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Background: Autologous chondrocyte implantation, a 2-stage, costly procedure, has limitations, prompting the development of
1-step techniques utilizing autologous minced cartilage (MC). However, novel scaffolds for cell migration and proliferation are
needed to enhance their effectiveness.

Purpose: To evaluate the effectiveness of silk-elastin and SpheroSeev (SESS) scaffolds in enhancing chondrocyte activity and
promoting cartilage repair in a rabbit model of osteochondral defect repair.

Study Design: Controlled laboratory study.

Methods: The effects of a SESS mixture combined with MC on cartilage repair in osteochondral defects were investigated in 42
Japanese White rabbits, with the defect (Df) group serving as the control. Bilateral osteochondral defects were created in the
knees of 36 rabbits, treated with MC, SESS, and a combination of MC and SESS, with all treated sites sealed using fibrin
glue. Osteochondral cartilage repair was evaluated using the modified O’Driscoll histological scoring, immunohistochemistry
for collagen type Il expression, and Ki67 staining for cell proliferation at 8, 12, and 24 weeks postoperatively.

Results: SESS alone and in combination with MC significantly enhanced osteochondral cartilage repair in the rabbit models by 24
weeks compared with the Df group (P < .05). Among them, histological scoring was higher in the SESS group (20.7 = 6) than in
the Df and MC groups (8.8 = 6.7, P = .046; 7.8 + 5.7, P = .023). This resulted in smooth surfaces and histological features similar
to normal cartilage. Immunohistochemical analyses revealed improved repair quality with increased expression of type Il collagen
and Ki67, indicating superior repair and cellular activity relative to the controls.

Conclusion: The combined use of SESS and MC effectively promoted cartilage repair in rabbit osteochondral defects. Notably,
the SESS mixture appears to enhance the structural and compositional repair of cartilage tissue, offering a promising approach
for the treatment of osteochondral defects.

Clinical Relevance: The novelty of this approach lies in combining silk-elastin and recombinant spider silk fibers, both of which
provide mechanical support and promote cell proliferation, making them promising candidates for enhancing cartilage repair in
osteochondral defects. Utilizing the SESS mixture as a scaffold for cartilage repair in osteochondral defects offers a 1-step, cost-
effective alternative to traditional autologous chondrocyte implantation, potentially enhancing cartilage repair and improving tis-
sue structure and biochemistry.
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Autologous chondrocyte implantation has proven effective

in the treatment of bone and cartilage defects, yielding pos-

itive clinical outcomes.?®” However, it has several
) » drawbacks—including invasiveness, cost, and the need for
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challenges, 1-step surgeries utilizing autologous minced car-
tilage (MC) have emerged,®? offering reduced invasiveness,
cost-effectiveness, and promising therapeutic potential.'?
Recently, combining MC with scaffolds has shown promise
in enhancing chondrocyte migration, proliferation, and carti-
lage matrix production, marking a significant advancement
in regenerative medicine.?® For instance, Matsushita et al®®
demonstrated the efficacy of MC implantation combined
with atelocollagen gel for treating osteochondral defects in
rabbits, suggesting its viability as an alternative to conven-
tional autologous chondrocyte implantation.

The selection of appropriate scaffolding material is cru-
cial in 1-step surgery procedures for fixing MC tissue in the
bone-cartilage defect site, as they significantly influence
tissue repair and clinical outcomes.243%:3336 Previous stud-
ies have highlighted silk fibroin, the precursor to silk-
elastin, for promoting cartilage repair by serving as a scaf-
fold for cartilage tissue formation.*®'® Similarly, recombi-
nant spider silk fibers (SpheroSeev, Seevix Material
Sciences Ltd) have emerged as another promising option
for cartilage repair, owing to their biocompatibility and sup-
port for chondrocyte growth.?>3* The transition of Sphero-
Seev from solid to fluid states, coupled with silk-elastin,
holds promise for effective cartilage repair. Research has
suggested that the synergy between these materials, given
their biological and mechanical properties, presents an
attractive avenue for cartilage defect repair.'®*?

Consequently, this study aimed to investigate 2 scaffold-
ing materials: silk-elastin protein and recombinant spider
silk fibers. Silk-elastin, an artificial protein synthesized
via genetic recombination, mimics natural proteins like
elastin and silk fibroin.!” Because of its high cell affinity
and elasticity, silk-elastin is considered suitable for treating
wounds.?® Silk-elastin can form a gel in solution by swelling
at higher temperatures, facilitating water incorporation
into its structure. Therefore, this study aimed to evaluate
the effectiveness of MC implantation with the silk-elastin
and SpheroSeev (SESS) scaffold in repairing cartilage
defects. We hypothesized that combining MC with a scaffold
comprising SESS would enhance cartilage repair by har-
nessing the advantages of both materials.

METHODS
Animals

All procedures were performed in accordance with the
guidelines for animal experimentation at our institution
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TABLE 1
Distribution of Animals by Treatment of Limbs
and Histologic Evaluation Time®

8 Weeks 12 Weeks 24 Weeks
Df: SESS 6 6 6
MC: MCSESS 6 6 6

“Df, defect; MC, minced cartilage; MCSESS, minced cartilage
and silk-elastin and SpheroSeev; SESS, silk-elastin and
SpheroSeev.

and with the approval of the Committee of Research Facil-
ities for Laboratory Animal Sciences, Graduate School of
Biomedical Sciences. A total of 42 male Japanese White
rabbits weighing between 2.5 and 3 kg were utilized in
this study. Surgeries were conducted under general anes-
thesia induced by ketamine hydrochloride and xylazine.
To evaluate the effects of the SESS scaffold on osteochon-
dral repair, osteochondral defect models were established
in both the knees of 36 rabbits according to previous
research?” (Table 1). The patellae were laterally dislocated
via the medial parapatellar approach. Defect sites were
marked using a 5-mm diameter biopsy punch and drilled
with a 2.3-mm diameter drill bit attached to a microgrinder
(Minitor’s Premo 25S2) operating at 10,000 rpm, with con-
tinuous irrigation using phosphate-buffered saline (PBS)
to prevent heat-induced tissue damage. This procedure
produced a circular defect measuring 5 mm in diameter
and 3 mm in depth, consistent with previous studies.'®2”
The defect site was then thoroughly washed with 50 mL
of PBS. An additional 6 rabbits were used to harvest artic-
ular cartilage from the shoulder and knee joints. Shoulder
and knee cartilage were harvested to obtain sufficient
chondrocytes, and the harvested tissue was finely minced
in a mesh-like pattern using a scalpel to achieve a paste-
like consistency, following established protocols for cartilage
repair.®> The MC was washed twice with PBS and disin-
fected by soaking in 500 mL PBS containing 1% antibiotics
(5 mg Amphotericin B) and centrifuged twice at 400 g for 10
minutes. The defect volume and grafted cartilage fragments
were calculated based on previous studies, and the cartilage
was manually minced into 8 mg fragments in a petri dish
using a scalpel.?” Subsequently, MC was used in vivo. The
SESS scaffold was prepared by mixing 15% silk-elastin
with 0.25% SpheroSeev to form a hybrid sponge capable of
transitioning from solid to gel. Fibrin glue (BOLHEAL

TAddress correspondence to Tomoyuki Nakasa, MD, PhD, Department of Orthopaedic Surgery, Graduate School of Biomedical & Health Sciences,
Hiroshima University, 3-2-1, Kasumi, Minami-ku, Hiroshima city, 734-0037, Japan (email: thakasa0@gmail.com).

*Department of Orthopaedic Surgery, Graduate School of Biomedical & Health Sciences, Hiroshima University, Hiroshima, Japan.

*Department of Orthopaedic Surgery, Faculty of Medicine, Kagawa University Hospital, Japan.

SSanyo Chemical Industries, LTD, Japan.

IMedical Center for Translational and Clinical Research, Hiroshima University Hospital, Japan.

Final revision submitted November 14, 2024; accepted December 17, 2024.

The authors have declared that there are no conflicts of interest in the authorship and publication of this contribution. AOSSM checks author disclosures
against the Open Payments Database (OPD). AOSSM has not conducted an independent investigation on the OPD and disclaims any liability or respon-

sibility relating thereto.

Ethical approval for this study was obtained from Hiroshima University (A22-201).



The Orthopaedic Journal of Sports Medicine

Cartilage Repair With Silk-Elastin Mixture 3

Figure 1. Experimental photos. (A) A 5-mm diameter and 3 mm deep defect. (B) Dried transplant site with solid SESS embedded.
(C) SESS embedded into the defect. (D) An 8-mg piece of cartilage. SESS, silk-elastin and SpheroSeev.

Tissue Sealant; KM Biologics) was applied to all groups as
a sealing agent. In the MC group, 8 mg of MC was inserted
into the defect before applying fibrin glue. In the SESS
group, a solid SESS gel (6 mm in diameter and 3 mm
deep) was implanted into the defect before fibrin glue appli-
cation (Figure 1). For the combined MC and SESS
(MCSESS) groups, 8 mg of MC was first implanted into
the defect, followed by the SESS scaffold, and then sealed
with fibrin glue. A small amount of fibrin glue (0.5 mL)
was prepared and applied to fill the defect. The joint capsule
and skin were sutured using 5-0 and 4-0 nonabsorbable
nylon sutures (Bear Medic Corporation), respectively.

Histological Evaluation

At 8, 12, and 24 weeks postoperatively, the rabbits were
euthanized using carbon dioxide. At each time point, 6
knees (femur and patella) from each group were evaluated.
The patella was included in the analysis because it articu-
lates directly with the femoral trochlea, where the osteo-
chondral defects were created. This allows for the
evaluation of potential secondary effects of treatment on
adjacent cartilage structures. Knee joints were harvested
and fixed with 4% paraformaldehyde at 4°C overnight.
After 4 to 6 weeks of decalcification in neutral decalcifica-
tion liquid EDT-X (FALMA), the samples were embedded
in paraffin, and 4 pm thick sections were prepared. Safra-
nin O/Fast Green staining was performed on the femur
and patella. The modified O’Driscoll histological scoring
scale, ranging from 0 (worst) to 27 (best), was used for
semiquantitative analysis of the femur.?! This scoring sys-
tem evaluates cartilage repair quality by assessing tissue
characteristics, structural features, and degenerative
changes. The investigation of patellar cartilage was
included because of its direct contact with the femoral
trochlea, where the osteochondral defect was located,
allowing us to assess the indirect effects of treatment on
adjacent cartilage. The Osteoarthritis Research Society
International (OARSI) score, ranging from 0 (best) to 25
(worst), was used for semiquantitative analysis of the
patella.?! The OARSI system evaluates osteoarthritis

severity by assessing cartilage depth changes and joint
surface involvement. Histological grading was performed
by 2 observers (G.K. and J.T.) who were blinded to the
source of the samples.

Immunohistochemistry

The sections underwent pretreatment with an antigen
retrieval reagent (Immunoactive; Matsunami Glass Ind)
overnight for heat activation, followed by treatment with
3% hydrogen peroxide for 10 minutes, normal blocking
serum for 30 minutes, and incubation with primary antibod-
ies against type II collagen (dilution 1:100; anti-hCL [II];
Daiichi Fine Chemical), type I collagen (dilution 1:250; Novus
Biologicals), and Ki67 (dilution 1:400; Cell Signaling Technol-
ogy) overnight at 4°C. The following day, the sections were
visualized using the avidin-biotin system (Vectastain Elite
ABC Mouse IgG kit; Vector Laboratories Inc) and 3,3’-diami-
nobenzidine (Peroxidase Substrate Kit; Vector Laboratories
Inc), according to the manufacturer’s instructions.

The immunohistochemical expression of chondrocyte
cells in the femur was evaluated using the integrated opti-
cal density (I0D).2% The 10D is measured in pixels per area
and allows for the estimation of the relative amount of the
target object in the background of the image. Ten areas
(8300 X 300—mm grid) in the region of interest on the car-
tilage surface of each section were randomly selected, and
IOD values were measured using Imaged 1.53 software.
For semiquantitative analyses, the data were expressed
as the mean IOD (IOD/area).?® To assess chondrocyte
migration and proliferation in the subchondral bone after
implantation, 3 areas (300 X 300—mm grid) in the repara-
tive tissue of each section were randomly selected, and
cells were counted under 400 X magnification. The mean
number of Ki67-positive cells per area was calculated for
each group, as previously described.?’

Statistical Analysis

Data were presented as the standard error of the mean.
Statistically significant differences in the Modified
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Figure 2. Gross appearance in each group at 8, 12, and 24
weeks postoperation. Df, defect; MC, minced cartilage;
MCSESS, minced cartilage and silk-elastin and Sphero-
Seev; SESS, silk-elastin and SpheroSeev.

O’Driscoll histological scoring scale, OARSI scores, 10D
values, and Ki67-positive cell rates among the 4 treatment
groups were evaluated using the Kruskal-Wallis test fol-
lowed by the Dunn multiple comparison test, with a signif-
icance level set at P < .05. All analyses were conducted
using GraphPad Prism 10.2 for Mac (GraphPad Software
Inc).

RESULTS

Gross Appearance

At 8 weeks postoperation, the defect (Df) group exhibited
minimal repaired tissue in the defect area, whereas the
other 3 groups (MC, SESS, and MCSESS) showed gradual
formation of white fibrous tissue originating from the
edges. Except for the Df group, the edges of the tissues in
these 3 groups were smooth (Figure 2).

By 12 weeks, the osteochondral defect area in the Df
group was filled with white fibrous tissue, with edge
degeneration progressing to bone sclerosis. Conversely,
the other 3 groups demonstrated an increased coverage
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of white fibrous tissue in the transplanted areas compared
with the 8-week mark, with a gradual decrease in defect
size (Figure 2).

At 24 weeks postoperation, the Df group displayed
irregular surfaces with indentations. Similarly, in the
MC group, the center of the defect was filled with fragile
tissue that was not fibrous, resulting in an irregular sur-
face. Both the SESS and MCSESS groups exhibited
a glossy, smooth surface, with fibrous tissue seamlessly
integrating with the adjacent cartilage. No enlargement
of repaired tissue or synovitis was observed throughout
the observation period (Figure 2).

Histological Evaluation

Femur. At 8 weeks postoperatively, the osteochondral
defect was barely filled in the Df group. In contrast, repar-
ative tissue with Safranin O-positive areas appeared
within the defects in the other 3 groups. The MC group
showed fewer defect fillings compared with the 2 groups
using SESS. MC fragments were observed beneath the
subchondral bone in the MC group, where subchondral
bone formation had begun. Bone marrow formation and
chondrocyte proliferation were evident in the SESS and
MCSESS groups, with some MC visible in the MCSESS
group (Figure 3).

The modified O’Driscoll histological scoring scale scores
at 8 weeks for the MC, SESS, and MCSESS groups were
higher than those for the Df group, however, the differences
were not statistically significant (Table 2). Furthermore, the
scores in the SESS group varied widely (Figure 4).

At 12 weeks postoperatively, no cartilage tissue was
observed in the defective area in the Df group. In the MC
group, chondrocytes in the Safranin O-positive area were
sparse, and subchondral bone formation was minimal. In
the SESS group, despite sparse chondrocytes in the Safra-
nin O-positive area, bone marrow formation was observed.
The MCSESS group exhibited more chondrocytes in the
Safranin O-positive area than the other groups, with
good bone marrow formation and a smooth cartilage sur-
face (Figure 3).

At 12 weeks postoperation, the modified O’Driscoll his-
tological scoring scale scores for the SESS and MCSESS
groups were significantly higher than those for the Df
group (Df vs SESS, P = .0097, Df vs MCSESS, P = .019)
(Table 2 and Figure 4).

At 24 weeks postoperation, the Df group still had
a remaining defect with almost no Safranin O-positive
chondrocytes. In the MC group, minced cartilage frag-
ments persisted, but Safranin O-positive chondrocytes
were sparse, and the osteochondral junction was poorly
reconstructed. The SESS group showed a thinner defect
with Safranin O-positive chondrocytes present, although
Safranin O-negative fibrous tissue was also observed on
the surface. The subchondral bone was repaired to the
level of the surrounding subchondral bone. In the MCSESS
group, the articular cartilage was close to normal thickness
with abundant chondrocytes in the Safranin O-positive
area, although the cartilage surface remained irregular.
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Figure 3. Safranin O/Fast Green staining for the femur in each group at 8, 12, and 24 weeks postoperation. Scale bar: 500 mm. Df,
defect; MC, minced cartilage; MCSESS, minced cartilage and silk-elastin and SpheroSeev; SESS, silk-elastin and SpheroSeev.

TABLE 2
Histological and Immunohistochemical Results at 8, 12, and 24 Weeks After Surgery”®

Test and Sacrifice Time in Weeks Df MC SESS MCSESS
Modified O’Driscoll

8 74 * 6.3 12.3 £ 4.3 131 74 16.3 £ 5.8

12 5.8 = 4.8 13 £ 3.8 17.7 = 5.3 16.3 = 4

24 8.8 £ 6.7 7.8 5.7 20.7 £ 6 20.3 £ 34
OARSI score

8 108 = 7.1 10.2 £ 5.2 25+ 24 1.7+ 0.8

12 103 = 6 55 = 3.1 3.2+ 2 0.83 £ 0.8

24 9.0 £ 6.7 82 =*6.1 27+ 46 2329
I0D/area, type 1 collagen

8 0.43 £ .0.3 0.40 = 0.06 0.39 = 0.05 0.33 = 0.06

12 0.39 = 0.02 0.41 = 0.04 0.34 = 0.01 0.35 = 0.02

24 0.46 = 0.05 0.40 = 0.01 0.34 = 0.02 0.34 = 0.02
I0D/area, type II collagen

8 0.33 £ 0.02 0.35 = 0.02 0.41 = 0.06 0.40 = 0.04

12 0.34 = 0.009 0.39 = 0.03 0.41 = 0.04 0.41 = 0.05

24 0.35 £ 0.03 0.39 = 0.07 0.43 = 0.03 0.44 = 0.03
Ki67 positive stains, %

8 897 19.2 = 10.5 31.8 £ 10.7 32.8 £ 9.5

“Data are presented as mean * SD unless otherwise indicated. Df, defect; IOD, integrated optimal density; MC, minced cartilage;
MCSESS, minced cartilage and silk-elastin and SpheroSeev; SESS, silk-elastin and SpheroSeev.

The osteochondral junction was better reconstructed in the
MCSESS group than in the other groups (Figure 3).

At 24 weeks postoperation, the modified O’Driscoll his-
tological scoring scale scores for the SESS group were sig-
nificantly higher than those for the Df and MC groups (DF
vs SESS, P = .046, MC vs SESS, P = .023) (Table 2). In
addition, the score of the MCSESS group was significantly
higher than that of the MC group (P = .041) (Figure 4).

Patella. At 8 weeks postoperation, the SESS and
MCSESS groups exhibited strong Safranin O positivity
and thicker cartilage layers resembling normal patellar
cartilage. However, the Df and MC groups showed changes
in Safranin O negativity in the cartilage surface and inter-
mediate layers, indicating the onset of degeneration (Fig-
ure 5A). The OARSI scores were 10.8 = 7.1 for the Df
group, 10.2 = 5.2 for the MC group, 2.5 = 2.4 for the
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Figure 4. Modification of the O’Driscoll histological scoring scale in each group at 8, 12, and 24 weeks postoperation. *P < .05;
**P < .01. Df, defect; MC, minced cartilage; MCSESS, minced cartilage and silk-elastin and SpheroSeev; SESS, silk-elastin and

SpheroSeev.

SESS group, and 1.7 = 0.8 for the MCSESS group (Figure
5B). The scores for the MCSESS group were significantly
lower than those for the Df and MC groups (Df vs
MCSESS, P = .035; MC vs MCSESS, P = .029) (Table 2).

At 12 weeks postoperatively, the MCSESS group main-
tained strong Safranin O positivity and thick cartilage
layers akin to normal patellar cartilage. The SESS group
showed slight degeneration of the cartilage surface layer.
The MC group exhibited strong Safranin O negativity on
the cartilage surface and intermediate layers, whereas
the Df group showed irregularities on the cartilage surface
(Figure 5A). The OARSI scores were 10.3 = 6 for the Df
group, 5.5 = 3.1 for the MC group, 3.2 *+ 2 for the SESS
group, and 0.83 * 0.8 for the MCSESS group (Figure
5B). The score for the MCSESS group was significantly
lower than that for the Df group (P < .001) (Table 2).

At 24 weeks postoperatively, the MCSESS group contin-
ued to exhibit strong Safranin O positivity and thick carti-
lage layers, mirroring normal patellar cartilage. The SESS
group showed Safranin O negativity in the cartilage sur-
face layer, indicating slight degeneration and surface
irregularities. The MC group showed strong Safranin O
negativity in the cartilage surface and intermediate layers,
whereas the Df group experienced further degeneration
(Figure 5A). The OARSI scores were 9 *= 6.7 for the Df
group, 8.2 * 6.1 for the MC group, 2.7 = 4.6 for the
SESS group, and 2.3 = 29 for the MCSESS
group. Although no significant differences were observed,
the SESS and MCSESS groups tended to have lower scores
(Table 2).

IMMUNOHISTOCHEMISTRY EVALUATION

To further assess bone repair capabilities, immunohisto-
chemical staining for bone and cartilage formation
markers was performed. The expression of type I collagen,

a bone formation marker, was detected on the surface of
the repaired tissue in the Df group (Figure 6A). At 8 weeks
after surgery, the expression levels were as follows: 0.43 *
0.03 for the Df group, 0.40 * 0.06 for the MC group, 0.39 =
0.05 for the SESS group, and 0.33 = 0.06 for the MCSESS
group (Figure 6B). The MCSESS group exhibited signifi-
cantly lower levels compared with the Df group (P =
.048) (Table 2). At 12 weeks after surgery, the results
were 0.39 = 0.02 for the Df group, 0.41 = 0.04 for the
MC group, 0.34 = 0.01 for the SESS group, and 0.35 +
0.02 for the MCSESS group (Figure 6B). The SESS group
showed significantly lower scores compared with the Df
and MC groups (Df vs SESS, P = .026, MC vs SESS, P =
.011) (Table 2). By 24 weeks, the results were 0.46 =+
0.05 for the Df group, 0.40 = 0.01 for the MC group,
0.34 *= 0.02 for the SESS group, and 0.34 + 0.02 for the
MCSESS group (Figure 6B). The SESS and MCSESS
groups had significantly lower levels than the Df
group (Df vs SESS, P = .0029, Df vs MCSESS, P < .001)
(Table 2).

Furthermore, the expression of type II collagen, a carti-
lage marker, was assessed via immunohistochemistry
(Figure 7A). At 8 weeks postoperatively, the results
showed 0.33 = 0.02 for the Df group, 0.35 = 0.02 for the
MC group, 0.41 *= 0.06 for the SESS group, and 0.40 +
0.04 for the MCSESS group (Figure 7B). Both the SESS
and MCSESS groups exhibited significantly higher values
compared with the Df group (Df vs SESS, P = .033, Df vs
MCSESS, P = .033) (Table 2). At 12 weeks, the results
were 0.34 = 0.009 for the MCSESS group, 0.39 + 0.03
for the MC group, 0.41 + 0.04 for the SESS group, and
0.41 = 0.05 for the MCSESS group (Figure 7B). The
MCSESS group showed significantly higher levels com-
pared with the Df group (P = .037) (Table 2). By 24 weeks,
the results were 0.35 + 0.03 for the Df group, 0.39 *= 0.07
for the MC group, 0.43 * 0.03 for the SESS group, and 0.44
+ 0.03 for the MCSESS group (Figure 7B). Both the SESS
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Figure 5. (A) Safranin O/Fast Green staining for the patella in each group at 8, 12, and 24 weeks postoperation. Scale bar: 300
mm. (B) OARSI scores in each group at 8, 12, and 24 weeks postoperation. *P < .05; ***P < .001. Df, defect; MC, minced car-
tilage; MCSESS, minced cartilage and silk-elastin and SpheroSeev; SESS, silk-elastin and SpheroSeev.

and MCSESS groups exhibited significantly higher than
the Df group (Df vs SESS, P = .029, Df vs MCSESS, P =
.027) (Table 2).

Moreover, Ki67 immunohistochemical analysis was per-
formed at 8 weeks after surgery to evaluate cell prolifera-
tion. Ki67-positive cells were observed in all groups, with
higher numbers in the SESS and MCSESS groups com-
pared with the Df and MC groups (Figure 8A). The mean
percentages of Ki67-positive cells in the Df, MC, SESS,
and MCSESS groups were 8.9% * 7%, 19.2% *+ 10.5%,
31.8% * 10.7%, and 32.8% = 9.5%, respectively (Table 2).
The percentage of Ki67-positive cells was significantly higher
in the SESS and MCSESS groups than in the Df group (Df vs
SESS, P = .011, Df vs MCSESS, P = .0093) (Figure 8B).

Although no significant differences were observed between
the MC, SESS, and MCSESS groups, the SESS and
MCSESS groups tended to have higher values.

DISCUSSION

This study focused on the comparative evaluation of each
treatment group for osteochondral defect repair over 24
weeks. At the 24-week mark, the MCSESS and SESS
groups demonstrated superior surface quality and integra-
tion with adjacent cartilage compared with the other
groups. This suggests that the SESS mixture may enhance
the structural and compositional quality of the repaired
tissue.
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Figure 6. (A) Immunohistochemistry of COLI in each group at 8,12, and 24 weeks after surgery. Scale bar: 500 um. (B) The mean
ratio of the IOD to area (IOD/area) was used to semi-quantify Col1. *P < .05; **P < .01; ***P < .001. COL1, type | collagen; Df,
defect; 10D, integrated optical density; MC, minced cartilage; MCSESS, minced cartilage and silk-elastin and SpheroSeev; SESS,

silk-elastin and SpheroSeev.

The novelty of this study lies in the combination of
a silk-elastin sponge, which is clinically used for skin ulcer
treatment,?® with SpheroSeev. SpheroSeev is known for its
flexibility, elasticity, biocompatibility, and sustained cell
activity, indicating its potential for osteochondral defect
repair. In comparison with other cartilage repair studies
using the Modified O’Driscoll histological scoring scale,
Getgood et al'! reported scores of 16.83 for recombinant
human fibroblast growth factor 18 (rhFGF18) at 24 weeks
in an ovine model utilizing a biphasic collagen/glycosami-
noglycans scaffold with rhFGF18 or BMP-7. Frenkel
et al'® compared 2 different biphasic implants in a rabbit
osteochondral defect model and reported scores of 20.4
for a polyelectrolytic complex hydrogel of hyaluronic acid
and chitosan and 19.1 for type I collagen at 24 weeks. In

addition, Demir et al'* reported scores of 15.2 for Chon-

dro-Gide, 16.2 for MaioRegen, and 19.7 for poly-D, L-lac-
tide-co-caprolactone at 12 weeks in a rabbit
osteochondral defect model comparing 3 cell-free matrix
scaffolds. Consistent with these findings, the SESS group
(20.7) and the MCSESS group (20.3) showed comparable
cartilage repair effects in this study. Furthermore, the
mean percentages of Ki67-positive cells in the subchondral
bone for the Df, MC, SESS, and MCSESS groups were 8.9%
+ 7%, 19.2% * 10.5%, 31.8% = 10.7%, and 32.8% = 9.5%,
respectively. The significance of cell proliferation in sub-
chondral bone for cartilage repair has been demonstrated
in several studies using rabbit models. Wu et al®® sug-
gested that the activation of progenitor cells and bone mar-
row stem cells in the subchondral bone is crucial for the



The Orthopaedic Journal of Sports Medicine

Cartilage Repair With Silk-Elastin Mixture 9

A
8w
12w
r
24w
55 * 0.55- 55 *
0.55 055 ——
*
50 0.50- 50
0.50 — 0.50
8 045 8 0.45- 8 0.45+
8 P 8
8 0.40- 8 0.40 8 0.40- T
0.35- é Q 0351 =3 0.351 é
0.30 L—————— . a— 030
S & L & S & & 2 S & P P
N 2 v &S v & £
S 3 A\
8w 12w 24w

Figure 7. (A) Immunohistochemistry of COLII in each group at 8,12, and 24 weeks postoperation. Scale bar: 500 wm. (B) The
mean ratio of IOD to area (IOD/area) was used to semi-quantify COLII. *P < .05. COLII, type Il collagen; Df, defect; IOD, integrated
optical density; MC, minced cartilage; MCSESS, minced cartilage and silk-elastin and SpheroSeev; SESS, silk-elastin and

SpheroSeev.

repair and remodeling of subchondral bone in a collage-
nase-induced temporomandibular joint osteoarthritis rab-
bit model. Wang et al®” evaluated the repair response 1
year after implanting an allogenic periosteum-derived
cell polylactic acid composite graft in the femoral condyle
osteochondral defect of New Zealand White rabbits, high-
lighting the importance of healthy subchondral bone for
joint cartilage repair. The elevated Ki67 expression in sub-
chondral bone indicates active tissue remodeling and vas-
cular formation, which supports the cartilage repair
process through multiple mechanisms. This finding aligns
with current understanding of osteochondral repair as
a coordinated process involving both bone and cartilage
compartments.'® Our results showed that MC alone dem-
onstrated inferior cartilage repair compared with SESS
and MCSESS. This aligns with the findings of Andjelkov

et al' that without scaffolds, cartilage repair is poor
because of the lack of chemo-tactical, mechano-tactical,
and electro-tactical factors necessary for mesenchymal
stem cell-like fibroblast migration. Consistent with a previ-
ous study,?® these findings suggest that scaffolds play a sig-
nificant role in cartilage repair.

Our study also found that the cartilage in the patella,
which is in contact with the osteochondral defect site on
the femoral trochlea, showed slower degeneration with
SESS compared with the Df group. This finding suggests
that SESS may help prevent cartilage degeneration in
regions not directly affected by osteochondral defects.
Although there are a few reports directly correlating patel-
lar cartilage degeneration with femoral cartilage repair,
Koh et al'® investigated the contact pressure resulting
from mismatched grafts in osteochondral defects of the
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Figure 8. (A) Immunohistochemistry of Ki67 in each group at 8 weeks postoperatively. Scale bar: 100 pm. (B) The rate of Ki67-
positive cells in the reparative tissue in the subchondral bone. *P < .05; **P < .01. Df, defect; MC, minced cartilage; MCSESS,
minced cartilage and silk-elastin and SpheroSeev; SESS, silk-elastin and SpheroSeev.

medial femoral condyle. They reported that contact pres-
sure increased with defects or mismatched grafts com-
pared with normal cartilage, potentially exacerbating
adjacent cartilage degeneration.!! Other studies have sim-
ilarly indicated that mismatched defects can adversely
affect adjacent cartilage.'®!3?° Our results suggest that
sustained mismatched defects may lead to increased con-
tact pressure and subsequent cartilage degeneration.

The novelty of our study lies in the observation that
SESS not only promotes osteochondral defect repair but
also exerts a protective effect on adjacent cartilage, such
as the patella, by maintaining scaffold integrity. The abil-
ity of SESS to mitigate cartilage degeneration indirectly
related to the defect highlights its potential as a compre-
hensive treatment option for osteochondral injuries and
offers a new perspective on preventing the progression of
osteoarthritis.

In addition, there were no significant differences in car-
tilage repair between the SESS and MCSESS groups. Con-
sidering the simplicity of the technique and consistency
with the findings of Demir et al that indicated cell-free
scaffolds alone were effective in cartilage repair, SESS
alone might be sufficient for achieving cartilage repair.'*
Future studies should investigate the use of SESS in larger
animal models to better understand its potential for clini-
cal translation and evaluate its long-term effects on both
cartilage repair and adjacent structures.

Limitations

This study has a few limitations. First, further investigation
is needed to determine whether SESS is superior to other

scaffolds in treating osteochondral defects. Matsiko et al?®
emphasized the importance of scaffold microstructure,
showing that larger pore sizes promote cartilage formation,
gene expression, and matrix deposition. However, the
microstructure of SESS is not well defined and requires fur-
ther research. Second, although this study used Japanese
White rabbits and did not observe obvious complications,
such as infections, arthritis, or rapid disease progression,
more cautious research is necessary before the clinical
application of SESS in humans. Similar to this limitation,
our study used small animal models (rabbits), which possess
a higher regenerative potential than humans. The results
observed, particularly with subchondral repair, may not
directly translate to human patients because of differences
in healing capacity. Last, the detailed mechanism by which
SESS achieves effective tissue repair remains unclear. The
effects of SESS on chondrocyte migration, proliferation,
integration with surrounding tissues, and remodeling need
further elucidation. Despite these limitations, the use of
SESS for scaffold creation holds the potential to simplify
future osteochondral defect treatments.

CONCLUSION

The combination of silk-elastin, SpheroSeev, and MC as
scaffolds may enhance cartilage repair in osteochondral
defects in rabbits. Notably, the SESS mixture demon-
strates promising potential for improving the structural
integrity and biochemical composition of repaired tissue,
suggesting an effective approach for addressing osteochon-
dral defects.
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