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Abstract

Focal cartilage injuries have poor intrinsic healing potential and often progress to osteoarthritis, a 

costly disease affecting almost a third of adults in the United States. To treat these patients, 

cartilage repair therapies often use cell-seeded scaffolds, which are limited by donor site 

morbidity, high costs, and poor efficacy. To address these limitations, we developed an electrospun 

cell-free fibrous hyaluronic acid (HA) scaffold that delivers factors specifically designed to 

enhance cartilage repair: Stromal Cell-Derived Factor-1α (SDF-1α; SDF) to increase the 

recruitment and infiltration of mesenchymal stem cells (MSCs) and Transforming Growth Factor-

β3 (TGF-β3; TGF) to enhance cartilage tissue formation. Scaffolds were characterized in vitro and 

then deployed in a large animal model of full-thickness cartilage defect repair. The bioactivity of 

both factors was verified in vitro, with both SDF and TGF increasing cell migration, and TGF 

increasing matrix formation by MSCs. In vivo, however, scaffolds releasing SDF resulted in an 

inferior cartilage healing response (lower mechanics, lower ICRS II histology score) compared to 

scaffolds releasing TGF alone. These results highlight the importance of translation into large 

animal models to appropriately screen scaffolds and therapies, and will guide investigators towards 

alternative growth factor combinations.
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1. Introduction

Articular cartilage is a remarkably durable tissue that withstands significant compressive and 

shear forces with daily use. However, following traumatic injury, cartilage lacks the intrinsic 

potential to regenerate [1]. Focal injury to cartilage, if not treated, can eventually lead to 

degenerative osteoarthritis [2], a debilitating ailment affecting 37% of adults in the United 

States [3]. Existing therapies for focal cartilage injuries have room for improvement. The 

traditional microfracture (MFx) technique involves penetration of the subchondral bone at 

the base of the defect to release marrow elements and create a blood clot that fills the defect 

[4]. However, this clot remodels into mechanically-inferior fibrocartilage that cannot support 

the loading required of larger lesions (>2cm2) [5]. Alternatively, Matrix-Assisted 

Autologous Chondrocyte Implantation (MACI) has become the modern gold standard for 

focal cartilage defect restoration in North America and several parts of Europe [6–10]. This 

technique typically involves a preliminary procedure to harvest healthy non load-bearing 

cartilage, ex-vivo chondrocyte isolation and expansion, seeding of these chondrocytes onto a 

collagen or hyaluronan membrane and culture over several weeks, and a second procedure to 

implant the seeded collagen membrane into the cartilage defect. Although MACI has 

excellent results in select patient populations, it is limited by significant costs, the need for 

two procedures, donor site morbidity, and high failure rates in non-ideal candidates [11–13].

Augmented microfracture is another modern therapy that uses a single stage procedure to 

implant a cell-free biomaterial matrix into a cartilage defect after MFx has been performed 

[14–17]. Augmented microfracture represents a simpler, more affordable alternative to cell-

culture based therapies (e.g. MACI). Without seeded cells, however, it may produce a less 

robust regenerate tissue than its cell-seeded counterparts. The efficacy of augmented 

microfracture may be strengthened with the addition of bioactive molecules to enhance 

cartilage repair [18]. For example, pre-clinical studies have shown that fibroblast growth 

factor 18 (FGF-18) delivered on a collagen membrane potentiated the healing of a MFx-

treated cartilage defect in sheep [19]. Similarly, our work showed that transforming growth 

factor beta 3 (TGF-β3) delivered from electrospun hyaluronic acid (HA) or polycaprolactone 

(PCL) scaffolds improved histological metrics of MFx-treated cartilage defects in pigs [20]. 
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TGF-β3 delivery also increased cell recruitment into osteochondral defects in rabbits [21]. A 

number of other growth factors have also shown promise in terms of augmenting cartilage 

repair in vivo by improving cell differentiation towards a chondrogenic phenotype, including 

BMP-2, BMP-7, IGF-1, and TGF-β1 [18,22].

Improvements to augmented microfracture noted above are largely focused on improving the 

amount of cartilage tissue deposition in the repair site. However, the efficacy of augmented 

microfracture may be further improved by increasing the number of cartilage precursor cells 

that are able to migrate to the defect site and into the implanted scaffold. A number of 

approaches have been proposed to address this issue, including different scaffold fabrication 

techniques [23,24] as well as local chemokine release [25,26]. Stromal cell-derived factor 1 

alpha (SDF-1α) is a potent chemokine that can recruit endogenous stem cells into 

biomaterial scaffolds and allografts in vitro, as well as in small animal models of cartilage 

repair [26–29]. Few studies, however, have attempted combinatorial biofactor delivery in 

order to improve the migration of endogenous cells into the defect/scaffold site, and then to 

guide the differentiation of these cells towards a chondrogenic phenotype [30,31].

Thus, the objective of this study was to determine the effects of SDF-1α and TGF-β3, and 

their combination, on cartilage regeneration in a large animal model of focal cartilage defect 

repair. Electrospun HA was chosen as the scaffold material because of its natural presence 

within the cartilage extracellular matrix, its common use in therapeutic intra-articular 

injections, as well as its ability to enhance the chondrogenesis of MSCs derived from bone 

marrow [32,33]. SDF-1α and TGF-β3 were chosen for their chemotactic and chondrogenic 

properties, respectively, both having been previously verified separately in vivo 
[20,28,34,35]. We hypothesized that these two biofactors, when released from HA 

nanofibrous scaffolds, would synergistically improve cartilage regeneration. To test this 

hypothesis, we implanted scaffolds in a Yucatan minipig model of cartilage defect repair, 

and analyzed several repair outcomes at 12 weeks, including second look arthroscopy, 

biomechanics, subchondral remodeling, and histological scoring.

2. Methods

2.1. Material Synthesis and Characterization

HA (Lifecore Biomedical, 76kDa) was methacrylated (MeHA) as previously reported, and 

approximately 42% of the primary hydroxyl groups were modified [36,37]. To facilitate cell 

adhesion, cystine containing RGD (GCGYGRGDSPG, Genscript) peptides were conjugated 

to the MeHA backbone via a Michael addition reaction between the thiols on cystine and 

methacrylate groups on HA. Briefly, MeHA was dissolved to a final concentration of 0.2 

w/v% in TEOA buffer (pH 8.0) and RGD peptides (0.3mM) were added to the solution, 

mixed for 30 minutes at 37 °C, reacted overnight at 37 °C, dialyzed for 10 days, and 

lyophilized [32]. Based on the efficiency of previous reactions, ~0.3% of the methacrylate 

groups were modified with RGD containing peptides.
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2.2. Electrospun Scaffold Fabrication

The electrospinning solution was prepared containing the synthesized MeHA (4% w/v), 

polyethylene oxide (PEO, Sigma, 900kDa, 2% w/v), and Irgacure 2959 (Sigma, 0.05% w/v) 

in ddH20. The PEO serves to increase the solution viscosity during electrospinning to 

improve fiber formation, but then later dissolves out of the scaffold when it is hydrated. The 

Irgacure 2959 within the solution is a photoinitiator that enables the crosslinking of MeHA 

under ultraviolet (UV) light via free radical generation after fibers are collected.

This solution was electrospun onto a rotating mandrel using a custom apparatus 

[23,24,32,38]. In brief, 7 mL of solution were loaded into a 10 mL syringe fitted with a blunt 

18 gauge metal needle. A positive voltage of 18 kV was applied to the needle and a negative 

voltage of 2 kV was applied to a metal rotating collecting mandrel. A syringe pump was 

used to extrude the solution at a rate of 0.4 mL/h. Metal deflectors with a positive voltage of 

5 kV were used to focus the spray of fibers onto the mandrel. After the syringe was emptied, 

a central strip of scaffold was cut and peeled off of the mandrel. The scaffold was placed 

into a clear plastic bag that was purged with nitrogen gas. Finally, a UV lamp (320nm, 

Lumen Dynamics OmniCure S2000) was used to crosslink each side of the collected MeHA 

fiber mat for 30 minutes.

In this study, four scaffold groups were fabricated, using the same procedure: scaffold 

without biofactor (Scaffold), scaffold with SDF-1α (SDF), scaffold with TGF-β3 (TGF), 

and scaffold with both SDF-1α and TGF-β3 (S+T). Growth factors were added to the 

spinning solution at a mass of 10 μg SDF-1α (recombinant human, R&D Systems) and 50 

μg TGF-β3 (recombinant human, R&D Systems). A biopsy punch was used to cut circular 

scaffold samples 4.5mm in diameter to obtain an estimated growth factor mass of 21.25 ng 

SDF-1α and 106.29 ng TGF-β3 per scaffold. This dosing was chosen based on effective 

concentrations seen in our previous studies and the literature, and assuming 50% release 

from scaffolds [20,27,34]. Scaffolds were stored in nitrogen-purged containers at −80° C for 

less than 3 months prior to use.

2.3. Scaffold Characterization

Scaffolds from all four groups were imaged with an environmental scanning electron 

microscope (SEM; FEI Quanta 600) at 40,000x magnification, and ImageJ software [39] 

was used to measure fiber diameter (n=10 images) (Figure 1A). Scaffold thickness was 

measured with a custom LVDT laser probe measurement device [40] in the dry state, as well 

as after hydration in PBS at 37°C for 1, 24, and 48 hours (n=4). Dissolution of the scaffold 

was measured by incubating scaffolds in 1% BSA in PBS on a shaker at 37°C (n=8). 

Aliquots of supernatant were taken at 24 hours, 1 week, 2 weeks, and 5 weeks, and the 

aliquot volume (100 μl of 1000 μl) was replaced with fresh solution. Aliquots were 

measured in duplicate for HA content using the uronic acid assay, as previously described 

[41]. Remaining HA content was determined by completely degrading the scaffold at the 

final time point with hyaluronidase (type IV, bovine testes, Sigma) (n=8). Biofactor release 

profiles were measured by incubating scaffolds in 1% BSA in PBS on a shaker at 37°C 

(n=3). The medium was completely removed and replaced at 1 hour, 1 day, 3 days, and 6 

days. After the final time point, remaining biofactor within the scaffold was determined by 
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completely degrading the scaffolds with hyaluronidase (type IV, bovine testes, Sigma). The 

medium collected at each time point and final degradation was measured for biofactor 

content using an Enzyme-Linked Immunosorbent Assays for SDF-1α and TGF-β3 (Duoset 

ELISA, R&D Systems).

2.4. In Vitro Assessment of Scaffold Bioactivity

To address migratory activity, scaffolds were sterilized with UV light (CL-1000 UV 

Crosslinker, UVP) for 30 minutes on each side and seeded with bone marrow-derived 

juvenile bovine mesenchymal stem cells (jbMSCs) (n=5). jBMSCs were isolated from 

juvenile (1–3 weeks old) bovine stifle joints (Research 87, Boylston MA) by harvesting 

subchondral bone marrow from the femoral condyles. Marrow blocks were shaken in 

heparin-containing (0.2% w/v heparin) Dulbecco‟s modified Eagle‟s medium (DMEM), 

and the resulting solution was centrifuged, resuspended in basal media, and plated for 

expansion. Dry scaffolds were seeded with 500k P1 cells (1M cells/mL) in 500 mL of 

chemically defined media (CM-: high glucose Dulbecco‟s Modified Eagle‟s Medium with 

1x penicillin/streptomycin, 0.1mM dexamethasone, 50 mg/mL ascorbate 2-phosphate, 40 

mg/mL l-proline, 1mM sodium pyruvate, 1.25 mg/mL BSA) containing 1 million cells/mL 

in a low-adhesion 24-well plate (n=5). The plate was incubated at 37°C for 7 days with 

media changes on days 3 and 6. Scaffolds were then carefully removed from media, rinsed 

with PBS, fixed, and stained to visualize nuclei (Hoechst 33342, ThermoFisher) and F-actin 

(Phalloidin-Alexa Fluor 488, ThermoFisher). Scaffolds were then cut in cross-section at the 

largest diameter using an 11-blade scalpel. Scaffolds were placed cut-side-down on glass 

slides and supported on both sides with glass cover slips. A confocal microscope (Nikon 

A1R) was used to image cell infiltration into the center of the scaffold. Infiltration was 

quantified using a custom MATLAB algorithm (MathWorks) based on a fluorescence 

threshold and nuclei distance from the seeded scaffold surface [24,38,42]. The MATLAB 

program identified nuclei from Hoechst staining, calculated the centroid of nuclei, and 

measured the distance from this centroid to the scaffold edge (measured perpendicularly to 

the scaffold edge). These distances were calculated for one large ROI per scaffold (n=5 

scaffolds per group).

To assess the chondrogenic bioactivity of factors released from scaffolds, we performed an 

assay where pellets of jMSCs were co-cultured with each of the four groups of sterile 

scaffolds. jbMSCs (250,000 in 250μL media) were centrifuged in 96-well V-bottom plates at 

300g for 5 minutes and allowed to form pellets for 48 hours. Pellets were then co-cultured 

with each of the four groups of sterile scaffolds in a non-adherent (non tissue culture treated) 

24-well plate with 0.5mL of CM- media changed twice weekly (n=12). Pellets and scaffolds 

were kept on opposing sides of the well to prevent contact and cell egress from the pellet to 

the scaffold, while still allowing released factors to influence the cell pellet. Positive control 

groups without scaffold, but with soluble biofactors were also maintained for each group. 

These included CM-media, CM-S media (CM- with 10ng/mL soluble SDF-1α), CM-T 

media (CM- with 10ng/mL soluble TGF-β3), and CM-S+T (CM- with 10ng/mL soluble 

SDF-1α and 10ng/mL soluble TGF-β3) (n=12). After 5 weeks of culture, pellets were 

digested overnight with Proteinase-K (Fisher BioReagent). Sulfated glycosaminoglycan 

content was measured with the 1,9-dimethylmethlene blue (DMMB) dye-binding assay and 
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DNA content was measured with the PicoGreen assay (Quant-iT Invitrogen) (n=4). 

Additional pellets were fixed in 4% paraformaldehyde (PFA), embedded in optimal cutting 

temperature (OCT) compound, and sectioned on a cryotome for histological evaluation with 

Safranin O (0.2%) and Fast Green (0.05%) staining (n=4), as well as Picrosirius red (1%) 

staining (n=2–4). Immunohistochemistry staining for Type II collagen (Abcam) was also 

performed on the pellet groups co-cultured with scaffold (n=2–4).

2.5. Large Animal Study

All scaffolds were sterilized with UV light (CL-1000 UV Crosslinker, UVP) for 30 minutes 

on each side. Bilateral procedures were performed on 6 castrated male juvenile Yucatan 

minipigs (6 months old, 30–35kg, Sinclair Bioresources) under protocols approved by the 

Institutional Animal Care and Use Committee (IACUC). Alendronate (40mg daily) was 

administered orally in a fasting state for 2 weeks prior to surgery, and over the entire 

duration of the study, to minimize subchondral remodeling [43–45].

2.5.1. Surgical Procedure—A minimally invasive surgical protocol under general 

endotracheal anesthesia (isoflurane/buprenorphine) was utilized to access the porcine 

trochlea [46,47]. Through a 5cm medial patellar arthrotomy, four cylindrical full-thickness 

chondral defects were created in the trochlea using a 4mm biopsy punch and small curette, 

exposing the subchondral bone plate. An awl was then used to make three microfracture 

(MFx) holes in each defect, each approximately 0.5mm in diameter and 1mm deep into the 

subchondral bone [20]. One defect per joint was left untreated (no scaffold), serving as a 

MFx control, and the remaining three defects were treated with scaffolds from the same 

group (Table 1) (n=3 animals, 3 replicates per knee, 1 MFx control per knee). This allowed 

for normalization to the MFx control within the same joint. Scaffold groups were isolated 

per joint to avoid cross defect interactions of biofactors. Scaffolds were randomized to joints 

and to defects within joints, with no animal receiving the same group in both knees. 

Scaffolds were allowed to hydrate in situ with marrow elements, followed by fixation with a 

combination of press-fit technique (4.5mm scaffold in 4mm defect) and fibrin sealant 

(TISSEEL, Baxter) prior to closure. The capsule, subcutaneous tissue, and skin were closed 

in layers, and the animal was recovered from anesthesia. Post-operative medications 

consisted of buprenorphine (0.01mg/kg intramuscular twice daily for 3 days) and cephalexin 

(250 mg oral daily for 3 days) [47]. Animals were euthanized 12 weeks after scaffold 

implantation.

2.5.2. Second Look Arthroscopy—Second-look arthroscopy was performed 

immediately following euthanasia, for evaluation with the International Cartilage Repair 

Society (ICRS) cartilage repair assessment and the Oswestry Arthroscopic Scoring system 

(OAS) [48]. Standardized arthroscopic photos of all defects were randomized and scored by 

four trained, blinded reviewers (n=3 × 3 replicates). For the OAS system, the surgeon 

performing the arthroscopy determined the stiffness on probing score with a right angle 

probe; the surgeon was blinded to treatment. All other scores were averaged among the four 

reviewers. The stifle joint was then opened, and the entire trochlea was photographed and 

harvested en bloc along with the subchondral bone. Samples were then immediately 
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immersed in PBS with protease inhibitors (Sigma) and stored at 4°C overnight until 

mechanical testing the following day.

2.5.3. Mechanical Testing—Trochleae were divided into osteochondral quadrants 

using a band saw to separate the four defects on each trochlea. Two additional proximal 

segments served as non-defected (intact) controls. Blocks were potted in polymethyl 

methacrylate (PMMA), immersed in PBS with protease inhibitors, and loaded into a custom 

Instron testing set up. Indentation testing was conducted using an Instron 5848 

electromechanical system with a 2mm-diameter spherical indentation probe [49] (n=3 × 3 

replicates). Briefly, the indenter was advanced perpendicular to the middle of the defect 

surface, and four steps of 10% strain were applied. Steps were held for 600 seconds while 

measuring the resultant stress relaxation. A custom MATLAB algorithm was used to extract 

Young‟s modulus at equilibrium after the 3rd strain step. Following mechanical testing, 

samples were removed from PMMA and fixed in 4% PFA for 24 hours.

2.5.4. Micro-Computed Tomography (μCT)—Fixed osteochondral samples were 

stained with Lugol‟s solution (Sigma-Aldrich) overnight to enable visualization of the 

cartilage, and were then imaged with a μCT scanner (VivaCT 40, Scanco Medical) at a voxel 

size of 10.5 μm, and energy of 70 kV, 85 μA. ITK-SNAP software [50] was used to segment 

the subchondral bone resorption volume in a semi-automated fashion (Figure 6A) (n=3 × 3 

replicates). In brief, segmentation bubbles were placed in the center of the defect and 

allowed to expand until they encountered a bony boundary and completely filled the defect. 

Boundaries were defined with the classification method and the active contour evolution 

(region competition force = 1, smoothing force = 1). After the bony defect was completely 

segmented, the segmentation was manually trimmed at the cartilage boundary to be flush 

with the surrounding subchondral bone surface. After scans, samples were incubated in PBS 

for 24 hours to remove the Lugol‟s solution. Samples were then decalcified in formic acid 

(Formical-2000, StatLab) for 4 weeks.

2.5.5. Histological Assessment—Decalcified samples were processed for histology 

and embedded in paraffin wax. Microtome sections (8 μm) from the cross-section with the 

largest defect diameter were stained using Safranin-O (0.2%)/Fast Green (0.05%) or Alcian 

Blue (1%)/Picrosirius Red (0.1%), and imaged under bright field or polarized light, 

respectively. Three blinded independent observers scored defect and control sections using 

the ICRS II Histological Assessment Scale [51] (n=3 × 3 replicates) (Supplementary Table 

1). Scores, ranging from 0–100% (worst-best), were averaged amongst the 3 observers. 

Immunohistochemistry staining for Type II collagen (Abcam ab34712) was also performed 

on the best, median, and worst-scoring samples from each group.

2.6. Statistical Methods

A priori power analysis (G*Power 3.1) using mean and standard deviation data from prior 

studies was used to calculate the minimum sample size to achieve a power of 0.9 and an 

alpha of 0.05. GraphPad Software (PRISM 6) was used to run all statistical tests with a p < 

0.05 considered significant. Outliers were removed from the data set via the ROUT method 

with a Q=1%. Normal data were compared using ANOVA with Tukey‟s post hoc analysis, 
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assuming equal variance. Non-normal data were compared using the Mann-Whitney test or 

Kruskal-Wallis test with Dunn‟s nonparametric multiple comparisons. For the large animal 

model, the three replicates per joint were normalized to the MFx-only-treated defect within 

the same joint.

3. Results

3.1. Scaffold Fabrication and Characterization

MeHA scaffolds (+/− growth factor(s)) were electrospun and crosslinked using the same 

MeHA polymer and electrospinning parameters, ensuring that the structural and mechanical 

properties, and the degree of crosslinking were constant across treatment groups. SEM 

analysis (Figure 1A) of the dry scaffolds after electrospinning showed that fiber diameter 

was not significantly different among the four scaffold groups and averaged 190 +/− 6 nm 

(Figure 1B). Scaffold thickness measured 0.49 +/− 0.03 mm when dry; scaffolds swelled by 

roughly 3 fold to 1.45 +/− 0.09 mm after 48 hours of hydration (Figure 1C). There was no 

significant difference in thickness between scaffold groups at any time point (p=0.60). 

Scaffolds displayed similar degradation profiles (p=0.54), with roughly 50% of total HA 

released after 5 weeks of incubation (Figure 1D). Total HA content per scaffold averaged 

0.57 +/− 0.03 mg after complete degradation with hyaluronidase (Scaffold 0.54 mg, SDF 

0.59 mg, TGF 0.56 mg, S+T 0.61 mg). ELISA assay revealed that SDF and S+T scaffolds 

released 28 +/− 5% and 68 +/− 3%, respectively, of total SDF-1α released at 1 hour (Figure 

1E). At 1 day, release reached levels of 56 +/− 9% and 76 +/− 3% of total SDF-1α release 

for the S and S+T groups, respectively. At 6 days, release was similar at 86 +/− 4% and 91 

+/− 1% of total SDF-1α released. A maximum release of 7.8 +/− 0.4ng of SDF-1α was 

measured for the SDF group, and a maximum release of 8.1 +/− 0.5ng of SDF-1α was 

measured for the S+T group. ELISA for TGF-β3 revealed that TGF and S+T scaffolds 

released 67 +/− 6% and 79 +/− 6%, respectively, of total TGF-β3 at 1 hour (Figure 1E). At 1 

day, release reached 91 +/− 4% and 92 +/− 2% of total TGF-β3 for the TGF and S+T 

scaffolds, respectively. At 6 days, release was near total at 98 +/− 0% and 97 +/− 1% of total 

TGF-β3 released. A maximum release of 46 +/− 3ng of TGF-β3 was measured for the TGF 

group, and a maximum release of 50 +/− 1ng of TGF-β3 was measured for the S+T group.

3.2. In Vitro Scaffold Bioactivity

Cell infiltration was assessed by seeding MSCs onto scaffolds and measuring the depth of 

cell penetration (Figure 2A). Growth factor delivery noticeably increased cellular infiltration 

in SDF, TGF, and S+T groups (Figure 2B). The greatest increase was from 77 +/− 20 μm in 

the Scaffold group to 269 +/− 90 μm in the TGF group (Figure 2C). While all three biofactor 

groups trended towards having higher infiltration than the scaffold-only group, the only 

significant difference detected was between the Scaffold and TGF groups (p=0.014).

To assess the chondrogenic activity of scaffolds, MSC pellets were cultured with either 

soluble-delivered or scaffold-delivered biofactors. Scaffold delivery and soluble delivery of 

factors showed similar results. Both groups with TGF-β3 (TGF, S+T) trended towards 

increased GAG (Figure 3A) and DNA (Figure 3B) content compared to groups without 

TGF-β3 (Media, Scaffold, SDF). Pellets co-cultured with S+T scaffold produced 
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significantly more GAG than pellets co-cultured with SDF or factor-free scaffolds (p<0.05). 

Evaluation of GAG to DNA ratio showed high variability due to the low DNA content in the 

Scaffold and SDF groups; there was no significant difference detected between groups 

(Supplementary Figure 1). Histological evaluation of pellets supported the biochemical 

results. Pellets treated with soluble or scaffold-delivered TGF-β3 both appeared larger and 

stained more intensely (red) for proteoglycans (Figure 3C). All pellet groups co-cultured 

with scaffold in chondrogenic media demonstrated staining for type II collagen 

(Supplementary Figure 2). Overall, TGF-β3 trended towards inducing more cell infiltration, 

proliferation, and chondrogenesis compared to SDF-1α.

3.3. Scaffold Evaluation in a Large Animal Cartilage Defect Model

To assess the bioactivity of released SDF-1α and TGF-β3 in an in vivo setting, scaffolds 

were implanted into full-thickness porcine cartilage defects treated with microfracture, as 

previously described. All animals tolerated surgery well and were standing within 1 hour 

post-operatively. No differences were observed between animals with regards to weight 

bearing and recovery, consistent with previous studies in juvenile Yucatan minipigs. Animals 

continued to receive daily alendronate treatment until euthanasia at 12 weeks post-surgery, at 

which time their weights ranged from 40.5 to 48.0 kg (average 44.0 kg, 35% increase).

3.3.1. Arthroscopic Observations—Arthroscopy at the time of sacrifice revealed that 

the repair tissue varied considerably from defect to defect and joint to joint (Figure 4A, 

Supplementary Figure 3). Gross scoring of the defects by arthroscopy did not reveal any 

significant differences among the scaffold or MFx groups when comparing the raw values 

from either the ICRS or OAS systems. After normalizing scores to MFx controls within the 

same joint, however, ICRS assessment showed that the SDF group scored significantly 

worse than the Scaffold (p=0.038), TGF (p=0.001), and S+T (p=0.009) groups (Figure 4B). 

Similarly, the normalized Oswestry scores showed that the SDF group scored significantly 

worse than the Scaffold (p=0.009) and TGF (p=0.009) groups (Figure 4C). The OAS system 

resulted in greater variability among the scores, likely due to the incorporation of the 

“stiffness on probing score”, which could only be assessed by the surgeon performing the 

arthroscopy.

3.3.2. Mechanical Testing—Mechanical evaluation was carried out at the defect site 

(center) and in the adjacent normal cartilage. This indentation testing showed high 

variability both within and between joints. Control, healthy cartilage had a mean equilibrium 

modulus of 1840 +/− 700 kPa, similar to values previously reported in this model [20,34]. 

All experimental groups had moduli that were considerably lower than native control tissue 

(p<0.0041) (Figure 5A). When comparing the MFx and four scaffold groups, the TGF group 

trended (p = 0.056) towards the highest modulus (Figure 5B). After normalizing to MFx 

controls, the TGF group again trended towards having the highest modulus (Figure 5C), and 

provided a nearly 100kPa increase in average modulus relative to the Scaffold group. 

Cartilage from one animal in the TGF group formed repair tissue with an average 

equilibrium modulus of 463 +/− 200 kPa, ~1/4 that of native control tissue.
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3.3.3. Micro-Computed Tomography—MicroCT imaging was performed to assess 

remodeling of the subchondral bone. Despite treatment with alendronate, all defects showed 

considerable subchondral remodeling on μCT, regardless of treatment group. Trabecular 

thickness was generally increased around the defect boundary (Figure 6A). Volumetric 

analysis of subchondral remodeling (Figure 6B) demonstrated increased resorption in the 

Scaffold (p<0.05) and S+T (p<0.01) groups compared to MFx.

3.4.4. Histological Assessment—Cartilage repair was assessed by histological 

staining and semi-quantitative evaluation. Defects stained with Safranin O and Fast Green 

showed varying levels of repair quality within each group (Figure 7A). ICRS II visual 

histological assessment scores indicated that the TGF group trended towards having the 

highest score among the experimental groups; increased proteoglycan deposition was also 

observed in the TGF group. In terms of raw scores, native tissue had the highest values 

(<0.0001<p≤0.0268), while the SDF group scored significantly worse than both the Scaffold 

(p=0.047) and TGF (p=0.019) groups (Figure 7B). Normalizing scores to MFx defects from 

the same knee revealed that the TGF group again significantly outscored the SDF group 

(p=0.004) (Figure 7C).

Further analysis of these histological sections using polarized light imaging demonstrated 

increased fibrous tissue deposition (brighter areas) in the MFx, SDF, and S+T groups 

(Figure 8), suggesting abnormal cartilage repair tissue formation. The Scaffold and TGF 

groups showed less birefringence and stained more uniformly with Alcian Blue. 

Immunohistochemical staining for Type II collagen demonstrated subjectively higher quality 

cartilage regeneration in the best-scoring Scaffold and TGF groups (Figure 9). In contrast, 

the SDF and S+T groups showed decreased central defect staining compared to neighboring 

healthy cartilage.

4. Discussion

Advances in scaffold technology for articular cartilage regeneration have grown 

considerably [18,22]. New scaffold materials and biofactors are continually being developed 

and combined to improve cartilage repair and regeneration. However, most studies evaluate 

these new technologies in vitro, but rarely translate these into clinically-relevant large animal 

models of cartilage repair. With the absence of such evaluation, it is difficult to judge 

whether promising in vitro findings will be operative in an in vivo setting. In this study, we 

evaluated a cell-free scaffold with dual biofactor release with the goal of augmenting 

cartilage repair. These scaffolds are designed to support the next generation of augmented 

microfracture treatments, and to be widely applicable, low cost, and deployable in an off-

the-shelf manner compared to current cell-culture based treatments, such as MACI. Based 

on our previous work showing an effect of the in vivo release of TGF- β3 [20], as well as 

promising in vitro data from the field [26,28,29,35,52], our initial hypothesis was that 

SDF-1α release from HA-based scaffolds would improve cellular recruitment to the wound 

site, that this would synergize with concomitant release of TGF-β3, and that this would 

ultimately improving chondral repair. Contrary to this initial hypothesis, the opposite finding 

was observed in this study. The inclusion of SDF-1α into factor-free scaffolds and TGF-β3-

containing scaffolds (Scaffold-only to SDF; TGF to S+T) led to appreciable decreases in 
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many of our cartilage repair metrics, and improvements in none. Since the chondrogenic 

capacity of the dual-growth factor scaffolds appeared greater than SDF-1α-releasing 

scaffolds alone, but less than TGF-β3-releasing scaffolds, it may be possible that SDF-1α 
reduces the positive effects that TGF-β3 provides (or that TGF-β3 partially rescues the 

inhibitory effects of SDF-1α).

In terms of scaffold fabrication, MeHA electrospinning resulted in similar metrics across all 

four scaffold groups. As expected, based on prior studies, only 40–50% of the total loaded 

biofactor was released by the scaffolds. A majority of this loss likely occurred during the 

scaffold fabrication process, particularly during the spinning solution preparation, syringe 

loading, and electrospinning. Once the scaffold had been collected, sterilized, sealed in 

nitrogen, and stored at −80°C, there was likely minimal biofactor loss. Additionally, the 

amount of SDF-1α and TGF-β3 released per scaffold sample was comparable to effective 

doses seen in the literature and our previous work [20,27,29,34,53]. The TGF-β3 appeared 

to release faster than the SDF-1α, about 90% release at 1 day versus 6 days, respectively. 

Further studies on the interactions between the biofactor molecules and the nanofibers 

should be conducted to explore the mechanism underlying these differences. SDF-1α 
released from the SDF group appeared to release slower than that released from the S+T 

group. Perhaps the addition of both biofactors to the same scaffold changed the initial burst 

release kinetics. It is unclear if this difference affected the cell culture or in vivo outcomes. 

Both the SDF and S+T groups reached about 90% release of SDF-1α at 6 days. It is not 

clear how these in vitro measures of release relate to that which would be seen in the 

Yucatan minipig cartilage defect model. Synovial fluid samples at 1 day and 6 days post-

operatively could help elucidate in vivo release. Future translational studies could scale up 

scaffold fabrication to assess how electrospinning larger, thicker scaffold sheets may affect 

scaffold characteristics, biofactor stability, and their consistency across fabrication batches.

The bioactivity of both released biofactors was validated using in vitro assays. These results 

support the reliability of electrospun MeHA as a delivery vehicle for cartilage repair 

applications [20,32]. Furthermore, the literature supports the cytocompatibility of MeHA 

hydrogels and nanofibrous scaffolds [33,54–57]. In our in vitro studies, both factors 

performed as expected when released from the scaffold in cell culture. MSC pellet cultures 

demonstrated that both groups releasing TGF-β3 resulted in enhanced chondrogenesis and 

cell proliferation, consistent with prior studies [20,53]. Evaluation of pellet GAG/DNA 

showed high variability and no significant difference between groups, given the very low 

DNA content detected in the Scaffold and SDF groups. The MSC infiltration assay 

demonstrated increased cell penetration into scaffolds in the SDF, TGF, and S+T groups. 

While TGF-β3 is known to increase cell motility, SDF-1α was expected to have a more 

robust response on MSC infiltration [52,58]. This discrepancy may be explained by the 

markedly decreased expression of CXCR4 receptor (for SDF-1α) in MSCs expanded in 
vitro [59,60].

Future in vitro studies could use ELISA assays to measure the amount of biofactor in culture 

media at different time points. This could help elucidate if there is any sustained 

chondrogenic or migratory effect in the scaffold after most of the biofactors have been 

released and replaced with fresh media. For example, if there were to be sustained biofactor 
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release for only 3 days measured by ELISA, but cell infiltration or chondrogenesis continued 

beyond 3 days, it would suggest that a short exposure to biofactor is enough to affect longer 

cell-level changes. Conversely, loss of growth factor bioactivity may have also occurred. 

Additional in vitro studies may be required to better explore the mechanism and interplay 

between factors, potentially at multiple doses and time points, and to also evaluate the 

impact of potentially recruited inflammatory cells. Furthermore, while the bioactivity of the 

released factors was verified, the direct chondrogenic activity of cells seeded into the 

scaffold could be further explored. Finally, we recognize that the in vitro assays were 

performed with bovine MSC‟s, which may exhibit a different behavior compared to the 

porcine MSCs in our animal model, as well as the other marrow and synovial-derived cell 

types that may fill the defect site.

Several animal models of partial and full-thickness cartilage defects, as well as 

osteochondral defects, have been developed in an array of animals, each with their own 

strengths and weaknesses [61]. Small animal models, like those in rodents and rabbits, make 

it easier to conduct high powered studies, and also can take advantage of transgenic or 

immunodeficient mice [62,63]. However, the high intrinsic healing capacity, thin cartilage, 

and limited joint surface area in these small animals makes translation into human subjects 

less direct [61]. Large animal models, such as equine models, provide the greatest 

similarities to humans in terms of joint size, joint angle, cartilage thickness, and healing 

pattern [61,64]. Indeed, cartilage repair techniques have been extensively developed in 

horses due to the racing industry [65]. However, experimental equine models are limited by 

high costs, logistical difficulties, and ethical concerns [61,66]. Minipigs represent an 

alternative large animal model as they provide a happy medium between rodent and equine 

models. Their joint size and cartilage thickness (~1.5mm) allow clinically relevant chondral 

lesions to be created [60]. They also accommodate open and arthroscopic surgical 

procedures, including second look arthroscopy, a procedure commonly used in humans to 

evaluate the success of a prior cartilage repair procedure [48]. Both ICRS and Oswestry 

arthroscopic scoring used in this study highlighted similar patterns in tissue formation, 

further validating their use in gross evaluation of cartilage repair.

Adult minipigs generally grow to adult human weight (~70kg), providing realistic in vivo 

loading on repair constructs. In addition, the physiological and repair characteristics of 

minipigs are similar to that of humans [67,68]. Adult minipigs (18–22 months old) have low 

intrinsic healing potential [69]. In the Yucatan minipig in particular, 4mm full-thickness 

chondral defects in the trochlear groove heal with fibrocartilage, a tissue with inferior 

mechanical properties compared to both normal cartilage and defects treated with tissue-

engineered constructs [20,70], similar to the healing response in human defects >2cm2. 

Other minipig species, like the Göttingen minipig, have also shown promise in cartilage and 

osteochondral repair models with similar healing and bone remodeling responses seen across 

minipig species [68,71]. Although juvenile minipigs (6–7 months old, 30–35kg) have a 

higher intrinsic healing capacity than adults [72,73], cartilage repair studies using juveniles 

still show measurable difference between nontreated and treated chondral lesions [20,34,74]. 

Juveniles have the benefits of thicker cartilage (~2mm) comparable to that of humans 

(2.35mm) [64], easier handling, and tolerating bilateral stifle joint surgery well.
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One limitation of the large animal model used is the variation in baseline repair potential and 

proteoglycan content between animals. In both the Safranin O/Fast Green and the Alcian 

Blue/Picrosirius Red stained sections, we noted that the normal cartilage background 

staining varied considerably from animal to animal, but was similar between different knees 

in the same animal. For example, the best scoring Scaffold and TGF defects were in the 

same animal, and the worst scoring TGF, SDF, and MFx defects were in the same animal. 

The histological scoring was likely skewed by this inter-animal variability, where “good 

healers” and animals with more baseline proteoglycan content scored higher. This issue 

could be addressed by increasing the power of the study.

The largest limitation of the juvenile minipig model seen in this study was the considerable 

amount of subchondral bone remodeling after full-thickness chondral defect creation. To 

mitigate this remodeling, bisphosphonates, such as risedronate [44] and alendronate [43,45], 

can be used under fasting conditions to inhibit the action of osteoclasts [75]. These drugs are 

commonly used in humans to treat osteoporosis and have not shown any negative effects on 

cartilage regeneration in vitro or in vivo. It is important to avoid food around the time of 

bisphosphonate administration, as calcium, magnesium, and other common food elements 

may sequester the drug in the GI tract and prevent absorption [76]. Despite continuous 

alendronate treatment under fasting conditions, all defects in this study showed considerable 

subchondral resorption at 12 weeks. Notably, the MFx group had significantly less 

resorption than the Scaffold and S+T groups, suggesting that the presence of a biomaterial 

may have altered the trajectory of the normal healing response. This response is more 

pronounced with stiffer, slow-degrading materials like poly(ɛ-caprolactone) (PCL) [20], but 

was not significantly attenuated with the softer, degradable HA fiber scaffolds used here. 

Such substantial subchondral remodeling likely impacted other downstream outcomes of 

repair, including histological and mechanical assessments. One possible explanation for this 

phenomenon is the natural thinning of articular cartilage as the calcified cartilage tidemark 

progresses towards the articular surface during maturation (~1.7 mm at 6 months, ~1 mm at 

9 months, when this study concluded) [68,74]. The disruption of the tide mark in juvenile 

minipigs (when creating full-thickness chondral defects with MFx), as well as scaffold 

implantation, could impede this natural calcification phenomenon at the site of the defect. 

Future studies could evaluate these scaffolds in skeletally mature animals, where the 

cartilage maturation process is complete. In addition, smaller size awls could be used for 

microfracture to reduce the amount of subchondral bone compaction below the cartilage 

defect.

In terms of the effects of SDF-1α and TGF-β3 on cartilage repair, it is clear across all 

metrics that SDF-1α inhibited cartilage regeneration in vivo, while TGF-β3 trended towards 

augmenting cartilage regeneration. Contrary to our initial hypothesis, we did not see a 

synergistic effect of dual biofactor release in the S+T group. Macroscopic repair quantified 

via arthroscopic imaging showed that all defects treated with SDF-releasing scaffolds scored 

worse than MFx controls (negative value) in both the ICRS and OAS systems. In contrast, 6 

of 9 defects treated with a TGF scaffold scored better than MFx (positive value) in both 

systems. Similarly, histological scoring showed that 7 of 9 defects treated with an SDF 

scaffold scored worse than MFx controls, while 8 of 9 defects treated with a TGF scaffold 

scored better than MFx controls. Indentation testing also showed that the SDF group trended 

Martin et al. Page 13

Acta Biomater. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



towards having the lowest modulus, while the TGF group trended towards having the highest 

value. Interestingly, in all metrics tested, the S+T group performed somewhere in between 

the SDF and TGF groups, suggesting some rescue effect of TGF-β3 when both biofactors 

were present.

The negative effects of SDF-1α seen in this porcine model are contrary to the positive 

results seen in other explant and small animal studies using immune incompetent rodents or 

rabbits [27–29,52]. One potential explanation for this response may relate to the increased 

recruitment of cells other than MSCs expressing the CXCR4 surface receptor; because this 

receptor is also present on the hematopoetic stem cell lineage [77]. It is possible that 

inflammatory cells, including lymphocytes and macrophages [78], were recruited into the 

defect, where they may disrupt the cartilage tissue regeneration that was partially observed 

in the Scaffold and TGF groups. The TGF-β3 in the S+T group may partially rescue this 

disruption, as noted by the improvement in outcomes from the SDF group to the S+T group. 

The treatment of 3 cartilage defects in the same knee with SDF-1α-containing scaffold may 

have also amplified the local inflammatory environment in the joint. Indeed, our histological 

assessment using polarized light demonstrated subjectively increased fibrous tissue in the 

MFx, SDF, and S+T groups. Future studies could perform IHC staining for macrophages 

and osteoclasts to help identify cells responsible for fibrosis and bone resorption.

Another limitation of the results of this study is that they were underpowered. This can help 

explain why the TGF group did not significantly out-perform the Scaffold without biofactor 

group, although all metrics trended towards better cartilage repair with TGF-β3, as seen in 

prior studies [20,34,53]. Furthermore, juvenile animals were utilized due to our prior use of 

the animals and ability to perform procedures bilaterally (and thus increase our number of 

defects). In addition, longer time points in the animal model may have provided a further 

analysis of functional repair. Future studies could carry cartilage repair constructs out to 1 

year in vivo. Despite the lack of significance seen in this study, TGF-β3 trended towards 

improving cartilage regeneration, supporting continued investigation of its use in cartilage 

repair applications.

Future studies will consider the use of alternative biofactors in combination with TGF-β3, 

such as FGF-18 [79] and BMP-7 [30], and will consider the use of alternative scaffold types, 

concentrations, and mechanics. In particular, the use of anti-inflammatory bioactive factors 

may also combat inhibitory effects of inflammation on in vivo cartilage formation. Better 

control of biofactor release from MeHA scaffolds could prioritize longer release profiles 

(weeks to months) [22], which would expose cells in both the acute and subacute 

inflammatory cascade to released biofactors. Sequential and triggered release of 

combinatorial biofactors could also be explored [42,80,81]. Future studies using adult 

Yucatan minipigs may also reduce subchondral bone remodeling after full-thickness 

chondral defect creation [74]. Adult minipigs also mirror humans more closely in terms of 

weight and reduced intrinsic healing capacity, which may increase the effect size of MeHA 

scaffolds compared to MFx. Lastly, increasing the defect size (>2 cm2) would more closely 

mimic lesions that are indicated for treatment in humans, and may also increase the effect 

size of scaffolds relative to MFx alone.
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6. Conclusions

The results of this study illustrate the many challenges associated with translating 

therapeutics from the lab bench to the clinic. We demonstrated that dual-factor release 

(SDF-1α and TGF-β3) from nanofibrous HA scaffolds could improve cell recruitment and 

matrix deposition by mesenchymal progenitor cells. Translation into a large animal cartilage 

repair model showed, however, that while SDF-1α has predictable effects in vitro, its local 

release in cartilage defects inhibits neo-cartilage tissue regeneration. While the mechanism 

underlying this negative finding is not fully elucidated, this work does demonstrate the 

requirement for validation of promising in vitro findings in an orthotopic in vivo setting. 

Further, our data here did suggest improved cartilage regeneration in defects treated with 

scaffolds releasing TGF-β3. This factor, in combination with MFx and other agents, should 

be further assessed in larger and more demanding cartilage repair studies.
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Statement of Significance

This study addresses an area of orthopaedic medicine in which treatment options are 

limited and new biomaterials stand to improve patient outcomes. Those suffering from 

articular cartilage injuries are often destined to have early onset osteoarthritis. We have 

created a cell-free nanofibrous hyaluronic acid (HA) scaffold that delivers factors 

specifically designed to enhance cartilage repair: Stromal Cell-Derived Factor-1α 
(SDF-1α; SDF) to increase the recruitment and infiltration of mesenchymal stem cells 

(MSCs) and Transforming Growth Factor-β3 (TGF-β3; TGF) to enhance cartilage tissue 

formation. To our knowledge, this study is the first to evaluate such a bioactive scaffold in 

a large animal model and demonstrates the capacity for dual growth factor release
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Figure 1 –. Scaffold Characterization.
(A) Visualization of fibers (SDF group) and (B) measurement of scaffold fiber diameter via 

scanning electron microscopy (scale bar = 1 mm or 1 μm, n=10). (C) Scaffold thickness in 

the dry and hydrated states (1, 24, 48 hours). Dashed line represents average porcine 

trochlear cartilage thickness (n=4). (D) %HA release as a function of time of incubation 

(n=8). (E) SDF-1α and TGF-β3 release from scaffolds quantified by ELISA (n=3). Error 

bars = SEM. * denotes a significant difference (p < 0.05) between groups at a specific time 

point.
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Figure 2 –. MSC Infiltration into Scaffolds.
(A) Diagram showing MSCs (green) seeded and migrating into a cylindrical scaffold 

(depicted by black arrows), cut in cross-section for imaging. (B) Visualization (white arrows 

depict direction of migration) and (C) quantification of cell infiltration via confocal 

microscopy with Hoechst staining of nuclei (blue) and Phalloidin staining of actin (green) 

(n=5); error bars = SEM, scale bar = 200μm. * denotes p < 0.05.
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Figure 3 –. In Vitro Chondrogenic Activity.
(A) GAG content measured via the DMMB assay (n=4) and (B) DNA content measured via 

the PicoGreen assay (n=4), error bars = SEM. * indicates p < 0.05. (C) Safranin O and Fast 

Green staining of representative sections (n=4); scale bar = 200μm.
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Figure 4 –. Arthroscopic observations at 12 weeks post-op.
(A) Representative arthroscopic images showing defects treated with Scaffold, SDF, TGF, 

and S+T groups within different joints. (B) ICRS and (C) Oswestry scoring showing similar 

outcomes (n=9). Normalized data show each animal within a given group as a specific 

shape: best animal = up triangle, median animal = circle, worst animal = down triangle. 

Error bars = SEM. * and ** represent p < 0.05 and p < 0.01, respectively.
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Figure 5 –. Indentation testing.
(A) Equilibrium modulus of adjacent control cartilage (n=12) and (B) defects treated with 

MFx or Scaffold (n=9–12/group). (C) Equilibrium modulus of scaffold-treated defects 

relative to that of MFx-treated defect in same knee (n=9). Normalized data show each 

animal as a given shape: best = up triangle, median = circle, worst = down triangle. Error 

bars = SEM.
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Figure 6 - μCT analysis of subchondral bone at the repair site.
(A) Trabecular thickness heat map of defect cross-section. (B) Volume of bone resorption 

(n=9). Error bars = SEM. * and ** represent p < 0.05 and p < 0.01, respectively.
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Figure 7 –. Histological evaluation of cartilage repair.
(A) Best, median, and worst defects from each group stained in Safranin O and Fast Green; 

number in bottom left corner represents score; black arrows indicate regions of higher 

proteoglycan deposition (red stain); scale bar = 1mm. (B) Raw ICRS II Histology scores on 

0–100 (worst-best) scale (n=9–12/group) and (C) scores relative to MFx within the same 

joint (n=9). Normalized data show each animal within a given group as a specific shape: best 

= up triangle, median = circle, worst = down triangle. Error bars = SEM. ** and **** 

represent p < 0.01 and p < 0.0001, respectively.
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Figure 8 –. Polarized and light (inset) microscopy of sections stained with Alcian Blue and 
Picrosirius Red.
Best, median, and worst samples. White arrows depict areas with increased fibrous tissue 

deposition. Scale bar = 1mm.
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Figure 9 –. Immunohistochemical Staining for Type II Collagen.
Best, median, and worst-scoring defects from each group are shown. Control samples of 

healthy stained cartilage and bone are shown for comparison (top left). Negative control 

stain of repair tissue is also shown for comparison (bottom left). Scale bar = 1mm.
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Table 1 –

Scaffold locations and distributions across animals.

Right Trochlea Laft Trochlea

Pig Proximal 
Lateral Distal Lateral Proximal 

Medial Distal Medial Proximal 
Medial

Distal 
Medial

Proximal 
Lateral

Distal 
Lateral

1 MFx SCAFFOLD SCAFFOLD SCAFFOLD MFx SDF SDF SDF

2 TGF MFx TGF TGF S+T MFx S+T S+T

3 SCAFFOLD SCAFFOLD MFx SCAFFOLD TGF TGF MFx TGF

4 MFx SDF SDF SDF MFx S+T S+T S+T

5 SCAFFOLD SCAFFOLD SCAFFOLD MFx S+T S+T S+T MFx

6 TGF TGF TGF MFx SDF SDF SDF MFx

MFx = Microfracture only, Scaffold = no growth factor, SDF = SDF-1α only, TGF = TGF-β3 only, S+T = SDF-1α and TGF-β3
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