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A B S T R A C T

Articular cartilage defects fail to heal spontaneously, typically progressing to osteoarthritis. Bone marrow stim-
ulation techniques such as microfracture (MFX) are the current surgical standard of care; however MFX typically
produces an inferior fibro-cartilaginous tissue which provides only temporary symptomatic relief. Here we
implanted solubilised articular cartilage extracellular matrix (ECM) derived scaffolds into critically sized chondral
defects in goats, securely anchoring these implants to the joint surface using a 3D-printed fixation device that
overcame the need for sutures or glues. In vitro these ECM scaffolds were found to be inherently chondro-
inductive, while in vivo they promoted superior articular cartilage regeneration compared to microfracture. In
an attempt to further improve the quality of repair, we loaded these scaffolds with a known chemotactic factor,
transforming growth factor (TGF)-β3. In vivo such TGF-β3 loaded scaffolds promoted superior articular cartilage
regeneration. This study demonstrates that ECM derived biomaterials, either alone and particularly when com-
bined with exogenous growth factors, can successfully treat articular cartilage defects in a clinically relevant large
animal model.
1. Introduction

The successful, long-term treatment of articular cartilage injuries re-
mains a major challenge in the field of orthopaedic medicine [1,2].
Articular cartilage has a limited intrinsic regenerative capability
post-trauma and as such surgical intervention is necessary to induce
repair before focal cartilage lesions can progress to further degeneration
and osteoarthritis (OA) [3,4]. OA is one of the leading causes of disability
worldwide and represents a massive socioeconomic burden on global
populations [5,6]. The prevalence of OA is on the increase and will
continue to grow as the mean age of the world population increases over
the coming decades [5,7]. The successful treatment of focal cartilage
defects is therefore critical to reduce the prevalence of OA [8]. Despite
over thirty years of advances in cartilage repair procedures,
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microfracture (MFX) remains the first line treatment choice for many
orthopaedic surgeons due to its low price-point and short surgical time
[9,10]. However, the repair tissue generated as a result of MFX generally
consists of biomechanically inferior fibrocartilage [9], which is associ-
ated with high rates of revision surgery. In addition, initial MFX treat-
ment also reduces the chance of success of subsequent cell based
therapeutic options such as autologous chondrocyte transplantation
(ACI) or matrix assisted autologous chondrocyte transplantation (MACI)
[11,12]. MACI is currently the most common scaffold and cell combi-
nation therapy in clinical use and has been shown to promote superior
quality repair compared to MFX [13,14]. MACI combines the patient's
autologous chondrocytes, which are harvested in an initial surgery,
expanded ex vivo, and combined with a type I/III collagen-based scaffold
which is subsequently implanted during a second surgery several weeks
ical Sciences Institute, 152-160, Pearse Street, Trinity College Dublin, Dublin 2,

une 2022

rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:kellyd9@tcd.ie
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100343&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100343
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mtbio.2022.100343


D.C. Browe et al. Materials Today Bio 16 (2022) 100343
later [15,16]. The high cost associated with multiple surgeries and the
expansion of autologous chondrocytes under good manufacturing prac-
tice (GMP) conditions has resulted in limited uptake by surgeons and
healthcare providers, with MACI being withdrawn from some EU mar-
kets due to a lack of reimbursement [17]. The use of osteochondral
autograft/allograft transplantation is another available treatment option
for the repair of chondral defects [1]. This technique involves the
transplantation of an osteochondral plug consisting of viable hyaline
cartilage on top of bone from either the patient themselves or a cadaveric
donor. Such treatments allow patients to return to activity faster than
other treatments but are not without disadvantages such as donor site
morbidity (autograft transplantation) [1] or lack of available donors,
high cost and risk of disease transmission (allograft transplantation) [18].
Therefore, there is an unmet clinical need for the development of a
single-stage, off-the-shelf, cartilage repair therapy that is cost effective,
has a short duration of surgery and results in consistent, hyaline-like
cartilage repair. A viable option may be to augment or enhance micro-
fracture with the use of scaffolds. This is due to the cost effectiveness of
the procedure, the availability of microfracture and the similarity in
outcomes that could be obtained when compared to cell-based proced-
ures [19–21].

Extracellular matrix (ECM) derived scaffolds have been shown to
promote tissue repair by providing both structural and functional cues to
cells [22,23]. Currently the majority of cartilage repair therapies in
clinical use are based on biomaterials rich in type I collagen [24].
However, biomaterials derived from type I collagen are not believed to be
inherently chondro-inductive, supporting inferior chondrogenesis to type
II collagen [25,26], the dominant collagen type within hyaline cartilage.
ECM scaffolds fabricated from articular cartilage are naturally rich in
type II collagen and such biomaterials have been shown to support robust
chondrogenesis both in vitro and in vivo [27–31]. While the type of
collagen present in such ECM scaffolds is a likely driver of chondrogenic
differentiation, the ECM itself has been found to contain a milieu of
different collagens, proteoglycans, ECM glycoproteins, ECM-regulatory
proteins, ECM-affiliated proteins and secreted factors which can play
key roles in promoting cartilage repair [32]. In comparison to the vast
amount of research performed using type I collagen based scaffolds,
relatively little is known about the capacity of cartilage ECM derived
biomaterials to promote the regeneration of chondral defects (defects to
the articular surface of synovial joints that are not believed to affect the
subchondral bone), the most common cartilage injury observed clinically
during arthroscopy of the knee joint [33]. The reasons for this are
multi-faceted, from the challenge of creating mechanically functional
ECM derived scaffolds to the difficulties associated with the fixation of
such implants within focal cartilage defects. Scaffold fixation remains a
key issue for orthopaedic surgeons due to the shallow nature of the de-
fects themselves and the high biomechanical shear forces encountered in
the joint. Glues and sutures are the most common fixation methods
employed clinically, however these options are sub optimal, prolong
surgery time and are liable to fail [34,35]. Rigid pin fixation of scaffolds
and tissue engineered constructs has been performed with varying levels
of success [34,36,37].

The overall goal of this study was to develop a cell-fee, single-stage,
‘off-the-shelf’ regenerative implant for articular cartilage repair that did
not require ineffective gluing or suturing to stably anchor the device
within the synovial joint. To realise this goal, we first developed highly
porous and elastic scaffolds from solubilised articular cartilage, demon-
strating that such biomaterials support superior chondrogenesis of
human bone marrow stromal cells (MSCs) compared to ECM scaffolds
derived from solubilised ligament (a type I collagen rich biomaterial).In
parallel, we designed and 3D printed a biodegradable fixation device to
quickly and securely anchor the scaffold within an articular cartilage
defect. We then assessed the capacity of such articular cartilage (AC)-
ECM derived scaffolds to augment and improve the outcomes of the
microfracture procedure, the current surgical standard of care for
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cartilage defects, in a clinically relevant caprine model of chondral defect
repair. Recognising that the success of such cell-free, biomaterial-based
strategies for regenerating damaged tissues relies on the recruitment of
endogenous cells into the scaffold post-implantation, we also assessed if
functionalization of such implants with a chemotactic growth factor
would further improve the regenerative process. We hypothesized that
such scaffolds would promote the development of a repair tissue that
recapitulated the zonal architecture and composition of normal articular
cartilage.

2. Materials and methods

2.1. Study design

This study was designed to the test the ability of the AC-ECM scaffolds
to promote chondrogenic differentiation of human BM-MSCs in vitro and
having established the chondo-inductivity of these scaffolds to test their
ability to promote articular cartilage regeneration in a clinically relevant
animal model. All animal experiments were conducted in accordance
with the recommendations and guidelines of The Health Products Reg-
ulatory Authority, the competent authority in Ireland responsible for the
implementation of Directive 2010/63/EU on the protection of animals
used for scientific purposes in accordance with the requirements of the
Statutory Instrument No. 543 of 2012. All animal experiments were
approved by the University College Dublin Animal Research Ethics
Committee (Approval number – AREC 12–74) and the Irish Health
Products Regulatory Authority (Approval number - AE18982/P032). The
n for the goats used in this study was based on the predicted variance in
the model and was powered to detect 0.05 significance. The implantation
groups were randomised across the operated animals. n¼ 9 animals were
operated on for each group. Unfortunately, 3 animals from the TGF
cohort and 2 animals from the MFX/MFX þ AC-ECM cohort died prior to
the 6-month end-point. These animal deaths were deemed not to be
related to the surgical procedure following post-mortem by a veteri-
narian. Blinded scoring of gross morphology and histology was per-
formed. For this scoring, the samples were randomised using a
randomization algorithm and the identification numbers of the animals
removed from the samples.

2.2. Articular cartilage ECM (AC-ECM) scaffold fabrication

Scaffolds were fabricated as previously described [28]. Briefly, pepsin
solubilised porcine articular cartilage (10 mg/ml) was cross-linked with
glyoxal (5 mM), poured into moulds (5 mm � 3 mm for in vitro analysis
and 7 mm � 2 mm for the preclinical study) and lyophilized to create a
scaffold which was then subjected to dehydrothermal treatment (115 �C,
under vacuum for 24 h). The dehydrothermal treatment was performed
to both physically cross-link the scaffolds and sterilize the scaffolds. The
resulting scaffolds were predominantly collagenous in nature, with the
majority of sulfated glycosaminoglycan (sGAG) and DNA removed dur-
ing scaffold fabrication. The scaffolds contained AC-ECM at a concen-
tration of 10 mg/ml as this concentration was previously found to be
optimal for supporting chondrogenic differentiation of human stromal
cells derived from infrapatellar fat pad tissue [28]. For TGF-β3 loaded
scaffolds, 300 ng of TGF-β3 (PeproTech) diluted in PBS was soak loaded
dropwise onto the scaffolds 2 h before use. 300 ng was selected as the
dose of TGF-β3 in order to provide a dose of TGF-β3which was equivalent
to the TGF-β3 dose during in vitro studies. In the in vitro studies, TGF-β3
was provided at a concentration of 10 ng/ml; each scaffold was in 2.5 ml
of media which would have been replenished 12 times over the course of
the study.

Ligament ECM (LIG) control scaffolds were fabricated using the same
basic procedure as described above. ECM was harvested from the ante-
rior cruciate ligaments of pigs, solubilised with pepsin and the type I
collagen was preferentially extracted from the sample using NaCl at a
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final concentration of 0.8 M [38,39]. ECM and glyoxal cross-linking
concentrations were matched to the AC-ECM scaffolds (10 mg/ml ECM
with 5 mM Glyoxal).

2.3. Effect of ECM source on BM-MSC gene expression

To examine the effect of ECM in a 2D system, pepsin solubilised AC or
LIG-ECM at a concentration of 0.05 mg/ml was coated onto 6 well plates
(Nunc). ECM was allowed to bind to the tissue culture plastic for 2 h
before rinsing with PBS (Gibco). 2.5 � 10⁵ human bone marrow derived
mesenchymal stromal cells (BM-MSCs - Lonza) were then seeded into
each well on the ECM substrates or into untreated control well. Cells were
then incubated in expansion media (DMEM with 10% FBS and 1%
penicillin-streptomycin (all Gibco)) for 48 h before RNA isolation. To
examine the effect of ECM in a 3D system, 1� 10⁶ BM-MSCs were seeded
onto scaffolds. BM-MSCs were allowed to attach to the scaffolds for 1 h in
an incubator at 37 �C before addition of expansion media. Cells were
cultured for 48 h before RNA isolation. RNA isolation was performed
using a RNeasy Mini Kit (Qiagen) according to the manufacturer's in-
structions. cDNA was generated using a high capacity cDNA reverse
transcription kit (Fisher) according to manufacturer's protocol. Gene
expression was analysed using KiCqStart® SYBR® Green Primers for
Col1a1, Col2a1, SOX9 and GAPDH (Sigma). QPCR was performed on a
StepOnePlus instrument (Applied Biosystems) to obtain comparative
ΔΔCt values. Data was normalized to GAPDH.

2.4. Effect of ECM source on BM-MSC micromass pellet differentiation

2.5 � 10⁵ BM-MSCs were cultured in a micromass pellet system as
previously described [40,41]. Pellets were cultured either in a growth
factor free chondrogenic differentiation medium (CDM-) which consisted
of high glucose DMEM supplemented with 1% penicillin-streptomycin,
100 μg/ml sodium pyruvate (Sigma), 40 μg/ml L-Proline (Sigma), 50
μg/ml L-ascorbic acid-2-phosphate (Sigma), 1.5 mg/ml bovine serum
albumin (BSA-Sigma), 1� insulin transferrin selenium (ITS- Gibco), 100
nM dexamethasone (Sigma) for 28 days. This media was supplemented
with 0.05 mg/ml of solubilised AC-ECM or LIG-ECM during twice weekly
media changes. As a positive control, pellets were also cultured in CDM
þ that consists of the CDM formulation above plus 10 ng/ml trans-
forming growth factor beta-3 (TGF-β3 –PeproTech). sGAG quantification
was performed using a 1, 9 dimethylmethylene blue (DMMB) assay ac-
cording to the manufactures protocol (Blyscan sulfated sGAG assay kit,
Biocolor).

2.5. Seeding ECM scaffolds

1� 10⁶ human bonemarrow derivedmesenchymal stromal cells (BM-
MSCs - Lonza) were seeded dropwise onto individual 5 � 3mm scaffolds
suspended in 25 μL of expansion media (DMEM with 10% FBS and 1%
penicillin-streptomycin). Scaffolds were placed into individual wells of a
12 well plate (Nunc). BM-MSCswere allowed to attach to the scaffolds for
1 h in an incubator at 37 �C. After BM-MSC attachment, 2.5 ml of CDM
plus 10 ng/ml TGF-β3 was added to each well. The BM-MSC seeded
constructs were maintained in CDM for 28 days with the CDM þ TGF-β3
being replenished three times per week.

2.6. In vitro study analysis

BM-MSC seeded constructs (Day 28) were analysed for DNA and
sGAG content. Prior to performing assays, constructs were enzymatically
digested with papain (125 μg/ml - Sigma) in a buffer containing 100 mM
Sodium Phosphate (Sigma) with 5 mM Na2EDTA (Sigma) at pH 6.5 as
previously described [42]. sGAG quantification was performed using a
DMMB assay as described previously. Quantification of dsDNA in the
digested constructs was performed using a Quant-iT Pico Green dsDNA
kit (Invitrogen) according to the manufactures protocol. Calcium content
3

of constructs was determined by a calcium liquid colormetric assay as per
the kit manufactures instructions (Sentinel Diagnostics). For histological
analysis, samples were fixed with 4% paraformaldehyde (Sigma). Sam-
ples were dehydrated and wax embedded. Embedded constructs were
then sectioned at a thickness of 5 μm using a microtome. Sections were
stained with 1% Alcian blue to examine sulfated glycosaminoglycan
(sGAG) and picrosirius red to examine collagen deposition. To identify
the specific collagen types present in the constructs, immunohisto-
chemistry was performed to detect collagen type I (Abcam ab90395
1:400), collagen type II (Santa Cruz-sc52658 1:400), and collagen type X
(Abcam ab49945 1:200) as previously described [28].

2.7. TGF-β3 migration assay

To determine the ability of BM-MSCs to migrate into AC-ECM scaf-
folds, we established a culture system to mimic the dimensions of the
defect in the preclinical model. A 4% agarose (Sigma) female mould was
cast to produce an empty cylinder of 6 mm Ø and 6 mm height. AC-ECM
scaffolds were then either soak loaded dropwise with PBS (-TGF-β3) or
with PBS containing 300 ng of TGF-β3 (þTGF-β3). Scaffolds were then
incubated for 2 h in an incubator at 37 �C. The scaffolds were then placed
into the base of the cylindrical agarose mould. An impermeable agarose
disk (6 mm Ø by 1 mm height) was placed on top of the scaffold. To
mimic the preclinical study, the same microfracture drilling strategy was
employed. A surgical Kirschner wire (gSource) was used to pierce cir-
cular holes in the agarose disk. Five holes were pierced in total, one
central hole (1.6 mm Ø) and four holes (0.7 mm Ø) at 12, 3, 6 and 9
o'clock to the central hole. Next, 2% Fibrin hydrogels were fabricated as
previously described [43]. Fibrin gels (6 mm Ø by 2 mm height) con-
tained BM-MSCs at a concentration of 20 � 10⁶ cells/ml. These
cell-seeded fibrin gels were then placed on top of the agarose disk, the
assembled culture systemwas them transferred to a 12 well tissue culture
plate and incubated with expansion media for 7 days after which the
DNA content in the AC-ECM scaffolds was quantified by a Quant-iT Pico
Green dsDNA assay (Invitrogen).

2.8. Surgical procedure

Surgery was performed on skeletally mature female Saanen goats (age
at start of study ¼ 4.29 years � 0.27). The mean weight of the animals
was 67.8 kg (�9.9 kg). Goats were sedated using diazepam (0.2 mg/kg
IV) and butorphanol (0.2 mg/kg IV). An epidural was administered using
morphine (0.2 mg/kg) and lidocaine HCL (1 mg/kg). Anesthesia was
induced with propofol on effect (max. dose 6 mg/kg IV) and maintained
with isoflurane. Goats were placed in dorsal recumbency and an
arthrotomy of each stifle joint was then performed using the lateral para-
patellar approach. Bi-lateral surgery was performed on all animals. 6 mm
Ø by 1 mm deep chondral defects were created in the medial femoral
condyles using a 6 mm biopsy punch to mark the defect diameter fol-
lowed by cartilage removal using a curette. MFX was performed in all
defects using a Kirschner wire (1.6 mmØ for the central hole and 0.7 mm
Ø for all other holes [gSource]). AC-ECM scaffolds were maintained in
position using a custom made, biodegradable, 3D printed fixation device
fabricated using polycaprolactone (PCL, Perstop). 3D printed fixation
devices were only implanted into animals receiving a scaffold. The shaft
of the fixation device was fabricated to be the slightly smaller than the
central MFX hole (1.58 mm Ø) so that the device and scaffold could be
push-fit into the defect. The diameter of the flexible head/membrane
(single fibre of PCL) of the fixation device holding the scaffold in position
was 5.8 mm (Fig. 1). The stifle joints were randomized and assigned to
one of the three treatment groups: 1) Microfracture only, 2) MFX þ AC-
ECM scaffold, 3) MFX þ TGFβ3 loaded AC-ECM scaffold. Following
routine closure of the joint capsule, subcutaneous tissues and skin with
sutures, Carprofen (1.4 mg/kg) and morphine (0.2 mg/kg) both subcu-
taneously were administered for analgesia. Following surgery, goats
were housed in indoor pens and were allowed full weight bearing



Fig. 1. Evaluation of impact of ECM biomaterials on MSC differentiation and gene expression. Schematic diagram detailing analysis workflow (A). Gene expression
profile of BM-MSCs on cultured in a monolayer on TCP, LIG-ECM or AC-ECM coated substrates after 48 h was analysed by Q-PCR (B). 250,000 BM-MSCs were cultured
in a micromass pellet assay for 28 days and supplemented with either LIG or AC-ECM, sGAG deposition was analysed by DMMB assay and by Alcian Blue and
Picrosirius Red histological staining (C). Gene expression profile of BM-MSCs cultured on TCP or LIG-ECM and AC-ECM 3D scaffolds after 48 h was analysed by Q-PCR
(D). GAG deposition (Alcian Blue), collagen deposition (Picrosirius Red) and mineralisation (Alizarin Red) and type I/II/X collagen deposition was evaluated by
histological/immunohistochemical staining of day 28 BM-MSC seeded in vitro scaffold constructs. (E). Biochemical quantification of DNA (F), GAG (G) and Calcium
(H) was performed on day 28 constructs. All error bars denote standard deviation, *p<0.05, **p<0.01, n¼4-6. Scale bars ¼ 200μm.

D.C. Browe et al. Materials Today Bio 16 (2022) 100343

4



D.C. Browe et al. Materials Today Bio 16 (2022) 100343
immediately. NSAIDs (carprofen 1.4 mg/kg) and antibiotics (Amoxicillin
plus clavulanic acid 8.75 mg/kg) were administered for 5 days post-
surgery. Two weeks post-operatively, following removal of sutures, ani-
mals were let out to pasture for the remainder of the study period. Tissue
repair was evaluated at 6 months post-surgery.
2.9. Evaluation of repair tissue

1.5 cm3 sections containing the defect site were harvested from the
goats using an oscillating bone saw. Before fixation, gross morphological
images were taken with a digital microscope system (Ash Inspex HD
1080p) for macroscopic evaluation. This macroscopic scoring system has
a maximum score of 8 and evaluates the edge integration of the scaffold
with the native tissue, the smoothness of the cartilage surface, the degree
of defect filling and the colour/opacity of the neocartilage in the defect.

For histological analysis; samples were fixed in 10% neutral buffered
formalin solution (Sigma) for 72 h with agitation. Samples were then
decalcified with Decalcifying solution lite (Sigma) until all mineral was
removed, which was confirmed by x-ray analysis. Next, the defect blocks
were manually cut across the defect site with a scalpel. Due to the
presence of the shaft of the pin and the manual slicing, the result we
obtain is two blocks of slightly different size, with one containing the
shaft of the pin which is still intact. We then performed histology on the
section without the residual pin. It should therefore be noted that the
histological images that are presented are not from the exact center of the
defect site but are approximately 800 μm to 1 mm from the central MFX
hole.

Demineralized wax-embedded constructs were sectioned at 10 μm
and stained with safranin O and picrosirius red. Histological scoring was
performed using a modified ICRS II scoring system [44]. Safranin O
staining was also used in combination with Photoshop CS6 to quantify
the area of positively stained cartilage within the defect site. Picrosirius
red stained samples were imaged under polarized light microscopy to
investigate collagen fibre orientation. The Directionality plugin for
ImageJ [45] was used to quantify the mean orientation and angular
dispersion of the collagen fibres observed in the superficial and deep
zones of the regenerated AC. Immunohistochemistry was performed for
collagen type II (Santa Cruz-sc52658 1:400), collagen type I (Abcam
ab90395 1:400) as previously described [28]. For the detection of
Lubricin, antigen retrieval was performed using Chondroitinase ABC
(0.25 units/ml - Sigma) for 60 min at 37 �C. Non-specific binding was
blocked using a solution of 1% bovine serum albumin (Sigma) and 10%
donkey serum (Sigma) in PBS for 60 min. Anti-lubricin primary antibody
(Millipore MABT400 1:500 dilution) was then incubated on the samples
overnight at 4 �C. Endo-peroxidase activity was quenched using 3%
hydrogen peroxide solution (Sigma). Next, the secondary antibody
(Anti-IgG mouse (Sigma B7151, 1.5:200 dilution) was incubated on the
samples for 60 min at room temperature. Staining was developed using a
DAB (3,30-Diaminobenzidine) substrate kit (Vector Labs). For reference,
positive staining of native goat AC samples and negative control (no
primary) images are provided in Supplementary Fig. 3. To quantify the
extent of positive type II collagen staining in the defect site defect, a 2 �
6 mm region of interest central to the defect was selected and DAB
positive staining was quantified using the plugin IHC profiler for ImageJ.
2.10. Statistical analysis

Results are presented as mean�standard deviation. Statistical anal-
ysis was performed using Graph Pad Prism 8 (San Diego, USA). Statistical
differences were analysed by Kruskal–Wallis one-way analysis of vari-
ance (ANOVA) for multiple comparisons to compare experimental con-
ditions or in the case of comparing two experiment groups a paired or
unpaired t-test was used when appropriate. Statistically significant
changes are marked as * ¼ p<0.05; ** ¼ p � 0.01; *** ¼ p � 0.001.
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3. Results

3.1. Development and in vitro evaluation of a novel articular cartilage
repair system

We have previously demonstrated that solubilised AC-ECM derived
scaffolds elicit a minimal immune response and support the robust
chondrogenic differentiation of infrapatellar fat pad derived stomal cells
in vitro [28]. However, whether solubilised AC-ECM is inherently
chondro-inductive (i.e. capable of inducing chondrogenesis in the
absence of exogenous growth factors) and superior to type I
collagen-based biomaterials in supporting chondrogenesis remains un-
clear. To answer this question, we first cultured human bone marrow
stromal cells (MSCs) on the surface of tissue culture plastic (TCP) coated
with solubilised porcine AC-ECM and ligament (LIG)-ECM and examined
gene expression after 48 h. In the absence of exogenous chondrogenic
factors, MSCs cultured on AC-ECM expressed significantly higher levels
of type II collagen (Col2a1) gene expression than those cultured on either
uncoated TCP or LIG-ECM, with no differences in the expression of type I
collagen (Col1a1). A trend towards an upregulation in SRY-box tran-
scription factor 9 (SOX9), a key chondrogenic transcription factor was
also observed in MSCs cultured on AC-ECM coated plates (Fig. 1B).
Furthermore, in a pellet culture model designed to promote cellular
condensation, MSCs (without the addition of exogenous growth factors)
secreted a cartilaginous matrix when stimulated with solubilised
AC-ECM, depositing significantly higher levels of sGAGs than cells
stimulated with solubilised LIG-ECM, although not to the same level as
cells stimulated exogenously with the chondrogenic factor TGF-β3
(Fig. 1C). When GAG and collagen deposition was examined histologi-
cally, we observed that pellets supplemented with the addition of
LIG-ECM were smaller in size, failed to become spherical and were
relatively fibrous in nature when compared to other groups (Fig. 1C).
Together this data demonstrates that solubilised AC-ECM is inherently
more chondro-inductive than solubilised LIG-ECM.

With a view to utilizing such biomaterials to augment the outcomes of
marrow stimulation techniques such as MFX, we next assessed the ca-
pacity of porous three-dimensional AC-ECM scaffolds to support chon-
drogenesis of human bone marrow stromal cells (MSCs) in vitro. To
examine early changes in gene expression, we cultured the MSC-seeded
scaffolds and harvested RNA after 48 h. In the absence of exogenous
chondrogenic factors, MSCs cultured on AC-ECM scaffolds expressed
significantly higher levels of SOX9 gene expression (30-fold) than those
cultured in LIG-ECM scaffolds, with no significant differences in the
expression of type I or type II collagen observed at this timepoint
(Fig. 1E).

Compared to ECM derived scaffolds fabricated from type I collagen
rich LIG-ECM, scaffolds derived from type II collagen rich AC-ECM sup-
ported higher levels of sulfated glycosaminoglycan (sGAG) deposition as
demonstrated by alcian blue histological staining (Fig. 1E) and
biochemical quantification (Fig. 1G) after 28 days of in vitro culture. AC-
ECM scaffolds supported the development of a cartilage tissue rich in
type II collagen (Fig. 1E), with less intense staining for this cartilage-
specific marker observed in tissues engineered within LIG-ECM scaf-
folds. Furthermore, neither the LIG-ECM or AC-ECM scaffolds seemed to
promote an endochondral phenotype as they stained weakly/negatively
for types I and X collagen and alizarin red (for calcium deposits), however
when calcium content was quantified biochemically, the LIG-ECM scaf-
folds were found to support higher levels of calcium deposition than the
AC-ECM scaffolds (Fig. 1F).

In order to concurrently promote robust cartilage regeneration and
fixate such a scaffold within an articular cartilage defect site, a novel AC
repair system was developed that encompasses an AC-ECM scaffold
coupled with a 3D printed fixation device. This device was designed to be
compatible with current MFX or micro-drilling techniques for AC repair.
The proposed clinical workflow is illustrated in Fig. 2A. 3D printed fix-
ation devices were fabricated by fused deposition modelling of



Fig. 2. Development of fixation system. Schematic diagram illustrating the clinical workflow for the system (A). Stereoscopic micrographs of the 3D printed fixation
system detailing the ridges on the shaft and mounting of the AC-ECM scaffold (B). Schematic representation and in situ photographs of MFX drilling strategy used
during animal experiments (C). Evaluation of cartilage repair in a clinically relevant large animal model.
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polycaprolactone (PCL), a biodegradable polymer that is used in existing
FDA approved medical devices (Fig. 2B). The fixation devices were
designed so that the shaft of the pin had a slightly smaller diameter (1.58
mm Ø) than the central MFX hole (1.60 mm Ø) to allow the scaffold to be
quickly and easily push-fit into the defect by the surgeon. A schematic of
the MFX drilling strategy and photographs of the device in situ are pro-
vided in Fig. 2C. Pilot studies confirmed that the pin remained in place 2
weeks and 1 month after surgical placement of the device within AC
defects created with the medial femoral condyle of goats (see Supple-
mentary Fig. 1).

Having demonstrated in vitro that AC-ECM scaffolds support robust
chondrogenesis of MSCs with no aberrant calcification, we next sought to
test the capacity of these scaffolds to improve the outcomes of the MFX
procedure in a clinically relevant caprine model of articular cartilage
repair. To this end, 6 � 1mm chondral defects were created using a
curette in the medial femoral condyles of both hind limbs in skeletally
mature goats. The two hind limbs of each animal were randomly assigned
either MFX only or MFX coupled with scaffold implantation. Scaffolds
were maintained in position in the defects using the 3D printed fixation
device. Animals were euthanized after 6 months and the quality of tissue
repair was evaluated macroscopically and histologically. We observed
that in the MFX only group the quality of the repair was highly variable;
while some animals were found to have high levels of defect fill, with the
repair tissue staining positive for sGAG and type II collagen deposition,
approximately half of the animals examined were found to have poor
levels of defect fill. In addition, the repair tissue in these animals stained
weakly or negatively for sGAG, type II collagen and lubricin deposition,
key makers of stable hyaline-like cartilage tissue (Fig. 3A). In defects
treated with AC-ECM scaffold assisted MFX, we observed more consistent
levels of high-quality cartilage repair tissue. Macroscopically, superior
defect fill was observed in scaffold treated defects compared to MFX only
controls. For the majority of animals, the repair tissue stained positive for
sGAG and type II collagen, and superficially for lubricin, indicating the
production of hyaline-like cartilage by the host cells that infiltrated the
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scaffold post-implantation (Fig. 3B). Upon macroscopic grading of the
defects by blinded reviewers, we observed that on average the MFX only
group scored 2.4 points, whereas the AC-ECM scaffold group had a mean
score of 5.2 points out of a maximum of 8 (p ¼ 0.06; Fig. 3C). Details of
the scoring system [46,47], characteristics examined, and score values
can be found in Table 1. For comparison purposes, histological images
from historical control animals have been provided in Supplementary
Fig. 3. Quantification of both sGAG and type II collagen deposition from
all animals was performed using image analysis software. Upon quanti-
fication, a trend towards increasing sGAG deposition was observed in the
AC-ECM scaffold treated animals when compared to MFX only controls
(MFX - 29% of region of interest (ROI) stained positive; AC-ECM – 50% of
ROI stained positive; p ¼ 0.09; Fig. 3D). Significantly higher levels of
type II collagen deposition were observed in scaffold treated defects after
6 months in vivo (MFX – 36% of ROI stained positive; AC-ECM – 58% of
ROI stained positive; p ¼ 0.016; Fig. 3E). Interestingly, scaffold im-
plantation appeared to have the most benefit in animals that responded
poorly to MFX treatment alone, as evident by comparing healing out-
comes in animals with poor outcomes in response toMFX (represented by
the purple, black and blue symbols in Fig. 3C) with corresponding out-
comes in the opposite limb treated using scaffold assisted MFX. No
adverse events related to the surgery or device were observed over the 6
months. While these results were highly promising, hyaline cartilage
repair was not consistently observed in response to scaffold implantation.
To address this concern, we next sought to establish if functionalization
of AC-ECM derived scaffolds with a known chemotactic growth factor
would further enhance the quality and consistency of AC repair.

The use of TGF-β to promote chondrogenic differentiation of MSCs
has long been established [40]. Members of the TGF-β superfamily have
also been shown to act as potent chemotactic factors [48,49], with
TGF-β3 shown to enhance endogenous bone [50] and cartilage repair
[51]. Using an in vitro model of AC repair, we next sought to assess
whether loading of AC-ECM derived scaffolds with TGF-β3 would
enhance the capacity of the construct to recruit MSCs from the local



Fig. 3. Evaluation of cartilage repair system in preclinical goat model. 6 months after implantation, the defect sites were excised, imaged and processed for histology.
MFX only treated animals exhibited high variation in defect fill and repair quality (A). AC-ECM scaffold assisted MFX animals demonstrated improved and more
consistent repair quality when compared to MFX only controls (B). Blinded macroscopic scoring was used to quantify visual repair of the defects (C). GAG (D) and type
II collagen (E) Deposition within the defect region of interest was quantified using image analysis software. All error bars denote standard deviation, *p<0.05, n¼7
animals. Scale bar ¼2mm in Saf-O, Col I and Col II and 200μm for Lubricin IHC. Black dashed lines indicate defect borders. Incorporation of TGFβ-3 within AC-ECM
scaffolds enhances MSC recruitment in vitro and endogenous cartilage repair in vivo
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Table 1
Gross morphology scoring system used for repair evaluation. Max score ¼ 8.

Characteristic Grading Score

Edge integration (new tissue relative to native
cartilage)

Full 2
Partial 1
None 0

Smoothness of cartilage surface Smooth 2
Intermediate 1
Rough 0

Cartilage surface, degree of filling Flush 2
Slight depression 1
Depressed/
overgrown

0

Colour of cartilage, opacity or translucency of the
neocartilage

Opaque 2
Translucent 1
Transparent 0
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environment. To mimic the in vivo scenario as closely as possible, we
developed a “chondral defect in a dish” migration assay, where the ECM
scaffold was placed on top of a fibrin gel containing MSCs (Fig. 4A). After
7 days in vitro, significantly more (4-fold) MSCs had migrated from the
cell loaded fibrin hydrogel into the TGF-β3 loaded scaffold compared to
the TGF-β3 free control scaffold (Fig. 4B).

Having established that scaffold functionalization with TGF-β3 pro-
motes the recruitment of MSCs, we next sought to evaluate if these
growth factor loaded scaffolds would further enhance cartilage repair in
vivo. Cartilage defect repair following implantation of these growth factor
eluting constructs was evaluated 6 months post-surgery and compared to
the outcomes observed previously using MFX only and scaffold assisted
MFX (no growth factor). No adverse events related to the surgery or
device were observed over the 6 months. Consistent hyaline-like carti-
lage repair, with reduced levels of variability, was observed in animals
treated with TGF-β3 eluting scaffolds. This improvement in repair was
observed both macroscopically and histologically. Histologically the
repair tissue consistently stained positively for sGAG and type II collagen,
with distinct positive lubricin staining observed in the superficial zone of
all defects (Fig. 4C). The repair tissue of all defects also stained negatively
for type I collagen (Fig. 4C). Blinded macroscopic scoring revealed
significantly greater scores in the AC-ECM scaffoldþ TGF-β3 (5.1 points)
group when compared to MFX only group (2.4 points) (Fig. 4D). Signif-
icantly more sGAG was found to be deposited in the defect site in the
þTGF-β3 cohort versus MFX only control animals. Animals treated with
MFX only were found to have GAG positive tissue in 29% of the region of
interest compared to 59% in the AC-ECM scaffold þ TGF-β3 group
(Fig. 4E). The AC-ECM scaffold þ TGF-β3 cohort was also found to pro-
mote significantly higher levels of type II collagen deposition compared
to both the MFX only cohort and the unloaded AC-ECM scaffold (Fig. 4F).

Having observed distinct lubricin staining in the superficial zone of
the repair tissue in both the AC-ECM scaffold and AC-ECM scaffold þ
TGF-β3 groups, indicating some recapitulation of the native zonal nature
of AC, we were motivated to examine the collagen fibre alignment within
the repair tissue in more detail. Following picrosirius red staining of
histological samples, the samples were subjected to polarised light mi-
croscopy (PLM) to visually determine the collagen fibre orientation in the
superficial zone (Fig. 5A). The predominant angle of orientation and the
dispersion of the collagen fibre orientation was quantified in the super-
ficial zone using the imageJ plugin Directionality [29,45].Previous work
has shown that native caprine cartilage has a parallel fibre orientation
relative to the superficial zone, with the majority of fibres having an
orientation approaching 0� and a low level of dispersion [29]. Here we
demonstrate that MFX only treated animals have a high level of fibre
dispersion, as well as an average fibre orientation angle that noticeably
deviates from that observed in normal cartilage (mean 9.9� � 25.48�), as
demonstrated by the blue eclipse. However, when animals are treated
with the AC-ECM scaffold, either with or without TGF-β3 supplementa-
tion, both the average angle of collagen fibre orientation and the levels of
dispersion was seen to approach native values, as represented by the
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green and purple ellipses respectively (Fig. 5B). Upon quantification the
AC-ECM scaffold group had a mean fibre orientation angle of 5.29�

(�2.19) and the AC-ECM scaffold þ TGF-β3 had a mean fibre orientation
angle of 3.98� (�2.52�)

4. Discussion

The overall goal of this study was to develop a cell-free, single-stage,
‘off-the-shelf’ device capable of enhancing endogenous AC repair. To this
end we coupled an articular cartilage ECM derived scaffold, which is
inherently chondro-inductive and capable of supporting robust chon-
drogenic differentiation of MSCs in vitro, with a biodegradable fixation
device that could quickly and securely maintain the implant within a
cartilage defect in vivo. Having developed the device, we then tested the
ability of the construct to augment and improve the current surgical
standard of care for chondral defects (microfracture) in a clinically
relevant caprine model. In our preclinical caprine model, the AC-ECM
derived scaffold improved tissue repair outcomes when compared with
MFX only. We also demonstrated that the loading of such ECM scaffolds
with a known chemotactic growth factor, TGF-β3, increased MSC
recruitment in vitro and enhanced the consistency and quality of the AC
repair in vivo.

Collagen-based biomaterials currently in clinical use for cartilage
repair are predominantly made of type I collagen [24]. For example, the
MACI [15], NeoCart® [52], Novocart-3D® [53], MaioRegen [54] and
CaRes® [55] scaffolds are all based on type I collagen. While type I
collagen is both ubiquitous and the major structural protein present in
many tissues, it is not found abundantly in hyaline cartilage, where type
II collagen makes up over 80% of the total collagen network [56]. Type I
collagen, while being biocompatible, lacks specific, biochemical chon-
drogenic cues to drive endogenous cartilage regeneration. This fact
motivated the use of an AC-ECM derived scaffold as the basis of a novel
device to enhance the endogenous regeneration of chondral defects. In
vitro, we first demonstrated that unlike solubilised LIG-ECM, AC-ECM is
inherently chondro-inductive, and in the absence of exogenous growth
factors instructs MSCs to increase the expression of cartilage-specific
genes and secrete a matrix rich in sGAGs. Furthermore, porous scaf-
folds generated from solubilised AC-ECM supported the development of a
cartilaginous tissue that was rich in sGAG and type II collagen, with a
reduced hypertrophic profile compared to tissues engineered using
scaffolds generated from LIG-ECM. While further studies are required to
fully elucidate the mechanism of action behind the pro-chondrogenic
effects of the AC-ECM, we have previously observed that when human
macrophages are seeded onto such scaffolds that they upregulate
expression of interleukin-8 (IL-8) and basic fibroblast growth factor
(bFGF), both of which have been demonstrated to be pro-chondrogenic
[57–59]. In addition, AC-ECM scaffolds are predominately composed of
type II collagen, which itself has been shown to promote chondrogenic
differentiation in the absence of growth factors [25].

Cartilage ECM scaffolds and tissue engineered cartilage templates
have previously been used to induce endochondral bone formation in vivo
as a developmentally inspired route to bone formation [60–62]. While
small levels of calcium accumulation were observed in the cartilage tis-
sues engineered in vitrowithin the LIG-ECM scaffolds (albeit substantially
lower to previous work from our group [63] which fabricated osteoin-
ductive ECM scaffolds from growth plate cartilage), the AC-ECM scaffolds
were able to fully supress both calcium and type X collagen deposition.
Previously, when BM-MSCs were seeded onto AC-ECM scaffolds and
cultured in osteogenic media, we observed complete inhibition of oste-
ogenic differentiation with low levels of chondrogenic differentiation
despite the potent osteogenic stimuli provided by the media [57]. This is
crucial as bone marrow stromal cells have a proclivity to undergo hy-
pertrophic differentiation in vitro and in vivo, with aberrant ossification
known to be deleterious in a cartilage repair setting [41]. In addition to
appearing to suppress this endochondral phenotype in vitro, in a subse-
quent study, when AC-ECM scaffolds were seeded with BM-MSCs and



Fig. 4. Incorporation of TGF-β3 with AC-ECM scaffolds enhances MSC migration in vitro and endogenous cartilage repair in a preclinical goat model. A schematic
diagram of the migration assay employed to assess MSC migration (A). DNA assay to quantify the migration of the MSCs into the AC-ECM scaffold after 7 days in
culture (n¼4) (B). 6 months after implantation, the defect sites were excised, imaged and processed for histology. MFX only treated animals exhibited high variation in
defect fill and repair quality. AC-ECM scaffold þ TGF-β3 animals demonstrated improved and more consistent repair quality when compared to MFX only controls in
Fig. 2 (C). Blinded macroscopic scoring was used to quantify visual repair of the defects (D). GAG (E) and type II collagen.(F) deposition within the defect region of
interest was quantified using image analysis software. All error bars denote standard deviation, *p<0.05, ** p<0.1 n¼6-7 animals. Scale bar ¼2mm in Saf-O, Col I and
Col II and 200μm for Lubricin IHC. Black dashed lines indicate defect borders. ECM scaffolds promote recapitulation of the native collagen fibre alignment in the
superficial zone of the repair tissue
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Fig. 5. AC-ECM scaffolds promote the recapitulation
of native collagen fibre alignment in the superficial
zone. Histological sections were stained with pic-
rosirius red and then imaged using polarised light
microscopy. Scale bar ¼ 1 mm (A). The orientation
and dispersion of the collagen fibre orientation of the
superficial zone of the defect site relative to native
controls was plotted. A lower dispersion value in-
dicates higher consistency within the region of inter-
est. Collagen fibres that run parallel to the articulating
surface have an orientation of 0�, whereas fibres that
are perpendicular to the surface have an orientation of
90� in native caprine cartilage tissue. (B). n ¼ 6–7
animals.
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implanted in a mouse subcutaneous model for 8 weeks, only minimal
mineral deposition was observed [64]. Here we also observed limited
evidence for calcification of the repair tissue in vivo following implan-
tation of the AC-ECM scaffolds into goat chondral defects. No evidence of
osteophytes were observed. Similar results were observed when these
scaffolds were loaded with TGF-β3, which generally promoted the
development of a cartilage repair tissue that stained negatively for type I
collagen, which mitigates concerns that intra-articular delivery of such
proteins might increase the risk of cartilage calcification.

Biomaterial implants must remain stable and fixed within the chon-
dral defect in order to promote functional restoration of damaged AC
tissue. The twomost common fixationmethods used clinically are sutures
and glues [24]. Currently, sutures offer robust fixation of scaffolds but in
addition to prolonging surgical time, suturing has been shown to induce
osteoarthritis-like changes in the adjacent cartilage [65]. While glues
comprising of fibrin are currently in clinical use due to their biocom-
patibility and ease of use, the biomechanical loads required to induce
failure were found to be significantly less than sutures [34,66]. In
10
addition, fibrin glues have been shown to inhibit endogenous cell
migration [67]. Subchondral bone suture anchors can also be employed
to improve fixation, however this technique still requires suturing of the
scaffold to the anchor which is time-consuming and potentially damaging
to the scaffold [68]. Rigid pin fixation using absorbable and
non-absorbable devices of scaffolds and gels has been performed with
varying levels of success [34,36,37]. After the MFX procedure, our
cartilage repair device can be push-fit into the MFX hole in a matter of
seconds, with the fixation system easily and quickly securing scaffolds
into the base of chondral defects. We observed no fixation failures in any
of the treated animals, however further work is required to better char-
acterise to pull-out strength of these implants. In preliminary pilot studies
performed by our research group, which examined traditional chondral
fixation methods in both the condyle and trochlea ridge in goats, we
observed fixation failure to some degree in over 50% of cases after four
weeks, which necessitated the need for the development of the alterna-
tive fixation methods presented here.

No aberrant changes in the opposing surface of the joint were
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observed as a result of implanting the scaffold and the supporting fixation
device. Based on our pilot study (Supplementary Fig. 1), we observed
that the head of the pin was covered by tissue within 4 weeks, which
alleviates concerns that the pin itself might damage the opposing artic-
ular surface. In addition, in order to prevent against damage to the
opposing joint surface and the development of potential complications
such as patellofemoral articulating (kissing) lesions, the PCL ring at the
head of the pin, whichmaintains the scaffold in position, consists of just a
single fibre (~200 μm Ø) which is highly flexible.Together our results
provide support for the use of such a scaffold fixation in preclinical
studies, and potentially in clinical practice, to address the current failings
of scaffold fixation techniques within synovial joints. More detailed
histological assessment of the opposing joint structures (articular carti-
lage and meniscus) is however warranted to confirm that no damage is
occurring within these tissues due to the presence of the fixation pin. To
assess the impact of the fixation device on the overall mechanical prop-
erties of the implant, mechanical testing of the implants (scaffold þ fix-
ation device) was also performed prior to surgery (Supplementary Fig. 4).
While, as expected, some reinforcement of the construct was observed as
a result of integrating the PCL fixation device into the scaffold, the me-
chanical properties observed (mean compressive modulus of 39.6 kPa)
were still substantially less than native articular cartilage and minimal
mechanical support would be provided by the construct upon implan-
tation in vivo.

MFX remains the first line treatment choice for many orthopaedic
surgeons due to its low price-point and short surgical time [9,10]. Due to
the fact that the repair tissue observed is predominantly
fibro-cartilaginous in nature, biomechanical deterioration of the repair is
usually observed between 18 and 24 months post-surgery [69]. This
leads to high rates of revision surgery after MFX, although the figures in
the literature vary, in some patient cohorts up to 25% of patients required
revision surgery on average 18 months after the initial procedure [70]. In
this study we demonstrate high animal-to-animal variation in the levels
of repair following MFX in a caprine model of cartilage defect repair,
mimicking what is observed in humans. While some animals have good
macroscopic and histological outcomes, the repair tissue of approxi-
mately half of the animals stained weakly/negligible for sGAG and type II
collagen. However, when MFX was used in combination with the
AC-ECM scaffold we observed an improvement in the consistency of
repair. Due to the fact that we performed bi-lateral surgery, treating each
animal with either MFX or the AC-ECM scaffold, we could chart differ-
ences in repair in the individual animal as a result of scaffold implanta-
tion. We observed that in animals with a poor innate healing capacity,
characterised here by a score of 2.5 points or less in the gross morphology
scoring following MFX, that scaffold implantation led to the most dra-
matic improvements in repair. Although the exact mechanism behind
this improvement remains to be elucidated, if translated to the human
condition, this suggests that implantation of AC-ECM derived scaffolds
may lead to more consistent and reliable cartilage regeneration following
MFX surgery.

We observed positive lubricin staining in the superficial zone of de-
fects treated with AC-ECM scaffolds, and consistently with TGF-β3 loaded
constructs, a result not observed across all animals in the MFX group.
Lubricin (also known as superficial zone protein (SZP) or proteoglycan 4
(PGR4)) is a key protein in healthy articular cartilage as it is responsible
for coating the cartilage surface and providing boundary lubrication,
thereby preventing damage to the superficial zone and preserving the
chondrocytes beneath [71]. The TGF-β signalling pathway has been
implicated in several studies for its role in promoting lubricin expression
[72,73], possibly explaining the increase in lubricin expression observed
in the TGF-β3 loaded scaffolds. In addition to lubricin expression, we also
examined collagen fibre alignment in the superficial zone of the repair
tissue to ascertain if scaffold implantation promoted recapitulation of
zonally defined articular cartilage. This hierarchical structure of AC is
responsible for the load bearing, wear resistance and shock absorption
properties of the tissue [74]. We were able to demonstrate that the
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average angle of fibre orientation in the superficial region of the repair
tissue, as well as the level of fibre dispersion, was more akin to the native
tissue in scaffold treated defects. While we observed an improvement in
collagen fibre alignment as a result of implanting the AC-ECM scaffold,
substantial differences between the treatment groups and native tissue
could still be visualized. Unlike the native tissue, well aligned collagen
fibres were not observed in the deeper regions of the tissue (data not
shown), although we have previously observed that such structural
remodelling of deep zones of cartilage repair tissue does not occur until
later (approximately 1 year post scaffold implantation) in the repair
process [29]. Longer-term studies are therefore required to determine if
implantation of AC-ECM scaffolds will lead to further improvements in
collagen fibre orientation and the development of a mechanically func-
tional tissue. Improvements in scaffold design, such as the use of direc-
tional pore orientation, could potentially accelerate the development of a
zonally defined repair tissue and reduce the levels of fibre dispersion
observed.

In order to advance this technology to the clinic, a number of study
limitations must be addressed. A limitation of this study is the lack of a
direct comparison to a clinically available, type I collagen based scaffold
product. It should also be noted that the experiments performed in this
study used research grade materials and processes. We envisage that our
future studies will use good manufacturing practice (GMP) grade porcine
tissue, pepsin and PCL in order to conclusively demonstrate to regulatory
bodies that this device can be manufactured to the highest standard
without compromising efficacy. The PCL that we used to fabricate the
fixation device has a high molecular weight (MW 50,000), is nonporous
and as such the degradation of the shaft of the pin would be expected to
be minimal over the 6 months of the in vivo study. PCL of high MW
(60,000) has been shown to degrade slowly over 2–3 years in vivo [75].
PCL has a well-established track record in medical devices and elicits
minimum inflammatory and immunological responses [76–78]. PCL is
considered bioresorbable, a concept which reflects complete elimination
of the initial foreign materials and bulk degradation by-products with
little or no residual side effects [76]. While the available preclinical data
on long term (beyond 12 months) degradation and integration of PCL
implants in musculoskeletal tissue repair models is somewhat limited,
they have been evaluated in a rabbit calvaria defect model at two years.
In the study in question; calcium deposition indicated remodelling via
osteoblast penetration into the scaffold structure and micro-CT analysis
demonstrated that new bone had replaced the scaffold struts in some
areas [77]. While the PCL in our fixation pin would degrade slowly over
several years, we would expect full integration of the implant, remod-
elling to bone and eventual total bioresorbtion of the implant. However,
before this occurs the presence of the fixation device could have potential
inhibitory effects on subchondral bone healing and implant integration
which should not be discounted, motivating longer-term follow-up
studies to address this question. Exploring faster-degrading polymers
such as Poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA)
for the fixation device may be warranted to alleviate this concern.

Recently, concerns with the microfracture procedure itself have
centred on the detrimental effects on subchondral bone restoration from
drilling/puncturing into the subchondral bone [79,80]. Translational
models of bone marrow stimulation techniques have demonstrated the
benefits of using awls, picks and wires of small-diameter over larger in-
struments [81–84]. In this study we employed the use of two different
k-wires to perforate the subchondral bone. For the central hole, into
which the fixation device was inserted a 1.6 mm Ø k-wire was used and a
0.7 mm Ø k-wire was used for the other four microfracture holes. In a
one-month pilot study, we did not observe any aberrant changes in the
subchondral bone when μCT imaging was performed (Supplementary
Fig. 1) as a result of this technique. However, it is of note that in the
animals with the worst levels of repair; incomplete remodelling or fibrous
tissue can be observed at the top of the subchondral bone region, this is
particularly noticeable in the centre of the defects for the MFX only group
(without fixation device). In order to improve efficacy of the device, a
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reduction in the k-wire diameter for all holes may be beneficial, however,
this would also require a reduction in the diameter of the fixation pin
shaft. In the future this should be possible with further developments of
3D printing technology or the use of alternative manufacturing tech-
niques (e.g., injection molding) to produce a smaller diameter pin.

Another limitation of this study was that we were unable to undertake
a detailed characterization of the mechanical properties of the repair
tissue formed in vivo. In our previous in vitro work where AC-ECM scaf-
folds were seeded with infrapatellar fat pad derived stromal cells, the
mechanical properties of the engineered tissues were still noticeable
lower than native articular cartilage after long-term culture [28]. Future
studies should therefore look to examine the depth-dependant mechan-
ical properties of the repair tissue at different timepoints
post-implantation to assess how it compares to normal articular cartilage
[85].

While the addition of TGF-β3 to the scaffold improved the quality of
tissue repair in vivo, it should be noted that the use of such supra-
physiological doses of delivered growth factors may result in additional
regulatory hurdles. Methods that can control the release kinetics of
growth factors from the scaffold in a spatiotemporal manner may allow
for a reduction in total TGF-β3 dose required [86]. Despite the relatively
small pore size of the AC-ECM derived scaffolds (~20 μm [28]), the high
porosity (98%), allows cells to readily penetrate into the centre of the
scaffolds. Previous work in our group has evaluated the release of TGF-β3
from cartilage derived ECM scaffolds over time [42,87]. It was found that
the majority of TGF-β3 that was loaded into the construct was released
over the first 8–10 days of culture, with a burst release (of ~25% of the
total released) occurring within the first day of culture. On average 75%
of the TGF-β3 was found to have been released after 7 days in culture.
While the addition of TGF-β3 to the AC-ECM scaffolds was associated
with a significant improvement in type II collagen deposition in the
defect site, significant differences were not detected in other parameters
examined, raising the question as to whether the addition of a growth
factor into such a regenerative product is justified based on the data
presented in this study. The use of TGF-β3, or indeed any growth factor,
will greatly increase the regulatory challenges associated with translating
a new regenerative therapy into the clinic and therefore further
long-term studies are required in order to justify the use the of TGF-β3
loaded scaffolds over non-loaded AC-ECM scaffolds. This might include,
for example, an investigation of whether the delivery of TGF-β3 facilities
the regeneration of zonally organised hyaline cartilage in long term (e.g.
12 month) in vivo studies. It will also be necessary to determine the
mechanism of action associated with growth factor delivery. Based on
our in vitro data in which we observed a 4-fold increase in cell migration
in TGF-β3 loaded scaffolds, we hypothesized that the addition of TGF-β3
to the scaffolds would promote the chemotactic homing of regenerative
cells from tissues such as the synovium or bone marrow [49,51] into the
scaffold when implanted. However, we did not observe any noticeable
increases in cellularity of the defect site with scaffolds loaded with
TGF-β3, warranting more detailed investigations at earlier timepoints to
more definitively understand the mechanism by which in vivo growth
factor delivery is improving the quality of repair. It is also possible that
the benefits of TGF-β3 delivery are also due, at least in part, to the direct
chondrogenic differentiation of recruited cells in response to growth
factor stimulation [40] as opposed to increased cell homing/chemotaxis.

5. Conclusions

Cartilage repair is often referred to as the “holy grail” of orthopaedics
and sports medicine. There is a significant and growing need for new
approaches to AC regeneration, as all current therapeutic options are sub-
optimal and surgical revision rates are unacceptably high. We have
developed a new regenerative implant for AC repair with the potential to
improve the clinical treatment of focal cartilage defects. We have
demonstrated that this scaffold can more consistently promote hyaline
cartilage repair in a clinically relevant large animal model. Furthermore,
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the device is easy to use, requires a short surgical time and is compatible
with microfracture, the current standard of care, thereby increasing the
likelihood of short-term clinical translation.
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