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Abstract

The surgical repair of articular cartilage remains an ongoing challenge in
orthopedics. Tissue engineering is a promising approach to treat cartilage defects;
however, scaffolds must (i) possess the requisite material properties to support
neocartilage formation, (ii) exhibit sufficient mechanical integrity for handling during
implantation, and (iii) be reliably fixed within cartilage defects during surgery. In this
study, we demonstrate the reinforcement of soft norbornene-modified hyaluronic
acid (NorHA) hydrogels via the melt electrowriting (MEW) of polycaprolactone to
fabricate composite scaffolds that support encapsulated porcine mesenchymal
stromal cell (pMSC, three donors) chondrogenesis and cartilage formation and
exhibit mechanical properties suitable for handling during implantation. Thereafter,
acellular MEW-NorHA composites or MEW-NorHA composites with encapsulated
pMSCs and precultured for 28 days were implanted in full-thickness cartilage
defects in porcine knees using either bioresorbable pins or fibrin glue to assess
surgical fixation methods. Fixation of composites with either biodegradable pins
or fibrin glue ensured implant retention in most cases (80%); however, defects
treated with pinned composites exhibited more subchondral bone remodeling and
inferior cartilage repair, as evidenced by micro-computed tomography (micro-CT)
and safranin O/fast green staining, respectively, when compared to defects treated
with glued composites. Interestingly, no differences in repair tissue were observed
between acellular and cellularized implants. Additional work is required to assess
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the full potential of these scaffolds for cartilage repair.
However, these results suggest that future approaches
for cartilage repair with MEW-reinforced hydrogels
should be carefully evaluated with regard to their fixation
approach for construct retention and surrounding
cartilage tissue damage.

Keywords: Melt electrowriting; Hydrogel; Cartilage
Repair; Mesenchymal Stromal Cells; Fibrin Glue

1. Introduction

A variety of surgical approaches have been developed
to treat full-thickness cartilage defects due to trauma
and disease, including arthroscopic debridement,
microfracture, and autologous chondrocyte implantation
(ACDU. Importantly, if cartilage defects are left untreated,
they may progress to osteoarthritis (OA), which results
in significant pain and joint dysfunction for patients/.
Unfortunately, these approaches fail to restore healthy
cartilage structure and function, as the repair cartilage
formed as a result of strategies such as microfracture
typically exhibits inferior properties when compared to
healthy articular cartilage®. However, the success of each
of these respective approaches correlates with defect size,
which dictates the indication for each procedure!’. Bone
marrow stimulation via subchondral microfracture is
widely considered to be the first option for treating relatively
small lesions (<2.5 cm?), with defects ranging between 1
and 2.5 cm? responding well to the treatment!!. However,
microfracture has previously demonstrated poor patient
outcomes in the treatment of larger defects (=4 cm?)",
which typically must be repaired with osteochondral
allografts where available. For intermediate defect sizes
(2 cm?), ACI is typically used to mediate repair!!; however,
ACI is not usually employed for larger defects (=4 cm?)
since there is typically a limited number of donor cells that
can be readily isolated.

In response to the limitations of current approaches
for cartilage repair*), a variety of new tissue engineering
therapies are being developed, and several have been
evaluated for cartilage repair in large animals!®®!. These have
been met with varied success, but highlight the importance
of selecting models and time points that best recapitulate
human cartilage damage in a clinically relevant manner. To
this end, canine, caprine, porcine, and equine models are
most commonly used for the investigation of new cartilage
repair strategies!'’l. Porcine models are often employed
as large animal models for cartilage damage because
they permit easy operative access to non-load-bearing

articular cartilage (i.e., along the femoral trochlea) and
possess cartilage with a thickness comparable to human
articular cartilage!'!l. For example, composite scaffolds
consisting of woven polycaprolactone (PCL) and either
infilled hydrogels (i.e., self-assembling peptide-based
hydrogels and HA hydrogels) or bone marrow aspirate
were previously investigated for the treatment of cartilage
lesions (4 mm diameter) in Yucatan minipigs"”. Despite
the early observation of scaffold retention in defects
at 6 weeks, defects treated with composites performed
worse than those treated with microfracture. Similarly,
biphasic composites of PCL and cell-laden PEG hydrogel
were evaluated in minipig cartilage defects for 6 months;
explanted composites resulted in O’Driscoll scores (i.e.,
histological scoring) that were worse than empty defect
controls, and significant bone resorption was observed!®.

One significant challenge in implementing these
therapies is the successful fixation and retention of implants
within full-thickness cartilage defects”>*l. A range of
approaches have been investigated for implant fixation,
including press-fitting, suturing with an overlaying
periosteal flap, application of fibrin glue/sealant, and the use
of bone anchors to integrate implants with the underlying
bone, among others. While simply press-fitting an implant
may be appropriate for osteochondral defects or instances
in which full-thickness cartilage defects are surrounded
by healthy, thick cartilagel™”, oftentimes chondral-only
samples are dislodged from defects due to the complex loads
experienced within the joint!"*'%. Fibrin glue has similarly
been combined with press-fitting of implants, but only
marginally improved the fixation strength and retention
of implants!'®'®l. Unfortunately, suturing of periosteal
flaps to secure implants within defects leads to the loss of
chondrocytes and extracellular matrix (ECM) at the local
suture site, as well as the formation of fissures reminiscent of
partial-thickness defects'"”.. Bone anchors have been shown
to ensure the retention of implants within defects more
reliably””, but they often lead to underlying subchondral
bone remodeling or voids®?. A recent study evaluated
biphasic scaffolds composed of hydroxyapatite and PCL
microfiber meshes fabricated via melt electrowriting (MEW)
in an equine osteochondral damage model. Six months after
implantation, minimal cartilaginous ECM was observed
in the chondral phase of implants, while micro-computed
tomography (micro-CT) results showed the collapse of bone
anchors used to fix the implants within defects, potentially
due to improper design and fixation"”. Generally, both the
cartilage defect size and geometry, as well as the properties
of the implant itself must be considered when selecting the
optimal fixation method for scaffolds.

In our previous work, composites of norbornene-
modified hyaluronic acid (NorHA) hydrogels mechanically
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reinforced with melt electrowritten PCL supported juvenile
bovine mesenchymal stromal cell (MSC) chondrogenesis
and neocartilage formation while also achieving high
initial construct mechanical properties®!l. The compressive
moduli and biochemical content achieved in these MEW-
NorHA composites in vitro approached that of native
tissues and, taken together with their ability to integrate
with native articular cartilage ex vivo, motivated additional
exploration of their therapeutic potential in a clinically-
relevant model of cartilage damage. Thus, the aims of
this study were (i) to explore adult porcine MSC behavior
within MEW-NorHA composites and (ii) to elucidate how
surgical fixation methods influence the efficacy of these
composites in a porcine model of cartilage damage.

2. Materials and methods

2.1. Materials

Sodium hyaluronic acid was obtained from Lifecore
Biomedical (Chaska, MN), and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was obtained from
Colorado Photopolymer Solutions (Boulder, CO). Unless
otherwise specified, all other reagents and materials were
purchased from Sigma-Aldrich (St. Louis, MO).

2.2. MEW-NorHA composite fabrication and

cell culture

First, PCL (Purasorb PC 12, Corbion Inc., Gorinchem,
Netherlands) box-structured MEW meshes (diameter
~4 mm, height ~1 mm, 400 um fiber interspacing) were
fabricated as previously reported®. In short, a custom-
built MEW device was used to heat PCL to 90°C, creating
a polymer melt (heating system from TR 400, HKEtec,
Germany) that could then be fed through an electrically
charged 23G spinneret (power supply from Heinzinger
Electronic GmbH, Rosenheim, Germany). PCL polymer
melt fibers (~20 um) were then layered in a 90° lay-down
pattern onto a computer-controlled translating collector
(acceleration voltage = 5.5 kV, spinning gap = 3.3 mm,
E = 1.3 kV mm™) to obtain MEW scaffolds. Finally, disc-
shaped scaffolds were extracted from initially fabricated
sheets of MEW scaffolds using 4 mm biopsy punches.

NorHA was synthesized, as previously described, via
benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium
hexafluorophosphate ~ (BOP)  coupling®.  Briefly,
sodium hyaluronic acid was first converted into its
tetrabutylammonium salt form (HA-TBA), which was then
dissolved in anhydrous dimethyl sulfoxide (DMSO). HA-
TBA was then reacted with 5-norbornene-2-methylamine
in the presence of BOP under inert nitrogen for 2 h at room
temperature. The reaction solution was then quenched
with the addition of cold distilled water. To purify the
crude product, the solution was dialyzed (8-10 total days),

and any precipitates were removed via filtration. The
degree of modification (~22%) was quantified via "H-NMR
spectroscopy (Bruker Neo400 360 MHz) to confirm
the successful conjugation of norbornene groups to the
HA backbone. After synthesis, NorHA was dissolved in
phosphate-buffered saline (PBS) with LAP photoinitiator
(0.05%) and dithiothreitol (DTT) crosslinker (0.54 mM) to
obtain a macromer precursor solution.

The prepared macromer solutions were pipetted into the
box-structured PCL MEW meshes with or without porcine
MSCs (pMSCs, P1, 20 x 10° cells/mL) and irradiated
with blue light (400-500 nm, Omnicure lamp with an
affixed collimator, I = 10 mW/cm?) for 5 min to obtain
composites similar to those investigated in our previous
studies (i.e., 400 um interfiber spacing within PCL MEW
meshes and NorHA hydrogels with a compressive modulus
of ~2 kPa)P?!. Porcine MSCs were isolated from bone
marrow aspirates of three adult Yucatan minipigs (12-14
months old; Sinclair Research, Auxvasse, MO) via plastic
adherence and cultured in Dulbeccos modified eagle
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S). After
fabrication, composites were cultured in chondrogenic
media (1% insulin-transferrin-selenium solution, 2.5 ug/
mL amphotericin B, 1 x 10~ M sodium pyruvate, 50 pug/mL
ascorbic acid 2-phosphate, 40 pg/mL L-proline, 1 x 10”7 M
dexamethasone, and 10 ng/mL TGF-B3) for up to 28 days.

2.3. Composite characterization

Live/Dead staining with calcein AM and ethidium
homodimer was first performed in accordance with the
manufacturer’s instructions (Invitrogen) after 7 days of
culture in chondrogenic media to evaluate encapsulated
pMSC cell viability. Cell viability was quantified using
Image] software as the number of live cells per total cells
within images acquired via epifluorescence microscopy
(n 2 3 hydrogels, 9 images per sample).

After culture in chondrogenic media for 28 days,
constructs were evaluated for biomechanical and
biochemical properties. First, the compressive moduli of
composites were determined via unconfined, uniaxial
compressive testing with a constant loading rate of 0.2 N/
min (Q800 DMA, TA Instruments). The modulus was
quantified as the slope of the stress—strain curves between
10% and 20% strain. Samples were then minced and
digested via incubation with papain and hyaluronidase
overnight at 60°C!l. Sulfated glycosaminoglycan (sGAG)
content, collagen (COL) content, and DNA content were
determined via the dimethylmethylene blue assay, the
hydroxyproline (OHP) assay (Abcam Hydroxyproline
Assay Kit, ab222941), and the Picogreen dsDNA assay,
respectively®. Separate samples were processed for
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histology through fixation (10% buffered formalin),
paraffin embedding, and sectioning (5 pm). Alcian
blue staining (1%, pH 1.0, Newcomer Supply) and
immunohistochemistry for type I collagen (COL I, mouse
monoclonal anti-collagen type I antibody, Millipore
Sigma) and type II collagen (COL II, mouse monoclonal
anti-collagen type II antibody, Developmental Studies
Hybridoma Bank) were then performed as previously
described™!. The mean staining intensities of sGAG, COL
I, and COL II in composites were quantified using Image]
software!*.

2.4. Animal procedures and stifle joint surgery
Skeletally mature (12-14-month-old at time of surgery)
castrated male Yucatan minipigs were acquired (Sinclair
Bioresources, Auxvasse, MO) and used to evaluate
surgical fixation methods for the implantation of MEW-
NorHA composites in cartilage defects in vivo. All animal
procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University
of Pennsylvania. Unilateral stifle joint surgeries were
performed on the right hind limb of each animal as
previously described!**?”). Briefly, four full-thickness
chondral defects were created in the trochlear groove (two
proximal and distal medial defects and two proximal and
distal lateral defects) using a 4 mm biopsy punch and a
curette to excise cartilage within the bounds of the scored
defect while ensuring the underlying subchondral bone was
not damaged. Nine total animals were used (some defects
were part of an alternate study). In two animals, post-
operative lateral patellar luxation was observed 3 weeks
after surgery, and these were excluded from the study.
Luxation was likely due to recovery-related complications
and/or patellar luxation accompanied by urticaria and
incisional dehiscence consistent with a previously reported
case of suture hypersensitivity in a Yucatan minipig®.

Four groups (n = 4-6 implants/group) were assessed,
including acellular composites or composites containing
pMSCs that were precultured for 28 days and implanted
with either poly(L-lactide-co-D,L-lactide) (PLDLLA)
pins (Aesculap FR736, Center Valley, PA) or fibrin glue
(Tisseel, Baxter), as previously reported"®l. Composites
were pinned by press-fitting into the defects, creating a
pilot hole through the implant and into the subchondral
bone, placing a 3-pronged fixation guide (Aesculap FR720,
Center Valley, PA) on top of the composites, and then
inserting the pins into the pilot holes. In two animals, an
additional fifth defect was introduced on the lateral side
of the femoral trochlea to replace medial distal defects
in which insufficient fixation of implants with pins was
initially achieved (i.e., poor seating of composites within
the created defect and misaligned pinning at the time of
fixation). Each of these additional, lateral distal defects

was evaluated in lieu of the medial distal defects in all the
performed analyses. To fix composites within defects using
fibrin glue (Tisseel), the fibrin glue was first applied to the
underlying subchondral bone, the composites were press-
fit into the defects and manually held in place for 3 min via
application of force with a spatula and a surgical curette,
and additional fibrin glue was then applied along the top of
the composite surface.

After composite fixation, the patella was relocated, all
instruments and retractors were removed, and the knee
was then ranged to ensure that the patella was stable. The
joint capsule was then closed with 0 Vicryl interrupted
sutures, the subcutaneous tissue layer was closed with 2-0
Vicryl simple interrupted sutures, and the skin layer was
closed with a 3-0 monocryl running suture (all sutures
were procured from Ethicon, Raritan, NJ). All animals
received post-operative analgesia, antibiotics, and anti-
inflammatories, with unrestricted cage activity permitted
2 to 3 h after recovery from anesthesia.

2.5. Arthroscopy, micro-CT, and histological
evaluation of cartilage defects

Twelve weeks after cartilage defect creation, animals were
euthanized, and the stifle joints were retrieved for post-
mortem analyses. Dry arthroscopy was first performed
to visualize the cartilage defects in situ using an adapted
protocol™®. A 1 cm vertical incision was made to establish
a medial subpatellar arthroscopic portal, which allowed for
the placement of a trocar and arthroscopic probe within
the medial aspect of the stifle joint. Images of each defect
were then taken to qualitatively evaluate the retention of
pinned or glued composites, the smoothness of formed
repair cartilage, and the integration of repair cartilage with
the surrounding tissue®!. The stifle joint was dissected,
and cartilage defects along the trochlear groove were
macroscopically assessed to qualitatively determine the
retention of implants and the quality of repair cartilage
formed in defects™.

To visualize any subchondral bone remodeling or
bone resorption that occurred during the 12-week course,
explanted cartilage defects (and healthy tissue controls)
were imaged via micro-CT as previously described®!.
Osteochondral samples were incubated in Lugol’s
solution overnight at room temperature and then imaged
using a Scanco MicroCT 45 system (Scanco Medical,
Southeastern, PA; exposure: 600 ms, voltage: 55 kVp,
isotropic voxel size: 10 pm), with cross-sectional and top-
down images of samples acquired via DragonFly software
(Object Research Systems, Montreal, Canada). After
micro-CT imaging, samples were fixed (10% formalin,
24-48 h incubation overnight at 4°C) and decalcified via
incubation in Formical-2000 for 4 weeks (solution changed
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weekly). Thereafter, samples were embedded in parathin,
sectioned (8 pm), and stained with either picrosirius red
to visualize collagen content or safranin O/fast green to
visualize proteoglycan and collagen content, respectively,
within the repair cartilage and the underlying subchondral
bone. The ICRS II Histological Assessment Scale (n > 12
replicates) was employed to assess safranin O/fast green-
stained samples, with scores ranging from 0% to 100%
(worst-best) averaged across three blinded reviewers®.
These blinded reviewers also qualitatively selected the best
and worst micro-CT and picrosirius red images obtained
for each investigated experimental group.

2.6. Indentation testing of composites and repair
cartilage

To evaluate the mechanical properties of repair cartilage
12 weeks after defect creation, creep indentation testing was
performed as previously described using an Instron 5948
Universal Testing System (Instron Inc., Norwood, MA)
with an affixed 1 mm diameter spherical indenter®. Since
large deformations during physiologic creep testing may
significantly alter the local compositional characteristics of
immature tissue constructs (i.e., acellular composites), lower
loads were employed during all indentation testing to ensure
the accurate quantification of mechanical properties.
Generally, a load of 0.1 N was applied to all samples at a
loading rate of 0.1 N/s and then held for 900 s (after the load
setpoint was reached) while the creep displacement was
measured. Prior to testing, osteochondral samples were first
fixed into place within a low-melting temperature bismuth
alloy to secure samples while maintaining the cartilage
defect surface upright. Samples were then submerged in
PBS and positioned under the indenter setup using a custom
XY positioning stage and a goniometer to ensure that the
cartilage surface was perpendicular to the indenter. Repair
cartilage within the center of defect samples (or directly
adjacent to pins in instances where pins were still visible
and exposed on the cartilage surface) was then indented.
After osteochondral sample fixation and decalcification,
defects were cut along their midplane to determine the
thickness of cartilage samples. The compressive modulus,
tensile modulus, and permeability of all indented samples
were then quantified by fitting the collected creep data to a
Hertzian biphasic model*!.

2.7. Statistical analysis

All statistical analyses were performed using GraphPad
Prism 9 software, with data reported as mean + standard
deviation and significance for all performed analyses
determined at p < 0.05. One-way analyses of variance
(ANOVAs) were performed with Tukey’s honestly
significant difference (HSD) post-hoc testing to compare
functional outcomes between porcine donors, cell viability

across cultured composites, and the resultant mechanical
properties for the experimental groups investigated in the
porcine model.

3. Results and discussion

3.1. Composite fabrication and pMSC donor screen
for chondrogenic potential

MEW-NorHA composites were fabricated by first
heating PCL into a polymer melt that is amenable to
melt electrowriting using a custom-built device®. As the
PCL polymer melt is fed through the spinneret, a high-
voltage source is applied, leading to the formation of an
electrically charged polymer melt fiber. The deposition of
these fibers is then controlled using a translating collector,
allowing for the layer-by-layer fabrication of mesh
structures (Figure 1A). More specifically, MEW scaffolds
were formed by depositing polymer melt fibers in a 90°
lay-down pattern, with 400 pum interfiber spacing between
parallel fibers (Figure 1B). PCL MEW scaffolds could
then be combined with acellular or pMSC-laden NorHA
hydrogels to form MEW-NorHA composites (Figure 1C).

To evaluate the retention of MEW-NorHA hydrogel
composites within full-thickness cartilage defects, it was
first necessary to validate that the composites support
the chondrogenesis of adult porcine MSCs toward the
formation of neocartilage. Adult pMSCs were selected
as an allogenic cell source to mitigate any potential
immune responses upon implantation in minipigs®.
Isolated pMSCs were age-matched to the host animals
(12-14 months) to ensure that they best represented the
clinically-relevant scenario in which autologous cells are
sourced and used within implants. Moreover, skeletally
mature minipigs were selected as host animals to mitigate
subchondral bone remodeling, which has been previously
reported in juvenile minipigs®”, and to recapitulate the
higher loading environment that is normally experienced
in adults with cartilage defects. NorHA macromer along
with dithiol crosslinker (DTT) and photoinitiator (LAP)
were mixed with pMSCs to form a suspension composed
of hydrogel precursors and cells that could be readily filled
into the interstitial spaces of the fabricated MEW scaffolds.
Thereafter, exposure to collimated blue light initiated the
thiol-ene crosslinking of pMSC-laden hydrogels within
MEW scaffolds (Figure 2A). The process and materials
employed to form these composites were cytocompatible,
as evidenced by Live/Dead staining after culturing
composites for 7 days (Figure 2B). Importantly, relatively
high cell viabilities (~80%) of the encapsulated pMSCs
were observed across three different porcine donors
(Donors 1, 2, and 3), suggesting that long-term culture
of pMSCs within MEW-NorHA composites is feasible,
irrespective of donor source (Figure 2C). In addition, the
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Figure 1. Fabrication of MEW-NorHA composites. (A) Overview of the melt electrowriting (MEW) of polycaprolactone (PCL) microfibers to form
MEW scaffolds. (B) (Left) Schematic of MEW scaffolds formed via deposition of overlaying, perpendicular MEW fibers with 400 um interfiber spacing,
and (right) representative micrograph of the MEW scaffold (cyan). (C) (Left) Schematic of the MEW-NorHA composites used to evaluate adult porcine
mesenchymal stromal cells (pMSCs) sourced from three porcine donors and (right) representative images of MEW-NorHA composites containing

encapsulated pMSCs during culture.

crosslinking chemistry used to form NorHA hydrogels and
MEW-NorHA composites is hydrolytically stable, such
that long-term culture may be performed in vitro without
loss of construct stability®”..

Since donor variability is known to influence
human MSC properties, such as proliferation and
differentiation®, pMSCs from three prospective porcine
donors were screened to identify a cell source with the
requisite chondrogenic potential to form neocartilage
when cultured in chondrogenic media for 28 days
(Figure 3). Given the age of the encapsulated adult pMSCs,
it was expected that the mechanical properties and relative
amounts of cartilaginous ECM components observed in
these composites would be inferior to those previously
reported in composites containing juvenile bovine MSCs;
however, increases in the compressive moduli of pMSC-
laden composites were still observed over 28 days when
compared to acellular composite controls (~100 kPa)?!l,

Minimal differences were observed across the donors
with respect to the compressive moduli (~160 kPa) of
cultured composites (Figure 3). However, the DNA content
of composites cultured with pMSCs from Donor 3 was
significantly higher than that of composites containing
pMSCs from Donor 2 despite all the cell-laden composites
being fabricated with the same density of encapsulated
cells. This suggests that cells from Donor 3 may have
had an innately higher proliferative capacity. This data is
qualitatively corroborated by the observation of faster
proliferation for Donor 3 cells compared to other donors (all
plated on tissue culture plastic at a density of 6.67 x 10° cells/

cm?, data not shown). In addition, pMSCs isolated from
Donor 3 and encapsulated in composites led to neotissue
with significantly higher sulfated glycosaminoglycan
contents than composites produced from Donor 1 or 2
(Figure 3). Composites containing cells sourced from
Donor 3 also possessed higher average collagen content
after culture (25.1 + 9.5 ug/construct) compared to
composites containing cells sourced from Donor 1 (21.1 £
4.0 pg/construct) or Donor 2 (16.9 + 3.3 pg/construct).

Evaluation of these composites via histology and
immunohistochemistry also demonstrated that composites
containing cells from Donors 1 and 3 stained more intensely
for sGAG and type I collagen (COL I) than composites
containing cells from Donor 2 (Figure 4). However, the
morphology of the encapsulated pMSCs, the relative
distribution and organization of ECM, and the overall
staining intensity were qualitatively comparable across all
donors (Figure 4). In addition, relatively intense type II
collagen (COL II) staining was observed in the pericellular
space of encapsulated cells across all the samples, consistent
with previously reported staining in NorHA hydrogels
containing bovine MSCs®. Based on these results, Donor
3 was selected as the primary allogeneic cell source for
all the cell-laden composites fabricated and cultured
for implantation in vivo to maximize the chondrogenic
potential of the precultured composite implants.

3.2. Construct implantation

After screening porcine donors, we next sought to evaluate
the fixation of MEW-NorHA composites in vivo using a
porcine model of full-thickness cartilage defects (Figure 5A)
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Figure 2. Encapsulation of pMSCs within MEW-NorHA composites. (A) Schematic overview of the encapsulation of pMSCs within MEW-NorHA
composites. Cells are suspended in NorHA macromer, which is then infilled into MEW meshes and crosslinked via light-mediated (hv) thiol-ene
crosslinking in the presence of LAP photoinitiator and DTT crosslinker. (B) Live/Dead staining and representative micrographs of pMSC-laden composites
containing cells sourced from three different porcine donors and cultured for 7 days in chondrogenic media. (C) Quantification of the cell viability within
composites 7 days after pMSC encapsulation. n = 6, one-way ANOVA with Tukey’s HSD post-hoc test, *p < 0.05, ns = not significant. DTT: dithiothreitol;

LAP: lithium phenyl-2,4,6-trimethylbenzoylphosphinate.

111, Cartilage defects were created along the femoral trochlea
of Yucatan minipigs to investigate both the retention and
performance of implanted acellular and precultured (i.e.,
culture for 28 days in chondrogenic media) composites. To
mitigate the potential influence of defect location on the
performance of different experimental groups, treatment
location was randomized across all the performed surgeries.
Adult animals were selected over skeletally immature
animals to better recapitulate the patient populations that
develop full-thickness cartilage defects and to mitigate the
degree of subchondral bone remodeling that occurs with
initial cartilage defect creation™.

Two distinct fixation methods were investigated to
identify how best to implant MEW-NorHA composites
within cartilage defects: (i) pinning of composites to
the underlying subchondral bone with bioresorbable

PLDLLA pins, which degrade on the order of months,
and (ii) fixation with fibrin glue (Figure 5B and C).
While the former fixation method has been previously
shown to retain nanofibrous HA-based scaffolds within
full-thickness porcine defects, it is also associated
with appreciable subchondral bone remodeling!®.
Alternatively, past results suggest that subchondral bone
remodeling is attenuated with the use of fibrin glue!'*
but that the retention of implants within defects is not
significantly improved when compared to press-fitting
alone’”l. Given the previously reported advantages and
limitations of these respective approaches, this study
aimed to identify the fixation method most appropriate
for use with these MEW-NorHA composites.

Unilateral stifle joint surgeries were performed and
treated with pinned acellular composites (“Acellular+Pin,”
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Figure 3. In vitro screening of pMSC donors. (Left to right) Compressive modulus and biochemical contents (DNA, sulfated glycosaminoglycan (sGAG),
and collagen (COL) contents) of composites containing encapsulated adult pMSCs from 3 donors and cultured for 28 days in chondrogenic media. n = 4,
one-way ANOVA with Tukey’s HSD post-hoc test, *p < 0.05, ns = not significant.

n = 6), pinned precultured composites (“Precultured+Pin,”
n = 4), glued acellular composites (“Acellular+FG,” n = 4),
or glued precultured composites (“Precultured+FG,” n =4).
Both acellular and cell-laden composites were implanted
in defects to characterize any potential improvements in
resultant repair cartilage due to pMSC preculture and
neocartilage formation. Twelve weeks after the initial
defect formation and treatment, repair cartilage within
defects was evaluated via arthroscopy, gross observation,
micro-CT, histology, and mechanical testing (Figure 5).

Across all the surgeries in which precultured composites
were implanted and explanted, the viability of implants
was first investigated via Live/Dead staining of similarly
fabricated constructs (same cell and material batch,
fabricated at the same time) after the first 7 days of culture
in chondrogenic media. Importantly, no differences in cell
viability (~79.4% + 3.0%, n = 21) were observed across
precultured composites prepared for separate surgeries. In
addition, the cell viability observed across all these samples
was consistent with that previously observed in our donor
screening study (Figure 2C).

3.3. Evaluation of fixation methods and repair
cartilage formation

To characterize the presence of implants and the healing
response within cartilage defects 12 weeks after surgery,
nascent repair cartilage was first assessed via arthroscopy
(Figure 6)*1 Although the appearance of defects and
repair cartilage varied across animals, a number of features
were conserved within each of the treatment groups.
Within defects that were generally filled, the repair cartilage
exhibited a smooth surface and intimate integration along

the border of the defect, albeit with some fibrillation at the
defect interface.

Given the size of the created defects (~0.13 cm?), these
observations are consistent with the short-term repair
outcomes seen clinically for defects <4 cm?*that are treated
with microfracture!!. However, some pinned and glued
composites also exhibited heterogeneous and incomplete
defect filling, with more apparent fissures along the defect
border in defects treated with pinned composites. The
appearance of repaired cartilage in defects treated with
pinned acellular and precultured composites varied. In
some instances, damage to the subchondral bone and
adjacent cartilage was evident, while in other examples,
repaired tissue adjacent to the pin was opaque and level with
the adjacent tissue™!. While glued composites resulted in
similarly heterogeneous repair cartilage, in more instances,
glued composites facilitated complete defect filling and the
formation of smooth cartilage that integrated with the
surrounding tissue.

Macroscopic observation of the femoral trochlea
corroborated the trends observed via arthroscopy.
Interestingly, 8 of the 10 defects treated with pinned
composites contained a visible pinhead after explanting
the femoral trochlea; although it is expected that the pin
would be retained within all defects after 12 weeks based
on their previously reported degradation behavior, a 75%
success rate of implant fixation was also previously reported
with the use of these pins in the same animal model™.
Although unlikely, retention of implants within the two
defects where the pin could not be readily seen may still
have been achieved. Given that at least one instance of pin
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Figure 4. ECM staining of composites across pMSC donors. After 28 days of culture in chondrogenic media, ECM within composites containing
encapsulated pMSCs from three porcine donors is visualized via (A) alcian blue staining (for sulfated glycosaminoglycans, sGAG), (B) type II collagen
(COL II) immunohistochemistry, and (C) type I collagen (COL I) immunohistochemistry. (A-C) Representative images (left) and quantification of
staining intensity (right) to characterize (A) sGAG, (B) COL II, and (C) COL I distribution and organization for three porcine donors. n = 81 images, 9
sections, 3 composites; one-way ANOVA with Tukey’s HSD post-hoc test, **p < 0.01, ****p < 0.0001, ns = not significant.

failure was observed during implantation, it is possible that
the pin head may have translocated away from the defect
post-operatively. Alternatively, the formation of repair
cartilage around and/or above the pin could obscure the
presence of underlying pins. For example, pinheads were
observed in both lateral defects in one animal much further
away from the articular surface (i.e., deeper) than in other
samples.

Generally, macroscopic visualization of the trochlea
and arthroscopic imaging revealed that the volume of
the pin used to fix composites qualitatively impeded
the complete filling of defects containing acellular or
precultured composites (Figure 6). Moreover, the potential
contraction of composites upon formation of pilot holes
or the application of the fixation guide (for the insertion

of pins through composites and into the subchondral
bone) may have perturbed the composite-native tissue
interface, further influencing defect fill and repair
cartilage integration. Improved defect fill and macroscopic
appearance were observed for composites fixed within
defects using fibrin glue in lieu of pins; however, at
least one defect appeared to be entirely empty (lateral
proximal defect) (Figure 6). Specifically, both acellular
and precultured composites implanted using fibrin glue
exhibited instances where complete defect fill was achieved,
and a homogenous, smooth cartilage surface was observed;
in parallel, other defects were partially filled at lesser
depths with more apparent fissures™. Prior observations
for implants in ponies showed that fibrin was insufficient
to fix chondral implants, which indicates that the species,
as well as the implant location, must be considered!"?.
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Figure 5. Study design to evaluate MEW-NorHA composite fixation in a porcine model of articular cartilage repair. (A) Full-thickness cartilage defects
are created along the trochlear groove of the patellofemoral joint (right, hind stifle joint). Defects are then filled with either acellular or precultured
(chondrogenic media, Donor 3 pMSCs, 28 days) MEW-NorHA composites. Twelve weeks after implantation, the retention of implants and the quality of
repair cartilage within each of these respective defects were evaluated via arthroscopic imaging, micro-CT, histology, and mechanical testing. To ensure
that implants are retained within the created cartilage defects, composites are fixed with either (B) bioresorbable pins (PLDLLA) or (C) fibrin glue sealant.
(B-C) Representative images of defects formed along the trochlear groove (left) and composites fixed with either (B) pins or (C) fibrin glue (right).
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Figure 6. Arthroscopic evaluation of repair cartilage. Representative arthroscopy images of repair cartilage corresponding to each of the respective

experimental groups 12 weeks after composite implantation. FG: fibrin glue.
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Figure 7. Evaluation of implant fixation methods via micro-CT and picrosirius red staining. (A) Micro-CT scans of cartilage defects and underlying
subchondral bone, with representative cross-sectional images 12 weeks after composite implantation shown. Insets show the top-down view for each
defect. Scale bars = 1 cm. (B) Picrosirius red staining of repair cartilage, with representative cross-sectional images showing the center of cartilage defects
for each of the respective experimental groups 12 weeks after composite implantation. Scale bars = 500 um. Control osteochondral samples are isolated
from the most distal portion of the trochlea for qualitative comparisons. FG: fibrin glue.

Micro-CT was performed on all the cartilage defects to
qualitatively assess the relative amount of bone resorption
associated with each of the respective treatment groups
(Figure 7A). To this end, control osteochondral samples
(i.e., healthy tissue) were also isolated from the most
distal portion of the trochlea to identify any potential
subchondral bone remodeling in treated defects.
Subchondral bone remodeling may compromise the
long-term stability of any repair cartilage formed in the
overlaying defect or alternatively give rise to differential
osteochondral loading, leading to the progression of OA*?.
While some degree of bone resorption was qualitatively
observed across all experimental groups, bone resorption
appeared more pronounced in defects treated with pinned
composites. In addition, micro-CT confirmed the presence
of the biodegradable pins in defects treated with pinned
composites, further corroborating both that the pins

did not completely degrade over 12 weeks in vivo and
that the pinheads, perhaps due to onset of degradation,
encompassed an appreciable amount of the overall defect
surface area. While this might suggest that there is a risk
of loose bodies (i.e., pinheads) in the joint, previous work
with these pins has shown via India ink staining that the
pins do not cause any damage or defects on the opposing
patellar surface'l.

Picrosirius red and safranin O/fast green stainings
were performed to gain insight into the composition of the
repair cartilage within the cartilage defects (Figures 7B and
8)1%2l. Across all of the animals and experimental groups,
variability in repair tissue staining and morphology was
observed. Generally, the fixation of composites with fibrin
glue resulted in more intense picrosirius red staining than
fixation with pins, indicating increased collagen formation
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Figure 8. Evaluation of implant fixation methods via safranin O/fast green staining. (A) Safranin O/fast green staining of repair cartilage, with representative
cross-sectional images showing the center of cartilage defects for each of the respective experimental groups 12 weeks after composite implantation.
Control osteochondral samples were isolated from the most distal portion of the trochlea for qualitative comparisons. Scale bars = 500 um. (B) ICRS II
scoring of repair cartilage by 3 blinded reviewers on a scale of 0-100 (worst-best), where each symbol (circle, square, and triangle) corresponds to scores
from each reviewer. n > 12, one-way ANOVA with Tukey’s HSD post-hoc test, **p < 0.01, ***p < 0.001, ***p < 0.0001. FG: fibrin glue.

within defects. In addition, picrosirius red staining revealed
that fibrin glue-fixed composites exhibited improved defect
filling over pinned composites. However, only marginal
differences in picrosirius red staining intensity and tissue
morphology were observed when comparing acellular
versus precultured composites. In healthy explanted
osteochondral tissues, safranin O and fast green staining
was dark and robust, suggesting the abundant presence
of both proteoglycans and collagen within the cartilage
and bone phases of the tissue (Figure 8A). In some of the
fibrin glue-fixed composites, the integration of nascent
tissue was visualized with the adjacent healthy tissue.
However, pinned acellular and precultured composites
exhibited marginal safranin O staining, even directly
adjacent to the apparent pinhead. These observations
were corroborated by ICRS II histological scoring, which
indicated that the fixation of composites with fibrin glue
significantly improved the quality of resultant repair
cartilage compared to the pin fixation (Figure 8B). When
composites were fixed within defects via the application
of fibrin glue, the best-performing samples exhibited
significant proteoglycan content and distribution, as
evidenced by safranin O staining approaching what was
observed for control tissues. The safranin O staining
intensity was also higher in precultured composites than
in acellular composites, suggesting that the formation of
nascent tissue prior to implantation via the chondrogenic
preculture period may help to mediate repair cartilage
maturation. However, tissue morphology consistent
with fibrocartilage was observed across all defects .
In another recent study that employed MEW-reinforced
hydrogels as osteochondral implants in an orthotopic large

animal model, cell-free implants showed abundant cell
ingrowth and similar results as cell-containing implants!**].
Importantly, the degradation of MEW-NorHA composites
in vivo via hyaluronidase activity may similarly facilitate
cell ingrowth, even in acellular composites, such that over
time the scaffold is remodeled into de novo cartilage®.
Taken together with our results, we postulated that
mechanical stability is more determining for the success of
the implant than the presence of cells and/or precultured
extracellular matrix.

Finally, the functional properties of repair cartilage
formed in treated defects were evaluated via indentation
creep testing, which enables the in situ mechanical testing
of tissues within defects to elucidate the compressive
modulus, tensile modulus, and permeability (Figure 9). The
average compressive modulus of repair cartilage across all
the experimental groups did not exceed 0.4 MPa, suggesting
that the repair cartilage possessed inferior mechanical
properties when compared to previously reported modulus
values for native cartilage!*. Indentation testing of healthy
tissue controls isolated from the most distal region of the
lateral trochlear groove (compressive modulus = 2.00 +
0.64 MPa) confirmed that each treatment group led to only
partial restoration of the defect’s biomechanical function.

While no statistical differences in compressive
modulus were observed between each of the treatment
groups, pinned composites, on average, possessed higher
compressive moduli than glued composites. However, the
elevated compressive moduli observed for pinned acellular
and precultured composites may be due to the presence of
the pin within the defect. Careful attention was given to
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Figure 9. Indentation testing of repair cartilage. Compressive moduli (left), tensile moduli (middle), and permeability (right) of explanted repair cartilage
quantified via Hertzian biphasic creep testing 12 weeks after composite implantation. n > 4, one-way ANOVA with Tukey’s HSD post-hoc test, *p < 0.05,

**p < 0.01. FG: fibrin glue.

ensure that all indentation tests were performed on tissues
adjacent and away from pins to avoid any contribution
of the pin to the mechanical properties. Since the pins
were also inserted into composites perpendicular to the
cartilage surface, it is unlikely that pins were inadvertently
underlying tested regions of interest. An alternative source
for these observed differences in compressive modulus
may be the recruitment of endogenous cells during the
formation of pilot holes into the subchondral bone, which
could lead to combinations of composite implantation
with a single microfracture hole.

In accordance with the tension-compression non-
linearity observed in healthy articular cartilage, the repair
cartilage in all of the experimental groups exhibited tensile
moduli that were appreciably larger than their respective
compressive moduli™®l; however, acellular composites that
were implanted with fibrin glue possessed significantly
higher tensile moduli than pinned acellular composites
and glued precultured composites. Further work would be
needed to understand the reason for this. The permeability
of repair cartilage across experimental groups is expected
to have an inverse relationship with the compressive
and tensile moduli, but this trend was only observed for
the latter, highlighting the variability of the measured
mechanical properties.

Despite the variability in healing response observed
across all the experimental groups, when comparing
composites only with their baseline properties prior to
implantation (Figure 3), the compressive modulus of
implanted composites generally increased over time,

suggesting delivered and/or endogenous cells mediated
the elaboration, maturation, and/or remodeling of
nascent repair tissue (Figure 9). An additional important
consideration is that the 4 mm defect diameter selected in
this model is relatively small (~0.13 cm?) and within the
indicated size range that microfracture would be clinically
recommended for a human patient!". Therefore, future
studies with significantly larger defects may be better suited
toward illustrating the composites’ potential advantages
in repairing defects that would be otherwise challenging
to repair (i.e., larger defects approaching or >4 cm?).
Although fibrin glue appears to be more appropriate for the
fixation of MEW-NorHA composites in cartilage defects of
this size, additional studies are required to validate that
the formation of repair cartilage with glued composites
is indeed due to successful retention of implants, and not
the endogenous repair of an empty defect after implant
translocation. In addition, future studies with longer-term
time points may better highlight the potential advantages
of our composite system over traditional approaches for
cartilage defect repair in the clinic.

Taken together, our arthroscopy, micro-CT, histology,
and indentation testing demonstrate that further
improvements in surgical fixation, overall neocartilage
properties, and the animal model selected are needed for
a more thorough assessment of MEW-NorHA composites.
Both PLDLLA pins and fibrin glue may be used to fix
MEW-NorHA composites within full-thickness cartilage
defects, albeit with variable success. While retention of
samples with fibrin glue may potentially be less reliable
than the use of bioresorbable pins, qualitative reductions
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in subchondral bone remodeling and improved ECM
contents, as evidenced by picrosirius red and safranin
O/fast green staining, suggest that future approaches for
cartilage repair with MEW-reinforced hydrogels should
leverage fibrin glue over pins. To this end, the composite
design may be further improved to increase the prospects of
this approach. Namely, improved fixation and integration
of chondral-only defects may be achieved through the
incorporation of tissue-adhesive hydrogels'“®*”), while the
chondrogenic potential of adult pMSCs may be augmented
via coculture with chondrocytes, the presentation of
signaling cues that recapitulate the cell-cell interactions
present during mesenchymal condensation (i.e.,
N-cadherin mimetic peptide HAVDI), or the sustained
delivery of growth factor such as TGF-B3 in vivol*-<0,

4, Conclusion

Previously developed composites of NorHA hydrogels
reinforced with melt electrowritten PCL scaffolds were
successfully translated to preclinical application with adult
porcine MSCs that exhibited viability, chondrogenesis,
and cartilage formation during culture. Further, fixation
methods and the capacity of MEW-NorHA composites
to facilitate the repair of cartilage within full-thickness
chondral defects were evaluated. Despite their ability to
form neocartilage in vitro with multiple porcine donors,
composites with chondrogenic preculture did not exhibit
any marked improvements in terms of the quality of
cartilage form when compared to acellular composites,
supporting the hypothesis that the underlying drive for
cartilage ECM formation in these smaller defects is the
mechanical environment, rather than the transplantation
of chondrogenic cells. While the use of PLDLLA pins
appears to have ensured the retention of most composites
within defects, the size of the pins relative to the defect size
may have compromised the ability of repair tissue to fill
defects completely. Moreover, the loading imparted by the
pinning process itself could have adversely impacted the
outcomes of pinned composite groups by compromising
the mechanical properties of composites and/or contracting
the composites, causing them to sink in defects and poorly
integrate with peripheral tissue. In contrast, fixation of
composites with fibrin glue led to the repair of cartilage
with improved gross appearance and more complete defect
filling. These results will guide future in vivo assessments
of MEW-reinforced hydrogels employed for cartilage or
orthopedic tissue engineering applications.
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