
Suppressing Mesenchymal Stem Cell Hypertrophy and 
Endochondral Ossification in 3D Cartilage Regeneration with 
Nanofibrous Poly(L-Lactic Acid) Scaffold and Matrilin-3

Qihai Liu#a, Jun Wang#a, Yupeng Chenb, Zhanpeng Zhangc, Laura Saundersd, Ernestina 
Schipanie, Qian Chenb, and Peter X. Maa,c,d,f,*

aDepartment of Biologic and Materials Sciences, The University of Michigan, Ann Arbor, MI 
48109, USA

bDepartment of Orthopaedics, Warren Alpert Medical School of Brown University, Providence, RI, 
02903, USA

cDepartment of Biomedical Engineering, The University of Michigan, Ann Arbor, MI 48109, USA

dMacromolecular Science and Engineering Center, The University of Michigan, Ann Arbor, MI 
48109, USA

eDepartment of Orthopaedic Surgery, The University of Michigan, Ann Arbor, MI 48109, USA

fDepartment of Materials Science and Engineering, The University of Michigan, Ann Arbor, MI 
48109, USA

# These authors contributed equally to this work.

Abstract

Articular cartilage has a very limited ability to self-heal after injury or degeneration due to its low 

cellularity, poor proliferative activity, and avascular nature. Current clinical options are able to 

alleviate patient suffering, but cannot sufficiently regenerate the lost tissue. Biomimetic scaffolds 

that recapitulate the important features of the extracellular matrix (ECM) of cartilage are 

hypothesized to be advantageous in supporting cell growth, chondrogenic differentiation, and 

integration of regenerated cartilage with native cartilage, ultimately restoring the injured tissue to 

its normal function. It’s a challenge to support and maintain articular cartilage regenerated by bone 

marrow-derived mesenchymal stem cells (BMSCs), which are prone to hypertrophy and 

endochondral ossification after implanted in vivo. In the present work, a nanofibrous poly(L-lactic 

acid) (NF PLLA) scaffold developed by our group was utilized because of the desired highly 

porous structure, high interconnectivity, collagen-like NF architecture to support rabbit BMSCs for 

articular cartilage regeneration. We further hypothesized that Matrilin-3 (MATN3), a non-
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collagenous, cartilage-specific ECM protein, would enhance the microenvironment of the NF 

PLLA scaffold for cartilage regeneration and maintaining its property. To test this hypothesis, we 

seeded BMSCs on the NF PLLA scaffold with or without MATN3. We found that MATN3 

suppresses hypertrophy in this 3D culture system in vitro. Subcutaneous implantation of the 

chondrogenic cell/scaffold constructs in a nude mouse model showed that pretreatment with 

MATN3 was able to maintain chondrogenesis and prevent hypertrophy and endochondral 

ossification in vivo. These results demonstrate that the porous NF PLLA scaffold treated with 

MATN3 represents an advantageous 3D microenvironment for cartilage regeneration and 

phenotype maintenance, and is a promising strategy for articular cartilage repair.

Graphical abstract

Articular cartilage defects, caused by trauma, inflammation, or joint instability, may ultimately 

lead to debilitating pain and disability. Bone marrow-derived mesenchymal stem cells (BMSCs) 

are an attractive cell source for articular cartilage tissue engineering. However, chondrogenic 

induction of BMSCs is often accompanied by undesired hypertrophy, which can lead to 

calcification and ultimately damage the cartilage. Therefore, a therapy to prevent hypertrophy and 

endochondral ossification is of paramount importance to adequately regenerate articular cartilage. 

We hypothesized that MATN3 (a non-collagenous ECM protein expressed exclusively in cartilage) 

may improve regeneration of articular cartilage with BMSCs by maintaining chondrogenesis and 

preventing hypertrophic transition in an ECM mimicking nanofibrous scaffold. Our results showed 

that the administration of MATN3 to the cell/nanofibrous scaffold constructs favorably maintained 

chondrogenesis and prevented hypertrophy/endochondral ossification in the chondrogenic 

constructs in vitro and in vivo. The combination of nanofibrous PLLA scaffolds and MATN3 

treatment provides a very promising strategy to generate chondrogenic grafts with phenotypic 

stability for articular cartilage repair.
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1. Introduction

Articular cartilage defects, caused by trauma, inflammation, or joint instability, may 

ultimately lead to debilitating pain and disability given the body’s inability to sufficiently 

heal these injuries due to the lack of vascularity as well as low cell density and metabolism 

in cartilage tissue [1]. Current therapies such as abrasion arthroplasty, subchondral bone 

drilling or microfracture, transplantation of autograft, are reasonably effective at alleviating 

pain, but have their respective limitations including tissue hypertrophy and/or fibrosis [2]. 

Biomimetic scaffolds for tissue engineering provide a promising strategy to engineer cell/

scaffold constructs that upon implantation, can integrate into native tissues and restore the 

original biological and mechanical functions of healthy tissue [3]. The goal of the current 

study is to develop a biomimetic scaffold microenvironment that supports chondrogenesis 

while preventing hypertrophy for in vivo cartilage repair.

An important consideration for tissue engineering using cell therapy is the cell source; cells 

must be chosen to meet the particular needs of the tissue being regenerated. Bone marrow-

derived mesenchymal stem cells (BMSCs) are an attractive cell source for articular cartilage 

tissue engineering; they are easy to harvest, can expand quickly in vitro, and commit to 

chondrogenesis if stimulated with appropriate growth factors such as bone morphogenetic 

proteins (BMPs) and transforming growth factor-β (TGF-β). However, chondroinduction of 

BMSCs is often accompanied by undesired hypertrophy, which can lead to calcification and 

ultimately damage the cartilage [4] [5] [6]. Therefore, a therapy to prevent hypertrophy and 

endochondral ossification is of paramount importance to adequately regenerate articular 

cartilage tissue. Cartilage-specific ECM proteins have been proposed to play key roles in 

modulating cellular phenotypes during chondrogenesis of mesenchymal stem cells [7]. We 

have previously found that matrilin-3 (MATN3), a non-collagenous ECM protein expressed 

exclusively in cartilage, plays an important role in modulating chondrocyte differentiation 

[8], inhibiting premature chondrocyte hypertrophy [9], and regulating cartilage homeostasis 

[10]. MATN3 is endogenously expressed in cartilage tissue, and is therefore expected to be a 

safe therapeutic agent. We hypothesized that MATN3 may improve regeneration of articular 

cartilage with BMSCs by maintaining chondrogenesis and preventing hypertrophic 

transition.

In tissue engineering, scaffolds serve as a temporary replacement of the ECM to support cell 

seeding, regeneration, and the later integration of the new tissue with the adjacent host 

tissue. A successful biomimetic scaffold is capable of mimicking the natural ECM to 

facilitate cell recruiting and seeding, adhesion, proliferation, differentiation and tissue 

regeneration [11]. Our laboratory has developed a novel phase-separation technique to 

fabricate a 3D NF PLLA matrix with a macroporous structure [12]. These porous scaffolds 

also have nano-topographical features to imitate the ECM of native tissues and have been 

proven to support interactions between seeded cells and scaffolds, new ECM formation, and 

the intercellular connections in bone [13], nucleus pulposus [14], and cardiovascular tissue 

[15] [16]. Based on these findings, we hypothesized that the porous NF PLLA scaffolds 

would also facilitate the growth and differentiation of chondrogenic cells in 3D, and thereby 

promote articular cartilage regeneration.

Liu et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We fabricated the porous NF PLLA scaffolds to investigate their ability to facilitate 3D 

BMSC growth and chondrogenic differentiation for articular cartilage formation. During the 

formation of cell/scaffold constructs in vitro, we added MATN3 to the culture medium to 

test its ability to maintain chondrogenesis and prevent hypertrophy. The cell/scaffold 

constructs were then tested in a subcutaneous implantation nude mouse model to determine 

if pretreatment with MATN3 could favorably support chondrogenic homeostasis of the 

engineered grafts in vivo.

2. Materials and Methods

2.1 Fabrication of Porous NF PLLA scaffolds

The porous NF PLLA scaffolds were fabricated according to the method previously reported 

by the Ma group [12]. Briefly, the PLLA (Boehringer Ingelheim, Ingelheim, Germany) with 

an inherent viscosity of approximately 1.6 dL/g was dissolved in tetrahydrofuran (10% w/v) 

at 60°C and cast into an assembled sugar template (composed of bound D-fructose spheres, 

150–250 μm in diameter) under mild vacuum. The PLLA/D-fructose composites were 

phase-separated at −80°C overnight and then immersed into cyclohexane to exchange 

tetrahydrofuran for 2 days. The resulting composites were freeze-dried and the D-fructose 

spheres were leached out in distilled water to form the network with interconnected 

spherical pores. After freeze-drying again, the highly porous scaffolds were obtained and cut 

into circular discs with a diameter of 4 mm and thickness of 1.5 mm. The macro-image of 

the scaffold was taken under a Leica M165 FC stereo microscope (Leica Microsystems Inc., 

Buffalo Grove, IL).

2.2 Isolation and Culture of Rabbit Bone Marrow Mesenchymal Stem Cells (BMSCs)

Three New Zealand White Rabbits (Charles River Laboratories, Wilmington, MA) aged 8–

10 weeks were anesthetized via intramuscularly injection of ketamine hydrochloride (50 

mg/kg) and xylazine (10 mg/kg). After shaving and disinfecting the region, 6 mL of bone 

marrow was aspirated from the lateral condyle of the femur using an 18-gauge needle on a 

10 mL syringe containing heparin (3000 U/mL). The bone marrow was immediately mixed 

with LG-DMEM (Gibco, Life Technologies Corporation, Grand Island, NY) containing 10% 

fetal bovine serum (FBS, Gibco) and centrifuged at 1500 rpm at 4°C for 5 min. The upper 

layer of fat tissue was discarded and the cells were re-suspended by LG-DMEM. The 

mononuclear cells (BMSCs) were separated from the cell suspension using Percoll 

Separating Medium (GE Healthcare Life Sciences) by centrifugation at 1800 rpm at 4°C for 

20 min. The collected BMSCs were pooled and cultured with growth medium (LG-DMEM 

containing 10% FBS, 100 mg/mL streptomycin, and 100 U/mL penicillin) that was replaced 

twice a week. When cells reached 70–80% confluence, they were sub-passaged; cells prior 

to passage 3 were used in the following studies. The animal procedure was approved by the 

University of Michigan Committee on Use and Care of Laboratory Animals. Such obtained 

BMSCs are widely used as multipotent stem/progenitor cells for bone, cartilage and adipose 

tissue engineering [17], including in our lab [18].
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2.3 Scanning Electron Microscopy (SEM) Observation

The blank PLLA scaffolds were first observed under a stereo microscope as described 

above, and then sputter-coated with gold before being imaged with a scanning electron 

microscope (SEM) at 15 kV with a JEOL-7800FLV SEM (JEOL, USA). After 1 and 3 days 

of culture, the cell/scaffold constructs were fixed with 2.5% phosphate-buffered 

glutaraldehyde (Sigma-Aldrich, St. Louis, MO) overnight at 4°C, and post-fixed with 1% 

osmium tetroxide (Sigma-Aldrich) for 1 h. These samples were then rinsed 3 times with 

PBS, dehydrated through a graded series of ethanol and dried using hexamethyldisilazane 

(HMDS, Sigma-Aldrich) as described previously [16]. After that, the samples were sputter-

coated with gold and imaged at 15 kV with a JEOL-7800FLV SEM to observe cell adhesion, 

spreading, and ECM deposition in the scaffolds.

2.4 Cell Proliferation in the Scaffolds

For 3D culture, the porous NF PLLA scaffolds were pre-wet in 70% ethanol for 30 min, 

after which the internal air bubbles were expelled by mild vacuum [19]. After 3 washes with 

PBS and 2 with culture medium, each scaffold was seeded with 1×105 BMSCs. At days 1, 3, 

and 7 after seeding, the cell numbers in the scaffolds were compared by DNA assay as 

previously reported [20]. Briefly, the harvested cell/scaffold constructs were crushed using a 

plastic tissue pestle (Fisher Scientific, Pittsburg, PA) followed by gentle sonication on ice. 

Then lysed cells were acquired by proteinase K (0.5 mg/mL, Sigma) treatment at 56°C 

overnight. The resulting mixture was subjected to centrifugation and aliquots (40 μL) of the 

supernatants mixed with 160 μL Hoechst 33258 dye solution (0.1 g/mL, Sigma-Aldrich) 

were transferred to black flat-bottomed 96-well plates (Corning Costar, USA). The DNA 

content was compared spectrofluorometrically using a Varioskan Flash multimode reader 

(Thermo Scientific, Wyman Street Waltham, MA) at a wavelength of 460 nm (excitation 

wavelength of 360 nm). Non-seeded scaffolds were similarly treated as blank controls, the 

signals of which were then subtracted from the corresponding samples.

2.5 Chondrogenic Induction and Histological Evaluation

20 μL of BMSC suspension (3×107/mL) was seeded into 1 scaffold, and the cell/scaffold 

constructs were cultured with chondrogenic medium (HG-DMEM containing 1% FBS, 40 

μg/mL proline, 0.1 μM dexamethasone, 0.1 mM ascorbic acid, 1× ITS Premix (BD 

Biosciences), and 10 ng/mL recombinant human TGF-β1 (PeproTech Inc., NJ, USA)). The 

MATN3 treatment was performed by adding 100 ng/mL MATN3 (R&D Systems, 

Minneapolis, MN, USA) to the chondrogenic medium to evaluate its effect during 

chondrogenesis. This dosage of matrilin-3 has been previously shown to be able to maintain 

chondrogenesis [10]. After 3 weeks of culture, the construct samples were fixed with ice-

cold 4% paraformaldehyde for further Safranin O staining to evaluate chondrogenesis.

2.6 Hypertrophic Induction of the Cell/Scaffold Constructs

After 3 weeks of chondrogenic induction, the chondrogenic medium was changed into 

hypertrophic medium (HG-DMEM containing 1% FBS, 1 nM dexamethasone, 0.1 mM 

ascorbic acid, 1× ITS Premix (BD Biosciences), 10 mM β-glycerophosphate (Sigma-

Aldrich), and 1 nM L-thyroxine (Sigma-Aldrich)) for 2 more weeks of culture. The MATN3 
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treatment was performed by adding 100 ng/mL MATN3 (R&D Systems, Minneapolis, MN, 

USA) to the hypertrophic medium to evaluate its effect during hypertrophy.

2.7 Biochemical Analysis for Glycosaminoglycans (GAGs) and DNA Content

Representative cell/scaffold constructs (n=3) in each group were crushed as described above. 

Then the mixture was digested by papain solution (125 μg/mL papain, 100 mM phosphate, 

10 mM ethylenediaminetetraacetic acid (EDTA), 10 mM cysteine, pH 6.3) at 60°C 

overnight. The GAG content was determined via dimethylmethylene blue (DMMB, Sigma-

Aldrich) assay to read the absorbance at 525 nm with bovine chondroitin sulfate (Sigma) as 

a standard. The GAG content was normalized by total DNA that was measured via Hoechst 

33258 assay with calf thymus DNA (Sigma-Aldrich) as a standard.

2.8 Gene Expression Analysis by Real-time Polymerase Chain Reaction (Real-time PCR)

Total RNA was extracted from the cell/scaffold constructs by Trizol reagent (Life 

Technologies Corporation) using disposable plastic pestles (Fisher Scientific, Pittsburg, PA) 

to thoroughly crush the constructs. RNA concentration was determined from the optical 

absorbance of the extract at 260 nm. Complementary DNA (cDNA) was synthesized using 

the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer’s 

protocol. Real-time PCR was carried out using Taqman Universal PCR Master Mix (Applied 

Biosystems) with predesigned primers and probes (Applied Biosystems) for Col 2A1 (Assay 

ID:Oc03396134_m1), Aggrecan (Assay ID: AIY9X5B), and Col 10A1 (Assay ID: 

Oc04097225_s1). The reactions were performed using ABI 7500 Real-time PCR System 

(Applied Biosystems). The gene expression of interest was normalized by housekeeping 

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Assay ID: Oc03823402_g1) 

expression.

2.9 Alkaline phosphatase (ALP) Activity

The cell/scaffold constructs (n=3) were cultured with chondrogenic medium for 3 weeks and 

then were cultured with hypertrophic medium for 1 more week with or without MATN3 

treatment. Samples were harvested on day 1, 3, 5 and 7 in hypertrophic culture medium. The 

ALP activity was determined using Alkaline Phosphatase assay kit (Anaspec) to read the 

absorbance at 405 nm with colorimetric alkaline phosphatase substrate (Anaspec) as a 

standard. The Alp content was normalized by total protein which was measured using Micro 

BCA protein assay kit (Thermo Scientific) with bovine serum albumin (Sigma) as a 

standard.

2.10 Subcutaneous Implantation

Three weeks after culture with or without MATN3 treatment in vitro, the subcutaneous 

implantation was performed in male athymic nude mice of 6–8 weeks old (Charles River 

Laboratories, Wilmington, MA) according to the protocol that was approved by the Use and 

Care of Laboratory Animals Committee at the University of Michigan. The surgery was 

performed under general anesthesia via inhalation of isoflurane. One midsagittal incision 

was made on the dorsa and a subcutaneous pocket was created on each side of the incision 

via blunt dissection. Cell/scaffold constructs pre-cultured in vitro were implanted 
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subcutaneously into each pocket. Two samples were implanted in each mouse. After 

implantation, the incisions were closed with surgical staples. Eight weeks post-surgery, the 

mice were euthanized via CO2 asphyxiation followed by cervical dislocation, and the 

implants were harvested for the following histological and immunohistochemical studies.

2.11 Histological Assays

The harvested cell/scaffold constructs were fixed in 4% paraformaldehyde at 4°C overnight, 

followed by dehydration through a graded series of ethanol, clearing by xylene, and 

embedding in paraffin blocks. The cross-sections acquired at 5-μm thickness were dewaxed 

by xylene and a graded series of ethanol, and then stained with Safranin O to detect sulfated 

glycosaminoglycans (sGAG), Von Kossa staining to appraise ossification, and 

immunohistochemical staining to detect the expression of chondrogenic and hypertrophic 

makers. For immunohistochemistry, the dewaxed sections were treated with pepsin solution 

(FisherScientific) at room temperature for 20 min to retrieve antigens. The polyclonal goat 

anti-Col 2A1 (1:400), goat anti-HIF-1α (1:300), goat anti-Col 10A1 (1:400), goat anti-

MMP-13 (1:200), and goat anti-Col 1A1 (1:300) were purchased from Santa Cruz 

Biotechnology. The polyclonal goat anti-Runx2 (1:500) was purchased from Cell Signaling 

Technology. All the above primary antibodies were visualized by the Anti-Goat HRP-AEC 

Cell & Tissue Staining Kit (R&D Systems). The histological images were taken under an 

Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan). Von Kossa staining (3 

images/group) was quantified using ImageJ (NIH, Bethesda, MD).

2.12 Statistics

Data were presented as mean ± standard deviation for 3 individuals. The experiments were 

performed in duplicate to ensure reproducibility. Statistical analysis for cell growth assay 

was performed by one-way ANOVA, and independent-samples Student’s t-tests assuming 

equal variance were performed for other assays using IBM SPSS Statistics Version 22 

software. A p-value of less than 0.05 was considered statistically significant.

3. Results

3.1 Essential Features of the NF PLLA Scaffolds to Support Cell Attachment and Growth

The biomimetic scaffolds used in this work were developed in the Ma laboratory to promote 

tissue regeneration by providing pores of the appropriate size and structure to mimic the 

native tissue ECM, which is integral to tissue regeneration [16]. These scaffolds have been 

shown to foster and direct cell attachment, migration, proliferation, and differentiation, as 

well as tissue formation and organization for targeted commitment towards the desired 

lineage [16]. The NF PLLA scaffolds used in this work showed a uniform porous structure 

with a high level of interconnectivity among the pores (Fig. 1A-C). The walls of the pores 

consisted of nanofibers (Fig. 1D) that mimic the natural collagen fibers in the ECM [14]. 

These features supported uniform cell retention in the pores and cell attachment onto the 

pore walls in the scaffolds 24h after seeding (Fig. 1E). After three days, cells adhered to the 

scaffold and produced ECM both along the NF walls and across the pores in the scaffolds 

(Fig. 1F), which is indicative of favorable environment for regeneration.
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3.2 Cell Growth in the Scaffolds

Next, we determined if the porous scaffolds could support cell growth in 3D. The 

proliferation of BMSCs in the scaffolds was quantified using DNA content (Fig. 2). 

Significant proliferation was observed during the 7 days of culture.

3.3 MATN3 Facilitated BMSC Chondrogenic Differentiation and Hypertrophic Transition 
Suppression in Scaffolds in vitro

Next, we investigated whether the scaffolds could support the chondrogenic differentiation 

of the seeded BMSCs in 3D in vitro. The chondrogenic medium containing TGF-β1 

successfully directed BMSCs into chondrogenesis as confirmed by positive Safranin O 

staining showing high expression of GAG after 3 weeks of culture (Fig. 3, upper panel). The 

control group showed no chondrogenesis as the cells appeared to be undergoing apoptosis 

due to the low level of FBS (1%) that was administered (Fig. 3, Control). Next, we 

investigated whether MATN3 treatment might benefit the chondrogenic differentiation of 

cells in 3D culture. We found that in the absence of TGF-β1 induction, MATN3 did not 

significantly initiate chondrogenesis (Fig. 3, MATN3). In the groups treated with TGF-β1, 

addition of MATN3 did not enhance chondrogenesis, as determined by Safranin O staining 

after 3 weeks of culture (Fig. 3, Chondro+MATN3). We subsequently treated the 

chondrogenic constructs with hypertrophic medium for 2 weeks to induce hypertrophy. The 

hypertrophic transition was confirmed by greatly decreased Safranin O staining compared 

with the chondrogenic constructs before hypertrophic induction (Fig. 3, Hyper). We found 

that MATN3 treatment was able to temper the reduction of chondrogenesis (Fig. 3, Hyper

+MATN3), although Safranin O staining level did not reach those observed in the 

chondrogenic induction group at 3 weeks. This indicates that MATN3 treatment can 

maintain significant levels of chondrogenesis after hypertrophic induction but is not able to 

improve chondrogenesis alone. These observations were confirmed by quantification of 

GAG content (Fig. 3, lower panel) which showed an increase with time similar to the trend 

seen with Safranin O staining. As indicated in Fig. 3, the scaffolds supported GAG 

expression that reached a maximum after 3 weeks of chondrogenic induction. After 2 

subsequent weeks of hypertrophic induction, the GAG expression decreased by 36.4%. 

Importantly, MATN3 treated samples were able to maintain significantly higher expression 

of GAG than the non-MATN3-treated group.

The transitional profile of cell differentiation in the constructs at gene level was further 

investigated by real-time PCR (Fig. 4). After 3 weeks of chondrogenic induction, the 

MATN3 treatment did not increase Col 2A1 mRNA expression, but did show increased 

expression of another chondrogenic marker gene, Aggrecan. After 2 weeks of hypertrophic 

induction, MATN3 treatment also significantly suppressed hypertrophic marker gene Col 

10A1 mRNA expression, though the decrease of Col 2A1 and Aggrecan mRNA expression 

observed in cultures without MTN3 was only partially correctec by MTN3.

Immunohistochemical staining was performed to detect marker protein expression during 

chondrogenic and hypertrophic transitions in 3D culture (Fig. 5). Col 2A1 staining showed a 

trend similar to that seen in Safranin O staining. MATN3 treated samples showed no clear 

difference from non-treated groups after 3 weeks of chondrogenic induction, but MATN3 
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treated samples maintained higher levels of Col 2A1 expression after hypertrophic induction 

when compared to untreated cultures (Fig. 5, Col 2A1). The expression of hypoxia-inducible 

factor 1a (HIF-1α) in MATN3 treated samples undergoing chondrogenic induction showed a 

similar trend, expressing higher levels of HIF-1α after 3 weeks of culture compared to non-

treated samples (Fig. 5, HIF-1a). Col 10A1, Runx2 and von Kossa staining confirmed the 

hypertrophic transition after 5 weeks of culture. MATN3 treatment resulted in significantly 

weaker Col 10A1, Runx2, and von Kossa staining after hypertrophic induction (Fig. 5, Col 

10A1, Runx2, von Kossa). There was no detectable expression of protein MMP-13, another 

hypertrophic marker, at any time point during the process in this 3D culture system in vitro 

(Fig. 5, MMP-13). We also assessed the levels of osteogenesis and fibrosis in the constructs 

by staining for Col 1A1. After 2 more weeks of hypertrophic induction, some of the cells in 

the scaffolds showed Col 1A1 expression that was not clearly seen in MATN3-treated group, 

again indicating that MATN3 protected chondrogenesis (Fig. 5, Col 1A1). ALP activity of 

BMSCs during the one-week culture in hypertrophic medium with or without MATN3 was 

examined. The ALP activity was significantly reduced with MATN3 treatment at days 1, 3, 

and 5 compared to the group without MATN3 (Fig. 6). These results consistently indicated 

that MATN3 had protective effect against hypertrophy.

3.4 MATN3 Pretreatment Maintains Chondrogenesis and Prevents Hypertrophy and 
Endochondral Ossification in vivo

Next, we performed subcutaneous implantation of the pre-cultured construct into a nude 

mouse model to investigate the scaffold’s ability to enhance chondrogenesis of seeded cells 

and whether the MATN3 pretreatment showed protective effects in vivo. Safranin O staining 

showed that the pores in the implants pre-cultured with growth medium were colonized by 

host cells but not cartilage-like tissue (Fig. 7A, Control). Pretreatment with MATN3 resulted 

in some levels of GAG expression in the implants (Fig. 7A, MATN3). The constructs pre-

cultured with chondrogenic medium alone showed low GAG expression (Fig. 7A, Chondro). 

In contrast, pretreatment with both chondrogenic medium and MATN3 in vitro successfully 

maintained GAG expression in the constructs in vivo (Fig. 7A, Chondro+MATN3). 

Similarly, immunohistochemistry staining showed that MATN3 treatment reduced the loss 

of both Col 2A1 and HIF-1α expression after implantation (Fig. 7A, Col 2A1). Additionally, 

the pretreatment with chondrogenic medium alone resulted in hypertrophic marker protein 

Col 10A1 expression in the constructs after subcutaneous implantation, but this was 

prevented by pretreatment with MATN3 (Fig. 7A, Col 10A1). Contrary to the in vitro study, 

which showed a lack of hypertrophic protein MMP-13, MMP-13 expression was detected in 

the chondrogenic induction alone group after implantation. This expression was significantly 

suppressed by pretreatment with MATN3 in vivo (Fig. 7A, MMP-13). Overall, hypertrophic 

transition was confirmed by both Col 10A1 and MMP-13 detection and exhibited a similar 

trend to the osteogenic or fibrotic transitions, which were confirmed by Col 1A1 detection. 

Von Kossa staining showed that there was weak ossification found in the groups that did not 

undergo chondrogenic induction. In contrast, substantial ossification was found in the 

chondrogenic induction alone group, but was decreased with MATN3 pretreatment (Fig. 7A, 

von Kossa; quantified in Fig. 7B).
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4. Discussion

The goal of the present study was to develop an efficient strategy to generate chondrogenic 

constructs with phenotypic stability for articular cartilage repair in vivo. Our data show that 

the porous NF PLLA scaffolds, by mimicking the physiological microenvironment, support 

the growth and chondrogenic differentiation of BMSCs in 3D. MATN3 has clearly shown 

beneficial effects on chondrogenic differentiation of BMSCs and preventive effects on cells’ 

hypertrophic transition in 3D both in vitro and in vivo. Furthermore, pretreatment with 

MATN3 helped maintain chondrogenesis while preventing hypertrophy and endochondral 

ossification in the chondrogenic cell/scaffold constructs in vivo.

In this study, the nanofibrous nature of the scaffolds mimics the structure of collagen fibers, 

a feature that was expected to aid in cartilage tissue regeneration. Our scaffolds were made 

with a highly interconnected, porous network structure that aids in the diffusion of oxygen 

and nutrients as well as waste removal. The open structure of the pores also benefits cell 

proliferation, communication, and reorganization as well as invasion of the host tissue [21]. 

The 3D culture showed uniform cell distribution after seeding and robust cell growth with 

sufficient integration to the pore walls in the scaffolds, indicating improved intercellular 

coupling and communication in the scaffolds. The chondrogenic differentiation of the cells 

was confirmed by substantial ECM production that covered the NF surface of the pore walls. 

These findings further support previous evidence that the NF networks were able to help 

regulate the structure and function of cells and tissues in the 3D scaffold via physical and 

biological signaling pathways [22] [23]. Moreover, the subcutaneous implantation showed 

that some of the host cells invaded the cell/scaffold constructs along the porous networks, 

indicating that the scaffolds’ porous architecture may facilitate in vivo integration with the 

adherent host tissue [16].

Cell source remains an important consideration in articular cartilage regeneration. While 

transplantation of chondrocytes has demonstrated clinical success in the treatment of injured 

knee joints [24] [25] [26] [27], donor-site morbidity and dedifferentiation of chondrocytes 

during expansion in vitro limited their use in clinical practice [4, 28, 29]. As previously 

mentioned, BMSCs have been proposed as a candidate cell source for cartilage tissue 

engineering due to their many advantages. It has been shown that at the onset of 

endochondral bone formation, mesenchymal cells of chondrogenic progeny undergo 

condensation followed by differentiation into chondrocytes. These chondrocytes then 

undergo a process of proliferation, maturation, and hypertrophy, followed by calcification of 

the ECM, cell death, and replacement by bone tissue [8]. Thus, a large hurdle to use BMSCs 

as the cell source for articular cartilage repair is to ensure the stability of the chondrogenic 

phenotype of the cell/scaffold constructs. As MATN3, a noncollagenous ECM protein, has 

been reported to play a regulatory role in cartilage homeostasis [10], we administered the 

chondrogenesis-protective MATN3 in the 3D constructs. MATN3 was not sufficient to 

promote chondrogenic differentiation program as it was found that only some chondrogenic 

gene markers, including Aggrecan, were increased in expression. It was found however, that 

treatment with MATN3 inhibited hypertrophic transition in 3D culture. Pretreatment with 

MATN3 also retained chondrogenic phenotype and prevented hypertrophic transition in a 

subcutaneous implantation model. The pretreatment with MATN3 also suppressed 
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endochondral ossification in vivo as confirmed by Von Kossa staining. In cartilage tissue 

engineering, we do not propose to use a biphasic pre-differentiation protocol. Instead, we 

suggest pre-treating with MATN3 or incorporating it into 3D scaffolding to prevent MSCs 

from hypertrophy or endochondral ossification during cartilage repair.

MATN3 contains a von Willebrand factor A (vWFA) domain, 4 consecutive epidermal 

growth factor (EGF)-like repeats, and a single C-terminal coiled-coil domain [30]. As an 

ECM protein, MATN3 was thought to play a major structural role in forming a filamentous 

matrix network in cartilage by interacting with collagen fibrils, multiple proteoglycans, and 

other glycoproteins. It has been demonstrated that MATNs interact with small proteoglycans 

that bind TGF-β [31], which may in turn affect TGF-β signaling. Our group also performed 

extensive studies to explore the underlying mechanisms that address the chondroprotective 

properties of MATN3. As a novel BMP-2-binding protein and antagonist in the cartilage 

ECM, MATN3 may have the inherent ability to inhibit premature chondrocyte hypertrophy 

by suppressing BMP-2/Smad1 activity [9]. MATN3 was further found to play a novel 

regulatory role in cartilage homeostasis due to its capacity to induce anti-inflammatory 

cytokine IL-1 receptor antagonist (IL-1RA) expression, to upregulate anabolic gene 

expression of Col 2A1 and Aggrecan, to downregulate catabolic gene expression of 

ADAMTS-4, 5 and MMP-13, the matrix-degrading proteinases [10]. In the present study, we 

found MATN3 promoted expression of HIF-1α both in vitro and in vivo. HIF-1α has been 

reported to promote homeostatic pathways in the articular chondrocytes in the synovial joint 

[32]. HIF-1α supports normal cartilage ECM synthesis and chondrocyte differentiation [33] 

and promotes autophagy—all critical functions in articular cartilage homeostasis [34]. Thus, 

our study revealed that the MATN3 treatment possessed chondroprotective properties in this 

3D engineering system through HIF-1α signaling pathway. However, further studies are 

needed to understand the underlying mechanisms.

We chose Col 10A1, Runx2, von Kossa, and MMP-13 to assess hypertrophy as reported in 

the literature [35, 36]. The results showed that hypertrophic medium increased Col 10, 

Runx2 and von Kossa, which is consistent with literature [35]. ALP as another hypertrophic 

indicator has been examined. Importantly, we found that MATN3 could reduce the 

expression of these hypertrophic markers and play a chondroprotective role. No clear 

alteration in MMP-13 expression was found in the hypertrophic culture with or without 

MATN3. However, increased expression of MMP-13, which has been reported to play a 

major role in the process of endochondral ossification [37], was detected in the BMSC/

scaffold constructs in the subcutaneous implantation model. Therefore, pretreatment with 

MATN3 significantly inhibited this alteration in vivo. Furthermore, we found an increased 

expression of the osteogenic and fibrotic transition marker protein (Col I) during the late 

stage of 3D culture in vitro. As has been reported, chondrogenic induction of BMSCs is 

often accompanied by both hypertrophy and osteogenesis, which could lead to apoptosis and 

calcification [4] [5], ultimately leading to the failure of articular cartilage regeneration. Our 

study confirmed that MATN3 treatment favorably inhibited Col I expression in 3D culture as 

indicated by immunohistochemical staining.

MATN3, a water-soluble protein was administered to cells through the culture media used in 

3D cell-culture on the NF PLLA scaffolds. Although the mechanism through which the 
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chondroprotective properties of MATN3 work is largely unknown, we hypothesize that a 

continuous, controlled release of MATN3 may be beneficial to articular cartilage tissue 

engineering in vivo. Our lab has previously developed controlled release systems for both 

growth factors and microRNA from the NF PLLA scaffolds for soft tissue [38] [39], dentin 

[40], and bone [41] [42] tissue engineering. Future work will focus on developing a new 

system utilizing the NF PLLA scaffolds to control the release of MATN3 for articular 

cartilage tissue regeneration. While this study showed promising results, including the 

advantages of the porous NF PLLA scaffolds and the chondrogenesis-protective properties 

of MATN3, further studies of 3D culture in vitro and especially animal studies using an 

articular cartilage defect model are needed to confirm the efficacy of this therapy. Such 

studies will focus on the long-term function and phenotypic stability of the constructs, as 

well as their resistance to vascular invasion and calcification in vivo, and an investigation 

into the appropriate degradation rate of the scaffold to facilitate integration with the adjacent 

host tissue. With these studies, we hope to prove the efficacy, safety, and clinical relevance 

of the proposed therapy for which this paper lays the foundation.

5. Conclusions

We fabricated porous NF PLLA scaffolds to mimic the natural ECM in cartilage tissue to 

benefit the seeding, growth, and chondrogenic differentiation of BMSCs. The administration 

of MATN3 to the cell/scaffold constructs favorably maintained chondrogenesis and 

prevented hypertrophy/endochondral ossification in the chondrogenic constructs in vitro and 

in vivo. The combination of NF PLLA scaffolds and MATN3 pre-treatment provides a 

promising strategy to generate chondrogenic grafts with phenotypic stability for articular 

cartilage repair.

Articular cartilage defects, caused by trauma, inflammation, or joint instability, may 

ultimately lead to debilitating pain and disability. Bone marrow-derived mesenchymal stem 

cells (BMSCs) are an attractive cell source for articular cartilage tissue engineering. 

However, chondrogenic induction of BMSCs is often accompanied by undesired 

hypertrophy, which can lead to calcification and ultimately damage the cartilage. Therefore, 

a therapy to prevent hypertrophy and endochondral ossification is of paramount importance 

to adequately regenerate articular cartilage. We hypothesized that MATN3 (a non-

collagenous ECM protein expressed exclusively in cartilage) may improve regeneration of 

articular cartilage with BMSCs by maintaining chondrogenesis and preventing hypertrophic 

transition in an ECM mimicking nanofibrous scaffold. Our results showed that the 

administration of MATN3 to the cell/nanofibrous scaffold constructs favorably maintained 

chondrogenesis and prevented hypertrophy/endochondral ossification in the chondrogenic 

constructs in vitro and in vivo. The combination of nanofibrous PLLA scaffolds and MATN3 

treatment provides a very promising strategy to generate chondrogenic grafts with 

phenotypic stability for articular cartilage repair.
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Fig. 1. 
Gross and scanning electron microscopy (SEM) view of porous NF PLLA scaffolds as well 

as cell growth in the scaffolds. Gross (A) and SEM (B-D) observation showed that the PLLA 

scaffolds were fabricated with a uniform porous structure and high interconnectivity. The 

walls of the pores are nanofibrous. The BMSCs were retained in the pores, adhered to the 

walls, and started to secret ECM in the scaffolds at day 3 (E & F).
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Fig. 2. 
The proliferation of BMSCs in the NF PLLA scaffolds. Rabbit BMSCs were seeded into the 

porous PLLA scaffolds. After in culture for 1, 3, and 7 days, the cell/scaffold constructs 

were harvested and used to quantify cell proliferation (DNA content) with the Hoechst 

33258 method. Here, * or # designate data that is significantly different from that of 1d or 

3d, respectively.
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Fig. 3. 
Safranin O staining and biochemical analysis to evaluate the maintenance of chondrogenesis 

and prevention of hypertrophy by MATN3 in the 3D culture system. The cell/scaffold 

constructs were cultured with growth medium or chondrogenic medium both with or without 

MATN3 treatment for 3 weeks. For the study of the effect of MATN3 on hypertrophy, a total 

culture time of 5 weeks was used: after the 3 weeks of chondrogenic induction, the 

chondrogenic medium was changed into hypertrophic medium (see Materials and Methods) 

for 2 more weeks of culture with or without MATN3 treatment (100 ng/mL MATN3). 

Safranin O staining was performed to detect glycosaminoglycans (GAG) expression (upper 

panel). Scale bar=100 μm. Biochemical analysis was performed to evaluate the GAG content 

that was normalized by total DNA (lower panel). Matrilin-3 did not affect the GAG 

production during the chondrogenic phase (the first 3 weeks in chondrogenic medium), but 

had a protective effect in reducing the negative effect in the hypertrophic phase (the 2 

additional weeks of culture in hypertrophic medium).
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Fig. 4. 
Real-time polymerase chain reaction (real-time PCR) to evaluate the maintenance of 

chondrogenesis and prevention of hypertrophy by MATN3 in the 3D culture system. Real-

time PCR was performed on the samples harvested at different time points (as described in 

Fig. 3) to evaluate the gene expression of chondrogenic markers (Col 2A1and Aggrecan) and 

hypertrophic marker (Col 10A1). The gene expression of interest was normalized by 

housekeeping gene GAPDH expression.
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Fig. 5. 
Staining to detect the expression of chondrogenic, hypertrophic, and osteogenic or fibrosis 

marker proteins in the cell/scaffold constructs in vitro. Staining was done on samples 

harvested (as described in Fig. 3) to evaluate the maintenance of chondrogenesis and 

prevention of hypertrophy by MATN3 in the 3D culture system. Scale bar=100 μm.
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Fig. 6. 
ALP activity of rabbit BMSCs/scaffold constructs cultured in hypertrophic medium with or 

without MATN3. The cell/scaffold constructs were cultured with chondrogenic medium for 

3 weeks and then were cultured with hypertrophic medium for 1 more weeks with or without 

MATN3 treatment. ALP activity test was done on samples harvested on day1,3,5, and 7 in 

hypertrophic medium to evaluate the effect of MATN3 on the prevention of hypertrophy.
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Fig. 7. 
Pretreatment by MATN3 maintains chondrogenesis and prevents hypertrophy and 

endochondral ossification in subcutaneous implants. The cell/scaffold constructs were 

cultured with growth medium or chondrogenic medium with or without MATN3 treatment 

for 3 weeks in vitro. The constructs were then subcutaneously implanted in athymic nude 

mice. Eight weeks post-surgery, the mice were euthanized and the implants were harvested 

for Safranin O, Von Kossa, and immunohistochemical staining to evaluate the maintenance 

of chondrogenesis and prevention of hypertrophy and endochondral ossification by MATN3 
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treatment in the 3D constructs in vivo, Scale bar=100 μm (A). Quantification of 

mineralization based on von Kossa staining (B).
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