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ABSTRACT

Meniscal injuries have poor intrinsic healing capability and are associated with the development of osteoar-
thritis. Decellularized meniscus extracellular matrix (mECM) has been suggested to be efficacious for the repair
of meniscus defect. However, main efforts to date have been focused on the concentration, crosslinking density
and anatomical region dependence of the mECM hydrogels on regulation of proliferation and differentiation of
adult mesenchymal stem cells (MSCs) in vitro 2D or 3D culture. A systematic investigation and understanding of
the effect of mECM on encapsulated MSCs response and integrative meniscus repair by in vivo rat subcutaneous
implantation and orthotopic meniscus injury model will be highly valuable to explore its potential for clinical
translation. In this study, we investigated the in situ delivery of rat BMSCs in an injectable mECM hydrogel to a
meniscal defect in a SD rat model. Decellularized mECM retained essential proteoglycans and collagens, and
significantly upregulated expression of fibrochondrogenic markers by BMSCs versus collagen hydrogel alone in
vitro 3D cell culture. When applied to an orthotopic model of meniscal injury in SD rat, mECM is superior than
collagen I scaffold in reduction of osteophyte formation and prevention of joint space narrowing and osteoar-
thritis development as evidenced by histology and micro-CT analysis. Taken together, these results indicate
mECM hydrogel is a highly promising carrier to deliver MSCs for long-term repair of meniscus tissue, while
preventing the development of osteoarthritis.

1. Introduction

novel approach for functional repair of meniscal injuries [5]. In parti-
cular, meniscus derived ECM has been shown to promote injured me-

Meniscus plays an important role in maintaining the stability of
joints and conducting mechanical loads [1]. Meniscal injuries are a
common and important cause of knee dysfunction [2]. Indulgence will
lead to severe joint degeneration and mineral loss. Unfortunately, me-
niscus injuries, especially those in the avascular inner zone have a poor
healing capability [3]. Currently, partial meniscectomy is commonly
practiced to reduce pain and mechanical symptoms, despite knowing
that partial removal of meniscal tissue contributes to the development
of OA [4].

In this regard, tissue engineering approaches that use biomaterial
scaffolds in combination with potential therapeutic cells provide a
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niscus tissue remodeling and integrative repair by providing abundance
of native biochemical components and growth factors [6].

Several prior studies have generated meniscus tissue-derived scaf-
folds for either tissue repair or replacement. Whole meniscus tissue has
been decellularized to generate allograft scaffold for meniscus repair.
However, the dense ECM limits cellular migration into the allografts, a
process that is necessary for long-term regeneration and repair [7]. In
addition, previous studies have mostly introduced exogenous cytokines
such as TGF-$3 [8,9], BMP2 [10] and EGFR [11]into the hydrogel,
which not only interfered with our judgment of the intrinsic potential of
the scaffold, but also greatly limited the clinical translation in regard to
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regulatory paths. Other studies have used physical disruption [12],
enzymatic treatments [13], chemical treatments or a combination
therefore to generate porous scaffold or hydrogels [9] to promote en-
dogenous cell migration. While many previous studies investigated the
effect of mECM concentration and various methods of crosslinking on
scaffold integrity enhancement and the exogenous meniscus cellular
response in a meniscus repair model system in vitro [14-16] or ex vivo
[17], there has been little examination of the long-term efficacy of
mECM in pertinent animal models for meniscus repair.

Thus, the aim of this study was to compare the effect of mECM with
Collagen I from bovine skin in promoting chondrogenic/fibrochondro-
genic differentiation of encapsulated BMSCs and long-term efficacy of
these scaffold in an orthotopic SD rat meniscal injury model. For this
purpose, we processed the inner region of porcine meniscus into an
injectable hydrogel solution via modified decellularization and enzy-
matic digestion. BMSCs were first encapsulated in Collagen I or mECM
hydrogel then injected to the meniscus defect through an arthroscopic
meniscectomy surgery. The extent of decellularization and cellular re-
sponse in 3D culture were evaluated in vitro. Finally, a subcutaneous
implantation model and an orthotopic SD rat meniscal injury model
were used to evaluate the effect of both scaffold for functional meniscus
repair and preventative effect of osteoarthritis development.

2. Materials and methods

2.1. Decellularization and digestion of porcine meniscus extracellular
matrix

Meniscus tissues were harvested from the hindleg stifle of 6 to 7-
month-old porcine knee joints which were purchased from pork retailer
within 12 h of slaughter. The preparation of meniscus-derived extra-
cellular matrix (mECM) was carried out as described previously [18].
One third of the medial meniscus samples was preserved and washed
with PBS and then cut into small chips with size of 5-10 mm?. Meniscal
chips were expanded with acetic acid solution (0.01 M, pH 2) for 48 h
at 4 °C and were performed three cycles of freeze-thaw by freezing the
samples at —80 °C for 24h then leaving the tissue to thaw at room
temperature for 4h. Samples were decellularized in 2% SDS and 10 mM
Tris at 25 °C with agitation (3 cycles, 24 h each), followed by 0.1%
peracetic acid (2 h), washed in sterile water and PBS with aprotinin for
12h with agitation (3 cycles), and lyophilized again (24 h). The re-
sulting sponge-like mECM was digested in 0.1% pepsin +0.01 M HCl
(pH 2) at a concentration of 50 mg/mL at 25 °C with agitation (12 h),
resulting in a mECM digest solution. Then, the decellularized ECM was
treated with 200 U/mL DNase (Thermo Fisher Scientific, USA) and 50
U/mL RNase (Thermo Fisher Scientific, USA) solution at 37 °C for 24 h
and then washed in PBS (6 cycles, 30 min each). Efficient removal of
DNA was confirmed by the lack of cell nuclei using 4, 6-diamidino-2-
phenylindole (DAPI, Thermo Fisher Scientific, USA) staining and by a
reduction in the double-stranded DNA content using PicoGreen dsDNA
Quantitation Kits (Invitrogen, USA), compared with that of native
meniscus tissues. Collagen [19], GAGs content [20] retention was
confirmed by biochemical analysis. Before use, adjust the pH of mECM
solution to neutral using 0.5 mol/L NaOH solution and then adjust the
concentration to 3 mg/mL using 1 x PBS and store it at 4 °C.

2.2. Culture of rat bone marrow derived stem cells (BMSCs)

BMSCs were isolated from rat bone marrow aspirates as described in
a previous work [21]. Briefly, bone marrow was collected from femurs
by inserting a 22-gauge needle into the shaft of the femur and flushed
with 3 mL PBS (Sigma, USA). BMSCs were cultured in complete growth
medium (alpha-modified eagle's medium (aMEM, GIBCO, USA), 10%
fetal bovine serum (Sigma, USA), 100 U/mL penicillin and 100 mg/mL
streptomycin) at 37 °C and 5.0% CO, in a humidified incubator. The
culture medium was replaced every 3 days. All experiments were
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performed with BMSCs at passage 3.

2.3. Encapsulation of BMSCs in mECM or hydrogel

Collagen I (PureCol®, Advanced BioMatrix, USA) from bovine skin
was prepared as previously described [22]. mECM and collagen were
neutralized with 0.5 M NaOH and diluted with 1 x PBS to reach final
concentration of 0.3 mg/mL and 3 mg/mL and stored at 4 °C respec-
tively before use. BMSCs from SD rat were mixed with neutralized
mECM or Cowhide collagen solution by vortex at a concentration of
1 x 107 cells/mL, gelated at 37 °C for 10 min, then cultured in com-
plete media. Samples were collected at days 7, 14, 21 for biochemical,
histological and gene expression analyses. Samples were also collected
at days 7 for cell viability analysis and at days 21 for SEM and Western
Blot analysis (see Supplemental Information).

2.4. In vivo subcutaneous implantation model in SD rat

Male SD rats at 7 weeks of age were anesthetized by intraperitoneal
injections of 2% pentobarbital sodium. After 7 days of in vitro culture,
The BMSCs (1 x 10° cells) encapsulated in mECM (100 puL) were placed
into the back of SD rats by surgical operation. In detail, a 1 cm skin
incision was made longitudinally on the midline of the back of the rat,
then 3D constructs were implanted into separate subcutaneous dorsal
pockets (1 construct per pocket, 2 pockets per animal), the skin was
sutured carefully, and 80,000 units of penicillin solution were injected
intraperitoneally according to an approved protocol at Guangxi Medical
University, China. Implants were collected after 4 weeks transplanta-
tion and evaluated for histological staining.

2.5. Orthotopic model of meniscal injury in SD rat

The white area of the medial anterior horn of the meniscus of SD
rats (n = 18) was made into a full-thickness defect model by micro-
surgery under the microscope. Briefly, male SD rats at 7 weeks of age
were anesthetized with 2% w/v pentobarbital sodium, with analgesia
with 10 mg/kg Tramadol. After disinfection, the anterior joint of the rat
was exposed by the longitudinal incision of the joint capsule through
the medial approach of the patellar ligament with aseptic technique.
The anterior horn of the medial meniscus was dislocated anteriorly,
resulting in a 0.6-mm-diameter through-hole defect in the meniscus.
BMSCs (5 x 10 ° cells) encapsulated in mECM (30 pL) or Cowhide
collagen (30 pL) were injected into the defect by 25-gauge needle. The
incision was sutured layer by layer (articular capsule, muscle, sub-
cutaneous tissue, skin) after injection of BMSCs with Cowhide collagen
or mECM. Normal saline (n = 6) was injected as a negative control. The
rats were placed in a warm box (26 °C), and tramadol 10 mg/kg was
used for analgesia 2 h post-surgery. At eight weeks post-injury, all an-
imals were euthanized through CO, induction, the joint tissue was ex-
posed and its macroscopic observation was recorded through Huawei
mate 9 (Huawei, China). Meniscus tissues were harvested and fixed in
4% paraformaldehyde for 48 h for histological analyses.

2.6. Micro-computed tomography (uCT) analysis of SD rat

All rats were imaged in micro-computed tomographic (UCT) scanner
(NEMO micro-CT, PINGSENG Healthcare, China) at four weeks and
eight weeks post-surgery. Under anesthesia by 2% pentobarbital so-
dium, pCT scanning was performed with focus over the hindlimbs with
a 90 kVP tube voltage and 80 pA current. 3D segmentation of the CT
images was performed by using a commercial image processing soft-
ware (Recon; PINGSENG, Shanghai, China). Indirect measures of knee
joint space volumes (JSV) of each animal at each time point were
achieved by calculating the difference between a fixed cubic volume
and the bone volume [9].
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2.7. Gene expression in BMSCs in vitro culture

Cell-laden mECM or Cowhide collagen at days 7, 14, and 21 were
homogenized by pellet pestle. Total RNA was extracted in RNA ex-
traction kit (Tiangen Biotech Co., Ltd., China) and digested with DNase
to remove any contaminating genomic DNA in accordance with the
manufacturer's instructions. First-strand complementary DNA (cDNA)
was synthesized using a cDNA synthesis kit (Invitrogen, USA).
Quantitative real-time polymerase chain reaction (qQRT-PCR) was per-
formed using Fast Start Universal SYBR Green Master (Roche) by
quantitative PCR detection system (Realplex 4, Eppendorf
Corporation). The samples were then analyzed by comparative Ct
quantification (DDCt method). Primers used for meniscus-associated
gene expression included those for Collagen I, Collagen II, and Aggrecan.
The targets and sequences of primers are shown in Table S1. The ex-
pression level of each gene was standardized by GAPDH.

2.8. Biochemical content of hydrogel-encapsulated cells in vitro

The biochemical compositions of the native and decellularized
mECM, BMSCs in mECM and Cowhide collagen hydrogels were quan-
tified for DNA, sulfated glycosaminoglycan (GAGs), and total collagen
contents. Briefly, samples were rinsed with PBS, minced and digested
with proteinase K (60 pg/mL) at 56 °C for 10 h. The content of DNA in
3D constructs was stained by Hoechst 33258 dye and absorbance was
measured at 460 nm by using fluorescence spectrophotometer (Bio-Tek
Instruments, USA). Calf thymus DNA was used as the standard.
Intracellular GAGs secretion was analyzed using 1,9-dimethylmethy-
lene blue assay (DMMB, Sigma, USA) and the absorption at wavelength
of 525 nm was recorded on fluorescence spectrophotometer (Bio-Tek
Instruments, USA), and chondroitin sulfate (Sigma, USA) was used as a
standard. Finally, intracellular GAGs secretion was normalized to the
DNA content of the cells and expressed as GAGs/DNA. Collagen content
was quantified by measuring total hydroxyproline content using a
Hydroxyproline Assay Kit (Sigma aldrich, USA). A hydroxyproline:
collagen ratio of 1:7.69 was assumed to determine the collagen content
[23].

2.9. Histological analysis

For histological processing, hydrogel-encapsulated BMSCs at days 7,

After injection

14, and 21 were fixed with 4% phosphate-buffered paraformaldehyde
at 4 °C for 3 h, dehydrated through a graded series of ethanol, em-
bedded in paraffin, sectioned at a thickness of 4 pum with Slicer
(RM2125, LEICA, Germany). All sections were stained with hematox-
ylin-eosin (H&E) staining reagent (Solarbio, USA), Toluidine blue
(Solarbio, USA), Alcian blue and immunohistochemistry reagent (ZSGb
Bio, China) for Collagen I (Abcam, USA) in strict accordance with
standard protocols provided from manufacturer. Neutral resin sealed-
slices were prepared for observation and pictures were captured by an
Inverted optical microscope (Olympus, Japan).

For in vivo study samples, after gradient alcohol dehydration, the
knee tissues were embedded in paraffin. The embedded tissues were
then cut into 5 pm frontal sagittal sections. Slides of femur and tibia
were stained with H&E (Solarbio, China) and Safranin-O fast green
(Solarbio, China) [24]. The morphological manifestations of meniscus
tissues were observed in a double-blind manner using a microscope
(Olympus, Japan).

2.10. Statistical analysis

Statistical analyses of all data (mean * S.D) were performed using
SPSS 64.0 (SPSS Inc., Chicago, Illinois, USA). Comparisons across
control and treatment groups were made using one-way analysis of
variance (ANOVA) with Tukey's HSD post hoc testing where a p
value < 0.05 was considered significant. Sample sizes are indicated in
figure legends.

3. Results
3.1. Efficient decellularization of mECM

The decellularization of meniscus tissue resulted in a significant
reduction in dsDNA content (Fig. la; native vs decellularized:
130.23 ng/mg vs 30.49 ng/mg), without significant changes in GAGs or
collagen content (Fig. 1b and c). We also utilized SEM to visualize the
physical structure of mECM and Cowhide collagen scaffolds. mECM
prepared by expansion of meniscus in acetic acid possessed a loose
porous structure with interconnected pores ranged from 10 pum to
40 pm (Fig. 1d), which is believed to facilitate cell infiltration and
proliferation. In order to evaluate the effect of extrusion through needle
on BMSCs viability, we performed a live/dead assay for cells mixed
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Fig. 2. H&E staining for BMSCs-laden Cowhide collagen and mECM hydrogels over 21 days of culture in vitro.

with mECM before and post-extrusion through 25-gauge needle. Fig. le
shows that BMSCs in mECM maintained high cell viability through the
25-gauge needle before and after injection, probably due to the shear-
thinning properties of mECM hydrogels. Taken together, current de-
cellularization protocol effectively decellularized the meniscus tissue
without causing significant loss of ECM main components and pos-
sessed porous structure for cell proliferation.

3.2. In vitro studies

3.2.1. BMSCs morphology and viability in mECM

BMSCs were seeded in the decellularized mECM scaffold to evaluate
cell viability and ECM synthesis. H&E staining was used to evaluate the
distribution of BMSCs in mECM or Cowhide collagen and evaluate the
chondrogenic characteristics (Fig. 2). BMSCs showed a high pro-
liferative ability in mECM and Cowhide collagen scaffolds, the number
of BMSCs increased significantly over 21 days of culture. Round-shaped
chondrocyte-like cells and lacuna structures were distributed homo-
genously in both mECM and Cowhide collagen groups. Compared with
BMSCs-laden Cowhide collagen group, BMSCs-laden mECM group had
more chondrocyte-like cells with vacuolated structure. The BMSCs
viability in mECM or Cowhide collagen on day 7 was evaluated by
LIVE/DEAD® Viability Kit, BMSCs in both gels possess high cell viability
(> 90%) which indicates that BMSCs attached and proliferated in both
hydrogels (Fig. S1, Supporting Information).

3.2.2. Improved in vitro differentiation of BMSCs using mECM

GAGs is considered to be an important indicator of differentiation
towards cartilage. DMMB assay was used to evaluate the impact of
mECM on GAGs secretion by BMSCs. As shown in Fig. 3a, the secretion
of GAGs increased significantly over time under these two treatments.
However, once the GAGs content was normalized to DNA content, we
noted the GAGs secretion of mECM + BMSCs group was lower than
that of Cowhide collagen + BMSCs group, which was 15.83% less at 21
days (P < 0.05).

In order to further evaluate the effect of mECM on fibrocartilaginous
differentiation of BMSCs, Toluidine blue and Alcian blue staining
(Fig. 3d) were performed to measure the synthesis and secretion of
GAGs. Consistent with the H&E staining, cells embedded in Cowhide
collagen + BMSCs group secreted less GAGs content than in
mECM + BMSCs group. More cells and more intense staining were
observed in mECM + BMSCs group than in Cowhide collagen + BMSCs
group on day 21. Next, we performed immunohistochemistry staining
for collagen I and collagen II. The staining intensity for collagen II in
mECM + BMSCs group was higher than that in Cowhide col-
lagen + BMSCs group. Interestingly, mECM also upregulated the

expression of collagen I, stronger staining was observed in comparison
with Cowhide collagen + BMSCs group. We also extracted the total
RNA and proteins of the two groups of cells on day 21 for qRT-PCR and
Western blotting to digitally display of the expression of collagen I,
collagen II and aggrecan. Fig. 3b indicate that both mECM and Cowhide
collagen could effectively induce the expression of fibrocartilage re-
lated genes. In horizontal comparison, there is no significant difference
between the transcription levels of collagen II and Aggrecan in
mECM + BMSCs and Cowhide collagen + BMSCs groups at 21 days.
However, there were significant differences in the expression of collagen
I between the two groups. mECM was 77.79% higher than that of
Cowhide collagen + BMSCs group (P < 0.05), which indicates that
mECM selectively induced cartilage genes in favor of Collagen I. Wes-
tern blotting results also confirm this observation (Fig. S2, Supporting
Information). In addition, we found the cytoskeleton of cells in mECM
group exhibited regular alignment pattern, which is similar to the ar-
rangement of fibrin in fibrocartilage (shown in red) (Fig. 3c). However,
cytoskeleton in the Cowhide collagen + BMSCs group possessed a
disordered pattern. Previous studies have shown that the arrangement
of cytoskeleton is essential for the mechanical function of the tissue
[25,26].

The morphology and distribution of BMSCs in the scaffolds were
observed by SEM (Fig. S3, Supporting Information), which revealed
that BMSCs had a flat and adherent morphology and were well attached
to the scaffolds, and some cells migrated and attached to inter-
connecting pores.

3.3. In vivo studies

3.3.1. In vivo subcutaneous implantation of mECM hydrogel

To examine the biocompatibility and chondrogenesis capability of
mECM in vivo, a heterotopic implantation model was used prior to or-
thotopic implantation for an initial evaluation. BMSCs seeded within
mECM were subcutaneously injected into the back of SD rats after 7
days in vitro culture. Histological staining (H&E, Safranin-O and
Toluidine blue staining) of the graft was performed after 1 month of
post-transplantation (Fig. 4). A large number of cells and strong
staining were observed, round-shaped chondrocyte-like cells and la-
cuna structures were distributed homogenously in mECM.

3.3.2. BMSCs-laden mECM hydrogels promote meniscus regeneration and
improve joint function

After two months of implanting BMSCs-laden mECM constructs into
orthotopic model of meniscal injury in SD rat, the rats were scarified
according to the protocol described in experimental. The general view
of the full-thickness defect of meniscus white area is shown in Fig. 5a. In
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Fig. 3. In vitro fibrochondrogenesis of BMSCs in mECM versus Cowhide collagen. (a) Quantification of matrix production of GAG (n = 6) for cell proliferation. (b)
qRT-PCR was used to analyze the gene expression levels of collagen I, collagen II and Aggrecan in vitro. (c) Cell skeleton staining of the cells cultured in the mECM or
Cowihide collagen for 21 days (scale bar = 100 pm). (d) Alcian blue (top), Toluidine blue, Collagen II and Collagen I (bottom) staining of the cells cultured in the
mECM or Cowihide collagen for 21 days (scale bar = 150 um). Values are presented as means * SD,n = 6. *, P < 0.05 relative to the normal group.

the control group, the medial meniscus appeared obvious corrosion and
wear, which even affected the contralateral meniscus and the whole
joint. The tibial plateau also shows characteristics of osteoarthritis like
degeneration, which is evidenced in the uneven articular surface and
cartilage defects (Fig. 5b).

However, the meniscus and the whole joint of mECM + BMSCs and
Cowhide collagen + BMSCs groups maintain a relatively normal
structure, shown in the gross appearance of the joints (Fig. 5b). mECM
is believed to have capability to facilitate meniscus repair and joint

HE=

SafraniunO

protection. As evidence, the cartilage surface of meniscus and tibial
plateau in mECM + BMSC group shows a smoother surface than that of
Cowhide collagen + BMSCs group. H&E staining further confirmed our
interpretation. H&E staining (Fig. 5¢) showed that although Cowhide
collagen + BMSCs groups both enhanced the meniscus repair com-
pared to the control group, tissue fibrosis and vascular infiltration can
still be observed in the repair area. In contrast, the meniscus repaired by
BMSCs-laden mECM group did not show evident pathological char-
acteristics. Safranin O/Fast Green staining revealed the presence of

Toluidine blue

Fig. 4. Evaluation of the effect of mECM on chondrogenesis of BMSCs in a non-cartilage environment by H&E, Safranin-O and Toluidine blue staining after implanted

in the back of SD rats for 1 month, scale bar 100 ym n = 6.

875
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Fig. 5. In vivo meniscus regeneration in defects after implanting BMSCs-seeded mECM scaffolds. (a) Macroscopic appearance of meniscus tissue; (b) Macroscopic
appearance of tibial plateau, n = 6; (c)Histological analysis of meniscus regeneration through H&E staining; (d)Safranin O/Fast Green staining; (e)Collagen II and
(f)Collagen I staining after two months of treatment with mECM or Cowihide collagen, n = 6. Blue arrows indicate fibrotic tissue; Yellow five-pointed stars indicate

blood vessels.

sulfated GAG in hydrogel treated groups, with obviously stronger
staining in mECM over Cowhide collagen group (Fig. 5d). mECM and
Cowhide collagen treated group had low concentrations of collagen I
(Fig. 5f), which is typical for the inner region of the natural meniscus.
Surprisingly, although H&E staining shows integrative meniscus repair
in mECM treated group, we did not observe a strong straining for
markers such as collagen I and collagen II in this group (Fig. 5e).

To investigate whether BMSCs-laden mECM constructs could facil-
itate meniscus regeneration, protect from joint space narrowing and
pathologic mineralization, we carried out micro-CT (i CT) scanning and
reconstruction of the whole lower body of the animal after 1- and 2-
months post-transplantation (Fig. 6a). Over time, a large number of
hyperosteogeny and osteophyte formation appeared in the control
group (PBS treatment only), and the tissue structure of the upper sur-
face of the subchondral bone under the cartilage layer was disordered
and uneven. BMSCs-laden hydrogel transplantation effectively de-
creased the joint degeneration, while mECM was obviously better than
Cowhide collagen group in joint protection, mainly because it better
maintained the joint bone structure within different treatment time.
The joint space volumes (JSV) between the distal femur and proximal
tibia, another indicator to show the pathological and healthy state of
joint function were quantified by 3D segmentation of CT images. The
difference between JSV of left and right knees reflected the joint re-
laxation and stability (Fig. 6b). In the control group, there was a big

volume gap difference between the left and right articular cavities, and
the gap difference reached to 33.76 + 7.38 mm® (p < 0.05) at two
months after transplantation (Fig. 6¢). Cell-laden hydrogel significantly
reduced the change of articular cavity volume caused by meniscus in-
jury, while BMSCs-laden mECM group had a greater effect in reducing
osteophyte formation compared with BMSCs-laden Cowhide collagen
group. We further analyzed the pCT images of bone trabecula of femur,
as a way to evaluate the preventive effect of BMSCs-laden mECM hy-
drogel on bone loss caused by meniscus injury (Fig. 6d). We can visually
recognize that the mECM + BMSCs has a higher bone density than
Cowhide collagen + BMSCs group. The trabeculae in mECM + BMSCs
group possessed a denser and more evenly distributed structure. In
addition, through quantitative analysis on bone mineral density of
trabecula, we found the bone volume/tissue volume (BV/TV) between
femoral trabecular and tibial trabecular in mECM + BMSCs group in-
creased by 33.82% and 46.42%, respectively, compared with Cowhide
collagen + BMSCs group of identical age and sex at one- and two-
months post-transplantation (Fig. 6e). For trabecular number (TB. N),
the increase was 20.74% and 18.18%. However, the trabecular bone
spacing in the Cowhide collagen + BMSCs was significantly greater
than that in the mECM + BMSCs group, and the femoral and tibial
plateaus in the collagen group were 62.13% and 18.75% higher than
the mECM group, respectively. The trabecular thickness (Tb. Th) of
femur and tibia in mECM + BMSCs group was 9.63% and 14.13%
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Fig. 6. The effect of mMECM on the volume of articular cavity and mineral loss induced by osteoarthritis. (a) Coronal views of 3D reconstruction models of uCT images
of joint treated with PBS (Control), BMSCs-laden Cowhide collagen (Cowhide collagen + BMSCs) or BMSCs-laden mECM (mRNA + BMSCs) at 1 and 2 months,
n = 3. (b-c) The articular cavity was simulated by three-dimensional reconstruction in rats treated with PBS (Control), BMSCs-laden Cowhide collagen (Cowhide
collagen + BMSCs) or BMSCs-laden mECM (mRNA + BMSCs) at 1 and 2 months, n = 3; (d) Femur trabecular bone transection and 3D reconstruction images in rats
treated with BMSCs-laden Cowhide collagen (Cowhide collagen + BMSCs) or BMSCs-laden mECM (mRNA + BMSCs) at 2 months, n = 3; (e) Bone mineral density of
femoral shaft analyzed by uCT treated with BMSCs-laden Cowhide collagen or BMSCs-laden mECM at 2 months, n = 3; (f) pCT analysis of BV/TV, Tb.N, TB.Sp and
Tb.Th obtained from the distal femur after two months of treatment with mECM or Cowihide collagen. n = 3, Values are presented as means + SD. *, indicates
P < 0.05; **, P < 0.01; ***, P < 0.001, relative to the control group. #, P < 0.05; ##, P < 0.01, relative to the mRNA + BMSCs group.

higher than that in Cowhide collagen + BMSCs group, respectively.

4. Discussion

The overall goal of this study was to prepare an injectable meniscus
derived extracellular matrix (mECM) hydrogel to deliver bone marrow
stem cells to enhance meniscus repair and regeneration. We show that
successful decellularization was achieved based on evaluation of DNA
content in decellularized meniscal hydrogel, and confirmed with
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histological evaluation. There was only a slight decrease in GAGs and
collagen content compared to native meniscal tissue after decellular-
ization.

In vitro culture of BMSCs in mECM hydrogel exhibited excellent
BMSCs viability, cell proliferation, sulfated GAGs and collagen pro-
duction superior to cells in Cowhide collagen alone, demonstrating
enhanced fibrochondrogenesis of BMSCs observed at days of 7, 14 and
21 in vitro. Histology and immunohistochemistry study showed mECM
significantly upregulated the expression of collagen I versus of Cowhide
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collagen + BMSCs group.

Interestingly, BMSCs in mECM hydrogel exhibited phenotype closer
to the natural meniscus cell phenotype. mECM hydrogel not only in-
creased the expression of collagen II and aggrecan, but also upregulated
the expression of collagen I. Previous studies have focused on en-
hancement of collagen II as an indication for regeneration of meniscus,
but ignored the important role of collagen I to the contribution of
mechanical properties of meniscus, and regarded it as a sign of fibrosis
[27]. Previous studies showed that collagen I appeared throughout
most of the meniscus, while collagen II was present mainly in the inner
meniscus body [28]. The fiber bundles of collagen I is highly organized
in parallel arrays. It is this structure that endows meniscus to play
important roles in the knee joint, including force transmission, shock
absorption in the dynamic load-bearing movement [29]. Collagen II is
the main component of hyaline cartilage, which endows hyaline carti-
lage with the ability to resist the strong compression load [30,31]. As
the buffer zone of knee joint, meniscus can maintain the stability of
knee joint and relieve the external pressure on knee joint. Therefore,
stable collagen I fiber structure plays a significantly role in the main-
tenance of joint function both under healthy condition and after me-
niscus injury.

This study indicated that the mECM hydrogel serves two purposes:
First, as an ideal vehicle to retain MSCs within the intra-articular en-
vironment, providing biochemical cues similar to native meniscus
tissue and regulating BMSCs response and formation of fibrocartilage;
second, the regenerated fibrocartilage serves to protect from the de-
velopment of OA, as suggested by the better maintenance of JSV and
inhibition of osteoporosis (Fig. 6a, d, e, f). In summary, we demonstrate
the use of decellularized porcine meniscus hydrogel (mECM) for intra-
articular delivery of rat bone marrow stem cells in an orthotopic rat
model of meniscal injury. mECM not only induced the fibrochon-
drogenesis of encapsulated BMSCs but enhanced integrative meniscus
healing and chondroprotection in a SD rat model of meniscus injury.

In the future, extensive studies are required to elucidate the me-
chanisms of how mECM regulates BMSCs towards chondrogenesis and
meniscus repair. In addition, studies are needed to explore the role and
mechanism of increased secretion of collagen I in mECM hydrogel for
maintenance of knee stability. We are currently focusing on hydrogel
development based on ECMs derived from different tissues, both by
modifying their mechanical properties and improving hydrogel reten-
tion within the intra-articular space for future clinical translation.
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