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Introduction
Osteoarthritis (OA), defined as cartilage degradation and 

subchondral bone sclerosis/deformity, is slowly exacerbated not only 
following cumulative injuries to bone, cartilage, ligament, and the other 
joint structures [1], but also due to many factors related to senescence, 
body mass index, and life-style [2]. To restore joint structure and 
function in the late stages of OA, surgical strategies for reconstruction 
of both bone and cartilage have been investigated. A clinical report on 
osteochondral autografts (mosaicplasty) from non-load-bearing sites 
into the deteriorated sites (loading-bearing sites) showed favorable 
outcomes following surgery (clinical improvement in 79-94% of 
OA patients) [3]. However, with this therapeutic strategy, the loss of 
clinically sound cartilage is inevitable, and the obtainable autografts 
are limited by the large size of the osteochondral defects. Alternatively, 
a combination of artificial bone and autologous chondrocytes seeded 
onto a collagen scaffold has also shown favorable restoration of bone 
and cartilage [4]. New bone can be produced following the implantation 
of bone filler materials (for example, beta-tricalcium phosphate and/or 
hydroxyapatite) combined with or without bone-inducing substances, 
because crucial players in bone, the osteoclasts and osteoblasts, degrade 
the materials and generate the original bone matrix. On the other 
hand, articular cartilage has been shown to have a lower self-restorative 
capacity due to its avascularity and hypocellularity that could also be 
inappropriate for degrading the artificial materials such as the cell-

scaffolds. The materials that could persist in implanted sites for long 
periods are unsuitable for regenerating articular cartilage consisting of 
the pure hyaline cartilage, and therefore, we hypothesize that scaffold-
free cell implants are more effective. Previous studies on autologous 
chondrocyte implantation have revealed problems such as isolation 
of a few chondrocytes from large amount of normal cartilage [5], the 
small number of obtainable chondrocytes after in vitro culture [5] and 
dedifferentiation of chondrocytes during the culture passage [6]. To 
resolve these problems, studies on bone and cartilage regeneration using 
stem cells have recently been reported by Tatebe et al. [7]. Mesenchymal 
stem cells (MSCs) derived from bone marrow (BM), adipose tissue 
(AT), and synovium (SM) have been shown to differentiate into bone 
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Abstract
Background: Many surgical strategies for reconstruction of both bone and cartilage have ever been investigated 

to restore joint structure and function in the late stages of Osteoarthritis (OA). This study was designed to investigate 
the regeneration of articular cartilage and subchondral bone in the loading-bearing site using a three-dimensional 
(3D) construct of autologous adipose tissue-derived mesenchymal stem cells (AT-MSCs).

Methods: A 3D construct consisting of approximately 1,920 spheroids each containing 5.0 × 104 AT-MSCs 
was implanted into an osteochondral defect (with a diameter of 6.8 mm and a depth of 6 mm) in the right femoral 
medial condyle in five adult mini-pigs. The contralateral (left femoral) defect was the control. At three and six months 
post-operatively, the defects were evaluated using both CT and MR imaging. The radiolucent volume (RV, mm3) of 
the defects was calculated based on the multiplanar reconstruction of the CT images. MR images and gross and 
histologic pathology features were scored using a modified-MOCART system and the ICRS system, respectively, at 
six months post-operatively.

Results: The percentages of RVs at three and six months compared with those immediately after the surgeries 
were significantly decreased in the implanted defects compared with the control defects. The total scores of modified-
MOCART system were also significantly increased in the implanted sites comparing to the controls. Although there 
were no statistical differences in the average of gross scores, the average histological scores were significantly 
higher in the implanted sites than in the control sites. 

Conclusion: This is the first report suggesting that implantation of a scaffold-free three dimensional construct of 
only AT-MSCs into the osteochondral defect regenerates the original cartilage and subchondral bone structures over 
six months post-operatively in the loading-bearing site of large animal.
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and cartilage in vitro [8-10]. Among them, we expect that a therapeutic 
strategy using AT-MSCs would be acceptable for many OA patients. 
AT plays crucial roles in energy storage, shock absorbance, heat 
insulation, and endocrine function, but it might be often too much 
for OA patients with obesity and increased body mass index. If the AT 
that is eliminated to reduce a patient’s weight can be utilised as a source 
of autologous MSCs, the regenerative strategy of bone and cartilage 
involving the use of AT-MSCs could be the most reasonable application 
for OA patients. Although intrapatellar fat pad also might be an useful 
cell sauce of AT-MSCs, it could not be acceptable to incise the knee 
joint for obtaining AT. It has been reported that AT-MSCs could not 
differentiate into chondrocytes as well as SM-MSCs [11]. However, 
a recent study using rabbits and pigs presented bone and cartilage 
regeneration after implanting a scaffold-free three-dimensional (3D) 
construct of AT-MSCs into an osteochondral defect [12,13]. These 
studies were designed to evaluate the autologous implantation in non-
loading-bearing sites, where the osteochondral defects were generated 
subsequent to the mosaicplasty. Therefore, the aim of this study was to 
evaluate the regeneration of articular cartilage and subchondral bone 
after implanting a 3D construct of autologous AT-MSCs in the loading-
bearing site, where the osteocartilage may be mainly deteriorated in OA.

Materials and Method
Animals

Five mini-pigs (Nippon Institute for Biological Science), denoted 
animal Nos. 1 to 5, were used in this study. Their body weights and ages 
were 25.6 kg and 22 months (No. 1), 25.4 kg and 22 months (No. 2), 
27.6 kg and 22 months (No. 3), 25.6 kg and 22 months (No. 4) and 26.0 
kg and 22 months (No. 5). All procedures in this study were approved 
by the Animal Care and Use Committee of Kagoshima University 
(Approval No. D13025).

Isolation and expansion of AT-MSCs

Fifteen to twenty grams of cervical adipose tissue per animal was 
aseptically obtained under general anesthesia. The adipose tissues 
were minced and digested for 90 min in phosphate-buffered saline 
(PBS) containing 0.1% collagenase type I (Worthington Biochemical). 
The digested cell suspensions were filtered through a 70 µm pore 
diameter membrane (BD) and centrifuged at 160 ×g for 5 min at 
room temperature. After decanting the supernatant, the pellet was 
rinsed with PBS and centrifuged. After removing the supernatant, the 
pellet was resuspended and plated in a 150 cm2 culture dish (TPP) 
in complete culture medium (CCM): Dulbecco’s modified Eagle 
medium (DMEM, Life Technologies) containing 10% fetal bovine 
serum (FBS, Thermo Fisher Scientific) and 1% antibiotic-mycotic (Life 
Technologies). Following incubation at 37 ºC in 5% CO2 for seven 
days, the cells adhering to the bottom of the dish were washed with 
PBS and cultured in CCM. The medium was changed on the 7th day 
(D7) in Passage 0 (P0). The cells were harvested with 0.25% trypsin and 
1 mM ethylenediaminetetraacetate (EDTA, Life technologies), diluted 
by adding five volumes of PBS, and centrifuged on the 10th day (D10). 
After decanting the supernatant, the pellet was rinsed with CCM, and 
the cells were replated at 5 × 105 cells in 150 cm2 dishes and cultured for 
six days. The medium was changed every three days over six days in P1. 
This serial process of passaging was repeated until the analysis and the 
creation of a plug.

Preparation of 3D construct of AT-MSCs

The general outline of this method of construction has been 
previously reported [12-14]. At least 1 × 108 AT-MSCs were used to 

produce an autologous construct. The cells were inoculated into twenty 
96-well plates (Sumitomo bakelite) with 5 × 104 cells per well. After 
the plates were incubated undisrupted for 48 h, the cells formed a 
spheroid with a diameter of approximately 700 µm in the bottom of 
the well. Approximately 1,920 spheroids were placed into a cylindrical 
mold and incubated in CCM until implantation (7 days). When the 
mold was carefully removed, a columnar construct that was 6.3 mm in 
diameter and 6 mm in height appeared and was used for the subsequent 
autologous implantation (Figure 1a).

Implantation of the 3D construct of AT-MSCs

The implant surgery was performed under general 
anesthesia using oxygen and isoflurane inhalation following 
pre-medication  with  sedatives  (medetomidine  50  µg/
kg  intramuscular  injection  and midazoram 250 µg/kg intramuscular 
injection) and analgesics  (butorphanol 100 µg/kg intramuscular 
injection and ketamine 5 mg/kg intramuscular injection). Both 
femorotibial joints were incised from the outside, and the femoral 
medial condyle was exteriorized. Using a surgical trephine with an 
outer diameter of 6.8 mm, the articular cartilage and the subchondral 
bone were harvested to a depth of 6 mm in the center of the medial 
chondyle. By removing a column of cartilage and bone, a cylindrical 
osteochondral defect was created in each medial condyle (Figure 1b). A 
columnar construct (6.3 mm in diameter and 6 mm in height) composed 
of spheroids of AT-MSCs was autografted into the osteochondral defect 
in the right hind limb (Figure 1c), and nothing was implanted into 
the left limbs (control defects, Figure 1b). The gap between the defect 
(diameter of 6.8 mm) and the construct (that of 6.3 mm) was filled up 
by a press fit after implantation.

CT assessment of the osteochondral defects

The implants and the osteochondral defects were followed up every 
three months for six months (zero, three, and six months) after surgery 
using a computed tomography (CT) scanner (TOSHIBA) in both 
stifles. The animals were sedated by medetomidine and midazoram 
as descrived above, and then retained at the dorsal position. Their 
both stifles were examined by taking a series of x-rays (a CT scan) 
and analyzed using a MRP images to reconstruct 2-D and 3-D images 
of the interior surfaces of the bone defects. As shown in the figures, 
longitudinal section images were obtained in the lateral views of the 
cylindrical defect with 0.5 mm slice thickness. The radiolucent area of 

Figure 1: Surgical procedure. Columnar construct (6.3 mm in diameter and 6 
mm in height) for the implantation
(a). A cylindrical osteochondral defect in each medial condyle before 
implantation (b). The construct composed of approximately 1,920 spheroids of 
AT-MSCs was autografted into the osteochondral defect in the right hind limb 
(c). Nothing was implanted into the left limbs (control defects; B).  The white 
portions under the construct are a construct sill (asterisk) and a mold (double 
asterisks). 
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the defect in each 2-D sectional image was measured, and these areas 
were integrally calculated to a volume of the defect.

MR assessment of the osteochondral defects

The implants and the osteochondral defects were followed up every 
three months for six months (zero, three, and six months) after surgery 
using a magnetic resonance (MR) 3.0 tesla imager (HITACH) in both 
stifles. The animals were sedated by medetomidine and midazoram as 
descrived above, and then retained at the dorsal position to be set up in 
the coil for human head. The findings of MR images were also scored 
using a modified 2D-MOCART grading scale (Table 1) [15].

Pathological assessment of the osteochondral defects

All mini-pigs were euthanized six months after surgery, and the 
macroscopic findings were scored using the ICRS gross grading scale 
(Table 2). Both distal femurs were fixed in 10% NBF for two weeks 
and then longitudinally sectioned parallel to the trochlear groove. The 
tissue was paraffin embedded following decalcification with formic 
acid for one week. Serial sections (6-µm thick) were placed on glass 
slides and evaluated with hematoxylin & eosin (HE) staining, Masson’s 
trichrome staining, safranin O staining, and immunohistochemistry 
using specific antibodies against collagen type II (1:100 dilution, 
Daiichi Fine Chemicals) and an Avidin-Biotin Enzyme Complex 
system (VECTASTAIN ABC Standard Kit, Vector Laboratories). The 
histopathological findings were also scored using the ICRS histological 
grading scale (Table 3).

Statistical analysis

All numeric data are presented as the mean ± standard deviation 

(SD). The changes in RV in relation to the time course were analyzed 
using the paired t-test. The significant differences in the remaining 
percentages of RV, modified 2D-MOCART scores, and ICRS scores 
were analyzed between the implanted sites and the controls, using 
Student’s t-test (Excel, Microsoft). Differences with p < 0.05 were 
considered to be statistically significant.

Results
CT images and radiolucent capacity of the defects

A radiopaque area emerged from the boundary between the bone 

Feature Score

Defect fill

Complete 20
Hypertrophy 15
Incomplete > 50 % 10
Incomplete < 50 % 5
Subchondral bone expose 0

Cartilage interface

Complete 15
Demarcating border visible 10
Defect visible < 50 % 5
Defect visible > 50 % 0

Surface
Surface intact 10
Surface damaged < 50 % of depth 5
Surface damaged > 50 % of depth 0

Adhesion
Yes 5
No 0

Structure
Homogenous 5
Inhomogenous or cleft formation 0

Signal intensity
Normal 30
Nearly normal 10
Abnormal 0

Subchondral Lamina
Intact 5
Not intact 0

Subchondral bone
Intact 5
Granulation tissue, cyst, sclerosis 0

Effusion
No effusion 5
Effusion 0

Total (0-100)

Tabel 1: Modified 2D-MOCART scores.

Feature Score

Coverage

>75% fill 4
50-75% fill 3
25-50% fill 2
<25% fill 1
No fill 0

Neocartilage color

Normal 4
25% yellow/brown 3
50% yellow/brown 2
75% yellow/brown 1
100%yellow/brown 0

Defect margins

Invisible 4
25% circumference visible 3
50% circumference visible 2
75% circumference visible 1
Entire circumference visible 0

Surface

Smooth/level with normal 4
Smooth but raised 3
Irregular 25-50% 2
Irregular 50-75% 1
Irregular >75% 0

Average (0-4)

Tabel 2: ICRS gross grading scale.

Feature Score

Surface
Smooth/continuous 3
Discontinuities/irregulatrity 0

Matrix

Hyaline 3
Mixture; hyaline/fibrocartilage 2
Fibrocartilage 1
Fibrous tissue 0

Cell distribution

Columnar 3
Mixed/columnar clusters 2
Clusters 1
Individual cells/disorganized 0

Viability of cell population
Predominantly viable 3
Partially viable 1
<10% viable 0

Subchondral bone

Normal 3
Increased remodeling 2
Bone necrosis/granulation tissue 1
Detached/fractue/callus at base 0

Cartilage mineralization

(calcified cartilage)

Normal 3

Abnormal/inappropriate location 0

Average (0-3)

Table 3: ICRS histological grading scale.
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and the implant in the defects and increased more steadily upward 
and inward on the implanted sites than the control sites (Figure 2a). 
The average RV (radiolucent volume) values in the both defects were 
significantly (p<0.02) decreased at the third (0.10±0.04 and 0.12 mm3 

± 0.04 mm3 in the implanted and the control sites, respectively) and 

the sixth months (0.06±0.02 and 0.08±0.03 mm3 in the implanted 
and the control sites, respectively) after the surgery, compared with 
those immediately after the surgery (at month zero, 0.20 mm3 ± 0.04 
mm3 and 0.17 mm3 ± 0.06 mm3 in the implanted and the control sites, 
respectively). The RVs percentages at the third and sixth months against 
those at month zero (that is, the remaining percentages of RV) were 
significantly decreased in the implanted defects (52.5% ± 16.5% and 
30.2% ± 10.4%, respectively), compared with the control defects (74.5% 
± 8.0% and 50.5% ± 13.6%, respectively) (Figure 2b).

MR images and modified MOCART scores of the defects

MR images in the implanted sites of animal Nos. 1, 3, and 4 showed 
that the signal pattern at the surface of the articular cartilage was restored 
near to the normally-detected signal intensity of the surrounding sound 
cartilage, whereas the formation of new bone under the cartilaginous 
tissue was incomplete (Figure 3a). High signal intensity indicated that 
AT predominantly occupied the subchondral area in the implanted 
sites of animal Nos. 2 and 5. There were significant differences in 
the outcome measures such as defect fill (p<0.05), cartilage interface 
(p<0.05), and signal intensity (p<0.01) between the implanted and 
the control sites (Figure 3B). The scores of surface (p=0.06), cartilage 
structure, subchondral lamina and bone and adhesion (p=0.34) did 
not differ between both sites (Figure 3b). Accordingly, the total scores 
of the modified-MOCART system were significantly increased in the 
implanted sites (36.0 ± 17.8) compared with the controls (15.0 ± 0.0) 
(Figure 3b). 

Pathologic evaluation of the defects

Gross pathology in the implanted sites of animal Nos. 1, 3, and 4 
showed higher scores at the points of cartilage, including the coverage, 
the smooth surface, disappearing margin, and the color (Figure 

Figure 2: CT assessment of osteochondral defects. CT images show one 
cross-section of the multi-planar reconstruction images one, three, and six 
months after the surgery in animal No. 1 as a representative of all animals (a). 
Line graph shows the averages of RV (radiolucent volume) percentages at the 
third and sixth months against those at month zero in both defects (b). The 
averages at the third and sixth months were significantly (asterisks) decreased 
in the implanted defects, compared with the control defects. P<0.05 was 
considered to be statistically significant.

Figure 3: MR images of the osteochondral defects (A) and modified 2D-MOCART scores of osteochondral defects (B). MR images show one cross-section of the multi-
planar reconstruction images one, three, and six months after surgery in animal No.1 as a representative of all of the animals (A). MR image in the implanted site of 
animal No. 1 showed that the articular cartilage was almost restored the normally-detected signal intensity of the surrounding sound cartilage, whereas the new bone 
formation under the cartilaginous tissue was incomplete. There were significant differences (asterisks) in the outcome measures such as defect fill, cartilage interface, 
signal intensity, and the total scores between the implanted and control sites (B). P<0.05 was considered to be statistically significant.
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4a). However, there were no significant differences in the outcome 
measures of ICRS gross scores such as coverage (p=0.13), neocartilage 
color (p=0.13), defect margin (p=0.37), and surface (p=0.09) between 
the implanted and the control sites (Figure 4b). Accordingly, the 
average gross scores did not significantly differ between the sites 
(2.3 ± 1.5 and 1.0 ± 0.7 in the implanted and the control sites, 
respectively) (Figure 4b). Histopathology findings in animal Nos. 1, 
3, and 4 indicated the smooth coverage containing cartilage matrix 
positively stained by safranin O and immunohistochemistry and the 
subchondral bone formation in the implanted sites (Figure 5a and 
Figure 5b), while a deeply recessed surface and a lower rate of bone 
formation were observed in the control defects (Figure 5a and Figure 
5b). The ICRS histologic scores at the points except for subchondral 
bone were higher in the implanted sites than the control sites in animal 
Nos. 1, 3, and 4. Animal Nos. 2 and 5 showed that cartilagenous 
smooth coverage as well as the subchondral bone did not progress 
in both defects, therefore the scores at all points did not differ 
between the defects (Figure 5c). The scores of the histologic outcome 
measures such as surface, matrix, cell distribution, viability of the cell 
population, and cartilage mineralization (except for the subchondral 
bone (p=0.14)) were significantly higher in the implanted sites than 
those in the control sites (Figure 5c). The average histological scores 
were also significantly higher in the implanted sites (1.7 ± 1.0) than in 
the control sites (0.3 ± 0.2) (Figure 5c). 

Discussion
A radiopaque area emerged from the boundary between the 

implant and the bone defect, and RVs in both defects were significantly 
decreased three and six months after the surgery, compared with those 
immediately after the surgery. The results suggest that the subchondral 
bone formation naturally progressed in both osteochondral defects 
regardless of AT-MSCs implantation. However, the ratios (%) of RVs 
at three and six months after surgery compared with those at month 
zero were significantly lower in the implanted sites than in the controls. 
This indicates that the increased radiopaque area after the surgery 
could be larger in the implanted sites than in the controls, and that 
the subchondral bone formation would be increased by the AT-MSCs 
implantation. The implantation of a scaffold-free 3D construct of AT-
MSCs could be a promising medical strategy for the regeneration of 
the subchondral bone lost in the clinical cases of OA. As presented in 
this study, the significant effects on bone formation were confirmed 
three months after the implantation using a quantitative analysis of 
RV in the CT images. On the other hand, given that percentages of 
RV in the 6th month after the surgery were 30.2% ± 10.4% and 50.5% 
± 13.6% in the implanted and the control defects, respectively, the 
subchondral bone formation was not completed for six months in this 
study. We also performed a preliminary study to evaluate for one year 
on regeneration of the osteochondral defect in diameter of 6.8 mm 
and height of 10 mm (Supplemental Figure 1), and obtained the data 
showing lower percentages of RV persisting twelve months after AT-

Figure 4: Macroscopic findings of the surface of the implanted and control sites (A) and macroscopic scores of the implanted and control sites with ICRS gross grading 
scale (B).
In animal Nos. 1, 3, and 4, the surfaces of the implanted defects were covered with the abundant cartilaginous white tissue (f, h, i), whereas the surfaces of the 
implanted defects were depressed, and the cartilaginous tissues was scarce in animal Nos. 2 and 5(g, j). Furthermore, synovium adhered to the defect in animal No.2 
(g). On the other hand, the defects of the control sites were largely depressed in all animals (a, b, c, d, e). Gross pathology in the implanted sites of animal Nos. 1, 3, and 
4 showed higher scores at the points of cartilage, including the coverage, the smooth surface, disappearing margin, and the color. However, there were no significant 
differences in the outcome measures of ICRS gross scores (B).
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Figure 5: Histopathology of osteochondral defects using HE, Masson’s trichrome, Safranin O, and immunohistochemical staining of type II collagen (A, B) and 
microscopic scores of the implanted and control sites with the ICRS histological grading scale (C). In animal Nos. 1, 3, and 4, smooth coverage containing cartilage 
matrix was positively stained with safranin O and immunohistochemistry (Aa, Ac, Ad, Af, Ah, Ai), and subchondral bone formation was observed on at the implanted 
sites (Ba, Bc, Bd, Bf, Bh, Bi), whereas the deeply recessed surface and the lower bone formation were left in the implanted sites in animal Nos. 2 and 5 (Ab, Ae, Ag, Aj, 
Bb, Be, Bg, Bj). At the control site, the surface was irregular and fibrous tissue (which is not stained by safranin O) covered the subchondral bone (Ak, Al, Am, An, Ao, 
Ap, Aq, Ar, As, At, Bk, Bl, Bm, Bn, Bo, Bp, Bq, Br, Bs, Bt). The black dotted lines indicate the areas of osteochondral defects immediately after the surgery. The ICRS 
histologic scores at various points except for subchondral bone were higher in the implanted sites than in the control sites in animal Nos. 1, 3, and 4. Animal Nos. 2 and 
5 showed that the cartilaginous smooth coverage as well as the subchondral bone did not progress in both defects; therefore the scores at all of the points did not differ 
between the defects. The scores of the histologic outcome measures such as surface, matrix, cell distribution, viability of cell population, and cartilage mineralization, 
and the average was significantly (asterisks) higher in the implanted sites than in the control sites (C).
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MSCs implantation (7.0% and 37.4% in the implanted and the control 
defects, respectively) (Supplemental Figure 2). Given these results, we 
speculate that the subchondral bone regeneration after the AT-MSC 
implantation progresses over one year based on the size of this defect 
(diameter of 6.8 mm and height of 10 mm) (Supplemental Figure 3). 

Proton density (PD) - MR images after six months after the surgery 
demonstrated that, in three of the animals (Nos. 1, 3, and 4), the double 
structure of the superficial and deep cartilage layers showing the high 
and the low signal layers, respectively, was nearly restored to that of 
the surrounding sound cartilage in the implanted sites, but not in the 
controls. The cartilage regeneration suggest by the MR imaging findings 
was correspondingly defined based on the higher gross scores of the 
coverage, the smooth surface, the disappearing margin, and the color 
in the implanted sites of these three animals. Similarly, in the other 
animals (Nos. 2 and 5), as their MR images lacked the signal pattern 
specific to articular cartilage, the cartilage scores were degraded in the 
gross pathology. Considering these results, MR imaging could be very 
helpful for speculating about cartilage regeneration by implanting a 
scaffold-free 3D construct of AT-MSCs. Recent studies have suggested 
that PD-MR imaging would be feasible for assessing injuries and matrix 
degradation in articular cartilage [15]. Some scaffolds, which can be 
detectable using MR imaging might conceivably mask the cartilage 
regeneration. Although MR imaging might not replace arthroscopy 
as the gold standard for cartilage evaluation, rapidly advancing MR 
imaging technology would be a powerful complementary tool. The 
significantly higher total scores with the modified- MOCART system 
in the implanted defect as presented here, suggest that MR imaging 
could become a non-invasive approach to the examination of cartilage 
regeneration using a scaffold-free 3D construct of AT-MSCs. The 
MR imaging also provided the insight into the osteogenesis or the 
adipogenesis occurring under the new cartilaginous tissues. The 
undesirable adipogenesis in the subchondral area after the implantation 
could be detectable using MR imaging, although we do not have a clear 
answer regarding whether MR imaging is more effective for speculating 
about subchondral bone formation compared with the CT imaging. 

In animal Nos. 1, 3, and 4, gross pathology of the implanted sites 
showed higher scores at the points of cartilage, including the coverage, 
the smooth surface, disappearing margin, and the color than that of 
the control sites. However, in animal Nos. 2, and 5, there were little 
differences between the implanted and the control sites. As speculated 
the reason in the following section, no regeneration of either cartilage 
or bone in these two animals could result in the non-significant 
differences in macroscopic scores between them.

Histologically, in three animals (Nos. 1, 3, and 4), the smooth 
coverage containing the cartilage matrix was positively stained with 
safranin O, and subchondral bone formation occurred in the implanted 
sites, whereas a deeply recessed surface and the lower levels of bone 
formation were observed in the control defects. The other animals 
(Nos. 2 and 5) showed that neither the cartilaginous smooth coverage 
nor the subchondral bone was formed in both defects. Consistent 
with the statistical analysis of the animal data, not only the individual 
histological scores such as surface, matrix, cell distribution, viability 
of cell population, and cartilage mineralization but also the average 
scores were higher in the implanted sites compared with control 
sites. The significant differences were conclusive evidence in support 
of our speculation that a scaffold-free 3D construct of AT-MSCs can 
possibly achieve osteochondral regeneration in the future. However, 
the reason why neither the cartilaginous coverage nor the subchondral 
bone was regenerated in the implanted defects of animal Nos. 2 and 

5 warrant discussion. We speculated that the result could be due to 
defluxion of the AT-MSC constructs from the osteochondral defects 
in the early phase of post-operation. As mentioned in the preceding 
section, a 3D construct was accomplished by merging approximately 
1,920 spheroids including 5 × 104 AT-MSCs individually. We suppose 
that the indissoluble merge between some spheroids might contribute 
to the fragility of the construct. Although the fragility has not yet 
been quantified, the vulnerable construct could be deformed during 
the surgery. As the constructs were implanted into the osteochondral 
defects in the femoral medial condyle, in this study, we cannot rule out 
the possibility of defluxion of the AT-MSC spheroids or constructs from 
the osteochondral defects in the early post-operative phase due to the 
movements of the joint. We should improve the quality of constructs as 
well as the surgical procedure of implantation in order to obtain more 
the creadibility of osteochondral regeneration by AT-MSCs.

Although further studies might be required, we conclude that 
implantation of a scaffold-free 3D construct of only AT-MSCs into an 
osteochondral defect will be able to regenerate the original structure of 
the cartilage and subchondral bone in load bearing site of large animal.
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