads (dotted lines) for confirma-
tion of glutaraldehyde activation of beads. The peak at 1412 cm '
represents the C—N bond and results in a cross-linking reaction. Other
peaks at 1646 and 1054 cm ™' may attributed to C=N and polysaccharide
structure.

performed as described in the section, activity assays of protease. After
each reaction, the chitosan beads with immobilized protease were
removed and washed with 0.1 M Tris-HCI buffer, pH 7.5, to remove
any residual substrate within the chitosan beads and stored in the same
buffer at 4 °C until further use. They were then reintroduced into fresh
reaction medium, and the enzyme activity was determined at optimum
conditions.

B RESULTS AND DISCUSSION

Enzymes have been used for industrial purposes for a long
time, and proteases are one of the most important industrial
enzymes. The use of immobilized enzymes rather than free form
is more fascinating and offers added advantages. We have already
studied the possible applications of newly discovered cysteine
protease, procerain B. * Immobilization can further increase its
applicability in various industries. In the present study, we
investigated the optimal immobilization conditions for procerain
B on chitosan beads and characterized the immobilized enzyme.
The chitosan beads were prepared and then activated by
glutaraldehyde. Glutaraldehyde not only activates the beads
but also cross-links the chitosan to provide resistance against
lower pH. The two terminal aldehyde groups of glutaraldehyde
react with amino groups of D-glucosamine units of diff-
erent chains, resulting in cross-linking of those chains through
glutaraldehyde. The irreversible Schiff's base linking of aldehyde
with amino group provides operational stability to beads. Spherical
chitosan beads of uniform size were prepared, and the immobi-
lization of procerain B on glutaraldehyde activated chitosan
beads was successfully optimized (3% glutaraldehyde with 3 h
of activation and 24 h of coupling time with a 0.2 mg/mL protein
concentration in immobilization mixture), resulting in 87.50 %+
1.15% immobilization. The immobilized product was characterized
for optimum functional range and stability. The immobilized
procerain B has an optimum temperature of 45—65 °C and two
pH optima (one in acidic and other in neutral pH range). The
operational stability and reusability of immobilized procerain B
were greater than soluble form.
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Figure 3. SEM images of beads and detailed surface view of (A and B) normal chitosan beads, (C and D) glutaraldehyde-activated chitosan beads, and
(E and F) immobilized chitosan beads.

Effect of pH on Immobilization of Procerain B. pH is a key
parameter for immobilization of enzyme through the amino
group on a matrix. The ionization state of different functional
groups present on the surface of any enzyme mainly depends
on the pH of enzyme solution. The effect of pH on the
immobilization of procerain B was studied in the range of
pH 5—10. The optimum pH for immobilization of procerain B
was nearly 8.5 with 65% immobilization (Figure 1). At lower pH,
the percentage of immobilization is decreased due to solubility of
chitosan at lower pH, and at higher pH, it may be due to an
improper ionization stage of surface amino groups.

Optimization of Procerain B Immobilization on Chitosan
Beads. The immobilization of procerain B on chitosan beads was
optimized in terms of glutaraldehyde concentration for activa-
tion, time of activation, coupling time, and concentration of
enzyme solution in immobilization mixture. Different concentra-
tions of glutaraldehyde in the range of 1—4% were tried for the

Table 2. EDX Analysis of Bead Surface”

atomic % of elements A B ©
C 52.78 52.42 49.28
N 9.95 8.99 15.86
O 37.27 38.59 34.86

“ A, normal chitosan beads; B, glutaraldehyde-activated chitosan beads;
and C, immobilized chitosan beads.

activation of chitosan beads, and the percentage immobilization
of procerain B was observed; 3% glutaraldehyde was the most
effective concentration with 84.39% immobilization (Table 1).
Lower concentrations of glutaraldehyde were not sufficient to
generate enough aldehyde groups on the surface of chitosan
beads to immobilize most of the protease molecules, and at a
higher concentration, the beads became fragile.

6259 dx.doi.org/10.1021/jf200472x |J. Agric. Food Chem. 2011, 59, 6256-6262
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Figure 4. Effects of pH (A and C) and temperature (B and D) on activity (@) and stability (O) of immobilized proceratin B. The precise cause of such
reproducible pH optima and stability profile is not understood, but it is likely to be due to interaction of enzyme with chitosan matrix.

Different time intervals in the range of 0.5—4 h were tried for
activation with 3% glutaraldehyde, and corresponding immobi-
lization was observed. Maximum immobilization (86.69%) was
at 3 h of activation (Table 1). The higher concentration of
glutaraldehyde and longer time for activation cause cracking of
beads due to the fragile nature. The third parameter was coupling
time for the formation of bond between the aldehyde group of
glutaraldehyde and the amino group of the side chain of lysine
present on the surface or terminal amino group of the enzyme.
Different coupling times (8—32 h) were tried for optimum
immobilization, and at 24 h, the immobilization was maximum
(86.98%). At longer coupling times, the immobilization again
was decreased (Table 1) due to leaching. We have optimized the
concentration of procerain B in the immobilization mixture
according to the application requirements. To economically
use the enzyme for immobilization, we have tried different
concentrations of enzyme (0.2—0.8 mg/ mL) in immobilization
mixture. The optimum concentration was 0.2 mg/mL with

6260

87.50% immobilization (Table 1). At this concentration, most
of the procerain B molecules get immobilized on activated
surface of beads. A higher concentration of procerain B in
immobilization mixture leads to an increase in per bead enzyme
activity required in some applications. The optimal per bead
activity was observed at 0.6 and 0.8 mg/mL concentrations
(Table 1). The cross-linking and activation with glutaraldehyde
were confirmed by comparison of FTIR spectra of normal and
activated beads (Figure 2). The peak at 1412 cm ™' represents the
C—N bond results with a cross-linking reaction. The aldehyde
groups of glutaraldehyde molecules react with the amino group
of chitosan through schiff base linkage. Linkage of both terminal
aldehyde groups with separate chitosan molecules results in
cross-linking, while the linkage of only one aldehyde group
results in the activation of surface for immobilization. Other
peaks at 1646 and 1054 cm ™' may attributed to C=N and
polysaccharide structure. SEM images showed the detail view of
normal, activated, and immobilized bead surfaces. The surface
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Figure 6. Reusability of immobilized procerain B. After each
reaction, the beads with immobilized procerain B were removed and
washed with 0.1 M Tris-Cl buffer, pH 7.5, to remove any residual
substrate within the chitosan beads and stored in the same buffer at 4 °C
until further use.

morphology of activated and immobilized beads was changed.
The roughness of bead surface increased with glutaraldehyde
treatment and immobilization (Figure 3). This may be due to
activation of the surface with glutaraldehyde and attachment of
the enzyme on the activated surface. The increase of nitrogen
percentage in EDX analysis of bead surface in the case of
immobilized beads was due to the presence of proteins
(procerain B) on the surfaces of beads (Table 2).

pH and Thermal Optima of Immobilized Procerain B. After
immobilization, chitosan-immobilized procerain B showed two
very interesting pH optima, one in acidic pH (pH 3.0) and the
other around pH 6.0 (Figure 4A), which shows the better
applicability of immobilized procerain B in comparison to free
form having only one pH optima in the range of pH 6.5—8.5.°
Two pH optima may be due to the interaction of the enzyme
with a chitosan matrix. However, the precise cause was not

understood. The temperature optimum of immobilized procer-
ain B was 5SS °C (Figure 4B), while the free enzyme shows
maximum activity in the range of 40—60 °C.>* The conforma-
tional flexibility of procerain B was affected by immobilization.
An increase in the temperature optima is a clear reflection
of conformational rigidity, which makes it resistant to
denaturation.

Stability. After immobilization, the pH stability pattern of
procerain B got a strange and highly reproducible pattern. The
immobilized procerain B showed nearly 80% activity in the acidic
range, pH 3 to pH 5.0, and in basic range at pH 8.5 (Figure 4C),
while the soluble form was more stable around neutral pH where
the immobilized procerain B was least stable. This may be due to
interaction of the enzyme with a chitosan matrix. However, the
precise cause of such stability profile as a function of pH is not
understood. Plant cysteine proteases are well-known for their
higher thermal stabilities and widely used in the process where
a higher temperature is required. Immobilization may further
increase their stability and industrial importance. Immobiliza-
tion on chitosan beads causes restricted deformation in three-
dimensional structure of procerain B due to temperature and
leads to increased thermal stability. The temperature stabi-
lity of immobilized procerain B was investigated, and we
found that it showed more than 80% activity up to 70 °C
(Figure 4D), while soluble procerain B shows a similar activity
up to 65 °C only.”>® Thus, immobilization leads to a slight
increase in thermal stability, which makes it industrially more
valuable.

Effect of Substrate Concentration on Activity of Immo-
bilized Procerain B. The immobilized procerain B fol-
lowed the Michaelis—Menten equation with azocasein as a
substrate (Figure S). At higher concentrations of substrate, the
enzyme activity is saturated. The K, of immobilized enzyme
was 148.72 uM, which is lower than that of free enzyme (210 &
31 uM).>?

Reusability of Immobilized Protease. Reusability is one
of the most important advantages of immobilization. Immo-
bilized procerain B showed nearly 50% activity until the 10th
use (Figure 6). The activity of immobilized procerain B was
lower at initial reuses, but it regained activity up to the
fifth use.

In brief, spherical chitosan beads of uniform size were pre-
pared, and the immobilization of procerain B on glutaraldehyde-
activated chitosan beads was successfully optimized, resulting in
87.50 £ 1.15% immobilization. The immobilized product was
characterized for optimum functional range and stability. The
immobilized procerain B has an optimum temperature of 55 °C
and two pH optima (one in acidic and the other in neutral pH
range).

Bl AUTHOR INFORMATION

Corresponding Author
*Tel: 91-361-2582203. Fax: 91-361-2582249. E-mail: vdubey@
iitg.ernet.in.

Funding Sources

Infrastructure funded to V.K.D. by Department of Biotech-
nology, Department of Science and Technology, and Depart-
ment of Information Technology, Government of India, research
fellowship to AN.S. and S.S. by Indian Institute of Technology
Guwabhati are acknowledged.

6261 dx.doi.org/10.1021/jf200472x |J. Agric. Food Chem. 2011, 59, 6256-6262



Journal of Agricultural and Food Chemistry

M ABBREVIATIONS USED

TCA, trichloroacetic acid; BSA, bovine serum albumin; SEM,
scanning electron microscopy; EDX, energy dispersive X-ray;
FTIR, Fourier transform infrared

B REFERENCES

(1) Bailey, S. E.; Olin, T. J.; Bricka, R. M.; Adrian, D. D. A review of
potentially low-cost sorbents for heavy metals. Water Res. 1999, 33
2469-2479.

(2) Roberts, G. A. F. Preparation of Chitin and Chitosan. Chitin
Chemistry; MacMillan Press: London, 1992; pp 54—83.

(3) Muzzarelli, R. A. A. Chitin; Pergamon Press: Oxford, 1977; p 309.

(4) Kuhlmann, K; Czupala, A.; Haunhorst, J.; Weiss, A.; Prasch, T.;
Schorken, U. Preparation and Characterization of Chitosan from
Mucorales. In Advances in Chitin Science; Peter, M. G., Domard, A,
Muzzarelli, R. A. A., Eds.; European Chitin Society: 1999; Vol. 4, pp 7—15.

(5) Struszczyk, M. H.; Halweg, R; Peter, M. G. Comparative
Analysis of Chitosans from Insects and Crustacea. In Advances in Chitin
Science; Peter, M. G., Domard, A., Muzzarelli, R. A. A., Eds.; European
Chitin Society: 1999; Vol. 4, pp 40—49.

(6) Rinaudo, M. Chitin and chitosan: Properties and applications.
Prog. Polym. Sci. 2006, 31, 603—-632.

(7) Rinaudo, M. Main properties and current applications of some
polysaccharides as biomaterials. Polym. Int. 2008, 57, 397-430.

(8) Aranaz, I; Mengibar, M.; Harris, R.; Panos, L; Miralles, B.;
Acosta, N.; Galed, G.; Heras, A. Functional characterization of chitin and
chitosan. Curr. Chem. Biol. 2009, 3, 203-230.

(9) Hayes, M.; Carney, B.; Slater, J.; Briick, W. Mining marine
shellfish wastes for bioactive molecules: Chitin and chitosan—Part B:
Applications. Biotechnol J. 2008, 3, 878-889.

(10) Krajewska, B. Membrane-based processes performed with use
of chitin/chitosan materials. Sep. Purif. Technol. 2008, 41, 305-312.

(11) Jamcela, S. R; Jayakrishnan, A. Glutaraldehyde cross-linked
chitosan microspheres as a long acting biodegradable drug delivery vehicle:
Studies on the in vitro release of mitoxantrone and in vivo degradation of
microspheres in rat muscle. Biomaterials. 1995, 16, 769-775.

(12) Sawayanagi, Y.; Nambu, N.; Nagai, T. Use of chitosan for the
sustained release preparation of water soluble drugs. Chem. Pharm. Bull.
1982, 30, 4213-421S.

(13) Kawashima, Y.; Handa, T.; Kasi, A,; Takeneka, H.; Lin, S. Y,;
Ando, Y. Novel method for the preparation of controlled release
theophylline granules coated with a polyclectrolyte complex of sodium-
poly phosphatc-chitosan. J. Pharm. Sci. 1985, 74, 264-268.

(14) Jayakrishnan, A.; Thanno, C. B. Suspension polymerization of
2-hydroxyethyl methacrylate in the presence of polymeric diluents: A
novel route to spherical highly porous beads for biomedical applications.
J. Biomed. Mater. Res. 1990, 24, 913-927.

(15) Li, Q; Dunn, E. T.; Grandmaison, E. W.; Gooscn, M. F. A.
Applications and properties of chitosan. J. Bioact. Compat. Polym. 1992,
7, 370-379.

(16) Wang, X.; Hu, W,; Cao, Y,; Yao, J.; Wy, J.; Gu, X. Dog sciatic
nerve regeneration across a 30-mm defect bridged by a chitosan/PGA
artificial nerve graft. Oxford J, Med., Brain 2005, 128, 1897-1910.

(17) Stone, C. A;; Wright, H.; Devaraj, V. S.; Clarke, T.; Powell, R.
Healing at skin graft donor sites dressed with chitosan. J. Plast., Reconstr.
Aesthetic Surg. 2000, 53, 601-606.

(18) William, G.; Malette, M. D.; Herbert, J.; Quigley, M. D.; Ray,
D.; Gaines, M. D.; Norris, D.; Johnson, M. D.; Gerald, W.; Rainer, M. D.
Chitosan: A New Hemostatic. Ann. Thorac. Surg. 1983, 55-58.

(19) Xianfang, Z.; Eli, R. Cross-linked macroporous chitosan anion-
exchange membranes for protein separations. J. Membr. Sci. 1998,
148, 195-208.

(20) Hua-Li, N;; Li-Min, Z. Adsorption of papain with Cibacron
Blue F3GA carrying chitosan-coated nylon affinity membranes. Int. J.
Biol. Macromol. 2007, 40, 261-267.

(21) Safafikova, M,; Safaiik, I One-step partial purification of
Solanum tuberosum tuber lectin using magnetic chitosan particles.
Biotechnol. Lett. 2000, 22, 941-945.

(22) Krajewska, B. Application of chitin- and chitosan-based materi-
als for enzyme immobilizations: A review. Enzyme Microb. Technol. 2004,
3§, 126-139.

(23) Bhandari, S.; Gupta, V. K,; Singh, H. Enhanced stabilization of
mungbean thiol protease immobilized on glutaraldehyde-activated
chitosan beads. Biocatal. Biotransform. 2009, 27, 71-77.

(24) Katzir, E. K; Kraemer, D. M. Eupergit® C, a carrier for immo-
bilization of enzymes of industrial potential. J. Mol. Catal. B: Enzym. 2000,
10, 157-176.

(25) Hanefeld, U.; Gardossi, L.; Magner, E. Understanding enzyme
immobilisation. Chem. Soc. Rev. 2009, 38, 453-468.

(26) Brady, D.; Jordaan, J. Advances in enzyme immobilization.
Biotechnol. Lett. 2009, 31, 1639-1650.

(27) Cao, L. Immobilized enzymes: Science or art, Curr. Opin.
Chem. Biol. 2008, 9, 217-226.

(28) Iyer, V. P.; Ananthanarayan, L. Enzyme stability and stabilization—
Aqueous and non-aqueous environment. Process Biochem. 2008, 10,
1019-1032.

(29) Sheldon, R. A. Enzyme immobilization: The quest for optimum
performance. Adv. Synth. Catal. 2007, 349, 1289-1307.

(30) Mateo, C.; Palomo, J. M.; Lorente, G. F.; Guisan, J. M,;
Lafuente, R. F. Improvement of enzyme activity, stability and selectivity
via immobilization techniques. Enzyme Microb. Technol. 2007, 40
1451-1463.

(31) Dubey, V. K; Pande, M.; Singh, B. K; Jagannadham, M. V.
Papain-like proteases: Applications of their inhibitors. Afr. J. Biotechnol.
2007, 6, 1077-1086.

(32) Boller, T. Roles of proteolytic enzymes in interactions of plants
with other organisms. In Plant Proteolytic Enzymes; Dalling, M. J., Ed.;
CRC Press: Boca Raton, FL, 1986; Vol. 2, pp 67—95.

(33) Singh, A. N.; Shukla, A. K; Jagannadham, M. V.; Dubey, V. K.
Purification of a novel cysteine protease, procerain B, from Calotropis
procera with distinct characteristics compared to procerain. Process
Biochem. 2010, 45, 399-406.

(34) Singh, A. N.; Dubey, V. K. Exploring applications of procerain
B, a novel protease from Calotropis procera, and characterization by
N-terminal sequencing as well as peptide mass fingerprinting. Appl.
Biochem. Biotechnol. 2011, DOI: 10.1007/s12010-011-9158-6.

(35) Bradford, M. M. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein—dye binding. Anal. Biochem. 1976, 72, 248-254.

(36) Dubey, V. K,; Jagannadham, M. V. Procerain, a stable cysteine
protease from the latex of Calotropis procera. Phytochemistry 2003, 62
1057-1071.

(37) Sarath, G.; Motte, R. S.; Wagner, F. W. Protease assay methods.
In Proteolytic Enzymes—A Practical Approach; Beynon, R.J., Bond, J. S,
Eds.; IRL Press: Oxford, 1989; pp 25—355.

6262 dx.doi.org/10.1021/jf200472x |J. Agric. Food Chem. 2011, 59, 6256-6262



