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Abstract

The aim of this study was to examine the potential of platelet-derived growth factor (PDGF)-

coated decellularized meniscus scaffold in mediating integrative healing of meniscus tears by 

inducing endogenous cell migration.

Fresh bovine meniscus was chemically decellularized and covalently conjugated with heparin and 

PDGF-BB. In vitro PDGF release kinetics was measured. The scaffold was transplanted into 

experimental tears in avascular bovine meniscus explants and cultured for 2 and 4 weeks. The 

number migrating and proliferating cells at the borderline between the scaffold and injured explant 

and PDGF receptor-β (PDGFRβ) expressing cells were counted. The alignment of the newly 

produced ECM and collagen was analyzed by Safranin-O, picrosirius red staining, and differential 

interference contrast (DIC). Tensile testing of the explants was performed after culture for 2 and 4 

weeks.

Heparin conjugated scaffold showed immobilization of high levels of PDGF-BB, with sustained 

release over 2 weeks. Insertion of the PDGF-BB treated scaffold in defects in avascular meniscus 

led to increased PDGFRβ expression, cell migration and proliferation into the defect zone. 

Safranin-O, picrosirius red staining and DIC showed tissue integration between the scaffold and 

injured explants. Tensile properties of injured explants treated with PDGF-BB coated scaffold 

were significantly higher than in the scaffold without PDGF.

In conclusion, PDGF-BB-coated scaffold increased PDGFRβ expression and promoted migration 

of endogenous meniscus cells to the defect area. New matrix was formed that bridged the space 

between the native meniscus and the scaffold and this was associated with improved 

biomechanical properties. The PDGF-BB-coated scaffold will be promising for clinical translation 

to healing of meniscus tears.
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1. Introduction

Forceful twisting, rotating, or hyper-flexion of the knee joint leads to traumatic tears of the 

meniscus [1]. A torn meniscus causes knee pain, swelling, stiffness, and limitations in 

extending the knee. Current surgical approaches to address meniscus tears are limited to 

suturing, and partial meniscectomy [2-4]. However meniscal tears in the inner avascular 

region typically do not heal spontaneously or after surgical interventions [5, 6] and represent 

a major risk factor for the development of knee osteoarthritis (OA) [7, 8]. The middle and 

inner zones of meniscus lack blood supply and have the least potential for healing [9].

Cells that have potential to promote meniscal repair and regeneration are present in the 

meniscus adjacent to the tear and in synovium and joint capsule [10-12]. Application of 

chemotactic factors to the tear site thus has potential to recruit cells that mediate repair and 

various approaches including gene transfer into meniscus cells or application of gene 

transduced cells have been pursued [13-18]. PDGF is a candidate for meniscus repair as it 

has strong chemotactic activity for chondrocytes and mesenchymal stem cells [19]. PDGF 

enhances meniscal cell proliferation and biosynthetic activity and its expression is decreased 

in lesions in the avascular zone [15, 20-24]. PDGF-BB binds and triggers auto-

phosphorylation of the PDGFRβ. This receptor has been for targeted therapeutic 

manipulation of cell proliferation and extracellular matrix production [25, 26].

PDGF and other growth factors can be immobilized for sustained release on scaffolds via 

covalent linkage to heparin or electrostatic interactions [27-29]. Heparin has strong binding 

affinity for a various growth factors such as basic fibroblast growth factor (bFGF), 

transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), and 

PDGF-BB [30]. The present study used decellularized, heparin-conjugated meniscus as a 
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readily available and clinically applicable scaffold for PDGF-BB immobilization and tested 

the ability of this scaffold to recruit endogenous cells to mediate repair of meniscus tears.

2. Materials and Methods

2.1 Meniscus explants

Fresh bovine menisci (medial and lateral) were obtained from normal knees of 18-30 months 

old animals (Animal Technologies Inc., Tyler, TX). The knees were harvested on the same 

day that the animals were slaughtered and shipped on ice for arrival in the laboratory the 

following day. For preparing meniscal explants, the avascular region (inner two thirds) was 

resected with a scalpel and cut into blocks of approximately 20 mm width. The tissue blocks 

were washed 3 times in DMEM with 1 % (v/v) PSF and incubated in DMEM with 10 % 

(v/v) calf serum (CS) (Omega Scientific Inc., Tarzana, CA) and 1 % (v/v) Penicillin-

Streptomycin-Gentamycin (PSG) (Life Technologies, Carlsbad, CA) for 3 days.

2.2 Preparation of decellularized meniscus scaffold and growth factor conjugation

Disc shaped explants, 6-mm diameter and 1-mm thickness, were obtained from horizontally 

punctured bovine meniscus blocks using specimen needles (Fig. S1). For decellularization, 

the explants were sequentially incubated in a shaking incubator (300 rpm at 37 °C) with 

DNAse/RNAse-free water for 12 hours, 0.05 % (wt/v) trypsin-EDTA for 12 hours, washing 

three times with saline for 1 hour, the mixture of 2 % (v/v) aqueous Triton X-100 and 1.5 % 

peracetic acid for 24 hours, and 2 % (wt/v) collagenase for 4 hours. Upon completion of this 

sequential chemical treatment, decellularized meniscus scaffolds (DMS) were washed with 

distilled DNAse/RNAse-free water for 72 hours with daily media changes and stored in PBS 

with 0.1 % (v/v) PSG at 4 °C until use. DNA content in native meniscus was 7.75 ng/mL 

and in decellularized DMS 1.71 ng/mL (p=0.0014, Fig. S2.a).

To immobilize PDGF-BB on DMS, heparin was conjugated to the DMS. The reactive amine 

groups (−NH2) on the DMS were conjugated with the carboxyl groups (−COOH) on heparin 

to form a covalent amide bond. This process allowed the negatively charged sulfonic groups 

(−SO3) in the heparin molecules to trap added PDGF-BB [30]. Heparin sodium salt 0.1 % 

(wt/v) (Sigma Aldrich, St. Louis, MO) was dissolved in 0.05 M 2-morpholinoethane sulfuric 

acid (MES) (Sigma-Aldrich) buffer (pH 5.6) containing 25 mM 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) (Thermo Fisher Scientific) and 10 mM N-

hydroxysuccinimide (NHS) (Sigma-Aldrich) to activate the carboxyl groups of heparin. One 

mL aliquots of the heparin solution were added to each DMS and incubated at room 

temperature for 4 hours with gentle shaking. The heparin conjugated DMS were rinsed 3 

times with 0.1 M Na2HPO4, pH 7.0 and distilled water. The toluidine blue assay showed that 

the heparin conjugated DMS by EDC cross-linking was 33.77 fold higher than the DMS 

only immersed in the heparin solution (p<0.0001, Fig. S2.b).

The heparin-conjugated DMS were incubated in 0.1% (wt/v) NaN3 in PBS pH 7.0 with 

recombinant human PDGF-BB (Peprotech Inc., Rocky Hill, NJ) at a concentration of 200 

ng/mL for 12 hours at 4 °C. After the PDGF-BB immobilization, DMS were washed 3 times 
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with PBS and stored in PBS 1% PSG at 4 °C for up to 4 weeks. All subsequent experiments 

with PDGF-BB-conjugated DMS were performed at neutral pH.

2.3 Release kinetics of PDGF-BB from heparin-conjugated DMS

To remove the non-bound PDGF-BB, the scaffold was washed twice with 500 μL release 

media composed of PBS with 0.1 % (wt/v) BSA and 0.1 % (wt/v) NaN3. After washing, the 

supernatant was harvested, and the amount of PDGF-BB measured was considered as the 

non-absorbed PDGF-BB and used to calculate the amount of PDGF-BB bound to the 

scaffold (total amount of bound PDGF-BB = 200 ng – the quantity of non-absorbed PDGF-

BB from the residual supernatant). To measure PDGF-BB release, replicate PDGF-BB-

conjugated DMS were placed into 1 mL release media in sterile 1.5 mL tubes at 37 °C with 

gentle shaking at 150 rpm for up to 16 days. At each time point, all of the media was 

replaced with fresh release media. The harvested supernatants were centrifuged and stored at 

−80 °C. The cumulative amount of PDGF-BB in the release media from each sample was 

analyzed using a human PDGF-BB ELISA (Peprotech Inc).

2.4 In vitro culture of cells from avascular meniscus seeded on DMS

One million human avascular meniscus cells (isolated normal knee joints of a 33-year old 

male and 39-year old female, obtained from tissue banks) were seeded on each DMS (3 mm 

diameter, 6 mm height) in trans-well plates (12 multi-well plate). After two sequential 

applications of 50 μL cell suspension onto the top and bottom surface of the DMS, the trans-

well plates were incubated at 37 °C, 5 % CO2 for 3 hours and then basal culture media or 

PDGF-BB (50 ng/mL) media was added. The cell-seeded DMS was transferred to 24-well 

plates and cultured for 24 hours.

2.5 Ex vivo culture of meniscus with experimental tear

Cylindrical explants (diameter: 12mm, height: 6mm) were cut from bovine menisci using a 

biopsy punch. A horizontal tear (8mm in length) was made with a blade in the center of the 

explant. The 6-mm diameter DMS was inserted into the defect. During the insertion, the 

fiber orientation of the DMS was kept identical to that of the middle part of the meniscus. 

The meniscus defect area in the explants without inserted DMS was sutured with a 5-0 

Prolene suture (Ethicon, Blue Ash, Ohio). The explants were cultured for 2 and 4 weeks 

with media change every 3 days.

2.6 Histological and immunohistochemical analyses

The explants (n=5 per each group) were fixed in Z-fix (Anatech, Battle Creek MI). Paraffin-

embedded sections (5-7 μm) were stained with DAPI (H-1500 Vector Laboratories, Inc.) for 

cell counting. For each group 6 sections were used for cell counting. The cells in 12 different 

regions in each section were counted. The 6 regions were near the borderline between the 

defect and the DMS. The percentage of cells at the borderline was calculated and compared 

among treatment groups. To confirm the biological activity of PDGF-BB as reflected by 

increased PDGFRβ expression [25, 26, 31], anti-PDGFRβ(ab107169, 1:200 dilution, 

Abcam) antibody was applied and detected with goat anti-rabbit IgG (A-11008, 1:500 

dilution, Life Technologies). Anti-Ki67 (ab15580, 1:200 dilution, Abcam) antibody was 
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applied and detected by goat anti-rabbit Alexa fluor 488 (ab150077, 1:200 dilution, Abcam) 

to detect cell proliferation induced by PDGF-BB. DAPI was used to visualize cells on the 

DMS. Sections were stained with Safranin-O to detect GAG and with pircrosirius red using 

a polarized light microscopy to detect collagen fiber alignment and interconnectivity 

between inserted DMS and injured explants. Safranin-O positive signal intensity relative the 

negative signal region was quantified by converting the positive signal to RGB stack and 

adjusting threshold using ImageJ [32]. Tissue interconnectivity was quantified by dividing 

the cumulative length of integrated segments between the meniscus explant and DMS by the 

total defect length in the picrosirius red stained images using ImageJ [33]. To confirm tissue 

interconnectivity, fully hydrated and unstained 15 μm thickness sections was examined by 

differential interference contrast (DIC) microscopy (Zeiss LSM 710, Carl Zeiss, Thornwood, 

New York). PDGF is known to increase PDGFRβ expression [25, 26, 31] and PDGFRβ 
positive cells were counted to confirm biological activity of PDGF-BB. Anti-β-actin 

(ab3280, 1:100 dilution, Abcam) antibody was applied and detected by goat anti-mouse 

Alexa fluor 568 (ab175473, 1:200 dilution, Abcam) to detect lamellipodia as a marker of 

cell migration induced by PDGF-BB [34], which was visualized at high resolution (60x) 

through a scanning microscope (BZ-X700, KEYENCE, Itasca, IL). Lamellipodium positive 

cells were counted and long and short diameters of the elongated cells were measured to 

compare the difference between lamellipodium positive cells and negative cells. The long 

diameter was divided by short diameter of each cell and the ratio was compared among 

experimental groups [35]. Ki67 positive cells were counted and percentaged by DAPI 

positive cells in the explant to determine whether cell proliferation was induced by PDGF-

BB.

To assess cell death in the defect area, Live-Dead cell assay was performed by staining with 

calcein-AM and ethidium homodimer-1 (Thermo Fisher Scientific) (Fig. S3).

2.7 Biomechanical testing

The tensile stiffness of the injured meniscus explants cultured with DMS, or heparin-PDGF-

BB-conjugated DMS was quantified by tensile testing (n=8-12 per group). After 2 and 4 

weeks of culture, each explant was mounted using cyanoacrylate glue at the two ends in the 

mount of an UTM (Instron® Universal Testing Machine, 3342 Single Column Model, 

Norwood, MA) with a 500 N load cell. Each specimen was tested in tension (rate = 1 mm/

min) and tensile force was monitored until the DMS separated from the repair site. The 

slope of the force-displacement curve before separation of the DMS was used to define the 

stiffness of the repair.

2.8 qRT-PCR

RNA was isolated from bovine meniscus explants and human avascular cells after 24-hour 

culture with PDGF-BB (0, 50, 100 ng/mL). RNA was isolated by using TRIzol Reagent 

(Life Technologies) and Direct-zol RNA MiniPrep Kit (Zymo research, Irvine, CA) and 

reverse transcribed into cDNA with PrimeScript RT Reagent Kit (Clontech Laboratories, 

Inc., Mountain View, CA).
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Quantitative-PCR analysis was conducted on a LightCycler 480 Real-Time PCR System 

(Roche Diagnostics, Indianapolis, IN) with up to 45 cycles using TaqMan Gene Expression 

Assay probes (Life Technologies, PDGFRβ: Bt03247802_m1; VEGFA: Hs00900055_m1; 

GAPDH: Bt03210913_g1, Hs02758991_g1). The levels of mRNA were calculated as 

relative quantities in comparison to GAPDH.

2.9 Statistical analysis

Data represent mean and standard error of mean (SEM), from at least 3 to 4 replicate 

experiments, each performed in triplicate. The statistical significance of differences in 

PDGF-BB release was determined using 2-way ANOVA for multiple comparisons. In tensile 

testing, Mann-Whitney test was used. Differences in histological scores and values, DNA 

content, and Toluidine blue quantification were analyzed by unpaired t test. Fold change in 

gene expression was calculated using the ddCt method based on the average of technical 

duplicates. Results with *=p<0.05 (95% CI, confidence interval), **=p<0.01 (99% CI), 

***=p<0.001 (99.9% CI), ****=p<0.0001 (99.99% CI) were considered statistically 

significant.

3. Results

3.1 PDGF-BB conjugation and release

The amount of PDGF-BB that was bound to heparin-coated DMS was 86.72 % of total 200 

ng PDGF-BB and 76.82 % in non-heparin coated DMS. Following an initial release of 

6.22 % from heparin-coated DMS versus 13.76 % from non-heparin coated DMS during the 

first 24 h, there was subsequent sustained release with about 0.61 ng per 24 h during the 

following 16-day period (Fig. 1). The rate of release from heparin-coated DMS was on 

average 2.1 times slower than non-heparin coated DMS. By day 16, 5.61 % of the total 

amount of PDGF-BB was released from heparin-coated DMS versus 13.01 % release from 

the DMS without heparin. Also, there were significant differences in the amounts of PDGF-

BB released at days 2, 4, 8, 12, and 16 between DMS with and without heparin.

3.2 Cell viability, migration and proliferation in DMS-inserted meniscus tears

Culture for up to 2 weeks of injured meniscus explants where the defect area was sutured but 

not inserted with DMS did not show any cell migration or fibrous connectivity in the defect 

area (Fig. 2b). Insertion of DMS that was not conjugated with heparin or PDGF-BB also did 

not induce cell migration to the defect area although the defect space was filled with DMS 

(Fig. 2c, Fig. S4.a-e). There was no significant difference in cell migration between DMS, 

heparin conjugated DMS, and PDGF-BB coated DMS without heparin conjugation (Fig. 

S5.a-c).

Insertion of the DMS that was conjugated with heparin and PDGF-BB (DMS-Hep-PDGF-

BB) into the meniscus tears led to migration of meniscus cells to the defect zone (Fig. 2d, 

Fig. S4.f-j). There was alignment of cells at the border between the meniscus tissue and the 

inserted DMS. Most of the recruited cells were in the defect space but some cells migrated 

into the DMS (Fig. S5.d).
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Cell counting of DAPI stained sections revealed that DMS-Hep-PDGF-BB induced 

significantly higher cell density (59±3 %) at the borderline between DMS and meniscus than 

the DMS not conjugated with Hep or PDGF (32±3 %) (Fig. 2e). Total cell numbers in the 

DMS-Hep-PDGF-BB group (1766±73) were significantly increased compared with tear 

only (485±57) or DMS only groups (1039±129) (Fig. 2f).

Analysis of cell viability by live/dead stain showed that there were dead cells at the edge of 

the cut and there were fewer dead cells in the samples that were inserted with DMS, in 

particular with DMS-Hep-PDGF-BB as compared to defects that were only sutured and had 

no DMS inserted (Fig. S3).

Sections from the same meniscus explants were also stained with PDGFRβ antibody. 

PDGFRβ expression is seen in most cells in human meniscus in the vascular zone (Fig. S6a, 

b). However exogenous PDGF-BB induced PDGFRβ expression in the avascular zone (Fig. 

S6c, d, e). Moreover, PDGFRβ mRNA expression was increased by PDGF-BB treatment in 

the avascular meniscus (Fig. S7a). In cultured bovine meniscus, PDGF-BB-coated DMS 

induced a significant increase in the number of PDGFRβ positive cells throughout the 

explants (Fig. 3d). DMS-Hep-PDGF-BB (92±3 %) induced significantly higher numbers of 

PDGFRβ-positive cells in the defect area than the DMS inserted group (50±6 %), and the 

sutured meniscus group without DMS (22±7 %) (Fig. 3e). However, there was no significant 

difference in PDGFRβ-positive cells between DMS, heparin conjugated DMS, and PDGF-

BB coated DMS without heparin conjugation (Fig. S8.a-c).

The injured meniscus explants without DMS (Fig. 4a-d) and with inserted DMS (no Hep or 

PDGF-BB) (Fig. 4e-h) showed weak β-actin, and Ki67 staining. The DMS-Hep-PDGF-BB 

inserted group showed more DAPI positive cells in the defect region and more cells were 

positive for β-actin and Ki67 (Fig. 4i-l). The higher resolution images of β-actin-stained 

DMS-Hep-PDGF-BB inserted explants showed significantly higher lamellipodium positive 

cells with elongated cell diameter indicative of migrating cells. Ki67 positive cells 

representing proliferating cells were also increased (Fig. 4m-p).

3.3 ECM formation in the injured meniscus explants

Safranin-O and picrosirius red staining showed tissue integration between DMS and injured 

explants (Fig. 5a-h). The Safranin-O positive area assessed by image analysis in the DMS-

Hep-PDGF-BB group after 2 weeks (34±2 %) and 4 weeks-culture (47±2 %) was 

significantly higher than in the DMS group after 2 weeks (3±1 %) and 4 weeks-culture 

(0.3±0.3 %) (Fig. 5l). The interconnectivity area between the inserted DMS and injured 

bovine meniscus explant in DMS-Hep-PDGF-BB group after 2 weeks (68±6 %) and 4 

weeks-culture (68±4 %) was significantly higher than in the DMS group after 2 weeks 

(2±2 %) and 4 weeks-culture (39±7 %) (Fig. 5m). In the differential interference contrast 

(DIC) imaging of DMS-Hep-PDGF-BB inserted meniscus, collagen fibers covered the space 

between DMS and injured meniscus explant (Fig. 5k). However, explants without DMS and 

explants with DMS (no heparin or PDGF) showed no ECM connecting with the meniscus 

(Fig. 5i-j).
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3.4 Mechanical properties of the injured meniscus explants after DMS insertion

Tensile properties were compared between explants inserted with DMS or DMS-Hep-

PDGF-BB after culture for 2 and 4 weeks. Explants inserted with DMS-Hep-PDGF-BB 

showed significantly higher tissue moduli (0.73 MPa after 2 weeks, 0.89 MPa after 4 weeks) 

than DMS inserted explants (0.25 MPa after 2 weeks, 0.17 MPa after 4 weeks) (Fig. 6).

4. Discussion

The goal of the present study was to develop a growth factor-conjugated scaffold that can be 

readily applied to recruit endogenous cells that promote repair of meniscus tears. The 

present scaffold is not intended to be used for partial or larger meniscus defects. We selected 

DMS as this is a biocompatible material and can be readily manufactured for clinical use. 

The decellularization process with chemical and proteolytic enzyme treatment decreased 

DNA content by 78% (1.13±0.03ng DNA/mg dry weight), similar to commercialized ECM 

scaffold products (1.71±0.01ng DNA/mg dry weight) [36]. This process is essential as DNA 

content is correlated with host immune reactions [36, 37].

Prior studies about growth factor-conjugated scaffolds including natural polymers such as 

collagen, gelatin, demineralized bone matrix, and synthetic polymers have shown the 

feasibility of growth factor immobilization for cell recruitment and tissue repair [38-43].

Studies about insertion of membranes into the experimental meniscus tears have also been 

reported. The insertion of a collagenase-releasing nanofibrous scaffold showed enhanced 

cell infiltration by loosening the dense meniscus explant [44]. However, there was no 

integration at the edge occupied by the scaffold. A multi-laminated collagenous biomaterial 

was conductive for cell repopulation with host meniscal elements [45].

Scaffolds for meniscus repair in clinical applications need not only to promote endogenous 

cell recruitment but also have mechanical properties to resist shear and compressive stresses 

in the knee joint. DMS has been used as a scaffold [46-50], having similar mechanical 

properties as human meniscus [51] but there is no study about growth factor immobilized 

DMS for endogenous cell recruitment in meniscus.

During decellularization the dense bovine meniscus was modified by proteolytic enzyme 

treatment to facilitate subsequent cell infiltration. The decreased tissue density enhanced cell 

infiltration and new tissue formation by the recruited cells at the junction between tissue and 

DMS.

We chose a two-step DMS conjugation, first with heparin and then with PDGF-BB. This 

resulted in retention of PDGF-BB at similar levels as used in clinical applications where 

PDGF-BB conjugated grafts (0.3mg/mL) have been used in dental and orthopedic surgeries 

[52-55]. Heparin has sites for covalent binding of PDGF [30] and heparin conjugated DMS 

provides prolonged PDGF release. Two mechanisms appear to be involved in PDGF release 

from heparin conjugated DMS. PDGF that was not bound or bound with low affinity to 

heparin may account for the initial release [56]. The sustained release of the PDGF is 

thought to be mediated by the enzymatic modification of the heparin-bound PDGF [57].
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The PDGF-conjugated DMS was biologically active after insertion into meniscus explants as 

directly demonstrated by increased PRGFRβ expression on cells adjacent to the 

experimental tear. This was associated with cell migration to the PDGF-BB-conjugated 

DMS in the meniscus defect. Cell migration was not observed with DMS that was not coated 

with PDGF-BB. In addition, cells with β-actin rearrangement to lamellipodia characteristic 

of migratory cells were highest in the samples that were inserted with PDGF-BB-coated 

DMS. PDGF-BB also increased proliferation of cells at the defect area.

At the early points after PDGF-BB treatment, the expression of PDGFRβ and VEGFA were 

increased in avascular meniscus tissue explant and cells (Fig. S7b). The VEGF-mediated 

neovascularization is essential to the healing of injured tissues [58]. VEGF in cultured 

vascular meniscal cells was higher than in avascular meniscal cells. Also, VEGF was 

detected mainly around injured areas of the meniscus [21, 59]. VEGF expression induced by 

PDGF-BB treatment may modulate the meniscus healing process in the avascular zone.

Previous studies showed that PDGF/PDGFR signaling is involved on defining phenotype 

and regulating function of endothelial progenitor cells, or mesenchymal stem cells [26, 60]. 

PDGFβ receptor positive cells have been reported to include stem/progenitor populations 

[61] and the present results indicate that these cell populations in meniscus are recruited 

and/or activated by PDGF-BB. We did not characterize the phenotype of the migrated cells, 

but immature or meniscus progenitor cells exhibit migratory activity [62].

The cells that were recruited by PDGF-BB to the defect area produced new extracellular 

matrix and this increased interconnectivity between the PDGF-BB coated DMS and defect 

region with new ECM. PDGF is not only chemotactic but also enhances synthesis of 

fibrocartilage matrix components such as GAG and collagens [63, 64]. Moreover, there was 

increased proliferation of the endogenous cells that were recruited to the PDGF-BB coated 

DMS compared with DMS without PDGF-BB.

The enhanced interconnectivity between meniscus and DMS was associated with improved 

biomechanical property as indicated by increased tissue modulus. Interestingly, the tissue 

modulus of the DMS only inserted explant significantly increased after 4-week culture 

compared to 2-week culture. This may be due to release of endogenous bioactive molecules 

from the DMS [65].

5. Conclusions

This study shows that heparin-conjugated DMS showed strong immobilization of PDGF-

BB, which was released slowly. PDGF-BB coated DMS promoted migration of endogenous 

meniscus cells to the defect area and into the scaffold. New matrix was formed that bridged 

the space between the native meniscus and the scaffold and this was associated with 

improved biomechanical properties. The PDGF-BB coated DMS is a promising approach for 

integrative healing of the meniscus tears.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Meniscus tears are the most common injury of the knee joint. The most prevalent forms 

that occur in the inner third typically do not spontaneously heal and represent a major 

risk factor for the development of knee osteoarthritis. The goal of this project was to 

develop an approach that is readily applicable for clinical use.

We selected a natural and readily available decellularized meniscus scaffold and 

conjugated it with PDGF, which we had previously found to have strong chemotactic 

activity for chondrocytes and progenitor cells.

The present results show that insertion of the PDGF-conjugated scaffold in defects in 

avascular meniscus led to endogenous cell migration and proliferation into the defect 

zone with tissue integration between the scaffold and injured explants and improved 

tensile properties.

This PDGF-conjugated scaffold will be promising for a translational approach to healing 

of meniscus tears.
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Figure 1. 
PDGF-BB release kinetics from DMS.

PDGF-BB was conjugated to DMS or heparin coated DMS and DMS was cultured at 37 °C 

for up to 16 days. Supernatants were collected at the indicated time points and analyzed for 

PDGF-BB by ELISA. Results are from 3 separate experiments. Data are shown as mean +/− 

standard error (SE).
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Figure 2. 
Cell migration in injured meniscus explants cultured with inserted DMS.

DAPI stained sections of explants cultured for 2 weeks (n=3-6 per group, 10x).

a. Native non-injured meniscus.

b. Injured meniscus cultured without DMS.

c. Injured meniscus cultured with DMS.

d. Injured meniscus cultured with DMS-Hep-PDGF-BB.

e. Graph with numbers of cells at the borderline.

f. Graph with total cell numbers in the explant.

Data represent the mean of 6-8 values from 3 separate experiments.
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Figure 3. 
PDGFRβ positive cells in injured meniscus explants.

Anti-PDGFRβ stained sections of explants cultured for 2 weeks (n=3-6 per group, 40x).

a. Native non-injured meniscus.

b. Injured meniscus cultured without DMS.

c. Injured meniscus cultured with DMS.

d. Injured meniscus cultured with DMS-Hep-PDGF-BB.

e. Graph with numbers of migrated cells.

Data represent the mean of 6-8 values from 3 separate experiments.
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Figure 4. 
Migratory and proliferating cells in injured meniscus explants.

DAPI, β–actin and Ki67 stained sections of explants cultured for 2 weeks (n=3-6 per group).

a-d. Injured meniscus cultured without DMS: (a) Merged; (b) DAPI; (c) β–actin; (d) Ki67.

e-h. Injured meniscus cultured with DMS: (e) Merged; (f) DAPI; (g) β–actin (h) Ki67.

i-l. Injured meniscus cultured with DMS-Hep-PDGF-BB: (i) Merged; (j) DAPI; (k) β–actin; 

(1) Ki67.

m. β–actin staining of injured meniscus cultured with DMS-Hep-PDGF-BB. The elongated 

actin subunits (lamellipodia) are strongly stained lamella and are indicative of cell migration. 

Non-migrating cells show negative actin staining or short actin structures. The area marked 

by a yellow square in panel k is shown at higher magnification in panel m.

n. Graph with % lamellipodium positive cells.

o. Graph with the ratio of cell diameter (long/short diameter).

p. Graph with Ki67 positive cells.

a-l: 20x; m: 60x
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Figure 5. 
ECM formation in the injured meniscus explants.

a-b. Safranin-O staining: Injured meniscus cultured with DMS for 2 and 4 weeks.

c-d. Safranin-O staining: Injured meniscus cultured with DMS-Hep-PDGF-BB for 2 and 4 

weeks.

e-f. Picrosirius red staining: Injured meniscus cultured with DMS for 2 and 4 weeks.

g-h. Picrosirius red staining: Injured meniscus cultured with DMS-Hep-PDGF-BB for 2 and 

4 weeks.

i-k. Differential interference contrast (DIC) imaging: (i) Injured meniscus without DMS; (j) 

with DMS; (k) with DMS-Hep-PDGF-BB.

l-m. Safranin-O positive stained area (% of total area) and integration % between DMS and 

explant assessed by pircrosirius red staining and shown as % integrated interface of total 

interface area.
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Figure 6. 
Mechanical properties of the injured meniscus explants cultured with DMS.

Injured explants were inserted with DMS or DMS-Hep-PDGF-BB and cultured for 2 and 4 

weeks. Tensile properties were measured by pulling to failure. Data represent the mean +/− 

standard error (SE) of 7-10 values from 3 separate experiments.
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