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ABSTRACT:
zyme catalyst. Due to the large number of functional groups in the side chain, gelatin readily undergoes chemical cross-

Biocompatible hydrogel formation of gelatin from cold water fish skin has been examined using en-

linking, which is important for its possible use as biomaterial. In addition, transglutaminase (TGase) provides an alter-
native method for creating a gelatin gel and may offer interesting opportunities as injectable material for various
applications. The aim of this study was to investigate the effect of the reaction conditions on rheological and mechan-
ical properties of the hydrogels in the enzymatic curing of gelatin from cold water fish skin. The rheological measure-
ments showed that TGase catalyzed the transformation of gelatin solutions into hydrogels, and the gel points were be-
tween 3.3 and 144 min depending on the concentration of gelatin and TGase. Furthermore, the buffer pH strongly
affected the rheological properties. Mechanical tests of the resulting hydrogels exhibited that the elastic modulus ranged
from 21 to 292 kPa, which were influenced by the concentrations of gelatin and TGase. The rheological and mechanical

properties of the gelatin gels were closely related to the degree of the crosslinking. [doi:10.1295/polym;j.PJ2007007]
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Gelatin is a biopolymer obtained by thermal de-
naturation or physical and chemical degradation of
native collagen, which are the most widespread struc-
tural protein in the body occurring in most connective
tissues such as skin, tendon and bone.! The present
wide interest in gelatin is mainly due to merits of
wealth like biological origin, nonimmunogenicity,
biodegradability and biocompatibility. Gelatin has
been the most frequently used in the biomedical and
pharmaceutical fields including hard and soft capsu-
les, microspheres, sealants for vascular prostheses,
wound dressing and adsorbent pad for surgical use.’
Most of commercial gelatins are obtained from either
pigskin or cowhide, and especially, the use of bovine
gelatin has been limited because of the risks of bovine
spongiform encephalopathy (BSE), which is consid-
ered to be transmittable to human beings. Therefore,
there has been the increasing interest in nonmamma-
lian gelatin sources, primarily fish gelatin.® It seems
that fish gelatin has lower risk for transmission of in-
fectious diseases to human beings than bovine gelatin.

The source and type of collagen will influence the
properties of gelatin. The amino acid content and
sequence vary from one source to another, but gelatin
always consists of large amounts of proline, hydroxy-
proline and glycine. The gelling properties of gelatin
are affected mainly by the origin of raw material. This
results from difference in contents of proline and hy-
droxyproline in collagens of different species and is
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connected with the temperature of the habitat of the
animals.* The thermal shrinkage, denaturation temper-
ature and melting temperature of gelatins derived
from the skins of cold water fishes are significantly
lower than those of gelatins from skins of warm-
blooded animals and fishes living in warm water,
due to the lower hydroxyproline content.*> This prop-
erty results in the limitation of their applications for
biomaterials.

Hydrogels are composed of a three-dimensional
hydrophilic polymer network in which a large amount
of water is interposed. Due to their unique properties,
a wide range of medical, pharmaceutical and pros-
thetic applications have been proposed.® Hydrogels
derived from naturally occurring polymers mimic
many features of extracellular matrix and thus have
the potential to direct the migration, growth and
organization of cells during tissue regeneration and
wound healing. Stimulus-responsive gel formation of
biopolymers offers promising prospects for bio-relat-
ed applications of wide engineering fields and inject-
able system of biopolymer hydrogels are highly potent
for biomaterials.

So far, the stimulus-responsive gelation of biopoly-
mers has been achieved by thermal sol-gel transition,
photo-polymerization, enzymatic crosslinking, and
chemical crosslinking with metal ions or crosslinking
agents.” The photo-polymerization requires a photo-
sensitizer and prolonged irradiation, resulting in limit-
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ing their use. The crosslinking with metal ions is often
reversible in the body and exerts cytotoxic effects.® In
the chemical crosslinking, crosslinking agents such as
glutaraldehyde and isocyanates which incorporated in-
to the polymer matrix are highly toxic and are prone
to leach out into the body on matrix biodegradation.’
The toxicity of the crosslinking agents is the major ob-
stacle in the use of these biopolymers as an injectable
since their seepage into body fluids even at low con-
centrations can be very hazardous.!® Potentially less
toxic reagents like adipic acid dihydrazide and oxi-
dized mono-, di- and polysaccharides have been in-
vestigated as crosslinking agents.!! However, the ge-
lation reaction is rather slow to be of practical use
as an injectable.

Transglutaminase (TGase) catalyses an acyl transfer
reaction that leads to the formation of crosslinking iso-
peptide bonds between y-carboxyamide groups of glu-
tamyl residue and e-amino groups of lysine residue.!?
This reaction causes substantial changes in the func-
tional properties of plant and animal proteins with im-
proved rheological properties.'> In mammalian cells,
TGases are calcium-dependent and appear to serve
various roles such as fibrin polymerization in blood
clotting.'* The discovery of a calcium-independent
microbial TGase has stimulated research for a variety
of applications especially in the food industry.'

Recently, it was reported that the enzymatic cross-
linking of gelatin proceeded in the presence of
TGase.!¢ In the standpoint of toxicity of the cross-
linking agent, it may be useful to crosslink gelatin
with non-toxic enzyme catalyst. This study deals
with the biocompatible hydrogel formation of gelatin
from cold water fish skin with microbial TGase
(Scheme 1). We have systematically examined the en-
zymatic curing of fish gelatin for the first time. The
effect of the reaction conditions on the rheological
properties of the resulting gelatin gels was investigat-
ed in detail. Additionally, the mechanical properties of
the gelatin gels were examined.

EXPERIMENTAL

Materials

Teleostean gelatin from cold water fish skin
(type A) was purchased from Sigma Chemical and
used without further purification. The calcium-inde-
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Scheme 1.
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pendent microbial transglutaminase (TGase, Activa
TR) derived from Streptoverticillium monobaraense
was kindly supplied by Ajinomoto Co., Inc. 2,4,6-Tri-
nitro-benzensulfonic acid (TNBS) was obtained from
Wako Pure Chemicals Industries, Ltd. Other reagents
and solvents were commercially available and were
used as received.

Enzymatic Curing of Gelatin

The gelatin gel was prepared as follows. Gelatin
was dissolved in 0.1 M phosphate buffer (pH 7.0), at
a concentration in the range of 10-40w/v% and left
for a day at 37 °C. Then, an enzyme solution of TGase
(10w/v%) in 0.1 M phosphate buffer was added at
37°C to initiate the crosslinking of gelatin.

Measurement of Rheological Properties

The rheological properties were measured using
a Thermohaake RheoStress 1 rheometer (Thermo
Electron Co.) equipped with a 35 mm diameter paral-
lel plate sensor (PP35 Ti) at 37 °C. After mixing gel-
atin and TGase, the solution was immediately loaded
on the top of the bottom plate, and the measurement
was initiated soon after the parallel plate was lowered
onto the sample with a gap distance of 0.5 mm. The
samples were subjected to an oscillatory stress of
0.5 Pa at a frequency of 0.1 Hz and the corresponding
moduli were measured. To limit the evaporation of
water during the measurements, the parallel plate
was covered with low viscosity silicon oil.

Compressive Mechanical Testing

The mechanical properties of the gelatin gels were
characterized by universal testing machine, EZ Graph
(Shimadzu Co.). The samples were prepared by mix-
ing TGase with gelatin solutions. After adding TGase,
the solutions poured into a Teflon dish sealed with a
glass lid and allowed to undergo crosslinking at
37°C for 12h. Then, the cross-linked samples were
cut into discs (16 mm in diameter and 5 mm in thick-
ness) and compressed perpendicularly by two metal
platens connected to a load cell, at a strain rate of
10%/min at room temperature.

Determination of the Degree of Crosslinking

The degree of crosslinking was determined accord-
ing to the reported method.!” To a sample of 3-5mg
of the gelatin gel, 1 mL of 4 w/v% NaHCOj; solution
(pH 8.5) and 1mL of freshly prepared 0.5w/v%
TNBS solution in distilled water were added. After
the reaction at 40°C for 2h, 2mL of 6 N HCI was
added, and the temperature was raised to 60 °C. Solu-
bilization of the gelatin gels was achieved within
90 min. The resulting solution was diluted with 5 mL
of distilled water, and the absorbance was measured
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at 345nm with a Hitachi U-2810 spectrometer. The
degree of crosslinking was calculated as follows:

Degree of crosslinking (%)
= {1 — (absorbances/mass)
/(absorbance;cg /massyey)} x 100

where the subscripts s and ncg denote the sample and
non-cross-linked gelatin, respectively.

RESULTS AND DISCUSSION

Rheological Properties of Gelatin Gels

Rheological methods were used to characterize the
dynamics of gel formation. In these experiments, a
gelatin solution was mixed with TGase and immedi-
ately loaded onto a rheometer where the samples were
subjected to oscillatory stresses. Results from these
experiments yield two moduli. The elastic modulus
(@) is related to the energy that is stored in the sample
to resist deformation and is a measure of the strength
of the gel. The viscous modulus (G”) is a measure of
the energy that is dissipated when the sample is de-
formed.

Initial studies to explore TGase-catalyzed gel for-
mation were conducted by loading 10 and 40% gelatin
solutions onto a rheometer and following changes in
properties over time. Figure 1 shows typical results
for samples prepared from cold water fish skin gelatin.
At 37°C, the samples behaved as solutions with G”
higher than G’ immediately after mixing TGase with
gelatin. As shown in Figure 1, both moduli increased
with time and G’ increased more rapidly and became
equal to G” after 17.1 and 3.3 min for the 10 and 40%
gelatin solutions, respectively. The point at which G’
becomes equal to G” is typically used as a rheological
measure of the gel point.'® After the gel point, both
moduli continued to increase in the gel state of gela-
tin. These results indicate that TGase catalyzed the
conversion of gelatin solutions into gels. These gels
formed as a result of the covalent crosslinking of the
gelatin chains and differ from the thermally reversible
physical gelatin gels that are formed by cooling. Fur-
thermore, the network structure of the present gelatin
gels was not destroyed by the heating treatment at
60°C for 48 h.

To examine the effect of the TGase concentration
on the gel formation, a series of rheological tests
was performed with samples containing different
TGase concentration in 10 and 30% gelatin solutions.
In both cases, G’ of the gelatin solutions increased
with time (Figure 2). As expected, the rheological
properties of gelatin were affected by the concentra-
tion of TGase. G’ increased more rapidly with increas-
ing the concentration of TGase. The effect of the con-
centration of TGase on the gel point was summarized
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Figure 1. Rheological detection of gel formation. Elastic (G')
and viscous (G”) moduli for gels formed from (A) gelatin (10 w/
v%)-TGase (0.3 w/v%) and (B) gelatin (40 w/v%)-TGase (0.7 w/
v%).

in Table I. The gel point was shortened with the high-
er concentration of TGase and was in the range from
3.3 to 144 min. This means that the TGase-catalyzed
crosslinking proceeds faster and yields stronger gels
in using higher concentration of the enzyme catalyst.

We also verified the effect of the buffer pH on the
rheological properties of gelatin solutions at 37 °C. In
the case of pH lower than 9, the increase of G’ was
faster and the gel point became shorter at higher pH
(Figure 3 and Table II). On the other hand, the further
higher pH (pH 10) slowed down the reaction of the
gel formation of gelatin solutions. This result may
be explained in terms of protonation and deprotona-
tion of enzyme active site (cystein) at low and high
pH, respectively. The disruption of the active site con-
formation due to the enzyme denaturation at low and
high pH also leads to the decline of enzyme activity.!

Mechanical Properties of Gelatin Gels

The mechanical properties of gelatin gels obtained
with different gelatin and TGase concentrations were
evaluated by compressive mechanical test. For this
measurement, the gelatin solution was mixed with
TGase and incubated in a Teflon dish to form hydro-

Polym. J., Vol. 39, No. 10, 2007
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Figure 2. Effect of TGase concentration on the strength of
gelatin gel formed from (A) 10w/v% and (B) 30w/v% gelatin
solutions.

Table I. Gel Points of Enzyme-Catalyzed Gel Formation
with Different Concentration of Gelatin and TGase?

Gel Point (min)®

Gelatin Concentration (w/v%)

TGase Concentration

(W/v%) 10 20 30 40
0.1 144 69.2 384 33.7
0.2 40.6 38.5 31.6 28.7
0.3 17.1 14.9 18.2 204
0.4 11.7 10.3 11.9 12.3
0.5 55 6.3 7.5 9.2
0.7 4.6 4.5 4.0 33

#Rheological tests were performed as follows; a gelatin so-
lution dissolved in 0.1 M phosphate buffer (pH 7) was mixed
with TGase and immediately loaded onto a rheometer where
the samples were subjected to oscillatory stresses at 37 °C.
bGel point is the time at which G’ becomes equal to G”.

gels, which were subsequently cut into specimens.
Then, they were mounted in compressive test fixtures
and loaded in tension at a rate 10%/min.

Figure 4 shows typical compressive strain-stress
curves of the gelatin gels with the different gelatin
concentrations. The elastic modulus (E) was calculat-
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Figure 3. Effect of pH of buffer solution on the strength of
gelatin gels formed from (A) 20w/v% and (B) 30 w/v% gelatin
solutions with 0.3 w/v% TGase.

Table II. Gel Points of TGase-Catalyzed Gel Formation
with Different pH of Buffer Solution?

Gel Point (min)®

Gelatin 20 w/v% Gelatin 30 w/v%

pH¢ TGase TGase TGase TGase
0.3w/v% 0.5w/v% 0.3w/v% 0.5w/v%
5 45.5 24.7 37.2 17.4
6 33.6 13.7 34.2 14.4
7 14.9 6.3 18.2 7.5
8 12.0 5.8 14.8 6.9
9 10.3 54 11.9 6.0
10 15.4 6.8 15.1 6.8

#Rheological tests were performed as follows; a gelatin so-
Iution (20 or 30w/v%) dissolved in 0.1 M phosphate buffer
was mixed with TGase (0.3 or 0.5w/v%) and immediately
loaded onto a rheometer where the samples were subjected
to oscillatory stresses at 37 °C. ®Gel point is the time at which
G’ becomes equal to G”. €0.1 M phosphate buffer’s pH.

ed from strain-stress curves using the slope of the lin-
ear regression line for strains between 0 and 0.1. The
magnitude of E was significantly dependent on the
gelatin concentration; the higher concentration, the
higher values of E in the range from 21 to 292 kPa
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Figure 4. Compressive strain-stress curves of gelatin gels us-

ing different gelatin concentration with 0.3 w/v% TGase.

Table III. Effect of Gelatin Concentration in the Feed on the
Mechanical Properties of TGase-Catalyzed Gels, n = 3*

Gelatin
Concentration (w/v%) E (kPa) o (kPa) A (mm/mm)
10 21+2 48 +4 0.35+0.01
20 127 +7 152+ 18 0.43 £0.04
30 220+3 336 £+ 23 0.40 £0.08
40 202+ 12 35715 0.49 +0.02

#Mechanical properties (elastic modulus (E), fracture stress
(0), and fracture strain (1)) of gelatin gels prepared by mixing
TGase (0.3 w/v%) with different concentration of gelatin.

(Table III). Reorganization of gelatin chains during
the gelation also improves the mechanical proper-
ties.?0 Although gelatin is a denatured substance from
collagen involving rupture of the triple-helix structure
by breaking of hydrogen bonds and rearrangement of
the triple-helix into a random configuration, the gela-
tin chains can undergo a conformational disorder-or-
der transition to form thermoreversible networks by
associating the triple-helix structures in junction zones
stabilized by hydrogen bonds during the gelation.
Thus, the higher concentration of gelatin offers the
higher crosslinking sites for chemical and physical
crosslinkings.

The effect of the TGase concentration on the me-
chanical properties of the gelatin gel was investigated.
The enhancement in the mechanical strength was ob-
served with the higher concentration of TGase. This is
in good agreement with the results of rheological test.
The values of E with 0.7 w/v% TGase multiplied sig-
nificantly by about 1.5 folds (132 kPa) with respect to
that measured with 0.1 w/v% TGase (Table 1V), indi-
cating that the higher concentration of gelatin and
TGase enhances the mechanical properties of the
gel, which are predominantly incremented by the
cross-linkage of gelatin.
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Table IV. Effect of TGase Concentration in the Feed
on the Mechanical Properties of Gelatin Gels, n = 3%

TGase Concentration

(w/v%) E (kPa) o (kPa) A (mm/mm)
0.1 91+8 141£16 0.34 +£0.07
0.2 100£11 148+£21 0.44+£0.07
0.3 127 £7 152+18  0.43+0.04
0.4 127+5 188+14 0.38+0.03
0.5 130+ 8 224+16 0.32+£0.06
0.7 13245 287 +9 0.28 £ 0.03

#Mechanical properties (elastic modulus (E), fracture stress
(0), and fracture strain (1)) of gelatin gels prepared by mixing
gelatin (20 w/v%) with different concentration of TGase.

Degree of Crosslinking of Gelatin Gels

The mechanical property of the gelatin gels can be
modulated by the extent of crosslinking by TGase.
The residual primary amino group in the crosslinked
sample was determined as a measure of the degree
of crosslinking to elucidate the relationships of the
mechanical strength of gelatin gels.!” In this study,
the degree of crosslinking is defined as a percentage
of the free amino groups in the cross-linked samples
related to the non-cross-linked sample. The amino
acid composition of gelatins from cold water fish such
as cod and hake was previously reported.’ The content
of lysine (including hydroxylysine) and glutamate
(glutamine and glutamic acid) was about 3.5 and
7.8%.

The effect of the gelatin concentrations on the de-
gree of crosslinking was examined. As the gelatin
concentration increased, the extent of the crosslinking
of the terminal amino groups in gelatin increased
between 5.2 and 28.5% (Figure 5). These values are
comparable with those of the reported enzymatically
cured gelatin gels and smaller than those of the chemi-
cally crosslinked gels. The degree of crosslinking with
different TGase concentration was also measured. The
increase of crosslinking degree was observed in the
use of the higher concentration of TGase. These data
indicate that large content of the enzymatically cross-
linkable groups (e.g. lysine and glutamine residues)
and catalysts can provide many chances for the cross-
linking reaction, leading to polymeric networks
having the high degree of crosslinking.!%* Resultingly,
the higher degree of crosslinking induces the higher
mechanical strength of gelatin gel as shown in
Tables III and IV, and Figure 5.

CONCLUSIONS
Gelatin from cold water fish has a much higher crit-
ical concentration and lower melting point than mam-

malian samples, resulting in their limited applications.

Polym. J., Vol. 39, No. 10, 2007
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Figure 5. Degree of crosslinking of gelatin gels using (A) dif-
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ent TGase concentration with 20w/v% gelatin, expressed as the

percentage of primary amine group content lost after crosslinking,
n=23.

This is due to the lower hydroxyproline content,
which in turn reduces the propensity for intermolecu-
lar helix formation. TGase provides an alternative
method for creating hydrogels of gelatin from cold
water fish and may offer interesting opportunities as
injectable material for various applications. In the
present study, we have found that non-toxic, biocom-
patible and biodegradable hydrogels can be construct-
ed from cold water fish gelatins with the enzyme cat-
alyst. The rapid crosslinking of gelatin takes place in
the presence of TGase to fabricate a biocompatible
hydrogel. Interestingly, the mechanical properties of
the product gels were greatly affected by the concen-
tration of gelatin and TGase and closely connected
with the degree of crosslinking. The systematic data
of the TGase-catalyzed curing of fish gelatin obtained
in this study are useful for bio-related applications of
fish gelatin. Furthermore, we believe that there are
several potential benefits of these enzymatic ap-
proaches such as no use of toxic chemical crosslinking
agents and mild reaction conditions.

Polym. J., Vol. 39, No. 10, 2007

10.

11.

12.

REFERENCES

P. I. Ross, in “Encyclopedia of Polymer Science and
Engineering,” vol 7, H. F. Mark, N. M. Bikales, C. G.
Overberger and G. Menges, Ed., Wiley, New York, 1987,
p 488.

a) G. A. Digenis, T. B. Gold, and V. P. Shah, J. Pharm. Sci.,
83, 915 (1994).

b) E. Esposito, R. Cortesi, and C. Nastruzzi, Biomaterials,
20, 2009 (1995).

¢) Y. Otani, Y. Tabata, and Y. Ikada, Biomaterials, 19, 2091
(1998).

a) K. Yoshimura, M. Terashima, D. Hozan, T. Ebato, Y.
Nomura, Y. Ishii, and K. Shirai, J. Agric. Food Chem., 48,
2023 (2000).

b) D. Swatschek, W. Schatton, W. Muller, and J. Kreuter,
Eur. J. Pharm. Biopharm., 53, 125 (2002).

P. M. Gilsenan and S. B. Ross-Murphy, Food Hydro-
colloids, 14, 191 (2000).

M. C. Gémez-Guillén, J. Turnay, M. D. Fernandez-Diaz, N.
Ulmo, M. A. Lizarbe, and P. Montero, Food Hydrocolloids,
16, 25 (2002).

a) N. A. Peppas, in “Biomaterials Science: An Introduction
to Materials in Medicine,” B. D. Ratner, A. S. Hoffman,
F. J. Schoen, and J. E. Lemons, Ed., Academic Press, San
Diego, 1996, p 60.

b) J. P. Gong, T. Kurokawa, T. Narita, G. Kagata, Y. Osada,
G. Nishimura, and M. Kinjo, J. Am. Chem. Soc., 123, 5582
(2001).

¢) A. Kakugo, S. Sugimoto, J. P. Gong, and Y. Osada, Adv.
Mater., 14, 1124 (2002).

a) A. Martinsen, G. Skjak-Braek, and O. Smidsrod, Bio-
technol. Bioeng., 33, 79 (1989).

b) S. W. Shalaby and K. Park, in “Biomedical Polymers:
Designed to Degrade Systems,” chap. 9, S. W. Shalaby,
Ed., Hanser Publishers, Munich, 1994, p 213.

¢) S. H. Kim, C. Y. Won, and C. C. Chu, J. Biomed. Mater.
Res., 46, 160 (1999).

d) T. Chen, H. D. Embree, E. M. Brown, M. M. Taylor, and
G. F. Payne, Biomaterials, 24, 2831 (2003).

e) Y. Tachibana, M. Kurisawa, H. Uyama, T. Kakuchi, and
S. Kobayashi, Chem. Lett., 32, 374 (2003).

f) Y. Takeuchi, H. Uyama, N. Tomoshige, E. Watanabe, Y.
Tachibana, and S. Kobayashi, J. Polym. Sci., Part A: Polym.
Chem., 44, 671 (20006).

K. Y. Lee and D. J. Mooney, Chem. Rev., 101, 1869 (2001).
A. J. Kuijpers, G. H. M. Engbers, J. Krijgsveld, S. A. Zaat,
J. Dankert, and J. Feijen, J. Biomater. Sci., Polym. Ed., 11,
225 (2000).

D. P. Speer, M. Chavapil, C. D. Eskelson, and J. Ulreich,
J. Biomed. Mater. Res., 14, 753 (1980).

a) J. P. Draye, B. Delaey, A. Van de Voorde, A. Van Den
Bulke, B. Bogdanov, and E. Schacht, Biomaterials, 19, 99
(1998).

b) K. Y. Lee, K. H. Bouhadir, and D. J. Mooney, Macro-
molecules, 33, 97 (2000).

H. L. Fuchsbauer, U. Gerber, J. Engelmann, T. Seeger, C.
Sinks, and T. Hecht, Biomaterials, 17, 1481 (1996).

1045


http://dx.doi.org/10.1002/jps.2600830702
http://dx.doi.org/10.1002/jps.2600830702
http://dx.doi.org/10.1016/S0142-9612(98)00121-5
http://dx.doi.org/10.1016/S0142-9612(98)00121-5
http://dx.doi.org/10.1021/jf990887m
http://dx.doi.org/10.1021/jf990887m
http://dx.doi.org/10.1016/S0939-6411(01)00209-0
http://dx.doi.org/10.1016/S0268-005X(99)00050-8
http://dx.doi.org/10.1016/S0268-005X(99)00050-8
http://dx.doi.org/10.1016/S0268-005X(01)00035-2
http://dx.doi.org/10.1016/S0268-005X(01)00035-2
http://dx.doi.org/10.1021/ja003794q
http://dx.doi.org/10.1021/ja003794q
http://dx.doi.org/10.1002/1521-4095(20020816)14:16%3C1124::AID-ADMA1124%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-4095(20020816)14:16%3C1124::AID-ADMA1124%3E3.0.CO;2-M
http://dx.doi.org/10.1002/bit.260330111
http://dx.doi.org/10.1002/bit.260330111
http://dx.doi.org/10.1002/(SICI)1097-4636(199908)46:2%3C160::AID-JBM4%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1097-4636(199908)46:2%3C160::AID-JBM4%3E3.0.CO;2-P
http://dx.doi.org/10.1016/S0142-9612(03)00096-6
http://dx.doi.org/10.1246/cl.2003.374
http://dx.doi.org/10.1002/pola.21189
http://dx.doi.org/10.1002/pola.21189
http://dx.doi.org/10.1021/cr000108x
http://dx.doi.org/10.1163/156856200743670
http://dx.doi.org/10.1163/156856200743670
http://dx.doi.org/10.1002/jbm.820140607
http://dx.doi.org/10.1016/S0142-9612(97)00164-6
http://dx.doi.org/10.1016/S0142-9612(97)00164-6
http://dx.doi.org/10.1021/ma991286z
http://dx.doi.org/10.1021/ma991286z
http://dx.doi.org/10.1016/0142-9612(96)89772-9

13.
14.

15.

16.

17.

1046

Y.-J. KiM and H. UYAMA

P. M. Nielsen, Food Biotech., 9, 119 (1995).

J. J. Pisano, J. S. Finlayson, and M. P. Peyton, Science, 160,
892 (1968).

M. Motoki and K. Seguro, Trends Food Sci. Technol., 9, 204
(1998).

a) V. Crescenzi, A. Francescangeli, and A. Taglienti, Bio-
macromolecules, 3, 1384 (2002).

b) M. K. McDermott, T. Chen, C. M. Williams, K. M.
Markley, and G. F. Payne, Biomacromolecules, 5, 1270
(2004).

M. T. Sheu, J. C. Huang, G. C. Yeh, and H. O. Ho, Bio-
materials, 22, 1713 (2001).

18.

19.

20.

a) A. H. Clark and S. B. Ross-Murphy, Adv. Polym. Sci., 83,
58 (1987).

b) H. H. Winter and M. Mours, Adv. Polym. Sci., 134, 165
(1997).

a) J. Bailey and D. Ollis, in “Biochemical engineering fun-
damentals,” 2nd ed., McGraw-Hill, New York, 1986.

b) A. S. Eissa, S. Bisram, and S. A. Khan, J. Agric. Food
Chem., 52, 4456 (2004).

a) 1. Pezron, M. Djabourov, and J. Leblond, Polymer, 32,
3201 (1991).

b) S. B. Ross-Murphy, Polymer, 33, 2622 (1992).

Polym. J., Vol. 39, No. 10, 2007


http://dx.doi.org/10.1016/S0924-2244(98)00038-7
http://dx.doi.org/10.1016/S0924-2244(98)00038-7
http://dx.doi.org/10.1021/bm025657m
http://dx.doi.org/10.1021/bm025657m
http://dx.doi.org/10.1021/bm034529a
http://dx.doi.org/10.1021/bm034529a
http://dx.doi.org/10.1016/S0142-9612(00)00315-X
http://dx.doi.org/10.1016/S0142-9612(00)00315-X
http://dx.doi.org/10.1021/jf0355304
http://dx.doi.org/10.1021/jf0355304
http://dx.doi.org/10.1016/0032-3861(91)90143-7
http://dx.doi.org/10.1016/0032-3861(91)90143-7
http://dx.doi.org/10.1016/0032-3861(92)91146-S

	Biocompatible Hydrogel Formation of Gelatin from Cold Water Fish via Enzymatic Networking
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES


