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Abstract

The objective of this stady is to increase the transfection efficiency of a plasmid DNA expressing small interference RNA (siRNA) for
transforming growth factor-g receptor (TGF-BR) by various cationized gelating of non-viral carrier and evaluate the anti-fibrotic effect with a
mouse model of unilateral ureteral obstruction (UUO). Ethylenediamine, putrescine, spermidine or spermine was chemically introduced to the
carboxyl groups of gelatin for the cationization. The plasmid DNA of TGF-pR siRNA expression vector with or without complexation of each
cationized gelatin was injected to the left kidney of mice via the ureter to prevent the progression of renal fibrosis of UUO mice. Irrespective of the
type of cationized gelatin, the injection of plasmid DNA-cationized gelatin complex significantly decreased the renal level of TGF-BR over-
expression and the collagen content of mice kidney, in marked contrast to free plasmid DNA injection. It is concluded that retrograde injection of
TGF-PR siRNA expression vector plasmid DNA complexed with the cationized gelatin is available to suppress the progression of renal interstitial

fibrosis.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Renal fibrosis is the common pathway of chronic renal
discase progressing to end-stage renal failure [1-3]. Renal
fibrosis is characterized by qualitative and quantitative changes
in the composition of tubular basement membranes, interstitial
matrix, tubunlar atrophy, and the accumulation of myofibro-
blasts [1-3]. Chronic renal disease is characterized by
persistent accumulation and deposition of extracelluar matrix
(ECM) which lead to widespread tissue fibrosis [4]. Renal
interstitial fibrosis is considered to be the commonly converg-
ing outcome of chronic renal diseases with a wide spectrum of
diverse etiologies. While tremendous progress has been made
in delineating the cellular and molecular pathogenesis during

* Corresponding author. Tel.: +81 75 751 4121; fax: +81 75 751 4646,
E-mail address: yasuhiko@frontier.kyoto-n.ac.jp (Y. Tabata).

0168-3659/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j,jconrel.2005.11.007

last decades, the clinical therapy of chronic renal fibrosis
remains to be extremely challenging. Thus, it is strongly
expected to develop a novel therapeuntic strategy for anti-
fibrotic treatment. For this purpose, drug delivery system
(DDS) may open a new pathway for the therapeutic strategy.
For renal fibrosis, severe accumulation of ECM is observed
in the renal interstitial compartment [4-7]. It has been
demonstrated from several animal models of renal fibrosis that
transforming growth factor-f (TGF-P) functions as one of the
primary mediators for ECM accumulation [8-12]. TGF-B is
multifunctional cytokines acting in many physiolegic and
pathologic processes, regulates the proliferation and differen-
tiation of cells in various tissues, and plays a central role in
fibrogenesis [13]. TGF-B increases the production and depo-
sition of ECM proteins, reduces matrix degradation accompa-
nied with decreased protease production and increased the
inhibitors production, and stimulates the synthesis of ECM
protein receptors [14]. Therefore, it is possible that block of the
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TGF-R action on ECM suppresses tissue fibrosis. It has been
demonstrated that biological inhibition of TGF-p protein by
use of neutralizing antibody [12], antisense oligonucleotide
[15], decorin [16,17], and TGF-p receptor-IgG Fe chimera [18]
suppressed the accumulation of ECM in the animal models of
renal fibrosis. However, there is therapeutic limitation because
protein or gene is rapidly degraded by enzyme after adminis-
tration in the body. This short-term duration of the TGF-B
signaling inhibition is another problem to be solved. As one
trial to overcome this problem, in this study, we have explored
an RNA interference (RNAi) system to achieve a long-term
and stable inhibition of TGF-p signaling. Despite various
approaches and techniques, few successful studies have been
reported concerning in vivo transfection targeting interstitial
cells, which have been highlighted as the source of increased
ECM synthesis. Thus, it is important to develop the technology
and methodology of DDS for local delivery of therapeutic
genes.

RNA interference (RNAi) has been recognized as a
phenomenon that mRNA is sequence-specifically degraded
and a process that avoids the global depression of protein
synthesis induced by the double-stranded RNA in mammalian
cells [19]. Selective degradation of target mRNAs in mamma-
lian cells is achieved by transfection with double-stranded,
short interfering RNA (siRNA), leading to rapid and efficient
degradation of the target [19]. In addition, the pSUPER™ vector
plasmid system of RNAi has been used for efficient and
sequence-specific down-regulation of gene expression [20],
resulting in the functional inactivation of genes targeted. The
pSUPER™ RNAIi vector plasmid provides a mammalian
expression vector that directs intracellular synthesis of siRNA-
like transcripts.

To increase the biological activity of siRNA itself or the
expressing plasmid DNA, it is necessary to improve their
insufficient transfection efficiency to cells in vivo. Several
synthetic materials, including cationic liposomes [21-23],
poly-L-lysine [24-27], and polyethylenimine [28-33], have
been molecularly designed to demonstrate improved transfec-
tion of plasmid DNA for mammalian cells both in vitro and in
vivo. Generally, since the plasmid DNA is a large and
negatively charged molecule, it is impossible to allow the
plasmid DNA to internalize into cells even though the
attachment onto the cell membrane of negative charges takes
place. When the plasmid DNA is polyionically complexed with
synthetic cationic polymers, it is well recognized that the
molecular size of plasmid DNA decreases by the molecular
condensation with the polymers and the complex has a positive
charge [34,35]. 1t is likely that the condensed plasmid DNA-
polymer complex of a positive charge can electrostatically
interact with the cell membrane for internalization. However,
cytotoxicity of the synthetic cationized polymers has been one
problem to be improved.

Gelatin has been extensively used for industrial, pharma-
ceutical, and medical applications. The bio-safety has been
proven through its long clinical uwsage as the surgical
biomaterials and drug ingredients. Complexation with a
biodegradable cationized gelatin enabled a plasmid DNA to

enhance their level of gene transfection in vivo. Complexation
also prevented the plasmid DNA from DNase digestion and
consequently prolonged their in vivo remaining time period. In
addition, it decreased the apparent molecular size of plasmid
DNAs and made the net charge of plasmid DNA complex
positive, which results in accelerated gene expression [36-39].

The present study was undertaken to investigate the in
vivo transfection efficiency of a plasmid DNA expressing
TGF-B I receptor type I (TGF-pPRI) siRNA by various
cationized gelating of non-viral carrier and compare the
prevention effect on renal interstitial fibrosis, Ethylenedia-
mine, putrescine, spermidine or spermine was chemically
introduced into the carboxyl groups of gelatin to prepare
various cationized gelatins. When the complex of the plasmid
DNA expressing TGF-pBRII siRNA and the cationized gelatin
was injected via the ureter of UUQ model mice, the anti-
fibrotic effect was assessed in terms of histological and
biochemical examinations.

2. Materials and methods
2.1. Construction of pSUPER-TGF-SRII

pSUPER-TGF-BRII was prepared according to the manu-
facturer’s specifications (OligoEngine Inc., USA). We designed
two kinds of pSUPER-TGF- BRI against different target sites of
TGF-BRII mRNA (accession number: AK043619). Briefly, to
insert the target sequence that encodes the TGF-BRII siRNA,
the custom ordered oligonucleotides (5'-gatccccGAAAGATG-
CATCCATCCACttcaagagaGTGGAT GGATGCATCTTTC titt-
ggaaa-3 and 5'-tcgatttccaaaaaGAAAGATGCATCCATCCACte
tottgaaGTGGATGGATGCATCTTT Cggg-3', the 19-nucleotide
TGF-RRII target sequences are indicated in capitals in these
sequences) were dissolve in sterilized nuclease-free water to
give a concentration of 3 mg/ml. The annealing reaction was
performed by mixing 1 pl of each oligonucleotide with 48 pl of
an annealing buffer [100 mM NaCl and 50 mM 2-[4-(2-
Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES) pH
7.4]. The mixture was incubated at 90 °C for 4 min, and then at
70 °C for 10 min. The annealed oligonucleotides were slowly
cooled at 10 °C. The pSUPER™ vector was linearized with the
Xhol and Bglll restriction enzymes. Prior to the cloning
reaction, the concentration of digested plasmid was normalized
at 0.2—0.5 mg/ml. The linearized vector and each oligonucle-
otide were ligated by DNA Ligation Kit® Ver2.1 (Takara,
Japan). The pSUPER-TGF-RRII was transformed into the
competent bacterial cells of an appropriate host strain (DH53).
After the cells were grown in ampicillin-agarose plates
overnight (16—24 h), the cell colonies were picked up and
further grown in an ampicilin broth for an additional cycle. The
plasmid DNA was purified by column chromatography with
the Qiagen EndoFree™ plasmid kit (Qiagen, USA). When
measured to ascertain the purity of plasmid DNA prepared by
UV spectroscopy, the absorption ratio of wavelength 260 to
280 nm was 1.8—1.9. In addition, pSUPER™ without any
msertion of oligonucleotide (empty pSUPER) and that with a
two-base-pair change in the middle of inserted sequence
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coding for siRNA (mismatch pSUPER-TGF-BRII) were used
as negative controls.

2.2. Preparation of cationized gelatin prepared from different
amine compounds and the complex with pSUPER-TGF-RII

Ethylenediamine [NH,(CH,),NH,], putrescine [NH,
(CH,)sNH,], spermidine [NH,(CH,)sNH(CH;);NH,] or sper-
mine [NH,(CH,);NH(CH,),;NH(CH,);NH,] was added togeth-
er with 5 g of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride salt (EDC, Nacalai Tesque Inc., Japan) into 250
ml of 100 mM phosphate-buffered solution (pH 5.0) containing
5 g of gelatin (from porcine skin, isoelectric point of 9.0,
molecular weight of 100,000, Nitta Gelatin Inc., Japan) at
different molar ratios to the carboxyl groups of gelatin (0, 1,
10, 25, 50, and 100). Immediately after that, the pH of solution
was adjusted at 5.0 by adding 5 M of HCl aqueous solution.
The reaction mixture was agitated at 37 °C for 18 h and then
dialyzed (the cut-off molecular weight=12,000—14,000, Vis-
kase Companies, Inc.) against double-distilled water (DDW)

pSUPER-TGF-BRII complexed with
cationized gelatin prepared from
ethylenediamine

Day 3 7 10 3

TGF-BRIX

B-actin i

pSUPER-TGF-BRII complexed with
cationized gelatin prepared from
spermine
10 3

Mismatch pSUPER-TGF-BRIT
Day 3 7 10
TGF-BRII

B-actin

7

PSUPER-TGF-BRII complexed with
cationized gelatin prepared from
putrescine

7

Free pSUPER-TGF-BRII
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for 48 h at 25 °C. The dialyzed solution was freeze-dried to
obtain various cationized gelatin samples. The percentage of
amino groups introduced into the carboxyl groups of gelatin
(the cationization extent of gelatin) was determined by the
conventional trinitrobenzene sulfonate method [40] based on
the calibration curve prepared by using &-alanine at the pre-
determined concentration. To prepare the complex between the
cationized gelatin and pSUPER-TGF-gRII, 0.1 ml of 100 mM
phosphate-buffered solution (PBS, pH 7.4) containing 2 mg of
cationized gelatin was mixed with 0.1 ml of PBS containing
0.4 mg of pSUPER-TGF-BRIL. The solution was gently
agitated at 37 °C for 30 min to form their complexes.

2.3. Preparation of a mouse model with interstitial renal
fibrosis and evaluation of the anti-fibrotic effect of pSUPER-
TGF-BRIl-cationized gelatin complex

As an interstitial renal fibrosis to evaluate the therapeutic
effect of pPSUPER-TGF-BRII, an unilateral ureteral obstruction
(UUO) mode!l was employed [41,42]. Male C57BL/6 mice,

pSUPER-TGF-BRII complexed with
cationized gelatin prepared from
spermidine
10 3 7

10

<85 kDa

<42 kDa

Empty pSUPER

10 3 7 10

< 85kDa

<42 kDa

s e
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Fig. 1. Western blot analysis of TGF-BRII protein expressed in the renal cortex of mice after pSUPER-TGF-BRII application. A complex of pSUPER-TGF-BRII
(100 pg/mouse) with the cationized gelatin prepared from different amine compounds (500 pg/mouse), free pSUPER-TGF-RRII (100 pig/mouse), empty pSUPER
(100 pg/mouse), mismatch pSUPER-TGF-BRII (100 pg/mouse) or saline was injected into the left kidney via the ureter of mice, followed by their UUQ

treatment.
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6-week-old (Nihon SLC, Japan), were anesthetized by intra-
peritoneal injection of pentobarbital (50 mg/kg), while the left
kidney and ureter were surgically exposed by a mid-line
incision. Various test formulations of pSUPER-TGF-GRII at
the PBS volume of 50 pl were retrogradely injected into the left
kidney via the ureter by use of HAMILTON™ syringe with a
30 G needle, while the left renal vein was clamped to apply the
pressure aiming at the increasing transfection efficiency (5
mice/experimental group). Immediately after injection of the
solution, the mouse ureter was completely obstructed by a silk
thread. The test formulations injected included (1) a complex of
pSUPER-TGF-BRII (100 pg/mouse) and the cationized gelatin
(500 pg/mouse), (2) free pSUPER-TGF-RRII (100 pg/mouse),
(3) empty pSUPER (100 pg/mouse), (4) mismatch pSUPER-
TGF-pRII (100 pg/mouse), and (5) saline or (6) nothing (sham
operation, normal group). Mice of all the groups, except for
normal group, were subjected to the UUO procedure. The
mouse kidneys were perfused with cold autoclaved PBS, and
the cortex samples were taken and homogenized in 300 pl of
cold PBS 3, 7, and 10 days later. All the experimental
procedures were handled in accordance with the guidelines of
the Animal Committee of Kyoto University. After centrifuga-
tion at 13,000 xg for 10 min, the supernatant was used for
measurement of renal collagen content and Western blotting of
TGF-BRIL The collagen content of cortex was measured by a
quantitative dye-binding method with Sircol™ collagen assay
kit (Biocolor, Northern Ireland). Total protein amount was
determined by BCA Protein Assay kit (Pierce, USA) to express
the collagen content as pg/mg total protein. For Western
blotting analysis, the protein sample (50 pg per lane) was
applied to a sodium dodecyl sulfate—polyacrylamide gel and

[
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electrophoresed (SDS—-PAGE) for 1 h at 40 mA on the vertical
gel apparatus (Bio-Rad Laboratories, Japan). The proteins
separated on the gel were eclectrophoretically blotted to a
polyvinylidine difluoride transfer membrane (Immobilon-P™,
Millipore, Japan). The membrane was washed in PBS contain-
ing 0.1 wt.% Tween 20 (PBS-T) and then incubated with a
skim milk at room temaperature for 2 h on a shaker to block the
nonspecific binding site of antibody. The membrane was
incubated with a 1/100 diluted biotinylated anti-mouse TGF-
BRIT antibody (R&D Systems, USA) for 1 h at room
temperature. After washing with PBS-T, the membrane was
incubated with streptavidin-horseradish peroxidase (HRP)
conjugate (ZYMED, USA) or HRP conjugate secondary
antibody (Sigma, USA) for 1 h at room temperature, After
washing with PBS-T, the antibodies were detected by luminol
reagents (ECL Plus Western blotting detection reagents;
Amersham Pharmacia Biotech, UK) and then, the membrane
was exposed to the X-ray film (Kodak BioMax ML, Japan) in
the dark to visualize the specific protein bands. Kidney tissues
were fixed with 4% paraformaldehyde overnight, dehydrated
through a graded series of aqueous ethanol solution, and
embedded in paraffin. Histological sections (3 pm) of the
kidneys were stained by the conventional Masson’s trichrome
stain method. The area of interstitial fibrosis stained in blue
was measured by computerized image analysis uvsing the
Image-Pro PLUS™ software (Planetron, Inc., Japan). In brief,
cortical fields randomly selected (n =6) from each mouse were
photographed. The percentage of fibrotic area (blue) to the total
field area was calcunlated. The image analysis was performed
for the microscopic fields other than glomeruli and large
vessels.
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0 ; pSUPER-TGF-BRII complexed with the cationized gelatin prepared from ethylenediamine
& ; pSUPER-TGF-bRT complexedwith the cationized gelatin prepared from putrescine

N ; pSUPER-TGF-bRII complexedwith the cationized gelatin prepared from spermidine

M ; pSUPER-TGF-bRII complexedwith the cationized gelatin prepared from spermine
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Fig. 2. Time course of collagen content in the kidney of UUQ mice after pSUPER-TGF-BRII application. Mice received the injection of pSUPER-TGF-BRII
complexed with the cationized gelatin prepared from ethylenediamine, putrescine, spermidine or spermine, free pPSUPER-TGF-RRII, empty pSUPER, mismatch
pSUPER-TGF-RRI, and saline "p<0.05: significant against the collagen content of mouse groups injected with saline. *p <0.05: significant against the collagen
content of kidney of normal mice (sham operation). A dotted line indicates the collagen content of kidney of normal mice (sham operation).
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3. Statistical analysis

All the data were expressed as the meandtthe standard
derivation of the mean. Statistical significance (defined as P
values of less than 0.01) was evaluated based on the unpaired
Student’s ¢ test (two-tailed).

4, Resulis

Fig. 1 shows the expression of TGF-BRII protein in the
cortex of kidney after ureteral obstruction. Over-expression of
TGF-BRII was observed for the saline-injected group, in
contrast to that of the normal group. Suppression of TGF-pRRII
RII over-expression was not observed after injection of free
pSUPER-TGF-RRIl, empty pSUPER, and mismatch pSUPER-
TGF-pRIL On the contrary, TGF-BRII over-expression was
significantly suppressed by the injection of pSUPER-TGEF-
BRII complexed with the cationized gelatin, irrespective of the
type of amine compounds introduced. Interestingly, the
suppression effect of TGF-BRII protein expression maintained
until to Day 10 after injection of every cationized gelatin.

Fig. 2 shows the time course of collagen content in the
kidney of mice after ureteral obstruction. The collagen content
in the kidney of UUO model mice increased after injection of
free pSUPER-TGF-RRII, empty pSUPER, mismatch pSUPER-
TGF-BRII or saline, which is in contrast to that of the normal
group. However, for any cationized gelatin, after injection of
pSUPER-TGF-BRII complexed with the cationized gelatin, the

. increment of collagen content was significantly suppressed.

(b

Fig. 3 shows the histological sections of mouse kidney
stained with the Masson’s trichrome. The obstructed kidney of
mice injected with the free pSUPER-TGF-pRII, empty
pSUPER, mismatch pSUPER-TGF-BRII or saline exhibited
increased tubular atropy, in addition to a marked expansion of
the interstitium. For the obstructed kidney of mice receiving the
injection of any pSUPER-TGF-RRII-cationized gelatin com-
plex, a minimal interstitial expansion was observed, although
the same extent of tubular atropy was detected. For the control
group, obstruction resulted in significant increase in the fibrotic
area compared with that of normal group (Fig. 4). On the
contrary, irrespective of the gelatin type, the obstructed kidneys
of pSUPER-TGF-pRII-cationized gelatin complex-injected
group showed significantly smaller fibrotic area than that of
the control group over the time period of 10 days (Fig. 4). It
should be noted that the injection of pSUPER-TGEF-pRII-
cationized gelatin of spermine complex showed a level of
fibrotic area similar to that of the sham operation group even on
the 10th day (Fig. 4).

5. Discussion

In the present study, the therapeutic efficacy of cationized
gelatin prepared from different amine compounds as a non-
viral gene delivery system in prevention of renal fibrosis by the
plasmid DNA of pSUPER-TGF-BRII was evaluated. We have
reported the in vitro transfection efficiency of a luciferase
plasmid DNA by the cationized gelatin prepared from different
amine compounds [43]. Complexation of the cationized gelatin

(©)

Fig. 3. Histological sections of renal cortex of UUQ mice after pSUPER-TGF-BRII application. The section was stained with Masson’s trichrome 7 days after
injection of pSUPER-TGF-RRII complexed with cationized gelatin prepared from ethylenediamine (a), putrescine (b), spermidine (c), and spermine (d), free
pSUPER-TGF-PRII (¢), empty pSUPER (), mismatch pSUPER-TGF-BRII (g), saline (h) or nothing (sham operation group) (i} (magnification: x200). The bar
length is 200 pm. The interstitial fibrosis of mice kidney is indicated by blue staining. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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E ; pSUPER-TGF-bRII complexedwith the cationized gelatin prepared from putrescine

; pPSUPER-TGF-bRII complexedwith the cationized gelatin prepared from spermidine

il ; pSUPER-TGF-bRII complexedwith the cationized gelatin prepared from spermine
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Fig. 4. Morphometric analysis of relative interstitial fibrotic area in the kidney of UUO mice after pSUPER-TGF-BRIL application. Mice received the
injection of pSUPER-TGF-BRII complexed with the cationized gelatin prepared from ethylenediamine, putrescine, spermidine or spermine, free pSUPER-
TGF-BRIL, empty pSUPER, mismaich pSUPER-TGF-BRIL, and saline "7 <0.05: significant against the fibrotic area of groups injected with saline. Tp <0.05:
significant against the collagen content of kidney of normal mice {sham operation). A dotted line indicates the fibrotic area of normal (sham operated)

kidney of mice.

with the plasmid DNA was performed by simply mixing the two
materials at various N/ P mixing ratios (the molar number ratio
of amino groups of gelatin to the phosphate groups of DNA) in
aqueous solution. The complexes prepared had a nano-size
structure of which surface is covered with cationized gelatin
molecules. When the transfection efficiency of plasmid DNA
complexed with the various cationized gelatins at different N/ P
mixing ratios was evaluated in vitro, the highest transfection
efficiency was observed for the complex prepared from the
cationized gelatin of spermine at a N/ P mixing ratio of 2. This
finding indicated that there are an optimal N/ P mixing ratio and
a type of amine compounds or cationization extent of cationized
gelatin to enhance the transfection efficiency of plasmid DNA,
However, in this study, there was no difference in the anti-
fibrotic activity between the types of cationized gelatin used.
This difference can be explained in terms of the reaction
mechanism of siRNA. It has been demonstrated that generally
siRNA acts in the cytoplasm in a repeated fashion even though
the amount is so small [19,20]. Tt is possible that the siRNA,
once expressed from the pSUPER vector, continuously
degrades the target mRNA in the cytoplasm. Thus, although
the transfection efficiency was different between the cationized
gelatins prepared from different amine compounds, a small
amount of pSUPER-TGF-BRII transfected would be strong
enough to prevent the renal fibrosis.

TGF-p regulates various cellular processes by binding to
three types of high-affinity cell-surface receptors (type I, II, and
1T} [13]. In the extracellular space, TGF-B binds either to the
type III receptor which functions to present to the TGF-BRIT or
directly to the TGF-BRII on the cell membrane, Then, the TGF-
B-TGF-BRII complex binds to the type I receptor, following by

the phosphorylation of the type I receptor [44]. Phosphorylation
activates several signaling pathways, including the Smad
pathway, and regulates multiple TGF-§ functions [45]. In this
respect, TGF-BRII is important for the TGF-B signaling
pathway. Therefore, inhibition or modification of TGF-BRII
must be therapeutic strategy promising to inhibit renal fibrosis.
The present study is the first clear demonstration that
introduction of TGF-BRII siRNA with pSUPER-TGF-BRII
into the renal cells by use of non-viral vector and the cationized
gelatin can effectively suppress the over-expression of TGF-
BRII protein and consequently block interstitial renal fibrosis of
mice with UUQO. Despite various approaches and techniques,
few successful results have been reported on the in vivo
transfection for remal cells [46]. Zhu et al. have reported
successful transfection of P-galactosidase gene into the
interstitial compartment by an adenoviral vector [47]. In
addition, Tsujie et al. report that TGF-$1 antisense oligonucleo-
tides transfected could suppress TGF-B1 expression, resulting
inhibition renal fibrosis [48]. However, the clinical trials are
quite limited by the adverse effects of virus vector itself, such as
immunogenicity and toxicity or the possible mutagenesis of
cells transfected. In addition, Song et al. have reported that the
efficient suppression of Fas expression in the liver after
hydrodynamic injection of siRNA protected hepatocytes from
Fas-mediated apoptosis [49]. Fas-mediated hepatocyte apopto-
sis contributes to the development of liver fibrosis in chronic
hepatitis. Hydrodynamic injection of Fas-siRNA treatment
significantly reduced two chemical indicators of active fibrosis,
hepatic hydroxyproline and serum procollagen type IIL
Although that paper is the first report to show the in vivo
efficiency of siRNA on the fibrosis suppression, it is quite
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questionable whether or not the hydrodynamic injection can be
used for tissues and organs other than the liver and human
application. Gelatin has been extensively used for industrial,
pharmaceutical, and medical applications. The bio-safety has
been proved through its long clinical usage as the surgical
biomaterials and drug ingredients. Therefore, gelatin is one of
the material candidates useful and available for clinical gene
therapy. However, we have reported that gelatin derivatives
cationized by spermine showed considerable cytotoxicity at a
large N/P ratio in vitro [43]. In this study, the preparation
condition of the pSUPER-cationized gelatin complex was
carefully chosen to minimize the cytotoxicity. Although the
cytotoxicity was not clearly observed in the level of histological
section (Fig. 3), it will be necessary to evaluate the toxicity of
cationized gelatins or the complex injected for tissues.

It is important to examine the change of several fibrosis
parameters for a longer time period and to treat the fibrosis than
the prevention for clinical gene therapy. However, we
investigate the prophylactic efficiency after injection of the
TGF-pRII siRNA to a mice model of acute interstitial renal
fibrosis. We are planning to apply this strategy to a chronic
renal interstitial model and evaluate the therapeutic effect.

We have reported that the plasmid DNA complexed with the
biodegradable cationized gelatin prepared from different amine
compounds enhanced gene transfection because the apparent
molecular size of plasmid DNA decreased to 200 nm by
complexation with the cationized gelatin [43]. The intrinsic
characteristics of gelatin is low cytotoxicity because it is a
denatured form of collagen which is one of the main
extracellular matrix proteins and highly compatible to cells.
The capacity of cationized gelatin to condense the plasmid
DNA may be weaker compared with other cationic polymers
and consequently the size of plasmid DNA condensed may be
larger. However, the size of plasmid DNA-cationized gelatin
complex is small enough to allow the plasmid DNA to
internalize into cells for gene transfection. Based on this cell
compatibility nature of gelatin, it is possible that the complex of
small size retrogradely injected via ureter may easily infiltrate
into the interstitial area by slipping through between ureteric
epithelial cells, and subsequently distribute in the cortical
interstitial space by simple diffusion. When the pSUPER
complexed with the cationized gelatin was retrogradely injected
via the ureter, it is conceivable that the intrinsic renal pressure
increases by the injection procedure. An increase in the intrinsic
renal or pyelic pressure might enable the complex to penetrate
in between papilla epithelial cells or tubular epithelial cells. The
research results of cell transfection after injection of pSUPER
complexed with cationized gelatin will be reported in near
future. In addition, vascular permeability of macromolecules is
facilitated and accelerated by inflammation of UUO. The
pressure stimulation seems important to increase the transfec-
tion efficiency to cells. As a result, it is conceivable that the
complex easily diffuses into the interstitial area and conse-
quently distributes into the cortical interstitial space. Moreover,
the plasmid DNA-cationized gelatin complex of positive charge
readily interacted with the cell surface of negative charge [50].
It is demonstrated that the complexity with this size range can

be favorably taken up by cells [51,52]. This is an additional
advantage of complex prepared from the cationized gelatin for
enhanced gene expression in terms of efficient DNA packing to
form a nano-size particle [51,52] It is possible that retrograde
injection of the transgene solution via the ureter with clamping
the left renal vein also enhanced the renal pressure to increase
transfection efficiency. In the clinical setting, it is no practically
problem to clamp the renal vein and ureter for a few minutes
after injection.

Since the pSUPER™ vector plasmid system is a tool to
stably suppress gene expression in mammalian cells [20], it is
possible that the siRNA of TGF-pRI was continuously
expressed in renal cells after transfection. TGF-RBRII over-
expression was completely suppressed over the range of
experimental time period after transfection of pSUPER-TGF-
BRII complexed with the cationized gelatin (Fig. 1). It is highly
conceivable that this suppression resulted in suppressed
increase of the collagen content in the kidney (Fig. 2).

In conclusion, the present data demonstrate that blocking for
TGF-BRII by the complex of pSUPER-TGF-BRII and catio-
nized gelatin prepared by the chemical introduction of different
amine compounds was effective in reducing the deposition of
ECM in mice interstitial renal fibrosis, irrespective of the type
of amine compounds used. The present concept of fransfection
of siRNA expression vector complexed with the cationized
gelatin will be a new therapeutic strategy to block the TGF-3
signaling pathway. This new technique of gene transfer to
interstitial cells will be a potential therapeutic strategy in the
interstitial renal disease.
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Abstract—This study is an investigation to evaluate the in vivo degradation of gelatin hydrogels
in terms of their number of cross-links. Various hydrogels were prepared from acidic gelatin,
extracted from bovine bone, porcine skin or fish scale, and basic gelatin, extracted from porcine
skin, through four types of cross-linking methods, i.e., glutaraldehyde (GA) or dehydrothermal
treatment and ultraviolet (UV) or electron beam irradiation. The water content of hydrogels and
their number of cross-links, calculated from the tensile modulus of hydrogels, were evaluated as
the measure of hydrogel cross-linking extent. Following subcutaneous implantation of '>*I-labeled
gelatin hydrogels into mice, the radioactivity remaining was measured at different time intervals (o
assess the in vivo degradability of hydrogels. Irrespective of the gelatin type and cross-linking method,
a good correlation was found between the in vivo degradability of hydrogels and their number of
cross-links, which is different from the correlation to their water content. This finding indicates that
the degradability of hydrogels is governed by their number of cross-links.

Key words: Hydrogel; gelatin; degradability in vivo; cross-linking; irradiation.

INTRODUCTION

Growth factors have been widely recognized to act on different types of cells in the
body to regulate their proliferation and differentiation by which tissue regeneration
is promoted [1]. However, if a growth factor is administered to the body in the
solution form, the in vivo efficacy of tissue regeneration cannot be always expected
because the factor has only a short half-life period. Therefore, it is necessary to
develop a drug-delivery system which facilitates the controlled release of growth
factors over an extended time period [2, 3].
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E-mail: yasuhiko@ frontier.kyoto-u.ac.jp
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We have explored gelatin hydrogels as delivery system to succeed in the controlled
release of biologically active growth factors [3]. Gelatin has been extensively uti-
lized for pharmaceutical and medical purposes. Its biosafety has been proven in
various clinical applications over the years [4-6]. For example, it has been used as
hard and soft drug capsule [7, 8], sealant for vascular prostheses [9-11] and hemo-
static [12-14]. Moreover, gelatin has been studied as a of drug-delivery carrier in
the water-soluble [15, 16] or hydrogel form [17-19]. Another advantage of gelatin
is the commercial availability of materials with different electric charges [3, 20, 21].
Gelatin is a biodegradable protein prepared by the acid and alkaline processes of
collagen. This process allows collagen to denature and change the electrical nature,
which provides various types of gelatin with different isoelectric points (IEPs).

We have already demonstrated that the hydrogel prepared from ‘acidic’ gelatin
with IEP 5.0 can release biologically active basic fibroblast growth factor (bFGF)
(22, 23], transforming growth factor (TGF)-81 [24, 25] and hepatocyte growth
factor (HGF) in vive [26]. On the other hand, bone morphogenetic protein (BMP)-2
could be released in vivo from the hydrogel of ‘basic’ gelatin with IEP 9.0 [27]. The
time period of growth factors remaining in the hydrogels was in good accordance
with that of hydrogel remaining, indicating the release mechanism that the growth
factor is released accompanied with hydrogel degradation [2, 3, 23]. The in vivo
degradability of gelatin hydrogels depended on their water content which could
be modified by changing the preparation conditions. The hydrogel with higher
water contents was degraded for a shorter time period, while the time period
of hydrogel degradation became longer with a decrease in the hydrogel water
content [22-24, 26, 27].

In this study, hydrogels were prepared from different kinds of gelatin through
various cross-linking methods. As a measure of the cross-linking extent of
hydrogels, tensile tests were done to calculate the number of hydrogel cross-
links, while their water content was also determined. Following implantation of
125]-labeled gelatin hydrogels into the back subcutis of mice, the time profile of
radioactivity remaining was evaluated. We examined the relationship between the
in vivo degradability of hydrogels and their two types of cross-linking measure, such
as the water content and the number of cross-links of hydrogels.

MATERIALS AND METHQODS
Materials

Gelatin samples with an IEP of 5.0 (MW 99x10°), prepared by an alkaline
process, of the bovine bone, porcine skin and fish scale collagens, or that with
an TEP of 9.0 (Mw 99 x 10%), prepared through an acidic process, of the porcine
skin collagen, were kindly supplied by Nitta Gelatin (Osaka, Japan) and named
‘acidic’ and ‘basic’ gelatins, respectively. N’-succinimidyl-3-(4-hydroxy-3,5-di
|'2°1Jiodophenyl)propionate (['?*1]Bolton-Hunter reagent, NEX-120H, 147 MBq/ml
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in anhydrous benzene) was purchased from Perkin-Elmer Life Sciences (Boston,
MA, USA). Other chemicals were purchased from Wako Pure Chemical (Kyoto,
Japan) and used without further purification.

Preparation of gelatin hydrogels cross-linked by glutaraldehyde treatment

An aqueous solution of 10 wt% gelatin (800 ul) was cast into a polypropylene
mold (2 x 2 cm?), followed by storage at 4°C for 24 h to allow gelatin to set.
The gelled gelatin was placed at 4°C in aqueous solution containing 12.4 pg/ml
of glutaraldehyde (GA) and cross-linking reaction was allowed to proceed at 4°C
for different time periods. The resulting hydrogel sheet was immersed in 100 mM
of glycine aqueous solution for 1 h to block residual aldehyde groups of GA. The
hydrogel sheets were rinsed 3 times with double distilled water (DDW) at 4°C and
stored in DDW at 4°C until use or assay.

Preparation of gelatin hydrogels cross-linked by dehydrothermal treatment

Non-cross-linked gelatin hydrogels, prepared by the same procedure described
before, were freeze-dried. The resulting freeze-dried gelatin hydrogel sheets were
cross-linked by dehydrothermal treatment at 140°C for 24, 48 and 72 h in vacuum.
The hydrogel sheets were swollen in DDW at 37°C for 24 h until equilibrium was
reached. The gelatin hydrogel sheets were stored in DDW at 4°C until use or
assay.

Preparation of gelatin hydrogels crosslinked by ultraviolet irradiation

Freeze-dried non-cross-linked gelatin hydrogels were prepared as described above.
The resulting freeze-dried gelatin hydrogel sheets were cross-linked by dehy-
drothermal treatment at 140°C for 48 h in vacuum. Further cross-linking was in-
troduced by ultraviolet (UV) irradiation to both sides of gelatin hydrogel sheets in a
Funa-UV-Linker FS-800 (5 x 8 W, Funakoshi, Tokyo, Japan) for 10, 20 and 30 min.
The hydrogels sheets were swollen in DDW at 37°C for 24 h and stored in DDW
at 4°C until use or assay.

Preparation of gelatin hydrogels cross-linked by electron beam irradiation

An aqueous solution of 10 wt% gelatin was cast into a polypropylene mold to give
a solution depth of 200 um. The solution was irradiated by different doses (20, 60
and 100 kGy) of electron beam in an Curetron® Electron Beam Processing System
(Nissin High Voltage, Tokyo, Japan). The casting and irradiation operation was
repeated five times to obtain 1-mm-thick gelatin hydrogels. The resulting gelatin
hydrogel sheets were swollen in DDW at 37°C for 24 h to reach the equilibrium and
stored in DDW at 4°C until use or assay.
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Evaluation of cross-linking extent of gelatin hydrogels

Two measures to evaluate the extent of hydrogel cross-linking were performed.
Gelatin hydrogels, cut with scissors to obtain square sheets (5 x 5 x 1 mm?) were
swollen in DDW and dried at 60°C under vacuum, The weight of hydrogel sheets
before and after drying was measured and the weight ratio of water present in
the hydrogel to the DDW-swollen hydrogel was calculated as the water content.
The cross-linking density was estimated on the basis of the theory of rubber
elasticity {28]. The specimens of gelatin hydrogel, with a length of 20 mm, a
central width of 10 mm and a thickness of 1 mm, were subjected to a tensile testing
on an AGS-5D Autograph (Shimadzu, Kyoto, Japan) with a low capacity load cell
(10 N). The initial slope of the stress—strain curve was calculated from the curve of
tensile test to obtain the number of cross-links per gelatin molecule by the following
equation on the assumption of an affine deformation

20M
N = 173 2y’
PV 2kT (2 — a~?)

where N is the number of cross-links per gelatin molecule, p, is the density of
gelatin, v 1s the volume fraction of gelatin in hydrogel, M is the molecular weight
of gelatin (99 x 10°), k is the Boltzmann constant, T is the absolute temperature,
o 1s the stress (the applied force per unit area of swollen, unstrained hydrogel)
and a is the strain determined by the ratio of sample length at tension to initial
length of sample [28, 29]. Four hydrogel sheets were used for each hydrogel type.
Figure 1 shows the plots of o vs. (@ — a™%) on gelatin hydrogel cross-linked by
dehydrothermal treatment for 24 h. The number of cross-links per gelatin molecule
was calculated from the slope of the o vs. (@ — a™?) plots.
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Figure 1. o vs. (@ — a~?) plots of the gelatin hydrogel cross-linked by dehydrothermal treatment for
24 h.
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Radiolabeling of gelatin hydrogels

Gelatin hydrogels were cut with scissors to obtain square sheets (5 x 5 x 1 mm?)
for the assessment of biodegradability. Gelatin hydrogel sheets were radioiodinated
by use of ['>*I]Bolton-Hunter reagent [30]. Briefly, 20 ul of ['*I]Bolton-Hunter
reagent solution in anhydrous benzene was bubbled with dry nitrogen gas until
benzene was completely evaporated. Then, 1 ml of phosphate-buffered saline
solution (PBS, pH 7.5) was added to the dried reagent to prepare an aqueous solution
of ['*I]Bolton-Hunter reagent. The reagent solution prepared was impregnated
into the gelatin hydrogel sheet at a volume of 20 ul per sheet. The resulting
hydrogel sheets were kept at 4°C for 3 h to introduce '?°1 into the amino groups of
gelatin. The gelatin hydrogel sheets radioiodinated were rinsed in DDW, which was
exchanged periodically at 4°C for 4 days, to exclude non-coupled, free '*°I-labeled
reagent from '*’1-labeled gelatin hydrogel sheets. When measured periodically, the
radioactivity of DDW returned to a background level after 3 days rinsing. No shape
change of hydrogel sheets was observed during radiolabeling and the subsequent
rinsing process, irrespective of hydrogel preparation conditions.

Estimation of in vivo degradation of gelatin hydrogels

In vivo degradation of gelatin hydrogels was evaluated in terms of the radioactivity
loss of PI-labeled gelatin hydrogels implanted. Various types of '*I-labeled
gelatin hydrogels were implanted in the back subcutis of ddY mice (3 mice
per group, 67 weeks old, Shimizu Laboratory Supply, Kyoto, Japan) under
pentobarbital anesthesia. At 1, 3,7, 10, 14 and 21 days after hydrogel implantation,
the radioactivity of hydrogels implanted was measured on a gamma counter (ARC-
301B, Aloka, Tokyo, Japan). Next, the mouse back skin around the hydrogel
implanted site was cut into a strip of 3 x 5 ¢cm? and the corresponding facial
site was thoroughly wiped off with a filter paper to absorb '*I-labeled gelatin.
The radioactivity of the skin strip and the filter paper was measured to evaluate
the remaining radioactivity of tissue around the implanted hydrogel. The ratio of
total radioactivity measured to the radioactivity of hydrogel implanted initially was
expressed as the percentage of remaining activity for hydrogel degradation. The
number of mice in each experimental group was 18, while 3 mice were killed
at each time point for in vivo evaluation. The half-life time periods of gelatin
hydrogels were evaluated from the time-course curve of radioactivity remaining of
125)-labeled gelatin hydrogel. All the animal experiments were done according to
the Institutional Guidance of Kyoto University on Animal Experimentation.

Statistical analysis

Experimental results were expressed as the mean + S.D. (standard deviation of the
mean). Graphs were drawn based on the least-square approximation method and
the correlation coefficient was described as R? value.
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RESULTS

Cross-linking density and water content of gelatin hydrogels prepared by different
gelatin types and cross-linking methods

Figure 2A and 2B shows the number of cross-links per molecule gelatin of hydro-
gels cross-linked by GA and dehydrothermal treatments for different time periods.
Figure 2C and 2D shows the number of cross-links per molecule gelatin of hy-
drogels prepared by UV irradiation for different time periods after dehydrothermal
treatment for 24 h and different doses of electron beam irradiation. Irrespective of
the gelatin type, the number of cross-links per gelatin molecule increased with in-
creasing time of GA and dehydrothermal treatments. The number of cross-links of
basis gelatin hydrogels increased with UV irradiation time up to 10 min, but leveled
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Figure 2. The number of cross-links per gelatin molecule of hydrogels as a function of GA treatment
time (A), dehydrothermal treatment time (B), UV irradiation time (C) and electron beam irradiation
dose (D). The hydrogels were prepared from acidic gelatin extracted from bovine bone (O), porcine
skin (A) or fish scale ((J) and basic gelatin extracted from porcine skin (@).
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off thereafter. On the other hand, no big influence of irradiation time on the number
of cross-links for acidic gelatin hydrogels was observed. The number of cross-links
of gelatin hydrogels tended to increase as the irradiation dose increased, although
the increment was as large as other cross-linking methods.

Figure 3A and 3B shows the water content of gelatin hydrogels prepared by GA
treatment and dehydrothermal treatment. Figure 3C and 3D shows the water content
of gelatin hydrogels prepared by UV irradiation after dehydrothermal treatment for
24 h and different dose of electron beam irradiation. The water content decreased
with an increase in the time of GA and dehydrothermal treatments. However, the
difference of water content between the types of gelatin was bigger than that in the
number of cross-links. The water content of gelatin hydrogels rapidly decreased
when UV irradiation was done for 10 min, but longer UV irradiation did not

10075 @) 100 @)
— © o} o ] @
X 9Te x
E ® @ =
~ a 95T
E 9ol ° ° o
: . .o
o 8S[ A o 2 ©
g ] A 90| 2
= | 0 T
80 o T _
75 i [] [] 1 85 4 [} +
0 10 20 30 40 50 0 20 40 60 80
Treatment time (h)

Treatment time (h)

100 S 100 O
S 5
T 98 R °
= 95[
E T
2 I é ? 961 o
: S 1 . |
5 ook = = 94
]
g : 92}
85 1 ] { 90 1 i 1 t

0 10 20 30 40 0 25 50 75 100 125
Irradiation time (min) Irradiation dose (kGy)

Figure 3. The water content of gelatin hydrogels as a funciion of GA treatment time (A),
dehydrothermal treatment time (B), UV irradiation time (C) and electron beam irradiation dose (D).
The hydrogels were prepared from acidic gelatin extracted from bovine bone (O), porcine skin (A) or
fish scale (C1) and basic gelatin extracted from porcine skin (®).
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Figure 4. Relationship between the number of cross-links of gelatin molecule of hydrogels and the
water content of gelatin hydrogels. The hydrogels were prepared from acidic gelatin extracted from
bovine bone (O), porcine skin (A) or fish scale ({J) and basic gelatin extracted from porcine skin (®).

contribute to any change in the water content of hydrogels. The water content
slightly decreased with the increased dose of electron beam.

Figure 4 shows the relationship between the number of cross-links per molecule
gelatin of various hydrogels and their water content. The water content of gelatin
hydrogels decreased with an increase in the number of cross-links. This good corre-
lation was observed only for gelatin of the same type. However, the correlation pat-
tern in the water content—cross-linking point relationship was not similar between
the different types of gelatin hydrogels.

In vivo degradability of gelatin hydrogels with different water content
and the number of cross-links

Figure 5 shows the relationship between the water content of hydrogels prepared
from each type of gelatin by various cross-linking methods and the hydrogel
biodegradability. When compared for the same type of gelatin hydrogels and cross-
linking methods, the in vivo half-life time of gelatin hydrogel became longer as
the water content decreased. However, the correlation of half-life time and water
content was different from hydrogel to hydrogel. Figure 6 shows the relationship
between the biodegradability of gelatin hydrogels and their number of cross-links.
Only hydrogels of fish-scale gelatin, prepared through GA cross-linking, showed
slower biodegradability than the hydrogels from other types of gelatin. However,
nrrespective of the cross-linking methodsand the gelatin type, there was better
correlation between the in vive degradability of gelatin hydrogels and their number
of cross-links (R? = 0.837) than that between their degradability and water content
(R* = 0.729).
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Figure 5. Relationship between the in vivo degradation of gelatin hydrogels and water content of the
hydrogels. The hydrogels were prepared from acidic gelatin extracted from bovine bone (O), porcine
skin (A) or fish scale {{1) and basic gelatin extracted from porcine skin (®). The line was drawn based
on the least-squares approximation method (R? = 0.729).
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Figure 6. Relationship between the in vivo degradation of gelatin hydrogels and the number of
hydrogels cross-links. The hydrogels were prepared from acidic gelatin extracted from bovine
bone (O), porcine skin (A) or fish scale (J) and basic gelatin extracted from porcine skin (@). The
line was drawn based on the least-squares approximation method (R? = 0.837).

DISCUSSION

In this study, gelatin hydrogels were prepared through different cross-linking
methods from various types of gelatin, extracted from several kinds of animal
species. The cross-linking density of gelatin hydrogels could be controlled by the
time of cross-linking and irradiation. Similar to the water content of hydrogels,
the number of cross-links in hydrogels was changed by the conditions of hydrogel
preparation.
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Gelatin hydrogels were prepared by GA or dehydrothermal treatment and UV
or electron beam irradiation. Among the chemical cross-linking agents, GA is
most widely used due to its high efficiency in the stabilization of collageneous
materials [31]. Cross-linking of collagenous samples with GA involves the reaction
of free amino groups of lysine or hydroxylysine residues of polypeptide chains with
the aldehyde groups of GA [32]. It is likely that GA can cross-link between the
two amino residues of collagen chains. It has been reported that dehydrothermal
treatment generates chemical bonding between the amino and carboxyl groups of
collagen molecules due to thermal dehydration [33, 34]. Dehydrothermal cross-
linking can occur only if the amino and carboxyl groups are close to each other.
Thus, it is possible that dehydrothermal treatment allows gelatin molecules to cross-
link to a lesser extent than GA treatment. When compared for the gelatin hydrogels
cross-linked by GA treatment, the number of cross-links in hydrogels prepared from
porcine skin gelatin increased more than that in hydrogels prepared from other types
of gelatin. However, when compared for the gelatin hydrogels cross-linked by
dehydrothermal treatment, the number of cross-links in hydrogels prepared from
fish-scale gelatin was the highest of all. The difference may be due to a difference
of the transition temperature. In the case of fish-scale gelatin, the gelatin molecules
may be closer to each other because the transition temperature from random coil to
helix conformation is higher. The hydrogels prepared from fish-scale gelatin were
cross-linked more than other type of gelatin.

It is reported that UV irradiation generates radicals at the aromatic residues of
gelatin amino acids, such as tyrosin and phenylalanine. The binding of these
radicals will react to each other, resulting in cross-linking formation [34, 35].
However, from Figs 2C and 3C it can be seen that the cross-linking density
of gelatin hydrogels largely changed depending on UV irradiation time. When
the irradiation time was short, UV irradiation would enable gelatin to cross-link
intermolecularly. However, it is possible that irradiation for longer time preferably
acts on the chain scission of gelatin molecules. A balance of the cross-linking
and chain scission would result in unchanged density of hydrogel cross-linking.
This same phenomenon has been reported in the case of UV irradiation to collagen
membranes [36].

Electron beam irradiation also produces radicals [37]. The number of cross-links
did not change, whereas the water content of gelatin hydrogels deceased, as the dose
of electron beam irradiation increased. The number of cross-links was not large and
the water content did not decrease very much. This is because the chain scission by
the overdose of electron beam also occurs [38].

There are two methods to assess the cross-linking density of hydrogels. One is
from the water content of hydrogels. There is one theoretical equation between
the water content of hydrogels and the hydrogel density which contains the Flory—
Huggins interaction parameter (x parameter) [38]. Thus, when the cross-linking
density is assessed based on water content, the x parameter is required. The water
content of gelatin hydrogels was different between the types of gelatin or cross-
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linking methods. It is likely that the x parameter of gelatin greatly depends on
the gelatin type because the amino acid sequences are different among the gelatin
samples which are prepared by various treatments (acidic, basic and emzymatic)
from collagen of different sites and animals. Although the x parameter of gelatin
is reported to be 0.495 [39], the method to assess the cross-linking density from the
hydrogel swelling may be inaccurate. Therefore, in this study, we have chosen to
determine the cross-linking density of hydrogels from their tensile modulus [28].
Gelatin hydrogels behave as a rubber-like material. From the stress—strain behavior
of gelatin hydrogels swollen, the number of cross-links can be assessed. For this
assessment to calculate the cross-linking level of gelatin hydrogels by classical
rubber theories, the ideality of chains is basically assumed. In this study, since
the strain of hydrogels was small, it is theoretically possible that the hydrogels
deform in an entropic modulus manner. When the degree of cross-linking in gelatin
hydrogel is lower, hydrogel is so fragile that the tensile test cannot be performed. In
that case, the compressive test can be substituted for the tensile test [40]. Therefore,
this method is useful to assess the cross-linking density, such as the number of
cross-links of gelatin hydrogels.

Mechanical testing and enzymatic degradation of gelatin hydrogel have been
performed in the past [41-43]. One paper reported that cross-linked gelatin was
degraded in an alkaline protease solution [41]. As that study, some other studies
reported only one kind of gelatin type, a few kinds of cross-linking methods and
in vitro enzymatic degradation. However, this study used various kinds of gelatin
types and various kinds of cross-linking methods and performed in the back subcutis
of mice.

Gelatin hydrogels are degraded in vivo not by simple hydrolysis, but by proteo-
lysis. Therefore, in the present study, several radioiodinated gelatin hydrogels were
implanted into the mouse subcutis to evaluate the time profile of hydrogel degra-
dation. We have demonstrated that the time profile of radioactivity remaining in
125]-labeled gelatin hydrogels in the back subcutis of mice was in good accordance
with that of hydrogel weight [44]. As shown in Fig. 6, there is a good correla-
tion between the number of cross-links in gelatin hydrogels and the degradability
of gelatin hydrogels. This can be explained in terms of susceptibility to protease at-
tack. It is likely that the cross-linking density of hydrogels stereochemically reduces
the molecular approach of protease to gelatin chains, resulting in less susceptibilty
of hydrogels to proteolysis. The hydrogels prepared through GA cross-linking of
fish-scale gelatin were degraded more slowly than other hydrogels (Fig. 6). This
may be due to the molecular hydrophobicity of GA and the transition temperature
of gelatin. GA is a cross-linker with a hydrophobic moiety of methylene chain.
It is well recognized that the transition temperature of fish collagen is higher than
that of other animal collagens. Therefore, the fish-scale gelatin is likely to form
a helix structure compared with other types of gelatin. Based on this feature, it is
possible that the molar percentage of helix—helix interaction of gelatin molecules
in the hydrogel of fish-scale gelatin is higher than that of other hydrogels, resulting
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in reduced approach of proteases to gelatin chains. In addition, the GA hydropho-
bicity also suppresses the protease approach to gelatin chains. These natures of
fish-scale gelatin, different from gelatin of other animal species, would cause the
lower degradability of fish-scale gelatin hydrogels. When the in vivo biodegrad-
ability of hydrogels is compared by the measure of hydrogel water content, a big
dependence of the gelatin type and cross-linking method on the degradation was
observed. This implies that the water content is only one measure to express the
density of hydrogel cross-linking for one type of gelatin and cross-linking method
and not universal. The present study indicates that the biodegradability of gelatin
hydrogels can be determined by the number of cross-links per gelatin molecule,
irrespective of the gelatin type and cross-linking method.
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