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In vivo effects of isolated implantation of salmon-derived
crosslinked atelocollagen sponge into an osteochondral defect
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Abstract We have developed crosslinked salmon-
derived atelocollagen (SC) sponge, which has a denatur-
ation temperature of 47°C. Sixty-four knees of 32 mature
rabbits were randomly divided into 4 groups after creating
an osteochondral defect in the femoral trochlea. Defects in
Groups I, II, and IIT were filled with the crosslinked SC
sponge, the crosslinked porcine collagen (PC) sponge, and
the non-crosslinked PC sponge, respectively. In Group IV,
defects were left untreated as the control. At 12 weeks after
implantation, the histological score showed that Group I
was significantly greater than Groups III (P = 0.0196) and
IV (P = 0.0021). In addition, gene expression of type-2
collagen, aggrecan, and SOX9 was the greatest in Group I
at 12 weeks. The fundamental in vivo properties of the
crosslinked SC sponge showed that this is a promising
biomaterial, specifically as a scaffold for cartilage tissue
engineering.
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1 Introduction

Atelocollagen exhibits excellent biocompatibility, low
antigenicity, and high biodegradability as a scaffold for
tissue engineering when compared with synthetic polymers
[1]. These advantages allow for the use of collagen in
medical applications. The primary sources of atelocollagen
are the skin or bone of domestic animals, including calves
and pigs. These sources, however, carry potential risks of
disease (zoonosis) transmission, such as bovine spongiform
encephalopathy (BSE), Foot-and-mouth disease, and so on,
to humans. These risks have been recognized as serious
obstacles in the clinical field. Recently, fish-derived
atelocollagen has attracted great notice as an alternative to
animal collagen, because no diseases that can transmit
from fishes to humans have been found. In addition, fish
collagen has a potentially large pool as a source [2]. Fish-
derived atelocollagen, however, has not yet been used as a
biomaterial in medical applications, because of its low
denaturation temperature. Namely, fish collagen denatures
and melts at the physical temperature of the human body
[3]. The thermal stability of fish collagen must be improved
before it can be used as a biomaterial. We extracted salmon
collagen from the fresh skin of chum salmon (Oncorhyn-
chus keta), which is discarded as industrial waste in fishing
industries, and we previously reported a method of
improving the thermal stability of the salmon atelocollagen
(SC) gel [4, 5]. However, the denaturation temperature was
about 19°C. In our recent study, however, we have over-
come the thermal stability problem by synergistic effects of
cross-linking and collagen fibril formation [4]. Fibril for-
mation involves the aggregation and alignment of collagen
molecules, and the formation helps increase the collagen’s
thermal stability. The introduction of cross-linking using
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide ~ (EDC)
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during fibril formation further increases the denaturation
temperature in the SC gel to 47°C. Thus, the crosslinked
SC as a biomaterial must be evaluated by in vitro and
in vivo studies. Recently, we have evaluated a crosslinked
SC gel in the in vitro condition using human periodontal
ligament fibroblasts (HPLFs) and human umbilical vein
endothelial cells (HUVECS), and reported that the cells
could grow and show highly differentiated activity on the
SC gel as well as on the porcine collagen (PC) gel [4, 6, 7].
Few studies, however, have evaluated the fundamental
properties of the crosslinked SC as a scaffold in the in vivo
condition.

To conduct in vivo studies, we have newly developed
crosslinked SC sponge that we can easily implant as a
scaffold in vivo. In the present study, we have intended to
evaluate the fundamental properties of the crosslinked SC
sponge as a scaffold for in vivo cartilage repair, because
collagen scaffolds have been widely used for cartilage
repair [§—11]. In the previous studies [9-11], we have
found that scaffolds have effects that slowly induce carti-
lage tissue regeneration. For example, Dorotka et al. [11]
reported that implantation of the three-dimensional PC
matrix without any seeded cells showed moderate effects in
cartilage regeneration, although the effects were observed
to a lesser degree than the cell-seeded collagen matrix.
Therefore, to evaluate fundamental properties of the SC
sponge as a scaffold in vivo, we have implanted only the
sponge in a rabbit osteochondral defect and compared the
effect of the implantation between the SC and PC sponges.
Based on the above-described in vitro studies [0, 7], we
have hypothesized, first, that the crosslinked SC sponge
implanted into an osteochondral defect created in the rabbit
knee may not show any detrimental effects in comparison
with the PC sponge, and second, that the implantation of
the crosslinked SC sponge may enhance cartilage regen-
eration in vivo at 12 weeks after implantation. The purpose
of this study is to test these hypotheses.

2 Materials and methods
2.1 Preparation of collagen sponge

Salmon atelocollagen was prepared from the fresh skin of
chum salmon by acid solubilization and subsequent pepsin
digestion, according to a procedure reported previously
[12]. Briefly, the lyophilized SC was added to 100 ml of
diluted HCI (pH 3) to a concentration of 0.5% (w/v) and
stirred overnight at 4°C to create the SC solution. Next,
1 ml of the SC solution was transferred into a multiple
48-well plate for tissue culture (Asahi Techno Glass,
Tokyo, Japan) and then frozen at —70°C for 12 h. The
frozen plates were placed into a lyophilizer (FDU-830,
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Tokyo Rikakikai, Tokyo, Japan) for 24 h. The porous SC
materials obtained were immersed in 4-M NaCl aqueous
solution containing 1% (w/v) water-soluble EDC (Dojindo,
Tokyo, Japan) and placed at 4°C for 24 h. The crosslinked
SC materials were washed three times with diluted water
and then lyophilized again. Thus, we obtained sponge-like
SC materials. PC solution (Nitta Gelatin, Osaka, Japan)
was purchased, and the crosslinked PC sponge was pre-
pared in the same manner as described above. Thus, we
prepared three types of sponge: crosslinked SC sponge,
non-treated PC sponge, and crosslinked PC sponge. From
these materials, we created cylindrical blocks having a
diameter of 4.5 mm and a height of 3 mm (Fig. 1).

2.2 Degree of crosslinking

The degree of crosslinking of the crosslinked SC and PC
sponges was measured as the decrease in the free amine
group contents of collagen molecules. Collagen gel sam-
ples (n = 3 for each sponge) were frozen at —80°C for
12 h, and then lyophilized for 24 h. In the lyophilized
samples, the free amine group content was measured
spectrophotometrically after reaction of the free amine
groups with 2.4,6-trinitro-benzensulphonic acid (Wako
Pure Chemical Industries, Osaka, Japan) according to the
previously reported method [5], and was expressed as
the decrease ratio in the free amine group contents of the
crosslinked sample to the uncrosslinked sample.

2.3 Study design and animal experimentation

Animal experiments were carried out in the Institute of
Animal Experimentation, Hokkaido University School of
Medicine under the Rules and Regulation of the Animal
Care and Use Committee. A total of 32 mature female
Japanese white rabbits, weighing 3.9 £ 0.5 kg, were used
in this study. An operation for each animal was performed
under intravenous anesthesia (pentobarbital, 25 mg/kg)
under sterile conditions. In each animal, the bilateral knee
joints were exposed through a medial parapatellar incision,
and the patella was dislocated laterally. A full-thickness
osteochondral defect having a diameter of 4.3 mm and a
depth of 3 mm was created in each femoral trochlea, using
a sharp drill. A total of the 64 defects in the 32 rabbits were
randomly divided into 4 groups (n = 16) depending on the
treatment. All defects in Groups I, II, and III were filled
with the crosslinked SC sponge, the crosslinked PC sponge,
and the non-crosslinked PC sponge, respectively (Fig. 2).
In the remaining group (Group IV), defects were left
untreated as the control. The incised joint capsule and
the skin wound were closed in layers with 3-0 nylon
sutures, and an antiseptic spray dressing was applied.
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Fig. 1 Cylindrical collagen
sponge blocks and their
photographs taken with
scanning electron microscope:
Crosslinked salmon collagen
sponge (a, b), crosslinked
porcine collagen sponge (c, d),
and non-crosslinked porcine
collagen sponge (e, f)

Postoperatively, each animal was allowed unrestricted
activity in a cage (310 x 550 x 320 mm) without any
joint immobilization. Sixteen rabbits were sacrificed at
4 weeks after surgery, and the remaining 16 rabbits were
sacrificed at 12 weeks. The knee joints were immediately
removed en bloc with the surrounding tissue. In each
group, 6 knees underwent gross, histological, and immu-
nohistochemical evaluations, and the remaining 2 knees
were used for real-time polymerase chain reaction (PCR)
analyses.

2.4 Gross observations and histological evaluations

At the time of sacrifice, the tissue regenerated in the
osteochondral defect underwent gross observations, and
was quantitatively evaluated with the grading scale repor-
ted by Wayne et al. [13]. The maximum total score was 16
points.

A distal portion of the resected femur was fixed in a 10%
neutral buffered formalin solution for 3 days, decalcified
with 50 mM ethylenediaminetetraacetic acid (EDTA) for a
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Fig. 2 A full-thickness osteochondral defect having a diameter of
4.3 mm and a depth of 3 mm was created in the femoral trochlea. The
defect was filled with the collagen sponge (CS)

period of 3—4 weeks, and then cast in a paraffin block. The
femur was sectioned perpendicular to the longitudinal axis,
and stained with Hematoxylin and eosin and Safranin-O.
For immuno-histological evaluations, monoclonal antibody
(anti-hCL(II), purified IgG, Fuji Chemical Industries Ltd,
Toyama, Japan) was used as primary antibodies. Immu-
nostaining was carried out according to the manufacturer’s
instructions using the Envision immunostaining system
(DAKO Japan, Kyoto, Japan). Finally, the sections were
counterstained with hematoxylin. Histology was evaluated
with a scoring system reported by Wayne et al. [13].
Subsequently, the maximum total score was 19 points.

2.5 Real-time PCR analysis

Total RNA was extracted from the tissues regenerated in
the defect using the RNeasy mini kit (Qiagen Inc.,
Valencia, CA) at 4 and 12 weeks, respectively. RNA
quality from each sample was assured by the A260/280
absorbance ratio. The RNA (100 ng) was reverse-tran-
scribed into single strand ¢cDNA using PrimeScript® RT
reagent Kit (TakaraBio, Ohtsu, Japan). The RT reaction
was carried out for 15 min at 37°C and then for 5 s at
85°C. All oligonucleotide primer sets were designed based
upon the published mRNA sequence. The expected
amplicon lengths ranged from 93 to 189 bp. The sequences
of primers used in real time PCR analyses for rabbit
regenerative tissues were as follows: type 2 collagen for-
ward GACCATCAATGGCGGCTTC; reverse CACGCTG
TTCTTGCAGTGGTAG. Aggrecan forward GCTACGAC
GCCATCTGCTAC; reverse GTCTGGACCGTGATGTC
CTC. SOX9 forward AACGCCGAGCTCAGCAAGA;
reverse TGGTACTTGTAGTCCGGGTGGTC. GAPDH
forward CCCTCAATGACCACTTTGTGAA; reverse
AGGCCATGTGGACCATGAG. The sequences of primers
used in real time PCR analyses for mouse ATDCS cells
were as follows: type 2 collagen forward AGGGCAACAG

@ Springer

CAGGTTCACATAC; reverse TGTCCACACCAAATTC
CTGTTCA. Aggrecan forward AGTGGATCGGTCTGAA
TGACAGG; reverse AGAAGTTGTCAGGCTGGTTT
GGA. SOX9 forward GAGGCCACGGAACAGACTCA;
reverse CTTCAGATCAACTTTGCCAGCTT. GAPDH
forward TGTGTCCGTCGTGGATCTGA; reverse TTGCT
GTTGAAGTCGCAGGAG. The real-time PCR was per-
formed in Thermal Cycler Dice® TP800 (TakaraBio,
Ohtsu, Japan) by using SYBR® Premix Ex Taq™ (Taka-
raBio, Ohtsu, Japan). cDNA template (5 ng) was used for
real-time PCR in a final volume of 25 um. cDNA was
amplified according to the following conditions: 95°C for
5 s and 60°C for 30 s at 40 amplification cycles. Fluores-
cence changes were monitored with SYBR Green after
every cycle. A dissociation curve analysis was performed
(0.5°C/s increase from 60 to 95°C with continuous fluo-
rescence readings) at the end of cycles to ensure that single
PCR products were obtained. The amplicon size and reac-
tion specificity were confirmed by 2.5% agarose gel elec-
trophoresis. The results were evaluated using the Thermal
Cycler Dice® Real Time System software program
(TakaraBio, Ohtsu, Japan). Glyceroaldehyde-3-phosphate
dehydrogenase (GAPDH) primers were used to normalize
samples.

2.6 Statistical analysis

All data were described as the mean and standard deviation
values. The one-way analysis of variance (ANOVA) was
performed only at 12 weeks with the Fischer’s PLSD test
for post hoc multiple comparisons, because the 4-week
period was too early to evaluate cartilage regeneration. The
significance limit was set at P = 0.05. For calculation, the
StatView 5.0 software (SAS Institute Inc., Cary, NC, USA)
was used.

3 Results
3.1 Degree of crosslinking

The degree of crosslinking (the decrease ratio in the free
amine group contents of the crosslinked sample to the
uncrosslinked sample) of the crosslinked SC and PC
sponges averaged 41.3% (SD 8.2) and 43.4% (SD 2.7),
respectively.

3.2 Gross observation

In gross observation, we did not observe any inflammatory
findings or any pathological changes in each knee joint at
each period. At 4 weeks, the defects in each group were
filled with white fibrous tissues (Fig. 3). At 12 weeks, the
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Fig. 3 In gross observation at 4 weeks, the defects in Groups I, II,
and IIT were filled with white fibrous tissues. At 12 weeks, the defects
in Groups I (crosslinked SC) and II (crosslinked PC) were filled with a

defects in Groups I and II were filled with a white opaque
elastic tissue, while the defects in Groups III and IV
showed reddish patchy tissues (Fig. 3).

Concerning the Wayne’s score at 12 weeks, the
ANOVA showed a significant difference (P = 0.0378).
The post-hoc test indicated that Group I was significantly
greater than Group IV (P = 0.0051), while Group II or III
was not significantly greater than Group IV (Fig. 4a).

3.3 Histological and immunohistochemical
observations

At 4 weeks, each defect was filled with fibrous tissues
(Fig. 5A-D). We occasionally and irregularly observed a
small amount of a proteoglycan-rich tissue in the tissues in
Group I. In Group IV, bone formation with a small amount
of a proteoglycan-rich tissue was seen.

At 12 weeks, the defects in Groups I and II were filled
with a proteoglycan-rich tissue, while the width of this
tissue was approximately a half of the normal articular
cartilage (Fig. SE, F). In the proteoglycan-rich tissue, type
2 collagen was abundantly expressed (Fig. 5I, J). The
defects in Groups III and IV were filled with the fibrous
and bone tissues (Fig. 5G, H), while a small amount of the
proteoglycan-rich tissue was occasionally and irregularly
seen in these tissues. The type 2 collagen expression was

white opaque tissue, while the defects in Groups III (non-crosslinked
PC) and IV (non-treated) showed reddish opaque, patchy, stiff tissues

not found in the tissue regenerated in the untreated defect,
except for a limited amount in the peripheral portion
(Fig. 5K, L). In high magnification histology of Group I, no
cleft was observed between the regenerated tissue and the
normal cartilage tissue (Fig. 5a). In the regenerated tissue,
fairly large round cells rich in cytoplasm were scattered
singly or as an isogenous group in a proteoglycan-rich
matrix (Fig. 5b). At the superficial layer in this tissue, cells
were rather small and sparse, resembling the lamina
splendens in the normal articular cartilage (Fig. 5c).

Concerning the histological score at 12 weeks (Fig. 4b),
the ANOVA showed a significant difference (P = 0.0378).
The post-hoc test indicated that Group I was significantly
greater than Groups III (P = 0.0196) and IV (P = 0.0021).
Group II was significantly greater than Group IV
(P = 0.0121). There was no significant difference between
Groups III and IV.

3.4 Real-time PCR analysis

In the real time PCR analyses, expression of type 2 col-
lagen, aggrecan, and SOX9 mRNAs in Group III was
similar to that in Group IV (the non-treated control).
Regarding Group I, the relative expression level of type 2
collagen, aggrecan, and SOX9 mRNAs was obviously (2-3
times as much as) higher than that in Group IV (Fig. 6).
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Fig. 4 Concerning the gross p=0.0021
observation score (a) at A B [ — l
12 weeks, only Group I was =0.0051 p=0.0196
significantly greater than Group (Point) P | |
IV. Regarding the histological iie | ) | p=0.0121 |
score (b) at 12 weeks, Group I
was significantly greater than 12
Groups III and IV, while Group
II was significantly greater than 10
Group IV. There was no
significant difference between 8
Groups III and IV

6 T

4
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0

v I Il ] v
Group
4w 12w

Fig. 5 At 4 weeks, each defect was filled with fibrous tissues (A-D).
At 12 weeks, the defects in Groups I and II were filled with a
proteoglycan-rich tissue (E, F), in which type 2 collagen was
abundantly expressed (I, J). The defects in Groups III and IV were
filled with the fibrous and bone tissues (G, H, K, L). A-H: Safranin-O
and fast green staining, original magnification x2, I-L: type II
collagen staining, original magnification x2. Three high magnifica-
tion photographs (a, b, and c¢) in the bottom row show the tissues
surrounded by rectangular lines, a, b, and ¢, in the photographs
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(E) and (I). In Group I at 12 weeks, no cleft was observed between
the regenerated tissue and the normal cartilage tissue (a: A black bar
shows 100 pm). Fairly large round cells rich in cytoplasm were
scattered singly or as an isogenous group in a proteoglycan-rich
matrix (b: A black bar shows 50 pm), while cells were rather small
and sparse at the superficial layer, resembling the lamina splendens in
the normal articular cartilage. In the proteoglycan-rich tissue as well
as the large round cells, type 2 collagen was abundantly expressed
(c: A black bar shows 50 pm)
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Fig. 6 In the real-time PCR A
analysis, mRNA expression of
type-2 collagen (a), aggrecan
(b), and SOX9 (c) was higher in
Group I than in Groups II, III,
and IV

4 1

Concerning Group II, the SOX9 mRNA expression level
was obviously (3 times as much as) higher than that in
Group IV (Fig. 6), while the relative expression level of
type 2 collagen and aggrecan mRNAs was slightly higher
than that in Group IV.

4 Discussion

First of all, the present study showed that the crosslinked
SC sponge as well as the crosslinked and non-crosslinked
PC sponges did not show any detrimental effects in the
knee joint, when they were implanted into an osteochondral
defect created in the rabbit knee. This result shows that the
crosslinked SC sponge can be used as a safe scaffold from
the viewpoint of the immunological reaction, because the
PC sponge has been established as a useful scaffold
material for tissue engineering [1]. It was noted that the
crosslinked SC sponge was completely absorbed at
12 weeks, while the crosslinked PC sponge still remained
unabsorbed in the defect. This fact indicates that the
absorption rate of the crosslinked SC sponge was higher
than the crosslinked PC sponge.

Secondly, the present study also demonstrated that
implantation of the crosslinked SC as well as the cross-
linked PC sponge had a significant effect that induced slow
regeneration of the hyaline cartilage in an osteochondral
defect at 12 weeks in comparison with the control. This
effect was not observed at 4 weeks. In contrast, the com-
monly available non-crosslinked PC sponge implantation
did not have such effects. Additionally, not only the
Wayne’s scores but also gene expression of type-2 colla-
gen, aggrecan, and SOX9 indicated a tendency that the
induction effect of hyaline cartilage regeneration at
12 weeks was the most obvious in the crosslinked SC

Group

sponge. This tendency is supported by our previous in vitro
study: Namely, HPLFs showed better growth and higher
alkaline phosphatase activity in culture on the SC gel than
in culture on the PC gel [6]. Thus, we believe that these are
important information for the SC sponge as a potential
biomaterial.

We should note the differences in biological functions
between the SC and the mammalian-derived collagens,
although they have not been completely clarified. First, the
hydroxyproline content of SC is about half of that of PC
[6]. The low content of hydroxyl group in SC leads to a
higher hydrophobicity of SC than that of PC. Secondly,
manner of integrin-mediated cell attachment to a collagen
peptide is different between the SC and other collagens,
For example, Nagai et al. [7] showed that HUVEC
attachment to the SC gel depends on the alpha v beta 3
integrins as well as the alpha 2 beta 1 integrin, while the
HUVEC attachment to the bovine collagen gel depends on
the alpha 2 beta 1 integrin. Integrins not only mediate cell
adhesion to extracellular matrix but also activate intracel-
lular signaling pathways [14].

In the present study, both the crosslinked SC and PC
sponges showed significant effects on the cartilage regen-
eration in comparison with the control group, while the
non-crosslinked PC sponge did not show any significant
effects. This fact suggests that an increase of the degree of
crosslinking is one cause of the effect. We speculated on
the mechanisms. First, crosslinking reduces free-amino
residues of collagen molecules. In one of our previous
reports, the degree of reduction of the free-amino residues
was about 20% [4]. There are reports that the crosslinking
of collagen molecules enhanced the DNA synthesis of
epidermal cells [14] and the proliferation of endothelial
cells [15]. Therefore, it is possible that the reduction of
free-amino residues or the change of chemical properties in
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the collagen molecules might affect the cartilage regener-
ation in the present study. Secondly, crosslinking changes
the mechanical properties of the collagen sponges. The
mechanical properties of the scaffold are known to affect
the cellular functions and morphologies [16]. Therefore, it
can be speculated that the difference in the mechanical
properties between the crosslinked and non-crosslinked
collagen sponges might affect cartilage regeneration in the
present study. However, how the above-described differ-
ences in the collagen sponges affect the cartilage regen-
eration is unclear and still under investigation.

There are some limitations in this study. The first limi-
tation is that we did not perform long-term observation of
the regenerated cartilage. A long-term evaluation study is
needed to be performed immediately after this study. The
second limitation is that we could not clarify the mecha-
nism of the in vivo cartilage regeneration induction by the
crosslinked collagen sponges. Thirdly, we did not perform
statistical analysis concerning the gene expression of type-
2 collagen, aggrecan, and SOX9. Fourthly, we did not
perform a biochemical analysis.

As to clinical relevance, this study showed that the
crosslinked SC sponge is a promising scaffold for cartilage
tissue engineering. In addition, the SC sponge has great
advantages including no risk of zoonosis transmission, a
large source for commercial production, and early
absorption. However, the width of this tissue was approx-
imately a half of the normal articular cartilage. Therefore,
the crosslinked SC sponge implantation itself cannot be a
therapeutic option, if it is simply implanted without any
modification. In order to obtain sufficient amount of
regenerated cartilage, for example, we should consider a
modification that some signaling molecules that enhance
cartilage regeneration are added in the crosslinked SC
sponge. This is a theme of our next research study.

Acknowledgments We thank Yuko Taniguro for assistance with
the animal experiments, and Dr. Yoshie Tanabe for data collection.
This work was financially supported by grants from the Ministry of
Education, Culture, Sports, Science and Technology, Japan, and from
Takeda Science Foundation, Japan.

References

1. McPherson JM, Sawamura S, Armstrong R. An examination of
the biologic response to injectable, glutaraldehyde crosslinked
collagen implants. J Biomed Mater Res. 1986;20:93-107.

@ Springer

10.

11.

13.

14.

15.

16.

. Swatschek D, Schatton W, Kellermann J, Muller WE, Kreuter J.

Marine sponge collagen: isolation, characterization and effects on
the skin parameters surface-pH, moisture and sebum. Eur J Pharm
Biopharm. 2002;53:107-13.

. Burjanadze TV. New analysis of the phylogenetic change of

collagen thermostability. Biopolymers. 2000;53:523-8.

. Yunoki S, Nagai N, Suzuki T, Munekata M. Novel biomaterial

from reinforced salmon collagen gel prepared by fibril formation
and cross-linking. J Biosci Bioeng. 2004;98:40-7.

. Nagai N, Yunoki S, Suzuki T, Sakata M, Tajima K, Mumekata M.

Application of crosslinked salmon atelocollagen to the scaffold of
human periodontal ligament cells. J Biosci Bioeng. 2004;97:
389-94.

. Nagai N, Mori K, Saoh Y, Takahashi N, Yunoki S, Tajima K,

Munekata M. In vitro growth and differentiated activities of
human periodontal ligament fibroblasts cultured on salmon col-
lagen gel. J Biomed Mater Res A. 2007;82:395-402.

. Nagai N, Mori K, Munekata M. Biological properties ofcross-

linked salmon collagen fibrillar gel as a scaffold for human
umbilical vein endothelial cells. J Biomater Appl. 2008;23:
275-87.

. Iwasa J, Ochi M, Uchio Y, Katsube K, Adachi N, Kawasaki K.

Effects of cell density on proliferation and matrix synthesis of
chondrocytes embedded in atelocollagen gel. Artif Organs. 2003;
27:249-55.

. Nehrer S, Breinan HA, Ramappa A, Shortkroff S, Young G,

Minas T, Sledge CB, Yannas IV, Spector M. Canine chondro-
cytes seeded in type I and type II collagen implants investigated
in vitro. J Biomed Mater Res. 1997;38:95-104.

Jiang CC, Chiang H, Liao CJ, Lin YJ, Kuo TF, Shieh CS, Huang
YY, Tuan RS. Repair of porcine articular cartilage defect with a
biphasic osteochondral composite. Repair of porcine articular
cartilage defect with a biphasic osteochondral composite. J Ort-
hop Res. 2007;25:1277-90.

Dorotka R, Windberger U, Macfelda K, Bindreiter U, Toma C,
Nehrer S. Repair of articular cartilage defects treated by micro-
fracture and a three-dimensional collagen matrix. Biomaterials.
2005;26:3617-29.

. Yunoki S, Suzuki T, Takai M. Stabilization of low denaturation

temperature collagen from fish by physical cross-linking meth-
ods. J Biosci Bioeng. 2003;96:575-7.

Wayne JS, Mcdoell CL, Shields KJ, Tuan RS. In vivo response of
polylactic acid-alginate scaffolds and bone marrow-derived cells
for cartilage tissue engineering. Tissue Eng. 2005;11:953-63.
Nishikawa A, Taira T, Yoshizato K. In vitro maturation of col-
lagen fibrils modulates spreading, DNA synthesis, and collagen-
olysis of epidermal cells and fibroblasts. Exp Cell Res. 1987;171:
164-717.

Kuzuya M, Satake S, Ai S, Asai T, Kanda S, Ramos MA, Miura
H, Ueda M, Iguchi A. Inhibition of angiogenesis on glycated
collagen lattices. Diabetologia. 1998;41:491-9.

Semler EJ, Ranucci CS, Moghe PV. Mechanochemical manipu-
lation of hepatocyte aggregation can selectively induce or repress
liver-specific function. Biotechnol Bioeng. 2000;69:359-69.



	In vivo effects of isolated implantation of salmon-derived crosslinked atelocollagen sponge into an osteochondral defect
	Abstract
	Introduction
	Materials and methods
	Preparation of collagen sponge
	Degree of crosslinking
	Study design and animal experimentation
	Gross observations and histological evaluations
	Real-time PCR analysis
	Statistical analysis

	Results
	Degree of crosslinking
	Gross observation
	Histological and immunohistochemical observations
	Real-time PCR analysis

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


