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Abstract

Interest in non-invasive injectable therapies has rapidly risen due to their excellent safety profile 

and ease of use in clinical settings. Injectable hydrogels can be derived from the extracellular 

matrix (ECM) of specific tissues to provide a biomimetic environment for cell delivery and enable 

seamless regeneration of tissue defects. We investigated the in situ delivery of human 

mesenchymal stem cells (hMSCs) in decellularized meniscus ECM hydrogel to a meniscal defect 

in a nude rat model. First, decellularized meniscus ECM hydrogel retained tissue-specific 

proteoglycans and collagens, and significantly upregulated expression of fibrochondrogenic 

markers by hMSCs versus collagen hydrogel alone in vitro. The meniscus ECM hydrogel in turn 

supported delivery of hMSCs for integrative repair of a full-thickness defect model in meniscal 

explants after in vitro culture and in vivo subcutaneous implantation. When applied to an 

orthotopic model of meniscal injury in nude rat, hMSCs in meniscus ECM hydrogel were retained 

out to eight weeks post-injection, contributing to tissue regeneration and protection from joint 

space narrowing, pathologic mineralization, and osteoarthritis development, as evidenced by 

macroscopic and microscopic image analysis. Based on these findings, we propose the use of 

tissue-specific meniscus ECM-derived hydrogel for the delivery of therapeutic hMSCs to treat 

meniscal injury.
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1. Introduction

Promising new tissue engineering approaches have incorporated natural biomaterials made 

from the extracellular matrix (ECM) of decellularized tissues, such as heart [1], lung [2], and 

bone [3]. Decellularization preserves the molecular composition of the native ECM with 

tissue-specific molecules, including the structural and mechanical features of the original 

tissue, which guide the behavior of therapeutic cells and facilitate tissue development [4]. 

The applications of decellularized biomaterials range from whole organ replacements to 

tissue patches and hydrogels that can be therapeutic or serve as delivery vehicles for drugs, 

biologics, or cells [5]. Injectable hydrogels have enabled novel treatment options due to the 

modes of administration that can be tailored to specific tissues and diseases. One important 

focus is in sports medicine, where injectable orthobiologics such as hyaluronic acid and 

platelet-rich plasma [6] are broadly utilized for treating osteoarthritis (OA) and injuries to 

tendons, ligaments, and menisci. The latter are fibrocartilaginous tissues that specialize in 

load-bearing and stabilization of the knee joint [7,8].

Meniscal injury is of particular interest, as they are implicated in over half of all arthroscopic 

procedures performed by orthopaedic surgeons [9], the majority of which involves surgical 

resection (partial meniscectomy), despite knowledge that partial removal of meniscal tissue 

contributes to the development of OA [10].

Given the importance of the meniscus in the biomechanics of the knee, and the role of 

meniscus ECM in maintaining the functional properties of meniscal tissue, repair of the 

meniscus must regenerate the native ECM. In the subpopulation of patients with meniscal 

damage but otherwise healthy knee joints, meniscal replacement has been studied by 

implanting tissue allografts [11], synthetic biomaterials [12–14], and decellularized 

xenografts [15–18]. However, it has long been appreciated that the dense ECM of the 

meniscus obstructs cellular infiltration and integration. In a canine model, cells were shown 

to repopulate devitalized meniscal allografts, but the central core of the tissue remained 

acellular even at six months after transplantation [19]. Cell migration into the decellularized 

meniscus was limited to ˜150 μm over seven days in vitro, precluding robust tissue 

formation [20].

To overcome these limitations, we developed a hydrogel from decellularized bovine 

meniscus ECM to deliver human mesenchymal stem cells (hMSCs) into full-thickness 

defects in explant models ex vivo and animal models in vivo, and promote growth of viable 

repair tissue. Mesenchymal stem cells (MSCs) were selected for our study as they have been 

widely studied in musculoskeletal diseases [21–23], with previous clinical reports on their 

use in meniscal repair and OA treatment [24,25]. To improve repair outcomes, hMSCs need 

to differentiate and grow new tissue, and to produce trophic factors for tissue remodeling 

and regeneration. Intra-articular delivery of cells has been previously applied in pre-clinical 

[26–31] and clinical [25,32–34] studies of various osteochondral conditions. However, 

without an appropriate carrier, large numbers of cells need to be injected to compensate for 

the massive cell loss by dispersion from the defect site [29]. We hypothesized that a 

hydrogel derived from decellularized meniscus ECM (mECM) can protect exogenously 

delivered cells, localize them to the site of injury, and provide signals for the formation of 
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new repair tissue. To test this hypothesis, we investigated the development of meniscal tissue 

by hMSCs in mECM and collagen hydrogels in vitro, and the capacity of hMSC-mECM 

hydrogel constructs to integrate with native meniscus in vitro and in vivo, and to repair 

meniscal injury in an orthotopic nude rat model.

2. Materials and Methods

2.1. Culture of human mesenchymal stem cells

hMSCs were isolated from fresh, unprocessed human bone marrow aspirates (Lonza, Basel, 

CH), and characterized as previously described [3]. Cells were expanded to passages 4-5 in 

basal medium consisting of high glucose (hg) DMEM, 10% fetal bovine serum (FBS), 1× 

antibiotic-antimycotic, and 0.1 ng/mL bFGF (Thermo Fisher Scientific, Waltham, MA).

2.2. Decellularization and digestion of bovine meniscus extracellular matrix

Juvenile bovine menisci were dissected within 36 h of slaughter (Green Village Packing 

Company, Green Village, NJ), minced to 1-2 mm3 pieces, and lyophilized for 24 h. Tissues 

were decellularized at 25°C with agitation in 2% SDS and 10 mM Tris (3 cycles, 24 h each), 

followed by 0.1% peracetic acid (2 h), washed with sterile water and PBS (3 cycles), and 

lyophilized again (24 h). The resulting meniscus ECM (mECM) was digested at an initial 

concentration of 40 mg/mL at 25°C with agitation in 0.1% pepsin + 0.01 M HCl (12 h), 

resulting in a mECM digest solution. Biochemical analysis confirmed the retention of ECM 

constituents and removal of DNA (Figure S1). The mECM digests, along with type I 

collagen controls (BD Biosciences, San Jose, CA) and Precision Plus Protein Dual Color 

Standards (Bio-Rad, Hercules, CA), were analyzed by SDS-PAGE on 4-20% gels (Bio-Rad), 

stained with Coomassie Brilliant Blue (Bio-Rad), and imaged by a Canon imageCLASS 

D480 (Melville, NY; Figure S2).

2.3. Encapsulation of hMSCs in hydrogel

For hydrogel studies, mECM digests and type I collagen (rat tail; BD Biosciences) were 

gelated based on a previously established protocol [4]. Briefly, type I collagen hydrogels (3 

mg/mL) were formed by mixing collagen solution (30% by volume), 0.1 N NaOH (3%), 10× 

PBS (3.3%), hgDMEM (63.7%) at physiologic pH and 4°C. Similarly, mECM hydrogels 

(5.61 mg/mL) were formed by mixing mECM digest (56% by volume), 0.1N NaOH (5.6%), 

10× PBS (6.2%), hgDMEM (32%) at 4°C. The concentration of mECM in hydrogel (5.61 

mg/mL) was chosen to match the hydroxyproline content of the type I collagen hydrogel (3 

mg/mL), as quantified by a modified acid hydrolysis assay [35].

hMSCs were encapsulated in type I collagen or mECM hydrogels at 30×10 cells/mL, then 

injected in 25 μL aliquots into 4-mm diameter poly(dimethylsiloxane) rings. Gelation 

occurred over 40 min at 37°C, and subsequent hMSC-laden constructs in either mECM or 

type I collagen hydrogel were cultured for 28 days in chondrogenic media (CM), containing 

hgDMEM, l × antibiotic-antimycotic, 0.1 μM dexamethasone, 50 μg/mL ascorbate 2-

phosphate, 40 μg/mL L-proline, 100 μg/mL sodium pyruvate, l × insulin/transferrin/

selenium premix (BD Biosciences), with or without 10 ng/mL TGF-β3 (PeproTech, Rocky 
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Hill, NJ). Samples were collected at days 0, 14, and 28 for biochemical, histological, and 

gene expression analyses.

2.4. Mechanical integration testing in an in vitro tissue-explant model

Juvenile bovine menisci were dissected as previously described [36]. Explants were 

harvested from the central tissue region using sterile 4 mm diameter biopsy punches, and cut 

to 1.5 mm height using a custom microtome device. A 1.5-mm diameter central core was 

punched out, leaving a tissue ring. Explant rings were devitalized at 4°C with agitation in 

sterile water (5 cycles, 24 h each, sterile water changes between cycles) [37]. hMSCs were 

encapsulated in mECM hydrogel as described above, and after 3 days of culture in basal 

medium, two hMSC-laden mECM gels were press-fitted into the devitalized rings. mECM-

explant composites were cultured for 42 days in CM with 10 ng/mL TGF-β3. Samples were 

collected at timed intervals for mechanical, biochemical and histological analyses.

Integration of full-thickness defects in meniscus explants was tested using a custom device 

consisting of a 1.33-mm diameter indenter in series with a 50 g load cell, placed above a cup 

with a 2 mm diameter hole using our previously established protocol [38]. Prior to testing, 

the height of each sample was measured using a digital caliper. The indenter was displaced 

at a ramp rate of 0.3% of the sample height per second, until the central core was pushed 

fully through the outer ring. Integration strength was calculated as the ratio of the peak force 

to the surface area of contact between the central core and outer ring.

2.5. Phenotype stability in a subcutaneous implantation model in nude mouse

After 6 weeks of in vitro culture, devitalized meniscal explants containing mECM-

encapsulated hMSCs were implanted subcutaneously into nude mice for 4 weeks in vivo, 

according to an approved protocol at Columbia University. Female NOD/SCID mice at 6 

weeks of age (Harlan, Indianapolis, IN) were anesthesized by intraperitoneal injections of 

ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg), with analgesia by subcutaneous 

administration of buprenorphine SR (1.2 mg/kg). Constructs were implanted into separate 

subcutaneous dorsal pockets (1 construct per pocket, 2 pockets per animal). Implants were 

collected after 4 weeks in vivo and evaluated for expression of chondrogenic, hypertrophic, 

and osteogenic markers.

2.6. Orthotopic model of meniscal injury in nude rat

A previously published protocol of anterior medial hemi-meniscectomy was adapted for use 

of human cells in nude rats [29]. Briefly, male athymic nude rats (Hsd:RH-Foxn1rnu; Harlan) 

at 14 weeks of age were anesthesized by inhaled isoflurane, with analgesia by subcutaneous 

buprenorphine. Using aseptic technique, the anterior aspect of the right knee was exposed by 

a straight incision via a medial parapatellar approach, the patella was temporarily subluxed 

laterally for access, and the anteromedial joint capsule was cut. The anterior horn of the 

medial meniscus was dislocated anteriorly and cut radially at the level of the medial 

collateral ligament without damaging the ligament itself, resulting in the excision of 

meniscal tissue 2 mm × 2 mm in size. The incision was closed in layers (muscle, 

subcutaneous tissue, skin), and prior to final closure of the subcutaneous tissue and skin 

layers, the hMSCs (7.5×105 in 50 μL of mECM hydrogel) were injected into the intra-
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articular space (n = 7). This procedure was repeated for the left knee, which received an 

intra-articular injection of hMSCs (7.5×105) in 50 μL PBS instead of mECM hydrogel. In 

control animals (n = 3), meniscal tissue was excised bilaterally, but received no further 

interventions after wound closure. At eight weeks post-injury, all animals were euthanized 

by CO2 inhalation and cervical dislocation. Bilateral medial menisci were dissected and 

preserved at 4°C in 4% formaldehyde for histologic analysis. Radial cross-sections of the 

regenerated meniscal tissue were used for histological staining. For control samples with 

minimal tissue regeneration, radial cross-sections were obtained from the most anterior 

portion of the medial menisci. Quantification of the area of anterior medial meniscus 

resected and regenerated was performed using Fiji (Madison, WI).

2.7. Computed tomography imaging and 3D segmentation of implanted animals

At biweekly time points starting at four weeks post-injury, all animals were imaged in a 

small animal nanoScan SPECT/CT (single-photon emission computer tomography/

computed tomography) system (Mediso, Budapest, HU). Under anesthesia by isoflurane, 

microCT scanning was performed with focus over the hindlimbs at 4, 6, and 8 weeks post-

injury. Three-dimensional segmentation of the CT images was performed with Mimics 17 

(Materialise, Leuven, BE). Thresholding masks were applied to highlight bone (lower 

threshold: -980 to -970 HU; upper threshold: -760 to -770 HU). We obtained indirect 

measures of left and right knee joint space volumes for each animal at each time point, by 

calculating the difference between a fixed cubic volume (6 mm × 4 mm × 3 mm) and the 

bone volume.

2.8. Gene expression in hMSCs

Cell-laden mECM or collagen gels at days 0, 14, 28 were homogenized by pellet pestle. 

Total RNA was extracted in TRIzol reagent (Thermo Fisher Scientific) and reverse 

transcribed (High Capacity cDNA Reverse Transcription Kit; Thermo Fisher Scientific). 

Subsequent cDNA amplification was performed using an Applied Biosystems StepOnePlus 

Real-Time PCR System, Fast SYBR Green Master Mix (Thermo Fisher Scientific), and 

custom human primers for ACAN, COL1A2, COL2A1, COL10A1, and GAPDH to 

calculate relative expression (2-∆C
T).

2.9. Biochemical content of hydrogel-encapsulated cells

The biochemical compositions of the native and decellularized mECM, mECM digests, and 

hMSCs encapsulated in mECM and collagen hydrogels were quantified for DNA, sulfated 

glycosaminoglycan (GAG), and total collagen contents. Briefly, samples were lyophilized 

for 24 h and digested at 60°C for 16 h in a papain solution containing 125 μg/mL papain 

(Sigma-Aldrich, St. Louis, MO), 50 mmol phosphate buffer (pH 6.5), and 2 mmol N-acetyl 

cysteine (Sigma-Aldrich). The DNA content of sample digests was obtained using the 

PicoGreen dsDNA quantitation kit (Thermo Fisher Scientific), according to manufacturer's 

protocol. Sulfated GAG content was measured using the 1,9-dimethylmethylene blue dye-

binding assay [39]. Total collagen content was quantified by a modified acid hydrolysis 

assay [35], using ortho-hydroxyproline (OHP) as standards for meniscus ECM and hMSC-

laden gels, or type I collagen solution for mECM digests.
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2.10. Histological analysis

For histological processing, hydrogel-encapsulated hMSCs were embedded in 2% low-

melting-temperature agarose and fixed at 4°C in 4% formaldehyde. Samples were 

dehydrated in a graded series of ethanol, embedded in paraffin, and sectioned to 8 μm thick. 

Sections were stained with hematoxylin and eosin (H&E) for nuclei and cytoplasmic 

elements, respectively, Alcian blue (pH 1.0) for sulfated GAGs, and Picrosirius red for 

collagens. Additionally, implanted samples and rat menisci were stained with von Kossa for 

mineralization and nuclear fast red for nuclei.

For immunohistochemistry, the following primary antibodies were used for hMSCs in 

hydrogels and rat menisci: mouse anti-type I collagen (1:200; Abcam, Cambridge, UK); 

rabbit anti-type II collagen (1:50; Abcam); mouse anti-type X collagen (1:2000; Abeam); 

and mouse anti-human nuclei (1:50; Millipore). Briefly, all samples were processed using 

the VECTASTAIN Elite ABC Kit (Universal; Vector Laboratories, Burlingame, CA) and 

counterstained with hematoxylin QS, with the exception of staining against human nuclei. 

Antigen retrieval was performed in 10 mM citrate buffer (pH 6.0; anti-human nuclei), 0.5% 

trypsin (anti-type I, II collagen), or a combination of hyaluronidase (2 mg/mL in PBS) and 

pronase (1 mg/mL in PBS; anti-type X collagen) [40].

All stained specimens were imaged with an Olympus FSX100 microscope (Tokyo, JP), with 

the exception of stained rat menisci, which were imaged with an Olympus BX61VS 

microscope.

2.11. Statistical analysis

All statistical analysis was performed using GraphPad Prism (La Jolla, CA; α = 0.05): 

unpaired t-tests for decellularization and t1/2, one-way ANOVA with Tukey post-hoc tests 

for degradation and explant studies, two-way ANOVA (no matching) with Bonferroni post-
hoc tests for hydrogel studies, paired t-tests for percentage tissue regeneration, and two-way 

ANOVA (matched values from left and right knees per animal) with Bonferroni post-hoc 
tests for animal studies. Data is shown as mean ± SEM of biological replicates.

3. Results

3.1. Study design

We designed three sets of studies to systematically test our hypothesis: (i) tissue 

development in vitro by hMSCs in mECM hydrogel (Figure 1a), (ii) integration of hMSC-

mECM hydrogel constructs with meniscal explants in vitro (Figure 1b) and in vivo (Figure 

1c), and (iii) in situ injection of hMSCs in mECM hydrogel in an orthotopic nude rat model 

of meniscal injury (Figure 1d).

3.2. Fibrochondrogenesis of hMSCs was superior in mECM hydrogel compared to type I 
collagen alone, but required growth factor supplementation

hMSCs encapsulated in mECM hydrogel and cultured in the presence of TGF-β3 (mECM+) 

exhibited greater fibrochondrogenesis than cells in type I collagen (collagen+, Figure 2a). 

DNA content of collagen hydrogels (+) decreased throughout the 28-day culture period, 
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while the NA content of mECM hydrogels (+) initially decreased between days 0 and 14, 

and then was maintained from days 14 to 28.

Sulfated glycosaminoglycan (GAG) and ortho-hydroxyproline (OHP, representative of total 

collagen) content were both significantly higher for mECM than collagen constructs at day 

28. OHP content of collagen constructs decreased throughout the culture period, in contrast 

to mECM constructs, in which it recovered significantly between days 14 and 28. The loss 

of OHP in hMSC-mECM hydrogel constructs correlated with the depletion of OHP in 

cultures of acellular hydrogel constructs (Figure S3). In the absence of TGF-β3, neither 

mECM (–) nor type I collagen (–) hydrogels significantly supported fibrochondrogenesis of 

hMSCs (Figure 2a), with decreases in cell numbers and OHP content for both hydrogels, 

and the lack of sulfated GAG production.

Histological analysis was consistent with biochemical contents, demonstrating the 

production of matrix rich in sulfated GAGs (Alcian blue; Figure 2b) and collagens 

(Picrosirius red) in mECM constructs cultured with TGF-β3 (+). Cells in mECM hydrogel 

(+) were situated within well-developed lacunae visualized by H&E staining, which were 

absent in collagen hydrogel (+).

Expression of key meniscus ECM genes - aggrecan (ACAN), the predominant proteoglycan 

in meniscus, and type II collagen (COL2A1) (Figure 3a) was significantly upregulated in 

hMSC-laden mECM gels with TGF-β3 at day 28, compared to the initial values. In collagen 

constructs, type I and X collagen were upregulated, suggesting a more fibrous and 

hypertrophic phenotype.

Correlation of these gene expression patterns to the presence of proteins revealed markedly 

positive staining for type II collagen in both hMSC-mECM and hMSC-collagen constructs 

(+) at day 28 (Figure 3b). Collagen I staining was present throughout collagen constructs at 

day 28, but was limited to the edges of mECM constructs and the cell lacunae, rather than 

secreted into the newly synthesized ECM. Positive staining for type X collagen appeared in 

both collagen and mECM constructs, with intracellular staining in collagen constructs, 

indicative of sustained production, that is not seen in mECM. At day 0, weak but positive 

staining for type I collagen appears in both constructs, consistent with type I collagen as the 

basis for gelation of both materials. However, only cells in mECM exhibited positive type II 

collagen staining, which is present in native mensicus ECM. Finally, no visible staining for 

type X collagen appeared in either hydrogel at day 0, signifying an absence of type X 

collagen in juvenile bovine meniscus ECM.

Both mECM and collagen constructs contained high amounts of OHP, but showed weak 

staining for Picrosirius red and specific collagens. By day 28, OHP content in collagen 

constructs has decreased, but the staining remained prominent. These differences result from 

the two distinct methods of collagen determination. OHP quantitation is indicative of total 

collagen and does not differentiate the fibrillar collagens in hydrogel from mature collagens 

synthesized by hMSCs [35]. Immunostaining of specific intact epitopes demonstrates the 

maturation and organization of collagenous proteins after culture with TGF-β3 (Figure 

3a,b).
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3.3. hMSCs in mECM hydrogel enhanced integrative repair of meniscal explants

Delivery of hMSCs in mECM hydrogel into full-thickness defects in meniscal explants 

significantly improved the integrative strength and biochemical properties of the repair tissue 

over 42 days of culture (Figure 4a). The increases in biochemical contents in the repair 

tissue were consistent with the trends observed in hMSC-hydrogel studies.

DNA content decreased between days 0 and 14, and was then maintained for the remainder 

of culture. Sulfated GAG content increased significantly over 42 days of culture. While total 

OHP content at day 0 was lower than in hydrogel studies, the trends are consistent: OHP 

content decreased within the first 14 days of culture due to hydrogel degradation, recovered 

by day 28 and continued to increase through day 42, due to the synthesis and deposition of 

new tissue matrix. H&E staining revealed the organization of cells separated by newly 

synthesized ECM, rich in sulfated GAG (Alcian blue) and collagens (Picrosirius red) (Figure 

4b, top panels). In particular, the development of cell lacunae was prominent at the defect 

interface.

After 42 days in vitro, hMSC-mECM constructs were implanted subcutaneously for an 

additional four weeks. By day 70, well-developed lacunae were seen throughout the 

constructs, with abundant matrix rich in sulfated GAG and collagens (Figure 4b, bottom 

panels). Collagen II staining was uniform throughout the mECM gel before implantation, 

with localized staining at the periphery of cell lacunae in the pericellular matrix. Moreover, 

the intensity of type I and II collagen staining in the meniscal extracellular matrix and the 

surrounding explant were comparable (Figure 5). After implantation, this staining remained 

uniform within the constructs. In contrast, type I collagen staining before implantation was 

confined to the pericellular matrix, whereas the matrix uniformly stained for type I collagen 

after in vivo culture. Collagen X staining was minimal pre-implantation, and remained low 

post-implantation, despite staining for mineralization that ranged from negative to moderate 

(Figure S4). Immunohistochemistry of cell nuclei verified that the cells were of human 

origin.

3.4. hMSCs delivered in mECM into meniscal injury incorporated into host tissue

The in situ model of meniscal injury was utilized to further test the in vivo performance of 

mECM hydrogel for meniscal repair. The intra-articular joint space is natively avascular, in 

contrast to the vascularized subcutaneous environment. We demonstrate the medial 

parapatellar approach used to access the medial knee joint space and excise the anterior horn 

of the medial meniscus in our rat model (Figure 6a). Representative images of a whole rat 

medial meniscus (Figure 6b) and the excised anterior medial meniscal tissue at time of 

surgery (Figure 6c) are provided for comparison to the gross appearance of control and 

experimental medial menisci in situ (Figure 6d-e) and ex vivo (Figure 6f) at 8 weeks after 

surgery. The percentage resection of medial meniscus by area is approximately 50.9 ± 6.0% 

(n = 5) at the time of surgery. The macroscopic appearance of the control medial meniscus at 

8 weeks after injury (Figure 6d) suggests minimal to no tissue regeneration. Therefore, we 

did not quantify the area of regenerated meniscal tissue in control samples. Both medial 

menisci treated with hMSCs in PBS (Figure 6f) and mECM hydrogel (Figure 6e,f) appear to 

have regenerated tissue, with the latter appearing to regenerate the most tissue of the three 
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groups (Figure 6d-f). These observations are supported by the high percentages of 

regenerated meniscal tissue by area for both groups receiving hMSCs, with a significantly 

greater percentage tissue regeneration by hMSCs in mECM hydrogel versus PBS (Figure 

6g).

We focus on radial cross-sections of meniscal tissue (Figure 7) encompassing the outer and 

inner regions of the medial meniscus. Across control (Figure 7a,b) and experimental (Figure 

7c,d) meniscus, H&E staining reveals cell nuclei distributed throughout the tissue, 

surrounded by abundant ECM. The extent and quality of this matrix varied in histologic 

appearance, with dense connective tissue interrupted by mineral deposits (by von Kossa 

staining) in menisci that did not receive hMSCs delivered in mECM hydrogel (Figure 

7a,b,d).

Alcian blue revealed the presence of sulfated GAG in all groups, with weaker staining in the 

regions of tissue mineralization (Figure 7a,b,d). Picrosirius red staining demonstrated the 

presence of collagens throughout all menisci, with varying amounts of type I, II and X 

collagen in the experimental and control groups. Regions of most positive staining for 

human nuclei correlated with the presence of sulfated GAGs and type II collagen, and low 

concentrations of type I collagen (Figure 7c,d), which is typical for the inner region of the 

meniscus that is reminiscent of hyaline cartilage.

The presence of human cell nuclei in both mECM (Figure 7c) and PBS (Figure 7d) menisci 

indicates the retention and incorporation of exogenous hMSCs to the zone of injury via 

either delivery vehicle. However, only the experimental tissue that received hMSCs in 

mECM hydrogel was free of mineralization by von Kossa staining (Figure 7c). Collagen X 

staining, associated with hypertrophic cartilage, and mineralization was present in all other 

menisci subjected to injury (Figure 7a,b,d), including tissue that received hMSCs in PBS, 

suggesting that only exogenous stem cells delivered in mECM hydrogel protected the 

injured tissue from calcification.

3.5. In situ delivery of hMSCs in mECM hydrogel after injury preserved knee joint spaces

Joint space narrowing due to loss of cartilage thickness is a radiographic hallmark of OA, 

along with subchondral sclerosis and osteophytes [41]. We quantified joint space volumes 

(JSV) between the distal femur and proximal tibia by three-dimensional (3-D) segmentation 

of CT images (Figure 8a), as surrogates for joint space narrowing over time after meniscal 

injury. Calculating JSV by 3-D segmentation allowed for more representative measurements, 

taking into account the anatomy of the knee [42]. No significant differences were found 

between JSV of the right versus left control knees at each time point, indicating the 

reproducibility of the surgical technique. Across all groups, JSV significantly decreased 

from week 4 to 8, suggesting the loss of cartilage thickness after meniscal injury, regardless 

of intervention. Knees that received hMSCs in mECM hydrogel [mECM (R)] retained 

higher JSV than knees that received cells in PBS [PBS (L)] at all imaged time points, 

suggesting chondroprotective effects of mECM hydrogel (Figure 8b).
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4. Discussion

Tissue-specific hydrogels can be produced from the extracellular matrix (ECM) of 

decellularized tissues and utilized in clinical settings either alone or as vehicles for drugs, 

biologics, or cells to regenerate diseased tissues. We show that a tissue-specific hydrogel 

derived from decellularized meniscus ECM (mECM) retained characteristic elements of the 

native tissue guiding the fibrochondrogenesis of human mesenchymal stem cells (hMSCs) 

and provided the foundation for engineering meniscal repair tissue, both in vitro and in vivo.

In vitro culture of hMSCs in mECM hydrogel exhibited cell growth, sulfated GAG and 

collagen production superior to cells in type I collagen alone, demonstrating the importance 

of ECM components. The enhanced fibrochondrogenesis of hMSCs observed in mECM gel 

suggested its utility for in situ delivery of MSCs into full-thickness defects in meniscal 

explants for integrative repair. hMSCs delivered in mECM hydrogel adhered to meniscal 

defects and elaborated extensive fibrocartilaginous matrix, culminating in integrative repair 

in vitro. However, these hMSC-mECM explants exhibited variable stability of 

fibrochondrogenic phenotype and mineralization after an additional four weeks of 

implantation in a highly vascularized subcutaneous milieu. Limitations exist in translating 

results in the highly vascularized subcutaneous space to the predominantly avascular intra-

articular knee environment. Moreover, while decellularized ECM scaffolds have been 

produced from a variety of tissues including previously published protocols for meniscus 

[43–46] and cartilage [47,48], few have been assessed for biological activity at their site of 

action in vivo.

To overcome these limitations, we evaluated the mECM hydrogel as a vehicle for intra-

articular delivery of MSCs in an orthotopic rat model of meniscal repair. The rat is among 

the smallest animal models published in meniscus literature. Inducing meniscal injury is a 

common method of modeling experimental OA in the rat [49], corroborating long-term 

studies in human patients, which have shown an association between meniscal tears or 

extrusion and OA progression [50].

Meniscal tears are often degenerative in patients over 60 years of age, in contrast to younger 

patients, in which tears are more often traumatic in nature [51–55]. Our findings using the 

hemi-meniscectomy model are more applicable to traumatic injuries in younger patients, 

emphasizing the importance of preventing joint degradation and OA. Previous studies using 

Sprague-Dawley rather than athymic nude rats reported near to complete regeneration of 

injured menisci in tissue area, if not in quality, by 12 weeks in all animals regardless of 

intervention [29,56]. However, only limited assessments of meniscal tissue hypertrophy and 

OA development in the joint were published in these studies.

The therapeutic objectives of intra-articular hMSC delivery in mECM hydrogel after 

meniscal injury in a rat model are to regenerate meniscal tissue and to protect the joint from 

OA development. At eight weeks post-injury, we demonstrated significant tissue 

regeneration in menisci that received hMSCs in mECM hydrogel versus PBS. In contrast to 

prior rat studies [29,56], we observed minimal tissue regeneration in control animals that did 

not receive hMSCs, which may reflect differences in innate healing between wild-type and 
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nude rats with compromised immune systems. This finding, together with the persistence of 

human nuclei staining at end point histological analysis, suggests that tissue regeneration is 

due to hMSC retention within the knee joint, infiltration and differentiation into a 

fibrocartilage-like tissue. This regenerated tissue occurred after hMSC delivery in PBS or 

mECM hydrogel, and exhibited positive staining for markers consistent with meniscal ECM, 

sulfated GAG, type I and II collagen. However, no mineralization was detected at the eight-

week end point only in knees injected with hMSCs in mECM hydrogel, in contrast to the 

mineralization seen in all other conditions, including hMSCs injected in PBS. It should be 

noted that calcified matrix is characteristic of native rat meniscus, unlike human meniscus 

[57]. Nevertheless, injured tissue that received stem cell intervention via mECM hydrogel 

did not demonstrate histological evidence of mineralization, suggesting mECM hydrogel 

provided protection from pathologic calcification of this regenerated tissue in addition to 

tissue regeneration by the exogenous hMSCs. These effects appear to be mediated by the 

unique combination of mECM hydrogel and hMSCs, and are not secondary to hMSC 

retention alone as regeneration and mineralization were present in tissues that received 

hMSCs in PBS. This is significant, as hypertrophy and evidence of terminal differentiation 

to bone in MSCs has been reported extensively both in vitro and in vivo [50,58]. In the 

context of meniscus, increased expression of type X collagen protein has been detected in 

aged and degenerative OA menisci [59,60], which generally correlated with calcification in 
vivo [61,62].

At the eight-week study end point, we observed the loss of joint space volume (JSV) across 

all groups, which may reflect the development of post-traumatic OA that is known to follow 

destabilization of the medial meniscus [63]. However, the JSV in knees that received hMSCs 

in mECM hydrogel remained significantly greater than in knees that received hMSCs in 

PBS. Taken together, these two findings, the absence of mineralization and the relative 

preservation of knee JSV, suggest that the combination of mECM hydrogel and hMSCs 

promotes the growth of a meniscal-like tissue and chondroprotection of the joint.

Our findings suggest that mECM hydrogel serves two purposes: as an appropriate vehicle to 

retain MSCs within the intra-articular space, and as a reservoir of native tissue cues to 

regulate hMSC behavior and formation to fibrocartilage, without hypertrophy or 

mineralization suggestive of tissue and joint degeneration. The first purpose is to retain 

sufficient exogenous cells that directly produce new tissue, as demonstrated by the presence 

of human nuclei and significant tissue regeneration at the study end point. The second 

purpose is to protect joints from the development of OA, as suggested by the relative 

maintenance of JSV and absence of mineralization in tissue that received hMSC intervention 

in mECM hydrogel after meniscal injury. Exogenous stem cells can in turn stimulate 

endogenous repair cells to produce new tissue. Previous studies have found that the 

meniscus itself contains a subpopulation of multipotential cells [23,30,36,64], which can be 

utilized to regenerate tissue. Moreover, the combination of MSCs with native meniscal cells 

is known to prevent MSC hypertrophy [65,66]. Future work will focus on the interactions 

between exogenously delivered MSCs and endogenous meniscal cells under the direction of 

meniscus tissue-specific cues present in mECM hydrogel. The precise identities of these 

tissue cues remain under investigation, although TGF-β has been widely implicated in prior 

studies of meniscus and articular cartilage. Higher concentrations of TGF-β and bFGF have 
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been detected in growth factor analysis of meniscal ECM [46]. Thrombospondin is a 

component of the meniscus ECM [67], which contains a specific sequence that activates the 

latent TGF-β complex. Latent TGF-β itself is known to be liberated and activated by 

mechanical shear in devitalized articular cartilage [68]. Additionally, it has been postulated 

that “matrikine” species derived from the partial proteolysis of ECM proteins [69] regulate 

cell activity including proliferation and migration. These may all be present in our 

decellularized ECM hydrogel and account for the marked stem cell differentiation and 

meniscal tissue formation seen in our studies. Characterizing the key regulators and 

mechanisms of repair by exogenous hMSCs and activation of endogenous repair cells 

requires further experimentation, including synovial fluid collection for trophic and 

inflammatory biomarkers, and data from intermediate time points.

In summary, we present the first report of directed delivery of stem cells into an animal 

model of meniscal repair, using a hydrogel preparation of decellularized meniscus ECM. 

Prior studies have reported promising results in meniscal regeneration utilizing meniscus 

ECM preparations in allograft [16,20,70], hydrogel [43,44], and soluble [46] forms; MSCs 

derived from the bone marrow [71–73], synovium [29], and meniscus [23,31]; and 

evaluation in animal models ranging from subcutaneous implantation [43,45] to intra-

articular injections in rats [29,31,72] up to primates [74]; but none have studied the 

combination of MSCs and meniscus ECM hydrogel at their relevant site of action. We 

demonstrate the use of decellularized bovine meniscus hydrogel for intra-articular delivery 

of human mesenchymal stem cells in an orthotopic nude rat model of meniscal injury. Our 

hydrogel provided a foundation for stem cell-based repair, via preservation and presentation 

of biological cues from the native tissue environment, resulting in elaboration of 

fibrocartilaginous tissue matrix in vivo. Evaluation of mECM hydrogel in situ in a rat model 

of meniscal injury demonstrated the contribution of mECM towards meniscal regeneration 

and integration with host tissue, and suggested chondroprotection within the joint. Our 

conclusions are limited by the absence of a non-tissue-specific vehicle for hMSCs in the rat 

model of meniscal injury. We chose PBS as a control vehicle for comparison to past rat 

studies in which PBS was utilized as the experimental vehicle for MSCs [29,72,75]. In 

future work with a larger number of rats or in a larger animal model such as rabbit [14] or 

sheep [76], our mECM hydrogel can be compared with a non-meniscus-specific ECM 

carrier, such as dehydrated amniotic tissue [77], or a single ECM component such as type I 

collagen.

Further animal work will also benefit from correlating histologic and radiologic biomarkers 

of repair in longitudinal studies for improving prediction of clinical outcomes while 

decreasing reliance on tissue sampling for histology. Radiologic monitoring such as non-

invasive bioluminescence imaging to monitor cell retention in vivo and MRI imaging to 

track soft tissue changes and OA development [51,52] are more practical, conservative, and 

clinically applicable means of assessing joint changes. Interpretation of our imaging results 

is limited by the absence of baseline JSV, due to a malfunctioning x-ray tube requiring 

replacement. We were only able to obtain imaging data starting from week 4 and cannot 

report the loss of JSV over the first four weeks post-injury. In addition, the indirect 

calculation of JSV may be affected by large joint effusions masquerading as larger JSV, or 

joint contractures compressing the femur and tibia together and yielding effectively smaller 
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JSV. Histological evaluation of the knee joint cartilage to document joint degeneration is a 

means of providing direct evidence of chondroprotection rather than indirect measurements 

of JSV alone.

Currently, we are focusing on hydrogel development by modifying mechanical and 

viscoelastic properties of the mECM hydrogel, such as by in situ crosslinking, in order to 

improve cell and hydrogel retention within the intra-articular space, and translating this 

technology to other musculoskeletal diseases, including OA, tendinopathies, and injuries to 

other fibrocartilaginous tissues.
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Figure 1. Schematic of in vitro and in vivo meniscus ECM experiments
(a) Comparison of hMSC fibrochondrogenesis in mECM versus type I collagen hydrogels 

over 28 days in vitro. (b) Integration of hMSCs in mECM hydrogel within full-thickness 

defects in tissue explants harvested from bovine menisci, cultured for 42 days in vitro, (c) 

then implanted subcutaneously in NOD/SCID nude mice for 28 days in vivo. (d) Intra-

articular delivery of hMSCs in mECM hydrogel by injection into an athymic nude rat model 

of anterior hemi-meniscectomy with analysis up to 8 weeks post-injury in vivo.
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Figure 2. In vitro fibrochondrogenesis of hMSCs in mECM versus type I collagen ydrogels
(a) Culture of hMSCs in mECM and type I collagen hydrogels, with (+) and without (–) 10 

ng/mL TGF-β3 over 28 days in vitro. Although hMSCs did not differentiate in either 

hydrogel in the absence of TGF-β3, the cells produced significant matrix in mECM hydrogel 

with TGF-β3 supplementation. * p < 0.05 vs. day 0; ** p < 0.05 vs. day 14 collagen –, 

collagen +; *** p < 0.05 vs. day 28 collagen +, mECM –; n = 3-10. (b) Histological staining 

of mECM and type I collagen constructs with TGF-β3 supplementation. hMSCs in mECM 

hydrogel were arranged in lacunae surrounded by matrix rich in sulfated GAG and 

collagens, compared to cells in collagen hydrogel. Scale bar: 50 μm.
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Figure 3. In vitro expression of specific meniscus ECM components in hMSC constructs
(a) Relative gene expression (2-ΔC

T) of hMSCs encapsulated in type I collagen or mECM 

hydrogels, over 28 days of culture with TGF-β3 supplementation. Expression of aggrecan 

(ACAN) and type II collagen (COL2A1) were significantly greater at day 28 in mECM 

constructs, whereas type I collagen (COL1A2) and X (COL10A1) were significantly greater 

at day 28 in collagen constructs. ACAN: * p < 0.05 vs. mECM days 0, 14; n = 4. COL2A1: 

* p < 0.05 vs. mECM days 0, 14, collagen day 28; n = 4. COL1A2: * p < 0.05 vs. collagen 

days 0, 14, mECM day 28; n = 4. COL10A1: * p < 0.05 vs. collagen day 0; n = 4. (b) 

Immunohistochemistry of hMSC-mECM and collagen constructs. Intense staining for type 

II collagen appears at day 28 in both constructs, but only mECM hydrogel contained type II 

collagen initially. Positive staining for type I collagen is present in both collagen and mECM 

constructs at day 0, but staining is more prevalent at day 28 throughout collagen constructs. 

Collagen X does not appear in either hydrogel at day 0, but develops by day 28, although 

positive staining is present both intra- and extracellularly. Scale bar: 50 μm.
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Figure 4. hMSCs delivered in mECM hydrogel adhere to full-thickness defects in meniscal 
explants
(a) Integration strength and biochemical content of hMSC-mECM explants over six weeks 

in vitro. The development of integration strength correlated with significant production of 

sulfated GAG and collagen. Integration strength: * p < 0.05 vs. days 0, 14; n = 3-8. DNA, 

GAG, OHP: * p < 0.05 vs. days 0, 28, 42; ** p < 0.05 vs. days 0, 14; *** p < 0.05 vs. days 0, 

14, 28; n = 3-8. (b) Representative images of explants before and after four weeks of in vivo 
subcutaneous implantation. Well-developed lacunae appear throughout the sample, whereas 

those before implantation are confined at the defect interface, indicated by dashed lines. 

Scale bar: 50 μm.
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Figure 5. Expression of fibrochondrogenic and hypertrophic collagens before and after in vivo 
implantation
After 42 days in vitro (pre-implantation), hMSC-mECM explants exhibited intense staining 

for type II collagen, but not type I collagen or X. After four weeks of implantation (post-

implantation), explants were type II and I collagen-positive, but remained largely type X 

collagen-negative. Dashed lines indicate the defect interface. Scale bar: 50 μm.
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Figure 6. Macroscopic images of the rat model of meniscal injury and tissues at 8 weeks after 
injury
(a) Medial parapatellar approach to access the medial knee joint space (JS) between the 

medial femoral condyle (FC) and tibial plateau (TP) and excise the anterior horn of the 

medial meniscus. Representative images of (b) a whole rat medial meniscus and (c) excised 

meniscal tissue. Dashed line (b) indicates radial cut for tissue excision. (d-f) Meniscal 

tissues at 8 weeks after injury in situ atop the tibial plateau (d-e) and excised from the joint 

space (f). Representative images of control meniscal tissue that did not receive cells [control 

(R)] and (d) experimental tissue that received cells in mECM hydrogel [mECM (R)] in situ, 

and (f) tissues that received cells in mECM hydrogel [mECM (R)] or PBS [PBS (L)] ex 
vivo. Dashed lines indicate borders of medial meniscus (d,e) and borders of regenerated 

meniscal tissue (f). Arrows indicate radial cuts for histology (d,f). (g) Menisci that received 

cells in mECM hydrogel and PBS both regenerated tissue, although the percentage tissue 

regeneration (%) by area was significantly greater in menisci that received cells in mECM 

hydrogel (mECM) than in PBS. n = 7. * p < 0.05 vs. PBS. Scale bar: 1 mm (a), 500 μm (b-
f).
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Figure 7. Cells and extracellular matrix composition of rat menisci at 8 weeks after injury in vivo
Representative images of medial menisci in radial cross-sectional views from the bilateral 

knees of a control animal (a,b), which received no cells, and an experimental animal (c,d), 

which received hMSCs delivered in mECM hydrogel ([mECM (R)]; c) or in PBS ([PBS 

(L)]; d) at low-power (top row) and high-power magnification (all remaining rows), 

demonstrating the composition of regenerated tissue at 8 weeks post-injury, notable for 

retention of cells of human origin under experimental conditions (human nuclei; c,d); and 

mineralization in control menisci without cells (von Kossa; a,b), and experimental menisci 

without mECM hydrogel (von Kossa; d). Dashed boxes indicate areas of high-power 

magnification. Asterisks indicate areas of positive staining for human nuclei. Scale bar: 100 

μm.
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Figure 8. Knees treated with hMSCs delivered in mECM hydrogel after meniscal injury in vivo 
show greater preservation of the joint space between the distal femur and proximal tibia at late 
time points
(a) Coronal views of 3D segmentation models of CT images from representative control and 

experimental animals at week 8, calculated from thresholding masks for bone (green), right 

joint space (pink), and left joint space (blue). Scale bar = 5 mm. x-y-z axes = red-yellow-

blue. (b) Joint space volumes calculated from 3D segmentation models at weeks 4, 6, and 8 

post-injury. Matched values from the left and right knees of individual animals indicated by 

color, with different colors representing different animals. n = 3-7. * p < 0.05 vs. week 8. # p 
< 0.05 vs. PBS.
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