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chical structure of native articular cartilage (AC). To address this need, we fabricated bilayered extracellu-
lar matrix (ECM)-derived scaffolds with aligned pore architectures. By modifying the freeze-drying kinet-
ics and controlling the direction of heat transfer during freezing, it was possible to produce anisotropic

Keywords: scaffolds with larger pores which supported homogenous cellular infiltration and improved sulfated gly-
Cartilage repair cosaminoglycan deposition. Neo-tissue organization in vitro could also be controlled by altering scaffold
Extracellular matrix pore architecture, with collagen fibres aligning parallel to the long-axis of the pores within scaffolds con-
Biomaterials taining aligned pore networks. Furthermore, we used in vitro and in vivo assays to demonstrate that AC

Freeze-drying
Preclinical models
Osteochondral
Tissue engineering

and bone ECM derived scaffolds could preferentially direct the differentiation of mesenchymal stromal
cells (MSCs) towards either a chondrogenic or osteogenic lineage respectively, enabling the development
of bilayered ECM scaffolds capable of spatially supporting unique tissue phenotypes. Finally, we implanted
these scaffolds into a large animal model of OC defect repair. After 6 months in vivo, scaffold implantation
was found to improve cartilage matrix deposition, with collagen fibres preferentially aligning parallel to
the long axis of the scaffold pores, resulting in a repair tissue that structurally and compositionally was
more hyaline-like in nature. These results demonstrate how scaffold architecture and composition can
be spatially modulated to direct the regeneration of complex interfaces such as the osteochondral unit,
enabling their use as cell-free, off-the-shelf implants for joint regeneration.

Statement of significance

The architecture of the extracellular matrix, while integral to tissue function, is often neglected in the
design and evaluation of regenerative biomaterials. In this study we developed a bilayered scaffold for
osteochondral defect repair consisting of tissue-specific extracellular matrix (ECM)-derived biomaterials
to spatially direct stem/progenitor cell differentiation, with a tailored pore microarchitecture to promote
the development of a repair tissue that recapitulates the hierarchical structure of native AC. The use of
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this bilayered scaffold resulted in improved tissue repair outcomes in a large animal model, specifically

the ability to guide neo-tissue organization and therefore recapitulate key aspects of the zonal structure

of native articular cartilage. These bilayer scaffolds have the potential to become a new therapeutic option
for osteochondral defect repair.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The complex composition and structure of articular cartilage
(AC), consisting of an arcade-like collagen fibre network and neg-
atively charged proteoglycans, enables it to withstand challenging
biomechanical loads and distribute them across the surface of syn-
ovial joints [1-4]. In defects where the AC is extensively worn and
the subchondral bone is exposed, surgical intervention is required
to induce repair and prevent further joint degeneration and the on-
set of osteoarthritis (OA) [5,6]. While some clinical advances in car-
tilage repair have occurred, cartilage and osteochondral defect re-
pair remain significant clinical challenges, with current tissue engi-
neering and/or “off-the-shelf” scaffold-based approaches failing to
fully recapitulate the complex, hierarchical microarchitecture of na-
tive AC [7-11].

The use of osteochondral autograft/allograft transplantation is
a viable treatment option for the repair of chondral and osteo-
chondral (OC) defects [12] but it is not without drawbacks. This
technique involves the transplantation of an osteochondral plug
consisting of viable hyaline cartilage on top of bone from ei-
ther the patient themselves or a donor. Such treatments allow
patients to return to activity faster than other treatments, but
are limited by factors such as donor site morbidity for autograft
transplantation [12] and the lack of available donors, high cost
and risk of disease transmission for allograft transplantation [13].
There are also several biphasic scaffolds for OC defect repair that
are, or have previously been, approved for human clinical use;
these include TruFit® (Smith and Nephew [14]), Agili-C® (Carti-
Heal [15,16]), OsseoFit® plug (Kensey Nash Corp [17]) and MaioRe-
gen® (Finceramica [18]). While the composition of these products
varies, consisting of various natural and synthetic polymers, min-
erals, type I collagen and/or hyaluronic acid (HA), none of these
products are derived directly from the tissue which they are try-
ing to regenerate. Therefore, they may not preferentially promote
true tissue-specific regeneration when they are colonised by en-
dogenous stem/progenitor cells post implantation. Tissue-specific
extracellular matrix (ECM) derived scaffolds have been shown to
promote tissue repair by providing both structural and functional
cues to cells [19-22], suggesting that such natural, biomimetic
materials may provide a cell-inductive platform for the regenera-
tion of musculoskeletal tissues. Indeed, decellularized AC-ECM de-
rived scaffolds have been shown to promote the chondrogenic dif-
ferentiation of mesenchymal stem/stromal cells (MSCs) [22-27],
while bone [28-30] and growth plate [24,31] ECM derived scaf-
folds have been shown to support osteogenesis. However, direct-
ing the phenotype of stem/progenitor cells is only the first step
in ensuring successful cartilage or OC defect repair following scaf-
fold implantation; such biomaterials are also required to direct the
structural organization of the repair tissue to promote functional
regeneration.

Recent studies have highlighted the importance of scaf-
fold/biomaterial architecture in directing successful cartilage tissue
engineering. For example, cellular and neotissue alignment within
decellularized cartilage explants is influenced by the underlying
collagen architecture of the decellularized tissue [32]. The archi-
tecture of porous scaffolds has also been shown to influence mul-
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tiple factors such as cell infiltration [33,34], matrix deposition [35],
scaffold mechanical properties [36] and the transport of nutrients
and waste products into and out of the scaffold [33]. In order to
improve tissue deposition, a number of different approaches have
been proposed to modify the internal architecture of porous scaf-
folds. For example, alteration of freeze-drying parameters can be
used to obtain biologically active scaffolds with tailorable intercon-
nected pores of defined shape and size [34,37-41]. Whether scaf-
fold pore alignment can be modulated to regulate both cellular in-
filtration and neo-tissue organization during AC regeneration re-
mains poorly understood.

The overall goal of this study was to develop an ‘off-the-shelf’,
biphasic scaffold for osteochondral defect repair that combines
tissue-specific ECM-derived biomaterials to direct AC or bone de-
velopment with a tailored pore architecture to recapitulate the hi-
erarchical collagen structure of AC. To realise this goal, we first
developed a freeze-drying methodology in order to: (i) increase
the mean pore size of the AC-ECM scaffolds, and (ii) to create
anisotropic scaffolds with an aligned pore orientation. The effect of
these alterations on chondrogenic differentiation of MSCs was sub-
sequently examined in vitro. To select the optimal ECM material for
the osseous layer of the bilayered scaffold, we fabricated and sub-
cutaneously implanted three ECM-derived scaffolds derived from
solubilized growth plate (GP) cartilage, AC and bone and evaluated
their ability to promote osteogenic differentiation of MSCs in vivo.
Finally, having determined the optimized bilayer scaffold to prefer-
entially direct OC tissue differentiation in vitro, we then assessed
the capacity of such bilayered ECM derived scaffolds to regenerate
an OC defect in a clinically relevant caprine model of OC defect re-
pair. We hypothesized that this combination of tissue-specific ECM
biomaterials with a tailored pore microarchitecture could promote
the development of a repair tissue that recapitulates the zonal ar-
chitecture and composition of the native osteochondral unit, ulti-
mately leading to better regenerative outcomes.

2. Materials and methods
2.1. ECM scaffold fabrication

The ECM derived scaffolds were fabricated as previously de-
scribed [23,24,28]. Briefly, for AC-ECM, AC was removed from
porcine medial femoral condyles, the starting material for Bone-
ECM scaffolds was bovine bone and for GP-ECM, GP cartilage
was scraped from the epiphyseal growth plate of porcine femoral
heads. After cryomilling the tissues into a powder, tissues were
then solubilised in pepsin and acetic acid. Solubilised ECM was
salt precipitated and dialysed before freeze-drying to obtain stock
which could be then stored long term at -80 °C. To fabricate the
scaffolds; the freeze-dried collagenous material was resuspended
to a final concentration of 20 mg/ml (2%) in 0.02 M acetic acid.
The solution was neutralized with NaOH and crosslinked with
5 mM glyoxal. The ECM slurry was then transferred to custom-
made moulds, placed in the oven at 37 °C and allow to partially
crosslink for 30 min.

Two different moulds and four different freeze-drying proto-
cols were used to fabricate the scaffolds with tailored pore mor-
phology: (i) random standard, (ii) random annealed, (iii) aligned


http://creativecommons.org/licenses/by/4.0/

D.C. Browe, PJ. Diaz-Payno, EE. Freeman et al.

Acta Biomaterialia 143 (2022) 266-281

A Standard Annealed
30 5 1000
0
£ oo § © 5
o GTJ -30 § ‘E 2
'S 5 -60 s 2 o 5
@ ® -o- Temperature (°C) o 3 g Temperature (°C) =
g -90 E) —
@ g — Vacuum (mbar) 32 g Vacuum (mbar) g
E 120 L, 8 g 3
&
-150
80— T T T T T T T T T 101
BT T T T T T T T T T T 101 0 2 4 6 8101214 16 18 20 22 24
02 4 6 8 m‘ 12 14 16 18 20 22 24 Time (h)
Time (h) Random mold
30 5 1000
0
- ° L < [ < e ~—
@ - 100 83 2 b EL "u; ':u ‘...'f
5 0 5 £ i b @ 0 5
g % 0 -e- Temperature (°C) r10 i Tz -o-| Temperature (°C) i | | # 'O'I?Q
< 2 - —— Vacuum (mbar) 2— 2 —| Vacuum (mbar) a-
= nos : 1"t
- = - =
-150
SBTSTTTTT T T T T T 1101 S180 T T T T T T T T 101 .
0 2 4 6 8 1012 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24 Allgned mold
c Time (h) Time (h)
Standard Annealed D Standard Annealed ) E *
. . SSSNA W E a0 ——
¥ . =
N
g o 1507 m Random
g ¢ s N0 M Aligned
] © +45° (0]
m o (]
S8 = 50
> o
5 o
0 . 0° Standard Annealed
o F
—~
= 0.05 --* Random Standard
| _g - — Random Annealed
< £ 004 --- Aligned Standard
- b 3 i
2 g -45° O 0.03 — Aligned Annealed
5 2 ot
= 5 =, 0.02
L 1T g % O S e
0.00°

Pore size

45 90 135 180

Direction (degrees)

Fig. 1. Characterization of pore morphology in scaffolds fabricated using a freeze-drying protocol combining directional freeze-casting and annealing. Graphical schematics of
the temperature and vacuum parameters employed during the 4 different freeze-drying (FD) protocols (A). Tufset polypropylene mould used for the fabrication of scaffolds
with random pore shape (above) and the main heat transfer directions that affect the mould. Silicone and metal mould used for aligned pores (below) and main heat transfer
direction that affects the mould (B). Scanning electron microscopy images of the scaffolds corresponding to the 4 different FD protocols (C). Overlapping fiber orientation
color map showing degree of anisotropy in the ECM derived scaffolds (D). Mean pore/channel diameter comparison for all 4 groups based on SEM image quantification (E).
Representative histogram curve of the orientation shown in the color map images where the plugin from Fiji, Directionality, was used to calculate the number of fibres (Fiji

count) per direction (degree). (F). *pP < 0.05; n > 3.

standard, (iv) aligned annealed (Fig. 1A). In order to generate ran-
dom or aligned pores, the heat transfer direction had to be op-
timized for each case. Multidirectional heat transfer will lead to
an isotropic porous structure (random pores), while unidirectional
heat transfer will lead to an anisotropic porous structure (aligned
pores). In order to generate scaffolds with increased pore size, an
annealing step was included in the freeze-drying process. The an-
nealing step consists of holding the product at a temperature above
the final freezing temperature for a defined period, which allows
the development and growth of already formed ice-crystals during
the first freezing step. After freeze-drying, the scaffolds then un-
derwent dehydrothermal (DHT) crosslinking. The DHT process was
performed in a vacuum oven (VD23, Binder, Germany), at 115 °C,
in 2 mbar for 24 h, as previously described [23].

2.2. Bilayer (AC:Bone) ECM scaffold fabrication

Tissue-specific bilayer scaffolds were made with two distinct
layers of solubilized ECM materials: articular cartilage (AC) and
bone. The fabrication method was adapted from the protocol de-
scribed above. Briefly, after the solutions were partially crosslinked
with 5 mM glyoxal at 37 °C for 30 min the Bone-ECM slurry was
poured onto the mould allowing unidirectional heat transfer (metal
base + Polydimethylsiloxane (PDMS) wells) and frozen for 2 min
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with liquid nitrogen. Then, the AC-ECM slurry was poured on top
and allowed to equilibrate for 10 min. The mould was then placed
in the freeze-drier and the aligned annealed protocol as described
in Fig. 1A was used. After freeze-drying, the scaffolds were re-
moved from the mould and subjected to DHT treatment as above.

2.3. Pore morphology characterization

Prior to scanning electron microscopy (SEM), scaffolds were
sputter coated with a gold/palladium alloy (Agar Scientific, UK) for
90 s at 0.1 mBar. SEM images were obtained using a Tescan Mira
XMU system with an acceleration voltage of 5 kV and working dis-
tance of 5 mm. SEM images of the freeze-dried scaffolds were used
to quantify pore size and pore alignment. ‘Orientation]’ and ‘Di-
rectionality’ plugins, from Image], were used to create the colour
maps of the pore orientation and to generate data to plot the di-
rectionality curves, respectively [42].

24. Cell culture

For in vitro studies, porcine bone marrow mesenchymal stromal
cells (MSCs) were freshly isolated from the femurs of 3-4 month
old female pigs that were obtained from a local abattoir (Perma
Pigs Ltd.). Cell isolation took place approximately two hours post
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euthanasia. MSCs were seeded at a density of 500,000 cells per
scaffold (1,000,000 MSCs per bilayer scaffold), as previously de-
scribed [22]. Before supplementing the media, the cells were al-
lowed to attach to the scaffolds for 2 h in the incubator at 37 °C.

For the murine subcutaneous implantation study, 500,000 hu-
man bone marrow derived mesenchymal stromal cells (purchased
from Lonza) were seeded per scaffold the evening prior to surgery.
The MSCs were isolated from a healthy male donor (19 years
old) and tri-linage differentiation was performed to confirm tri-
potentiality (data not shown). Constructs were maintained in ex-
pansion media: DMEM + GlutaMAX™, 10% fetal bovine serum
(Gibco®) with 100 units/ml Penicillin, 100 units/ml Streptomycin
(Gibco®) overnight before surgery.

To assess cell infiltration, the constructs were kept for 7 days in
normoxic conditions (20% O, and 5% CO,) at 37 °C supplemented
with 5 ml of expansion media.

To assess cell differentiation and tissue deposition, the con-
structs were cultured in either (i) chondrogenic media: Dulbecco’s
modified eagle’s medium (DMEM) + GlutaMAX™ (Gibco®), 1 mM
sodium pyruvate, 350 pM L-proline, 1.5 mg/ml bovine serum al-
bumin (BSA), 1 nM dexamethasone, 300 uM ascorbic acid, 17 ptM
linolenic acid, 10 ng/ml transforming growth factor B3 (TGF-
B3, (Peprotech) 1X insulin-transferrin-selenium; or (ii) osteogenic
media: DMEM + GlutaMAX™, 10% fetal bovine serum (Gib-
co®), 10 mM p-glycerophosphate, 1 nM dexamethasone, 90 puM
ascorbic acid. All media were supplemented with 100 units/ml
Penicillin, 100 units/ml Streptomycin (Gibco®) and 0.25 pg/ml
amphotericin B.

Samples at day O (after cell seeding) and day 28 were bio-
chemically analysed for DNA, sulphated GAG (sGAG), collagen con-
tent and calcium deposition. The DNA content was quantified
by Bisbenzimide Hoechst assay. sGAG content was quantified by
dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd,
Northern Ireland), using bovine chondroitin sulphate as the stan-
dard. Collagen content was indirectly determined by measuring the
hydroxyproline (HxP) content after acidic hydrolysis of the sam-
ples at 110 °C for 18 h in 38% HCI. Collagen content of scaffolds
was quantified by measuring total hydroxyproline content as previ-
ously described [43]. A hydroxyproline:collagen ratio of 1:7.69 was
assumed to determine the collagen content [44]. Calcium content
was determined using the o-cresolphthalein complexone (oCPC)
method (Sentinel Diagnostics) according to the manufacturer’s in-
structions.

2.5. Live/dead imaging

Constructs were transferred to a 24 well plate and washed thor-
oughly in PBS. The constructs were sliced in the longitudinal di-
rection (so the microscope imaging can take place in the middle
of the construct). 1 ml of the freshly prepared Live/Dead solution
was added to each well consisting of 20 pL of 2 mM Ethidium
homodimer with 4 pL of 4 mM Calcein AM (both Cambridge Bio-
sciences) in 10 mL PBS. After incubation for 1 h, the scaffolds were
washed three times with PBS. Finally, the constructs were imaged
using a Leica SP8 scanning confocal microscope. The percentage
of live/dead cells was obtained using Image ] to count the green
(alive) or red (dead) cells.

2.6. Histological analysis

ECM derived constructs (2 scaffolds at each time point) were
fixed overnight prior to dehydration in increasing alcohol solutions
and xylenes and finally embedded in paraffin. The wax-embedded
constructs were sectioned (6 pm slices) using a microtome. Sec-
tions were rehydrated and stained with alcian blue for sGAG, with
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picrosirius red for collagen, with alizarin red for calcium. Immuno-
histochemical analysis of collagen types I, Il and X was performed
as previously described, details of specific antibodies can be found
in Supplementary table 1 [23]. Picro-sirius red stained samples
were imaged under polarized light microscopy (PLM) to investi-
gate collagen fibre orientation. PLM images were further analyzed
with Directionality and Orientation ] plugins for Image ] in order to
characterise the degree of orientation as previously described [22].

2.7. Mouse subcutaneous implantation

All animal experiments were conducted in accordance with the
recommendations and guidelines of The Health Products Regula-
tory Authority (HPRA), the competent authority in Ireland respon-
sible for the implementation of Directive 2010/63/EU on the pro-
tection of animals used for scientific purposes in accordance with
the requirements of the Statutory Instrument No. 543 of 2012.

Mouse procedures were ethically approved by both the animal
research ethics committee of Trinity College Dublin and the HPRA
under protocol number AE19136/P069. 8-week old BALB/c OlaHsd-
Foxn1™ nude mice (Envigo, Oxford, UK) were anaesthetised us-
ing a mixture of xylazine (10 mg/kg) and ketamine (100 mg/kg)
given subcutaneously before surgery. Once anaesthetised, analgesia
in the form of 5 mg/kg carprofen was also administered subcuta-
neously. Two incisions were made in the skin slightly lateral to the
spine of each animal and four subcutaneous pockets were created.
MSC seeded ECM constructs were then implanted, 4 constructs per
animal, n = 8 per experimental group. To ensure the mechanically
soft ECM scaffolds maintained their shape while implanted, the
scaffolds were deposited into a cylindrical 3D printed polycapro-
lactone (PCL- Perstop) sheath (wall thickness = 0.25 mm; diame-
ter = 4 mm; height = 4 mm) as previously described [45]. Experi-
mental groups and implantation position was randomized for each
animal. After 8 weeks, animals were euthanized by CO, asphyx-
iation. Post-surgery and before fixation, gross morphological im-
ages were taken with a digital microscope system (Ash Inspex HD
1080p) for macroscopic evaluation. Samples were then incubated
in paraformaldehyde for 24 h to fix before using microcomputed
tomography (uCT) to scan the samples at 55 kVp, 145 pA and a
12 pm voxel size using a MicroCT42 system (Scanco Medical). Sub-
sequently, samples were then processed for histology, sectioned at
10 pm and stained with Masson’s Trichrome to examine tissue de-
position. Masson’s Trichrome sections were taken from the cen-
ter of the constructs; dark green stain corresponds to new min-
eral deposition, light green is collagen and red is muscle or blood
vessels.

2.8. Osteochondral caprine model

Caprine procedures were approved by both the University Col-
lege Dublin Animal Research Ethics Committee (AREC-18-17) and
the Irish Health Products Regulatory Authority (AE18982/P142).

The surgical procedure in the caprine model was carried out
as previously described [22]. Briefly, the goats were premedicated
with diazepam (0.4 mg/kg IV) and butorphanol (0.4 mg/kg IV).
Once sedation was achieved a lumbosacral epidural block was ad-
ministered using a combination of lidocaine (2 mg/kg) and mor-
phine (0.2 mg/kg). Following placement of an intravenous catheter,
anesthesia was induced with propofol on effect (maximum dose
4 mg/kg IV). Anesthesia was maintained using isoflurane in 100%
oxygen with ventilation to maintain normal end tidal CO, between
4.6 and 6 kPa. Lactated Ringer’s solution was infused at 10 ml/kg/h.
Following induction of anesthesia, the goats were placed in dor-
sal recumbency on a heat mat and an arthrotomy of each stifle
joint was then performed using the lateral para-patellar approach.
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A critically sized circular osteochondral defect, 6 mm in diame-
ter x 6 mm in depth, was created in the left and right lateral
trochlear ridge of the distal femur using a hand drill, a pointed and
flattened drill bit and a depth guide. During the drilling process
extensive irrigation and flushing with saline fluids (0.9% NaCl) is
performed to prevent heat production and accumulation of drilling
debris in the joint. The stifle joints were randomly assigned to
one of the two treatment groups: (1) Empty control and (2) AC-
Bone ECM derived bilayer scaffold. The bilayer scaffold was press
fit into the defect site cell-free before routine closure of the joint
capsule, subcutaneous tissues and skin with sutures. Morphine
(0.2 mg/kg IM) and non-steroidal anti-inflammatory drug meloxi-
cam (0.5 mg/kg SC) were administered at the end of anesthesia.
Following surgery, goats were group housed in indoor pens to al-
low skin incisions to heal and were allowed full weight bearing im-
mediately. During this period the animals were closely monitored
to ensure adequate analgesia and optimal welfare. Daily meloxi-
cam and antibiotics (Amoxicillin clavulanic acid 8.75 mg/kg) were
administered for 5 days post-surgery. Two weeks post-operatively,
following removal of sutures, animals were let out to pasture for
the remainder of the study period. Euthanasia was carried out with
an overdose of sodium pentobarbital (Euthatal) administered by IV
injection after 6 months post-implantation (n = 8) to permit har-
vesting of the treated joints.

2.9. Repair tissue evaluation

1.5 cm? sections containing the defect site were harvested from
the goats using an oscillating bone saw. Before fixation, gross mor-
phological images were taken with a digital microscope system
(Ash Inspex HD 1080p) for macroscopic evaluation. Macroscopic
images were blinded, randomised and subsequently scored by four
expert reviewers using a previously described macroscopic scor-
ing system as shown in supplementary Table 2 [46,47]. Levels of
mineralization within the repair tissue (5 mm diameter cylindri-
cal region) was quantified using nCT (Scanco Medical, Switzerland)
at a threshold of 210, corresponding to a density of 399.5 mg
hydroxyapatite/cm3. Two regions of interest for calculating bone
density (bone volume per total volume) were defined as follows:
The subarticular spongiosa (SAS) defined as the bottom 3 mm of
the bony region of the defect) and the subchondral bone plate
(SBP) defined as the upper 1 mm of the bony region of the de-
fect. 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.
Demineralized wax-embedded constructs were sectioned at 10 pm
and stained with safranin O and picrosirius red. Histological scor-
ing was performed using a modified ICRS II scoring system [48].
Safranin O staining was also used in combination with Image ] 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 Di-
rectionality plugin for Image] [42] 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 as previ-
ously described [22]. The angular dispersion is a measure equiva-
lent to the standard deviation of the orientation value given by Im-
age J. Therefore, it can be considered a measure of the variability in
the fibre orientation. A low value indicates that most of the fibres
are oriented with the mean fibre direction. Immunohistochemistry
was performed for collagen type II (Santa Cruz- sc52658 1:400)
as previously described [23]. 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%

270

Acta Biomaterialia 143 (2022) 266-281

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 dilu-
tion) was incubated on the samples for 60 min at room tempera-
ture. Staining was developed using a DAB (3,3’-Diaminobenzidine)
substrate kit (Vector Labs). To quantify the extent of positive type
Il collagen staining in the defect site defect, a 1.5mm x 5 mm re-
gion of interest central to the defect was selected and DAB (3,3'-
Diaminobenzidine) positive staining was quantified using the plu-
gin [HC profiler for Image] [49]. A grading using the terms: worst,
intermediate and best was used to refer to the representative im-
ages picked to display the histological data in the figures. This
grading is based on the corresponding analysis and scoring (re-
flected in the same figure).

2.10. Statistical analysis

Results are presented as mean +/- standard deviation. Statisti-
cal analysis was performed using Graph Pad Prism 9 (San Diego,
USA). Statistical differences were analysed by one-way or a two-
way analysis of variance (ANOVA) with Tukey’s test for multiple
comparisons to compare experimental conditions 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 * = p < 0.05; ** = p < 0.01; ** = p < 0.001

3. Results

3.1. Directional freeze-casting and annealing enables the fabrication
of ECM derived scaffolds with tailored pore shape and size

Porous anisotropic scaffolds were produced using solubilized
AC-ECM by (i) modifying the freeze-drying kinetics (Fig. 1A) dur-
ing the fabrication procedure and (ii) by controlling the direction
of heat transfer during the freezing step before freeze-drying us-
ing moulds which permits heat transfer in all directions (random)
or preferentially along the vertical axis (aligned) (Fig. 1B). Scan-
ning electron microscopy (SEM) was used to characterize the mor-
phology (diameter and alignment) and distribution of the chan-
nels/pores in both scaffold types (Fig. 1C-F). The mean pore diam-
eter for the standard random scaffolds was 54 4+ 13 pm, increas-
ing to 133 &+ 56 pm for the annealed random scaffolds (Fig. 1E).
They were comparable to that observed in the aligned scaffolds,
where the mean pore diameter for the standard scaffolds was
44 + 11 pm, increasing to 97 + 4 pm for the annealed scaffolds
(Fig. 1E). The Orientation] and directionality plugins for Image]
were used to quantify the degree of pore anisotropy (Fig. 1F). There
was no obvious preferential pore alignment in any particular direc-
tion in the AC-ECM scaffolds fabricated using the traditional mould
(random scaffolds). Conversely, an aligned honeycomb-like pore ar-
chitecture was observed in the scaffolds fabricated by directional
freeze-drying (aligned scaffolds).

3.2. Increased scaffold pore size promotes enhanced cell infiltration
and homogenous tissue deposition

The standard and annealed AC-ECM scaffolds were next seeded
with MSCs to assess the influence of pore size on cell infiltration
and matrix deposition. After seeding, cell infiltration into the cen-
tre of the scaffold was more noticeable in the annealed scaffolds
with larger pores. It should be noted that the displayed images cor-
respond to transversal cross-sections of the samples (Fig. 2A). SEM
images of the scaffolds at day O confirm the larger pore sizes in
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Fig. 2. Effect of pore size on chondrogenesis of MSCs in AC-ECM scaffolds (random standard Vs random annealed). Schematic illustrating the transversal cross section cut
employed for histological analysis (A). Scanning electron microscopy (SEM) images of scaffolds fabricated with standard or annealed protocols (B). Histological analysis of
day 0 samples with alcian blue for sGAG staining (C). Polarized light microscopy (PLM) image of picrosirius red staining at day O (D). Live/dead images of MSC seeded
scaffolds after 7 days in expansion medium (E). Histological analysis of day 28 samples cultured in chondrogenic medium with alcian blue for sGAG staining (F), picrosirius
red (PR) for collagen staining (G) and Polarized light image to visualize collagen fibre directionality (H). Biochemical analysis of DNA (I), SGAG:DNA ratio (J) and HxP:DNA

ratio (collagen) at day 28 (K). *** pP < 0.001; n = 4.

the annealed scaffolds (Fig. 2B). Histological analysis at day O con-
firmed that the majority of cells (nuclear fast red counterstained)
agglomerated along the perimeter of the standard scaffold with
smaller pores, while there was greater cell infiltration into the cen-
tre of the scaffolds with the larger pores (Fig. 2C). In addition,
bright field microscopy combined with picrosirius red staining con-
firmed the collagenous nature of the AC-ECM scaffolds (Fig. 2D),
with a noticeable increase of orange color in scaffolds with big-
ger pores as a result of the cryocondensation of the material dur-
ing the annealing process. Confocal images, after 7 days of culture,
demonstrated an increased number of live cells (stained with cal-
cein) in the centre of the annealed scaffolds with large pores than
in the standard scaffolds with smaller pores (Fig. 2E). After 28 days
of culture in chondrogenic media, a more homogenous distribution
of sGAGs and collagen was observed in the annealed (large pore)
scaffolds (Fig. 2F and G). Polarized light microscopy was able to
detect birefringent fibres in both scaffolds demonstrating mature
collagen deposition (Fig. 2H). There was no significant difference in
the amount of DNA levels or collagen deposited in the two scaffold
types (Fig. 2I and K). Significantly higher levels of sGAG deposition
was observed in the annealed scaffolds with larger pores compared
to standard scaffolds with smaller pores (Fig. 2J).
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3.3. An anisotropic scaffold pore morphology supports oriented tissue
deposition

To assess the influence of scaffold pore architecture on cartilage
tissue formation in vitro, MSCs were seeded onto annealed ran-
dom or annealed aligned scaffolds and cultured in chondrogenic
media for 28 days. Again, it should be noted that the displayed
images correspond to longitudinal cross-sections of the samples
(Fig. 3A). Macroscopic images of the scaffolds at day O (before
cell seeding) displayed a light-orange color (as scaffolds are fab-
ricated with phenol red-containing medium) with visible architec-
tural differences observed between the two scaffolds (Fig. 3B). At
day O, the scaffolds stained weakly for sGAG (Fig. 3C), but posi-
tively for collagen (Fig. 3D). After 4 weeks of culture, histological
analysis demonstrated the homogenous deposition of cartilaginous
tissue, rich in sGAGs and type II collagen, throughout both scaf-
folds (Fig. 3E-G). Only weak staining for type X collagen (a hy-
pertrophic marker) was observed in both scaffolds (Fig. 3H). Po-
larized light microscopy was undertaken to characterise collagen
alignment in both scaffolds (Fig. 31). Magnified pictures were taken
of two regions of interest (ROI) in the scaffolds: one at the periph-
ery and one in the centre designated as the top and middle ROIs.
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While the top of both scaffolds was characterised by the presence
of collagen fibres parallel to the surface, collagen alignment dif-
fered within the middle of the two scaffolds. Collagen fibres ap-
peared to be randomly distributed within the scaffold with random
pores. In contrast, the collagen fibres appeared to be preferentially
deposited parallel to the long-axis of the pores within the aligned
scaffold. Directionality analysis confirmed very distinct collagen fi-
bre alignments, particularly in the middle ROI in the scaffold with
aligned pores (Fig. 3I). Biochemical analysis validated histological
results and demonstrated that there was no significant difference
in the DNA, sGAG and collagen content of scaffolds with random
and aligned pores (Fig. 3J-I).
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3.4. Bone-ECM scaffolds promote robust mineralization in vivo

Having demonstrated that the pore architecture of AC-ECM
scaffolds could be augmented to enhance both cellular infiltration
and cartilage matrix deposition, we next sought to fabricate an
osteo-inductive ECM scaffold that could later be coupled to the op-
timized AC-ECM scaffold to generate a bilayered scaffold for osteo-
chondral defect repair. To this end, we fabricated three scaffolds
using the same solubilization procedure from growth plate (GP),
AC and bone source tissues. To evaluate the ability of these three
scaffolds to support osteogenesis in vivo, they were seeded with
human BM-MSCs and implanted subcutaneously in nude mice for
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8 weeks. A schematic of the experimental design can be seen in
Fig. 4A. Due to the relatively weak mechanical properties of the
ECM scaffolds, each scaffold was encompassed in a 3D printed
PCL sheath to prevent the scaffold being crushed. pCT reconstruc-
tions of the excised constructs after 8 weeks revealed stark dif-
ferences in the amount of mineral deposited in the different scaf-
folds (Fig. 4B). Significantly greater bone volume was observed in
the Bone-ECM constructs when compared to both GP-ECM and AC-
ECM scaffold groups (Fig. 4C). Macroscopically, visible differences
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in tissue deposition were observed. Both GP-ECM and AC-ECM con-
structs generally consisted of a weak, fibrous tissue, while the
Bone-ECM constructs contained solid, vascularized tissue (Fig. 4D).
Histological analysis of the constructs revealed that GP constructs
showed minimal, if any, de novo bone tissue formation with the
collagen matrix of the scaffold, which was still clearly visible af-
ter 8 weeks. AC-ECM constructs supported variable and minimal
mineral formation in vivo, with only 50% of the constructs con-
taining small mineral deposits. Within the Bone-ECM constructs,
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robust mineralization was observed in all constructs histologically,
which correlated with the pCT findings (Fig. 4E).

3.5. Bilayered scaffolds consisting of tissue-specific ECM support
spatially defined chondrogenesis and osteogenesis

Next, we fabricated a bilayered scaffold composed of a base
layer of solubilized bone-ECM and an overlying layer of solubi-
lized AC-ECM, mimicking the native OC tissue structure (Fig. 5A).
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The scaffolds were fabricated with aligned annealed pores to firstly
support the migration of cells from the osseous to the chondral re-
gion of the scaffold, and secondly to support the development of
structurally organised AC. Food colorant was used during the fab-
rication process to demonstrate the integration between the two
distinct layers (Fig. 5B). These bilayer scaffolds were then seeded
with MSCs and maintained in either chondrogenic or osteogenic
media. After 28 days of culture in chondrogenic medium, the top
layer (AC-ECM) stained strongly with alcian blue and picrosirius
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red, indicating robust sGAG and collagen deposition. On the other
hand, only weak staining for sGAG and collagen deposition was ob-
served in the bottom layer (Bone-ECM). Both layers stained nega-
tive for alizarin red, indicating no mineralisation of the scaffolds
(Fig. 5E). In osteogenic medium, neither layer was shown to stain
strongly for sGAG. Both layers stained strongly for collagen and
mineral deposition (Fig. 5E).

DNA levels were significantly higher in the AC-ECM layer than
in the Bone-ECM layer in both chondrogenic and osteogenic media
(Fig. 5F). sGAG deposition was higher in the AC layer in chondro-
genic conditions (Fig. 5G). The highest levels of collagen deposi-
tion occurred in the AC layer of scaffolds cultured in osteogenic
medium (Fig. 5H). Very low levels of calcium deposition were ob-
served at day 28 in samples cultured in chondrogenic medium. In
contrast, robust calcium deposition was observed in constructs cul-
tured in osteogenic medium, with significantly higher levels mea-
sured in the Bone-ECM layer (Fig. 5I).

Immunohistochemistry was used to assess the different types
of collagen deposited in each scaffold layer in the different media
conditions. When constructs were cultured in chondrogenic me-
dia, the AC layer stained strongly for collagen type II. There was
however, weak positive staining for collagen type 1. Collagen type
X deposition appeared localised to the pericellular area. The bone
layer did not stain positive for collagen type II or type I deposition,
although some weak positive staining for collagen type X was ob-
served (Fig. 5]). In osteogenic medium, negligible staining for col-
lagen type II was observed in both layers. Positive staining for both
collagen type I and type X was observed in the AC-ECM layer. The
Bone-ECM layer also stained positive for collagen type I, indicative
of supporting direct intramembranous ossification (Fig. 5]).

3.6. Evaluation of osteochondral defect repair in a clinically relevant
large animal model

Having successfully coupled both chondro-inductive and osteo-
inductive ECM materials together to create a bilayered scaffold ca-
pable of promoting MSC differentiation in a zone specific manner
in vitro, we next sought to test the ability of the bilayered scaf-
fold to promote joint regeneration in a caprine model of osteo-
chondral defect repair. To this end, cylindrical osteochondral de-
fects (6 x 6 mm) were created in the lateral trochlear ridge of
both hind limbs in skeletally mature goats. The two hind limbs
of each animal were randomly assigned either as ‘empty defect’
or ‘bilayer scaffold’ treatment and therefore internally (i.e. within
animal) controlled. Bilayered scaffolds were implanted cell-free as
an “off-the-shelf” device. Osteochondral defects were dried with a
gauze and scaffolds were inserted into the defect in their dry state.
Subsequently, saline was added to the scaffolds so they swelled to
fully fill the defect space. A schematic of the surgical procedure
can be seen in Fig. 6A. Animals were euthanized after 6 months
and the tissue repair evaluated. Macroscopically, variable levels of
repair were observed, with some animals having high levels of de-
fect fill across both empty and bilayer scaffold groups (Fig. 6B).
When macroscopic scoring was performed by three blinded ex-
pert reviewers, no significant differences were observed between
the two groups (Fig. 6D). To examine subchondral bone regenera-
tion, 3D nCT reconstructions of the defect site were generated. As
with the macroscopic analysis, high levels of variability were ob-
served across the animals (Fig. 6C). In order to quantify the levels
of subchondral bone repair, the area was divided into two regions
of interest: the subchondral bone plate (SBP, defined as the upper
1 mm of the bony region) and the subarticular spongiosa (SAS, de-
fined as the bottom 3 mm of the bony region). While no significant
differences were observed across the groups, the scaffold treated
groups visually appeared to develop more consistent subchondral
bone repair than the empty defect group, particularly in the SAS
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region where a trend of increasing bone volume to total volume
(BV|TV) ratio was observed (Empty - 25 mm?® BV/TV; Bilayer scaf-
fold - 31 mm? BV/TV; p = > 0.1) (Fig. 6C and E)."

We next performed histological analysis to further evaluate the
quantity and quality of the newly formed cartilage tissue in the
defect sites. Highly variable levels of cartilage matrix deposition
were observed in the empty control defects. While all defects were
found to be filled with some form of tissue, in the empty group 5
of the 8 animals tested were found to have < 10% of the defect
site filled with Safranin-O positive tissue (Fig. 7), indicating little
cartilage tissue deposition. In addition, there was a trend towards
an increase in subchondral bone abnormalities in the empty defect
group when compared to bilayer scaffolds treated defects (Table
S1). In animals which received the bilayer ECM scaffold (Fig. 7A),
a more consistent level of repair was observed in terms of depo-
sition of sGAG, with only 2 out of 8 animals having < 10% of the
defect site filled with Safranin-O positive tissue (Fig. 7B). We also
observed Safranin-O positive tissue in the osseous region of sev-
eral goats in the empty group that was not apparent in the bilayer
scaffold treated animals. To further assess the spatial patterns of
tissue formation within the osteochondral defects, we quantified
the amount of Safranin-O positive staining in a 5 x 5 mm square
region of the osseous defect below the chondral region. A trend
towards a decrease in Safranin-O positive staining was observed in
the animals that received the bilayer ECM scaffold, indicating that
tissue remodelling was not completed in the osseous region of the
empty cohort (Fig. 7C). Type II collagen, the predominate collagen
in native AC, was found to be deposited in both empty and bi-
layer scaffold treated defects. Upon quantification of the amount
of type II collagen positive staining in the cartilage region of inter-
est (5 mm x 1.5 mm), a trend towards increasing type II collagen
was observed in the bilayer scaffold treated animals (p = 0.191;
Fig. 7D).

Having observed increases in chondrogenic matrix protein de-
position in the chondral region of bilayer scaffold treated animals,
we next examined the superficial zone of the regenerated AC to
determine if the bilayered scaffolds were able to recapitulate the
specific collagen fibre orientation and lubricin expression associ-
ated with this key region in AC. Specific lubricin staining, localized
to the superficial zone was only observed in the “best repair” ani-
mal of the empty defect group; conversely distinct lubricin staining
could be observed in all bilayer scaffold treated animals (Supple-
mentary Fig. 1). Polarized light microscopy of picrosirius red histo-
logical stained slides was employed to determine the collagen fibre
orientation in the repair tissue. This indicated the development of
a more biomimetic collagen organization in the superficial zone of
defects treated with the bilayered scaffold, with collagen fibres ori-
entated parallel to the articulating surface (Fig. 8A). The predom-
inant angle of orientation and the dispersion of the collagen fibre
orientation were also quantified in the superficial zone. In the su-
perficial zone of native caprine AC, collagen fibres are orientated
parallel to the joint surface (1.5° +/- 1.27°), with a low level of fi-
bre dispersion (8.1° +/- 1.3° Fig. 8B); while in the deep zone of
native AC, the collagen fibres are orientated perpendicular to the
joint surface (87.9° +/- 1.5°), with a low level of fibre dispersion
(12.7° +/- 2.2° Fig. 8C). The mean fibre direction and dispersion in
defects treated with the bilayered scaffold were more akin to that
of the native tissue compared to the empty controls (Fig. 8B). Of
note, in the deep zone of the repair tissue, scaffold implantation
resulted in a significant increase in the mean fibre direction versus
empty controls (Fig. 8C). To better visualize the data, we then plot-
ted the mean fibre dispersion and fibre orientation together with
values from representative healthy animals (native tissue). The re-
pair tissue in empty control defects contained a high level of fibre
dispersion, with an average fibre orientation angle that noticeably
deviated from that observed in the superficial zone of native car-
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tilage (mean 9.9° +/- 7.5°), as demonstrated by the orange eclipse.
In animals treated with the bilayer scaffold, both the average angle
of collagen fibre orientation and the levels of dispersion was seen
to approach native values, as represented by the blue (bilayered
scaffold) and green (native tissue) ellipses.

4. Discussion

The overall goal of this study was to develop an ‘off-the-shelf’,
biphasic regenerative implant for osteochondral defect repair that
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combines two tissue-specific ECM-derived biomaterials to spatially
direct tissue differentiation, with a tailored pore microarchitecture
to promote the development of a repair tissue that recapitulates
the hierarchical structure of native AC. To achieve this, we suc-
cessfully developed a freeze-drying method which concurrently in-
creased the mean pore size and introduced an aligned pore orien-
tation. We established that ECM biomaterials derived from solubi-
lized bone were optimal for bone repair applications when com-
pared to scaffolds derived from other musculoskeletal tissues in a
subcutaneous mouse model. Finally, we observed that implantation
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of an “off-the-shelf” bilayered ECM scaffold improved tissue repair
outcomes in a clinically relevant large animal model, specifically
the ability to guide neo-tissue organization and therefore recapitu-
late key aspects of the zonal structure of native articular cartilage.

The in vitro and in vivo data presented in this study sup-
ports the use of tissue-specific ECM scaffolds for orthopedic tis-
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sue engineering applications. ECM scaffolds derived from non-
tissue specific sources, such as small intestinal submucosa (SIS),
have been used for numerous different clinical applications, with
at least partial success achieved in the surgical reconstruction of
skin, vascular tissue and skeletal muscle among others [50]. It is
unlikely, however, that a single source of ECM such as the SIS
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can be successfully used for the successful regeneration of all tis-
sues, and specifically complex interfaces such as the osteochon-
dral unit. We believe that tissue-specific ECM scaffolds, designed
with a targeted end application in mind, represent a promising so-
lution to this challenge. Not only can such biomaterials support
tissue-specific differentiation of stem/progenitor cells [51-53], but
it has also been shown that ECM scaffolds derived from differ-
ent musculoskeletal tissues can drive distinct macrophage pheno-
types [24]. In this study we have successfully demonstrated that
such tissue specific ECM derived biomaterials can be combined
into a bi-layered scaffold for osteochondral defect repair, where
the pore size and architecture was optimized for articular cartilage
regeneration.

We observed that an increase in mean pore size, due to the ad-
dition of the annealing step during the freeze-drying process, re-
sulted in an increase in cartilage matrix deposition in vitro. This
result agrees with previous findings where an increase in pore
size in collagen-based scaffolds correlated with increased chondro-
genic differentiation of MSCs [54-56], however it should be noted
that other studies have reported smaller pores can outperform
larger pores [57,58] in the context of cartilage tissue engineering.
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It has also been demonstrated that an increase in pore size can
have a detrimental impact on the mechanical properties of porous
collagen-based scaffolds [55], however we did not observe signifi-
cant differences in stiffness following the addition of an annealing
step (supplementary Fig. 2). It should be noted that the Young’s
modulus of our ECM derived scaffolds are relatively low compared
to native cartilage tissue. This could potentially be addressed by
reinforcing the ECM scaffold with a synthetic polymeric network
[28]. We also observed that an aligned pore architecture directed
the organization of the collagen fibers laid down locally by resident
cells, promoting a more AC-like collagen network both in vitro and
in vivo. Providing such structural cues to cells resident in biomate-
rial scaffolds will likely be integral to the engineering/regeneration
of multiple different tissues.

In order to regenerate both tissues within an osteochondral de-
fect, many consider regeneration of the subchondral bone to be
critical as it provides a platform for the regeneration of the overly-
ing AC. With this in mind, this study screened three bone-specific
ECM-derived biomaterials to determine the optimal scaffold for the
osseous layer of an OC scaffold. While others have observed that
AC-ECM scaffolds provide a substrate supportive of endochondral
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ossification of MSCs in vivo [59], we observed minimal ossifica-
tion upon subcutaneous implantation of our AC-ECM derived scaf-
folds. Under osteogenic culture conditions, the GP-ECM scaffolds
had previously been shown to support robust osteogenic differ-
entiation when seeded with BM-MSCs in vitro [24], but this was
not observed here in an in vivo environment when exogenous 0s-
teogenic factors were not present. The extent of new bone gen-
erated in vivo in this study compares favorably with similar stud-
ies using decellularized bone matrix scaffolds seeded with MSCs in
the subcutaneous mouse model [60]. Together these results sup-
port the use of bone-ECM as the osseous phase of bilayered scaf-
folds targeting OC defect repair.

In vitro evaluation of the bilayered scaffold demonstrated zone
specific deposition of hyaline-like cartilage matrix in the chondral
layer in chondrogenic conditions. Under osteogenic culture condi-
tions, calcium deposition was observed throughout the scaffold,
but with significantly more calcium deposition observed in the
bone layer. These findings indicate that the bilayer scaffold can
promote zone specific differentiation of MSCs, and demonstrate the
value of using tissue-specific ECM to support engineering of com-
plex tissues such as the osteochondral unit. This result is in agree-
ment with previous work from our group which demonstrated the
ability of scaffolds fabricated from particulated AC and GP to spa-
tially direct MSC differentiation in vitro [22]. However, these scaf-
folds were not solubilized and thus would have maintained high
levels of endogenous growth and biochemical factors due to the
minimal processing of the tissues. This present study shows that
despite the harsh solubilization treatment employed, residual bio-
chemical | physical cues remain in the ECM post fabrication, and
that these are sufficient to promote tissue-specific differentiation.
The AC-ECM scaffold is predominately composed of type II colla-
gen, which has been shown to promote chondrogenic differentia-
tion in the absence of growth factors [61]. Future studies will seek
to elucidate the identity of any residual biochemical cues that re-
main in the scaffolds post fabrication.

In order to assist potential future clinical translation of this
technology, we elected to evaluate the bilayer scaffold in a clin-
ically relevant caprine model of osteochondral defect repair. The
goat was selected as the model of choice due to several factors
including stifle (knee) size, cartilage thickness, gait and the rela-
tive similarity of these metrics to humans [62-65]. The US Food
and Drug Administration (FDA) have recognized the goat as one
of the most frequently used large animal models for cartilage re-
pair [66,67]. Although this preclinical study was not performed
under Good Laboratory Practice (GLP) conditions, the study was
designed to follow the ASTM standard F2451-05 “Standard Guide
for in vivo Assessment of Implantable Devices Intended to Repair
or Regenerate Articular Cartilage” where possible and specifically
in terms of species used, study duration, defect site and defect
generation parameters [62]. Upon examination of the repair tis-
sue 6 months post-surgery, no significant changes were observed
in terms of macroscopic evaluation of the defect site and of the
total bone formation in the osseous region by nuCT evaluation. Al-
though no significant differences were observed by pCT, the bilayer
scaffold group supported comparable levels of bone formation to
a commercially available scaffold (MaioRegen® (Finceramica [18])
that we have previously tested in this large animal model [22].
Histologically, we observed that our bilayered scaffold treated ani-
mals had greater levels of sGAG deposition in the chondral region,
and lower levels in the osseous region, when compared to empty
controls. These findings demonstrate the capacity of the bilay-
ered ECM scaffolds to support spatially defined tissue development
in vivo.

The aligned pore architecture of the ECM scaffolds also pro-
moted the development of a more zonally defined AC repair tissue.
Specific, distinct lubricin staining could be visualized in the super-
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ficial region of defects treated with the bilayered scaffold. Although
some specific lubricin staining could be observed in some of the
empty control animals with high innate repair capacity, in the ma-
jority of cases lubricin deposition was not observed. 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 lubrica-
tion, thereby preventing damage to the superficial zone and pre-
serving the chondrocytes beneath [68,69]. In addition to the ob-
servation of specific lubricin deposition at the extremity of the su-
perficial zone (lamina splendens), polarized light microscopy and
subsequent quantification revealed that the bilayered scaffold sup-
ported the development of a more biomimetic collagen fibre net-
work in vivo than that observed in the control (untreated) animals.
The specific hierarchical structure of AC is responsible for the load
bearing, wear resistance and shock absorption properties of the
tissue and its regeneration is key to long-term functional regen-
eration of the tissue [70-72]. Interestingly, statistically significant
improvements in both superficial and deep zone fibre alignment
parameters were observed as a result of bilayer scaffold treatment,
a result that was not observed in our earlier studies using scaffolds
that lack such an anisotropic pore architecture [22]. It is also note-
worthy that 6 months is a relatively early timepoint for cartilage
repair and osteochondral large animal studies; tissue remodelling
and regeneration would likely continue for several more months
[73]. There are also some limitations with the proposed strategy
for joint regeneration that require further consideration. While the
in vivo outcomes are promising, a consistent quality of repair was
not attained, with some animal-to-animal variability observed in
both the empty and treatment groups (with some of the empty
groups repairing reasonably well). This points to the need for fur-
ther improvements in the design of ECM-derived biomaterials for
the musculoskeletal system. Strategies worthy of future research
include the use of host-derived cells for aiding in the repair, reg-
ulation of the immune response to favour a pro-regenerative envi-
ronment, and functionalization of the scaffolds with growth factors
known to support hyaline cartilage and bone formation [24,74-
76]. In addition to structural regeneration, the repair tissue should
also be mechanically functional in order to withstand the challeng-
ing loads passing through synovial joints. Future studies are re-
quired to assess whether the superior structural repair achieved
here translates into improvements in the depth-dependant me-
chanical properties of the newly formed cartilage. Taken together,
the preclinical data presented here demonstrates the ability of bi-
layered ECM scaffolds with aligned pore networks to support the
regeneration of AC that is not only rich in sGAG and type II colla-
gen, but which also mimics key aspects of the zonal nature of the
native tissue.

5. Conclusion

The successful treatment of osteochondral defects remains a
significant clinical challenge. To address this issue, we have de-
veloped a bilayered scaffold for osteochondral defect repair that
combines tissue-specific ECM-derived biomaterials to spatially di-
rect stem/progenitor cell differentiation with an anisotropic pore
architecture inspired by the hierarchical collagen structure of AC.
The use of this bilayered scaffold resulted in improved tissue repair
outcomes in a clinically relevant large animal model, specifically
the ability to guide neo-tissue organization and therefore recapitu-
late key aspects of the zonal structure of native articular cartilage.
These bilayer scaffolds have the potential to become a new ther-
apeutic option for osteochondral defect repair, while the biofabri-
cation concept detailed here could be readily translated to other
tissues where recapitulation of tissue organization is a key chal-
lenge.
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