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Abstract (50-250 words):

Cartilage injuries present a significant clinical burden due to the tissue's limited regenerative
capacity. Microfracture (Mfx) remains the gold standard of cartilage repair but often results in
inadequate defect fill and inferior tissue formation. Point-of-care augmentations to the Mfx
environment represent implementable and cost-effective methods to enhance outcomes. The
objective of this study was to evaluate platelet lysate (PL) as an adjuvant to microfracture-based
cartilage repair, with the goal of maintaining tissue volume and promoting functional repair. The
impact of PL on the activity of marrow-derived cells (MDCs) was first evaluated in monolayer
culture, which demonstrated an increase in cellular area and proliferation. Next, PL was
incorporated into fibrin gels (to mimic fibrin-rich Mfx), and MDCs encapsulated within PL-
containing fibrin gels exhibited increased proliferation, increased cellular area, and reduced
fibrosis markers. PL incorporation into fibrin gels led to clear changes to initial nanostructure
and an increase in initial mechanical properties, which resulted in less MDC-mediated
contraction during culture. These findings suggested that time-zero augmentation of Mfx with PL
may alter both cellular signaling and Mfx clot structure/remodeling. Finally, PL-augmented Mfx
was evaluated in a pig trochlear osteochondral defect model (t = 5 weeks). While PL-treated
defects exhibited reduced contraction and improved macroscopic appearance over Mfx alone,
micro-CT and mechanical testing revealed no significant differences in subchondral bone
remodeling or repair tissue stiffness. Histological analysis and grading showed no significant
improvements in cartilage repair quality across treatment groups, suggesting that while PL may
influence early clot stability, its effects on long-term tissue maturation remain uncertain. “Future
studies are needed to determine whether PL-based augmentation provides sustained functional
benefits, potentially in combination with additional biological or mechanical strategies.”

Introduction:

Articular cartilage injuries are a prevalent and challenging issue in orthopaedic medicine,
particularly due to cartilage's limited self-regenerative capabilities.! Cartilage lines the ends of
bones in our joints and plays a critical role in reducing friction and absorbing shock during
movement.?2 However, when damaged by trauma, it lacks the ability to heal effectively, often
leading to progressive degeneration.® Over time, untreated cartilage damage can progress to
osteoarthritis (OA), a debilitating condition that affects hundreds of millions globally.*

Among the various treatment options for articular cartilage injuries, microfracture (Mfx)
remains the gold standard surgical technique for tissue repair.> Microfracture involves creating
small holes in the subchondral bone beneath the cartilage defect to enable bone marrow
elements, including marrow cells®, to migrate to the site of injury.” The marrow elements form a
provisional clot, which acts as a scaffold for new tissue growth.”-2 While Mfx can reduce pain and
improve joint function in the short term, long-term results are often suboptimal. The tissue that
forms in the defect is typically fibrous cartilage (fibrocartilage), which lacks the mechanical
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properties of healthy hyaline cartilage. ° This fibrous tissue is less durable, less elastic, and more
prone to wear, potentially leading to recurrent joint problems and, eventually, OA. Additionally,
the extent of defect fill following Mfx has been shown to correlate with clinical outcomes, with
incomplete fill associated with poorer functional recovery and an increased risk of OA
progression.’0

Researchers have explored various strategies to enhance the effectiveness of
microfracture by incorporating bioactive molecules, scaffolds, and cell-based therapies into the
clot to promote better tissue quality.’” Growth factors, like transforming growth factor-beta (TGF-
B), insulin-like growth factor (IGF), and bone morphogenetic proteins (BMPs), have received
significant attention due to their potential to modulate cell behavior and guide chondrogenesis or
cartilage regeneration.'> Despite the promise of growth factors in improving cartilage repair,
translating these findings into clinical practice has proven difficult due to the complexity of
cartilage regeneration and regulatory hurdles.'3-16

Point-of-care solutions, such as autologous blood products like platelet-rich plasma (PRP),
have been increasingly utilized to enhance cartilage repair.'” PRP, which contains a concentrated
amount of platelets and their associated growth factors including platelet-derived growth factor
(PDGF), transforming growth factor-beta (TGF-8), and vascular endothelial growth factor (VEGF),
are thought to stimulate the healing process at the injury site. 19 This approach is appealing due
to its minimally invasive nature, low regulatory barrier, and delivery of a high concentration of
regenerative factors at the repair site.'”.20 However, while this method has shown promise in
enhancing tissue repair, it has yet to consistently improve repair fill and quality of tissue in clinical
settings.'”20 One potential limitation of PRP is the lack of standardization in its preparation and
composition, leading to variability in platelet concentration, leukocyte content, and bioactive factor
release.?'?2 This inconsistency can result in unpredictable biological effects, complicating its
clinical application and limiting its widespread adoption as a reliable adjunct for cartilage
repair.2122

To address these limitations, the capacity of platelet lysate (PL) to enhance tissue volume
maintenance and promote functional chondrogenesis in Mfx environments was examined. PL is
derived from platelets and contains a rich concentration of growth factors, similar to PRP, but in
a more refined form. 22 It offers a promising alternative by providing a controlled and characterized
amount of growth factors through standardized platelet processing methods, such as freeze-thaw
cycles.?* 25 PL also contains a higher concentration of growth factors compared to other blood-
derived products. Unlike PRP, which is temperature-sensitive and cannot be stored below 4°C,
PL can be preserved at lower temperatures for extended periods, making it more stable and
practical for clinical applications.?8 Prior studies have shown that PL can stimulate proliferation of
mesenchymal stromal cells (MSCs), which is critical for tissue regeneration.?” Additionally, PL has
been reported to support chondrogenic differentiation in vitro, suggesting a potential role in
promoting cartilage-like tissue formation.?® PL also retains clotting factors, including fibrinogen,
which may enhance early clot stability and the structural integrity of the repair tissue.?® A further
advantage of PL as a biologic adjunct is its feasibility for allogeneic use.®° In contrast to autologous
blood-derived products, PL can be manufactured from donor sources, standardized, and stored
for clinical application making it a practical and scalable option for cartilage repair.3’

PL provides a concentrated source of growth factors that may influence both cellular
signaling and the physical properties of a microfracture (Mfx) clot.3? While PL has been shown to
promote proliferation and paracrine activity in vitro, its potential to alter clot stability, structure, and
subsequent remodeling in vivo remains poorly defined. Importantly, despite extensive use of PL
in musculoskeletal applications, there is limited evidence evaluating its efficacy as an adjuvant to
Mfx in large animal models of chondral repair. The present study is the first to assess time-zero
augmentation of Mfx with PL in a translational large animal setting, addressing a critical gap in
the field.
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The goal of this study was to evaluate the impact of PL on Mfx healing, both in vitro and
in vivo. Two different platelet lysate formulations were investigated in vivo—fibrinogen-competent
PL and fibrinogen-depleted PL—to determine whether the clot-promoting effects observed were
primarily driven by fibrinogen content or by the growth factors present in PL. “We hypothesized
that PL, through its growth factor content and fibrinogen-mediated effects, would stabilize the Mfx
clot and reduce fibrocartilage formation.” These findings would motivate clinical use of cost-
effective and point-of-care Mfx augmentations that promote long-term volumetric and functional
cartilage repair.

Experimental

Culture of hMDCs

Human bone marrow was anonymously and commercially obtained from Lonza (27-year-old
male, 23-year-old male, and 36-year-old female; under approved protocols) and processed
using a Ficoll gradient to isolate mononuclear cells. These donors were labled Donors 1, 2, and
3, respectively. These cells were then plated and cultured in alpha-modified Eagle’s medium (a-
MEM) supplemented with 10% v/v fetal bovine serum (FBS), 1% v/v penicillin-streptomycin-
fungizone (PSF), and 5 ng/mL fibroblast growth factor-2 (FGF-2) for one week. Following this
initial culture period, adherent human marrow-derived stromal cells (hMDCs) were expanded,
passaged, cryopreserved in a solution of 95% FBS and 5% dimethyl sulfoxide (DMSO), and
stored in liquid nitrogen. hMDCs were utilized for all in vitro experiments at Passages 2 or 3.

Monolayer Proliferation Assays

A total of 50,000 hMDCs (Lonza 27-year-old male) were plated per well in a treated 24-well plate
and subject to the following conditions: Dulbecco’s modified Eagle’s medium (DMEM) with 1%
PSF (Ctl), Ctl+10% FBS, Ctl+2% PL, and Ctl+10% PL. Human platelet lysate was obtained from

Stem Cell Technologies (catalog #06961), a growth factor-rich supplement derived from healthy

donor platelets collected at FDA-licensed blood centers. This PL was utilized for all in vitro
experiments. All conditions were supplemented with 1 ng/mL of TGF-3, and cells were cultured
for 3 days. An MTT assay was performed using OZ Biosciences MTT Cell Proliferation Kit to
assess the impact of platelet lysate on the proliferation of hMDCs. Additionally, hMDCs were
seeded onto an 8-well chamber slide using the same treatments and subsequently stained for Ki-
67 to assess cell proliferation (staining protocol provided below). Four images per group were
quantified for proportion of proliferative cells. This was obtained by dividing the number of Ki-67
positive cells by the number of total nuclei.
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Fibrin Gel Nanostructure

Fibrin gel nanoarchitecture was visualized using scanning electron microscopy (SEM) to assess
fibrin network organization and morphology. Fibrin gels were prepared with final concentrations
of fibrinogen (25 mg/mL), thrombin (5 U/mL), calcium chloride (20 mM), with or without platelet
lysate at 20% of the total volume. Samples were then fixed in glutaraldehyde (2.5% v/v) in
phosphate-buffered saline (PBS) at 4°C for 24 hours to preserve structural integrity. Following
fixation, gels were dehydrated through a graded ethanol series (30%, 50%, 70%, 90%, and 100%)
and then subjected to critical point drying to prevent structural collapse. Once dried, samples were
coated with a thin layer of gold using a sputter coater to enhance conductivity. Imaging was
performed using a field-emission SEM, capturing high-resolution images of fibrin fiber diameter,
density, and overall network structure (Robert P. Apkarian Integrated Electron Microscopy Core,
Emory University). Fibrin fiber diameter was quantified using Imaged by measuring fibers from
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high-magnification SEM images, ensuring accurate assessment of structural differences between
conditions.

Fibrin Gel Mechanical Testing

Fibrin gel mechanical properties were evaluated using a Biomomentum Mach-1 mechanical
testing system to assess their resistance to compression. Fibrin gels were prepared with final
concentrations of fibrinogen (25 mg/mL), thrombin (5 U/mL), calcium chloride (20 mM), with or
without platelet lysate at 20% of the total volume. Samples were submerged in phosphate-
buffered saline (PBS) at 37°C to maintain physiological conditions during testing. Unconfined
compression tests were conducted using a flat, non-porous platen. A strain of ~20% was applied,
following by a 120-second hold. Equilibrium modulus was quantified from the resulting load and
deformation at the end of stress relaxation.

MDC Response in PL-Fibrin Microgels

To gain a deeper understanding of how PL influences MDCs within fibrin gels, gels were prepared
with final concentrations of fibrinogen (25 mg/mL), thrombin (5 U/mL), calcium chloride (20 mM),
and hMDCs (200,000 cells/mL), with or without platelet lysate at 20% of the total volume. This
mixture was plated in 8-well chamber slides (10uL/well) and allowed to gel for 60 minutes. The
resulting microgels were cultured for 3 days in basal media (BM; 10% FBS, 1% PSF) containing
aprotinin (100 KIU/mL) and TGF-3 (1 ng/mL). Following culture, gels were fixed and stained with
Phalloidin (Cell Signaling, Catalog # 8940S), Ki-67 (Thermo Fisher, Catalog # MA5-14520), SOX-
9 (Thermo Fisher, Catalog # PIPA581966), and alpha smooth muscle actin (a-SMA; Sigma-
Aldrich, Catalog # A2547) antibodies. For staining, fibrin gels were fixed in 10% Carson’s buffered
formalin for 20-30 minutes, permeabilized with 1% Triton (v/v) for 15 minutes, and blocked with
3% w/v bovine serum albumin (BSA) in PBS for 60 minutes. Primary antibody incubation was
performed overnight at 4°C in 1% w/v BSA. After a 60-minute incubation with secondary antibody
and/or Phalloidin at room temperature, DAPI (1:100 concentration) was applied for nuclear
staining for 10 minutes, and samples were mounted with Prolong Gold. Slides were imaged using
confocal microscopy (Nikon A1R) to obtain z-stack images. Cell morphology and protein
immunofluorescence were analyzed using CellProfiler. Cell boundaries were identified using
thresholding algorithms, and form factor (measure of cell circularity) was computed to assess
morphological changes. Microgel experiments were performed with cells from all three donors.
For Ki-67 analysis, PL was added to both the gels and/or media. Ki-67 expression was quantified
as a percent of cells with positive staining, as above for monolayer cultures. For SOX-9 and a-
SMA expression, maximum intensity projections were generated from confocal z-stacks.
Fluorescence intensity was then quantified per cell to compare expression levels across
experimental conditions.

Macroscale Contraction During Culture

hMDCs (2 million cells/mL) were incorporated into the fibrin gels (25mg/mL fibrinogen, 5U/mL
thrombin, 20mM CacCl,) and cultured for 14 days in BM supplemented with aprotinin (100 KIU/mL)
and TGF-B3 (1 ng/mL). At the end of the culture period, gel area was quantified using scanner
images (600dpi) in Image J software.

In Vivo Pig Model

Surgical Procedure

All animal procedures described in this study were approved with the Guidelines for Care by the
University of Georgia Institutional Animal Care and Use Committee. Four 10-week old, female
Yorkshire cross pigs weighing approximately 70 Ibs, were used for this study, though one animal
expired during the procedure, leaving three animals for this study. Under general anesthesia, both
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knees were shaved, cleaned, and surgically draped. Via a medial patellar arthrotomy, a lateral
dislocation of the patella was used to expose the articular surface of the medial trochlea of the
distal femur. In both knees, three cylindrical osteochondral defects (6mm-diameter x ~3mm deep)
were created on the medial trochlear ridge of each animal. Defects were standardized in size and
depth using a surgical punch. Following defect creation, a micropicking device was used to
introduce three subchondral holes to enable marrow access. Each defect was randomized into
one of three treatment groups:

1. Microfracture Only (no additional treatment; Mfx)

2. Microfracture + Fibrinogen-competent PL (Fib-comp PL)

3. Microfracture + Fibrinogen-depleted PL (Fib-dep PL)
Allogenic pig platelet lysate was obtained from the same pig species via plateletpheresis.
Resulting platelet concentrates were subjected to two freeze-thaw cycles to lyse the platelets and
the resulting lysate then underwent three centrifugation and filtration cycles. The resulting
fibrinogen competent PL product was pooled and stored at -80°C in 50 mL aliquots. To obtain
fibrinogen depleted PL, 20 mM CaCl, was added to thawed aliquots of pooled PL, together with
0.5 g/mL 3 mm diameter glass beads (Millipore, Darmstadt, Germany), and incubated at room
temperature for 30-60 minutes until a clot formed. Tubes were shaken vigorously to break up the
clot, then centrifuged at 4000 x g for 30 minutes. The liquid portion (now fibrinogen-depleted) was
removed using a P1000 pipet, filtered through a 40 um nylon cell strainer (Corning, Inc), aliquoted,
and stored at -80°C.

Due to the impacts on clotting and structure observed in vitro, both of these formulations were
tested in vivo. The patella was then relocated, and the joint capsule, fascia, and skin were closed
in anatomical layers. Postoperative analgesics, antibiotics, and anti-inflammatories were
administered according to veterinary guidelines, and the animals were returned to unrestricted
cage activity once fully recovered from anesthesia. All animals were euthanized at 5 weeks post-
surgery to assess early defect healing and tissue remodeling. Gross examination and subsequent
analyses (e.g., mechanics, micro-computed tomography [uCT], histology) were performed to
evaluate the efficacy of PL supplementation in preserving defect volume and supporting Mfx
cartilage repair.
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Biomechanical Mapping

After the animals were euthanized, each knee joint was carefully dissected to expose and isolate
each osteochondral defect. Macroscopic photographs were then taken to document the overall
appearance of the repair tissue. Osteochondral blocks containing each defect - proximal, central,
and distal - were extracted. Mechanical indentation testing was performed using a Biomomentum
Mach-1 multi-axis mechanical mapping system. Indentations were conducted across the three
defect regions, the cartilage neighboring the defect, and the distant healthy cartilage to evaluate
how the repair tissue is maturing. Indentations consisted of a find-surface, loading to 0.1mm of
indentation, and a 30-second stress relaxation hold. The resulting load—displacement data were
processed and analyzed in MATLAB using a custom-designed script, which enabled quantitative
assessment (instantaneous modulus, equilibrium modulus) of both repair tissue and neighboring
cartilage. Samples were then fixed with formalin for one week, followed by micro-CT analysis.

(cc)

uCT for Defect Fill and Subchondral Bone Health

The fixed osteochondral samples were gently cleaned of excess soft tissue and placed in a
scanning chamber containing phosphate-buffered saline (PBS)-soaked gauze to maintain
sample hydration throughout the scanning process. Samples were scanned using a uCT system
(e.g., SCANCO uCT50), and the subchondral region below the defect was contoured and
analyzed for structural changes (bone volume/total volume [BV/TV]), providing insights into how
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PL treatment influenced bone remodeling. Additionally, defect fill was quantified to assess the
volume of tissue regeneration within the defect areas.

Histology for Tissue Quality

Following uCT, samples were decalcified for four weeks (DeCal Stat), with the solution refreshed
weekly. Decalcified tissues were transferred to 70% ethanol, processed through graded ethanol
dehydration and xylene clearing, and infiltrated with and embedded in hot paraffin wax. Paraffin
blocks were sectioned at 5 ym thickness with sections taken from the central region of each
circular defect. Safranin O/Fast Green (SafO/FG) staining was employed to evaluate tissue repair
and integration. All stained slides were digitized using an automated light microscope (Olympus
BX43). For semi-quantitative analyses, histological scoring was performed in accordance with the
ICRS Il histological grading system by three independent observers, facilitating objective
comparisons between treatment groups. A modified system was used that did not assess tissue
morphology (13 of 14 ICRS Il outcome metrics used).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism which provides built-in statistical
testing. For comparisons between two groups, an unpaired two-tailed t-test was used to assess
statistical significance. For experiments involving three or more groups, a one-way analysis of
variance (ANOVA) with post-hoc Tukey’s testing was conducted. Significance levels are indicated
by: *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001. All in vitro data within the main body manuscript
are from Donor 1, and select experiments from Donors 2 and 3 are presented in the supplemental
figures.

Results:

Early Cell Behavior and Proliferation

PL supplementation promoted a greater proportion of proliferating cells, as evidenced by Ki-67
staining (Figure 1A). Quantification of Ki-67 positive cells confirmed a significant increase in cell
proliferation in the PL-treated groups compared to controls (Figure 1B). Further validation using
an MTT assay demonstrated that proliferation rates remained consistent among conditions
cultured with 10% fetal bovine serum (FBS), 2% PL, and 10% PL (Figure 1C), showing that even
a low PL concentration in the media can provide robust improvements in cellular proliferation.
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F Structural Characterization and Gel Mechanics

SEM imaging revealed that PL-containing fibrin gels displayed “flower-like” microstructures on the
surface, with significantly larger fibrin fibers within the gel compared to control gels (Figure 2A-
C). Fibrin supplemented with PL also contained interior fibers that appeared rougher (less
smooth) than those in their fibrin only counterparts. Mechanical testing of these gels showed that
PL supplementation also significantly increased gel stiffness compared to control fibrin-only gels
(Figure 2D), suggesting that PL enhances the structural integrity of fibrin matrices.
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Figure 2. Scanning electron micrographs of fibrin gels without or with platelet lysate (PL) obtained [A] on
the surface or [B] within gels. Scale bar = 2um and 500nm, respectively. [C] Quantification of fibrin fiber
diameter within the interior of the gel. n>40 fibers per group from 3 images. [D] Equilibrium modulus of
fibrin gels without or with PL augmentation. n=6-8 per group. **p<0.01, ****p<0.0001.

Cell Proliferation in Fibrin Gels
MDCs encapsulated in PL-containing fibrin gels exhibited increased proliferation in media

containing both DMEM and 10% FBS, as evidenced by Ki-67 staining (Figure 3A-B).
Proliferation was further enhanced in PL gels cultured in PL media, showing even higher Ki-67
expression, which indicates a synergistic effect of both PL in the gel and PL in the culture
medium. Additionally, MDCs in PL-treated gels displayed a larger, rounder morphology
compared to controls (Figure 3C). We also validated these results in two additional donors (Fig.
S1) but rather than looking at different serum formulations, we looked at Ctl + TGF-$3 and PL +
TGF-B3. These results further show how PL incorporation into gels improves Ki-67 staining
across donors and across media formulations.
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Figure 3. [A] Ki-67 staining of MDCs cultured for 3 days in fibrin gels without or with PL, cultured in
varying medias. Inset shows F-Actin staining. Scale bar = 100 um. [B] Quantification of Ki-67 staining as
proportion of cells. Each plot represents 20-50 cells per image, n=3-9 images per group. [C] F-actin
staining of MDCs cultured for 3 days in fibrin gels without or with platelet lysate. Scale bar = 100 um.

*p<0.05, **p<0.01, ***p<0.001.

Cell Phenotypic Shifts and Morphological Changes

MDCs in PL-containing fibrin gels were larger and less spindly than controls, as shown by F-actin
staining (Figure 4A). Quantification revealed significantly larger cell areas (Figure 4B) and a
reduced form factor (Figure 4C) for MDCs in PL gels. SOX-9 and a-SMA intensities were both
significantly lower in PL gels (Figures 4D, 4E), suggesting lower chondrogenic potential, but lower
fibrotic potential as well. These results were validated in two additional donors (Fig. S2), although
the reduction in form factor was less pronounced in these donors.
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Figure 4. [A] Staining for F-Actin, SOX9, and a-SMA for MDCs cultured for 3 days in fibrin gels without or
with platelet lysate (in gel), without or with TGF-B3 (in media). Scale bar = 100 ym. Quantification of [B]
cell area, [C] form factor, [D] Sox-9 intensity, and [E] a-SMA intensity on a per cell basis. n>50 cells per

group. *p<0.05, ****p<0.0001.

Macrogel Contraction

PL-supplemented fibrin gels exhibited reduced contraction at the macro-scale, as evidenced by
clearly larger gels compared to control gels over the culture period (Figure 5A). Quantification of
gel area at 14 days verified PL-containing gel areas (29.71+6.99 mm?) were significantly greater
(79.4%; p=0.0106) than fibrin gel counterparts (16.56+1.64 mm?). This reduction in contraction
suggests that PL influences fibrin network stability, potentially supporting long-term volumetric
retention. While contraction was variable across this donor and additional donors, PL
incorporation consistently led to a greater average area (Fig. S3).
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Figure 5. [A] Images of fibrin gels without or with PL, after 2-week culture. [B] Area of gels at 14 days for
quantification of contraction. n=4 per group. *p<0.05.

In Vivo Pig Study
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Biomechanical Testing

Biomechanical testing (Figure 6A-B) revealed considerable variability, even at different positions
within the same defect. For this reason, values are presented separately for each animal. Both
instantaneous (Figure 6C) and equilibrium (Figure 6D) moduli were mostly comparable between
the groups, with a few individual comparisons barely showing statistical significance
(0.01<p<0.05). Overall, all groups were considerably lower than healthy tissue, suggesting that
PL supplementation does not enhance repair tissue stiffness.
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Figure 6. [A] Schematic of Biomomentum Mach-1 indentation testing. [B] Representative image of
positions on cartilage defect that were tested. [C] Instantaneous modulus and [D] equilibrium modulus of
each group, broken down by animal. Red line indicates healthy tissue. *p<0.05.

Macroscopic Observations and Micro-CT Analysis

Macroscopic observations of defects demonstrated that all groups were red and highly
vascularized (Figure 7A — top). Furthermore, all defects were recessed below the neighboring
cartilage surfaces. Of note was that distal defects showed quite variable geometry due to
proximity to the notch, making uCT analyses difficult. For that reason, these defects were
removed from analysis, leaving n=4 per group. uCT imaging (Figure 7A — bottom) revealed that
Mfx defects experienced significant contraction. The degree of defect fill in these images (Figure
7B) was quantified, validating that PL-treated Mfx defects (both Fib-comp and Fib-dep)
experienced less average contraction compared to Mfx controls, albeit not statistically significant.
uCT quantification of subchondral bone changes (outlined by a white dashed line, Figure 7A)
revealed no statistical changes between groups (Figure 7C), though the Fib-comp group showed
values closes to healthy tissue.
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Figure 7. [A] Macroscopic view and micro-CT images of pig cartilage defects. Red dash line
approximates box used to measure defect fill, and the white dash line indicates region of subchondral
bone that was analyzed. [B] Defect fill. [C] Subchondral bone BV/TV. n=4 per group.

Histology and ICRS Il Scoring

Safranin O/Fast Green staining (Figure 8A) showed that all three repair tissue groups did not
exhibit repair tissue, on average, that resembled native healthy cartilage. Defects in all three
groups were clearly recessed and mostly void of red proteoglycan staining. A couple defects
across all three groups exhibited deeper proteoglycan staining and areas of rounded cells
(Supplementary Figure 1), but this finding was not consistent. The corresponding ICRS Il scoring
showed no significant differences in tissue architecture or histological quality between the PL-
treated and control groups (Figure 8B).

ICRS Il Score
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&

1

O Mix o FibcompPL © Fib-depPL

Figure 8. (A) Representative Saframn O Fast Green images of pig cartilage defects. Scale bar = 2mm.
(B) ICRS Il scores of pig cartilage defects, broken down by animal. n=2 defects per animal per group.
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Discussion

This study aimed to evaluate platelet lysate (PL) as a potential augmentation strategy for
microfracture-based cartilage repair by assessing its effects on cell activity, fibrin gel properties,
and tissue contraction within the defect site. Different PL formulations were evaluated to isolate
the role of fibrinogen and assess whether PL alone could augment microfracture for improved
tissue repair, or if the added fibrinogen was the key contributor to this effect. However, no
significant differences were observed between the PL groups. Our findings did demonstrate that
PL supplementation enhanced cell proliferation, modified fibrin gel microstructure, and improved
resistance to contraction, suggesting its potential to support early tissue repair. However, PL did
not appear to improve in vitro chondrogenesis or in vivo repair tissue quality, calming its
excitement as an adjuvant to Mfx. Across three independent human donors, consistent trends
were observed in clot contraction (macrogels) as well as in proliferation, SOX9, a-SMA, and
morphology (microgels), with no evidence of donor-dependent variability (view Supplemental).

In a two-dimensional culture, PL supplementation enhanced MDC proliferation, as indicated by
increased Ki-67 staining, while maintaining metabolic activity without inducing stress, supporting
its potential as a serum alternative. 27:3334 The observed structural and mechanical modifications
in fibrin gels upon PL incorporation suggest that PL actively influences fibrin self-assembly.3% The
presence of distinct “flower-like” microstructures and the increased fibril diameter, as confirmed
by SEM, indicate that PL components like thrombin and fibrinogen may alter fibrin polymerization
dynamics.®37 Additionally, the increased gel stiffness observed in mechanical testing suggests
that PL-mediated alterations to the fibrin network could enhance structural integrity, potentially
influencing cell migration and differentiation.38 In parallel, cells within PL-containing gels displayed
a denser distribution, suggesting improved proliferation, as further supported by increased
proliferation markers such as Ki-67.3 Additionally, the increase in cell area and rounder
morphology in PL gels suggests a shift in cytoskeletal organization, potentially influencing
differentiation pathways and suggesting greater cell “activity”.3%4° However, Sox-9 and a-SMA
expression were both decreased in PL-containing gels, indicating a reduction in both
chondrogenic and fibrotic activity compared to controls. This suggests that while PL enhances
proliferation and alters cell morphology, it may also modulate differentiation cues within the fibrin
gel environment.#! PL-supplemented gels also exhibited a larger area after two weeks of culture,
indicating superior resistance to contraction and potential for better defect filling and volumetric
maintenance after Mfx.«+
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In the in vivo pig model, all groups received microfracture; the control group received no additional
augmentation. Mechanical testing revealed no significant differences in stiffness between PL-
treated and control groups, indicating that PL supplementation did not substantially alter the
mechanical properties of the regenerated tissue at this early time point. We chose a 5-week
timepoint to capture early clot remodeling and stabilization, recognizing that longer-term studies
are needed to evaluate whether these early effects translate into durable cartilage regeneration.
This aligns with previous studies showing that early-stage cartilage repair is often dominated by
structural remodeling rather than immediate mechanical improvements.** While we have shown
that PL enhanced fibrin architecture and reduce gel contraction in-vitro, these modifications did
not translate into measurable differences in tissue mechanics, highlighting the challenge of
achieving native-like mechanical properties in early repair.

Beyond mechanical properties, uCT analysis provided further insight into tissue regeneration and
defect healing. No significant differences were observed in subchondral bone parameters among
the treatment groups, suggesting that, at this time point, neither the presence nor composition of
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PL-based treatments markedly influenced subchondral bone remodeling or integrity. However,
quantification of defect fill showed slightly improved outcomes in the fibrin competent (Fib-Comp
PL) and fibrin depleted (Fib-Dep PL) groups, which may indicate that localized PL delivery
strategies enhance early defect stabilization.*?#3 Histological analysis further corroborated these
findings, as ICRS Il scoring revealed no significant differences in cartilage repair quality between
treatment groups. These results suggest that while PL-based strategies may enhance initial
defect stabilization, longer-term studies are needed to assess whether these early benefits
translate into sustained cartilage repair.

Altogether, these results suggest that while PL may contribute to early-stage cell proliferation and
activity, these benefits may not yet translate into measurable improvements in tissue composition
or organization at this stage of healing. While the in vitro studies included three independent
donors, larger cohorts will be needed to fully account for inter-individual variability. Notably, an
important limitation of this in vivo model is that the defects were osteochondral and thus more
invasive to the subchondral bone than standard microfracture procedures. Removing subchondral
bone may have compromised the natural underlying scaffolding essential for cartilage
regeneration, potentially contributing to suboptimal repair tissue.*>#7 Additionally, the placement
of multiple defects in close proximity may have influenced both local tissue healing and the
mechanical environment.*84°% A more standard microfracture approach (with minimal disruption to
the subchondral bone) and better spatial separation of defects could yield more definitive insight
into PL's capacity to enhance cartilage regeneration. Moreover, extended evaluations of
mechanical properties over longer time frames (3-, 6-month), along with molecular and
biochemical assessments of chondrogenic versus fibrotic pathways, may help refine PL-based
strategies. Future directions may also include combining PL with emerging regenerative
strategies to further enhance repair.5° Finally, considerable animal variability was observed,
motivating the need to perform additional studies for improved scientific rigor and statistical
power.%! This study was limited by a small cohort (n = 3 animals), and results should be interpreted
as exploratory and hypothesis-generating. Overall, these early results underline the promise of
PL in facilitating cell proliferation and reducing defect contraction but also underscore the
importance of optimizing both PL composition and surgical technique to achieve structurally and
functionally cartilage repair.

Conclusion

This study demonstrated that incorporating platelet lysate (PL) into fibrin-based constructs may
support cell activity and help maintain defect volume in both in vitro and in vivo models. However,
PL supplementation did not markedly influence subchondral bone remodeling or functional
mechanical properties of repair tissue. Histological analysis further corroborated these findings,
suggesting that while PL may contribute to cell proliferation, these benefits did not provide
measurable improvements in tissue composition. This study was limited by sample size, with four
pigs included in the analysis. While this number is modest, it reflects the inherent logistical and
ethical constraints of large animal studies. Importantly, the observed outcomes were consistent
across animals, supporting the reproducibility of the findings. To our knowledge, this is the first
large animal study directly evaluating PL as an adjunct to microfracture. While early outcomes
were modest, this model provides a critical foundation for refining PL-based approaches. Future
work will battle limitations related to the model and evaluation of PL components most influential
in healing. These results highlight that while PL can provide some enhancement, it requires
additional testing before clinical adoption to augment Mfx.
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