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Abstract: The purpose of this study was to establish the efficacy of a therapeutic strategy for an
articular cartilage defect using a PAMPS/PDMAAmM DN gel in a sheep model. Seventeen
mature sheep were used in this study. We created a 6.0-mm osteochondral defect in the femoral
trochlea of the patellofemoral (PF) joint and the medial condyle of the tibiofemoral (TF) joint. A
cylindrical DN gel plug was implanted into the defect of the right knee so that a vacant space of
the planned depths of 2.0 mm in Group I, 3.0 mm in Group Il, and 4.0 mm in Group 11 were left.
In the left knee, we created a defect with the same depth as the right knee. The regenerated
tissues were evaluated with the O’Driscoll score and real time PCR analysis of the cartilage
marker genes at 12 weeks. The DN-gel implanted defect of Group Il in the PF and TF joints
was completely filled with a sufficient volume of the proteoglycan-rich tissue stained with
Safranin-O. The score showed that Group Il was significantly greater than Groups I and I11 when
treated with DN gel in the PF joint (p=0.0441, p=0.0174, respectively) and in the TF joint
(p=0.0019, p=0.0006, respectively). This study has clarified the short-term efficacy of the

cartilage regeneration strategy using the DN gel in a sheep model.
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Introduction

Articular cartilage, being an avascular structure, has limited potential for regeneration.’?
Therefore, functional repair of osteochondral defects remains a major challenge in the field of
joint surgery. The most prevalent strategy to repair the osteochondral defect is to fill the defect
with a tissue-engineered cartilage-like tissue or a cell-seeded scaffold material.**° Despite a
promising outcome, this strategy has demonstrated inherent disadvantages such as donor site
morbidity, two surgeries being needed, and the long non-weight bearing period."**® Recently,
cell-free approaches have shown their potential in the treatment of osteochondral defect, which
offers a one-step procedure. Some investigators have tried to fill an osteochondral defect with
acellular polymer or collagen-based scaffolds to induce cartilage regeneration.'”?° In addition to
the role as carrier for cell delivery, these materials alone may have potential to induce and
promote cartilage regeneration by exploiting the intrinsic regeneration ability.

As a potential biomaterial to develop a cell-free method for cartilage repair, a
PAMPS/PDMAAmM double-network (DN) gel composed of
poly-(2-Acrylamido-2-methylpropanesulfonic  acid) (PAMPS) and poly-(N,N’-dimethyl
acrylamide) (PDMAAmM) may be a promising candidate. The PAMPS/PDMAAmM DN gel has
excellent biocompatibility and is resistant to biodegradation.? % Additionally, we found that
hyaline cartilage regeneration occurred in vivo in the defect within 4 weeks after surgery when a
PAMPS/PDMAAmM DN gel plug was implanted at the bottom of a large osteochondral defect,
which was created in the patellofemoral joint of the rabbit knee by intentionally leaving a 1.5 to
3.5-mm deep vacant space defect.?® This discovery contributes to a novel strategy to repair an
osteochondral defect in the field of joint surgery: That is, induction of the cartilage regeneration

in a vacant defect using the artificially synthesized hydrogel without any cultured cells or



mammalian-derived scaffolds. It has been confirmed that the regeneration phenomenon occurs
not only in the patellofemoral (PF) but also in the tibiofemoral (TF) joints using a rabbit model.**
However, the rabbit model is not practical enough to establish the efficacy of this potential
therapeutic strategy. Therefore, the feasibility of this strategy must be evaluated using a large
animal.

The purpose of this in vivo study using 17 sheep was to establish the efficacy of a novel
therapeutic strategy that induces cartilage regeneration using the PAMPS/PDMAAmM DN gel, for

osteochondral defects created in the patellofemoral (PF) and the tibiofemoral (TF) joints.

Materials and Methods
Materials

The PAMPS/PDMAAmM DN gel was synthesized using the previously reported two-step
sequential polymerization method.® 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)
(Toagosei Co. Ltd., Japan) and N,N’-dimethylacrylamide (DMAAmM) (KOHJIN Co., Ltd., Tokyo,
Japan) were used as purchased. Briefly, PAMPS hydrogel was obtained by radical
polymerization using N,N-methylenebisacrylamide (MBAA) (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan) as a cross-linker and 2-oxoglutaric acid (Wako Pure Chemical Industries,
Ltd, Osaka, Japan) as an initiator. The monomer concentration was 1 mol/L for PAMPS, 4 mol%
for the cross-linker, and 0.1 mol% for the initiator. Aqueous solution containing a monomer,
cross-linker, and the initiator was injected into a cell consisting of a pair of glass plates separated
by a silicone rubber. The cell was irradiated with a UV lamp (wave length 365 nm) for about 8
hours under argon gas atmosphere. The DN gel was synthesized by the sequential network

formation technique (two-step method). The PAMPS hydrogel (1% network) was immersed in an



aqueous solution of 2 mol/L DMAAm, containing 0.1 mol% MBAA, and 0.1 mol%
2-oxoglutaric acid for one day until reaching the equilibrium. The 2" network (PDMAAmM) was
subsequently polymerized in the presence of the PAMPS hydrogel by irradiating UV for 8 hours
between two plates of glasses under argon gas atmosphere. After polymerization, the
PAMPS/PDMAAmM DN gel was immersed in 0.9% NaCl solution for 1 week and the water was
changed twice daily to remove any un-reacted materials. From the PAMPS/PDMAAmM DN gel,

we created cylindrical plugs 6-mm in diameter and 10-mm long.

Study design

Animal experiments were carried out in the Institute of Animal Experimentation, under
the Rules and Regulation of the University’s Animal Care and Use Committee.

A total of 17 skeletally mature female sheep (Suffolk, Sankyo Labo Service Corporation
Inc., Tokyo, Japan), 4 to 6 years old and weighing 65 to 85 kg, were used in this study. In the
bilateral knees of each animal, we created a cylindrical osteochondral defect having a diameter
of 6.0-mm in the femoral trochlea of the PF joint and the medial condyle of the TF joint (Figure
1). Then, 15 of the 17 sheep were randomly divided into 3 groups (Group I, Il, and IlI) of 5
animals each. In each group, the defect was created so that the depth of the final vacant space in
the defect with or without DN gel implantation became 2.0 mm in Group I, 3.0 mm in Group II,
and 4.0 mm in Group Ill. We implanted a cylindrical DN gel plug into the defect of the right
knee so that a vacant space of the planned depth for each group was left. In the left knee, we
created the defect having the same depth as the right knee, and we did not apply any treatment to

obtain the non-treated control. All animals were sacrificed at 12 weeks after surgery, using an



overdose of potassium chloride under general anesthesia, and their knee joints were used for the
gross and histological evaluations.

Based on the histological findings, because the degree of cartilage regeneration in
Group Il was the greatest among the groups, the 2 sheep were used for real time PCR analysis to

evaluate gene expression in the tissue regenerated in the defect at 12 weeks after surgery.

Surgical procedure

Surgery was performed under anesthesia induced by an intravenous injection of
ketamine hydrochloride (3 mg/kg). After intubation, anesthesia was maintained with halothane in
pure oxygen via endotracheal intubation. The animal was positioned in dorsal recumbency in a
cradle, leaving hindlimbs free. The bilateral hindlimbs were shaved and prepared in the standard
sterile fashion. A midline longitudinal skin incision was made over the knee joint. A medial
para-patellar arthrotomy was performed to expose the articular surface of the femoral trochlea
and the weight-bearing area of the medial femoral condyle. Then, an osteochondral defect having
a 6.0-mm diameter was created in the femoral trochlea of the PF joint and the medial femoral
condyle of the TF joint using a motorized drill. The right knee joint received the cylindrical DN
gel plug implantation, while the left knee was left untreated to serve as a control. The animals
were divided into 3 groups depending upon the depth of the final vacant space after the DN gel
implantation in the defect or the drilled defect in the non-treated control. The depth of the final
vacant space was set at 2.0 mm in Group I, 3.0 mm in Group Il, and 4.0 mm in Group Ill. We
selected the three different vacant space depth in this study because the regeneration effect of
DN gel implantation was influenced by the vacant space depth.?* ** The incision was closed

routinely in layers beginning with the deep fascia.



Postoperatively, the animals were returned to their cages (2 x 2 m) and allowed to put
full weight on their limbs without restriction of motion. At day 6 after the surgery, they were
allowed to roam freely in a fenced area (approximately 50 m?) and walk around outdoors for 2

hours per day on a licensed farm.

Examination methods
Histological examination of in vivo regenerated tissues

A distal portion of the resected femur was fixed in a 10 % neutral buffered formalin
solution for 3 days, decalcified with 50mM EDTA for a 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-eosin and Safranin-O.

We used the scoring system reported by O’Driscoll et al,?® ?" because this scale could
finely evaluate the histological findings. Histology was evaluated for cellular structure (hyaline
articular cartilage, 4 points; incompletely differentiated mesenchyme, 2 points; fibrous tissue or
bone, 0 points), Safranin-O staining of the matrix (normal or nearly normal, 3 points; moderate,
2 points; slight, 1 point; none, 0 points), surface regularity (smooth and intact, 3 points;
superficial horizontal lamination, 2 points; fissures of 25%-100% of thickness, 1 point; severe
disruption including fibrillation, O points), structural integrity (normal, 2 points; slight disruption
including cysts, 1 point; severe disintegration, 0 points), thickness (100% of normal adjacent
cartilage, 2 points; 50%-100% of normal cartilage, 1 point; 0%-50% of normal cartilage, O
points), bonding to the adjacent cartilage (bonded at both ends of the graft, 2 points; bonded at
one end or partially at both ends, 1 point; not bonded, 0 points), hypocellularity (normal

cellularity, 3 points; slight hypocellularity, 2 points; moderate hypocellularity, 1 point; severe



hypocellularity, 0 points), chondrocyte clustering (no clusters, 2 points; <25% of the cells, 1
point; 25%-100% of the cells, 0 points), and adjacent cartilage degradation (normal, no clusters,
and normal staining, 3 points; normal cell, mild clusters, and moderate staining, 2 points;
mild/moderate hypocellularity and slight staining, 1 point; severe hypocellularity, 0 points). The

full mark totaled 24 points.

Real time PCR analysis

Total RNA was extracted from the tissues regenerated in the defect, using the RNeasy
mini kit (Qiagen Inc., Valencia, CA). RNA quality from each sample was assured by the
A260/280 absorbance ratio. The RNA (100ng) was reverse-transcribed into a single strand of
cDNA using PrimeScript® RT reagent Kit (TakaraBio, Ohtsu, Japan). The RT reaction was
carried out for 15 minutes at 37 degrees Celsius and then for 5 seconds at 85 degrees Celsius. All
oligonucleotide primer sets were designed based upon the published mMRNA sequence. The
sequences of primers used in real time PCR analyses for sheep regenerative tissues were
described in Table 1. The real time PCR was performed by using the Thermal Cycler Dice®
TP800 (TakaraBio, Ohtsu, Japan) with SYBR® Premix Ex TagTM (TakaraBio, Ohtsu, Japan).
cDNA template (5 ng) was used for real time PCR in a final volume of 25 microlitter. cDNA was
amplified according to the following conditions: 95 degrees Celsius for 5 seconds and 60 degrees
Celsius for 30 seconds at 40 amplification cycles. Fluorescence changes were monitored with
SYBR Green after every cycle. A dissociation curve analysis was performed (0.5 degrees Celsius
/sec increase from 60 to 95 degrees Celsius with continuous fluorescence readings) at the end of
the cycles to ensure that single PCR products were obtained. The amplicon size and reaction

specificity were confirmed by 2.5% agarose gel electrophoresis. 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.

Statistical analysis

All data were described as the mean and standard deviation values. A commercially
available software program (StatView 5.0, SAS Institute Inc., Cary, NC, USA) was used for
statistical calculation. The mean value of the O’Driscoll’s score was statistically compared
among the groups using a two-way analysis of variance (ANOVA) followed by Fisher’s
protected least significance difference test for multiple comparisons. The significance level was

set at p=0.05.

Results
Histological evaluations

In histological analysis, the DN gel implanted defect of Group Il in the PF and TF joints
was completely filled with a sufficient volume of the proteoglycan-rich tissue stained with
Safranin-O (Figure 2). Regarding the defect of Groups | and Ill, cartilage tissue was not
homogenous (Figure 2). High magnification histology showed that fairly large round cells rich in
cytoplasm were scattered singly or as an isogenous group in a proteoglycan-rich matrix in the
regenerated tissue of the DN gel implanted defect and the regenerated cartilage was integrated
with the adjacent cartilage (Figure 3). On the other hand, some untreated defects were filled with
the fibrous and bone tissues and the others were not completely filled with a regenerative tissue

and rather remained as a defect, independent of the depth or the location.



Quantitative evaluations with the O’Driscoll’s grading scale

Concerning the O’Driscoll score (Figure 4), the ANOVA demonstrated that there was a
significant difference not only on the effect of the DN gel implantation (p<0.0001) but also on
the effect of the depth of the final vacant space (p=0.0006), while there was no statistical
difference on the effect of the defect location. The post-hoc test showed that Group Il was
significantly greater than Groups | and I1l when treated with DN gel in the PF joint (p=0.0441,

p=0.0174, respectively) and in the TF joint (p=0.0019, p=0.0006, respectively).

Real time PCR analysis

In real time PCR analysis, the type-2 collagen, aggrecan and Sox 9 mRNAs were highly
expressed in the regenerated tissue treated with DN gel in both the trochlea and the medial
condyle of Group 11, although their expression level was relatively low in the untreated control

(Figure 5: Two pairs of knees were analyzed).

Discussion

This study demonstrated that cartilage regeneration can be induced in vivo in an
osteochondral defect created not only in the PF joint but also in the TF joint of the sheep by
implanting the DN gel plug at the bottom of the defect. It is noted that the regeneration effect
was affected by the position (depth) of the implanted gel plug in the defect, and that the greatest
effect was obtained when a 3-mm deep vacant space was intentionally left in the defect. The
quality of regenerated cartilage was confirmed as hyaline-like since the cartilage markers

including the type-2 collagen, aggrecan, and Sox9 were highly expressed in the regenerated
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tissue treated with DN gel. These findings are consistent with the results obtained in the rabbit
model.?® #4231 It js also noted that the implantation of the DN gel is significantly effective in
inducing the cartilage regeneration in the TF joint defect, to which a cartilage regeneration
therapy is the most frequently required in the clinical field.

In the cartilage repair strategies, hydrogels have been utilized as cell carrier materials or
scaffolds, or as artificial cartilage. As presented in this study, the concept of this innovative
strategy with the DN gel implantation for cartilage repair is based on recruiting cells onto the DN
gel surface in the vacant space. The appropriate size of space is very important for regeneration
of a high quality cartilage tissue, but the DN gel itself is the most important key material in this
method because the DN gel is an excellent material for inducing cartilage regeneration. Previous
in vitro study showed that the DN gel induced chondrogenic differentiation of ATDCS5 cells
without insulin.® In addition, previous in vivo studies demonstrated that the cartilage
regeneration was induced by the DN gel at 4 weeks after implantation but not induced by the
poly(vinyl alcohol) (PVA) gel or the ultra-high molecular weight polyethylene (UHMWPE) in
the same experimental condition® and that the degree of the cartilage regeneration by the DN gel
was significantly greater than that by the PAMPS or the PDMAAmM gel,* which is a component
single-network gel of the DN gel. A series of our studies indicate that the DN gel has the
potential to induce chondrogenesis both in vitro and in vivo.

The regeneration phenomena induced by DN gel in this sheep model is almost the same
as presented in a series of studies using a rabbit model; where the effect was due to the position
(depth) of the implanted gel plug in the defect. Yasuda et al. demonstrated that cartilage
regeneration occurs in the blood clot formed on the DN gel, which contains mesenchymal stem

cells and various cytokines.® In this DN gel cartilage repair strategy, a sufficient amount of
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blood clot is formed in the defect immediately after surgery and an appropriate space is a
prerequisite for cartilage regeneration. Therefore, the cartilage regeneration was not induced in
Group | because the space was too narrow to accommodate sufficient formation of the blood clot
in the vacant space. On the other hand, the cartilage regeneration was not induced in Group Il
even with a large space. We speculate that the vacant space in Group Ill was so large that the
biomechanical environment was similar to the untreated control given that the biomechanical
condition is known to be an important factor when inducing chondrogenesis. Kelly et al. reported
that mechanical signals play an important role in differentiation of bone-marrow derived stem
cells,®® and Engler et al. found that matrix elasticity influences the differentiation of
mesenchymal stem cells.*

There are some limitations to this study. The first limitation is that we used an animal
model in cartilage repair experiments. The second limitation is that we evaluated the effect of the
DN gel on in vivo cartilage regeneration only at 12 weeks. The cartilage regeneration induced by
the gel may deteriorate for further follow-up. We need to perform further long-term studies to
confirm the safety and efficacy of the DN gel on cartilage regeneration. The third limitation is
that we did not actually examine the properties of the gel plug implanted in the bone tissue after
cartilage repair began. In a previous study,?* however, the mechanical properties of this DN gel
implanted in the subcutaneous tissue did not deteriorate at 6 weeks after implantation. Therefore,
we speculate that the mechanical properties of the hydrogel plug implanted in the bone tissue
may not significantly change at 12 weeks after implantation. The fourth limitation is that we did
not perform biomechanical evaluations of the regenerated cartilage. We recognize that the
biomechanical quality of cartilage is of vital importance for cartilage tissue restoration and

durability. The fifth limitation is that the absolute values in the results of the present study with
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the sheep cannot directly be ascribed to the human patient, even though large animal models are
typically required for regulatory approval of any cartilage repair strategy.*> *

In conclusion, the present study has added new important information to the cell-free
strategy for cartilage regeneration using the DN gel: The short-term efficacy of a cartilage
regeneration strategy using the synthetic PAMPS/PDMAAmM DN gel in a sheep model. This
method appears to generate an excellent hyaline cartilage repair without the use of exogenous

cells and without fully filling the osteochondral defect. This novel gel strategy needs to be

further validated in long-term studies to elucidate its potential.

Acknowledgments
This work was financially supported by grants from the Ministry of Education, Culture,

Sports, Science and Technology, Japan (Research Project Number: 15H03014).

References

1. DePalma AF, McKeever CD, Subin DK. Process of repair of articular cartilage demonstrated
by histology and autoradiography with tritiated thymidine. Clin Orthop Relat Res.
1966,48:229-42.

2. Shapiro F, Koide S, Glimcher MJ. Cell origin and differentiation in the repair of
full-thickness defects of articular cartilage. J Bone Joint Surg Am 1993;75:532-53.

3. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. Treatment of deep
cartilage defects in the knee with autologous chondrocyte transplantation. N Engl J Med.
1994;331:889-95.

4. Browne JE, Anderson AF, Arciero R, Mandelbaum B, Moseley JB Jr, Micheli LJ, Fu F,

13



10.

11.

12.

Erggelet C. Clinical outcome of autologous chondrocyte implantation at 5 years in US
subjects. Clin Orthop Relat Res. 2005;436:237-45.

Hangody L, Files P. Autologous osteochondral mosaicplasty for the treatment of
full-thickness defects of weight-bearing joints: ten years of experimental and clinical
experience. J Bone Joint Surg Am. 2003;85:25-32.

Henderson I, Francisco R, Oakes B, Cameron J. Autologous chondrocyte implantation for
treatment of focal chondral defects of the knee--a clinical, arthroscopic, MRI and histologic
evaluation at 2 years. Knee. 2005;12:209-16.

Horas U, Pelinkovic D, Herr G, Aigner T, Schnettler R. Autologous chondrocyte implantation
and osteochondral cylinder transplantation in cartilage repair of the knee joint. A prospective,
comparative trial. J Bone Joint Surg Am. 2003;85:185-92.

Knutsen G, Engebretsen L, Ludvigsen TC, Drogset JO, Grgntvedt T, Solheim E, Strand T,
Roberts S, Isaksen V, Johansen O. Autologous chondrocyte implantation compared with
microfracture in the knee. A randomized trial. J Bone Joint Surg Am. 2004;86:455-64.

Ochi M, Adachi N, Nobuto H, Yanada S, Ito Y, Agung M. Articular cartilage repair using
tissue engineering technique--novel approach with minimally invasive procedure. Artif
Organs. 2004;28:28-32.

Peterson L, Minas T, Brittberg M, Lindahl A. Treatment of osteochondritis dissecans of the
knee with autologous chondrocyte transplantation: results at two to ten years. J Bone Joint
Surg Am. 2003;85:17-24.

Buckwalter JA. Articular cartilage injuries. Clin Orthop Relat Res. 2002;402:21-37.

Driesang IM, Hunziker EB. Delamination rates of tissue flaps used in articular cartilage

repair. J Orthop Res. 2000;18:909-11.

14



13.

14.

15.

16.

17.

18.

19.

20.

21.

Heinonen M, Oila O, Nordstrom K. Current issues in the regulation of human
tissue-engineering products in the European Union. Tissue Eng. 2005;11:1905-11.

Micheli LJ, Browne JE, Erggelet C, Fu F, Mandelbaum B, Moseley JB, Zurakowski D.
Autologous chondrocyte implantation of the knee: multicenter experience and minimum
3-year follow-up. Clin J Sport Med. 2001;11:223-8.

Redman SN, Oldfield SF, Archer CW. Current strategies for articular cartilage repair. Eur
Cell Mater. 2005;9:23-32.

Smith GD, Knutsen G, Richardson JB. A clinical review of cartilage repair techniques. J
Bone Joint Surg Br. 2005;87:445-9.

Kon E, Filardo G, Roffi A, Andriolo L, Marcacci M. New trends for knee cartilage
regeneration: from cell-free scaffolds to mesenchymal stem cells. Curr Rev Musculoskelet
Med. 2012;5:236-43.

Kon E, Roffi A, Filardo G, Tesei G, Marcacci M. Scaffold-based cartilage treatments: with or
without cells? A systematic review of preclinical and clinical evidence. Arthroscopy.
2015;31:767-75.

Roessler PP, Pfister B, Gesslein M, Figiel J, Heyse TJ, Colcuc C, Lorbach O, Efe T, Schiittler
KF. Short-term follow up after implantation of a cell-free collagen type | matrix for the
treatment of large cartilage defects of the knee. Int Orthop. 2015;39:2473-9.

Schuttler KF, Schenker H, Theisen C, Schofer MD, Getgood A, Roessler PP, Struewer J,
Rominger MB, Efe T. Use of cell-free collagen type | matrix implants for the treatment of
small cartilage defects in the knee: clinical and magnetic resonance imaging evaluation. Knee
Surg Sports Traumatol Arthrosc. 2014;22:1270-6.

Azuma C, Yasuda K, Tanabe Y, Taniguro H, Kanaya F, Nakayama A, Chen YM, Gong JP,

15



22,

23.

24,

25.

26.

27.

Osada Y. Biodegradation of high-toughness double network hydrogels as potential materials
for artificial cartilage. J Biomed Mater Res A. 2007;81:373-80.

Tanabe Y, Yasuda K, Azuma C, Taniguro H, Onodera S, Suzuki A, Chen YM, Gong JP, Osada
Y. Biological responses of novel high-toughness double network hydrogels in muscle and the
subcutaneous tissues. J Mater Sci Mater Med 2008;19:1379-87.

Yasuda K, Kitamura N, Gong JP, Arakaki K, Kwon HJ, Onodera S, Chen YM, Kurokawa T,
Kanaya F, Ohmiya Y, Osada Y. A novel double-network hydrogel induces spontaneous
articular cartilage regeneration in vivo in a large osteochondral defect. Macromol Biosci.
2009;9:307-16.

Yokota M, Yasuda K, Kitamura N, Arakaki K, Onodera S, Kurokawa T, Gong JP.
Spontaneous hyaline cartilage regeneration can be induced in an osteochondral defect created
in the femoral condyle using a novel double-network hydrogel. BMC Musculoskelet Disord.
2011;12:49 . doi: 10.1186/1471-2474-12-49.

Gong JP, Katsuyama Y, Kurokawa T, Osada Y. Double-network hydrogels with extremely
high mechanical strength. Adv Mater. 2003;15:1155-8.

Hoemann C, Kandel R, Roberts S, Saris DB, Creemers L, Mainil-Varlet P, Méthot S,
Anthony P. Hollander AP, Buschmann MD. International Cartilage Repair Society (ICRS)
recommended guidelines for histological endpoints for cartilage repair studies in animal
models and clinical trials. Cartilage. 2011;2:153-72.

O’Driscoll SW, Keeley FW, Salter RB. Durability of regenerated articular cartilage produced
by free autogenous periosteal grafts in major full-thickness defects in joint surfaces under the
influence of continuous passive motion: a follow-up report at one year. J Bone Joint Surg Am.

1988;70:595-606.

16



28.

29.

30.

31.

32.

33.

34.

35.

Arakaki K, Kitamura N, Kurokawa T, Onodera S, Kanaya F, Gong JP, Yasuda K. Joint
immobilization inhibits spontaneous hyaline cartilage regeneration induced by a novel
double-network gel implantation. J Mater Sci Mater Med. 2011;22:417-25.

Kitamura N, Yasuda K, Ogawa M, Arakaki K, Kai S, Onodera S, Kurokawa T, Gong JP.
Induction of spontaneous hyaline cartilage regeneration using a double-network gel: The
efficacy of a novel therapeutic strategy for an articular cartilage defect. Am J Sports Med.
2011;39:1160-9.

Matsuda H, Kitamura N, Kurokawa T, Arakaki K, Gong JP, Kanaya F, Yasuda K.Influence of
the gel thickness on in vivo hyaline cartilage regeneration induced by double-network gel
implanted at the bottom of a large osteochondral defect: short-term results. BMC
Musculoskelet Disord. 2013;14:50. doi: 10.1186/1471-2474-14-50.

Ogawa M, Kitamura N, Kurokawa T, Arakaki K, Tanaka Y, Gong JP, Yasuda K.
Poly(2-acrylamido-2-methylpropanesulfonic acid) gel induces articular cartilage regeneration
in vivo: Comparisons of the induction ability between single- and double-network gels. J
Biomed Mater Res A. 2012;100:2244-51.

Kitamura N, Kurokawa T, Fukui T, Gong JP, Yasuda K. Hyaluronic acid enhances the effect
of the PAMPS/PDMAAmM double-network hydrogel on chondrogenic differentiation of
ATDCS cells. BMC Musculoskelet Disord. 2014;15:222. doi: 10.1186/1471-2474-15-222.
Kelly DJ, Jacobs CR. The role of mechanical signals in regulating chondrogenesis and
osteogenesis of mesenchymal stem cells. Birth Defects Res C Embryo Today 2010;90:75-85.
Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage
specification. Cell. 2006;126:677-89.

McGowan KB, Stiegman G. Regulatory Challenges for Cartilage Repair Technologies.

17



Cartilage. 2013;4:4-11.
36. US Food and Drug Administration. Guidance for industry: Preparation of IDEs and INDs for

products intended to repair or replace knee cartilage. Washington, DC: US Food and Drug

Administration; 2011.

18



Figure legends

Figure 1. Surgical implantation of a PAMPS/PDMAAmM DN gel plug. A: A cylindrical
osteochondral defect having a diameter of 6.0 mm was created in the femoral trochlea of the
patellofemoral (PF) joint and the medial condyle of the tibiofemoral (TF) joint. Then, a DN gel
plug was implanted into the bottom of the defect. B: A schematic cross-section of the
osteochondral defect into which the plug was implanted. The depth of the final vacant space in
the defect with or without DN gel implantation became 2.0 mm in Group I, 3.0 mm in Group I,
and 4.0 mm in Group IlI.

Figure 2. Histological evaluation by Safranin-O staining at 12 weeks (2x original magnification).
Black scale bar = 1 mm.

Figure 3. High magnification histological observations in DN gel implanted specimen of Group
Il at 12 weeks (a,b: Safranin-O, c,d: HE). White scale bar = 200 um, and yellow scale bar =
S50pum.

Figure 4. Quantitative evaluations of histology according to the grading scale reported by
O’Driscoll et al.”’

*Significantly different from the 2- and 4-mm depths of the final vacant space in the DN gel
implanted knees (p=0.0441 and p=0.0174, respectively).

*Significantly different from the 2- and 4-mm depths of the final vacant space in the DN gel
implanted knees (p=0.0019 and p=0.0006, respectively).

Figure 5. Gene expression of type-2 collagen (Col-2), aggrecan, and Sox9 (Two samples,

number 1 and 2 were analyzed).
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Table 1. List of primers used for real time PCR.

Primers (5°-3)

Accession No.

Type-2 collagen Forward:
Reverse:

Aggrecan Forward:
Reverse:
Sox9 Forward:
Reverse:
GAPDH Forward:

Reverse:

GCAGGAATTCGGTGTGGACATAG
TCAGGTCAGGTCAGCCATTCAG
GGCAAGCTCCAGAAGCAAGTG
ACAGTTGGGAACCCAGATGGAA
CACAGATCTTTGGGCTGTCTGAAC
GCTGCTGACACATCCTTGCAC
TGGTGAAGCAGGCGTCAGA
CGCTGTTGAAGTCGCAGGAG

FJ378650

FJ200438

AF012022

AF030943




	Manuscript
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Table 1

