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Articular cartilage lacks a blood supply and nerves. Hence, articular cartilage regeneration remains a major challenge in
orthopedics. Decellularized extracellular matrix- (ECM-) based strategies have recently received particular attention. The
structure of native cartilage exhibits complex zonal heterogeneity. Specifically, the development of a tissue-engineered scaffold
mimicking the aligned structure of native cartilage would be of great utility in terms of cartilage regeneration. Previously, we
fabricated oriented PLGA/ACECM (natural, nanofibrous, articular cartilage ECM) composite scaffolds. In vitro, we found that
the scaffolds not only guided seeded cells to proliferate in an aligned manner but also exhibited high biomechanical strength. To
detect whether oriented cartilage regeneration was possible in vivo, we used mesenchymal stem cell (MSC)/scaffold constructs to
repair cartilage defects. The results showed that cartilage defects could be completely regenerated. Histologically, these became
filled with hyaline cartilage and subchondral bone. Moreover, the aligned structure of cartilage was regenerated and was similar
to that of native tissue. In conclusion, the MSC/scaffold constructs enhanced the structure-specific regeneration of hyaline
cartilage in a rabbit model and may be a promising treatment strategy for the repair of human cartilage defects.

1. Introduction

Articular cartilage defects are very common due to the
increasing numbers of patients with traumatic injuries and
osteoarthritis (OA) [1]. Cartilage naturally lacks a blood sup-
ply and nerves [2]. Hence, the repair of cartilage lesions is
very difficult due to the poor healing capacity. Current clini-
cal approaches to cartilage repair are limited [3]. In contrast

to traditional treatments, such as subchondral drilling and
microfracture, tissue engineering is becoming a very promis-
ing alternative treatment for cartilage injuries [4].

The scaffold, the seed cells, and the nature of biochemical
or biomechanical stimulation are the three critical elements
of tissue engineering and regeneration medicine [5, 6]. Natu-
ral and synthetic polymers have been investigated widely as
scaffold materials for cartilage tissue engineering [7]. Most
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natural polymers preserve or mimic the essential biochemical
components of native tissues [8]. Surface attachment of
specific signal peptides may enhance cell attachment, prolif-
eration, and redifferentiation [9]. Hence, bioactivity is always
better than that afforded by synthetic polymers. Decellular-
ized extracellular matrix (ECM) is one the most popular
biomaterials used for cartilage regeneration [10–12]. How-
ever, the mechanical properties of such scaffolds are inade-
quate. Synthetic polymers exhibit good biomechanical
properties, satisfactory biocompatibility, and a controllable
biodegradation rate [13]. However, most synthetic polymers
are hydrophobic and lack intrinsic bioactivity; thus, they do
not facilitate cell seeding or stem cell chondrogenesis [14].

Biomimetic structures similar to native tissue are of
great utility in scaffold fabrication [15–19]. Articular
cartilage exhibits zonal distinctions in cell distribution
and collagen fiber structure. Notably, the structural align-
ment of deep cartilage tissue runs vertical to that of subchon-
dral bone [20]. Some studies have shown that scaffold
alignment may have major effects on the orientation of
cartilage regeneration [21, 22].

To combine the advantages afforded by synthetic and nat-
ural polymeric materials, we previously developed oriented
PLGA/ACECM composite scaffolds using an improved, ther-
mally induced phase-separation approach [21, 23]. We con-
firmed that the composite scaffolds not only exhibited good
affinities for cells and biomechanical capacities but also fea-
tured the formation of cartilage that was structurally aligned.

Chondrocytes are the (uniquely) functional cells of
articular cartilage [24]. However, chondrocyte harvesting
is traumatic, and adequate in vitro amplification of cells
is difficult. Stem cell-based regeneration strategies play
critical roles in cartilage engineering [25]. Mesenchymal
stem cells (MSCs) have the advantages of easy harvesting,
a minimal requirement for bodily invasion, relatively good
proliferation abilities, and the capacity to engage in chon-
drogenesis in vitro [26–28]. However, no in vivo study of
cartilage regeneration using MSCs loaded into oriented
PLGA/ACECM composite scaffolds has yet appeared.

In the present study, we first isolated autologous bone
marrow-derived MSCs and seeded these cells into oriented
PLGA/ACECM composite scaffolds. We then implanted
the cell-scaffold constructs into cartilage defects created in
rabbits (Figure 1). We found that the cell-scaffold constructs
facilitated cartilage regeneration; aligned regeneration was
evident by 24 weeks postimplantation.

2. Materials and Methods

2.1. Isolation and Culture of MSCs. After the work was
approved by the Animal Care and Experimental Committee
of the Chinese People’s Liberation Army General Hospital,
bone marrow-derived MSCs were isolated from anesthetized
mature New Zealand white rabbits (weight 2.5–3.0 kg) and
cultured as described previously [29]. Briefly, 8mL
amounts of bone marrow aspirate were harvested from
the iliac crest, followed by Lymphoprep gradient centrifu-
gation at 2000 rpm for 25min at room temperature. The
mononuclear cells were separated and washed twice in

Hank’s solution. These cells were resuspended in a regular
growth medium with a low glucose level (Dulbecco’s
modified Eagle’s medium-low glucose (DMEM-LG); Sigma-
Aldrich, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS, Gibco, USA) and then plated at a density of
1× 106 cells/cm2 in a humidified atmosphere under 5%
(v/v) CO2 at 37°C. The medium was changed once during
the next 3 days until the cells attained 80% confluence. The
cells were then deattached using 0.25% (w/v) trypsin solution
and expanded in a regular growth medium at an initial
concentration of 1× 104 cells/cm2. The MSCs were not
subjected to chondrogenic induction, and passage-3 cells
were employed in the following experiments.

2.2. Preparation of Oriented PLGA/ACECM Composite
Scaffolds and Cell Seeding

2.2.1. Fabrication of Oriented PLGA/ACECM Composite
Scaffolds. Previously, we successfully fabricated oriented
PLGA/ACECM composite scaffolds [21, 23]; therefore, we
describe the fabrication only briefly. PLGA (70/30) was dis-
solved in dioxane to 10% (w/v). The same weight of ACECM
was added to this solution to form a slurry. The solid concen-
tration was adjusted to 7% (w/w) by the addition of dioxane.
The mixed slurry was infused into a 4mm diameter cylindri-
cal mold, which was then inserted vertically into a metal plate
and held at −20°C for 30min. After becoming completely
frozen, the mold was held for a further 2 h at −20°C, trans-
ferred to a lyophilizer, and lyophilized for 48h under vac-
uum. The scaffolds were removed from the molds, and
cross-linking proceeded under ultraviolet light at 258nm
for 4 h. The scaffolds were then immersed in 95% (v/v) alcohol
containing 50mM 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride (EDAC) and 20mMN-hydroxysuc-
cinimide (Sigma-Aldrich, USA) for 24 h at 4°C. Excessive
EDAC was washed away repeatedly with phosphate-buffered
saline (PBS). The scaffolds were washed in triple-distilled
water to remove residual dioxane and then subjected to freeze
drying. The scaffolds were finally sterilized by 60Co γ-irradia-
tion (5mRad) and stored at 4°C prior to use.

2.2.2. Cell Seeding. MSCs were resuspended in culture
medium. Oriented PLGA/ACECM composite scaffolds
(4mm in diameter, 1.8mm in thickness), sterilized by ethyl-
ene oxide, were placed into the wells of a 24-well culture
plate. Aliquots (50μL) of the cell suspension (approximately
2× 106 cells) were added to completely saturate the scaffolds,
which were then incubated under 5% (v/v) CO2 in a humid-
ified atmosphere for 4 h at 37°C to allow for cell adherence,
with the addition of 20μL DMEM (with 10% [v/v] FBS) to
each scaffold every 30min. Each well of the 24-well culture
plate received an additional 1mL culture medium, and the
culture continued for another 3 days.

2.3. Surgical Procedure. The study protocol was approved by
the Animal Care and Experimental Committee of our hos-
pital. Adult New Zealand white male rabbits (16–18
weeks) weighing between 2.5 and 4.0 kg were used in this
study (n = 30). Each rabbit knee joint was opened via a
medial parapatellar approach under general anesthesia.
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Full-thickness cylindrical defects (3.5mm in diameter,
1.5mm in depth) were created on the patellar grooves of
both femora (reaching the subchondral bone, with mini-
mal bleeding, but not penetrating the bone marrow cavity;
we drilled using a corneal trephine; Figure 2).

Surgeries were carried out bilaterally to stifle the joint,
and both of the joints received the same treatment. The
rabbits were divided randomly into three groups: an MSC-
loaded oriented PLGA/ACECM composite-scaffold group
(with the MSC/composite scaffold implanted into the
cartilage defect), an oriented PLGA/ACECM composite
scaffold-alone group (only the scaffold was inserted), and
an untreated group. The number of cartilage defects in each
group is shown in Table 1. The tissue-engineered constructs
were press fitted into the cartilage defects without additional
fixation. Postoperatively, all animals were allowed to move
freely as soon as they had regained consciousness. To prevent
infection, all animals received intramuscular injections of
800,000 units of penicillin on the day of surgery and on each
of the next 3 days. The rabbits were euthanized at 12 and 24
weeks postsurgery for evaluation.

2.4. Macroscopic Examination and Grading. Rabbits were
sacrificed at 12 and 24 weeks postsurgery, and the knee joints
were harvested. All evaluations were performed by three
independent individuals blinded to the groupings. Repair
quality was estimated using the criteria of the International
Cartilage Repair Society Macroscopic Evaluation of Cartilage
Repair. The scoring system used included rating of the extent
of repair, integration with the border zone, and macroscopic
appearance (Table 2) [30].

2.5. Microcomputed Tomographic Assessment of Subchondral
Bone Formation. Microcomputed tomography (micro-CT;
GE, USA) was used to quantitatively and qualitatively assess
subchondral bone regeneration at 12 and 24 weeks after sur-
gery. A volume of interest was defined in the subchondral
bone region of each defect site. Subchondral bone regenera-
tion was estimated in terms of bone volume per tissue volume
(BV/TV) and trabecular thickness (Tb.Th).

2.6. Histological Examination and Grading. The samples
were fixed, decalcified, dehydrated, embedded in paraffin,
and sectioned (5μm thick slices). Next, the slices were
stained with hematoxylin and eosin, toluidine blue, and saf-
ranin O. Images from each group were recorded via bright-
field microscopy (Nikon, Japan). The thickness of each
regenerated cartilage layer (from the cartilage surface to the
tidemark) was measured and compared with that of the sur-
rounding native cartilage. The extents of toluidine blue and
safranin O staining were assessed by counting the integrated
optical density (IOD) units per stained area (μm2) with the
aid of ImageJ software (National Institutes of Health, USA).
Grading was performed in a blinded manner by three inde-
pendent individuals. The extent of repair was evaluated based
on the International Cartilage Repair Society grading system.
Histological grading involved the evaluation of surface regu-
larity, matrix staining, cell distribution, cell viability, and
other items (Table 3) [31].

2.7. Immunohistochemical Staining. The expression of
collagen type II in regenerated cartilage was exam-
ined via immunohistochemical staining at 12 and 24
weeks postimplantation. Collagen type II was stained
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Figure 1: Schematic illustration of the experimental design. Autologous bone marrow-derived MSCs were loaded into oriented
PLGA/ACECM composite scaffolds and implanted to regenerate cartilage defects in a rabbit model. The study involved three groups: a
cell-loaded scaffold group, a scaffold-alone group, and an untreated (control) group.
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(a) (b)

Figure 2: Schematic of the operation. (a) Full-thickness cylindrical defects (3.5mm in diameter, 1.5mm in depth) were created on the patellar
grooves of the femora of both rabbit legs. (b) MSC-loaded scaffold constructs were implanted into these defects.

Table 1: The number of the cartilage defects in each group over a 24-week-period observation.

Groups 12 weeks postsurgery (N) 24 weeks postsurgery (N) Total (N)

MSCs loaded with composite scaffolds 5 5 10

Composite scaffolds alone 5 5 10

Untreated group 5 5 10

Total (N) 15 15 30

Table 2: International Cartilage Repair Society Macroscopic
Evaluation of Cartilage Repair.

Cartilage repair assessment ICRS Points

Degree of defect repair

In level with surrounding cartilage 4

75% repair of defect depth 3

50% repair of defect depth 2

25% repair of defect depth 1

0% repair of defect depth 0

Integration to border zone

Complete integration with surrounding cartilage 4

Demarcating border< 1mm 3

3/4th of graft integrated, 1/4th with a notable
border> 1mm width

2

1/2 of graft integrated with surrounding cartilage, 1/2
with a notable border> 1mm

1

From no contact to 1/4th of graft integrated with
surrounding cartilage

0

Macroscopic appearance

Intact smooth surface 4

Fibrillated surface 3

Small, scattered fissures or cracks 2

Several small or few but large fissures 1

Total degeneration of grafted area 0

Overall repair assessment

Grade I: normal 12

Grade II: nearly normal 11–8

Grade III: abnormal 7–4

Grade IV: severely abnormal 3–1

ICRS: International Cartilage Repair Society.

Table 3: International Cartilage Repair Society Visual Histological
Assessment Scale for Cartilage Repair.

Feature Points

I. Surface

Smooth/continuous 3

Discontinuities/irregularities 0

II. Matrix

Hyaline 3

Mixture: hyaline/fibrocartilage 2

Fibrocartilage 1

Fibrous tissue 0

III. Cell distribution

Columnar 3

Mixed/columnar clusters 2

Clusters 1

Individual cells/disorganized 0

IV. Cell population viability

Predominantly viable 3

Partially viable 1

<10% viable 0

V. Subchondral bone

Normal 3

Increased remodeling 2

Bone necrosis/granulation tissue 1

Detached/fracture/callus at base 0

VI. Cartilage mineralization (calcified cartilage)

Normal 3

Abnormal/inappropriate location 0
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immunohistologically using a mouse anti-collagen type II
polyclonal antibody (Santa Cruz, USA) according to the
manufacturer’s instructions. In brief, horizontal and vertical
sections were blocked with peroxidase-blocking solution for
10min, followed by three washes with PBS for 5min each,
and each section was then incubated with 50μL of a solution
of anti-collagen type II polyclonal antibody (1 : 50 working
dilution) overnight at 4°C. The sections were washed and
incubated with biotinylated secondary anti-mouse antibody
(Maixin, China), followed by development with diaminoben-
zidine (Maixin, China). The sections were counterstained
with hematoxylin and examined microscopically (Nikon,
Japan). Collagen type II immunohistochemical staining was
evaluated by calculating the IOD per stained area (μm2) with
the aid of ImageJ software.

2.8. Biomechanical Assessment. The mechanical properties of
regenerated cartilage were evaluated by indentation testing
using a dedicated apparatus (ElectroForce 3320; Bose,
USA), as described previously, at 12 and 24 weeks after sur-
gery. Young’s modulus was calculated using the following
formula: E=P(1−ν2)/2awk (P, applied force; ν, Poisson’s
ratio; a, indenter radius; w, deformation; k, area-aspect ratio
a/h [h, cartilage thickness]) [32].

2.9. Statistical Analyses.All data were analyzed with the aid of
SPSS software (ver. 16; SPSS, Chicago, IL, USA), and the
values are expressed as means± standard deviations. One-
way analysis of variance followed by Tukey’s post hoc
multiple-comparison test was applied to identify significant
differences among the groups after assessment of the homo-
geneities of variance. P values< 0.05 were considered to
reflect statistical significance.

3. Results

3.1. Rabbit Health and General Observations on the Joints

3.1.1. Rabbit Health. For 1 week postsurgery, the rabbits
reduced their activity levels and appeared to be in a lower
mental state than previously; they ate less but exhibited a
nearly normal range of joint activity. One rabbit died of a
reaction to anesthesia, five died within 1 week due to surgical
trauma, three died of diarrhea within 1 month, two died of
ear mite infections within 2 months, and one was euthanized
because of a joint infection. All rabbits that died before sacri-
fice were replaced with alternative animals. All remaining
rabbits were sacrificed in a timely manner, and the knee
joints were obtained.
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Figure 3: Gross appearance of regenerated cartilage at 12 and 24 weeks postoperation (a–f). Cross-sectional appearance of regenerated
cartilage at 12 and 24 weeks postimplantation (g–l). Macroscopic examination and grading of regenerated articular cartilage revealed that
the scores for the scaffold-alone and cell-loaded scaffold groups were better than those for the untreated group at 12 and 24 weeks
(m). ∗P < 0 05.
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3.1.2. General Joint Observations prior to Harvest. Before har-
vesting, the knee skin was complete and was healing well; we
observed no swelling or fever and no abnormal secretion. The
joint fluids were clear. The synoviae lacked thickening and
contracture. The regenerated and surrounding cartilage
exhibited no obvious exfoliation or hyperplasia, no patellar
dislocation, and no obvious joint instability.

3.2. Macroscopic Examination and Grading. At 12 weeks
postsurgery, the cartilage surface in the untreated group
was clearly lower than the native cartilage tissue. More-
over, poor integration with surrounding cartilage was evi-
dent, and minimal cartilage-like tissue had regenerated
(Figure 3(a)). A major osteochondral defect was evident
in the cross-sectional view (Figure 3(g)). In the scaffold-
alone group, the defect area was almost full of new tissue
and the boundary appeared distinct (Figure 3(c)). However,
in the cross-sectional view, the central region of the defect
was not filled completely with new tissue and regeneration
was discontinuous (Figure 3(i)). In the test group, the defect
area was filled almost completely with new cartilage tissue,
which was comparatively transparent and smooth in
appearance. The boundary was distinguishable and exhib-
ited good integration with healthy cartilage (Figure 3(e)).
However, subchondral bone had not been reconstituted
fully in the central regions, as revealed by the cross-
sectional morphology (Figure 3(k)).

At 24 weeks postimplantation, the defective region in the
untreated group had increased in size and integration
remained poor. Furthermore, the new tissue clearly differed
from the native cartilage (Figure 3(b)). In the cross section,
the defect region was smaller than that at 12 weeks
(Figure 3(h)) In the scaffold-alone group, a cartilage lesional
border was still evident, but regions thereof had become
vague. Repaired tissue exhibited a comparatively smooth sur-
face and was well integrated with native tissue (Figure 3(d)).
In cross-sectional morphological evaluation, the smoothness
and continuity were better than those at 12 weeks but the
defect boundary remained somewhat uneven (Figure 3(j)).
In contrast, in the cell-loaded composite-scaffold group, the
defect area was filled completely with regenerated tissue,
which was very similar to adjacent healthy cartilage in color
and texture. The cartilage defect boundary was vague, and
good integration with surrounding native tissue was appar-
ent (Figure 3(f)). In a cross-sectional view, the repaired area
did not differ obviously from native cartilage (Figure 3(l)).
Macroscopic data and grading of repaired articular cartilage
are shown in Figure 3(m). The macroscopic scores of the
scaffold-alone group and cell-loaded scaffold group were bet-
ter than those of the untreated group at 12 and 24 weeks
postsurgery (both P < 0 05).

3.3. Histological Examination and Grading. Macroscopic
effects were verified histologically. At 12 weeks postopera-
tion, the defect areas in the untreated group remained con-
cave and no integration with native tissue was evident. No
cartilage tissue or subchondral bone regeneration was appar-
ent, except for the development of some fibrotic tissue
(Figure 4(a)). In the scaffold-alone group, the defect region

was filled with fully repaired tissue and the boundary area
exhibited continuous integration with healthy cartilage,
although it was slightly uneven (Figure 4(c)). Cartilage-
specific matrix staining was uneven (Figures 5(f)–5(j)), and
the regenerated tissue was disordered (Figures 6(a)–6(c)).
However, in the cell-loaded scaffold group, the cartilage
defect region was smooth and continuous and the boundary
region was well integrated with adjacent tissue (Figure 4(e)).
The staining intensity of the repaired cartilage was stronger
than in the scaffold-alone group but weaker than that of
native cartilage (Figures 5(k)–5(o)). Most chondrocytes in
the deep zone were aligned (Figures 6(d)–6(f)).

At 24 weeks postsurgery, integration remained poor in
the untreated group and few cellular matrices were stained.
Most regenerated regions contained only fibrous tissue.
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Moreover, no subchondral bone regeneration was apparent;
again, only fibrous tissue was evident (Figure 4(b)). Con-
versely, in the scaffold-alone group, the repaired area exhib-
ited a smooth surface and was well integrated with normal
cartilage (Figure 4(d)). The repaired tissue was much thinner
than native cartilage, but the regenerated cartilage was struc-
turally aligned (Figures 6(g)–6(i)). Matrix staining of regener-
ated cartilage was less intense than that of native cartilage
(Figure 7(f)–7(j)). In the cell-loaded scaffold group, repaired
tissue featured a smooth and continuous surface and was well
integrated with the surrounding cartilage (Figure 4(f)). More-
over, the thickness of the regenerated cartilage did not differ
from that of adjacent cartilage, and the extent of matrix-
specific staining was similar to that in healthy cartilage
(Figures 7(k)–7(o)). In addition, most chondrocytes in the
deep zone were organized in columns (Figures 6(j)–6(p)).

Toluidine blue, safranin O, and immunohistochemical
staining for collagen type II at 12and24weekspostsurgery evi-
denced chondrogenic differentiation in vivo (Figures 5–7). At
12 weeks postoperation, the scaffold-alone group and the cell-
loaded scaffold group showed positive staining for collagen
type II. The cell-loaded scaffold group exhibitedmore collagen
type II-positive cells than did the scaffold-alone group at 12
and 24 weeks. Moreover, the collagen type II staining level
was similar to that of normal cartilage at 24 weeks. However,
type II collagen was not expressed in the untreated group.

Glycosaminoglycan (GAG) expression in all groups was veri-
fied by toluidine blue and safranin O staining at 12 and 24
weeks postsurgery. GAG deposition over time was associated
with the expression of collagen type II. The IODs per stained
area for collagen type II immunoreactivity, and toluidine blue
and safranin O staining, at 12 and 24 weeks showed higher
levels of collagen type II and GAG in the cell-loaded scaf-
fold group than in the scaffold-alone and untreated groups
(all P < 0 05; Figures 6(q)–6(s)). The histological grades of
the repaired articular cartilage are shown in Figure 7(p).
The scores of the cell-loaded scaffold group were signifi-
cantly better than those of the other two groups at 12
and 24 weeks postimplantation (all P < 0 05).

3.4. Microcomputed Tomographic Features of Subchondral
Bone. A micro-CT system was used to estimate the quality
and quantity of subchondral bone regeneration (Figure 8).
Improved levels of subchondral bone formation were evident
in all three groups at 12 and 24 weeks after implantation. In
terms of the bone volume fraction (the BV/TV), the defect
area in the untreated group exhibited inconspicuous signs
of regeneration at 12 and 24 weeks postoperation. The
scaffold-alone group and the cell-loaded scaffold group
exhibited very high levels of subchondral bone repair at 12
and 24 weeks postsurgery (all P < 0 05), but these two groups
differed significantly at both timepoints (both P < 0 05). The
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BV/TV ratios were significantly higher in the cell-loaded
scaffold group than in the scaffold-alone and untreated
groups at both timepoints (all P < 0 05; Figure 8(g)). In terms
of the Tb.Th value, all three groups exhibited trends toward
subchondral bone regeneration at 12 and 24 weeks postsur-
gery (all P < 0 05) but significant differences between time-
points were evident (all P < 0 05). The Tb.Th values were
significantly higher in the cell-loaded scaffold group than in
the scaffold-alone and untreated groups at 12 and 24 weeks
postsurgery (all P < 0 05; Figure 8(h)).

3.5. Thickness of Regenerated Cartilage. The thickness of
regenerated cartilage was evaluated at 12 and 24 weeks post-
operation (Figure 7(q)). It was greatest in the cell-loaded
scaffold group at both timepoints (P < 0 05). Moreover, from
12 to 24 weeks after implantation, cartilage thickness
increased in only the cell-loaded scaffold group (P < 0 05)
and not in the other two groups (P > 0 05).

3.6. Biomechanical Assessment of Regenerated Cartilage. The
biomechanical properties of the regenerated cartilage were
evaluated by calculating Young’s modulus at 12 and 24 weeks
postoperation (Figure 7(r)). The compressive modulus in the
untreated group did not differ significantly between 12 and
24 weeks postoperation (P > 0 05). In contrast, the com-
pressive moduli in the scaffold-alone and cell-loaded
scaffold groups increased from 12 to 24 weeks postsurgery
(P < 0 05). Moreover, the compressive modulus was signif-
icantly higher in the cell-loaded scaffold group than in the
other two groups at both timepoints (P < 0 05).

4. Discussion

Articular cartilage defects of the knee joint are very common
in the general and athletic populations [32]. Cartilage injuries
self-heal poorly, triggering OA in the long term [33]. Many
surgical interventions, including microfracture and osteo-
chondral autografting or allografting, have been developed
to treat cartilage defects [34, 35]. However, no treatment is
satisfactory. Many tissue-engineered cartilage approaches
have been developed to regenerate cartilage defects. Fabrica-
tion of the scaffold is one of the most important steps in such
approaches. The scaffold must not only create a suitable
microenvironment for tissue regeneration but also be biome-
chanically competent to resist normal stress forces. We previ-
ously developed an oriented PLGA/ACECM composite
scaffold, combining the advantages afforded by natural and
synthetic polymers. We then combined autologous MSCs
with the oriented PLGA/ACECM composite scaffold to
restore cartilage defects. Notably, cartilage regenerated
completely with a PLGA/ACECM composite scaffold loaded
with MSCs was applied. Moreover, the structure and func-
tion of the new cartilage and subchondral bone were similar
to those of native cartilage. We suggest that our regeneration
strategy can be used to repair human cartilage defects.

In the cell-loaded scaffold group, the cartilage defect was
repaired almost completely via formation of new cartilage
that was similar in appearance to adjacent normal cartilage.
Histologically, the regenerated cartilage integrated well with

adjacent tissue. Toluidine blue, safranin O, and immunohis-
tochemical staining further confirmed that the cell-loaded
scaffold group contained more GAG-expressing and collagen
type II-positive cells at 12 and 24 weeks postsurgery. Notably,
the newly formed cartilage exhibited the characteristic
lacuna-like structure, providing indirect evidence that the
cell-loaded scaffold facilitated chondrogenic differentiation
in vivo. In addition, most cells in the deeper cartilage defect
regions were organized in columns. The cartilage thickness
and subchondral bone formation in the cell-loaded scaffold
group were similar to those of native tissue. Moreover, from
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a functional perspective, the regenerated cartilage was bio-
mechanically competent.

Repair was not as good in the scaffold-alone group as in
the MSC-loaded scaffold group. Some repaired cartilage
was evident in the scaffold-alone group at 12 weeks after sur-
gery; however, the newly formed tissue stained only slightly
for GAG and type II collagen. Moreover, the cells in this
group were arranged randomly. Some studies have shown
that ECM degradation products enhance the recruitment
and proliferation of multipotential progenitor cells [36]. We
speculate that cells in the scaffold-alone group may have been
recruited by degraded ECM in vivo. However, in the MSC-
loaded scaffold group, MSCs may have additionally pro-
moted tissue regeneration by the following mechanism(s)
(Figure 9) [37]. First, MSCs can differentiate directly into
native cells; second, the cells may exert paracrine effects via
secretion of growth factors or hormones, rescuing injured tis-
sue; third, the cells can transfer mitochondria via tunneling
nanotubes or microvesicles; and fourth, the cells may secrete
specific exosomes or microvesicles, influencing surrounding
cells. Therefore, specific staining and the thickness of
repaired cartilage were better in the MSC-loaded scaffold
group than in the scaffold-alone group. Autologous MSCs
may enhance cartilage and subchondral bone regeneration
in these ways. At 24 weeks, the repaired cartilage was
more mature than at 12 weeks in the scaffold-alone group,

and notably, the regenerated cartilage was aligned. How-
ever, specific staining, cartilage thickness, and subchondral
bone regeneration were better in the MSC-loaded scaffold
group than in the scaffold-alone group. Obviously, the carti-
lage regeneration evident in the scaffold-alone group and the
MSC-loaded scaffold group shows that autologous MSCs can
engage in cartilage niche-specific redifferentiation and regen-
eration when the cells are stimulated by the surrounding
ECM in vivo (thus, in the absence of specific growth factors).
Previous studies have shown that an aligned scaffold can
induce oriented cartilage regeneration [15, 21, 22], as con-
firmed by the alignment evident in the scaffold-alone group
and the MSC-loaded scaffold group in this study. In particu-
lar, the better biomechanical capacity in the MSC-loaded
scaffold group compared with the scaffold-alone group
afforded better functional regeneration.

Stem-cell-loaded scaffold-based strategies are more effec-
tive than scaffold-alone strategies [25], as they not only
induce aligned cartilage regeneration but also enhance sub-
chondral bone formation. The higher scores for the cell-
loaded scaffold group compared with the scaffold-alone
group, obtained in blinded macroscopic and histological
evaluation, further support this conclusion. However, our
study has certain limitations. First, it would have been better
to label the added MSCs prior to implantation, to enable
determination of the specific roles played by these MSCs in
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Figure 9: A potential cartilage regeneration mechanism in the MSC-loaded scaffold group. MSCs can differentiate directly into chondrocytes
or may secrete growth factors (e.g., insulin-like growth factor (IGF-1) or hepatocyte growth factor (HGF)), rescuing injured tissue.
MSCs may also transfer mitochondria via tunneling nanotubes or microvesicles or secrete specific exosomes or microvesicles, influencing
surrounding cells.
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cartilage defect regeneration. Second, a longer observation
time would have shown whether regenerated cartilage could
maintain good function in the long term and prevent OA
development. Third, a large animal (e.g., goat or sheep)
model should be used for further evaluation of the efficacy
of cartilage regeneration.

5. Conclusion

Overall, the results showed that autologous MSCs loaded
into an oriented PLGA/ACECM composite scaffold
enhanced structure-specific regeneration of hyaline cartilage
and subchondral bone in a rabbit model. This approach may
become a promising treatment strategy for human cartilage
defect repair.

Ethical Approval

This study was approved by the authors’ institutional
review board.

Conflicts of Interest

All authors involved in this article declare that there is no
conflict of interest regarding the publication of this paper.

Authors’ Contributions

All authors were involved in the study and approved its final
version. Weimin Guo and Xifu Zheng contributed equally to
this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (81472092), High Technology Research
and Development Program of China (2012AA020502,
2015AA020303), National Key Research and Development
Program of China (2017YFC1104102, 2017YFC1103404),
and Beijing Science and Technology Development Founda-
tion (Z161100005016059).

References

[1] C. Bauge and K. Boumediene, “Use of adult stem cells for
cartilage tissue engineering: current status and future develop-
ments,” Stem Cells International, vol. 2015, Article ID 438026,
14 pages, 2015.

[2] C. L. Chou, A. L. Rivera, V. Williams et al., “Micrometer scale
guidance of mesenchymal stem cells to form structurally
oriented large-scale tissue engineered cartilage,” Acta Bioma-
terialia, vol. 60, pp. 210–219, 2017.

[3] G. Dell'Osso, M. Ghilardi, V. Bottai, G. Bugelli, G. Guido, and
S. Giannotti, “Up-to-date review and cases report on chondral
defects of knee treated by ACI technique: clinical-instrumental
and histological results,” Surgical Technology International,
vol. 26, pp. 317–323, 2015.

[4] B. Johnstone, M. Alini, M. Cucchiarini et al., “Tissue engineer-
ing for articular cartilage repair – the state of the art,”
European Cells and Materials, vol. 25, pp. 248–267, 2013.

[5] R. Langer and J. P. Vacanti, “Tissue engineering,” Science,
vol. 260, no. 5110, pp. 920–926, 1993.

[6] Y. Zhang, S. Chen, and M. Pei, “Biomechanical signals guiding
stem cell cartilage engineering: from molecular adaption to
tissue functionality,” European Cells & Materials, vol. 31,
pp. 59–78, 2016.

[7] J. Liao, K. Shi, Q. Ding, Y. Qu, F. Luo, and Z. Qian, “Recent
developments in scaffold-guided cartilage tissue regeneration,”
Journal of Biomedical Nanotechnology, vol. 10, no. 10,
pp. 3085–3104, 2014.

[8] A. Olson, A. Graver, and D. Grande, “Scaffolds for articular
cartilage repair,” Journal of Long-Term Effects of Medical
Implants, vol. 22, no. 3, pp. 219–227, 2012.

[9] E. A. Kiyotake, E. C. Beck, and M. S. Detamore, “Cartilage
extracellular matrix as a biomaterial for cartilage regenera-
tion,” Annals of the New York Academy of Sciences, vol. 1383,
no. 1, pp. 139–159, 2016.

[10] K. E. Benders, P. R. vanWeeren, S. F. Badylak, D. B. Saris, W. J.
Dhert, and J. Malda, “Extracellular matrix scaffolds for
cartilage and bone regeneration,” Trends in Biotechnology,
vol. 31, no. 3, pp. 169–176, 2013.

[11] H. Kang, J. Peng, S. Lu et al., “In vivo cartilage repair using
adipose-derived stem cell-loaded decellularized cartilage
ECM scaffolds,” Journal of Tissue Engineering and Regenera-
tive Medicine, vol. 8, no. 6, pp. 442–453, 2014.

[12] Q. Yang, J. Peng, Q. Guo et al., “A cartilage ECM-derived 3-D
porous acellular matrix scaffold for in vivo cartilage tissue
engineering with PKH26-labeled chondrogenic bone
marrow-derived mesenchymal stem cells,” Biomaterials,
vol. 29, no. 15, pp. 2378–2387, 2008.

[13] D. Kosuge, W. S. Khan, B. Haddad, and D. Marsh, “Biomate-
rials and scaffolds in bone and musculoskeletal engineering,”
Current Stem Cell Research & Therapy, vol. 8, no. 3, pp. 185–
191, 2013.

[14] T. Trzeciak, M. Richter, W. Suchorska et al., “Application
of cell and biomaterial-based tissue engineering methods
in the treatment of cartilage, menisci and ligament inju-
ries,” International Orthopaedics, vol. 40, no. 3, pp. 615–624,
2016.

[15] H. V. Almeida, B. N. Sathy, I. Dudurych, C. T. Buckley, F. J.
O’Brien, and D. J. Kelly, “Anisotropic shape-memory alginate
scaffolds functionalized with either type I or type II collagen
for cartilage tissue engineering,” Tissue Engineering Part A,
vol. 23, no. 1-2, pp. 55–68, 2017.

[16] P. D. Tatman, W. Gerull, S. Sweeney-Easter, J. I. Davis,
A. O. Gee, and D. H. Kim, “Multiscale biofabrication of
articular cartilage: bioinspired and biomimetic approaches,”
Tissue Engineering Part B: Reviews, vol. 21, no. 6,
pp. 543–559, 2015.

[17] M. Younesi, V. M. Goldberg, and O. Akkus, “A micro-
architecturally biomimetic collagen template for mesenchymal
condensation based cartilage regeneration,” Acta Biomateria-
lia, vol. 30, pp. 212–221, 2016.

[18] T. J. Levingstone, A. Ramesh, R. T. Brady et al., “Cell-free
multi-layered collagen-based scaffolds demonstrate layer
specific regeneration of functional osteochondral tissue in
caprine joints,” Biomaterials, vol. 87, pp. 69–81, 2016.

[19] S. Jia, L. Liu, W. Pan et al., “Oriented cartilage extracellular
matrix-derived scaffold for cartilage tissue engineering,”
Journal of Bioscience and Bioengineering, vol. 113, no. 5,
pp. 647–653, 2012.

11Stem Cells International



[20] S. Camarero-Espinosa, B. Rothen-Rutishauser, E. J. Foster, and
C. Weder, “Articular cartilage: from formation to tissue engi-
neering,” Biomaterials Science, vol. 4, no. 5, pp. 734–767, 2016.

[21] S. Jia, T. Zhang, Z. Xiong, W. Pan, J. Liu, and W. Sun, “In vivo
evaluation of a novel oriented scaffold-BMSC construct for
enhancing full-thickness articular cartilage repair in a rabbit
model,” PLoS One, vol. 10, no. 12, article e0145667, 2015.

[22] E. L. de Mulder, G. Hannink, T. H. van Kuppevelt, W. F.
Daamen, and P. Buma, “Similar hyaline-like cartilage repair
of osteochondral defects in rabbits using isotropic and
anisotropic collagen scaffolds,” Tissue Engineering Part A,
vol. 20, no. 3-4, pp. 635–645, 2014.

[23] X. Zheng, F. Yang, S. Wang et al., “Fabrication and cell affinity
of biomimetic structured PLGA/articular cartilage ECM
composite scaffold,” Journal of Materials Science: Materials
in Medicine, vol. 22, no. 3, pp. 693–704, 2011.

[24] A. R. Phull, S. H. Eo, Q. Abbas, M. Ahmed, and S. J. Kim,
“Applications of chondrocyte-based cartilage engineering:
an overview,” BioMed Research International, vol. 2016,
Article ID 1879837, 17 pages, 2016.

[25] B. J. Huang, J. C. Hu, and K. A. Athanasiou, “Cell-based tissue
engineering strategies used in the clinical repair of articular
cartilage,” Biomaterials, vol. 98, pp. 1–22, 2016.

[26] P. Robey, ““Mesenchymal stem cells”: fact or fiction, and
implications in their therapeutic use,” F1000Research, vol. 6,
2017.

[27] S. M. Richardson, G. Kalamegam, P. N. Pushparaj et al.,
“Mesenchymal stem cells in regenerative medicine: focus
on articular cartilage and intervertebral disc regeneration,”
Methods, vol. 99, pp. 69–80, 2016.

[28] H. Yin, Y. Wang, Z. Sun et al., “Induction of mesenchymal
stem cell chondrogenic differentiation and functional cartilage
microtissue formation for in vivo cartilage regeneration by
cartilage extracellular matrix-derived particles,” Acta Bioma-
terialia, vol. 33, pp. 96–109, 2016.

[29] Z. Chen, J. Wei, J. Zhu et al., “Chm-1 gene-modified bone
marrow mesenchymal stem cells maintain the chondrogenic
phenotype of tissue-engineered cartilage,” Stem Cell Research
& Therapy, vol. 7, no. 1, p. 70, 2016.

[30] M. P. van den Borne, N. J. Raijmakers, J. Vanlauwe et al.,
“International Cartilage Repair Society (ICRS) and Oswestry
macroscopic cartilage evaluation scores validated for use in
Autologous Chondrocyte Implantation (ACI) and microfrac-
ture,” Osteoarthritis and Cartilage, vol. 15, no. 12, pp. 1397–
1402, 2007.

[31] P. Mainil-Varlet, T. Aigner, M. Brittberg et al., “Histological
assessment of cartilage repair: a report by the Histology
Endpoint Committee of the International Cartilage Repair
Society (ICRS),” The Journal of Bone and Joint Surgery-
American Volume, vol. 85, Supplement 2, pp. 45–57, 2003.

[32] T. Rasanen and K. Messner, “Regional variations of indenta-
tion stiffness and thickness of normal rabbit knee articular
cartilage,” Journal of Biomedical Materials Research, vol. 31,
no. 4, pp. 519–524, 1996.

[33] D. Correa and S. A. Lietman, “Articular cartilage repair:
current needs, methods and research directions,” Seminars in
Cell & Developmental Biology, vol. 62, pp. 67–77, 2017.

[34] G. Knutsen, L. Engebretsen, T. C. Ludvigsen et al., “Autolo-
gous chondrocyte implantation compared with microfracture
in the knee. A randomized trial,” The Journal of Bone and Joint
Surgery, vol. 86, no. 3, pp. 455–464, 2004.

[35] A. C. DiBartola, B. M. Wright, R. A. Magnussen, and D. C.
Flanigan, “Clinical outcomes after autologous chondrocyte
implantation in adolescents’ knees: a systematic review,”
Arthroscopy: The Journal of Arthroscopic & Related Surgery,
vol. 32, no. 9, pp. 1905–1916, 2016.

[36] J. E. Reing, L. Zhang, J. Myers-Irvin et al., “Degradation
products of extracellular matrix affect cell migration and
proliferation,” Tissue Engineering Part A, vol. 15, no. 3,
pp. 605–614, 2009.

[37] J. L. Spees, R. H. Lee, and C. A. Gregory, “Mechanisms of
mesenchymal stem/stromal cell function,” Stem Cell Research
& Therapy, vol. 7, no. 1, p. 125, 2016.

12 Stem Cells International



Hindawi
www.hindawi.com

 International Journal of

Volume 2018

Zoology

Hindawi
www.hindawi.com Volume 2018

 Anatomy 
Research International

Peptides
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of 
Parasitology Research

Genomics
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Neuroscience 
Journal

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Cell Biology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Biochemistry 
Research International

Archaea
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Genetics 
Research International

Hindawi
www.hindawi.com Volume 2018

Advances in

Virolog y Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Enzyme 
Research

Hindawi
www.hindawi.com Volume 2018

International Journal of

Microbiology
Hindawi
www.hindawi.com

Nucleic Acids
Journal of

Volume 2018

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijz/
https://www.hindawi.com/journals/ari/
https://www.hindawi.com/journals/ijpep/
https://www.hindawi.com/journals/jpr/
https://www.hindawi.com/journals/ijg/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/abi/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ijcb/
https://www.hindawi.com/journals/bri/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/gri/
https://www.hindawi.com/journals/av/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/er/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/jna/
https://www.hindawi.com/
https://www.hindawi.com/

