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Abstract: Cartilage defects are most commonly seen in the knee joint. However, due to the limited self-recovery 
ability of cartilage, the repair of articular cartilage defects is still a great challenge despite that various approaches 
have been proposed. We designed a strategy to induce cartilage repair using acellular bone matrix (ABM), thereby 
creating an appropriate microenvironment for the in-situ cells with an easy surgical application. An in vitro system 
demonstrated that the ABM scaffold could promote cell adhesion, growth, proliferation, and chondrogenesis of 
mesenchymal stem cells. This experiment was performed in a minipig cartilage repair model. The repaired tissue 
was hyaline-like cartilage according to the morphological and histological results. The mechanical properties of the 
repaired tissue were similar to those of normal cartilage. The integration of repaired tissue and normal tissue in 
the ABM+M group was better than those of other two groups. The ABM-based, one-stage, minimally invasive, in situ 
procedure for cartilage regeneration can potentially improve the treatment of articular cartilage defects.
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Introduction

Articular cartilage is a vital structure for main-
taining the normal function of a joint. Articular 
cartilage defects are common injuries with a 
reported prevalence of 63% in sedentary popu-
lation [1] and more than 50% in professional 
athletes [2]. If left untreated, even minor 
lesions can cause progressive degeneration, 
thereby resulting in pain, joint dysfunction, and 
osteoarthritis due to its limited self-recovery 
ability [3].

Current treatments succeed in providing relief 
of symptoms. However, damaged articular tis-
sues are not replaced with new tissue with the 
same biomechanical properties and long-term 
durability as normal hyaline cartilage. To date, a 
number of techniques have been studied and 
applied to the treatment of cartilage injury 
[4-8]. Among these methods, microfracture is a 
first-line treatment that is easy to perform and 
can relieve patient symptom; it allows the bone 

marrow stem cells and growth factors released 
in situ to participate in cartilage repair. However, 
it is only effective for small-size lesions and 
always leads to the regeneration of fibrocarti-
lage instead of hyaline cartilage [9-11]. 
Autologous chondrocyte implantation, even if it 
is able to regenerate hyaline-like cartilage [12, 
13], requires a two-stage procedure with high 
operative risk, low cost-effectiveness, donor 
site morbidity, and relative longer recovery pro-
cess [14-16]. These problems are shared by 
other transplantation techniques, such as 
osteochondral transplantation [17] and matrix-
assisted chondrocyte implantation [18, 19]; 
these issues greatly limit the application of 
these techniques in the clinic. 

Collectively, there are two main problems with 
the current methods. The first and most impor-
tant problem is that the defect area lacks effec-
tive biologically active ingredients (cells and/or 
scaffold), thereby always leading to scar tissue 
or fibrous tissue repair. The second problem is 
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the lack of an effective induction for chondro-
cytes or cartilage tissue. The existing treat-
ments on cartilage repair do not have the 
appropriate microenvironment for cartilage 
regeneration. 

We designed a strategy that creates an appro-
priate microenvironment for the in-situ cells by 
a bioscaffold - the acellular bone matrix (ABM) 
- to induce cartilage repair. In our previous stud-
ies, we reported the methods that combined 
the Microfracture technique and decalcified 
bone matrix scaffold to regenerate hyaline-like 
cartilage in a single-step procedure in a rabbit 
model [20-22]. In the present study, a large ani-
mal (minipig) model were used to evaluate the 
safety and performance of the ABM scaffold 
with microfracture technique for the treatment 
of articular cartilage defects. It is a one-stage, 
minimally-invasive, in situ procedure for carti-
lage regeneration and is easy to adopt to clini-
cal application.

Methods

Scaffold preparation

The ABM scaffolds were obtained from the iliac 
bone of allogeneic pigs. The scaffold was 
demineralized and decellularized by soaking in 
0.5 M ethylenediaminetetraacetic acid (EDTA) 
at 4°C and pH 8.3. A fresh solution was used 
daily. The replaced EDTA solution was analyzed 
by atomic absorption spectrophotometry to 
track the demineralization process. The scaf-
folds were well demineralized after approxi-
mately 14 days. The decalcified scaffolds were 
stored at -80°C. 

Chondrogenic differentiation of MSCs

MSCs were isolated and expanded as described 
previously [23]. The chondrocytes were also 
harvested from the healthy cartilage of the 
minipig. The cells used in subsequent experi-
ments were passage 3. For the cell seeding, 
the scaffolds were first cut into small pieces 
(5×5×5 mm) and then sterilized with cobalt-60 
for 24 h, soaked in 75% alcohol for 2 h, washed 
in sterile phosphate-buffered saline (PBS) 3 
times each for 10 min, and conditioned with 
DMEM overnight. To seed the scaffolds, a 20 
mL cell suspension containing 1×105 MSCs 
was loaded onto the scaffold. After 1 hour for 
cell attachment, the seeded scaffolds were cul-

tured in 1 mL DMEM containing 0.1 mM dexa-
methasone, 50 mg/mL ascorbate 2-phosphate, 
40 mg/mL L-proline, 100 mg/mL sodium pyru-
vate, 1 ITS. Scaffolds were harvested at 3, 7, 
14 and 21 days for analysis. 

Sulfated GAG and DNA quantification

Scaffold samples (with or without cells) were 
digested for 16 h with papain cocktail (125 mg/
mL of papain, 5 mM L-cysteine, 100 mM 
Na2HPO4, and 5 mM EDTA; pH 6.2) at 60°C for 
DNA and glycosaminoglycan (GAG) estimation. 
The DNA content was measured using the 
PicoGreen DNA assay kit (Invitrogen, Carlsbad, 
California, USA) as per the manufacturer’s pro-
tocol. The sample (20 mL) was mixed with 200 
mL of Quant-iT PicoGreen reagent (1:200 dilu-
tion). The excitation and emission wavelengths 
of 480 and 528 nm, respectively, were mea-
sured using a fluorimeter. Readings were com-
pared with standard curves made from calf thy-
mus DNA (Sigma, St Louis, Missouri, USA). The 
DNA content was normalized to scaffold wet 
weight. 

Total sulfated GAG (sGAG) was estimated using 
the 1,9-dimethylmethylene blue (DMMB) assay. 
The sample (20 mL) was mixed with 200 mL of 
DMMB reagent, and the absorbance was read 
on a plate reader (MultiSkan Spectrum; Thermo, 
Waltham, Massachusetts, USA) at 525 nm. A 
standard curve was established from chondroi-
tin-6-sulfate from shark (Sigma) to compare 
absorbance for the samples. Total sGAG was 
normalized to scaffold wet weight and total 
DNA content to avoid variation due to scaffold 
sizes and cell numbers. 

Confocal microscopy 

The scaffold samples (with cells) were washed 
thrice with PBS (pH 7.4) and incubated with 
0.1% (w/v) acridine orange for 5 min. Images 
from stained scaffolds were obtained using a 
confocal laser scanning microscope (Leica SP2 
inverted microscope; Leica, Mannheim, Ger- 
many) equipped with 488 nm lasers. 

In vivo animal experiments 

Animal studies were performed at our hospital 
and were approved by the ethics committee  
in accordance with the guidelines for the care 
and use of laboratory animals. Protocols were 
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approved by the local Institutional Animal Care 
and Use Committee and were performed in 
compliance with the Guide for the Care and Use 
of Laboratory Animals (National Academies 
Press, National Institutes of Health Publication 
No. 85-23, revised 1996; permission number 
2010-0089). Eighteen minipigs (36 knees) 
weighing 2.5-3.0 kg and 4-6 months old were 
used for this part of the investigation. Minipigs 
were divided into three treatment groups, as 
follows: Microfracture alone (M group), ABM 
implantation alone (ABM group), and Micro- 
fracture combined with ABM implantation 
(ABM+M group). 

Surgical procedures

The animals were anesthetized by intravenous 
injection of 10 mL of ethylcarbamate (0.2 g/
mL). After shaving, disinfection, and draping, 
the knee was opened by a parapatellar antero-
medial incision, and the patella was everted. 
Full-thickness articular defects 9 mm in diam-
eter were created by corneal trephine in the 
trochlear groove of the distal femur without 
destroying the subchondral bone. The following 
procedures was then performed. (1) ABM scaf-
fold preparation: to allow bone marrow to pen-
etrate ABM, holes were drilled through the ABM 
with a 0.5 mm-diameter drill bit. The drilled 
ABM was made into a 9 mm-diameter cylinder 
by a corneal trephine. (2) Microfracture: Micro- 
fracture was made into the medullary cavity. (3) 
The scaffold was implanted into the defect by 
placing the cortical part of the scaffold in con-
tact with the subchondral bone. All implants 
were placed at the same level with the surface 
of the adjacent cartilage. Wound closure was 
performed in layers. All the animals were kept 
in cages and had free access to food pellets 
and water. At 6, 12, and 24 weeks after sur-
gery, the animals were sacrificed with an intra-
venous injection of pentobarbital at 1 mL/kg. 

Histological assessment and staining of re-
paired tissue 

After sacrifice, the distal portions of the femurs 
(six samples in three pigs in each group) were 
cut off and then fixed in 4% paraformaldehyde 
(pH 7.4) for 48 h at 4°C. The femurs were decal-
cified in 20% EDTA (pH 7.2) in PBS with 5% 
paraformaldehyde at 4°C. The decalcified spec-
imens were trimmed, dehydrated in a graded 
ethanol series, and embedded in paraffin. 
Serial sections (8 μm thick) were cut in a sagit-

tal manner through the center of the operative 
site and stained with hematoxylin and eosin 
and toluidine blue. Immunohistochemistry was 
performed with type II collagen antibody 
(Abcam, Cambridge, UK). 

Scanning electron microscopy 

The repaired tissues were harvested 24 weeks 
from the surface of the implant in the trochlear 
groove of the right distal femur. The samples 
were fixed immediately in a mixture of 4 mL 
25% glutaraldehyde and 96 mL 10 mmol/L 
Tris-HCl (pH 7.4) at 4°C for 1 day. Then, they 
were dehydrated with a graded series of 70%, 
80%, 90%, and 100% ethanol. Critical point 
drying was performed in liquid CO2 at 37°C. The 
specimens were vacuum-coated with a 5 nm 
layer of gold in a high-vacuum gold spatter 
coater and then viewed with a scanning elec-
tron microscope (S-2500; Hitachi High-Tech- 
nologies Co., Hitachi-Naka City, Japan). 

Nanoindentation assessment of repaired tis-
sue

The biomechanical analysis of the repaired tis-
sues was performed using nanoindentation in 
accordance with reported methods. The sam-
ples (n=9 each group) were isolated from the 
central part of the repaired tissues. The normal 
hyaline cartilage samples (n=9) were isolated 
from the non-operated trochlear parts of the 
knee. Circumfluent PBS was used to maintain 
hydration of the samples at room temperature 
during testing. 

All indentations were performed using the Tri-
boIndenter (Hysitron Inc., Minneapolis, Minne- 
sota, USA) with a 100 mm radius of a curvature 
conospherical diamond probe tip. For each 
indentation, the maximum indentation depth 
was set to 1000 nm. The sample was loaded 
within the first 10 s of the sample’s surface 
coming in contact with the tips. The samples 
were held at the maximum depth for 2 s, and 
unloaded in the last 10 s of contact. The data 
analysis of nanoindentation was performed 
based on a reported method. 

Statistical analysis 

For statistical analysis, all results are expressed 
as mean ± standard deviation. The results from 
the same group were processed using the 
Student t test, whereas the results between 



In situ cartilage repair using ABM scaffold

6653	 Am J Transl Res 2019;11(10):6650-6659



In situ cartilage repair using ABM scaffold

6654	 Am J Transl Res 2019;11(10):6650-6659

groups were processed using analysis of vari-
ance (ANOVA). Processing was performed using 
the SPSS 17.0 statistical software (SPSS, 
Chicago, IL, USA). P<0.05 was considered sta-
tistically significant. All results were expressed 
as mean ± standard deviation. 

Results

Chondrogenesis induction and biomechanical 
properties of ABM 

The ABM scaffold is composed of two parts, 
the cortical part and the cancellous part (Figure 
1A). This scaffold was made of decalcified bone 
matrix and was designed for easy clinical appli-
cation. The ABM scaffold was porous (Figure 
1A), and its surface was similar to that of nor-
mal cartilage (Figure 1B). It has natural ingredi-
ents appropriate for cell growth and cartilage 
induction. The reduced modulus and hardness 
of ABM were similar to those of normal carti-
lage according to the nanoindentation results 
(Figure 1C). Its biomechanical properties were 
better than those in normal cartilage, thereby 
indicating that the ABM scaffold will benefit 
early rehabilitation.

The ability of human bone marrow-derived 
mesenchymal stem cells (MSCs) to secrete car-
tilage matrix in this ABM scaffold was evaluat-
ed. At 21 days of in vitro culture, both DNA con-
tent (cell number), proteoglycan [secreted gly-
cosaminoglycan (sGAG)] and collagen secreted 
(hydroxyproline, HYP) increased over a 21 day 
culture (Figure 1D-F). Gene expression sup-
ported the matrix production results (Figure 
1G-I). Type I collagen expression decreased 
from 3 days, and the decreased level lasted for 
21 days (Figure 1G). Type II collagen was 
increased from 7 days and reached a level simi-

lar to that of chondrocytes from 7 days to 21 
days (Figure 1H). Aggrecan expression increa- 
sed from 3 days to 21 days and reached a level 
similar to that of chondrocytes (Figure 1I). 
sGAG production by MSCs was comparable 
with that of mature chondrocytes that were cul-
tured on the scaffold for 21 days without chon-
drogenesis medium. Both collagen production 
and sGAG production by the MSCs were similar 
to those of chondrocytes that were cultured for 
21 days (Figure 1J-L). 

The MSCs were well grown on both parts of the 
ABM scaffold according to images from the 
scanning electron microscope. The MSCs 
spread well (Figure 1M6 and 1M7) and adhered 
tightly to both the cancellous parts (Figure 1M1 
and 1M2) and the cortical parts (Figure 1M6 
and 1M7) of the scaffold, especially in the con-
cave area of the ABM scaffold (Figure 1M2 and 
1M7, as indicated by a white arrow). 

Viability of MSCs grown on the ABM scaffold

The nuclei of MSCs grown on both cortical and 
cancellous parts were stained with green fluo-
rescence uniformly (Figure 1M3 and 1M8), and 
results indicated living normal cells. All MSCs 
were stained with red fluorescence uniformly, 
thereby indicating that the cytoplasm of the 
MSCs was uniform, with no rupture and no 
apoptotic cells (Figure 1M4 and 1M9). No 
apoptotic or necrotic cells were seen on the 
images (Figure 1M5 and 1M10). 

These in vitro results supported the potential of 
ABM scaffold, which benefits cell growth, and 
highlights the chondrogenesis potential of 
MSCs grown on scaffold in local cartilage 
repair. 

Figure 1. The biomechanical properties of ABM scaffold and the in vitro cell growth, chondrogenesis and the cell 
attachment on ABM. (A) SEM image of The ABM scaffold. 1 indicate the cancellous part. 2 indicate the cortical part. 
(B) Microscopic geomorphology of normal cartilage and ABM surface was acquired during nanoindentation. (C) The 
reduced modulus and the hardness of normal cartilage and ABM were calculated during nanoindentation (n=6, 
*P<0.05). (D-F) MSCs were cultured in the ABM scaffold. DNA, GAG, and hydroxyproline contents were measured 
for over 21 days. (n=6, *P<0.05). (G-I). Expressions of collagen type I, collagen type II, and aggrecan for over 21 
days. (n=6, *P<0.05 vs chondrocytes, #P<0.05 vs MSCs). DNA (J) GAG (K) and HYP (L) production by chondrocytes 
cultured alone in the ABM scaffold and MSCs cultured in ABM scaffold with chondrogenesis medium in vitro. (M) 
The attachment of MSCs on different parts of the ABM scaffold. Scanning electron microscopy images show the 
growth of MSCs on the surface of cancellous parts (1, 2) and cortical parts (6, 7) of the ABM at different magnifica-
tions (original magnification: 1 and 6: *200, 2, and 7: *500). Arrows indicate the typical cells grown on different parts 
of the scaffold. Confocal laser microscopic images show the growth of MSCs on the cancellous parts (3-5) of the 
ABM and the cortical parts (8-10). The MSCs grown on both parts of the scaffold were stained with green and red 
fluorescence uniformly (no apoptotic or necrotic cells). Green: the intercalated DNA stained by acridine orange with 
fluorescence at 515-545 nm. Red: the electrostatic RNA stained by acridine orange with fluorescence at 590-620 
nm. Yellow: merged from (3 and 4) or (8 and 9). Magnification: *60. 
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Cartilage repair in a large-animal model 

We previously performed animal (rabbit) stud-
ies to establish the cartilage repair potential of 
ABM scaffold homotransplantations and xeno-
transplantation. This one-step technique based 
on ABM scaffold successfully induced hyaline-
like articular cartilage repair [20, 21]. 

Cartilage repair should be confirmed in large 
animal models to establish clinical guidelines 
for the surgical application of the ABM scaffold 
and the cartilage repair technique. Porcine 
chondral defects were subjected to the 
Microfracture technique alone in the M group 
and implanted with ABM scaffold alone in the 
ABM group. These defects were subjected to 
Microfracture and implanted with the ABM 
scaffold in ABM+M group. 

Macroscopic findings of the repaired cartilage 
defects 

Animals were sacrificed, and their knees were 
excised and examined at 6, 12, and 24 weeks 
after the operation. In the ABM+M group, full-
thickness defects were repaired with glossy 
white tissue, which was comparable with nor-
mal articular cartilage in appearance, as shown 
in Figure 2A3, 2A6, 2A9. On the contrary, 

defects in the M group remained largely unfilled, 
as shown in Figure 2A1, 2A4, 2A7. Incomplete 
integration, an uneven surface, and thinner 
repair tissues were also observed in the ABM 
group, as shown in Figure 2A2, 2A5, 2A8. 
These microscopic findings were similar to pre-
vious findings in rabbit [20]. 

Histological findings of the repaired cartilage 
defects 

Hyaline-like chondrocytes were seen in the 
ABM+M group in the repaired region, with good 
integration between repair tissue and normal 
cartilage. The tidemark was clear, as shown in 
Figure 2B3, 2B6, 2B9. The matrix production of 
repair tissue was close to that of normal carti-
lage, with dark toluidine blue (TB) staining and 
positive immunohistochemical (IHC) staining of 
Type II collagen, as shown in Figure 3A3, 3A6, 
3A9 and 3B3, 3B6, 3B9. The repaired tissues 
in the M group were similar to scar or fiber tis-
sue but with fewer cells, thinner repaired tis-
sue, and poorer filling in the repaired region 
and with no clear tidemark, as shown in Figure 
2B1, 2B4, 2B7. No staining or very light stain-
ing of TB and IHC staining were observed, as 
shown in Figure 3A1, 3A4, 3A7 and 3B1, 3B4, 
3B7. Fewer hyaline-like chondrocytes were 
observed seen in the ABM group with thinner 

Figure 2. Cartilage repair with ABM scaffold in a porcine model. A. Macroscopic appearance of the cartilage defect 
healing in three groups at 6 (1-3), 12 (4-6), and 24 (7-9) weeks after the operation. The three groups were as fol-
lows: M group, cartilage defects were treated with the microfracture technique alone; ABM group, cartilage defects 
were implanted with ABM scaffold alone; and ABM+M group, cartilage defects were treated with microfracture and 
implanted with the ABM scaffold. B. H&E staining in the three groups after the operation. N, normal cartilage; R, 
repair tissues. The arrows indicate the margins of the normal tissue and the repaired tissue. Scale bars=500 µm. 
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repair tissue, incomplete filling in the repair 
region, and irregular tide mark, as shown in 
Figure 2B2, 2B5, 2B8, in comparison with the 
ABM+M group. Light TB and IHC staining was 
seen in the ABM group, as shown in Figure 
3A2, 3A5, 3A8 and 3B2, 3B5, 3B8.

Surface integration and the biomechanical 
properties of the repaired cartilage defects 

In the ABM+M group, the surface of the repaired 
tissues was smooth, at the same height of the 
normal cartilage (Figure 4A4), and better inte-
grated with the surrounding cartilage compared 
with those of M or ABM groups (Figure 4A2, 
4A3). Clear cracks between the repaired and 
normal tissues were observed in the M and 
ABM groups, but the repair tissues in the ABM 
group were smoother than those in the M 
group.

Nanoindentation was performed to assess the 
biomechanical properties of the three groups 
at 24 weeks. The surface of repaired tissues in 
ABM+M group was well integrated and smooth, 
which was consistent with the results of the 
SEM analysis (Figure 4B). However, the surface 
of repaired tissues in the M and ABM groups 
were scraggier and rougher than normal carti-
lage (Figure 4B). 

The reduced modulus, hardness, and contact 
stiffness are considered suitable measurement 
for comparing the mechanic properties of dif-
ferent repaired tissues. In our study, the normal 

cartilage showed the highest reduced modulus, 
followed in descending order of stiffness by the 
samples from ABM+M group, ABM group, and 
M group (Figure 4C). Similar results can be 
seen in the assessment of hardness and con-
tact stiffness (Figure 4D and 4E). Normal carti-
lage displayed the highest contact stiffness 
and reduced modulus and hardness, whereas 
the repaired tissues in the M group showed the 
lowest values among the four groups. Similar to 
native cartilage, the repaired tissue in the 
ABM+M group established a significantly high-
er reduced modulus, hardness and contact 
stiffness than those of the M and ABM groups 
(Figure 4C-E). This finding indicated that the 
biofunctional materials promoted well-orga-
nized cartilage repair, thereby resulting in bio-
mechanical properties similar to those of nor-
mal cartilage. 

Discussion

Cartilage repair is still a great challenge for cli-
nicians and researchers. Various methods have 
been studied to promote cartilage repair, but 
no satisfactory method has been developed. 
There are still many problems, such as insuffi-
cient cell supply [11], new damage to the donor 
site [4], and chondrocyte dedifferentiation dur-
ing its expansion in vitro [16]. Moreover, the 
patient always needs to undergo two opera-
tions to complete the treatment in some meth-
ods, such as ACI technique [12]. These prob-
lems also exist in other transplantation tech-

Figure 3. Toluidine blue staining and IHC staining of Type II collagen of repaired tissue and normal cartilage in the 
three groups at 6 (1-3), 12 (4-6), and 24 (7-9) weeks after the operation. ABM, decalcified cortical cancellous bone 
matrix; ABM+M, perforated ABM combined with microfracture; N, normal cartilage; R, repair tissues. The arrows 
indicate the margins of the normal tissue and the repaired tissue. Scale bars=500 µm. 
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niques, such as periosteal transplantation, 
osteochondral transplantation [17], and matrix-
assisted chondrocyte implantation [18, 19]. All 
these problems significantly motivated resear- 
chers to find new approaches for cartilage 
repair.

Thus, we designed a method that first releases 
autologous cells by the marrow stimulation 
technique and then creates a favorable micro-
environment by using the ABM scaffold for 
induction and formation of hyaline-cartilage.

This method can be performed in a one-step 
procedure and can utilize endogenous cells 
without donor site morbidity. Preliminary stud-
ies and the current study have confirmed that 
this technique is easy to perform and leads to 
hyaline-like cartilage repair [20, 21, 24].

Several factors may have contributed to the 
satisfactory results. First, cells induced by 

Microfracture can migrate to the cartilage 
defect region, while the ABM scaffold provides 
a microenvironment for cell survival and differ-
entiation. Second, the porous structure of the 
ABM scaffold is conducive to the increase of 
cell growth and adhesion. Third, the ABM scaf-
fold itself contains many proteins that may help 
with the regeneration of subchondral bone, 
induce cartilage differentiation, and stimulate 
cartilage matrix formation [25]. 

The optimal scaffold can attract cell attach-
ment, proliferation, and differentiation [26]. 
The ABM scaffolds maintain a more natural 3D 
collagen structure, better cell permeability, bet-
ter biological compatibility, and better mechani-
cal properties compared with other non-biolog-
ical materials, such as carbon fiber, collagen 
sponge, absorbing polymers, and hydroxyapa-
tite [27-29]. It is suitable for cartilage repair 
regardless of the structure and biological prop-

Figure 4. The integration and biomechanics properties of the repair tissue. Scanning electron microscopy images 
from 3 groups at 24 weeks after the operation (A). ABM, decalcified cortical-cancellous bone matrix; ABM+M, perfo-
rated ABM combined with microfracture; M, microfracture alone; N, normal cartilage; R, repair tissues. The arrows 
indicate the margins of the normal and repaired tissue. Scale bars=500 μm. Samples from the central part of the 
repaired tissue 24 weeks after transplantation were evaluated by a nanofindenter. Microscopic geomorphology of 
the repaired zone was acquired during nanoindentation (B). Reduced modulus (C), hardness (D) and contact stiff-
ness (E) of the repair tissues were compared with the normal cartilage. Higher mechanical properties can be seen in 
the repair tissues in the ABM+M group. ABM, decalcified cortical-cancellous bone matrix; ABM+M, perforated ABM 
combined with microfracture; M, microfracture alone; N, normal cartilage. (n=9, *P<0.05).
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erties. The cortical part (1 mm thick) facing the 
cartilage defect was used as a basic support. 
The demineralized cancellous parts served as 
the main body of the scaffold for cartilage 
regeneration. Drilling was performed for bone 
marrow stem cells to penetrate into the defect 
region. Moreover, the ABM scaffold is rich with 
bone morphogenetic proteins (BMPs) and a 
variety of cytokines that promote the induction 
of cartilage [30, 31] and the secretion of carti-
lage ECM, thereby playing an important role in 
the start of cartilage repair and shaping [32]. 

ECM-based engineering strategies are already 
being used clinically for other tissues, such as 
muscle, tendon [33], and heart valves [34]. 

The use of a natural, acellular matrix is a prom-
ising strategy for regenerative medicine and 
cartilage tissue engineering and can easily be 
translated to clinical applications.
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