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Successfully repairing large articular cartilage defects remain an unmet clinical challenge. Our lab has previously
developed a biomimetic mechanically reinforced type I/II collagen-hyaluronic acid (CI/II-HyA) scaffold, which
was proven in vitro to effectively support a hyaline-like cartilage formation while providing mechanical prop-
erties mimicking healthy cartilage. This initial pre-clinical study aimed to elucidate the chondral regenerative
capacity of this collagen-based scaffold to repair large clinically challenging articular cartilage defects in goats.
Furthermore, a biomaterial-fixation technique - previously tested ex-vivo - was also assessed in vivo. Scaffolds
were implanted into large cartilage defects (8 mm diameter) in a load-bearing area of goat medial femoral
condyles and fixed in place using this new fixation technique with either resorbable or non-resorbable sutures.
Following 6 months implantation, scaffolds showed promise to repair the large chondral defects. Macroscopic
and histological evaluation showed new hyaline-like cartilage formation partially covering the defect area in 3
out of 6 cartilage defects. Moreover, microCT analysis revealed that all scaffolds showed indications of being
successfully secured in the defect. Taken together, the biomimetic reinforced CI/II-HyA scaffold in combination
with the innovative fixation method provides strong promise to become a viable treatment to currently limited
large articular cartilage repair strategies in the clinic.

1. Introduction

When damaged or injured, the cartilage in articular joints experi-
ences a loss of function which can lead to joint degeneration and ulti-
mately development of osteoarthritis (OA) [1-3]. To date, knee OA is the
most common type of arthritis and negatively affects an estimated 350
million people worldwide by drastically decreasing the patient’s quality
of life [4,5]. This prevalence is reflected in the unprecedented and
enormous healthcare costs associated with the treatment of OA, which

amount to estimated general expenses of around 1-2.5 % of the Gross
Domestic Product (GDP) in Western developed economies [5]. Surgical
intervention is often necessary for the treatment of severe articular
cartilage lesions [6]. Depending on the severity and size of the lesion, a
number of conventional surgical options exist, these include bone
marrow stimulation (BMS) techniques, chondrogenic cell implantation
(autologous chondrocyte implantation), and cartilage graft-based repair
(mosaicplasty) and ultimately full knee arthroplasty [6,7]. Although
some positive results with small critical sized defects (<6 mm diameter),
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outcomes are typically poor for larger lesions (>8 mm diameter) [8,9].
Consequently, patients are often required to undergo revision surgery,
which often results in inferior outcomes on both a short- and long-term
basis [6,7]. Thus, a clear clinical need for improved treatments for large
articular cartilage injuries capable of fully restoring the long-term
functionality of the damaged tissue in patients remains [10].

To this end, tissue engineered cartilage constructs have been devel-
oped and have shown some promise as strategies to treat cartilage de-
fects [11,12]. However, successful validation of such constructs in large
animal pre-clinical models has proven challenging, thus limiting their
translation to the clinic [13-15]. Typically, these new constructs tend to
fail, revealing major issues with integration into the native tissue,
overall joint inflammation and phenotypic instability of the regenerated
tissue [16-19]. Much ongoing research is focused on improving the
suitability of advanced constructs to direct successful cartilage repair.
For instance, previous studies have shown that appropriate construct
architecture, including high porosity and appropriate pore size, is
important to facilitate enhanced cellular migration, viability and
chondrogenic response [20-23]. These features are crucial for a
biomaterial to achieve a high standard of integration and subsequent
repair in vivo. Furthermore, biomaterials with a high biomimetic nature,
resembling native cartilage tissue, show promise in promoting tissue
integration and stability, leading to hyaline-like cartilage repair while
limiting inflammation and further joint degeneration to post-traumatic
OA [24-28]. Typically however, these constructs are only capable of
treating small joint defects.

Building on this knowledge, highly porous biomimetic collagen-
based scaffolds for cartilage repair have been successfully developed
in our laboratory and have demonstrated to support hyaline-like carti-
lage formation when tested in vitro and in vivo preclinical models
[25,29,30]. In particular, a type I/II collagen and hyaluronic acid (CI/II-
HyA) scaffold has demonstrated promise in increasing stable chondro-
genic differentiation of mesenchymal stem cells (MSC) with a reduced
risk of hypertrophic chondrocyte formation [31-33]. When this scaffold
was integrated into a multi-layered scaffold developed specifically for
small (<6 mm diameter) critically-sized osteochondral defects, it
demonstrated a significant capacity to heal cartilage in small osteo-
chondral defects in rabbit, goat and horse models [29,30,34]. However,
to enhance its potential to restore much larger chondral defects (>8 mm
of diameter), we introduced a mechanical 3D printed polycaprolactone
(PCL) reinforcement to improve the mechanical properties while
retaining the pro-chondrogenic ones [35,36]. In vitro assessment proved
for this biomimetic reinforced CI/II-HyA scaffold to possess an increased
compressive modulus (0.67 MPa) mimicking the physiological range of
healthy cartilage (0.5-2.0 MPa) while sustaining improved production
and greater spatial distribution of sulphated glycosaminoglycans (sGAG)
throughout the scaffold compared to non-reinforced CI/II-HyA matrices
[35,36]. This study aimed to assess the potential of this scaffold to heal
large cartilage defects in vivo.

Another significant challenge in validating biomaterials for the
repair of chondral defects is the lack of effective fixation techniques,
capable of securing biomaterial scaffolds to these clinically challenging
shallow cartilage defects in the articular joint [15,37]. This significantly
limits effective tissue integration and hinders cell-migration and de-novo
tissue formation in the implanted material [15,37]. Unlike materials
developed for osteochondral defects (typically implanted using a press-
fit technique into deep defects all the way into the subchondral bone),
biomaterials designed for treating the cartilage layer alone typically fail
given the anatomical function and biophysical forces exerted on the
tissue [14,15,34]. The mechanical properties of the biomaterials, such as
stiffness and elasticity, often does not match that of the surrounding
native cartilage, thus leading to inadequate load distribution and
eventual detachment of the material from the defect [38]. Moreover,
cartilage is subject to significant compressive and lateral shear forces
that often causes dislodgment of the implanted biomaterials [38].
Therefore, there is a clear clinical need for more effective biomaterial
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fixation techniques to robustly attach scaffolds in shallow chondral de-
fects. Previous studies investigating the use of sutures to affix bio-
materials in chondral defects have failed due the surrounding cartilage
tissue, or the biomaterial not having a tensile modulus strong enough
resist the suture thread tearing through the material [39-41]. In this
context, our laboratory has recently designed a fixation technique
capable of securing the previously developed biomimetic reinforced CI/
II-HyA scaffold for large chondral defect by anchoring the implant to the
subchondral bone using a fixation anchor which is connected to the
mechanically reinforced scaffold by a suture thread [35]. Specifically,
this surgical technique proved successful at securing the scaffold within
an ex-vivo cadaveric porcine tibial condyle defect model ensuring
effective close contact of the biomaterial’s edges to the extremity of the
cartilage defects [35]. The present study assessed this cartilage bioma-
terial fixation technique in an in vivo environment.

Furthermore, this study aimed to validate the effectiveness of the
proposed chondral biomaterial fixation technique including comparison
of two different surgical procedures using resorbable and non-resorbable
suture threads respectively. In orthopaedic surgical procedures, non-
resorbable sutures are often primarily chosen given the major advan-
tages provided in terms of mechanical stability and support compared to
the resorbable ones which offer limited long-term support [42]. On the
other hand, resorbable suture are more biocompatible and commonly
offer advantages with reduced risk of infections and inferior scarring
while having inferior mechanical stability for this type of orthopaedic
procedure compared to non-resorbable ones [42]. To the best of our
knowledge, no previous studies have reported a surgical procedure
comparable to the one proposed in this study for large chondral
biomaterial fixation. Therefore, it is essential to assess and validate our
primary choice of suture threads for this type of surgical procedure in
vivo.

Taken together, the main objective was to elucidate the capacity of
the biomimetic reinforced CI/II-HyA scaffold to repair large (8 mm
diameter) articular cartilage defects in the goat medial femoral condyle -
a load bearing area in the goat stifle joint — in a pilot preclinical study.
Furthermore, we aimed to validate the effectiveness of the chondral
biomaterial fixation technique including comparison of two different
approaches using resorbable and non-resorbable suture threads
respectively.

2. Materials and methods

2.1. Fabrication of the reinforced collagen-based scaffolds for chondral
repair

To fabricate the biomimetic reinforced CI/II-HyA scaffolds with
mechanical properties similar to healthy cartilage while maintaining the
bioactive biological properties, a 3D printed polycaprolactone (PCL)
(37KDa) framework with a specific gyroid design pattern was used and
incorporated into a pro-chondrogenic collagen-based matrix as previ-
ously described (Fig. 1A) [35]. Briefly, the 3D printed PCL framework
was printed with an Allevi II printer (3D Systems), producing a scaffold
with a compressive modulus (0.67 MPa). Subsequently, the PCL mesh
was surface treated using 2 ml per scaffold of 3 M NaOH, for 48 h
without shaking or agitation, to increase hydrophilicity of the polymer
and integration of the regenerative matrix. The PCL frameworks were
then rinsed three times in distilled de-ionized water and incorporated
into a collagen-based slurry consisting of type I/II collagen (CI/II) and
hyaluronic acid (HyA). The CI/II-HyA collagen-based slurry was pre-
pared with a total collagen concentration of 0.5%w/v and a hyaluronic
acid concentration of 0.05%w/v as previously described [43]. The
composite PCL-C/II-HyA scaffolds were freeze-dried (Epsilon 1-4
LSCplus, Martin Christ, Germany) together at a constant cooling rate of
1 °C/min to a final temperature of —20 °C. The reinforced PCL-CI/II-
HyA scaffolds, and re-threaded Twinfix-Ti osteo-suture anchors were
gas sterilized with ethylene oxide in an AN74i chamber (Anderson
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Fig. 1. Illustrative scheme describing the experimental design. (A) Representative SEM images of the biomimetic mechanically reinforced scaffold developed by
combining an innovative 3D printed gyroid polycaprolactone (PCL) framework with a pro-chondrogenic biomimetic type I/II collagen-hyaluronic acid (CI/II-HyA)
matrix [35]. (B) The scaffolds were implanted in large (38mm) articular cartilage defects in the goat medial femoral condyle using a resorbable (PDS II 3-0, Ethicon)
or non-resorbable (Prolene 4-0, Ethicon) suture thread. (C) Macroscopic image of the scaffold implanted in the goat medial femoral condyle. (D) Schematic illus-
tration describing the biomaterial fixation technique to secure the scaffold to the chondral defect. A commercially available osteo-suture screw was used to implant
the subchondral fixation anchor which was connected to the scaffold by suture thread [35].

Sterilizers, Haw River, NC USA) for 12 h. The sterile scaffolds were then
crosslinked  with  1-Ethyl-3-(3-Dimethlamniopropyl)-carbodiimide
(EDAC) (6 mM per gram of collagen) and N-Hydroxysuccinimide
(NHS) at a ratio (EDAC:NHS) of 5:2 M. The crosslinking agents were
suspended in 70 % EtOH and filtered through a 0.22 pm diameter filter
before scaffolds were crosslinked for 2 hours [44]. The crosslinked
scaffolds were then rinsed and aspirated 3 times with sterile PBS and
exposed to UV light for half an hour on each side (top and bottom). The
scaffolds were then ready for implantation.

2.2. In vivo large animal study

To assess the chondral regenerative ability of the composite bio-
mimetic reinforced scaffolds, an in vivo assessment was carried out in a
goat medial femoral condyle model under ethical approval (University
College Dublin-AREC-P-18-17) and an animal licence granted by the
Health Products Regulatory Authority (AE18982/P142) [30]. Cell-free
scaffolds were implanted in skeletally mature goats (1 female and 2
males) aged 2-3 years, with defects created in either the left and right
stifle joint on high load-bearing areas of medial femoral condyles (size:
8 mm diameter and 1-1.25 mm height). The tissue repair was assessed 6
months post-implantation (Fig. 1B).

2.3. Surgical procedure and scaffold implantation in caprine cartilage
defects

The surgical procedure was adapted from another recent study in our
lab which had focussed on deeper osteochondral defects rather the

shallow chondral defects used herein [29]. Briefly, pre-operative seda-
tion with diazepam was provided and a lumbosacral epidural block with
lidocaine was placed, followed by induction of general anaesthesia with
propofol and maintained by isoflurane. As previously described, a lateral
parapatellar mini-arthrotomy was performed on each hind leg [29]. The
medial femoral condyle was exposed, and a circular full thickness
cartilage defect was made with an 8 mm biopsy punch and subsequent
removal of cartilage within the 8 mm defect to create 8 mm x 1-1.25
mm cylindrical large chondral weightbearing defects. To secure the
scaffold within the chondral defect, a commercially available osteo-
suture screw (Smith&Nephew Twinfix Ti) was used to implant sub-
chondral fixation anchors (cylindrical @1.8 mm with a height of 2.8
mm) which were connected to the scaffolds. The Ultrabraid suture
supplied with the Twinfix Ti was removed due to its excessive thickness,
and rethreaded with a resorbable (PDS II 3-0, Ethicon) or non-
resorbable (Prolene 4-0, Ethicon) suture thread (Fig. 1C). Each animal
was treated with 2 scaffolds (one per joint) which were fixed using a
resorbable (n = 3) or a non-resorbable (n = 3) suture thread. The scaf-
fold position was checked, and the surface was palpated to ensure it was
flush with the native cartilage tissue [45]. The capsule, subcutis and skin
layers were then closed as described earlier [26]. The animals were
provided antimicrobial and non-steroidal anti-inflammatory analgesic
treatment for 5 days and allowed to mobilise immediately
postoperatively.
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2.4. Macroscopic evaluation of the large load-bearing articular cartilage
defects

At 6 months, euthanasia was carried out with an overdose of sodium
pentobarbital administered by I.V. injection. The joints were opened and
the defect site and surrounding joint tissues were examined. Photo-
graphs of the defect sites were taken and five independent scientists who
were blinded to the treatment groups assessed the quality of cartilage
repair using a macroscopic evaluation tool (Table 1S) [30,46]. This tool
has a maximum score of 8 which represents normal cartilage tissue and
rates cartilage repair based on edge integration, smoothness, defect
filling and colour of cartilage. Osteochondral segments containing the
defect sites surrounded by a margin of approximately 5 mm were sub-
sequently resected and fixed in 10 % formalin for 2-3 days prior to
further analysis.

2.5. Micro-computed tomography evaluation of the adjacent subchondral
bone

To validate the effectiveness of the suture fixation technique of the
scaffold to the adjacent subchondral bone and adjacent cartilage, micro-
computed tomography (micro-CT) analysis was performed [47]. All
samples were analysed using a Scanco Medical 40 Micro-CT (Bassers-
dorf, Switzerland) with 70 kVP X-ray source and 112 mA (resolution of
~36 mm). Three-dimensional reconstructions were performed using the
Image-J and Bone-J software (public domain software developed by
Wayne Rasband in the National Institute of Health, Maryland, USA) and
a volume of interest (VOI) was defined within the subchondral bone
region of the defect sites. Subchondral bone region was expressed as
percentage bone volume over the total volume (% BV/TV). It was
calculated by dividing the total volume (TV) with the bone volume (BV)
of a defined VOI and made as percentage. The volume of the osteo-
chondral anchor (7.12 mm®) was subtracted from the TV for non-control
samples. Additionally, to assess how the cartilage was regenerating
above the implanted osteo-suture anchor, pCT DICOM series were
segmented into 3 sections based on their matter density [48]. Regions of
interest representing the soft chondral tissue (blue), denser bone tissue
(green) and the metallic suture anchor (gold) were processed with the
software program Seg3D (version 2.5.1) developed by the NIH Center
for Integrative Biomedical Computing (CIBC) with the Scientific
Computing and Imaging Institute (SCI) at the University of Utah.
Segmented ROI's were then expressed as cross-sectional isosurface
renderings to non-invasively asses the tissue explants [49].

2.6. Histological and immunohistochemical evaluation of the large load-
bearing articular cartilage defects repair

Specimens were decalcified (Decalcifying Solution-Lite, Sigma-
Aldrich, Ireland) prior to histological sectioning. Due to the titanium
suture anchor (positioned below the centre of the scaffold) being
incompatible with traditional sectioning methods, osteochondral seg-
ments containing the defect sites were cut in the near proximity of the
anchor to obtain two separate segments representative of the centre of
the defect (Fig. 2).

Then, samples were sectioned longitudinally prior to processing
using an automated tissue processor (ASP300, Leica, Germany),
embedded in paraffin wax blocks and sectioned to a thickness of 10 pm.
Sections were stained histologically to assess the quantity and quality of
repaired articular cartilage tissue and integration with native tissue.
Safranin-O with fast green counterstain was used to assess the presence
of sulphated glycosaminoglycan (sGAG) within the repair tissue. Then,
to identify the specific type of collagens in the samples, immunohisto-
chemistry was performed for type I and type II collagen. Briefly, antigen
retrieval was performed by incubation with Pronase (1pg/mL) (Sigma,
Ireland) and Hyaluronidase (10pg/mL) (Sigma, Ireland) with tempera-
ture at 37 °C for 30 min. After blocking for nonspecific binding, sections
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Fig. 2. Illustrative scheme describing the histology preparation of the osteo-
chondral segments containing the defect sites. Due to the titanium suture an-
chor (positioned below the centre of the scaffold), osteochondral segments were
cut in the near proximity of the anchor to obtain two separate segments (1-2)
representative of the centre of the defect.

were incubated with primary antibody for type II collagen (Santa Cruz-
$¢52658 1:100) and type I collagen (Abcam ab90395 1:100) all HRP-
conjugated, overnight at 4 °C. Endogenous peroxidase activity was
blocked with hydrogen peroxide (Sigma, Ireland) prior to incubation
with the anti-mouse IgG secondary antibody (Abcam ab6728 1:500).
Sections were then incubated with 3,3-diaminobenzidine peroxidase
substrate (Vector Labs, UK) to visualize positive staining. Finally, sec-
tions were developed with DAB peroxidase (Vector Labs, UK) for 10 min.
Positive controls (native tissues with primary antibody) and negative
controls (native tissues without primary antibody) were included. All
sections were successively imaged at several magnifications using a
Leica DMIL microscope (Leica Microsystems, Switzerland). Semi-
qualitative histological scoring was carried out by five independent
scientists under blinded conditions using a modification of the histo-
logical scoring system developed by O’Driscoll which has been previ-
ously validated for the assessment of articular cartilage repair while also
allowing assessment of the subchondral bone (Table 2S) [30,50,51]. The
scoring system ranges from 0 (absence of repair) to 28 (normal cartilage
tissue) and was used to provide a comprehensive evaluation of repair
within the osteochondral defect site using six categories: (I) the nature of
cartilage repair tissue (II) structural characteristics, (III) freedom from
cellular changes or degradation, (IV) freedom from degradation changes
in articular cartilage, (V) reconstitution of subchondral bone and (VI)
safranin-O staining.
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2.7. Statistical analysis

All statistical analyses were performed using statistics software
GraphPad Prism (GraphPad Software 10.2.0, California USA). Results
are presented as averages + standard deviation, and statistical signifi-
cance was calculated using an ordinary one-way analysis of variance
(ANOVA). P-values below 0.05 were considered statistically significant
where * = p < 0.05, ** =p < 0.01, *** = p < 0.001, and **** =p <
0.0001.

3. Results
3.1. Clinical observations after scaffold implantation

During surgery, cell-free biomimetic reinforced CI/II-HyA scaffolds
were successfully implanted and secured into the articular cartilage
defects in the medial femoral condyles of goats. All scaffolds were easily
handled without damage and were seen to fill with blood upon im-
plantation as shown in Fig. 1C. Postoperatively, all animals recovered
well and no postoperative complications occurred up to the studies 6-
month end point.

3.2. Scaffolds promoted partial formation of new cartilage with most of
the full defect area covered in 3 cartilage defects at the early time point of
6 months

Following 6 months implantation, an initial gross visual observation
of the opened joints revealed no evidence of inflammation or degener-
ative changes, construct delamination or migration into the joint cavity.
The synovial fluid was biologically normal and clear with a straw colour.
Overall, the scaffolds appeared to promote a partial repair of the large
chondral defects at the early time point of 6 months (Fig. 3). Macro-
scopic evaluation of the articular cartilage at the defect site revealed the
formation of new cartilage covering most of the full defect area in 3
(Goat 1-Res., Goat 2-Res. and Goat 3-Non-Res.) out of 6 cartilage defects
as shown in Fig. 3A. Regardless of whether resorbable or non-resorbable
suture threads were used to secure the scaffolds to the defects, scaffolds
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exhibited signs of smooth hyaline-like articular cartilage tissue forma-
tion with satisfactory levels of repair in 3 large chondral defects out of 6.
The newly regenerated cartilage appeared to resemble the physiological
colour and opaque appearance typical of healthy articular cartilage.

Macroscopic assessment of the defect sites (rating cartilage repair
based on edge integration, smoothness of cartilage surface, defect filling
and colour of cartilage) performed by 5 independent scientists was
analogous to the visual evaluation (Fig. 3B). There were no significant
differences in the overall macroscopic scores between groups, although
the scaffolds implanted using a non-resorbable suture thread displayed
the highest overall macroscopic score of 5.47 + 1.70 compared to
resorbable suture threads 4.53 + 1.68. When the individual categories
were evaluated, scaffolds implanted with non-resorbable suture threads
were shown to possess higher individual scores in 3 out of 4 categories.
Scaffolds implanted using non-resorbable suture threads had higher
scores compared to resorbable in those categories: edge integration
(Non-Res: 1.33 &+ 0.12; Res: 0.93 + 0.12); cartilage surface and degree
of filling (Non-Res: 1.27 + 0.55; Res: 0.73 + 0.46); and smoothness of
cartilage surface (Non-Res: 1.27 + 0.52; Res: 1.20 + 0.69).

3.3. Scaffolds showed indication to support hyaline-like cartilage
formation

Histological analysis revealed indications for the scaffolds to pro-
mote hyaline-like cartilage formation at 6 months post-implantation
(Fig. 4). Specifically, the scaffolds promoted a partial regeneration of
the articular surface with de novo deposition of sulphated glycosami-
noglycans (sGAG) and type II collagen (collagen II) (key articular
cartilage components) in the repaired defect areas. Accordingly to the
macroscopic evaluation, 3 scaffolds (Goat 1-Res., Goat 2-Res. and Goat
3-Non-Res.) shown to be well integrated in the defect sites with minor
articular cartilage discontinuity between the repaired cartilage and the
adjacent tissue. MicroCT segmentation images, which offered the non-
destructive characterization of the osteochondral interface in the mid-
dle of the defects, confirmed the presence of discernible soft tissue
indicative of de-novo cartilage formation directly above suture anchors
in the defected regions, albeit to varying thicknesses. However, while
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Fig. 3. Scaffolds promoted partial formation of new cartilage with most of the full defect area covered in 3 cartilage defects at 6 months regardless of using
resorbable (Res.) or non-resorbable (Non-Res.) suture threads. (A) Macroscopic images (B) and macroscopic scores of large femoral medial condyle defects in goats at
6 months following implantation of the scaffolds using Res. or Non-Res. suture threads (n = 3).
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Fig. 4. The scaffolds showed indication to support the partial repair of large defects with the formation of hyaline-like cartilage. On the left, macroscopic images
(dashed lines indicate the location of the corresponding stained section) and segmented micro-CT images (representative of the center of the defect) (soft chondral
tissue - blue; denser bone tissue — green; and implanted anchor — gold) of large femoral medial condyle defects in goats at 6 months following implantation of the
scaffolds using Res. or Non-Res. suture threads (n = 3). On the right, representative histological images of the repair tissue stained for Safranin-O (sGAG) and type II
collagen (collagen II) (black arrows indicate removed PCL structure). Scale bars indicate 1 mm.

the scaffolds promoted partial repair, some areas of the large defects
exhibited small and larger fissures, along with depressed tissue regions
on the articular cartilage surface. Additionally, histological images
revealed circular voids in the newly formed cartilage, which correspond
to the original 3D-printed PCL filaments within the biomimetic rein-
forced CI/II-HyA scaffolds, as indicated by the arrows in Fig. 4 and as-
terisks in Fig. 5.

Histological assessment at higher magnification indicated that while
the scaffolds facilitated articular cartilage repair, the quality of the re-
generated tissue showed some inconsistencies (Fig. 5). A generally
hyaline-like morphology was observed, though certain areas exhibited
structural irregularities. The repair tissue exhibited mild hyper-
cellularity, and while some cluster formations were present in the deep
zone, the overall organization was reasonably comparable to adjacent
cartilage. Cells within the cartilage region were found to be sparsely

dispersed in the superficial area of the newly formed cartilage with
greater abundance in the deeper areas of the tissue with alignment
typical of native tissue. Cells appeared to possess a chondrocyte-like
morphology with a more pronounced, rounded shape in the deep
zone, and elongated shape in the superficial zone parallel to the articular
surface.

Furthermore, all scaffolds displayed strong levels of type I collagen in
the subchondral bone area, thus, highlighting a hyaline-like cartilage
formation with a minimal presence of type I collagen, main bone ECM,
in the chondral region (Fig. 6). There were no major differences in type I
collagen levels between the groups.
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Resorbable
Repaired j il
Large cartilage defect P Adjacent cartilage

cartilage to the defect

Fig. 5. The scaffolds facilitated direct deposition of new articular cartilage tissue with a hyaline-like morphology and architecture while certain areas exhibited
structural irregularities. Representative histological images at different magnifications of adjacent cartilage to the defects and repaired cartilage into defect sites
stained for Safranin-O (n = 3). Asterisks (*) indicate circular voids in the newly formed cartilage, corresponding to the original 3D-printed PCL filaments within the
biomimetic reinforced CI/II-HyA scaffolds.
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Fig. 6. The scaffolds facilitated a hyaline-like cartilage formation with a min-
imal presence of type I collagen, main bone ECM, in the chondral region.
Representative histological images of repaired tissue stained for type I collagen
are presented for each group (n = 3). Scale bars indicate 1 mm.

3.4. The osteo-suture fixation anchors in combination with the non-
resorbable suture threads did not cause major damages to the healthy

subchondral bone

Following assessment of the large chondral defects, the subchondral

A Resorbable
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region within the defect sites was investigated to assess the efficacy of
the fixation technique used to secure the scaffolds. Micro-CT analysis
revealed that the osteo-suture fixation anchors, when used in combi-
nation with non-resorbable suture threads to secure the scaffolds in large
chondral defects, did not cause significant damage to the surrounding
healthy subchondral tissue (Fig. 7). Specifically, the BV/TV ratio of
scaffolds implanted with non-resorbable suture threads (40.57 %)
showed no significant difference compared to the intact native tissue
adjacent to the defect sites in the same knee (47.84 %) (Fig. 7B).

Furthermore, micro-CT segmentation analysis, a non-destructive
characterization of the osteochondral interface above the implanted
suture anchors, indicated that all scaffolds were successfully secured
with osteo-suture fixation anchors to the shallow defects throughout the
study. However, some formation of uncalcified soft tissue was observed
near the subchondral fixation anchors in both groups (Fig. 4). In each
case, the osteo-suture anchor remained securely in place, recessed below
the chondral defect region.

3.5. Histological scoring revealed that all scaffolds promoted comparable
levels of articular cartilage repair

Assessment of articular cartilage repair and of the subchondral bone
region was carried out using a validated histological scoring system
developed by O’Driscoll [50]. The results revealed that overall all
scaffolds promoted comparable levels of articular cartilage repair
without affecting the subchondral zone regardless of using resorbable or
non-resorbable suture threads (Fig. 8). Although there was no significant
difference in the overall histological score between the groups, the
scaffolds implanted with a non-resorbable suture thread reported the
highest overall score of 20.60 + 0.72 compared to scaffolds implanted
with a resorbable one (17.87 + 3.58). When the individual categories
were evaluated, scaffolds implanted with non-resorbable suture thread
displayed higher individual scores in 4 out of 6 categories, with 3 of
these being significant compared to scaffolds with a resorbable suture
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Fig. 7. The osteo-suture fixation anchors in combination with the non-resorbable suture threads did not cause major damages to the healthy subchondral bone. (A)
Representative microCT reconstructions of (i) the osteochondral segments containing the defect sites and of (ii) the cross-section (as per projection) of the previous
segments. (B) The percentage % of bone volume fraction (BV/TV) was calculated for each sample and compared to the respective positive control representing the

native tissue. Scale bars indicate 1 mm.
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Fig. 8. The scaffolds promoted comparable overall histological scores of articular cartilage repair, with scaffolds implanted with non-resorbable suture threads
having higher individual scores in 4 out of 6 categories compared to scaffolds with resorbable suture thread. Total histological scores of large femoral medial condyle
defect sites following implantation with scaffolds using resorbable (Res.) or non-resorbable (Non-Res.) suture threads at 6 months (n = 3).

thread. Scaffolds implanted using non-resorbable suture threads had
higher scores compared to resorbable in the following categories: nature
of predominant cartilage tissue (Non-Res: 2.87 + 0.55; Res: 2.00 +
0.35); structural characteristic (Non-Res: 6.67 + 0.46; Res: 6.00 +
0.64); freedom from degradation changes in articular cartilage (Non-
Res: 2.40 + 0.23; Res: 1.73 + 0.46); and safranin-O staining (Non-Res:
2.33 + 0.23; Res: 1.47 + 0.55).

4. Discussion

The overall aim of this study was to evaluate the capacity of a bio-
mimetic reinforced 3D printed collagen-based scaffold - previously
developed in vitro - to repair large articular cartilage defects in a load
bearing area of the goat medial femoral condyle - in a pilot preclinical
study. Additionally, this study aimed to validate the effectiveness of a
chondral fixation technique - previously tested ex-vivo - to secure the
biomimetic reinforced scaffolds to these clinically challenging shallow
cartilage defects in the articular joint. This technique uses anchoring of
the scaffold to the subchondral bone using a fixation anchor while using
sutures to attach the anchor to the scaffold. The study utilised a type I/II
collagen-hyaluronic acid (CI/II-HyA) scaffold, mechanically reinforced
with a 3D printed PCL framework which has similar mechanical prop-
erties to the healthy native tissue and has previously demonstrated
strong pro-chondrogenic regenerative capacity in vitro [35]. The results
from this study demonstrated promise for the scaffolds to repair these
large relevant load-bearing articular cartilage defects after 6 months of
treatment. Macroscopic and histological evaluation provided in-
dications for the scaffolds to support new hyaline-like cartilage forma-
tion partially covering the defect area. Scaffold fixation, which is a
common challenge in chondral defect repair, proved to be successful,
providing support for future adoption of this approach. Taken together,
these findings demonstrate the potential of this biomimetic reinforced
scaffold and fixation method to be further investigated pre-clinically
with potential to become a viable clinical treatment for large articular
cartilage defects.

Initial macroscopic evaluation revealed promising ability for the

collagen-based scaffolds to support effective repair with the formation of
a new white cartilaginous layer covering most of the defect area in 3 out
of 6 cartilage defects at the early 6-month time point. These results align
with previous data from our laboratory revealing the capability of a
multi-layer collagen-based scaffold for osteochondral repair to heal
smaller articular cartilage defects (6 mm diameter) [29,30]. Similarly,
our findings confirm that the biomimetic reinforced scaffold enhanced
cartilage repair, outperforming empty 6 mm osteochondral defects
[29,30]. Furthermore, our results are comparable to other few engi-
neered constructs that have demonstrated some capacity to repair
similar-sized articular joint defects [52-54]. However, this study is the
first to provide promising evidence that the biomimetic reinforced
scaffold can effectively repair larger (8 mm diameter) load-bearing
articular cartilage defects, which represent a 75 % greater surface area
than those in previous studies [29,30,34]. Unlike previous studies in
deeper osteochondral defects, the presented scaffold showed some
ability to repair areas covering the cartilage defects alone which pre-
sents more advanced challenges than repairing osteochondral tissue
[15,55]. These include the avascular nature of cartilage, its limited
cellularity, and the difficulty of securing scaffolds in shallow defects
[15,55]. The lack of blood supply in cartilage limits the diffusion of
nutrients and growth factors essential for repair, whereas osteochondral
defects benefit from vascularization and the recruitment of mesen-
chymal stem cells (MSCs) from the bone marrow. Notably, the level of
cartilage repair achieved at 6 months - likely mediated by the recruit-
ment of endogenous progenitor cells - within our biomimetic reinforced
scaffold was comparable to biomaterials designed for osteochondral
defects, which subsequently exhibited enhanced healing at 12 months
[29,34,35,56]. Although further pre-clinical investigation is needed, it is
possible that our reinforced biomaterial will continue to support healing
at later time points, similar to materials developed for osteochondral
repair. Furthermore, the reinforcement of the collagen and hyaluronic
acid-based biomaterial with PCL is expected to cause the resultant
implant to take up to 2 years to degrade [57-59]. During such time it is
expected that the mechanical properties of PCL scaffolds will diminish as
the PCL degrades. However, the reduction in PCL’s mechanical



C. Intini et al.

properties should be offset by the newly deposited and maturing
hyaline-like tissue from within the microporous collagen and hyaluronic
acid matrix. The ideal scenario would see no net change in mechanical
properties as new tissue is formed. While we do not have data to show
this for the current study, future experiments or in-silico modeling might
provide new insights into complex transition of load between the
degrading biomaterial scaffold and the newly formed tissue over time.
Taken together, these findings highlight the potential of the biomimetic
reinforced scaffold as a promising “off-the-shelf” biomaterial for the
treatment of large chondral defects.

This study further highlighted indications of these reinforced
collagen-based scaffolds to promote a hyaline-like cartilage formation,
rich in sulphated glycosaminoglycans (sGAG) and type II collagen with
minimal type I collagen, a main ECM component of bone and fibro-
cartilage in the chondral region. The abundant de-novo deposition of key
articular cartilage ECM components, such as sGAG and type II collagen,
indicates the high-quality of the regenerated articular cartilage tissue
[60-62]. Clinically, the regeneration of high-quality tissue is crucial to
ensure mechanical functionality and the efficacy of the long-term tissue
repair [8,9]. However, although the reinforced collagen-based scaffolds
promoted high-quality cartilage formation, it is likely that the regener-
ated tissue has not yet achieved the native mechanical properties of
articular cartilage, due to the early time point of analysis. Tissue
maturation and remodelling are ongoing, gradual processes, during
which the newly formed tissue progressively assumes full load-bearing
function [63,64]. The early surface irregularities observed in some
specimens may reflect an initial stage of remodelling and are expected to
improve over time, supporting the potential for long-term functional
restoration. Moreover, histological analysis of defects in this study
revealed limited evidence of degenerative changes in the newly regen-
erated tissues, with chondral layers displaying a hyaline-like
morphology, with a mild hypercellularity. While the repair tissue
exhibited some cluster formations in the deep zone, the overall organi-
zation was reasonably comparable to adjacent cartilage. Previous
studies linked treatments resulting in profuse degenerative changes
within the repaired articular cartilage to poor tissue repair and frequent
revision surgery within 5 years [65-67]. Taken together, these findings
provide further support for the potential ability of this scaffold to sup-
port long-term cartilage repair in patients.

Furthermore, all scaffolds showed indications of being successfully
secured to the shallow defects throughout the study. Unlike osteo-
chondral engineered constructs, which are typically implanted using a
press-fit surgical technique, biomaterials confined to cartilage often fail
with this technique [13-15]. Previous studies on alternative fixation
techniques for chondral biomaterial fixation have often reported
promising in vitro data that failed to perform well in large animal models
[15,37]. Other methods appear also more complicated to use, for
instance, fibrin glue scaffold fixation in combination with a periosteal
flap covering the defects. These approaches led to relatively poor out-
comes with implanted material reported as loose in the joint space, even
after 4 weeks of post-surgery joint immobilisation [15,68]. Alterna-
tively, two other studies have investigated the fixation of cartilage im-
plants by converting chondral defects into superficial osteochondral
defects (less than half the depth of a typical osteochondral defect) and
then using a press-fit technique [15,69]. However, this approach also
resulted in a high rate of fixation loss of 20 % and 5 % after 12 weeks
implantation, with a higher risk of bone cyst formation in the sub-
chondral bone area [15,69]. Therefore, while further testing is required,
the success of our fixation technique is encouraging, considering the
current lack of optimal biomaterial fixation strategies for chondral
repair [15,37].

This study has also revealed that scaffolds implanted using osteo-
suture fixation anchors connected to a non-resorbable suture thread
did not cause major damages to the original healthy subchondral tissue
compared to the resorbable one. Although further investigation is
needed, it is possible that the non-resorbable suture provided more
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mechanical stability to the subchondral fixation anchor, thus resulting in
minimised movement with the formation of new repair tissue, later
remodelled to strong bone [70]. This result is not surprising given that
non-resorbable sutures are often primarily chosen in orthopaedic sur-
gical procedures given the major advantages provided in terms of me-
chanical stability and support compared to the resorbable ones which
offer limited long-term support [42]. Although the resorbable sutures
commonly offer advantages with reduced risk of infections and inferior
scarring, it appears to be insufficient to surpass the non-resorbable ones
for this type of orthopaedic procedure where mechanical stability is
paramount [71]. In this context, no histological signs of foreign body
reaction or chronic inflammation were observed in the tissue sur-
rounding the non-absorbable sutures at 6 months, suggesting good
biocompatibility within the limits of the current observation period.
Therefore, the results demonstrate a simple and effective chondral
biomaterial fixation technique which can open many avenues of
research for application with other engineered cartilage constructs.

5. Conclusion

This study has demonstrated promise for the biomimetic reinforced
collagen type I/II-hyaluronic acid (CI/II-HyA) scaffold to repair large
clinically challenging articular cartilage defects in a goat medial femoral
condyle - a load bearing area in the goat stifle joint - after only 6 months
of treatment while also demonstrating the efficacy of a new biomaterial
fixation technique. The reinforced CI/II-HyA scaffold in combination
with the fixation method has potential to become a viable treatment to
repair large chondral defects, presenting an alternative strategy to those
available in the clinic.
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