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ARTICLE INFO ABSTRACT

Keywords: Cartilage has poor regenerative capacity and thus damage to the joint surfaces presents a major clinical chal-

Tissue engineering lenge. Recent research has focussed on the development of tissue-engineered and cell-based approaches for the

C"H?gen treatment of cartilage and osteochondral injuries, with current clinically available cell-based approaches includ-

g‘:’woh dral ing autologous chondrocyte implantation and matrix-assisted autologous chondrocyte implantation. However,
steochondral

these approaches have significant disadvantages due to the requirement for a two-stage surgical procedure and
an in vitro chondrocyte expansion phase which increases logistical challenges, hospital times and costs. In this
study, we hypothesized that seeding biomimetic tri-layered scaffolds, with proven regenerative potential, with
chondrocyte/infrapatellar fat pad stromal cell co-cultures would improve their regenerative capacity compared
to scaffolds implanted cell-free. Rapid cell isolation techniques, without the requirement for long term in vitro
culture, were utilised to achieve co-cultures of chondrocytes and stromal cells and thus overcome the limitations
of existing cell-based techniques. Cell-free and cell-seeded scaffolds were implanted in osteochondral defects,
created within the femoral condyle and trochlear ridge, in a translational large animal goat model. While analy-
sis showed trends towards delayed subchondral bone healing in the cell-seeded scaffold group, by the 12 month
timepoint the cell-free and cell-seeded groups yield cartilage and bone tissue with comparable quality and quan-
tity. The results of the study reinforce the potential of the biomimetic tri-layered scaffold to repair joint defects
but failed to demonstrate a clear benefit from the addition of the CC/FPMSC co-culture to this scaffold. Tak-
ing into consideration the additional cost and complexity associated with the cell-seeded scaffold approach, this
study demonstrates that the treatment of osteochondral defects using cell-free tri-layered scaffolds may represent
a more prudent clinical approach.

Cartilage
Caprine model
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Introduction

Articular cartilage damage is a growing problem worldwide with
arthritis affecting 9.6% of men and 18% of women over the age of 60 in
Europe [1]. An intact smooth cartilage layer is vital for pain-free move-
ment of synovial joints, however, the ability of the articular cartilage
to self-repair when damaged is limited. Small cartilage lesions are typi-
cally addressed surgically through marrow stimulation techniques such
as microfracture or drilling [2], although the newly generated tissue
has been reported to be fibro- as opposed to hyaline cartilage and thus
may not result in long-lasting repair [3,4]. Larger cartilage lesions are
often treated using approaches such as osteochondral autograft trans-
plantation (OAT), whereby an osteochondral plug (or plugs in the case
of mosaicplasty) is harvested from a non-load bearing part of the joint
and implanted into the defect site [5,6]. This approach, however, results
in donor site morbidity [7] and there is also a limitation on the quantity
and quality of tissue available for harvest. These drawbacks have led to
increased interest in novel, alternative strategies for promoting cartilage
regeneration.

Cell-based approaches, such as autologous chondrocyte implantation
(ACID) and matrix-assisted autologous chondrocyte implantation (MACI),
have shown some promise for cartilage repair applications [8,9]. These
procedures represent two-stage cell-based therapies, whereby chondro-
cytes (CCs), isolated from cartilage biopsies harvested in stage one of
the procedure, are expanded prior to implantation in stage two [10]. Al-
though these techniques have been used in a clinical setting for numer-
ous years, they have a number of associated limitations. The expansion
of cells harvested in stage one of the procedure, for example, typically
lasts for 3-5 weeks [11], resulting in high costs [12]. CCs have also been
shown to lose their chondrogenic phenotype when isolated from their
3D environment and expanded in vitro, leading to de-differentiation
down a fibrogenic pathway [13-15]. Furthermore, the proliferative ca-
pacity of the harvested CCs does not suffice for the treatment of large de-
fects [14]. In addition, the clinical benefit of these procedures over pro-
cedures such as microfracture remains unclear. Hong-Chul et al. com-
pared ACI, OAT and microfracture in 30 knees with arthroscopy at 1 year
showing that 80% had excellent or good results after microfracture, 82%
after OAT, and 80% after ACI [16]. Follow-up at 3 years showed no dif-
ferences in functional scores and postoperative MRI grades amongst the
groups. Furthermore, a recent systematic review by Gou et al. compar-
ing the results of 12 randomised control trials and a total of 659 patients
showed that although patients treated with ACI may report some ben-
efits relating to activities of daily living, and quality of life compared
with patients treated with microfracture, no significant improvement
in International Knee Documentation Committee or Lysholm scores, or
overall Knee Injury and Osteoarthritis Outcome Score measures was re-
ported between patients in the ACI and microfracture groups at 1 to
5 years of follow-up [17]. Thus, because of the cost and complexities
associated with cell-based approaches for cartilage repair applications,
understanding their potential clinical benefits over more cost-effective,
off-the-shelf treatment methods remains an important question in or-
thopaedic medicine.

A biomimetic tri-layered collagen-based scaffold has recently been
developed in our lab as a promising off-the-shelf cell-free scaffold for the
treatment of osteochondral lesions [18-21]. The highly porous nature
of this scaffold allows for the infiltration of host bone marrow stromal
cells when implanted into osteochondral defects and directs these cells
to form the required tissue type within each layer of the defect [21]. In
addition, the potential of this scaffold to direct the repair of osteochon-
dral tissues has previously been demonstrated in a small animal (rabbit)
model [20], and in a large animal (goat) study where the cell-free tri-
layered scaffold was shown to promote greater levels of cartilage and
bone regeneration when compared to empty defects and a leading com-
mercial comparator [21]. Additionally, this scaffold has shown success
in the treatment of osteochondritis dissecans in an equine clinical case
study [19].
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In this study, we hypothesised that seeding the tri-layered scaffolds
with a chondrogenic cell source would result in an enhanced therapeutic
response, leading to more rapid repair and potentially enabling the treat-
ment of larger defects. Various cell-seeding approaches have shown po-
tential in cartilage repair applications. Due to the limitations associated
with autologous CCs the use of alternative cell sources such as bone mar-
row mesenchymal stem cells (MSCs), infrapatellar fat pad MSCs (FPM-
SCs), nasal CCs, human embryonic stem cells, induced pluripotent stem
cells and adipose-derived stem cells have been extensively explored [22—
32]. FPMSCs, either used alone or as a co-culture with CCs, have shown
particular promise in achieving high levels of cartilage matrix deposi-
tion in vitro and a higher capacity for chondrogenic differentiation than
MSCs from other sources [7,11]. FPMSCs also have other associated ad-
vantages as biopsy of these cells can be easily achieved during diagnostic
arthroscopy without causing morbidity to the patient [31]. In addition,
they have been shown to retain their chondrogenic potential, even in
the diseased state which is clinically important for patients who may
present with osteochondral defects that already show evidence of os-
teoarthritic changes [24]. Furthermore, novel techniques have recently
been developed which allow for the rapid isolation of stromal cells from
the infrapatellar fat pad [33]. This raises the possibility of circumvent-
ing the costly in vitro expansion phase associated with ACI by utilizing
a rapid cell isolation procedure to obtain a clinically relevant number of
cells from tissue biopsies taken while a patient is in the theatre. Previ-
ous research within our group demonstrated that seeding scaffolds with
a co-culture of FPMSCs and CCs, specifically, FPMSC:CC in a 3:1 ratio,
resulted in higher levels of chondrogenesis in vitro compared to either
CCs or FPMSCs alone, demonstrating a synergistic effect between the
two cell types [34]. Building on this evidence base, herein we explore the
benefit of a biomimetic tri-layered collagen-based scaffold seeded with
a co-culture of FPMSCs and CCs as a framework for future cell-based tis-
sue engineering approaches. These cell-seeded scaffolds were implanted
into osteochondral defects created in the femoral condyles and trochlear
ridges of goats and compared to cell-free scaffolds that have been previ-
ously shown to promote osteochondral regeneration in the same model.
Repair of the osteochondral tissues was assessed macroscopically, his-
tologically, and radiologically at 3, 6 months and 12 months in both
defect sites.

Materials and methods
Fabrication of tri-layered scaffolds

Tri-layered scaffolds were fabricated using a unique iterative lay-
ering fabrication method developed in our lab [18] (Supplementary
Fig. S1). Briefly, this process involved fabrication of the bone layer by
blending type I collagen (Col1) [0.5% (w/v), Collagen Matrix Inc., NJ,
USA] with hydroxyapatite (HA) [1% (w/v) Plasma Biotal, UK] at 4 °C
for 4 h to produce a Coll1HA slurry, prior to freeze-drying (VirTis Ul-
tra Super XL-70, Biopharma, UK) in a stainless steel tray (60 mm x
60 mm internal diameter) at a freezing rate of 1 °C/min to a final freez-
ing temperature of —40 °C [35]. Following freeze-drying, the scaffold
was cross-linked using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC)/N-hydroxysuccinimide (NHS) (Sigma-Aldrich, Arklow, Ireland)
at a concentration of 6 mM EDAC g~! of collagen, and a 5:2 M ratio
of EDAC:NHS for 2 h at room temperature [36]. The intermediate layer
slurry, consisting of Coll [0.5% (w/v)], and hyaluronic acid sodium salt
derived from streptococcus equi. (HyA) [0.05% (w/v), Contipro, Czech
Republic] was then added on top of the hydrated bone layer scaffold
with freeze-drying repeated as before. Finally, the cartilage layer slurry,
consisting of Coll [0.25% (w/V)], type II collagen (Col2) [0.25% (w/V)
porcine type 2 collagen, Symatase, France] and HyA [0.05% (w/Vv], was
added and the process of freeze-drying was repeated as described pre-
viously, incorporating prolonged freezing and drying steps to ensure
optimal freeze-drying of the tri-layered scaffold sheet. Scaffolds were
dehydrothermally (DHT) cross-linked at 105 °C and a pressure of 50
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mTorr for 24 h (VC-20 vacuum oven, Salvislab, Switzerland), prior to
EDAC cross-linked again under sterile conditions as described previously
and drying in the freeze-dryer. Cylindrical scaffold plugs were cut to a
diameter of 7 mm and a depth of 6 mm using a biopsy punch in or-
der to provide a secure press-fit on implantation. Following fabrication,
the scaffolds were double packaged and sterilised by gamma irradiation
using the VD, ,. 25 kGy method by Synergy Healthcare, Tullamore.

Study design

In vivo assessment was carried out in a bi-lateral goat stifle joint
model under ethical approval (University College Dublin — AREC-P-12—
71) and an animal licence granted by the Irish Government Depart-
ment of Health (B100/4517). The study complied with the EU Directive
2010/63/EU for animal experiments. Skeletally mature female goats (2—
3 years old) were used in the study, with tissue repair assessed 3, 6 and
12 months post-implantation. N-numbers were based on power analysis
to provide an n > 6 per experimental group. Surgeries were carried out
bilaterally with two defect sites created per stifle joint, one on the lat-
eral trochlear ridge and the other on the medial femoral condyle. Each
joint was assigned to either the cell-free or cell-seeded scaffold group
with both sites within the same joint receiving the same treatment. This
resulted in a requirement for eight animals per timepoint.

Surgical procedure and scaffold implantation in caprine stifles

Prior to surgery food but not water was withheld for 12 h. Pre-
operative sedation was provided by an intravenous injection of di-
azepam (0.4 mg kg~!; Diazemuls®; Accord Healthcare; UK). Anaes-
thesia was then induced using propofol (Propofol-Lipuro 1%; B. Braun
Medical Inc., EU). The larynx was then sprayed with lidocaine (approx-
imately 2 mL per goat; Lidocaine hydrochloride 2%, B. Braun Medical
Inc, EU), and the trachea was intubated using a cuffed endotracheal
tube. A lumbosacral epidural block was performed with the goat in
sternal recumbency. A combination of lidocaine (2 mg kg~!) and mor-
phine (0.1 mg kg~1; Morphine sulphate; Mercury Pharmaceuticals; Ire-
land) was administered using a 30-50 mm, 20-gauge spinal needle. The
goats were positioned in dorsal recumbency for surgery. Anaesthesia
was maintained with isoflurane (Vetflurane; Virbac Animal Health, UK)
delivered in 100% oxygen via a circle breathing system and mechani-
cal ventilation with a volume controlled ventilator (Carestation CS650
anesthesia Delivery System; GE Healthcare, Ireland). All goats received
analgesia with carprofen IV (1.4 mg kg~!; Rimadyl; Pfizer; Ireland); and
morphine IV (0.2 mg kg~!; Morphine sulphate; Mercury Pharmaceuti-
cals, Ireland) 90 min after the epidural block. Intravenous fluid therapy
(Lactated Ringer’s Solution, Vetivex® 11; Braun, Germany) was infused
during anaesthesia through the cephalic vein, to deliver approximately
10 mL kg~ h~1. Adequacy of anaesthesia was monitored continuously
and recorded every five minutes by assessing the following: heart rate,
electrocardiogram and direct arterial blood pressure (systolic, diastolic
and mean); respiratory rate, end-tidal CO, (Fy "CO,) and end-tidal isoflu-
rane (Fg ISO); and haemoglobin oxygen saturation (SpO,) and temper-
ature using a multiparameter monitor (Carescape B450 Monitor; GE
Healthcare, Ireland). The vaporiser setting was adjusted to maintain an
Fg ISOpost surgery of 1.2-1.3%. SpO, was measured with a pulse oxime-
ter applied to the tongue or wattles. Rectal temperature was measured
before the procedure and during recovery. A warm mattress was applied
to maintain normothermia (AniMat, ManoMedical, Taden, France).

A lateral parapatellar mini-arthrotomy was performed on each hind
leg by creating a longitudinal incision lateral to the patellar ligament
and extending upwards along the lateral border of the patella as de-
scribed earlier [21]. The joint capsule was opened, and the patella dis-
located medially. Approximately i of the fat pad present was harvested
(roughly 1 g of tissue) and stored in sterile PBS (Sigma-Aldrich, Ireland)
at 4 °C. The medial condyle was exposed by flexion and internal rota-
tion of the stifle joint. A 6 mm biopsy punch was used to position two
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defects on the chondral surface on the medial femoral condyle and the
lateral trochlear ridge and cartilage was harvested using a fresh scalpel
blade and a sharp curette. The cartilage tissue was stored in sterile PBS
(Sigma-Aldrich, Ireland) at 4 °C. The defects were then drilled using a
standard 6 mm drill bit in a custom-made drill guide with a 6 mm stop,
followed by a flat-bottomed drill bit in a similar guide to create 6 mm
x 6 mm cylindrical flat-bottomed critically sized defects. Each joint was
then assigned to one of two groups. 1) Cell-free tri-layered scaffold or
2) Cell-seeded tri-layered scaffold with an n of at least 6 used for each
group. Scaffolds, 7 mm in diameter x 6 mm in depth, were then im-
planted into the defects in order to achieve press-fit fixation. The scaf-
fold position was checked, and the surface was palpated to ensure it
was flush with the native cartilage tissue [37]. The patella was then re-
located, and the capsule, subcutis and skin layers were closed. A stent
was sutured in situ over the wound to protect the healing wound.

The goats were allowed to mobilise immediately postoperatively.
They were kept in a small (3 m x 3 m) high-sided (2 m) pen for the
first 2-4 weeks to limit ambulation and monitored closely. Each goat re-
ceived a 5-day course of antibiotics intramuscularly (8.75 mg/kg Noro-
clav, Amoxicillin Trihydrate 140 mg/ml and Potassium Clavulanate
35 mg/ml) Norbrook UK) and non-steroidal anti-inflammatory analgesic
(1.4 mg/kg Carprieve (Carprofen) Norbrook, UK) twice daily for the first
three days and as required thereafter based on gait and signs of discom-
fort. The stent was removed after 3 days followed by skin suture removal
on day 10 post surgery.

Cell isolation and seeding

While it is envisioned that this approach would be applied clinically
using the patient’s own cells, the lack of culture facilities at the sur-
gical facility necessitated the use of allogeneic, rather than autologous
cells. On the day prior to the 1st surgical procedure, cartilage and fat
pad tissue biopsies were taken from a donor goat, the cells were iso-
lated overnight in an off-site facility (TCBE) and seeded on scaffolds for
implantation on day 1. Following this, the cells harvested from biopsies
taken during the surgical procedures were isolated overnight and seeded
on scaffolds for implantation the following day. Numerous studies have
reported the use of allogenic chondral transplants in clinical practice
[38,39]. This is possible without the risk of immunogenic response due
to the immunoprivileged nature of articular cartilage and its avascular
nature. The cartilage and fat pad biopsies harvested during the surgical
procedure were transported to TCBE under sterile conditions. CCs and
FPMSCs were isolated using novel rapid-isolation techniques previously
developed in our lab [33,40,41]. Briefly, CCs were harvested by slic-
ing the cartilage into pieces less than 1 mm in size, and rinsing with
antibiotic supplemented PBS, and placing in sterile collagenase solution
[(Worthington, LS004176 Collagenase Type CLS-2), 8 ml/g cartilage] in
a tube rotator (Stuart, UK) for 2 h at 37 °C. The tissue was filtered (40 ym
cell strainer) and collected cartilage particles were crushed, added to
fresh collagenase solution, rotated for a further one hour (37 °C) and
then filtered again (40 ym cell strainer). The media was then mixed
with an equal volume of stopping medium [Gibco DMEM + GlutaMAX
(61,965, Gibco) + 10% FBS (Foetal Bovine Serum, (Labtech, UK))] prior
to centrifuging. The pellet was collected and re-suspended in standard
expansion medium [Gibco DMEM + GlutaMAX (61,965, Gibco) + 10%
FBS + 10 ml (100 U/ml penicillin G and 100 ug/ml streptomycin sul-
phate)], and live cells were counted using a trypan blue exclusion test.

For isolation of the FPMSCs, the infrapatellar fat pad tissue was
minced, added to collagenase solution (750 U/ml, 4 ml/g of tissue) and
rotated in a tube rotator at 37 °C for 3-4 h. Two volumes of stopping
medium were added to the tissue collagenase mixture and the solution
was sieved (150 pum sieve) prior to centrifuging. The floating fat fraction
containing the adipocytes was aspirated off and discarded and the pel-
let resuspended in fresh standard expansion media and filtered (40 pm
cell strainer). Further media was added, the suspension, centrifuged and
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the pellet resuspended in fresh media before counting using trypan blue
exclusion.

Freshly isolated FPMSCs and CCs were then suspended at a 3:1 ratio
of FPMSCs to CCs and seeded onto the cartilage surface of the tri-layered
scaffolds using a dropwise technique at a seeding density of 500,000
cells/scaffold and stored in an incubator at 37 °C and 5% CO, overnight
[34]. This cell seeding approach was based on previous work within
our group which demonstrated the benefits of FPMSC:CC co-cultures in
promoting chondrogenesis in vitro [34,42]. This study compared scaf-
folds seeded with chondrocytes and FPMSCs at low and high densities
and a co-culture of FPMSCs and CCs at a ratio of 3:1 of FPMSC to CCs.
The results demonstrated that the co-culture of FPMSCs and CCs repre-
sents the optimal seeding approach, with a 7.8-fold increase in the sGAG
production observed in this group compared to seeding with chondro-
cytes alone. The seeding density of 500,000 cells/scaffold or 12.99 x 10°
cells/cm3, mimics the density of chondrocytes present in normal carti-
lage tissue while also reflecting the seeding densities currently used clin-
ically in cartilage repair procedures [43,44]. On the morning of surgery,
the seeded scaffolds were transported to the surgical facility under ster-
ile conditions and stored in an incubator at 37 °C and 5% CO, prior to
implantation.

Macroscopic assessment of the level of repair at defect sites

Post euthanasia at 3, 6 and 12 month timepoints, the joints were
opened and the defect site and surrounding joint tissues were examined.
Synovial fluid was aspirated and inspected. The quality of repair and
regeneration within the defect site was assessed using the International
Cartilage Repair Society (ICRS) macroscopic evaluation tool (Table S1).
This tool rates cartilage repair tissue as Grade IV (severely abnormal),
Grade III (abnormal), Grade II (nearly normal) or Grade I (normal) based
on the degree of defect repair, degree of integration and macroscopic
appearance. Assessors were blinded to the treatment groups until after
the macroscopic scoring had been completed. Osteochondral segments
containing the defect sites surrounding by a margin of approximately
5 mm were subsequently resected, stored in sterile saline and fixed in
10% formalin for 2-3 days prior to further analysis.

Histological and immunohistochemical assessment of the level of repair at
defect sites

Specimens were decalcified (Decalcifying Solution-Lite, Sigma-
Aldrich, Arklow, Ireland) and sectioned longitudinally prior to process-
ing using an automated tissue processor (ASP300, Leica, Germany), em-
bedding in paraffin wax blocks and sectioning to a thickness of 10 pm.
Sections were stained histologically using standard protocols to assess
the quantity and quality of repair tissue and integration with native
tissue. Safranin-O with fast green counterstain was used to assess the
presence of sulphated glycosaminoglycan (sGAG) within the repair tis-
sue. The area of positively stained sGAG within a region of interest
(ROI) in the articular cartilage and subchondral bone regions of the tis-
sue was quantified using Photoshop CS6 [45] (Supplementary Fig. S2).
The thickness of cartilaginous repair tissue (measurement of sGAG stain-
ing from the joint surface to the interface with subchondral tissue) was
quantified (n = 5 measurements per defect per animal) (Nikon 239 Mi-
croscope Eclipse 90i with NIS Elements Software v3.06, Nikon Instru-
ments Europe, The 240 Netherlands). Haematoxylin and eosin (H&E)
staining was used to assess cell arrangement and morphology and tissue
formation and integration and new bone formation. The area of bone tis-
sue within an ROI in the subchondral bone region was quantified using
Image J (Version 2.0) [46] using an automated method of pixel satura-
tion quantification. Collagen type II was assessed using immunohisto-
chemistry. Briefly, sections were treated with peroxidase, followed by
chondroitinase ABC (Sigma-Aldrich) at 37 °C. Sections were incubated
with goat serum to block non-specific sites and a collagen type II mouse
monoclonal primary antibody (sc-52,658, 1:400, 100 pg/mL, Santa Cruz
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Biotechnology Inc, TX, USA) was applied for 1 h at 37 °C. Next, the sec-
ondary antibody (anti-mouse IgG biotin conjugate, 1:200, 2.1 mg/mL)
(Sigma-Aldrich) was added for 1 h, followed by incubation with ABC
reagent (Vectastain PK-400, Vector Labs, Peterborough, UK) for 45 min.
Finally, sections were developed with DAB peroxidase (Vector Labs) for
5 min. Positive controls (native tissues with primary antibody) and neg-
ative controls (native tissues without primary antibody) were included
in each batch. Qualitative histological scoring was carried out under
blinded conditions using the ICRS II Histological Scoring System (Sup-
plementary Table S2) [47] to provide a comprehensive evaluation of
repair tissue within the osteochondral defect sites.

Micro-computed tomography evaluation of bone formation

Micro-computed tomography (micro-CT) analysis was performed on
all samples using a Scanco Medical 40 Micro-CT (Bassersdorf, Switzer-
land) with 70 kVp X-ray source and 112 yA and a voxel resolution of
20 pum to assess the quantity and structure of the new bone formed
within the defect site. Samples were maintained in 50% ethanol during
scanning. A constrained Gaussian filter was applied to partly suppress
noise (filter width (0.8) and filter support (1)). Three-dimensional re-
constructions were performed and a threshold of 210 on a scale from 0
to 1000 (399.5 mgHA/cm3), determined using the method described by
Tassini et al. [21], was applied. A volume of interest (VOI) was defined
within the subchondral bone as a cylindrical region of 5 x 5 mm and
repair was expressed as bone volume per total volume (BV/TV).

Statistical analysis

All statistical analyses were performed using statistics software Prism
6 GraphPad (GraphPad Software, California USA). A Kruskal-Wallis test
was applied to assess the statistical significance of ICRS I macroscopic
scores. The remaining data was assessed using two-way analysis of vari-
ance (ANOVA). Sidak’s multiple comparisons test was used to assess
statistical differences between the two scaffold groups and Tukey’s mul-
tiple comparisons test was used to assess statistical differences between
the three timepoints. Significance was accepted at a level of p < 0.05
and results are presented as mean + standard deviation from the mean.

Results
Clinical observations after scaffold implantation

During surgery, scaffolds were successfully implanted into defects
created on the femoral condyle and trochlear ridge (Fig. S3A and B), us-
ing the press-fit implantation technique and were seen to fill with blood
on implantation (Fig. S3C and D). All animals recovered well postop-
eratively and within 5 days ambulated freely with no signs of distress
or limping for the duration of the study. There were no postoperative
complications relating directly to the surgery or the scaffold during the
course of the study, and no postoperative infections or patellofemoral
dislocations. Assessment of the scaffolds intraoperatively showed that
both cell-free and cell-seeded tri-layered scaffolds were easy to handle
and no delamination was observed. All scaffolds were successfully im-
planted, and post surgery recovery was uneventful.

Macroscopic assessment

Macroscopic assessment of the femoral condyle defect site implanted
with the cell-free scaffold resulted in median scores of 7.25 out of 12
(range 4 — 9) at 3 months and 6.75 out of 12 (range 4.5 - 9.5) at 6
months, both classified as abnormal (grade III) cartilage (Fig. 1A, B). At
12 months, the macroscopic scores for the cell-free scaffold groups had
a median score of 8.5 (range 5.5 — 10) at this site, consistent with nearly
normal (grade II) cartilage. The cell-seeded scaffold had a median score
of 9 (range 4 - 10) at 3 months (grade II) and scores of 7.25 (range 2
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Fig. 1. Macroscopic assessment of femoral condyle and trochlear ridge defect sites following implantation with cell-free or cell-seeded scaffolds. A) Macroscopic
scores and B) in situ images of repair tissue in the femoral condyle defects. C) Macroscopic scores and D) in situ images of repair tissue in the trochlear ridge. Results
show a trend towards improved cartilage repair over time. Representative images are presented for each group (n > 6 per group). 8 animals were used per timepoint.

—11) and 7.75 (range 6 — 11) at 6 (grade III) and 12 months (grade
III), respectively (Fig. 1A, B). At the trochlear ridge site, cell-free scaf-
folds demonstrated median scores of 8 (range 5 - 10), 9.75 (range 7.5 -
10.5) and 9.5 (range 9 — 11) at 3, 6 and 12 months, respectively, all of
which were consistent with nearly normal (grade II) cartilage (Fig. 1C,
D). Similarly, cell-seeded scaffolds had median scores of 9.25 (range
5 -12), 9.5 (range 2 — 10) and 10 (range 9.5 — 11) at 3, 6 and 12
months, respectively, also consistent with nearly normal (grade II) car-
tilage (Fig. 1C, D). While the results showed a general trend towards
improved macroscopic scores between the 3 month and 12 month time-
points and a reduction in variability between samples, particularly in
the trochlear ridge defect sites, due to the high level of variability no
significant difference in the overall macroscopic appearance was found
between the repair tissue in the defect sites treated with the cell-free
and cell-seeded scaffolds.

Histological assessment

Safranin-O histological staining of femoral condyles indicated a de-
gree of intragroup variation in defects treated with both cell-free and
cell-seeded scaffolds at the 3 month and 6 month timepoints (Fig. 2A).
At the 12 month timepoint for this defect site, differences between high-
ranked and low-ranked samples within scaffold groups were much less
pronounced, with high-ranked samples in both groups demonstrating
full regeneration of the articular surface accompanied by the establish-
ment of a tidemark. In mid-ranked samples, small fissures in the ar-
ticular surface were observed, while low-ranked samples demonstrated
chondral regions which had low levels of sGAG staining. Histomorpho-
metric quantification of sGAG within the chondral regions of femoral
condyle defects showed no significant difference in sGAG between cell-
free and cell-seeded groups (Fig. 2B). sGAG staining was significantly
higher at the 3 month timepoint than at 6 and 12 months in cell-free
groups (49.50 + 13.53% vs. 20.66 + 13.73% and 19.96 + 12.32%;
p < 0.01), whereas no significant difference in sGAG staining was ob-
served within the chondral region in the cell-seeded group between the
three timepoints. Immunohistochemistry performed on femoral condyle
defects demonstrated weak staining for collagen type II in the cell-free
group at 3 months, with stronger staining observed at this timepoint in
the cell-seeded group (Fig. 2C). At 12 months, the cartilage morphology
of both cell-free and cell-seeded scaffold groups was observed to be more
hyaline-like compared to earlier timepoints at this defect site and simi-
lar to the native tissue control. Overall, the histological analysis showed
higher levels of staining in the cell-seeded group at 12 months com-
pared to the cell-free group, indicating higher quality cartilage repair
in this group. However, while sGAG quantification showed an overall
trend towards higher levels of sGAG in the cell-seeded group at 6 and
12 months, this was not significant.

In the trochlear ridge site, intense staining for safranin-O was ob-
served throughout defects treated with both cell-free and cell-seeded
scaffolds at 3 months (Fig. 2D). At 6 months in both groups, high and
mid-ranked samples demonstrated good levels of regeneration at the ar-
ticular surface, while in low-ranked samples reduced sGAG staining was
observed in the chondral layer and fibrous tissue was observed in the
subchondral layer. At 12 months, higher levels of sGAG staining were
observed in the cell-seeded group compared to the cell-free group, with
lower levels of intragroup variation observed compared to earlier time-
points. Similar to the femoral condyle site, a significant reduction in
sGAG staining was observed in the cell-free group between the 3 month
and the 6 and 12 month timepoints (35.96 + 8.12% vs 17.87 + 10.36%,
p <0.05and 8.75 + 10.8%; p < 0.001), whereas in the cell-seeded group
this reduction in sGAG was again not observed (Fig. 2E). Again, while
higher levels of sGAG staining were observed in the cell-seeded group
at 12 months, the finding was not significant. At the trochlear ridge de-
fect site, the intensity of collagen type II immunohistochemical staining
increased over time in both groups and by 12 months a well-integrated
layer of articular cartilage, similar to native controls, could be observed
in both cell-free and cell-seeded groups (Fig. 2F).

Next, the levels of bone regeneration within the subchondral region
of defects were examined. At the femoral condyle site, histomorphome-
tric quantification of bone formation from H&E stained slides showed
no significant differences in bone regeneration between the cell-free
and cell-seeded scaffold groups (Fig. 3A and C). However, it was noted
that there was a trend towards higher levels of new bone formation in
the cell-free group compared to the cell-seeded group at the 6 month
time point (p = 0.0703). Within the cell-free group there was a sig-
nificant increase in bone repair tissue at 6 months (31.71 + 11.41%
vs. 16.65 + 10.03%; p = 0.0398) and 12 months (31.48 + 14.12%
vs. 16.65 + 10.03%; p = 0.0436) compared to 3 months. In the cell-
seeded group, however, no significant increase in bone formation was
observed between 3 and 6 months, with significant increases occurring
instead at 12 months compared to the 6 month (41.59 + 9.85% vs.
17.77 + 14.11%: p < 0.01) and 3 month timepoints (41.59 + 9.85%
vs. 10.68 + 7.87%; p < 0.0001). This points towards a delay in bone
regeneration in the cell-seeded group at this defect site. Quantification
of sGAG staining within the subchondral bone region showed a reduc-
tion in sGAG staining over time corresponding to the rate of new bone
formation (Fig. 3E). Interestingly, however, this reduction was only sig-
nificant in the cell-free group (3 months vs. 12 months; 24.89 + 21.3%
vs. 3.34 + 3.69; p = 0.0268), indicating that cartilage matrix in the sub-
chondral bone region persisted to a greater degree in the cell-seeded
group.

At the trochlear ridge site, H&E staining indicated a similar progres-
sion in bone regeneration in both the cell-free and cell-seeded group
with no significant differences observed between scaffold groups at any
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Fig. 2. Histological assessment of cartilage repair in the femoral condyle defect (A,B,C) and trochlear ridge defect sites (D,E,F). A) Safranin-O histological staining
of femoral condyle defects treated with either cell-free or cell-seeded scaffolds. High, mid, and low-ranked samples, determined according to the ICRS II histological
scoring system, are presented for each timepoint. Scale bar — 5 mm. B)% GAG calculated in the chondral region of femoral condyle defects (** p < 0.01) (n > 6
per group). C) Collagen type II immunohistochemistry of femoral condyle defects treated with either cell-free or cell-seeded scaffolds. Native controls both with
(+) and without (-) the primary antibody (COL2A1) added were included in each batch. Scale bar — 500 um. D) Safranin-O histological staining of trochlear ridge
defects treated with either cell-free or cell-seeded scaffolds. High, mid, and low-ranked samples, determined according to the ICRS II histological scoring system,
are presented for each timepoint. Scale bar — 5 mm. E)% GAG calculated in the chondral region of the trochlear ridge defects (* p < 0.05, *** p < 0.001) (n > 6 per
group). F) Collagen type II immunohistochemistry of trochlear ridge defects treated with either cell-free or cell-seeded scaffolds. High-ranked samples are presented
for each group. Native controls both with (+) and without (-) the primary antibody (COL2A1) added were included in each batch. Scale bar — 500 pm. 8 animals

were used per timepoint.

time point (Fig. 3B and D). Cell-free scaffolds demonstrated significantly
higher levels of new bone formation at 6 months (27.20 + 11.08%
vs. 11.646 + 7.10%; p < 0.01) and 12 months (37.6 + 9.07% vs.
11.646 + 7.10%; p < 0.0001) compared to the 3 month timepoint
(Fig. 3D). Similarly, in the cell-seeded group, bone repair tissue in-
creased significantly over the time frame of the study. At 6 months
significantly higher levels of bone were present in the defect site com-
pared to 3 months (20.79 + 11.89% vs. 8.92 + 6.85%; p < 0.05) and at
12 months compared to 6 months (33.76 + 8.45% vs. 20.79 + 11.89%j;
p <0.05) and 3 months (33.76 + 8.45% vs. 8.92 + 6.85%; p < 0.0001).
Quantification of sGAG staining within the subchondral bone region

showed a corresponding reduction in sGAG staining over time as new
bone formed with significantly lower levels of SGAG staining at the 6
month and 12 month timepoints compared to the 3 month timepoint in
both the cell-free and cell-seeded groups (Fig. 3F).

UCT evaluation of bone regeneration

Bone regeneration within the defect sites was then assessed using
UCT, whereby explanted defects were scanned and a cylindrical region
of 5 x 5 mm was defined within the defect site in order to calculate bone
volume per total volume (BV/TV). uCT reconstructions at both femoral
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Fig. 3. Histological assessment of bone repair in the femoral condyle and trochlear ridge defect sites. H&E staining of the subchondral region treated with either
cell-free or cell-seeded scaffolds in A) femoral condyle defects and B) trochlear ridge defects. Representative images are presented for each group. Scale bar - 2 mm.%
Bone repair tissue calculated within the subchondral region of C) femoral condyle defects and D) trochlear ridge defects (n > 6 per group). Quantification of GAG
staining in subchondral bone region of E) femoral condyle defects and F) trochlear ridge defects. Significance; *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

8 animals were used per timepoint.

condyle and trochlear ridge sites demonstrated near full regeneration
of defects treated with both the cell-free and cell-seeded scaffolds at 12
months (Fig. 4A, B), demonstrating the ability of both scaffold groups
to effectively promote bone repair. No significant difference in the rate
of bone formation was observed at earlier timepoints. In both the cell-
free and cell-seeded groups in both defect sites the BV/TV was signifi-
cantly higher at 12 months compared to 3 months (Fig. 4C, D). In the
femoral condyle site, the BV/TV at 3 months was 0.24 + 0.12 com-
pared to 0.43 + 0.09 at 12 months (p < 0.01) in the cell-free group
and 0.167 + 0.11 at 3 months compared to 0.41 + 0.083 at 12 months
(p < 0.001) in the cell-seeded group (Fig. 4C). At the trochlear ridge
site, the BV/TV was 0.23 + 0.09 at 3 months and 0.45 + 0.14 at 12
months (p < 0.01) in the cell-free group and 0.15 + 0.05 at 3 months
and 0.44 + 0.08 at 12 months in the cell-seeded group (p < 0.001)
(Fig. 4D). Although not statistically significant, BV/TV values were
lower at 3 and 6 months in the cell-seeded compared to the cell-free
group in both defect sites, potentially indicating that new bone forma-

tion occurred more slowly in the defects treated with the cell-seeded
scaffold.

ICRS 1II evaluation of regenerated cartilage and bone

Cartilage and bone tissue regeneration within the femoral condyle
and trochlear ridge defect sites were further assessed using the ICRS II
histological scoring tool (Fig. 5A, C). Representative cross-sectional im-
ages of repair tissue within the femoral condyle (Fig. 5B) and trochlear
ridge defect sites (Fig. 5D) are also shown. While no significant differ-
ences in ICRS II scores are observed in the femoral condyle defect, in
the trochlear ridge defect treated with the cell-seeded scaffold signif-
icantly higher ICRS II scores are reported at 12 months compared to
the 3 month timepoint (1110.0 + 175.69 vs. 855.56 + 68.39 (p < 0.05).
Examination of the individual ICRS II categories again showed no signif-
icant differences between the cell-free and cell-seeded groups in either
defect site. However, the results showed that scores for tidemark for-
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Fig. 4. uCT evaluation of bone regeneration. Representative uCT reconstructions depicting cross-sections of A) femoral condyle defects and B) trochlear ridge defects
treated with either cell-free or cell-seeded scaffolds at 3, 6 and 12 month timepoints. Scale bar — 3 mm. BV/TV of C) femoral condyle defects and D) trochlear ridge
defects treated with cell-free or cell-seeded scaffolds at 3, 6 and 12 month timepoints (n > 6 per group). Significance; **p < 0.01, *** p < 0.001. 8 animals were used

per timepoint.

mation (Fig. S5C and Fig. 9C) S6nd mid-deep zone assessment (Fig. SSF
and Fig. S6F) in the cell-seeded group in both defect sites were lower at
3 months than in the corresponding cell-free group, but increased signif-
icantly over time. Furthermore, the score for matrix staining of cell-free
scaffolds in the trochlear ridge site was significantly lower at 12 months
compared to 3 months (p < 0.05) (Fig. 9A). Scores for subchondral bone
abnormalities were lower in the cell-seeded group than in the cell-free
group in both defects sites at 3 and 6 months but, unlike the cell-free
group, the cell-seeded group scored significantly higher at 12 months
compared to 3 months indicating an improvement in subchondral bone
quality over time (p < 0.05) (Fig. S5D and Fig. S6D).

Discussion

Tissue engineering approaches have been widely explored for the
treatment of cartilage and osteochondral defects, with biomaterial-
based scaffolds emerging as an effective off-the-shelf treatment. Seed-
ing scaffolds with cells offers the potential to further enhance tissue
regeneration, although this brings limitations relating to cost and ease
of surgical application [48]. This work sought to explore whether the
regenerative potential of a biomimetic tri-layered scaffold with proven
regenerative potential could be enhanced by incorporating a chondro-
genic cell population. To explore this hypothesis, cell-free and cell-
seeded tri-layered scaffolds were implanted in osteochondral defects
created on the femoral condyle and the trochlear ridge in a transla-
tional, large animal model. Specifically, co-cultures of CCs and FPMSCs
harvested utilizing rapid cell isolation techniques were employed. The

results from macroscopic assessment, histological assessment and uCT
analysis demonstrated that both the cell-free and cell-seeded treatment
approaches achieved effective repair of osteochondral defects with the
formation of a defined tidemark by the 12 month timepoint. The analy-
sis showed trends towards improved cartilage repair in the cell-seeded
scaffold group, however, no significant differences were observed be-
tween the cell-free and cell-seeded groups and a delay in subchondral
bone healing was observed in the cell-seeded scaffold group compared
to the cell-free group. Taking into consideration the additional cost and
complexity associated with the cell-seeded scaffold approach, this study
demonstrates that the treatment of osteochondral defects using cell-free
scaffolds represents the preferred clinical approach.

For eventual clinical translation, demonstration of the ability of bio-
material scaffolds to generate good quality cartilage and integrate with
the underlying bone in a large animal in vivo model is crucial. Although
the scaffold might stimulate mineralisation and cartilage formation in
vitro there are many other factors in an in vivo situation, such as biome-
chanical effects due to weight-bearing, as well as circulating stimulating
and inflammatory factors, that may help or hinder the result. Therefore,
in order to evaluate the efficacy of a cell-seeded tri-layered scaffold,
we selected a well established clinically relevant goat model which was
previously leveraged by our group to demonstrate the capacity of a cell-
free tri-layered scaffold to promote cartilage regeneration over defects
left empty and a leading commercial comparator [21]. In many cases,
cartilage repair procedures result in mechanically inferior fibrocartilage
which tends to degenerate over time [49]. Thus, in order to assess the
extent of regeneration of the articular cartilage and quality of the repair
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Fig. 5. Overall ICRS II scores for femoral condyle and trochlear ridge defect sites at 3, 6 and 12 months. A) ICRS II scores for femoral condyle defects treated with
either cell-free or cell-seeded scaffolds. B) Cross-sectional images of femoral condyle defects. C) ICRS II scores for trochlear ridge defects treated with either cell-free
or cell-seeded scaffolds. D) Cross-sectional images of trochlear ridge defects. Representative images are presented for each group (n > 6 per group). Significance; *

p < 0.05. 8 animals were used per timepoint.

tissue, repair was assessed at an early timepoint of 3 months and later
timepoints of 6 and 12 months post-implantation.

Initial assessment of repair tissue within the defect sites was car-
ried out using the ICRS macroscopic evaluation tool. Within the femoral
condyle defect site, the cell-free scaffold group showed the formation of
nearly normal cartilage (ICRS grade II) by the 12 month timepoint. For
the cell-seeded scaffold group a grade II, nearly normal cartilage, score
was observed at 3 and 6 months in this defect site, suggesting that the
chondrocyte/FPMSC co-culture may be beneficial in promoting early
tissue repair. However, these differences were not statistically signifi-
cant and were not maintained to the 12 month timepoint. At all three
timepoints (3, 6 and 12 months) in the trochlear ridge site, both the
cell-free and cell-seeded groups demonstrated the ability to regenerate
a joint surface that appeared “nearly normal”, scoring between 8 and 11
out of 12 based on the ICRS score, and showed evidence of good defect
repair and cartilage integration with a macroscopically smooth articular
surface.

Histomorphometry was then used to investigate changes in matrix
synthesis within, and between, scaffold groups over time. To that end,
we defined a chondral region encompassing the articular cartilage layer
of the defect as a rectangular areal.5 mm in height x 5 mm in width,
and determined the degree of sGAG present within the matrix through
the quantification of safranin-O histological staining. The results showed
that both cell-free and cell-seeded scaffolds demonstrated high levels of
SGAG in the chondral layer at 3 months, with higher sGAG levels main-
tained in the cell-seeded group compared to the cell-free group over the
6 and 12 month timepoints. Similar results were observed irrespective
of the anatomical site used. High concentrations of glycosaminoglycans,
particularly hyaluronic acid, are reportedly found at the early stages of
cartilage repair to aid cellular migration into the repair site and subse-
quent proliferation [50] and thus aid in the generation of stable cartilage
tissue. These results therefore potentially indicate an increase in SGAG
production in the cell-seeded scaffold groups as a result of the addi-
tion of the chondrogenic cell population. In both cases, the decreases
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in SGAG content were mirrored by increases in collagen type II matrix
synthesis. Positive collagen type II staining, similar to that of native tis-
sue, was observed in both scaffold groups at the 12 month timepoint in
both defect sites, with stronger staining observed in the trochlear ridge
defects. Collagen type II is a key marker of stable hyaline articular car-
tilage and thus this result indicates the capability of both the cell-free
and cell-seeded scaffolds to promote the regeneration of damaged hya-
line cartilage tissue.

Regeneration of the underlying subchondral bone is another key
component of osteochondral defect repair. In order to assess levels of
bone repair, histomorphometry was performed to quantify new bone
formation and the presence of sGAG within the subchondral region,
defined as a rectangular area of height 3.5 mm and width 5 mm located
immediately below the chondral region described above. The results
showed an increase in new bone formation in both scaffold groups in
both defect sites. However, new bone formation appears delayed in the
cell-seeded groups at early timepoints. High levels of sGAG staining
were observed in the early stages of the bone repair process indicat-
ing that bone repair occurred through the process of endochondral
ossification i.e., the replacement of an initial cartilaginous template
with bone [51-53]. By the 12 month timepoint, complete repair of the
subchondral bone with the formation of a tidemark was observed in all
groups. These results were supported by BV/TV quantification using
uCT. Histologically the newly formed bone at 12 months appeared
to be of high quality without the presence of bone voids or bone
cysts that are frequently reported in other studies [54,55]. While not
statistically significant, it was noted from both histomorphometry and
uCT that higher levels of new bone formation had occurred by the 3
and 6 months timepoints in the cell-free scaffold groups compared to
the cell-seeded groups in both defect sites. Interestingly, for cell-free
scaffolds implanted in the femoral condyle site, a delay in subchon-
dral bone regeneration was accompanied by greater persistence of
cartilage matrix, which potentially indicates that the use of a chon-
drogenic cell population in the adjacent chondral region plays a role
in regulating the conversion of cartilage to bone in the subchondral
region.

Evaluation of repair tissue using the ICRS II histological scoring sys-
tem again showed similar levels of repair between the cells-free and cell-
seeded scaffolds in both defect sites. On examining the scores in individ-
ual categories within the ICRS II scoring system it was observed that in
both defect sites there was a trend towards lower scores in bone repair
related categories, such as formation of tidemark, subchondral bone ab-
normalities and mid-deep zone assessment, in the cell-seeded group at
the 3-month timepoint compared to the cell-free scaffold group, again
indicating that the inclusion of a chondrogenic cell population within
the scaffolds delayed the normal bone healing processes. Furthermore,
the significant reduction in matrix staining observed in cell-free scaf-
folds in the trochlear ridge was not observed in cell-seeded scaffolds.
These findings appear to support the results demonstrated by cartilage
and bone histomorphometry, with cartilage matrix in the chondral area
decreasing over time in the cell-free group whilst remaining stable in
the cell-seeded group, and subchondral bone regeneration occurring
more slowly initially in the cell-seeded group but increasing over the
12 month observation period to match or surpass levels reached in the
cell-free group.

It was noted that while subchondral bone repair in the cell-free group
was similar between the femoral condyle and trochlear ridge defect sites,
the rate of repair and quality of repair of cartilage tissue was better in the
trochlear ridge defect site. This reflects differences in repair between the
femoral condyle and the trochlear ridge that have been seen previously
and are likely due to the higher weight-bearing in the femoral condyle
during normal ambulation [25]. This finding is important because al-
though the vast majority of clinically important osteochondral defects
are found on the femoral condyle or other weight-bearing portions of the
joint, a period of reduced loading is generally followed post-operatively
which is not practical to replicate in goats [5,56,57].
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One potential limitation of this study was the use of allogeneic cells,
necessary due to limitations in equipment and on-site facilities. Allo-
genic FPMSCs have been successfully used for cartilage repair applica-
tions previously without eliciting a negative immune response [58,59].
However, these studies were carried out in rabbit models using geneti-
cally similar laboratory rabbits. While no evidence of any negative ef-
fects resulting from the use of allogenic cells was noted at the timepoints
investigated, it is possible that an early inflammatory response inter-
rupted the healing process and may have been responsible for the gen-
erally poorer subchondral bone regeneration at earlier timepoints. The
approach described in this paper envisages the use of autologous cells
which would be harvested from the patient and subsequently seeded
onto the scaffold for implantation without the requirement for an in
vitro expansion phase. It is therefore evident that the next step in this
work should be to investigate whether regenerative outcomes could be
further improved through the use of autologous cells, while also con-
sidering that an increase in cell-seeding density may also be required to
drive regeneration in an in vivo environment. Additionally, longer-term
studies are required to demonstrate whether the cartilage generated by
cell-seeded scaffolds in this study persists over time, to achieve more ro-
bust repair of osteochondral defects. Furthermore, the use of cell-tracing
would aid in elucidating the fate of implanted cells and their role in the
tissue repair process.

In this work, we sought to provide a framework for future cell-based
tissue engineering approaches which aim to circumvent the in vitro cell
expansion phase associated with current cell-based therapies, such as
ACI. The study shows that both the cell-free and cell-seeded treatment
approaches achieved effective repair of osteochondral defects, nonethe-
less, a clear benefit from the use of the cell-based approach described
herein was not observed. This may be due to the success of this scaffold
in promoting the infiltration of native cells, potentially masking the ben-
efit of the seeded cell population. Taking this into consideration with the
additional cost and complexity associated with the cell-seeded scaffold
approach, this study demonstrates that the treatment of osteochondral
defects using cell-free scaffolds remains the preferred clinical approach.

Conclusions

This study demonstrates that biomimetic tri-layered scaffolds im-
planted, both cell-free and seeded with a rapidly isolated CC/FPMSC
co-culture, into osteochondral defects in a caprine model promoted the
repair of bone and cartilage tissue within the defect site. The results in-
dicated a delay in subchondral bone healing in the cell-seeded groups,
however, by the 12 month time point the cell-free and allogenic cell-
seeded scaffolds yield regenerated cartilage and bone tissues with com-
parable quality and quantity. Overall, the results of the study reinforce
the potential of the biomimetic tri-layered scaffold to repair joint de-
fects but failed to demonstrate a clear benefit from the addition of the
CC/FPMSC co-culture to this scaffold, indicating that the treatment of
osteochondral defects using cell-free scaffolds represents a more prudent
clinical approach.

Supplementary data

Figure S1. Fabrication process for the tri-layered scaffold

Figure S2. Safranin-O staining of native femoral condyle illustrat-
ing the regions used for histomorphometry. The chondral region was
defined as a rectangular area of height 1.5 mm and width 5 mm. The
subchondral region was defined as a rectangular area of height 3.5 mm
and width 5 mm.

Figure S3: Creation of femoral condyle and trochlear ridge defects.
6 mm x 6 mm defects created on A) medial femoral condyle and B)
trochlear ridge. Tri-layered scaffolds implanted using the press-fit im-
plantation technique into both C) the medial femoral condyle and D)
the trochlear ridge filled with blood on implantation.
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Figure S4: ICRS I macroscopic scores for individual categories for
femoral condyle (A) and trochlear ridge (B) defects (n > 6). Results are
presented as the median score with individual data points. 8 animals
were used per timepoint.

Figure S5. ICRS II histological scores for the femoral condyle. A) Ma-
trix staining, B) Surface Architecture, C) Formation of Tidemark, D) Sub-
chondral Bone Abnormalities, E) Surface/Superficial Assessment and F)
Mid-Deep Zone (n > 6). * p < 0.05. Results are presented as the median
score with individual data points. 8 animals were used per timepoint.

Figure S6: ICRS II histological scores for the trochlear ridge. A) Ma-
trix staining, B) Surface Architecture, C) Formation of Tidemark, D) Sub-
chondral Bone Abnormalities, E) Surface/Superficial Assessment and F)
Mid-Deep Zone (n > 6). Significance; * p < 0.05, ** p < 0.01. 8 animals
were used per timepoint.

Table S1: International Cartilage Repair Society (ICRS) cartilage re-
pair assessment tool. This tool is used by surgeons to evaluate the macro-
scopic appearance of cartilage repair tissue following interventions such
as ACI, subchondral drilling and microfracture.

Table S2: Histological scoring of repair tissue in defects treated with
cell-free and cell-seeded scaffold groups was carried out using the Inter-
national Cartilage Repair Society (ICRS) II scoring system. The scoring
system comprises 14 parameters with each criterion evaluated based on
the visual analogue scale and graded from 0 to 100.
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