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Current techniques in biological resurfacing of cartilage
defects require an open arthrotomy or arthroscopy and
involve the direct transplantation of isolated cells and/or
scaffolds or whole tissue grafts with chondrogenic potential onto the cartilage defect. Our study investigates the
possibility of direct intra-articular injection of mesenchymal stem cells suspended in hyaluronic acid (HA) as an
alternative to the much more invasive methods currently
available. A partial-thickness (without penetration of the
subchondral bone) cartilage defect was created in the
medial femoral condyle of an adult minipig. Mesenchymal
stem cells from the iliac crest marrow of the same pig
harvested in a separate procedure and suspended in 2

milliliters of hylan G-F 20 (Synvisc) were injected intraarticularly after the creation of the defect. This was followed by two more injections of hylan G-F 20 (HA) at
weekly intervals. Either saline or HA was injected into the
knees of the controls. The pigs were sacrificed at 6 and 12
weeks for morphological and histological analysis. The
cell-treated groups showed improved cartilage healing
both histologically and morphologically at 6 and 12 weeks
compared with both controls. The use of intra-articular
injections of mesenchymal stem cells suspended in HA is
a viable option for treating large cartilage defects. This
would be further explored in clinical trials. STEM CELLS
2007;25:2964 –2971
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INTRODUCTION
Cartilage injuries are a common clinical problem that, if left
untreated, could lead to osteoarthritis. With the ageing population worldwide, this will become one of the leading clinical
problems faced by orthopaedic surgeons.
It is well known that the capacity of articular cartilage for
repair is limited. Injuries of the articular cartilage that do not
penetrate the subchondral bone do not heal and usually progress
onto the degeneration of the articular surface. A short-lived
response is normally observed, but it fails to provide sufficient
cells and matrix to repair even the smaller defects [1– 4]. Injuries
that penetrate the subchondral bone undergo repair through the
formation of fibrous, fibrocartilaginous, or hyaline-like cartilaginous tissues, depending on the species and age of the animal as
well as the location and size of the injury [5– 8]. These tissues,
even those that resemble hyaline cartilage histologically, differ
from normal hyaline cartilage both biochemically and biomechanically. After 6 months, degenerative changes appear in
these tissues of approximately half of the full-thickness defects
[9, 10]. Similarly, the degenerated cartilage seen in osteoarthritis
does not usually undergo repair but progressively deteriorates.
Current techniques in biological resurfacing of cartilage
defects require an open arthrotomy or arthroscopy and involve
the direct transplantation of isolated cells and/or scaffolds or
whole tissue grafts with chondrogenic potential onto the cartilage defect. All the above methods are invasive, and none has
been shown to be superior to the rest [11].

To date, there has been only one study describing the direct
intra-articular injection of stem cells in a goat model of osteoarthritis [12]. This study used an osteoarthritis model that involved excision of the anterior cruciate ligament and the total
medial meniscus. The study showed reduced degeneration of the
articular cartilage and marked regeneration of medial meniscus
in the cell-treated group. Based on this study, we proposed an
injectable option using MSCs suspended in hyaluronic acid
(HA) for the treatment of large chondral defects in a porcine
model, thus combining the regenerative potential of MSCs and
the known chondroinductive and chondroprotective properties
of hyaluronic acid using a scaffoldless minimally invasive technique. Our aim is to provide a novel idea of injectable MSCs as
an alternative solution to the problem of cartilage regeneration.

MATERIALS

AND

METHODS

Animal Groups
Twenty-seven adult pigs of mean age 1 year old and mean weight
42 kg were randomly assigned to three groups. They were defined
according to different therapeutic methods; group 1 was treated with
an injection of MSCs and HA, and groups 2 and 3, which were
control groups, were injected with HA and saline, respectively. All
the animals had a partial thickness chondral defect created in the
medial femoral condyle. They were then subjected to the different
therapies according to the groups to which they were assigned. In
each group, three pigs were sacrificed at 6 weeks from the time of
the first injection and six pigs were sacrificed at 12 weeks. The
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femoral condyles were isolated for histomorphological analysis.
The project was approved by the Institutional Animal Care and Use
Committee and conducted in compliance with the National Advisory Committee for Laboratory Animal Research Guidelines.

MSC Isolation and In Vitro Proliferation

Tripotential Differentiation of MSCs
Adipogenic differentiation was induced by culturing MSCs for 2
weeks in adipogenic medium (DMEM containing 10% FBS, 1 !M
dexamethasone, 0.5 mM isobutylmethylxanthine, 10 !g/ml insulin,
and 100 !M indomethacin) and assessed using an oil red O stain.
Osteogenic differentiation was induced by culturing MSCs for 2
weeks in osteogenic medium (DMEM containing 10% FBS, 100
nM dexamethasone, 10 mM glycerophosphate, and 50 !M ascorbic
acid) and examined for extracellular matrix calcification by alizarin
red stain. Chondrogenic differentiation was induced using the micromass culture technique. Briefly, 3 " 105 cells were pelleted into
a 15-ml horny tube and cultured in chondrogenic medium (DMEM
containing 1% FBS, 50 !g/ml ascorbic acid, 10 ng/ml transforming
growth factor-"1, and 6.25 !g/ml insulin) for 3 weeks. The pellet
was gently overlaid so as not to detach the cells. Chondrogenesis
was confirmed by toluidine blue stain [13].

Creation of the Chondral Defect
The animals were induced using intramuscular (IM) ketamine at 15
mg/kg and maintained using 2% inhalational halothane. IM Baytril
at 2.5 mg/kg was given preoperatively and for 5 days postoperatively. Tengesic at 0.005 mg/kg was given as postoperative analgesia. The mean weight of the pigs was 42 kg at the initial operation.
At the initial operation, a standard medial parapatellar approach was
used to expose the knee. A defect was created in the weight-bearing
area of the medial femoral condyle using a special tube osteotome
with a depth-limiter (Fig. 1A). The base of the defect was smoothened by a surgical scalpel. Care was taken not to breach the
subchondral bone, and the calcified layer was left intact. The defect
size was 8.5 mm and 1 mm deep, and on average this was 60% of
the medial femoral condyle width. Careful hemostasis and a layered
closure were performed to ensure a watertight seal, and the pigs
were allowed to move freely postoperatively with adequate analgesia given. All of the operations were performed by K.B.L. Lee, an
orthopedic surgeon.

Healing of the Chondral Defect
Three separate intra-articular injections were given postoperatively
at weekly intervals following the same schedule as the technique of
viscosupplementation using HA. The first injection was given a
week after the index operation. The study group had an initial
injection of MSCs suspended in 2 ml of HA followed by two more
injections of HA in the following 2 weeks. The two control groups
had three separate weekly injections of either normal saline or HA.

www.StemCells.com

Figure 1. Chondral defect of the medial femoral condyle. (A): Creation of the defect with a tube osteotome. (B): The resultant defect.

Histological Analysis and Immunostaining
In each group, three pigs were sacrificed at 6 weeks from the time
of the first injection and six pigs were sacrificed at 12 weeks. The
method of euthanasia was i.v. injection of a lethal dose of thiopentone. The specimens were fixed in 10% formalin, decalcified and
sectioned longitudinally, and stained with hematoxylin and eosin
(cellular architecture), Masson’s trichome (collagen), and Safranin
O (cartilage proteoglycan).
Samples of the study group (MSC-treated) at 12 weeks were
also prepared for immunohistological staining. Mouse derived
monoclonal antibodies against collagen type I (mouse anti-collagen
type I monoclonal antibody; Chemicon, Temecula, CA, http://www.
chemicon.com) and collagen type II (mouse anti-chicken collagen
type II monoclonal antibody; Chemicon) were used to detect the
collagen distribution in the repair tissue. UltraVision detection
system (Lab Vision, Fremont, CA, http://www.labvision.com) was
used to visualize these antibodies. Immunohistology stains were
performed according to the protocol provided in the manual.
Briefly, 4-um-thick sections were affixed onto glass slides, deparaffinized, rehydrated, and digested with pepsin (Lab Vision) for 20
minutes at 37°C. The slide was then incubated in hydrogen peroxide
block solution for 15 minutes, and Ultra V Block solution was
applied for 5 minutes at room temperature. Primary antibodies were
applied and incubated overnight at 4°C. Biotinylated goat antimouse solution and streptavidin peroxidase solution were applied at
room temperature for 30 minutes and 45 minutes separately. Afterward, diaminobenzidine was applied to these cells, which were then
incubated and monitored under a microscope for the desired stain
intensity. All images were taken from the defect-repair region.

In Vivo Tracing of MSCs
To allow in vivo tracing of the injected MSCs, labeling was performed with carboxyfluorescein diacetate succinimidyl ester
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The MSCs were harvested from the iliac crest marrow in a separate
procedure 3 weeks prior to surgery. Ten milliliters of marrow was
aspirated with a needle (Jamshidi Bone Marrow Biopsy/Aspiration
Needles 11GA; Cardinal Health, Dublin, Ohio, http://www.cardinal.
com) into a syringe containing 0.5 ml of heparin. The aspirated
sample was centrifuged and rinsed with Hanks’ balanced salt solution (HBSS). The pelleted components were resuspended with adequate amounts of complete medium (Dulbecco’s modified Eagle’s
medium [DMEM], fetal bovine serum [FBS], L-glutamine, and
sodium pyruvate) before being distributed into a cell culture flask.
Complete medium in the cultured flask was replaced every 2 days.
After 1 week, nonadherent cells were washed off with phosphatebuffered saline (PBS), and fresh medium was added.
Once passage 0 (P0) cells reached 75% confluency in the
seeded flask, the colonies were trypsinized and seeding of P1 cells
began. A mean of 7.0 million MSCs with a range of 3.5–10.1
million were obtained at 3 weeks. The P1 cell suspensions were
rinsed to remove traces of complete medium. After a final rinse with
sterile normal saline, the cells were carefully introduced into a new
syringe together with 2 ml of hylan G-F 20 (Synvisc). This was
performed under aseptic conditions.
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(CFDA-SE; Vybrant CFDA SE Cell Tracer Kit [V-12883]; Molecular Probes, Eugene, OR, http://probes.invitrogen.com). CFDA-SE
was dissolved in dimethylsulfoxide, and this mixture was diluted
with prewarmed PBS to obtain a working concentration of 5.0 !M.
The in vitro cultured cells were harvested and the prerinsed cell
suspension prepared.
Centrifuging was then performed to obtain a cell pellet, and the
supernatant was discarded. The cells were gently resuspended in the
prewarmed (37°C) PBS containing the chemical dye. The mixture
then passively diffused into the cultured cells, and an intracellular
chemical reaction occurred, causing the colorless and nonfluorescent dye components to form fluorescent dye-protein conjugates.
After a 15-minute incubation period at 37°C, the cells were repelleted by centrifugation and resuspended in HBSS. The dye-labeled
cells could then be observed by fluorescence microscopy, and this
allowed for in vivo tracing.

Semiquantitative Histological Scoring
The histological scoring system used was that of the Wakitani score
[14]. This examined five categories including cell morphology,
matrix-staining, surface regularity, thickness of cartilage, and integration with adjacent host cartilage with a maximum score of 14
(poorest result). The cell morphology was graded from 0 (for tissue
that was normal when compared with the adjacent, uninjured cartilage) to 4 points (when cartilage tissue was absent). Matrix staining, or the degree of metachromasia, was graded from 0 (for tissue
that was normal when compared with the adjacent, uninjured cartilage) to 3 points (no metachromatic staining).
Surface regularity, or the proportion of the surface of the defect
that appears smooth when compared with the entire surface, was
graded from 0 (when more than three quarters of the surface

was smooth) to 3 points (when less than one quarter of the surface
was smooth). The thickness of cartilage, or the average thickness of
cartilage in the defect when compared with the surrounding cartilage, was graded from 0 (when the average thickness of the cartilage
in the defect was more than two-thirds that of the surrounding
cartilage) to 2 points (when the average thickness was less than
one-third that of the surrounding cartilage). Integration of the neocartilage with the host cartilage was graded from 0 (no gap between
the neocartilage and host cartilage) to 2 points (a complete lack of
integration). Three researchers familiar with cartilage work and not
involved in this project assessed the slides independently. They
were all blinded to reduce observational bias.

Statistics
Statistical analysis was provided by our biostatistician. The
Kruskal-Wallis test was used to test for significant differences
among the three groups, and pairwise comparison was performed
using the Mann-Whitney test.

RESULTS
Macroscopic Observations
No signs of osteoarthrosis such as osteophytes, cyst formation,
cartilage erosion, or synovial proliferation were observed in any
of the knees at any sampling interval despite the fact that a large
proportion of the weight-bearing surface was occupied by the
defect. At 6 weeks, partial filling of the defects was seen in
typical MSC-treated and HA-treated specimens, and there was
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Figure 2. Images of the repaired chondral
defects. (A): Gross morphological assessment at 6 weeks showing almost complete
healing of the defect with MSCs ! hyaluronic acid (HA). (B): Gross morphological
assessment at 6 weeks showing partial healing of the defect with HA. (C): Gross morphological assessment at 6 weeks showing
no healing of the defect with saline. (D):
Gross morphological assessment at 12
weeks showing almost complete healing of
the defect with MSCs ! HA. (E): Gross
morphological assessment at 12 weeks
showing partial healing of the defect with
HA. (F): Gross morphological assessment at
12 weeks showing no healing of the defect
with saline.
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Figure 4. Microimages of repaired chondral defects at 12th week. (A): Typical histological pictures of the defect with MSCs ! hyaluronic acid (HA)
at 12 weeks; "12.5 microscopy. Positions of defects created are indicated by arrows. (B): Typical histological pictures of the defect with HA at 12
weeks; "12.5 microscopy. Positions of defects created are indicated by arrows. (C): Typical histological pictures of the defect with saline at 12 weeks;
"12.5 microscopy. Positions of defects created are indicated by arrows.

not much difference in the appearance of specimens from both
these groups (Fig. 2A, 2B). There was no healing seen in the
other control group that was treated with saline and, at 6 weeks,
the margins of the defects were clearly distinguishable, and
there was minimal filling with reparative tissue (Fig. 2C).
At 12 weeks, the typical macroscopic appearance of the
MSC-treated specimens indicated marked improvement of the
filling of the defects compared with the two controls (Fig. 2D).
Almost complete healing was seen in typical MSC-treated specimens, and the reparative tissue was similar to hyaline cartilage
and, in most specimens, showed good integration of tissue at the
margins with smooth surfaces and good thickness. Partial filling
of the defect with nonhyaline repair tissue was seen in the HAtreated control group, which still demonstrated clearly discernible
www.StemCells.com

edges and irregular surfaces (Fig. 2E). There was no healing seen
in the other control group treated with saline (Fig. 2F).

Histological Observations
6 Weeks After the Operation. The appearance of the repair
tissue in the MSC-treated group was comparable with hyaline
cartilage but, in some areas, metachromatic staining was faint or
absent (Fig. 3). This repair tissue was thin, and there was
relatively poor integration with the normal cartilage. The defects
in the HA-treated groups were partially filled with fibrocartilage
with patchy areas of metachromatic staining. The negative control group treated with saline demonstrated poor healing and the
reparative tissue, if any, was very thin with an irregular surface.
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Figure 3. Microimages of the repaired chondral defects at 6th week. (A): Typical histological pictures of the defect with MSCs ! hyaluronic acid (HA)
at 6 weeks; "12.5 microscopy. Positions of defects created are indicated by arrows. (B): Typical histological pictures of the defect with HA at 6 weeks;
"12.5 microscopy. Positions of defects created are indicated by arrows. (C): Typical histological pictures of the defect with saline at 6 weeks; "12.5
microscopy. Positions of defects created are indicated by arrows.
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12 Weeks After the Operation. The differences among the
three groups became clearer. There was marked improvement in
the quality of the repair tissue seen in the MSC-treated group
compared with the two controls.
The tissue was hyaline-like, with good integration, thickness,
and surface regularity (Fig. 4A). Intense metachromasia was
also demonstrated in most specimens (Fig. 5A), and most of the
chondrocytes had an appearance comparable with that of hyaline cartilage. At higher magnification, the cells resembled
well-differentiated chondrocytes and were surrounded by metachromatic matrix (Fig. 5B). The defects in both the controls
were minimally filled with a thin, irregular fibrous tissue with
minimal metachromatic staining (Fig. 4B, 4C).
Histological assessment of specimens treated with CFDA-SElabeled MSCs under fluorescence microscopy confirmed that
the injected cells were found in the neocartilage (Fig. 6). In our
immunohistochemistry stainings (Fig. 7), type I collagen was
distributed only at the surface of the regenerated cartilage-like
tissue, and type II collagen was distributed throughout the whole
neocartilage. This distribution pattern is similar to that of the
normal cartilage.

Histological Grading
At 6 weeks, the semiquantitative Wakitani histological scores
were 7, 7, and 4 for the MSC-treated, 7, 8, and 8.5 for the
HA-treated, and 14, 13, and 10 for the saline-treated groups,
respectively (Table 1).The mean Wakitani scores for the three
groups at 6 weeks were 6 (MSC-treated), 7.8 (HA-treated), and
12.3 (saline-treated), respectively. Statistical analysis using the
Kruskal-Wallis test showed that, overall, there was a significant
difference among the three groups (p # .05). Pairwise comparison using the Mann-Whitney test showed no significant difference between MSCs versus HA, MSCs versus saline, and HA
versus saline.
At 12 weeks, the Wakitani scores were 6, 0.5, 6.5, 3.5, 1,
and 2 for the MSC-treated, 11, 11, 8, 7.5, 10, and 9.5 for the
HA-treated, and 10, 12, 12, 12, 14, and 12 for the saline-treated
groups, respectively. The mean Wakitani scores for the three
groups at 12 weeks were 3.3 (MSC-treated), 9.5 (HA-treated),
and 12.0 (saline-treated), respectively. There was marked improvement in the quality of the repair tissue seen in the MSCtreated group compared with the two controls, and this correlated well to both the macroscopic and histological observations.

Figure 6. MSCs labeled with carboxyfluorescein diacetate succinimidyl ester in vitro allowed in vivo tracing, and the injected MSCs were
confirmed to be found in the neocartilage.

Statistical testing using the Kruskal-Wallis test showed an
overall significant difference among the three groups (p #
.001). Pairwise comparison using the Mann-Whitney test
showed that there was a significant difference between MSCs
versus HA (p # .006) and between MSCs versus saline (p #
.006).

Complications
Two of the MSC-treated and two of the HA-treated knees had
large effusions following the injections. These were aspirated
before the subsequent injections were given. The effusions
subsequently resolved without any evidence of infection, and
there was no interference with the pigs’ movements or feeding.
The likely reason for the reaction has been investigated by
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Figure 5. Microimages of the samples in experimental group. (A): Histological pictures ("12.5 microscopy) of all six MSC-treated specimens at
12 weeks. All six specimens show almost complete healing of the chondral defects with intense metachromasia. (B): Typical histological picture ("40
microscopy) of an MSC-treated specimen at 2 weeks. The tissue is hyaline-like with good integration, thickness, and surface regularity. Intense
metachromasia is demonstrated. The cells resembled well-differentiated chondrocytes and were surrounded by metachromatic matrix. Abbreviations:
Mas-T, Masson’s trichome; Saf-O, Safranin O.
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Table 1. Summary of Wakitani scores at 6 and 12 weeks
Number of
specimens

Wakitani
scores

6 Weeks
MSC-treated

3

HA-treated

3

Saline-treated

3

7
7
4
7
8
8.5
14
13
10

Group

6

HA-treated

6

Saline-treated

6

6
0.5
6.5
3.5
1
2
11
11
8
7.5
10
9.5
10
12
12
12
14
12

Abbreviation: HA, hyaluronic acid.

Figure 7. Immunohistochemistry staining using monoclonal antibodies
against collagen types I and II (all six MSC-treated specimens at 12
weeks). Abbreviations: CoI, collagen type I; CoII, collagen type II.

several authors [15, 16] and can be attributed to a specific
immunogenic protein species in the HA used (hylan G-F 20).

DISCUSSION
We wanted to test our hypothesis that intra-articularly injected
MSCs that were suspended in HA could “hone” in to the site of
injury and adhere, proliferate, and regenerate cartilage. To the
best of our knowledge, this is a first in the literature that the
direct regeneration of cartilage in a large chondral defect has
been demonstrated by this injected technique. Our results at 6
www.StemCells.com

weeks in the MSC-treated group showed partial healing of
cartilage histologically and morphologically, whereas the results
at 12 weeks in the MSC-treated group showed definite evidence
of improved healing as compared with the two control groups
(statistically significant with p # .006). In vivo tracing techniques using CFDA-SE labeled cells and fluorescence microscopy demonstrated that the injected MSCs were present in the
neocartilage.
Mesenchymal stem cell-based therapies for the regeneration
of cartilage have gained popularity over the last few years. In
principle, the ultimate goal is to induce and expand multipotent
MSCs at the site of interest down a signaled pathway into an
end-stage phenotype. There are two different approaches to this.
One is to implant cells directly or use a suitable matrix or
scaffold seeded with chondroprogenitor cells and signaling substances [17].
The alternative is to differentiate stem cells in vitro and
implant a mature construct. The ability of stem cells to differentiate and adhere to scaffolds such as matrices of hyaluronan
derivatives [18] and gelatin-based resorbable sponge matrices
[19] has been investigated and proven.
Most studies presume that scaffolds are required for the
regeneration of cartilage. It is ventured that loads and fluid
movements would simply prevent cells from thriving where
they are needed. However, studies have shown that MSCs can
survive and thrive without a scaffold, and injected stem cells
have been recovered in viable form in a goat knee with simulated arthritis [20]. This forms the basis of our experiment.
The ability of our marrow-derived mesenchymal stem cells
to differentiate along both the osteo- and chondrolineages has
been well established in our lab by von Kossa staining and
collagen type II immunostaining, respectively. This has also
been verified by many other authors [21, 22]. There are several
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distinctive advantages of using MSCs over chondrocytes. First,
it has been shown in some studies that immature constructs
using MSCs integrate better [23, 24]. Martin and Buckwalter
[25] have shown that telomeres shorten with age in chondrocytes as they do in other cells. This would mean that, in an older
patient, the autologous chondrocytes that are reimplanted could
suffer the fate of earlier degeneration. Animal experiments
performed by one of our authors [26] comparing chondrocytes
to MSC transfer for repair of chondral defects have clearly
demonstrated that the joints repaired with chondrocytes showed
degenerative changes in the repaired cartilage within 36 weeks,
whereas the joints repaired by MSCs were still intact at that
time. Finally, MSCs can regenerate not only cartilage but also
the underlying subchondral bone [27] and would thus be able to
resurface osteochondral defects as well.
The response associated with normal wound healing is not
seen in partial-thickness cartilage defects, and this has been
clearly demonstrated in our saline-treated negative control
groups at both 6 and 12 weeks. In addition to its avascularity,
there are many other possible reasons for this phenomenon. The
presence of an inhibitor of wound healing [28, 29] in the
extracellular matrix that impairs cell migration or adherence to
the damage surface has been found. A study by Maniwa [30]
proved that HA coats the surface of the articular cartilage and
shares space in the cartilage among collagen fibrils and sulfated
proteoglycans. An in vitro rabbit study [31] also illustrated that
the rate of synovial cell migration was enhanced with HA alone,
and HA increased chondrocyte migration in the presence of
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