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Introduction

INTRODUCTION

Osteochondral defects: a clinical challenge

Osteochondral defects are characterised by damage to the osteochondral unit within a
joint that involves the articular cartilage, the cartilage-bone interface, and the underlying
subchondral bone (Figure 1). According to Outerbridge classification, (osteo)chondral
defects can be scored as grade | (softening and swelling of articular cartilage), grade Il
(fragmentation and fissuring affecting less than 1.5 cm), Ill (fragmentation and fissuring
affecting greater than 1.5 cm), and grade IV (cartilage erosion to subchondral bone) [1].
(Osteo)chondral lesions were detected in over 60% of patients who underwent knee
arthroscopies [2, 3], in which 12-19.2% of patients were scored as grade IV lesions [2, 3].
In the knee, ankle, and hip joints, these (osteo)chondral defects present as disruptions in
the articular surface, often causing clinical symptoms such as pain, swelling, and reduced
joint function.

Figure 1: A schematic of an osteochondral defect.

The causes of osteochondral defects differ in various joints. Repetitive overloading leads
to the natural wear of cartilaginous tissue in the weight-bearing joints [4]. This is one of
the major causes of osteochondral defects in knee and hip joints in an ageing population.
Osteochondral defects occur in 6.5 out of 100 ankle sprains, while up to 50% of patients
with acute ankle sprains and fractures present osteochondral lesions [5]. Congenital
conditions like developmental dysplasia of the hip can also contribute to the development
of osteochondral defects. Other possible causes have been proposed, such asischemia and
genetic effects [6]. Of all these proposed aetiologies, trauma-related injuries and natural
degradation are the most common causes of osteochondral defects.

The pathophysiology of osteochondral lesions is significantly associated with the
physiological functions of the osteochondral unit. Osteochondral tissue plays a vital role in
the transfer and distribution of the mechanical loading in the skeletal system during its
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Chapter 1

movements. Given the vital role of surface articular cartilage in smooth joint movement
and proper load distribution, its integrity ensures the functioning of the joint. However,
the avascular nature of cartilage hampers its inherent self-repair capacity when damaged.
Damage of surface cartilage down to bone represents the most severe scenario for
cartilage lesions [1], as the damaged subchondral bone disrupts the mechanical and
biochemical environment of the unit. Mechanical instability potentially influences the
progression of cartilage degradation. Therefore, osteochondral repair requires the
complete restoration of the articular cartilage, the underlying subchondral bone, and the
cartilage-bone interface for its physiological functions, which poses a significant challenge
in orthopaedic surgery [7].

The osteochondral unit: hierarchical characteristics

Articular cartilage, calcified cartilage and subchondral bone layers possess different
mechanical and physiological properties. With different compositions and structures, the
different layers of osteochondral units synergise to enable joint movements, provide
mechanical support, and distribute forces efficiently. However, this hierarchical and
organisational unit complicates the repair process further.

Articular cartilage

Articular cartilage covers the surface of the subchondral bone in joints (Figure 2). It
functions to provide a load-bearing surface to enable smooth joint movements. The
functional characteristics of articular cartilage are intrinsically associated with its
composition and structure. Articular cartilage consists of chondrocytes and extracellular
matrix. Mature articular cartilage exhibits a zonal structure in the superficial, transitional,
and deep zone with various chondrocyte maturity/shape/density [8]. Chondrocytes in the
superficial zone are flattened and oriented parallel to one another. In the middle,
randomly distributed round chondrocytes are present in the transitional zone. The deep
zone is characterised by spherical chondrocytes. The balance between anabolic and
catabolic processes, mediated by chondrocytes residing within the cartilage, is crucial for
maintaining tissue homeostasis and integrity.

The extracellular matrix in articular cartilage primarily contains water (70-80%, wet
weight), type Il collagen fibres (15-25%, wet weight), and proteoglycans (5-10%, wet
weight) [9]. Besides, small quantities of collagen type VI, IX, and Xl are present in articular
cartilage. The abundance of negative charge derived from these proteoglycans results in
water retention. The high-water content within the cartilage matrix imbues it with
resilience and lubrication, essential for absorbing compressive forces and reducing friction
during joint articulation. The zonal architecture of mature articular cartilage also displays
variations in type Il collagen fibre orientation [8]. The superficial zone presents the highest
concentration of type Il collagen that is primarily oriented parallel to the surface of the
cartilage for smooth movement of joints. In the middle, more randomly distributed type Il
collagen fibres are present in the transitional zone, providing resistance to compression.
The type Il collagen fibres in the deep zone are characterised by being oriented
perpendicular to the cartilage surface, penetrating deep into the underlying subchondral
bone. This perpendicular alignment provides crucial anchorage and structural support,
enhancing resistance to shear forces [8]. Overall, this zonal structure provides tensile
strength and structural integrity, allowing the cartilage to maintain its shape and resist
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deformation under loading. Thus, the intricate relationship between its biochemical
components and function underscores the importance of preserving its composition and
structural integrity for optimal joint function.

Calcified cartilage

Mature articular non-calcified cartilage is integrated with the underlying subchondral bone
plate through a calcified cartilage layer (Figure 2) with an approximate 20-250 pum
thickness. This calcified cartilage layer consists of chondrocytes embedded in the calcified
matrix, which is mainly composed of sodium hyaluronate, collagen, and hydroxyapatite
[10]. The amount of type Il collagen in the calcified matrix is around three times lower than
that of the hyaline cartilage layer, and the amount of hydroxyapatite is around 25% less
than that of subchondral bone as well in healthy human knee joints [11], indicating the
transitional role of calcified cartilage. The cell density in calcified cartilage is half less than
that in hyaline cartilage [12]. Two junctional interfaces of calcified cartilage, the upper
interface connecting non-calcified cartilage and the lower interface connecting the
subchondral bone plate, indicate the structural integration of the cartilage [12].

Without calcified cartilage, the mechanical transition from non-calcified articular cartilage
to the underlying subchondral bone plate might undergo a mechanically discontinuous
transition. Calcified cartilage, as a transitional layer, can minimise the shear stress it is
exposed to [13-15]. In addition to the biomechanical role, calcified cartilage also plays a
vital role in biochemical communication. With a lower diffusion coefficient than the non-
calcified cartilage, calcified cartilage functions as a barrier that limits diffusion and
prevents vascular invasion from the subchondral bone to non-calcified cartilage [16].

Subchondral bone

The subchondral bone is the bony layer beneath the cartilage (Figure 2). The subchondral
bone consists of organic and inorganic biomaterials. The inorganic component primarily
consists of hydroxyapatite crystals for rigidity, and the organic part is largely comprised of
type | collagen fibres, proteoglycan, and water, providing elasticity and flexibility [17].
Anatomically, it consists of two parts: the subchondral bone plate and the subchondral
trabecular bone. The subchondral bone plate is connected to the upper calcified cartilage
layer. This is a more compact layer providing firm support [17]. Subchondral trabecular
bone is a highly porous cancellous bony structure, offering elasticity for absorbing shock
during joint loading [17]. The interspaces are usually filled with vessels and bone marrow.

The subchondral bone is crucial in absorbing and distributing the forces produced during
locomotion, providing excellent deformability [18]. The forces exerted on the articular
cartilage are transferred to the subchondral bone during locomotion. Compliance with the
subchondral trabecular bone is crucial for enabling the joint to deform under loading.
Overall, subchondral bone serves to provide both nourishment and mechanical support
for cartilage [19]. Therefore, changes in the subchondral bone will influence metabolism
of articular cartilage and the osteochondral microenvironment, chemically and
mechanically [19].

Cross-talk between articular cartilage, calcified cartilage and subchondral bone

The close physical association among articular cartilage, calcified cartilage and
subchondral bone leads to the concept of biophysical and biochemical crosstalk across the
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osteochondral unit. Calcified cartilage functions as a transitional layer biophysically and
biochemically. Mechanically, with the network of branching collagen fibrils, calcified
cartilage can transmit force from articular cartilage to the subchondral bone and minimise
shear stress [20, 21]. Biochemically, due to its lower diffusion coefficient compared to the
uncalcified region, calcified cartilage acts as a barrier that prevents vascular invasion from
the subchondral bone and restricts diffusion [22]. Despite this, several growth factors and
cytokines secreted by both articular cartilage and subchondral bone can traverse between
zones, influencing the homeostasis of osteochondral tissue [19, 23-25]. This interplay
might be facilitated by intercellular communication through gap junction channels
between cells [26]. This communication carries potential implications for understanding
the mechanisms that regulate cell interactions in both physiological and pathological
states [26].

7 superficial zone

Transitional zone

Deep zone

] calcified cartilage

Subchondral bone

Figure 2: An overview of the hierarchical osteochondral unit.

(Osteo)Chondral defects: current surgical treatment options

In case of an (osteo)chondral defect, treatment selection in clinics is based on defect type,
size and location. Non-surgical management aims to diminish debilitating symptoms and
improve function. Specifically, conservation strategies include restricting physical
activities, reducing weight-bearing, immobilisation, muscle-strengthening exercises,
physical instrumental therapy, and non-steroidal anti-inflammatory drugs (NSAIDs). Such
conservative strategies are effective in only 50-60% of cases [27, 28]. However, according
to a retrospective study, 30% of patients treated with conservative strategies would
develop osteoarthritis within 35 years [29]. The size of the osteochondral lesion, lesion
stability and age are recognised as prognostic factors [30-33]. Patients with a large defect
(>12 mm?) or clinical presentation with swelling or locking, should be considered for
surgical management [33].

Due to the hierarchical and organisational architecture, reconstructing the natural
structure of the osteochondral unit is the ideal restorative treatment. According to a meta-
analysis, 19% (39 out of 205) of the patients treated with surgical approaches developed
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osteoarthritis within 10 years [34], which is lower than conservative strategies. Based on
the size, depth, location, type and age, there are numerous surgical techniques such as
fixation, microfracture, and restorative procedures, including osteochondral autograft or
allograft transplantation, autologous matrix-induced chondrogenesis (AMIC), autologous
chondrocyte implantation (ACl), and matrix induced autologous chondrocyte implantation
(MACI).

Fixation of large (osteo)chondral fragments (>1 cm?) resulting from traumatic injuries or
diseases such as osteochondritis dissecans, into the osteochondral defect via arthroscopy
or open surgery can be attempted. This can be the first surgical option in certain cases
since it has the potential to reattach and heal the native osteochondral defects [35]. The
clinical outcomes of fixation can be significantly impacted by the quality of cartilage, age
of the patients, mechanical environments, stability and size of the fragments [36].
However, in degradation-derived osteochondral lesions, osteochondral fragments are
usually not present. Microfracture, whether performed alone or in combination with other
surgeries such as fragment fixation, is intended to induce the migration of progenitor cells
from the bone marrow to the defects. The released marrow elements, such as growth
factors and stem cells from the bone marrow provide an enriched environment and repair
materials for osteochondral repair [37]. As a result, fibrocartilage will fill the defect [38,
39]. Unfortunately, although it achieves good short-term to medium-term results, the poor
mechanical properties of fibrocartilage usually lead to deterioration of clinical outcomes
in long-term follow-ups [40]. Nanofracture with less trabecular fragmentation and
compaction is being developed for better restoration of osteochondral quality [41, 42]. To
prevent the regression seen in microfracture, AMIC aims to capture the progenitor cells
released from the underlying bone by microfracture and provide a supporting network for
tissue regeneration using the application of a cell-free microstructural scaffold [43]. When
a primary repair is not feasible, osteochondral autograft transplantation is intended to fill
the defect with autografts that are harvested from less critical locations (e.g., margins of
the femoral condyles) [35]. Donor-site morbidity is a major concern in osteochondral
autograft strategy, especially for large defects. For such cases, osteochondral allograft
transplantation with cryopreserved cadaveric, fresh frozen or fresh samples can be used
to fill the defects. However, storage techniques, the short life, and the higher cost restrict
their availability [44]. As another way to minimise donor-site morbidity, ACl aims to harvest
chondrocytes (200-300 mg cartilage only) from the patient. Chondrocytes are isolated, and
proliferated in vitro, and then implanted in the defects. The first-generation ACI utilised
periosteum autografts to contain chondrocytes. Periosteum autograft was replaced by
porcine collagen membranes in the second generation, while chondrocytes were
impregnated into the collagen matrix in vitro before implantation in the third-generation
(matrix-induced autologous chondrocyte implantation MACI) [35].

To investigate the outcomes of these surgical options for (osteo)chondral lesions, a meta-
analysis compiled results from 21 randomised controlled trials involving microfracture,
osteochondral autograft transplantation, and ACls. With a similar rate of re-operation, re-
intervention and adverse events, microfracture indeed results in poor long-term outcomes
[45]. ACI was recommended based on surgical efficacy and safety [45]. So far, variable
clinical outcomes have been reported in limited randomised controlled trials. Long-lasting
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and durable osteochondral repair cannot be achieved via current surgical management
options [46].

Future tissue engineering approaches for osteochondral defect repair:
regenerative biomaterials

Tissue engineering has emerged as one of the promising alternatives for tissue repair,
offering potential management for complete osteochondral repair, which involves the
regeneration of articular cartilage, subchondral bone, and cartilage-bone interface
(calcified cartilage). Despite the significant progress in the fields of cartilage and bone
engineering over the past decades, successful osteochondral regeneration remains a
formidable challenge. Biomaterial-based scaffolds, tissue-forming cells, and biochemical
and biophysical factors are the principal components of tissue engineering. This endeavour
requires a deep understanding of osteochondral biology, particularly the intricate
interplay between cell behaviours and physico-chemical cues of biomaterials. However,
integrating these components into effective and enduring solutions for osteochondral
repair poses ongoing challenges.

Biomaterials

Biomaterials provide structural support, biophysical and biochemical stimuli for tissue-
forming cells. These biophysico-chemical cues profoundly influence cell-cell and cell-
matrix interactions, thus significantly impacting tissue repair. Cells, crucial players in tissue
regeneration, express various receptors of bioactive factors, enabling them to respond to
signals that regulate essential processes such as migration, adhesion, proliferation,
differentiation, inflammation and matrix production. Therefore, the capacity of
biomaterials to contain and deliver bioactive factors is crucial for manipulating cell
behaviours. In addition, mechanical strength, degradation rate, and micro-structure of
biomaterials will significantly impact tissue homeostasis and remodelling. An ideal
biomaterial for osteochondral repair should possess non-toxic, non-immunogenic,
biocompatible, suitable biodegradable and mechanical properties and chondrogenic
and/or osteogenic properties [46].

Though there is currently no perfect biomaterial that possesses all these necessary
properties for osteochondral repair, several promising natural or synthetic biomaterials
have been developed (Figure 3A). Natural biomaterials, such as collagen, chitosan,
alginate, gelatin, and hyaluronic acid, are characterised by excellent biocompatibility, non-
toxic features and non-immunogenic properties. These natural polymers are present in
native tissues and are thus beneficial for cell migration, proliferation, and differentiation
[47]. Unfortunately, the similarity to native tissues leads to a relatively fast degradation
[47]. Moreover, their low mechanical properties are not suitable for sufficient mechanical
support. Conversely, synthetic materials, such as polylactic acid (PLA), can provide flexibly
tunable mechanical, physical, and chemical properties, albeit synthetic polymers lack
biocompatibility [47, 48]. Hybrid biomaterials can combine the advantages of different
natural and/or synthetic materials, aiming to maximise the comprehensive performance
and avoid the shortcomings of each single material. For instance, as a natural hydrophilic
polymer, gelatin is characterised by good biocompatibility, solubility, and degradability
[49]. Nevertheless, when the temperature is above 37 °C, the gelatin will transfer to a
solution due to the poor thermostability of gelatin. And some chemical crosslinking
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reagents for gelatin hydrogels are poisonous [49]. Gelatin methacryloyl (GelMA) is
produced by replacing amino groups of gelatin with methacryloyl groups in methacrylic
anhydride. In this way, gelatin obtains the feature of photocrosslinking while still capable
of supporting cell behaviours as the aspartic acid (RGD) peptide, which provides options
for cell adhesion, and matrix metalloproteinase (MMP), which provides the possibility to
degrade the matrix, are maintained [50]. Furthermore, the chemical and physical
properties of GelMA can be flexibly modulated [51, 52].

For bone tissue engineering, ceramics, bioglass, and metallic materials are three
commonly applied biomaterials, and are usually combined with natural and/or synthetic
polymers. For instance, a clinically used osteochondral scaffold utilises collagen as the
cartilage layer and combines natural collagen and hydroxyapatite as the bony layer. This
scaffold has regenerated the articular cartilage and the subchondral bone pre-clinically and
clinically [53-58]. Ti6Al4V, with a similar Young's modulus to natural bone, is an
outstanding representative of metallic material. To improve the osteogenic property, the
Ti6Al4V can be coated by osteogenic biomaterials such as polydopamine-assisted
hydroxyapatite [59]. However, the non-biodegradable nature of metallic materials limits
the application as an ideal material for bone tissue engineering. Progress has been made
on the development of iron- or magnesium-based biodegradable metal scaffolds for bone
tissue engineering, although extensive investigations on the design criteria, toxicity,
osteogenesis, biodegradation rate etc. in vitro and in vivo are required [60-62]. Overall, the
biomaterials for subchondral bone should possess excellent biomechanical strength,
osteogenic properties, biocompatibility and a suitable degradation rate.

Biomaterial forms: hydrogels and scaffolds

To fill the osteochondral defect, biomaterials are commonly in the form of injectable
hydrogels or solid scaffolds (Figure 3B). Hydrogels can be tailored to be injectable for
minimally invasive administration to the defect site. Their significant water content
facilitates effective nutrient and waste exchange. Injectable hydrogels have been widely
applied for cartilage regeneration due to their structural and mechanical similarity to the
cartilage extracellular matrix. Moreover, the injection of precursor solutions followed by
in vivo gelation of hydrogels enables the filling of irregularly shaped osteochondral defects.
Although the mechanical properties of hydrogels are tunable to suit various biomedical
applications, hydrogels, with significant water content, typically lack the mechanical
strength for subchondral bone repair compared to solid scaffolds.

Solid scaffolds are typically pre-designed and manufactured. Various fabrication
techniques yield different features in scaffold architecture, such as pore size, pore shape
and interconnectivity [63]. For instance, electrospinning develops polymers with high
tensile strength, but the organic solvents used are toxic, and the pore size/shape is less
controllable [64]. Similarly, freeze drying uses cytotoxic solvents, although it has an
excellent control of pore size [65]. However, the pre-designed shape poses challenges in
perfectly fitting in the irregular osteochondral defects. Additive manufacturing enables
direct forms of materials using computer-aided design models. Highly complex, repeatable,
topologically precise and controllable structures can be achieved [63]. Various additive
manufacturing techniques, such as fused deposition modelling, stereolithography,
bioprinting (when living cells are incorporated) etc. enable the production of patient-
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specific or customised scaffolds for tissue engineering [63]. These features enable complex
designs like multiple layers and gradient structures of scaffolds.

Structure designs: hierarchical or gradient substitution

Considering the multiple-layer structure of the osteochondral unit, a biomaterial-based
scaffold designed with bilayers or multiple layers can more effectively emulate the
biophysical and biochemical environment (Figure 3B). These dissimilar layers can be made
of two or more biomaterials or simply have different structures like porosity or pore size.
Bilayered scaffolds comprise two layers designed to facilitate the regeneration of articular
cartilage and subchondral bone simultaneously. For instance, a clinically used bilayered
collagen/collagen-hydroxyapatite-magnesium (Col/Col-HAp-Mg) scaffold utilises collagen
as the cartilage layer, and combines natural collagen, hydroxyapatite and magnesium as
the bony layer [53-58]. Trilayered scaffolds aim for simultaneous regeneration of articular
cartilage, calcified cartilage, and subchondral bone. For instance, a novel tri-layered
scaffold utilises type Il collagen and chondroitin sulphate as the cartilage layer, type Il
collagen and hydroxyapatite for calcified cartilage formation, and type | collagen and
hydroxyapatite as the bone layer [66].

A B
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B e { | Gradient
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Figure 3. Schematic diagrams of engineering regenerative biomaterials for osteochondral repair. (A)
examples of natural, synthetic and hybrid biomaterials. (B) graphical illustration of injectable hydrogels and
solid scaffolds, and the structure designs of scaffolds for osteochondral repair.

Given the gradient structure of the osteochondral unit with a smooth transition from the
cartilage to the subchondral bone, and different cell responses to diverse biophysical and
biochemical cues such as stiffness, pore size, geometry and growth factors, gradient
scaffolds that are optimised for zonal cell types and structure of the osteochondral unit
seems to be promising. Generally, gradient hydrogel possesses at least one gradual and
continuous spatiotemporal biophysical or biochemical property [67]. Pore-size or pore-
shape gradient scaffolds for tissue regeneration were investigated. Large pore size causes
tissue-forming cells to flow through after attachment, while medium or small ones allow
cell infiltration [68]. 3D printing technology offers a unique opportunity to fabricate
gradient scaffolds with specific stiffness, pore size or porosity [69]. Sultan et al. engineered
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water-based cellulose nanocrystal hydrogels using 3D printing with controlled pore sizes
and gradient pore structure [70]. 3D printing gradually became a definite part of
osteochondral regeneration due to its flexibility in customised size, shape, structure and
performance.

Tissue engineering approaches: cells seeding and acellular strategies

In some osteochondral tissue engineering strategies, scaffolds are initially seeded with
exogenous tissue-forming cells to promote tissue repair (Figure 4A). Chondrocytes and
mesenchymal stromal cells (MSCs) are two commonly proposed cell types for
osteochondral repair. The use of differentiated cells, however, encounters several
limitations throughout the successive processes of harvesting, isolating, expanding,
culturing, seeding, and implantation. For instance, chondrocytes are limited in their
availability and are at risk of dedifferentiation during expansion. In contrast, MSCs have
received widespread attention due to their multipotency, sufficient sources and rapid
proliferation. However, directing their differentiation towards chondrocytes remains
challenging. MSCs are able to form cartilage-like tissue in vitro, but the proportion of the
constituents, such as type |l collagen, is dissimilar with native hyaline articular cartilage
[71]. Despite the wide application and promising results, the cell seeding strategy is still
facing challenges in the choice of cell source (e.g. as bone marrow, adipose tissue,
synovium, periosteum), in vitro expansion, differentiation, and phenotype maintenance.

Unlike cell-seeded scaffolds, acellular strategies aim to recruit endogenous cells to induce
tissue repair. In the natural state, there are various niches of stem/progenitor cells in
articular cartilage, subchondral bone marrow, and intra- or peri-articular tissues, such as
synovium, synovial fluid, fat pad, ranvier groove, periosteum and meniscus (Figure 4A).
Many types of endogenous stem/progenitor cells, such as bone marrow-derived and
synovium-derived stem cells, in specific niches of knee joints, have been identified [72].
These native endogenous stem/progenitor cells are involved in the complicated
endogenous osteochondral repair process. To repair osteochondral defects, the infiltration
of these surrounding endogenous stem/progenitor cells into the osteochondral lesions is
a crucial stage. Then, after repopulating, endogenous cells are directed to chondrogenic
and osteogenic differentiation. However, despite the fact that our body possesses inherent
mechanisms to recruit a number of endogenous stem/progenitor cells, these are normally
not sufficient for complete tissue repair due to limited recruited cells and limited released
growth factors. Moreover, these endogenous stem/progenitor cells possess various
differentiation capacities for adipogenesis, osteogenesis, and chondrogenesis. For
instance, microfracture aims to induce the migration of MSCs from the underlying bone
marrow to the defects [37]. However, bone marrow stem cells possess a high tendency
towards chondrocyte hypertrophy and bone formation limits further application. As a
result, bone and fibrocartilage will fill the defect instead of hyaline cartilage [73].

To favour particular endogenous stem/progenitor cells migration, proliferation, and
differentiation, acellular strategies need to provide a biomimetic and biodegradable three-
dimensional structure, and suitable biophysical and biochemical cues. With acellular
strategies, cell-free scaffolds can be easily scaled up for large-scale tissue engineering
applications, as they do not require large quantities of cells for seeding. Several acellular
commercial products, such as MaioRegen®, have been approved by regulatory bodies, and
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have achieved satisfactory clinical results, indicating the promising application of acellular
strategies [74-76].

Acellular strategy: tunable biophysico-chemical cues to facilitate
osteochondral repair

Cells can distinguish the geometry, stiffness, orientation, and elasticity of the extracellular
matrix (Figure 4B), and adapt their behaviours according to these biomechanical cues of
the extracellular matrix [77-81]. Given the intricate topographies and 3D architecture
present within the native extracellular matrix, many studies aiming to test cellular
interactions within controlled microenvironments at a cellular level have been reported.
For instance, appropriate pore size and interconnectivity can facilitate cell migration,
metabolic substances and nutrient diffusion. Previous studies have demonstrated that cell
functions and tissue regeneration efficiency rely heavily on pore size [82, 83]. In a gelatin
scaffold with various pore sizes ranging from 50 to 500 um, chondrocytes prefer the pore
size between 250 to 500 um for better proliferation and extracellular matrix production,
probably because of the space for cell metabolism [82]. Conversely, the chondrocytes
differentiated to an osteogenic pathway with the larger pore size (300-500 um) [83]. Arole
of substrate stiffness on cell behaviour such as migration, adhesion and proliferation has
also been demonstrated. Focal adhesions are structures that connect cells to the ECM and
transmit mechanical cues from the ECM to the cytoskeleton. In turn, the cytoskeleton
reinforces the focal adhesion dynamics, leading to changes in cell shape and migration.
Vainieri et al. tested MSCs migration in hyaluronic acid-tyramine hydrogels with different
crosslinking densities. They demonstrated that cell migration was inhibited in stiffer
hyaluronic acid-tyramine hydrogels, indicating cell migration limitation in highly
crosslinked materials due to physical impediment or lower mesh size [79]. These attempts
highlight the promise of acellular strategies with controllable biophysical cues for
osteochondral repair.

Many exogenous biochemical cues, such as bioactive factors, additional components or
metallic ions, can be integrated into biomaterials to modulate the physiological activities
of endogenous stem/progenitor cells (Figure 4) [53-58, 79, 84, 85]. Numerous bioactive
factors, such as platelet-derived growth factor and bone morphogenetic protein, play
crucial roles in recruiting endogenous stem/progenitor cells, facilitating cell adhesion,
proliferation, differentiation, and the generation and sustenance of cartilaginous
extracellular matrix. However, the elevation of bioactive factor concentrations in tissues
following injury is typically confined to a brief timeframe. Actually, one of the major aims
of microfracture is to introduce growth factors from the underlying bone marrow (by
stimulating bleeding and subsequent release of factors from platelets and immune cells),
although this does not recruit particular and sufficient growth factors [37]. The engineering
of biomaterials as delivery vehicles has emerged as a promising strategy to enhance the
cartilage repair process. By encapsulating and releasing adequate bioactive factors into
local defect areas, these biomaterials can stimulate the recruitment of more endogenous
stem/progenitor cells from their niches, thus guiding further tissue repair [86]. Detailed
information on favourable biochemical cues to enhance osteochondral repair will be
discussed in Chapter 2.
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Figure 4. Overview of cell seeding and acellular strategies. (A) Scaffolds are initially seeded with exogenous
tissue-forming cells to promote tissue repair in cell seeding strategies. Acellular strategies aim at promoting
endogenous stem/progenitor cells migration, proliferation, differentiation, and matrix production. (B)
Suitable biophysical and biochemical cues are favourable for both cell seeding and acellular strategies.

Acellular strategy: current challenges in endogenous osteochondral
repair

The endogenous repair strategy is a promising alternative method for in situ osteochondral
repair via cell recruitment into the injury site. The scaffolds/hydrogels with specific
biophysical and biochemical cues placed at the injury site provide support for cell
migration, adhesion, proliferation and differentiation. In the past decades, although many
preclinical endogenous regenerative strategies have been proposed, only a scarce number
of studies have advanced to the clinical stage due to some difficulties and challenges. First
of all, the mechanism of endogenous repair remains unclear, including (1) the cell
migration routes from the niches to the injury site; (2) the effects of migrated cells (not
only the progenitor cells but also immune cells etc.) in the repair process; (3) the
interaction between the migrated cells and extracellular matrix in endogenous repair.
Then, the hierarchical and organisational osteochondral unit complicates the repair
process further. Regenerating hyaline cartilage, calcified cartilage and subchondral bone
separately and simultaneously poses a challenge for an acellular strategy. Differentiation
towards (non)hypertrophic chondrocytes and osteoblasts requires various growth factors
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and cell sources increasing the challenge. Meanwhile, the complex mechanical
environments of the osteochondral defects can greatly affect cartilage/bone regeneration.
Although many natural and synthetic biomaterials have been fabricated and investigated
in osteochondral repair, none of these encompasses all the properties for an ideal scaffold.
Novel biomaterials with high biocompatibility and bioactivity, but also excellent
mechanical properties, bio-functionality and tunable degradation, are needed for better
cell migration, adhesion and differentiation. Another challenge limiting the application of
these strategies is the insufficient and nonspecific recruitment of endogenous
stem/progenitor cells. Ideally, a well-designed biomaterial-based scaffold with specific
biophysical and biochemical cues should be able to accurately recruit particular
endogenous stem/progenitor cells, promote adhesion, proliferation and differentiation to
target phenotypes, and thus complete tissue repair.

Aims and outline of this thesis

This thesis aims at improving osteochondral defect repair utilising endogenous cells via
manipulating biochemical and biophysical cues of acellular biomaterials, including
modulating crosslinking density or degradation kinetics, incorporating bioactive molecules
or novel components into biomaterials.

Articular cartilage possesses very limited self-repair capacity. In Chapter 2, we review the
challenges for acellular biomaterials-based endogenous articular cartilage repair, and
summary novel design and application with favourable biochemical cues to guide the
endogenous stem/progenitor cells for cartilage repair. In Chapter 3, we investigate the
effect of biochemical and biophysical modifications, including the degree of
functionalisation, degradability, and addition of a fibrillar component, on cell migration
and tissue formation in vitro, ex vivo and in vivo.

Subchondral bone provides both nutritional and mechanical support for articular cartilage.
Unrepaired subchondral bone impacts the long-term survival of overlying newly-
regenerated cartilage in the osteochondral defect. There is a higher requirement in
mechanical properties for bone tissue engineering compared to cartilage. To improve
subchondral bone repair, we investigate the effect of biochemical modifications on the
osteogenic capacity of a clinically used bi-layered collagen/collagen-magnesium-
hydroxyapatite osteochondral scaffold. In Chapter 4, we modify the synthesis technology
of amorphous calcium phosphate for incorporation of strontium, and incorporate
strontium-enriched amorphous calcium phosphate granules into this collagen/collagen-
magnesium-hydroxyapatite scaffold. In Chapter 5, we add bone morphogenetic protein 2
and/or platelet-derived growth factor-BB into this scaffold. We use a range of in vitro, ex
vivo and in vivo mouse and goat models to assess cell behaviour and tissue repair. In
addition, we examine the effect of sex on scaffold-enhanced subchondral bone repair in
experimentally induced osteochondral defects in Chapter 6. To this aim, we pool and re-
use control data (collagen/collagen-magnesium-hydroxyapatite scaffold only) from
Chapter 4 and Chapter 5 on the subchondral bone repair capacity in both weight-bearing
and non-weight-bearing locations of the stifle joint in castrated male and female goats.

The regeneration of the interface between cartilage and bone, i.e. the layer of calcified
cartilage, is considered critical for functional regeneration of the osteochondral unit. This
interface is important for force transmission, structural stabilisation and material diffusion.
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Because regeneration of the layer of calcified cartilage is a challenge, we develop an ex
vivo model to study the formation of the layer of calcified cartilage in Chapter 7. This model
can be used to increase the understanding of the process of formation of a mature
cartilage/bone interface as well as to ex vivo screen candidate factors that affect calcified
cartilage formation in articular cartilage repair procedures.

This thesis concludes with Chapter 8, which generally discusses the broader implications
of our findings, followed by conclusions and future perspectives aimed at improving
osteochondral defect repair through the control of biochemical and biophysical cues of
biomaterials. Chapter 9 contains a summary in English, Dutch and Chinese.
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Biochemical cues to enhance endogenous repair

ABSTRACT

As a highly specialized shock-absorbing connective tissue, articular cartilage (AC) has very
limited self-repair capacity after traumatic injuries, posing a heavy socioeconomic burden.
Common clinical therapies for small- to medium-size focal AC defects are well-developed
endogenous repair and cell-based strategies, including microfracture, mosaicplasty,
autologous chondrocyte implantation (ACI), and matrix-induced ACI (MACI). However,
these treatments frequently result in mechanically inferior fibrocartilage, low cost-
effectiveness, donor site morbidity, and short-term durability. It prompts an urgent need
for innovative approaches to pattern a pro-regenerative microenvironment and yield
hyaline-like cartilage with similar biomechanical and biochemical properties as healthy
native AC. Acellular regenerative biomaterials can create a favorable local environment for
AC repair without causing relevant regulatory and scientific concerns from cell-based
treatments. A deeper understanding of the mechanism of endogenous cartilage healing is
furthering the (bio)design and application of these scaffolds. Currently, the utilization of
regenerative biomaterials to magnify the repairing effect of joint-resident endogenous
stem/progenitor cells (ESPCs) presents an evolving improvement for cartilage repair. This
review starts by briefly summarizing the current understanding of endogenous AC repair
and the vital roles of ESPCs and chemoattractants for cartilage regeneration. Then several
intrinsic hurdles for regenerative biomaterials-based AC repair are discussed. The recent
advances in novel (bio)design and application regarding regenerative biomaterials with
favorable biochemical cues to provide an instructive extracellular microenvironment and
to guide the ESPCs (e.g. adhesion, migration, proliferation, differentiation, matrix
production, and remodeling) for cartilage repair are summarized. Finally, this review
outlines the future directions of engineering the next-generation regenerative
biomaterials toward ultimate clinical translation.

Keywords: regenerative biomaterials; endogenous stem/progenitor cells (ESPCs); articular
cartilage (AC) repair; biochemical cues
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Chapter 2

Engineered favorable biochemical cues with cell-free regenerative
biomaterials for ESPCs-based cartilage repair
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1. INTRODUCTION

Articular cartilage (AC) is a smooth, avascular, and aneural connective tissue with unique
composition and structure [1,2]. Its structure and function are mainly dependent on
chondrocytes that control the turnover of extracellular matrix (ECM) and maintain
homeostasis. It is located at the bone surface to provide a wear-resistant and load-bearing
interface within synovial joints [2]. The poor intrinsic healing potential of AC usually leads
to permanent functional impairment and osteoarthritis (OA) in the absence of adequate
treatment [1,2]. There will be a growing number of young patients suffering from cartilage
injuries caused by trauma in the coming decades. Nonsurgical treatments such as intra-
articular hyaluronic acid (HA) injections and oral nonsteroidal anti-inflammatory drugs
mainly focus on reducing clinical symptoms and preventing the progression of AC damage
[3]. To regenerate neocartilage tissues in the lesion site, surgical interventions, such as
microfracture, mosaicplasty, ACl, and MACI are proposed and extensively applied [4].
Through drilling small holes in the bone to a depth of around 2-4 mm at the injury site,
arthroscopic microfracture is used, in part, to access the endogenous multipotent
mesenchymal stem cells from the underlying bony region and promote their migration,
proliferation, and chondrogenic differentiation; while ACI and MACI implant cultured
chondrocytes-formed microtissues into the defect area under a natural or synthetic
membrane via surgical procedures [4]. The above-mentioned surgical treatments (i.e.
endogenous cartilage repair and cell-based therapies) have achieved varying degrees of
success. On the other side, these approaches face several drawbacks, such as limited
chondrocytes or cartilage sources, incapability to repair large-size AC defects, and the
reconstructed tissue consisting of mechanically inferior fibrocartilage and integrates with
surrounding cartilage incompletely, leading to poor resistance to shear forces and
deterioration in a longer follow-up [5].

In recent decades, numerous studies have shown native ESPCs are involved in the
complicated endogenous cartilage repair process, which is mainly dependent on the
infiltration of these surrounding ESPCs into the cartilage lesions and subsequent cell
behavior [6]. Without any exogenous interventions (e.g. allogeneic or xenogeneic cells
transplantation, scaffolds implantation, and bioactive factors presentation and delivery),
despite our body can rely on the inherent mechanism to recruit a few ESPCs, the capability
of endogenous regeneration and repair is usually insufficient and incomplete, particularly
in the longer term. For example, the clinical results of debridement and microfracture are
inconsistent. The repaired tissue is predominantly fibrocartilage, which cannot be
comparable to hyaline cartilage in terms of durability [7]. During neocartilage formation,
aberrant collagen expression can be observed as a consequence of two different pathways,
leading to the emergence of fibrocartilage (collagen I/Il) or hypertrophic cartilage (collagen
X). To regenerate hyaline cartilage (collagen II) both in vivo or/and in vitro, we should
consider the strategies to provide low oxygen tension and suitable differentiation cocktails
to induce chondrogenesis with less or no expression of collagen Il and X [8]. In fact, the
increased concentrations of chemokines, growth factors (GFs), and cytokines in tissues
after AC injury is limited and last for a short period. Only a low number of ESPCs are
recruited and able to function properly [9]. Meanwhile, with an in-depth understanding of
the mechanism behind endogenous cartilage repair, various innovative cell-free
regenerative biomaterial strategies have emerged as promising solutions for ESPCs-
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mediated cartilage regeneration [10,11] (Figure 1). Acellular regenerative biomaterials-
based ESPCs-mediated AC repair might be superior to exogenous cell-based therapeutic
approaches in terms of handling procedures, accessibility of cell sources, donor-site
morbidities, risk of disease transmission, costs, some regulatory issues, and translational
barriers [12] (Figure 1). In the scenario of ESPCs-mediated AC repair, regenerative
biomaterials are defined as the scaffolds used to coax the body into recreating a pro-
regenerative environment, influencing the immune system, and restoring the structure
and function of damaged cartilage [13-15]. Despite more mechanistic studies being
required, they are already poised to gain an immediate patient impact, representing an
alternative paradigm for AC regeneration. Meta-analysis of in vivo animal studies indicated
that implanting acellular regenerative biomaterials substantially enhanced AC repair by
15.6% compared with non-treated blank controls, i.e. endogenous cartilage repair [16].
Biologics supplementation could considerably improve AC regeneration by 7.6% in
contrast to control scaffolds [16]. These results suggested cell-free engineered
regenerative biomaterials with favorable biochemical cues could enhance ESPCs-mediated
AC repair. Regenerative biomaterials usually act as instructive scaffolds to provide
structural support for cell infiltration, matrix deposition, and tissue remodeling and
regeneration (Figure 1). Encouragingly, in March 2022 the FDA approved Agili-C™, a cell-
free, off-the-shelf implant for repairing cartilage and osteochondral defects (OCD) [17],
providing us with more confidence in our proposed strategy. From the scope of sources,
three main types of regenerative scaffolds that are typically used for AC restoration,
including natural biomaterials (e.g. cellulose, alginate, chitosan, gelatin, collagen, fibrin,
chondroitin sulfate (CS), agarose, and HA), synthetic biomaterials (e.g. polyethylene glycol
(PEG), polyvinyl alcohol (PVA), polycaprolactone (PCL), poly (lactic-co-glycolic acid) (PLGA),
poly (propylene fumarates) (PPF), poly (NiPAAm), and polyurethane (PU)) and composite
constructs [10]. Through different engineering methodologies of (bio)design and
(bio)fabrication, these three-dimensional (3D) porous regenerative scaffolds can be
functionalized with some tailored favorable biochemical cues, tunable chondro-
immunomodulation, and various spatiotemporal delivery/release modalities [18-26]
(Figure 1). The injectable or implantable regenerative biomaterials (by themselves or
combined with biomolecules) can kick-start and vastly magnify the body's intrinsic
cartilage healing potential [9,27,28]. These biomaterials can bring a pro-regenerative
microenvironment and take advantage of this friendly microenvironment as a natural
bioreactor. Within this bioreactor, multiple stimuli derived from the regenerative scaffolds
are capable of activating and recruiting a large population of join-resident ESPCs toward
the lesion site, guiding their migration, mobilization, proliferation, and chondrogenesis to
generate natural hyaline-like AC eventually [9,27,28] (Figure 1). With huge translational
potential, this strategy has attracted widespread attention and might represent one of the
most promising therapies for chondral defects [29].

Unfortunately, most current proposed strategies for AC defects merely emphasize the
regulation of a single healing period (i.e. cellular colonization), overlooking the integrity
and continuity of distinct stages, which cannot provide an optimal solution for ESPCs-
mediated AC repair. In this review, we emphasize all repair procedures rather than merely
ESPCs migration. The ability to precisely control the regenerative scaffold-based in vivo
microenvironment is still nascent. However, we feel that given the rapid progress in
understanding the mechanism of endogenous AC healing and regenerative scaffolds, it is
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Figure 1. Schematic diagram of the ESPCs-mediated cartilage repair strategies through 3D macro/micro-
porous acellular engineered regenerative biomaterials. (A1) Clinical photograph of an AC defect of the distal
femoral condyle from the right knee of a 21-year-old male patient. (A2) Knee arthroscopic imaging of an
advanced stage of AC defect of a 65-year-old female patient. (B1) An arthroscopy shows the smooth surface
of healthy hyaline cartilage. (B2) The hematoxylin and eosin (HE) staining image indicates the unique
hierarchical structure of the osteochondral unit including the upper AC. (C1) The fabrication of regenerative
biomaterials by novel 3D-(bio)printing technologies. (C2) The scanning electron microscope (SEM) images
demonstrate the porous architecture and desirable connectivity of the regenerative scaffolds (e.g.
Bisphosphonates (BPs)-based hydrogel, PCL, and PLGA/TCP/Mg scaffolds). (D1) The surgical implantation of
engineered regenerative biomaterials into the osteochondral lesion site (3 mm x 3 mm) in a rabbit model.
(D2) The implanted acellular regenerative scaffolds (loaded with or without biomolecules, i.e.,
chemoattractants) which possess favorable biochemical cues, immunomodulation properties, and drug
delivery/release profiles represent promising options for AC repair. (D3) Schematic illustration of the
microenvironment around the cartilage defect. (D4) The activation of endogenous repairing signals. (D5)
Possible illustration of the improved recruitment of numerous joint-resident ESPCs toward the lesion site by
engineered regenerative scaffolds and enhanced proliferation and chondrogenesis of ESPCs, matrix
production, and remodeling. (E1) One example of the engineered regenerative scaffolds for ESPCs-based AC
repair: 12 weeks post-implantation into rabbits, the 3D-printed magnesium (Mg)-based acellular composite
scaffold treatment improves to form smooth-surfaced cartilage, which has a similar hyaline-like appearance
compared with adjacent AC tissue. (E2) The high-frequency ultrasound image shows the newly regenerated
cartilage layer and cartilage-bone interface in the previous defect location. (A1, A2, and B1 images courtesy
of Dr. Kevin Ki-Wai Ho and Dr. Yang Liu; C1, and D2-D5 were created by BioRender; Others are from the
ongoing research project in our lab).
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now the right time to discuss these issues and opportunities. This review mainly focuses
on the engineered regenerative biomaterials-based approaches for guiding ESPCs for AC
repair. In the first part, the potential mechanism of endogenous cartilage repair and the
significance of ESPCs, chemokines, cytokines, and GFs (CCGs) will be discussed and
summarized. Followed by a number of currently existing crucial challenges, various recent
multidisciplinary achievements and advances in ESPCs-mediated strategies by
manipulating the various amenable biochemical cues (e.g. chemical composition,
biochemical modification, chemokines, cytokines and GFs, mineral ions, functional
peptides, small molecule compounds, gene targeting factors, extracellular vesicles (EVs),
immunomodulatory agents, and delivery/release profiles) of engineered regenerative
biomaterials will be highlighted and discussed. The last part comprises conclusions and
perspectives, accompanied by several critical open questions that still need to be
addressed.

2. THE VITAL ROLES OF ESPCS, CHEMOKINES, CYTOKINES, AND
GROWTH FACTORS (CCGS) FOR ESPCS-MEDIATED AC REPAIR

2.1. Endogenous cartilage healing and its possible mechanism

Intrinsic tissue regeneration capabilities are distinct among different species. Comparing
with non-mammalian vertebrates, mammals and humankind possess limited inherent
tissue self-healing capability due to genetic, developmental, immunologic, and tissue
complexity differences [27,30]. For instance, the axolotl salamander (Ambystoma
mexicanum) can heal large chondral defects and regenerate normal hyaline AC and joint
structure even if limb amputation, whereas our human beings cannot [31]. Particularly
noteworthy is that the endogenous cartilage repair potential decreases with aging,
phylogeny, and ontogeny due to ESPCs exhaustion [32,33]. It implies that young and
juvenile patients hold greater potential for endogenous cartilage healing than the elderly
[34]. Unlike exogenous regenerative approaches, endogenous cartilage regeneration does
not depend on exogenous cells, scaffolds, and biomolecules and only depends on the
innate self-healing potential [35].

The typical repair process of AC defects is extremely complicated. It consists of a sequence
of dynamic biological responses following a similar pattern, including hemostasis,
inflammation, and remodeling stages (ESPCs recruitment from surrounding niches,
proliferation, chondrogenesis, matrix deposition, and maturation) [36]. Under ideal
conditions, these stages function coordinately with each other to assure the best repairing
outcome. The presence of specific cells (e.g. immune cells, stem cells, and chondrocytes
etc.) and vascular supply are the two prominent essential elements. After hemostasis,
immune cells (e.g. neutrophils, macrophages, etc.) are recruited and activated by
cytokines and chemoattractants secreted by the platelets [36,37]. Then immune cells can
secrete some anti-inflammation factors and chondrogenic cytokines. This can further
suppress inflammation and give rise to cellular exudation into the damaged area for
fibrous network formation, which is invaded by ESPCs and chondrocytes during the
remodeling phase, aiming to restore the original structure and function [37]. Therefore,
some immune cells (i.e. macrophages) can act as a potential target for AC repair [38]. The
inflammation and remodeling phases rely on the vascular supply. Thus, compared to
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partial-thickness AC defects, the endogenous repair of full-thickness AC defects and OCD
follow a different approach because of the participation of the vascular system from the
lower subchondral bone [10,39]. The articular surface of full-thickness AC defects and OCD
can self-repair without cell transplantation probably by recruiting endogenous cells from
adjacent tissues and activating the autotherapy process [40]. This process is accompanied
by inflammation and remodeling phases. However, the endogenous repair of partial-
thickness AC defects is different due to the absence of a vascular system, limited
inflammation, and insufficient chemokines and GFs. Moreover, the chondrocytes are
imprisoned in glycosaminoglycans (GAGs) and collagens and are limited to migrate to the
injured area from the surrounding cartilage. Thus, endogenous intra- and peri-articular
ESPCs are even more vital in this context [40]. Therefore, joint-resident ESPCs from local
or adjacent cell niches post-traumatically play a central role in endogenous cartilage
healing. Maintaining homeostasis is finely tuned by a complicated network of signaling
molecules and pathways (e.g. TGF-B, BMP, MAPK, Wnt/B-catenin, NF-kB, Ihh, HIF-1a, HIF-
2a, IGF-1, and FGF) (Figure 2). Studying endogenous cartilage repair and its underlying
mechanism will help us understand how the human AC heals and repairs itself
spontaneously. Additionally, it could assist researchers in developing innovative
regenerative biomaterials as instructive bioreactors for guiding ESPCs to heal the AC more.
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Figure 2. The schematic illustration of the signaling crosstalk of cartilage tissue homeostasis and repair.
These signaling mainly comprise mitogen-activated protein kinase (MAPK), transforming growth factor-8
(TGF-8), hypoxia-induced factors (HIF), bone morphogenetic proteins (BMPs), nuclear factor kappa B (NF-kB),
Whnt/B-catenin, and indian hedgehog (Ihh) pathways, which control the balance driving for and catabolic and
anabolic activities in AC (Adapted and reproduced from Mariani et al. [41], Copyright 2014, MDPI).
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2.2. Joint-resident ESPCs and ESPCs-mediated AC repair

Cells are the building blocks for AC tissue engineering [10]. Many studies utilized in vitro
manipulated cells and injected or implanted them into cartilage lesions, providing
exogenous cell sources for neocartilage formation [42]. Compared with joint-resident
ESPCs-mediated AC repair, these approaches result in challenges rooted in acquiring
suitable high-quality, preferably sufficient autologous cells and rebuilding essential in vitro
microenvironmental signaling that regulate in vivo tissue development and
morphogenesis [10,43,44]. Besides, when using allogeneic or xenogeneic cells, the
patients may need long-term immunosuppression therapies, probably impairing the
treatment benefits. Moreover, these approaches usually ignore the donor's disease state
and other features (e.g. age, ongoing chronic inflammation, and overall health conditions),
perhaps influencing the tissue integration as well as the long-term survival of injected cells
and engineered AC constructs [45].

Here, we suppose that cell sources for AC repair should be poised for a paradigm shift from
exogenous cells or in vitro manipulated autologous cells to joint-resident ESPCs thanks to
the emergence of advanced technologies of shifting the injured microenvironment into a
pro-regenerative environment with reduced inflammation and activation of endogenous
repairing signals to some degree. The ‘endogeny’ portion highlights the induction of
optimal endogenous AC healing by ESPCs; whereas reaching this goal needs exogenous
intervention more or less, for example, implanting acellular engineered regenerative
scaffolds can ameliorate the diseased microenvironment suffered chronic inflammation,
low abundance of ESPCs, and dysregulated tissue turnover, into a pro-regenerative
scenario [9,27,28]. ESPCs are tissue-specific adult stem/progenitor cells with self-renewal
and differential abilities for maintaining AC homeostasis and repairing injured AC[9,27,28].
In recent decades, ESPCs have been identified and explored as eligible cell sources for in
vivo AC regeneration [9,28]. Residing in specific niches of knee joints, ESPCs' activation
relies on biophysical and biochemical cues within the niches. These niches are from AC and
intra- or peri-articular tissues, such as bone marrow, synovial fluid, synovium, ranvier
groove, fat pad, cartilage, subchondral bone, periosteum, and meniscus [28] (Figure 3).
Niches can provide ESPCs with instructive microenvironments that regenerative
biomaterials can re-establish. Typically, a cell niche comprises ECM, cells, and soluble
factors. ECM usually functions as a physical scaffold for signaling molecules and cells and
is a major regulator and determinant of stem cell fate [46]. Within the ECM, various
secreted proteins interact with resident cells dynamically. Distinct cell receptors (e.g.
cadherins and integrins) can mediate cell-ECM interactions. Receptors are crucial adhesion
molecules for ESPCs' migration, localization, survival, and differentiation.

Different subpopulations of ESPCs possess varied surface markers and chondrogenic
differentiation abilities (as indicated in Table 1). For example, synovium-derived MSCs (S-
MSCs) have been reported to possess the optimal chondrogenic capacity in vitro with a
lower potential for hypertrophy among the mesenchymal tissue-derived cells [47,48].
Many studies have provided evidence of the recruitment and migration of ESPCs for
cartilage repair in vivo [49-51]. Ma et al. (bio)fabricated the macro-porous SA/HAexo-
PLGAKGN hydrogel scaffolds which exhibited desirable results of regulating inflammation
homeostasis and recruiting endogenous bone marrow mesenchymal stem cells (BM-MSCs)
for AC repair in rats via the sequentially deliver of LPS/BG-exo and Kartogenin (KGN) [52].
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Huang et al. injected the BM-MSCs affinity peptide sequence PFSSTKT (PFS)-modified
chondrocyte ECM particles combined with methacrylated gelatin (GelMA) hydrogel into a
rabbit cartilage defect model [53]. The results showed the GelMA/ECM-PFS functional
scaffolds promoted the recruitment of ESPCs from the defect site two weeks post-
operation and generated hyaline cartilage in vivo, whereas the control treatment mostly
led to fibrocartilage formation. The possible migration routes (PMRs) of joint-resident
ESPCs for AC repair are graphically displayed in Figure 3. There might be different ESPCs
involved in the repairing process depending on the category of chondral damages [28]. For
adults, BM-MSCs can make direct contributions to regenerating full-thickness AC defects.
Yet it remains unclear how BM-MSCs migrate to the superficial area. Additionally,
experimental evidence has confirmed the direct migration of SF-MSCs, S-MSCs, and C-SPCs
to superficial chondral defects. IFP-SCs may function after being recruited toward the
adjacent synovial fluid and synovial lining. The PMR of Rg-MSCs along the perichondrium
has also been explored in rabbit knee joints.

C-SPCs
BM-MSCs
S-MSCs
SF-MSCs
Rg-MSCs
IFP-SCs

Figure 3. The possible migration routes (PMRs) of native joint-resident ESPCs for AC repair. Within the knee
joint, there exist several different cell populations of ESPCs, including cartilage-derived C-SPCs, bone marrow-
derived BM-MSCs, synovium tissue-derived S-MSCs, synovial fluid-derived SF-MSCs, ranvier groove-derived
Rg-MSCs, infrapatellar fat pad- derived IFP-SCs, and so on. To date, there are huge knowledge gaps in the
specific roles of different ESPCs during cartilage healing and the underlying mechanisms.
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Table 1. Subpopulations and characteristics of native joint-resident ESPCs.

Cell L . Specific positive Chondrogenic potential and effects on Year of first
T ocation n K AC : ted
ypes surface markers repair reporte
BM- Perivascular CD29™", CD447%, Multilineage potential includes 1969

MSCs niches in CD73™%,CD90"%, chondrogenesis [54]; however, they
bone CD105°%, CD147"", hold a high tendency to cause
marrow CD166™, CD271"% hypertrophic chondrocytes and bone
formation [55]. CD271+ CD56+ BM-
MSCs (localized in the bone-lining
regions) have a better chondrogenic
capacity compared to CD271+ CD56-
BM-MSCs (found in the perivascular
regions) [56].
S- Synovium of CD10"%, CD13%, Reported as the best chondrogenesis 2001
MSCs joint CD14°%, CD347¢, potential among mesenchymal tissue-
CD44™%, CD45™, derived cells [47]. Limited potential for
CD49a"%, CD62e™%, hypertrophy compared to BM-MSCs,
CD73% HLA-DR%, IFP-SCs, and SM-MSCs [48].
CD90™%, CD105™, CD73+CD90- S-MSCs have a better
CD147"", CD166™ chondrogenic capacity compared to
CD73+CD90+ S-MSCs [57].
SF- Synovial CD40*&, CD44™", High capacity to differentiate into 2004
MSCs  fluid of joint  CD44"% CD55"%, chondrocytes, and a lower capacity for
CD73"%,CD90"%, adipogenic, osteogenic, and neurogenic
CD105"%, CD140"%, differentiation [58].
CD147"", CD273™%
Rg- Perichondria  Stro-1'%, BMPri1a’®, They can maintain their progenitor 1977
MSCs | groove of Patched®, Notch1"®, properties and localization and migrate
ranvier integrin B1°&, N- to the AC surface [59].
cadherin™®, EGFL7"®
IFP-SCs  Intra- CD9™, CD10™, CD13™, They can maintain their chondrogenic 1996
articular fat  CD29™, CD44™", potential for a longer period [60]. A
pad CD49™, CD59"", better chondrogenic potency compared
CD90™, CD105™", with BM-MSCs.
CD104™, CD105",
CD147*A, CD166*A
C-SPCs  Mainly in CD29™, CD44™, Superficial cells of the nascent joint are 2001
the CD54™, CD73%, self-renewing chondrocyte progenitors
superficial CD90**, CD1057%, and undergo both symmetric and
zone of AC CD166"%, Stro-1"", asymmetric cell division [61]; Stronger
Notch-1#" chondrogenic differentiation capacity
than the IFP-SCs and chondrocytes [62];
Cells migrate during the development
and remodeling of AC [63].
CS-PCs  Subchondral CD44™, CD73", They showed chondrogenic 2008
cancellous CD90™, CD105™", differentiation potential [64].
bone CD166™
M- Meniscus CD29°%, CD447%, Comparable chondrogenic potential to 2009
SPCs red zone CD73*, CD90"&, Sca- C-SPCs [65];
1#, CD105"%, CD166*~
SM- Muscle NGFR™, CD44™", SM-MSCs harvested from traumatized 1961
MSCs CD49e™, CD73", muscle display a similar phenotype to
CcD90™, CD105™", BM-MSCs [66].
CD147", CD54",
cD166™
P- Periosteum  CD10™, CD44™, The similar multipotency to BM-MSCs 1990
MSCs VEGFR-2", CD10™", [67]; Highest calcification potential

CD44™, CD54",
CD90™, CD105™",
CD147", CD166™"

compared to BM-MSCs, S-MSCs, IFP-
MSCs, and SM-MSCs [68].

S-MSCs: synovium-derived MSCs; SF-MSCs: synovial fluid-derived MSCs; Rg-MSCs: MSCs in the groove of
Ranvier; IFP-SCs: Intra-articular fat pad-derived stem cells; C-SPCs: cartilage-derived stem/progenitor cells;
CS-PCs: Cortico-spongious progenitor cells; M-SPCs: meniscus stem/progenitor cells; P-MSCs: periosteum-
derived MSCs; SM-MSCs: skeletal muscle-derived MSCs; *: characterized on human-derived tissue/primary
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cells; #: characterized on animal-derived tissue/primary cells; &: characterized on tissue; *: characterized on
expanded cells in vitro.

2.3. CCGs for ESPCs-mediated AC repair

The migration of ESPCs is a prerequisite for endogenous AC repair [9]. Many CCGs are
involved in the complicated process of recruiting ESPCs from their previous niches. GFs are
polypeptide extracellular signaling molecules that play vital roles in regulating cell
migration, proliferation, differentiation, and survival [9,69]. Numerous GFs function
synergistically to regulate AC development and homeostasis. The expression of GFs by
chondrocytes is increased after injury [70,71]. In recent years, several GFs, such as insulin-
like growth factor (IGF), platelet-derived growth factor (PDGF), and TGF-B have been
intensively explored for their physiological effects on chondral repair both in vitro and in
vivo [72-74]. Chemokines are small proteins (8-10 kDa) expressed in tissues in response to
injury or infection. On the basis of the number and spacing of cysteine residues, they can
be categorized into four subfamilies: CC, CXC, XC, and CX3C [75]. ESPCs can be attracted
by the activation of chemokines to migrate along the chemotactic gradients and are
involved in various following repair stages [75]. ESPCs express various receptors for
chemokines, such as CXC chemokine receptors 1 and 2 (CXCR1 and CXCR2), CC chemokine
receptor 1 (CCR1) and CCR2, and receptors of GFs such as PDGF receptors a (PDGFR-a) and
b (PDGFR-b). Besides, inflammatory cytokines are crucial for regulating the inflammation
balance of the defect site. The detailed information of CCGs regarding the members and
the potential regulatory effects for ESPCs-mediated cartilage repair are listed in Table 2.

Table 2. The effects of endogenous CCGs on guiding ESPCs for AC regeneration.

glé'gpsg CCGs Family members Regulatory effects Reference
Recruitme chemokines CCL2 (MCP-1), CCL5 (RANTES), CCL17 To stimulate the [9,28,29]
nt factors (TARC), CCL19 (MIP-3B), CCL20 (MIP- chemotaxis of ESPCs

3a), CCL21 (SLC), CCL22 (MDC), CCL25

(TECK), CCL28 (MEC), CXCL7 (NAP-2),

CXCLS8 (IL-8), CXCL10 (IP-10), CXCL11 (I-

TAC), CXCL12 (SDF-1), CXCL13 (BLC),

CXCL16 (SR-PSOX), XCL1 (Lptn)

GFs PDGF-AA, PDGF-AB, PDGF-BB, IGF-1,

IGF-2, IGFBP-5, TGF-B1, TGF-B3, BMP-2,

BMP-4, BMP-7, VEGF-A, FGF-2, HGF,

EGF, HB-EGF
Proliferati  GFs IGF-1, TGF-B1, TGF-B3, BMP-2, BMP-4, To stimulate the cell  [9,76]
on factors BMP-7, TGF-B, FGF-2, FGF-9, FGF-18 proliferation of

ESPCs

Differenti GFs TGF-B1, TGF-B3, BMP-2, BMP-6, BMP-7, To stimulate ESPCs' [9,76]
ation FGF-9, FGF-18, Ihh, PTHrP, Wnt-4, Wnt-  chondrogenesis
factors 8, VEGF
Inflammat  cytokines TGF-B, IL-10, IL-4 (anti-inflammation) To modulate the [77]
ory IL-1B, IL-6, TNF-q, IL-8, IL-17, IL-18, IFN-  inflammatory
factors y (pro-inflammation) balance

MCP-1: monocyte chemoattractant protein-1; RANTES: regulated on activation, normal T cell expressed and
secreted; TARC: thymus- and activation-regulated chemokine; MIP: macrophage inflammatory protein; SLC:
secondary lymphoid-tissue chemokine; MDC: macrophage-derived chemokine; TECK: thymus-expressed
chemokine; MEC: mucosae-associated epithelial chemokine; LEC: liver-expressed chemokine; CTACK:
cutaneous T-cell attracting chemokine; PARC: pulmonary and activation-regulated chemokine; NAP-2:
neutrophil-activating peptide; IL-8: interleukin-8; IP-10: interferon-inducible protein-10; I-TAC: interferon-
inducible T cell alpha chemoattractant; SDF-1: the stromal cell-derived factor-1; BLC: B lymphocyte
chemoattractant; SR-PSOX: scavenger receptor for phosphatidylserine and oxidized lipoprotein; ENA-78:
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epithelial-derived neutrophil-activating peptide; GRO-a: growth-regulated oncogene-alpha; LPtn:
lymphotactin; PDGF: platelet-derived growth factor; IGF: insulin-like growth factor; TGF: transforming
growth factor; BMP: bone morphogenetic protein; VEGF: vascular endothelial growth factor; FGF: fibroblast
growth factors; HGF: hepatocyte growth factor; EGF: epidermal growth factor; HB-EGF: Heparin-binding-
epidermal growth factor.

3. MACRO/MICRO-POROUS REGENERATIVE SCAFFOLDS
FUNCTION AS INSTRUCTIVE BIOREACTORS FOR ESPCS AND THEIR
CURRENT CHALLENGES FOR EPSC-BASED AC REPAIR

More recently, macro/micro-porous regenerative biomaterials-based therapy has evolved
as a potentially powerful paradigm in cartilage regenerative medicine [78,79]. Typically,
these cell-free scaffolds, serving as instructive bioreactors of ESPCs, can promote ESPCs-
mediated AC repair on their own or in combination with biologics. With optimized
biochemical and biophysical cues, they can be fabricated into varied shapes, sizes, and
formulations [15]. These cues play fundamental roles in providing a pro-regenerative
microenvironment, open porous structures allowing for coaxing the directional cell
homing and infiltration of ESPCs, and supporting cell adhesion, proliferation, and
chondrogenesis [15]. For example, the study from Levinson et al. demonstrated that
adhesive HA-transglutaminase (HA-TG) hydrogel with chondrogenic properties in a
collagen scaffold could allow for ESPCs invasion and promote ESPCs-mediated cartilage
repair in an ovine model [80]. The ideal regenerative scaffolds should possess non-toxic,
non-immunogenic, and satisfactory biocompatible and biodegradable properties [13,32].
They should be easily manufactured and ease in handling [15]. In the past decades, a
plethora of regenerative scaffolds has been (bio)fabricated and assessed for AC repair in
the form of bioglasses [81], sponges [82], hydrogels [11], electrospun fibers [83],
micro/nanoparticles [49,84], etc. An overview of the pros and cons, as well as specific
applications for cartilage repair of various regenerative biomaterials is summarized in
another review from Duarte Campos et. al [14]. Naturally-derived biomaterials have been
demonstrated several advantages compared to synthetic biomaterials: They hold better
biocompatibility, biodegradability, and remodeling properties compared to synthetic
biomaterials [14]. For example, animals or human-derived collagen and fibrin consist of
cell adhesion ligands and can be vulnerably proteolytically cleaved and degraded, enabling
cell infiltration and remodeling. These scaffolds interact with cells by specific surface
ligands, contributing to ESPCs migration, proliferation, and matrix deposition [15].
Synthetic biodegradable polymers (e.g. PCL, PLA, PLGA, PLLA, PVA, and PEG) offer some
advantages over natural materials, including high reproducibility, controlled degradation
rate in vivo, easy manipulation into specific shapes, and high mechanical strength;
nevertheless, such scaffolds lack the cell recognition signals [14,15]. Thus, synthetic
scaffolds are often modified with proteins and peptides to support ESPCs infiltration.
Containing two or more different constituent biomaterials or phases on a microscopic or
macroscopic size scale, composite biomaterials consisting of natural and synthetic
materials can combine the advantages of synthetic polymeric materials with that of natural
materials to achieve excellent mechanical properties, bio-functionality, and tunable
degradability. Even though tremendous progress in AC repair has been achieved by
synthetic and composite regenerative scaffolds, only a few of these scaffolds are now in
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clinical use or practice. The commercially available biomaterial products for AC repair are
still primarily based on natural biomaterials such as collagen (MaioRegen Chondro+), HA
(Chondrotissue® and Hyalofast®), and fibrin glue (Tisseel®) [10,85].

From the scope of preclinical studies, challenges in AC repair often arise after the
implantation of engineered regenerative biomaterials into defects. Poor integration with
adjacent tissues, undesirable biomechanics for joint locomotion, excessive inflammatory
environment, phenotypic instability in the longer run, insufficient recruitment of ESPCs,
unfavorable degradable characteristics, high cytotoxicity as well as nerves and blood
vessels invasion [2,10,86] impede the further translational potentials of these regenerative
biomaterials (Figure 4). To address the above limitations and challenges of current
regenerative biomaterials, considerable efforts have been made to reinforce the
integration with native cartilage or/and bone, achieve desirable biomechanics, improve
anti-inflammation and immunity control, maintain cartilaginous phenotype stability,
recruit and guide enough ESPCs, possess favorable degradability, increase biocompatible
properties, and seek for anti-angiogenesis coupling with anti-neurogenesis strategies
[9,11,28,87]. Some of them have achieved desirable preclinical results. However, regarding
the ultimate clinical translation of the established optimal regenerative scaffolds-based
ESPCs-mediated cartilage repair, it still has a long way to move forward.
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Figure 4. Current challenges of engineered regenerative biomaterials-based guiding of ESPCs for cartilage
repair. Eight major challenges faced from the bench to beside include poor integration with adjacent
cartilage, undesirable biomechanics for joint locomotion, excessive inflammatory environment, phenotypic
instability over a longtime window, insufficient recruitment of ESPCs, unfavorable degradable characteristics,
high cytotoxicity as well as nerves and blood vessels invasion. For the ideal repair mode, the implanted
regenerative scaffolds should possess various favorable biochemical cues coupled with biophysical support
to promote neocartilage formation whose both anatomical structure and biomechanical characteristics are
comparable with surrounding healthy hyaline cartilage. (Partially created by BioRender. The diagram of AC
stratified structure is reproduced from Zhou et al. [10], Copyright 2020, John Wiley and Sons).
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Figure 5. Innovative (bio)design and (bio)fabrication of regenerative biomaterials with favorable
biochemical cues to guide joint-resident ESPCs for AC repair. (A) Several examples of regenerative scaffolds,
including multi-layered/gradient scaffolds, fibrous scaffolds, nanoparticles, microporous scaffolds, hydrogels,
and 3D-printed scaffolds, have been widely explored to harness the innate regenerative ability of
cartilaginous tissues in preclinical studies. (B) Engineering regenerative scaffolds with appropriate
biochemical cues through (I) chemical composition and (Il) surface/interface chemistry modification of
biomaterials to produce cell-adhesion ligands. These biochemical cues mainly include (1ll) CCGs, (IV) peptides,
mineral ions, and small-molecule compounds, (V) anti-inflammatory and immunomodulatory agents, (V1)
gene targeting factors and EVs (MRNA, messenger RNA; miRNA, microRNA; siRNA, small interfering RNA; and
extracellular vesicles, EVs). The combination of regenerative scaffolds and engineered biochemical cues are
usually presented as (VIl) spatiotemporal delivery/release modalities. (Created by BioRender).
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Table 3. Examples of engineered regenerative biomaterials with various favorable biochemical cues to
guide ESPCs for AC repair.

Specifi Influences on SPCs or/and potential

Engineered Other In s .
biochemical exambl biologics & vitro/vi ?é)p;icratlons for ESPCs-mediated AC Reference
cues os P'" biomaterials vo P
Chemical Composi  N/A invitro  Different chemical composition ratios  [18]
compositi  tion of Gel/HA hybrid hydrogels affected
on ratios of cell adhesion and chondrogenesis.
Gel/HA The Gel/HA composite hydrogel
hybrid (30%/70%) seemed the most
hydrogel promising matrix for chondrogenesis
s with balanced cell proliferation and
adhesion.
Li LixCauSi.0 A lithium-containing biomaterial
incorpor bizocélra[r;‘nilg invitro  promoted chondrogenesis of iPSCs [92]
ation with reduced hypertrophy.
gg;npom Unique biomaterial c<_)mpositions
ratios of o (PEG:CS:M‘MP—pep) directed BMSCs
PEG:CS: N/A invitro  into speC|f|c_ chondrocyte_ phenotypes  [93]
MM‘P_ ’ corresponding to the various zones of
pep AC.
S oo
; ) - iomaterials had beneficial effects on
chemical lic PLGA scaffold  in vitro chondrocyte activity and matrix [94]
modificati  coating ey ¥
on synthesis.
Gelatin PLLA membrane surfaces modified
4 with natural macromolecule layers
collagen, PLLA A
chitosan  membrane invitro  could enhance chondrgcyte [95]
. attachment, proliferation rate, and
coating -
cell activity.
HA HA-coated wells and HA-modified
modifica PLGA scaffold invitro PLGA scaffolds could enhance the [96]
tion chondrogenesis of human ADSCs.
HA HA coating of PGA scaffolds could
modifica  PGA scaffold in vitro  significantly improve biocompatibility  [97]
tion and cartilage formation.
Hydrophilic coating using two or
Hydrophi more natural macromolecules(CS and
lic PLLA scaffold  invitro Collagen) on scaffolds may [98]
coating synergistically enhance
chondrogenesis.
(& invivo;  An aligned PLLA fiber scaffold grafting
surface PLLA fiber rabbit with a biomimetic CS surface for [19]
grafting model accelerating cartilage repair
JS-Paint is mainly composed of NB-
in vivo: coated silk fibroin microparticles and
NB SF rabbit ’ possesses optimal cell adhesion, [99]
coating microparticle migration, and proliferation
model - .
properties for promoting AC
regeneration.
Chemokin . CXCL12-loaded fibrin/HA hydrogel
ex vivo; - -
es, fibrin/HA bovine netvs{orks could'achleve functlonal
Cytokines, CXCL12 h repair of full-thickness bovine AC [100]
ydrogel ocC . . .
and GFs explant defect via homing chondrogenic
(CCGs) P progenitor cells.

IL-8 and MIP-3a significantly
invivo; enhanced the chemotaxis of BMSCs.
beagle IL-8- and MIP-3a-containing scaffolds ~ [101]
model recruited EPSCs for knee AC

regeneration.

IL-8-and  PLA/B-TCP
MIP-3a scaffold

45



Chapter 2

Exposure of the IL-4 and IL-13 loaded
microspheres reduced the
inflammation of chondrocytes up to

IL-4 and Gelatin/genipi
IL-13 n invitro  80%. The microsphere format allowed [102]
microspheres for minimally invasive delivery of anti-
inflammatory cytokines for cartilage
repair.
The upper layer with IL-4 relieved the
- adverse effects of inflammation on
IL-4 GeIMHAA/PCL— ;gk;/tl)‘:to chondrocytes. IL-4-loaded bi-layer [103]
scaffold model scaffold promoted the regeneration
of both cartilage and subchondral
bone.
in vivo: TGF-B3 encapsulated PLCL scaffold
nude ’ could help to yield hyaline cartilage-
TGF-B3 PLCL scaffold mice specific lacunae structures and [104]
model  Prevent hypertrophic chondrocyte
formation.
TGF-B1 containing composite scaffold
in vivo;  could enhance the healing of cartilage
TGF-B1 Eé{?g%glfj& rabbit and subchondral bone through [20]
model  improved effects on EPSCs adhesion,
proliferation, and differentiation.
PDGF-BB  HAMA/HepM invivo; Stem cell-recruiting injectable
and TGF- A rat microgels loaded with PDGF-BB and [73]
B3 microgel model TGF-B3 for repairing cartilage.
PRP-loaded macro-porous hydrogel
in vivo: scaffold recruited endogenous M2
PRPs PLPMH rabbit’ macrophages in large numbers and (51]
scaffold long-time duration (42 days) to
model . A
provide a local anti-inflammatory
microenvironment for AC repair.
in Mg?* enhanced the adherence and
vitro/vi cartilage formation of S-MSCs
Mineral Ma?* N/A vor through integrins; Mg?* enhanced the (87,105]
ions g rabBit chondrogenesis of MSCs by inhibiting ¢
model activated macrophage-induced
inflammation.
The Mg-based scaffolds could recruit
MSCs, enhance chondrogenesis,
24 Mg-Nd-Zn-Zr — attenuate local inflammatory
Mg alloy@PDA in vitro responses by improving M2 21]
macrophage polarization, and down-
regulating NF-kB signaling.
Sr¥, . : ; [81],[106],
u _in  Strontium, copper, manganese, zinc, [107]
an; N/A vitro/vi  and silicon-based scaffolds could [108]’
7n2t 'Si“" vo improve cartilage formation. [109]'
Chondroin CK2.1-coated B-glycerophosphate
ductive/ B-GP/CS- in vivo;  chitosan composite scaffolds for
chondroc  CK2.1 HAD/CS rabbit  cartilage repair in a rabbit model [23]
onductive P model  through the recruitment and induced
peptides chondrogenesis of EPSCs.
Increased recruitment of ESPCs and
dECM/RAD invivo; chondrogenic differentiation by a
PFSSTKT eptide rabbit  composite scaffold loaded with bone [110]
pep model  marrow homing peptides for
repairing AC.
Hydrogels containing a chondrogenic
GGGHAV in vivo; peptide sequence could obtain higher
DI NC/PdBT/GHK  rabbit  histological assessments of overall [89]
model defect filling, GAGs, cell contents, and
cartilage surface regularity.
DHLSDN Link protein N-terminal peptide
YTLDHD N/A in vitro  significantly enhanced migration and [111]
RAIH chondrogenesis of PSCs in vitro.
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Ec

Ec could facilitate in vitro hMSC

tid TGF-B1 in vitro  mobilization and chondrogenesis and  [112]
peptide enhance the role of TGF-B1.
Sustained delivery of low-dose
Small in vivo: dexame.thasone (up to 99 days) via a
molecule Dexamet PLGA/agarose  canine PLGA ml_crosphere—embedded [113]
compoun  hasone de| asarose implant to attenuate
ds mo inflammation and improve pro-
anabolic effect for AC repair.
in vivo: A cell-free therapy.for Ap repair
KGN SDF-1/PLGA/ rabbit. based on synergistic delivery of SDF-1 [22]
HA model & KGN (more than two months) with
HA injectable hydrogel.
Icariin promoted proliferation, and
in vivo;  chondrogenic differentiation of
Icariin N/A rabbit  BMSCs in vitro and rabbit knee [114]
model cartilage defects repair via the
BMP/Smad pathway.
Gene ex vivo; Hydrogel loaded with antimiR-
targeting antimiR- fibrin/HA bovine 221/lipofectamine could drastically [24]
factors 221 ocC enhance AC regeneration through
and EVs explant ESPCs.
Sustained miR-29b-5p delivery and
.. recruitment of S-MSCs and their
miR-29b- (SKPPGTSS) fn vivo; subsequent differentiation into [115]
5p SAP hydrogel rr:r;lgil chondrocytes led to successful
cartilage repair and chondrocyte
rejuvenation.
hWJMSC-Exos could promote cell
invivo; proliferation, migration, and
hwWJMSC rat/ polarization in vitro. hWJMSC-Exos
-Exos dECM scaffold rabbit  injection could inhibit inflammation in [116]
model the joint cavity and improve cartilage
repair.
Apt19S-functionalized bilayer scaffold
in vivo;  could dramatically enhance BM-MSCs
aD;L\ltgmer Skf\{gégg rabbit  migration in vitro and support AC [117]
model  repair by recruiting ESPCs toward the
defect sites of rabbits.
The PEO-PPO-PEO poloxamers-based
FAAV PEO-PPO-PEQ !N Vivo; ’;hermosenslilti\‘/je_hyglrogells aIIovx;ed 1
vector hydrogel minipig  for a controlled in situ release o [118]
model  rAAVs to repair chondral defects
effectively.
Anti-
:)r?il/agr(nmat in vivo;  Celecoxib acted as chondroprotective
immunom Celebrex N/A rat and anti—i.nflamm'ato.ry effects on AC [119]
odulatory model  both ex vivo and in vivo.
agents
Squid collagen Il promoted cartilage
Squid in vivo;  repair via inhibiting apoptosis and
collagen N/A rat hypertrophy of chondrocytes and [120]
1l model  immunomodulating activation of M2
macrophages.
The GM-HPCH + TGFB1 hydrogels
GM- invivo; effectively improved AC repair by
HPCH+T N/A rat immunoregulating macrophages, [25]
GFB1 model  recruiting ESPCs, and facilitating
chondrogenesis.
20% of PRP-GelMA hydrogels
in vivo: improved the ghemotaxis ;nd
PRP- N/A rabbit’ chondrogenesis of EPSCs, immune [91]
GelMA model regulation, and macrophage

polarization shift from M1-to-M2,
which were suitable for AC repair.
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MMP-pep: matrix metalloproteinase-sensitive peptides; NB: N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-
methoxy-5-nitrosophenoxy) butanamide; HAp: hydroxyapatite; KGN: kartogenin;, HAMA/HepMA:
methacrylated HA and heparin; PLPMH: platelet lysate-rich plasma macro-porous hydrogel; B8-GP: 8-
glycerophosphate; OC: osteochondral; PRP: platelet-rich plasma; SAP: self-assembling peptide; silk fibroin:
SF; NC/PdBT/GHK: N-cadherin/poly(glycolic acid)-di(but-2-yne-1,4-dithiol)/glycine-histidine-lysine; hWJMSC-
Exos: human umbilical cord Wharton's jelly MSC-derived exosomes; rAAVs: recombinant adeno-associated
virus; PEO-PPO-PEQ: poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); GM-HPCH: glycidyl
methacrylate-modified hydroxypropyl chitin.

4. REGENERATIVE IMPLANTS WITH FAVORABLE BIOCHEMICAL
CUES MAGNIFY THE HEALING EFFECT OF ESPCS FOR AC REPAIR

Due to their intrinsic characteristics, traditional biomaterials have shown limited
capabilities in promoting cell recruitment, proliferation, and differentiation. Moreover,
traditional biomaterial treatment might bring inadequate cartilaginous matrix deposition
and maturation, a lack of natural anisotropic structures, and excessive inflammation
[11,14]. However, advanced regenerative scaffolds with optimized biophysical and
biochemical properties can overcome the above-mentioned challenges to some degree. It
has been shown that biophysical and biochemical cues function synergistically to facilitate
AC regeneration [88]. In this review, we only focus on tunable biochemical messages.
Across the intracellular and extracellular environment, the gradient presence of
biochemical cues is able to respond to multiple cell functional requests [9,88]. Many
exogenous biochemical cues can be incorporated into biomaterials to regulate ESPCs'
physiological activities, i.e. enhancing cell migration. Therefore, we think that an exquisite
(bio)design and (bio)fabrication of regenerative scaffolds with appropriate biochemical
cues holds the potential to guide ESPCs-mediated cartilage repair. A variety of multi-
layered/gradient, fibrous, nanoparticle, macro/micro-porous, and hydrogel scaffolds have
been constructed through many emerging cut-edging technologies and concepts including
3D-(bio)printing [49,52,89-91] (Figure 5A). Their beneficial biochemical signals are usually
rooted in chemical composition (Figure 5B (1)), (surface/interface) biochemical
modification (Figure 5B (l1)), CCGs (Figure 5B (lll)), mineral ions, peptides, small molecule
compounds (Figure 5B (IV)), gene-targeting factors and EVs (Figure 5B (V)), anti-
inflammatory and immunomodulatory agents (Figure 5B (VI)), and spatiotemporal
scaffold-based drug delivery systems (SDDS) (Figure 5B (VII)). Some specific examples are
listed below in Table 3. Novel regenerative scaffolds should ideally possess one or more
features beyond conventional biomaterials, offering a pro-regenerative
microenvironment for ESPCs’ homing and chondrogenesis as well as matrix production and
maturation, and responding to dynamic changes in the environment throughout the
neocartilage formation.

4.1. Chemical compositions and chemistry modifications

A judicious selection of cartilage-mimicking biomaterials with varying tailored chemical
compositions and/or (surface/interface) chemistry modifications can impact the amount
or phenotype of resulting cartilage. For example, different chemical composition ratios of
gelatin/HA hybrid hydrogels affected the cell behaviors of hMSCs [18] (Figure 6A). It has
been shown that pure gelatin enabled good cell adhesion without notable in vitro
chondrogenesis of MSCs, while pure HA induced chondrogenesis without cell spreading
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[18]. The hydrated gelatin/HA scaffolds, particularly with more contents of HA, enhanced
cell adhesion, proliferation, and chondrogenic differentiation [18]. More GAG contents
were observed with elevated expression of chondrogenic markers such as sox-9, aggrecan,
and collagen Il [18]. Compared with naturally derived biomaterials, biologically inert
synthetic biomaterials lack cell-adhesion ligands, namely cell recognition signals, and their
hydrophobic nature impedes cell attachment and spreading [121]. To improve the
biocompatibility of synthetic biomaterials, chemistry modifications can be utilized to
generate cell-biomaterial interfaces which are beneficial for eliciting cell spreading and
maintaining differentiated phenotypic expression [122]. Apart from synthetic
biomaterials, natural biomaterials, for example, HA and its derivatives, have been widely
utilized for EPSC-mediated AC repair [97,100,123]. The abundant -COOH and —OH
functional groups support their chemistry modifications and covalent crosslinking via ester
and ether linkages. The chemical functionalization of HA-based biomaterials through
various functional groups has been well summarized in Ref. [43] (Figure 6B).

Scaffold surface characteristics critically influence cell behaviors and ECM production. The
hydrophilic surface has been shown to have a beneficial effect on chondrocyte activity
[94]. To enhance the hydrophilic properties of the surface, hydrophilic and reactive groups
such as hydroxyl, amide, and carboxyl have been introduced onto the scaffold surface by
plasma treatment, ozone oxidation, aminolysis, and photo-induced grafting
copolymerization of hydroxyethyl methacrylate (HEMA) or methacrylic acid (MAA) [83].
These hydrophilic groups can be used to immobilize biologically active ligands further to
produce bioactive surfaces [124]. Ren et al. fabricated an aligned PLLA fiber scaffold with
a biomimetic surface for accelerating cartilage repair [19] (Figure 6C). CS was grafted on
the fiber surfaces using polydopamine (PDA) as an adhesive polymeric bridge. The
PLLA/PDA/CS scaffolds were implanted into cartilage defects drilled in the middle area of
rabbit femoral condyles. The in vivo macroscopic and histological assessment results
suggested that the PLLA/PDA/CS scaffolds obviously improved defects filling and hyaline
AC formation compared to PLLA, PLLA/PDA scaffolds. Zhang et al. fabricated a ready-to-
use tissue-adhesive joint surface paint (JS-Paint) in favor of repairing AC [99] (Figure 6D).
The JS-Paint mainly consists of N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-methoxy-5-
nitrosophenoxy) butanamide (NB)-coated silk fibroin (SF) microparticles and possesses
excellent properties to facilitate cell spreading, migration, and proliferation. NB-modified
SF microparticles can attach directly to AC and yield a smooth layer on the surface through
the photogenerated aldehyde group of NB reacting with the -NH2 groups of AC tissues. At
six weeks post-surgery, the JS-Paint-treated groups indicated considerable improvements
in repairing rabbit partial-thickness AC defects and forming smoothed surfaces. Chen et al.
immobilized quercetin (QUE) on the poly (3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
(PHBV) scaffold through the esterification reaction to improve its bioactivity required for
cartilage regeneration [125]. Chen et al. introduced carboxyl groups on the surface of PLLA
nanofibers via oxygen plasma, followed by covalent grafting of cationized gelatin
molecules onto the fiber surface to make it more conductive to cell attachment and
spreading [83].

Additionally, surface coating of some natural macromolecules such as proteoglycans, HA,
and collagen was also reported [95-97,126]. Ma et al. immobilized three types of natural
macromolecules (collagen, gelatin, or chitosan) on the PLLA membrane surface using a
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grafting-coating method to improve its biocompatibility [95]. Results confirmed that this
layer of natural macromolecule attached tightly to the PLLA membrane surface.
Chondrocytes cultured on this modified PLLA membranes held better cell attachment,
proliferation rate, and viability. Lin et al. uncovered the improved biocompatibility and
cartilage formation by HA coating on polyglycolic acid (PGA) in a rabbit model [97]. In vitro
characterization demonstrated that HA coating enhanced cell adhesion to PGA scaffolds.
This might be due to the binding between cells and the biomaterials through HA and CD44,
a receptor for HA. Besides, a less inflammatory reaction was exhibited on the HA-coated
scaffold in vitro and in vivo [97]. Moreover, hydrophilic coating using two or more natural
macromolecules on scaffolds may have a synergistic effect. Chang et al. reported the best
hydrophilicity, degradation rates, and upregulation of cell activity on HA/CS-coated PLGA
scaffold compared to HA or chitosan alone [94]. Gong et al. assembled biocompatible CS
and collagen | onto PLLA scaffolds layer by layer for enhancing the cell-biomaterial
interactions [98]. Significant improvement in cell attachment, proliferation, cytoviability,
and GAGs secretion on the PLLA/CS/collagen scaffold was achieved.
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Figure 6. Chemical compositions and chemical modifications of regenerative scaffolds could provide
favorable biochemical cues for cell adhesion, proliferation, chondrogenesis, and ESPCs-mediated AC repair.
(A) Different chemical composition ratios of gelatin/HA hybrid hydrogels affected cell behaviors of hMSCs
regarding adhesion and chondrogenic differentiation (adapted and reproduced from et al. [18], Copyright
2017, ACS). (B) A selection of chemical modifications of HA (reproduced from lIvirico et al. [43], Copyright
2017, Elsevier). (C) Chondroitin sulfate (CS) was grafted on the surface of an aligned porous fibrous membrane
through PDA coatings to accelerate cartilage regeneration (reproduced from Ren et al. [19], Copyright 2019,
Elsevier). (D) NB-modified SF microparticles-based tissue-adhesive paint for articular surface cartilage
regeneration (reproduced from Zhang et al. [99], Copyright 2020, ACS).
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4.2. Exogenous chemokines, cytokines, and growth factors (CCGs)

As discussed in section 2.3, inadequate endogenous CCGs would lead to failed endogenous
cartilage healing. Therefore, engineering regenerative biomaterials with exogenous
favorable CCGs emerged as a promising way for promoting AC repair process. Via these
sufficient cues, the implant could recruit more ESPCs with cartilage regeneration capacities
from adjacent niches and guide further tissue repair. Many previous studies have
investigated the cell-recruiting abilities of chemokines, such as CCL2, CCL5, CCL21, CCL25,
CXCL8, CXCL12, and CXCL13 [100,127-129]. Joutoku et al. found that exogenous CCL21
delivery to adults diminished scar-forming healing and improved hyaline-like AC formation
in a rabbit OCD model. Their results showed that the CCL21/CCR7 axis might be crucial for
the molecular control mechanism of juvenile AC repair, raising the possibility that agents
modulating the production of CCL21 in vivo could enhance the quality of newly-formed
cartilage among adults [130]. In a bovine explant model, Yu et al. delivered rhSDF-1a
through fibrin and HA hydrogels to treat full-thickness chondral defects [100] (Figure 7A).
Using rhSDF-1a dramatically improved the recruitment of ESPCs to the defect area on day
12. It achieved significantly better cell morphology, matrix deposition, tissue
ultrastructure, and mechanical properties at six weeks [100]. Besides, since acute, local
inflammation and systemic inflammation appeared to hold detrimental effects on
chondrogenesis and chondral healing [131], exogenous anti-inflammatory cytokines
administration represented one option for AC repair. Bioresponsive gelatin microspheres
loaded with IL-4, IL-10, and IL-13 as anti-inflammatory cytokines reduced inflammation
and stimulated a metabolic response for AC repair [102] (Figure 7B).

Apart from chemokines and cytokines, GFs also play crucial roles in cell proliferation and
differentiation during EPSC-mediated AC repair. The study by Lee et al. demonstrated that
TGFB3-adsorbed collagen hydrogel recruited 130% more cells in the humeral regenerated
AC of skeletally mature rabbits (6-month-old) compared to TGFB3-free collagen hydrogel
[132]. And thereby TGFB3-treated group yielded hyaline cartilage regeneration and
significantly greater thickness on the articular surface [132]. Similar results were reported
that TGF-B1 improved the overall full-thickness cartilage defect repair in 4-month-old
rabbits [133]. Nixon et al. treated critical-sized (15 mm in diameter) full-thickness cartilage
defects on the lateral trochlear ridge of the distal femur of adult horses with IGF-1 fibrin
clots [134]. After six months, the cartilage defects loaded with IGF-1 fibrin clots were filled
with hyaline cartilage, while the IGF-1-free fibrin clots resulted in poorly organized collagen
(predominantly type 1) and fibroblasts. A similar effect of IGF-1 was observed in repairing
partial thickness AC defects created in the knee joints of skeletally mature rabbits and mini
pigs [135].

Vainieri et al. explored the in vitro BMSC migration under different concentrations of
PDGF-BB, CCL5, and CXCL12 using a 3D spheroid-based assay and PDGF-BB was chosen as
the most promising chemotactic factor [136]. /n vivo data indicated that both hydrogels
strengthened ESPC infiltration and supported a favorable microenvironment for producing
neocartilage using an osteochondral explant model implanted subcutaneously in athymic
mice. Of note, these processes were best supported in fibrin-HA hydrogels without PDGF-
BB [136]. Additionally, combinational utilization of CCGs exhibited some advantages in
eliciting its maximal chemotactic performance. Luo et al. combined mechano growth
factor (MGF) and TGF-B3 into silk scaffolds for AC repair in a rabbit model [72] (Figure 7C).
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This combination significantly increased cell recruitment ability in vitro. The MGF/TGF-B3-
treated group produced more cartilage-like ECM and less fibrillar collagen than MGF- or
TGF-B3-treated group [72]. Lei et al. fabricated a PDGF-BB and TGF-3 loaded HAMA and
heparin blend microgel for AC repair in a rat model [73] (Figure 7D). The studies showed
that the microgel could improve the migration ability of ESPCs and recruit them from
surrounding niches by releasing PDGF-BB. Via using HA, the “cell island” microgels
provided an amenable microenvironment for cell attachment and spreading. Furthermore,
the “cell island” microgels induced chondrogenic differentiation of the recruited ESPCs
through releasing TGF-B3 and presented an excellent repairing potential for cartilage. To
date, all these strategies are on preclinical stages and much more efforts are needed for
their translation.
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Figure 7. Exogenous CCGs can function as favorable biochemical cues for ESPCs-mediated AC repair. (A)
Functional repair of full-thickness bovine AC defect via homing of ESPCs by rhSDF-1a-loaded fibrin/HA
composite hydrogels. Cell migration assay in response to rhSDF-1a (A1), and quantification of migrated cells
and DNA contents (A2). Assessment of cartilage integration of repaired tissues in macroscopic appearance,
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safranin O staining, and IHC staining of Col Il (A3), mechanical analysis (A4 and A5), and cross-section SEM
images (A6) (Adapted and reproduced from Yu et al. [100], Copyright 2015, John Wiley and Sons). (B)
Injectable microspheres for AC preservation and repair through on-demand delivery of anti-inflammatory
cytokines. (B1) Graphical illustration of this study. (B2 and B3) Cytokine-loaded microspheres could modulate
the inflammation status (adapted and reproduced from Park et al. [102], Copyright 2019, John Wiley and
Sons). (C) MGF and TGF-83 functionalized silk scaffolds to improve articular hyaline cartilage repair in a rabbit
model. (C1) Cumulative release profiles of TGF-83 and FITC-MGF for 28 days. (C2 and C3) Quantification of
cell number of infiltration into the scaffolds and percentage of stem cells (CD29+/CD44+) at 7 days after
subcutaneous implantation. (C4) Cell infiltration and multipotent stem cell identification at 7-day post-
implantation in articular joint. (C5) Representative safranin O and masson's trichrome staining images of
rabbit articular at 3 months after implantation (Adapted and reproduced from Luo et al. [72], Copyright 2015,
Elsevier). (D) The combinational use of PDGF-BB and TGF-83 for recruiting stem cells and repairing AC. (D1)
A brief illustration of the concept of “cell island” microgels by loading with PDGF-BB and TGF-63 as a
recruiting factor and a differentiation factor of ESPCs, respectively. The injectable porous microgel was
developed by photopolymerization of HAMA@HepMA blended pregel droplets generated via microfluidics.
Subsequently, PDGF-BB and TGF-83 were non-covalently incorporated into the microgels by binding heparin,
creating “cell island” microgels with robust recruiting and pro-chondrogenic potentials. (D2) The release
curves of TGF-83 and PDGF-BB. (D3) The chemotaxis assay showed the cell-homing effect of the microgels.
(D4) The representative alcian blue staining images indicated that microgels could promote chondrogenic
differentiation in vitro. (D5) The representative safranin O-fast green staining images showed improved
repair outcomes of MG@GFs. (Adapted and reproduced from Lei et al. [73], Copyright 2021, Wiley-VCH).

4.3. Mineral ions

As cofactors of enzymes or immunomodulators, many mineral ions (e.g. Zinc (Zn), boron
(B), selenium (Se), cobalt (Co), calcium (Ca), copper (Cu), magnesium (Mg), manganese
(Mn) ions) are involved in the proliferation, attachment, and differentiation of ESPCs,
matrix formation, anti-inflammation and tissue homeostasis [137] (Figure 8A). Optimized
mineral ions can impart these biochemical cues to implants for enhancing ESPCs-mediated
AC repair. Coions are simulated hypoxia inducers, and the hypoxia-induced transcriptional
profile plays a vital role in chondrogenic differentiation [138]. The incorporation of Co ions
into alginate scaffolds could support chondrogenesis by mimicking the hypoxia
environment following a dose-dependent manner [139,140]. Lv et al. incorporated Co or
Ca ions into an injectable GelMA-sodium alginate (SA) hydrogel to promote cartilage
formation in an eight-week-old male rat model [140]. After eight weeks, the empty defects
were filled with fibrous tissues, while the GeMA-SA-Ca group obtained a better fill-in with
a mixture of cartilage-like and fibrous tissues. In comparison, the GelMA/SA-Co group
achieved the best cartilage repair with a similar structure to native cartilage. Cu ions could
enhance the chondrogenesis of MSCs by promoting the MSCs' cytoskeleton change and
up-regulating the chondrogenic gene expression [106,141]. Adding Cu into a porous
alginate scaffold improved cartilage formation in adult male mice models [141]. Shimaya
et al. reported that Mg ions enhanced cell adherence and cartilage formation by
endogenous rabbit S-MSCs through integrins in vivo [105]. Further study revealed the
effects of different Mg ion concentrations on cell adhesion, migration, and proliferation in
vitro [142] (Figure 8B). Fluorescent staining showed that medium containing 100 -ppm Mg
ions boosted cell-substratum adhesion, and cells in this group showed larger and polygonal
cell morphologies. In contrast, the 0 ppm Mg**-treated group exhibited delayed cell-
substratum adhesion. The 100 ppm Mg?*-treated group demonstrated the highest cell
migration velocity and cell proliferation. The study from Zhao et al. develop a porous Mg-
Nd-Zn-Zr alloy scaffold coated with PDA and validated their cytocompatibility and impacts
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on immunomodulation for AC repair [21] (Figure 8C). This study revealed the
advantageous potential of Mg-based implants to expedite chondrogenesis by controlled
release of Mg?* in addressing the destructive effect of activated macrophage polarization
on chondrocytes. The commercial product MaioRegen also contains Mg in the lower layer
of Mg-HA as favorable external biochemical cues to recruit ESPCs and guide AC repair.
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Figure 8. The crucial roles of mineral ions in the example of Mg?* are to regulate cell behaviors of
stem/progenitor cells (SPCs) and enhance cartilage repair. (A) Mineral ions play irreplaceable roles in
regulating cellular behavior and promoting cartilage healing. (B) Effects of different Mg?* concentrations on
cell adhesion, migration, and proliferation in vitro (reproduced from Shen et al. [142], Copyright 2021,
Elsevier). (C) Via the controlled release of Mg?*, Mg-based scaffolds could enhance chondrogenesis and
eliminate the destructive effects of activated macrophages on chondrocytes (reproduced from Zhao et al.
[21], Copyright 2022, Elsevier).

4.4. Chondroinductive/chondroconductive peptides

Peptides are a particular category of bioactive substances which can be engineered
into/onto biomaterials to serve as chondroinductive/chondroconductive biochemical cues
[143]. Compared with proteinous GFs, chemically synthesized peptides are more
advantageous in quantity, efficiency, and purity and can be easily modified for improved
functionalities. Other than direct mixture and self-assembly, the chemical conjugation
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approaches involve Michael addition and temperature- or UV-induced crosslinking.
Therefore, these peptide-functionalized biomaterials showcase great promise in ESPCs-
mediated AC repair. Typically, chondroinductive/chondroconductive peptides can be
categorized into two types: GF-derived peptides (e.g. CK2.1, BMP, B2A, and SPPEPS
peptide) and cell-cell adhesion molecules/ECM components-derived peptides (e.g. N-
cadherin memetic peptide, LPP peptide, RGD, CMP, GFOGER, and Glycope peptide) [143]
(Figure 9). They mainly function through BMP, ERK, Smad, TGF-B, and Wnt signaling
pathways (indicated in Figure 2) to upregulate the Sox 9, Aggrecan, and Collagen II
expression and GAG contents for enhanced AC defect healing. Most peptides are
chondroconductive instead of chondroinductive. For some peptides (i.e. 100 nM CK2.1)
induce chondrogenesis more efficiently both ex vivo (micromass model) and in vivo (mice
knee AC defects) compared with 40 nM BMP-2 proteins [144]. Moreover, this peptide
results in no or much less hypertrophy and mineralization [144], which is of paramount
importance for maintaining the hemostasis of neo-cartilage. Liu et al. fabricated CK2.1-
coated B-glycerophosphate chitosan (CK2.1@GC) composite scaffolds for AC repair in a
rabbit model through the recruitment and induced chondrogenesis of ESPCs [23]. SPPEPS,
a TGF-B3-derived peptide, seemed to be more chondroconductive rather than
chondroinductive due to its very mild potency in inducing chondrogenesis and it could only
enhance in vitro collagen Il expression [145]. Future research should concentrate on the
(bio)design, (bio)fabrication, and assessment of more potent chondroinductive peptides
and peptides-functionalized scaffolds with in vivo efficacies to facilitate their clinical
translation.
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Figure 9. Chondroinductive/chondroconductive peptides can boost the chondrogenesis of ESPCs and AC
repair. Growth factor- and cell-cell adhesion molecule/ECM components-derived peptides can activate
distinct molecular mechanisms. CMP: collagen mimetic peptide; LPP: link protein N-terminal peptide.
(Reproduced from Zhu et al. [143], Copyright 2021, Elsevier).
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4.5. Small molecule compound drugs

Small molecule compounds allow for a simple and efficacious approach to enhance
chondrocyte proliferation, cell phenotype maintenance, and chondrogenesis of SPCs [146-
148]. Accordingly, regenerative biomaterials functionalized with appropriate small-
molecule drugs represent a feasible option to enhance ESPCs-mediated AC repair. They
can be summarized in two options: (1) promoting chondrocyte proliferation (e.g.
Glucosamine, Ascorbic acid, Estrogen, Salidroside, 1,25(0H)2D3, Lysophosphatidic acid,
AG-041R, Berberine chloride, and Sphingosine-1-phosphate); and (2) inducing
chondrogenesis (e.g. KGN, Melatonin, Icariin, TD-198946, Simvastatin, BIO, Resveratrol,
Prostaglandin E2, Dexamethasone, and Staurosporine) [146] (Figure 10A and B). They
mainly function via TGF-B, MAPK, Wnt, IGF, and IHH signaling pathways indicated in Figure
2. And they hold several superiorities in rapid, reversible, and dose-dependent bio-effect,
chemical modification, large-scale production, cost-effectiveness, and straightforward
administration [146-148]. Two disadvantages of small molecule functionalization are
multiple targets and unexpected toxicity, impeding their further applicability [146-148]. Of
note, currently only glucosamine, icariin, and estrogen have been used in cartilage
treatment clinically [146]. The emerging technologies of streamlined high-throughput drug
screening platforms bring new hopes, and they can simplify and accelerate the research
and development of targeted small molecule compounds, expediting their ultimate
translation processes (Figure 10C).

Currently, most of the above-mentioned small molecule compound drugs are still in
preclinical stages and have achieved desirable animal results to some degree. For instance,
Stefani et al. established a sustained delivery system with low-dose dexamethasone by a
PLGA microsphere-embedded agarose implant to markedly enhance AC repair in dogs
[113] (Figure 10D). The controlled presentation of dexamethasone (up to 99 days)
exhibited dual pro-anabolic and anti-catabolic effects, both facilitating tissue integration
whereas also mitigating excess inflammation [113]. KGN and icariin could also function as
chondrogenic factors. Xuan et al. (bio)fabricated a chondrogenic and physiological-
temperature-triggered shape-memory ternary scaffold for cell-free AC repair in a rat
model [149] (Figure 10E). Within the scaffold, poly (glycerol sebacate) (PGS) networks
supported shape recovery and elasticity properties; crystallized poly (1,3-propylene
sebacate) (PPS) served as switchable phase; and incorporated KGN ensured the scaffold
with pro-chondrogenic ability. The in vitro scaffold degradation and cumulative release
curve indicated that the sustained release of KGN could last at least 12 weeks [149]. The
in vivo studies suggested that the PPS/PGS/KGN scaffolds enhanced neocartilage
regeneration in the absence of exogenous GFs and seeded cells [149]. Besides, icariin could
activate HIF-a in chondrocytes and promote AC repair [150] (Figure 10F). The data showed
that Icariin may suppress prolyl hydroxylase domain (PHD) activity via competing for
cellular iron ions and it might act as an HIF-1 activator to enhance AC regeneration by
controlling chondrocyte differentiation, proliferation, and tissue integration [150].
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Figure 10. Small molecule compounds can function as favorable biochemical cues for ESPCs-mediated AC
repair. (A, B) Small molecule compounds could support chondrocyte proliferation and chondrogenesis of
progenitor/stem cells (adapted and reproduced from Li et al. [146], Copyright 2020, Elsevier). (C) State-of-
the-art screening strategies of small molecular drugs for AC repair (reproduced from Chen et al. [148],
Copyright 2021, Springer Nature). (D) Improved AC and subchondral bone repair by a PLGA microsphere-
embedded agarose scaffold via sustained delivery of dexamethasone (reproduced from Stefani et al. [113],
Copyright 2020, Elsevier) (E) A cell-free strategy for AC repair by biofunctionalized chondrogenic shape-
memory ternary PPS/PGS/KGN scaffolds. (E1) Schematic diagram of this study. (E2) KGN release curves of
PPS/PGS scaffolds with different original KGN contents. (E3) The representative toluidine blue and safranin O
staining images of AC repair in different groups at 12 weeks (adapted and reproduced from Xuan et al. [149],
Copyright 2020, Elsevier). (F) Icariin could activate HIF-1a in chondrocytes and promote AC repair. (F1) MTT
assay for cell viability of chondrocytes and (F2) colony formation assay for chondroprogenitor cells indicated
that Icariin could promote chondrocyte proliferation. (F3) The representative HE, safranin O, and toluidine
blue staining images showed that icariin promotes chondrogenesis in the alginate-chondrocyte 3D culture
system. (F4) The representative HE and safranin O staining images showed icariin could enhance AC
regeneration in a mouse OCD model (adapted and reproduced from Wang et al. [150], Copyright 2016, PLOS).
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4.6. Gene targeting factors and EVs

Numerous gene targeting factors (e.g. siRNA, mRNA, miRNA, and CRISPR/Cas9) can be
engineered into regenerative implants for ESPCs-mediated cartilage repair. Advanced
biomaterial-guided delivery of gene vectors is an emerging and highly desirable
therapeutic option for AC repair, enabling the spatiotemporally controlled and minimally
invasive delivery of vectors and minimizing intra-articular vector spread and potential loss
of the therapeutic gene products. Madry et al. fabricated an injectable and
thermosensitive PEO-PPO-PEO hydrogel system, capable of repairing full-thickness
chondral defects in a minipig model through the controlled release of a therapeutic rAAV
vector overexpressing the chondrogenic sox 9 transcription factor [118] (Figure 11A).
Additionally, miRNAs can also modulate gene expression via inhibiting translation or
triggering mRNA degradation, affecting cell behaviors and even cell fate [151]. miRNAs
expression profiles differ during AC development and MSC chondrogenesis, indicating
their significant role during cartilage healing. Lolli et al. reported miR-221 as a novel anti-
chondrogenic miRNA, and silencing miR-221 in human BM-MSCs could improve
chondrogenesis [152,153]. Lolli et al. further silenced miR-221 in ESPCs by fibrin/HA
hydrogels loaded with locked nucleic acid (LNA)-microRNA inhibitors via non-viral
transfection [24]. AntimiR-221 significantly promoted chondrogenesis and AC repair in a
semi-orthotopic model of bovine osteochondral tissues implanted subcutaneously in nude
mice [24] (Figure 11B). Even under an inflammation environment, hydrogel-based delivery
of miR-29b-5p could stimulate to recruit ESPCs for cartilage repair by suppressing
senescence in an OA rat model [115] (Figure 11C). Besides, some in vitro experiments
confirmed the pro-migratory effects of miRNAs, such as miR-10b [154] and antimiR-375
[155]. Apart from miRNAs, aptamers (single-stranded DNA or RNA) with unique tertiary
structures could bind specifically with cognate molecular targets [156]. Wang et al. showed
that an Apt19S-functionalized bilayer scaffold could recruit BM-MSCs and support cell
adhesion both in vitro and in vivo for AC repair macroscopically and histologically in a rabbit
model [117].

Furthermore, actively released by a variety of cells, EVs are small membrane-enclosed
particles [157]. The mRNAs, miRNAs, and DNA carried in EVs can potentially be transferred
to neighboring cells, inducing persistent and prolonged genetic reprogramming and
modifying their phenotype as well as the microenvironment [158]. On the basis of
biogenesis, size, and content, EVs can be divided into three categories: exosomes (40-200
nm), microvesicles/shedding particles (50-1000 nm), and apoptotic bodies (500-2000 nm)
[157,159]. Recently, EVs have been proposed as emerging tools for restoring joint
homeostasis and improving AC regeneration [159] (Figure 11D). As a result of
heterogeneous contents, selecting suitable parental cells and proper therapeutic methods
are indispensable for targeting treatment of AC defects [159]. Loading EVs by biomaterials
optimizes their effectiveness for cartilage regeneration. A promising tissue patch for rabbit
AC regeneration was constructed by Liu et al. through the integration of HA-NB/Gelatin
hydrogel glues and stem cell-derived exosomes [160]. Zhang et al. fabricated an injectable
mussel-inspired highly adhesive hydrogel for the local delivery of exosomes [50] (Figure
11E). Exosomes released from the AD/CS/RSF/EXO hydrogel maintained their structures
and bioactivities. These released exosomes largely contributed to the recruitment and
inflation, proliferation, and differentiation of BM-MSCs in vitro, and improved rat AC repair
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Figure 11. Gene targeting factors and EVs could function as favorable biochemical cues to enhance ESPCs-
mediated cartilage repair. (A) PEO-PPO-PEO poloxamers-based thermosensitive hydrogel loaded with rAAV
for efficient gene therapy of AC defects (reproduced from Madry et al. [118], Copyright 2020, Wiley). (B)
Hydrogel-based delivery of antimiR-221 improved chondral defect repair through ESPCs (reproduced from
Lolli et al. [24], Copyright 2019, Elsevier). (C) Hydrogel-based delivery of miR-29b-5p to recruit ESPCs for
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cartilage repair by suppressing senescence in a rat model. A brief illustration of the (C1) fabrication of
hydrogel-miRNA constructs. (C2) Cumulative release profiles of agomir-29b-5p at 37 °C. (C3) Transwell assay
to monitor ESPCs recruitment in vitro. (C4) Synovia scores, and (C5) immunofluorescence staining to show
SKP@miR induced ESPCs recruitment and enhanced chondrogenic differentiation in vivo (adapted and
reproduced from Zhu et al. [115], Copyright 2022, AAAS). (D) Therapeutic EVs as promising cell-free strategies
for AC regeneration (adapted and reproduced from Amsar et al. [159], Copyright 2022, Future Science). (E)
Injectable mussel-inspired highly adhesive hydrogel with exosomes for recruiting ESPCs and repairing AC
defect. (E1) Schematic illustration of this study. (E2) Scratch distance assay to show the migration and
infiltration of BMSCs in vitro, (E3) Alcian staining to show the effect of pro-chondrogenic differentiation on
BMSCs in vitro, (E4) DNA concentration analysis to show the improved proliferation effect on BMSCs in vitro,
and (E5) Semi-quantitative analysis of stem cell percentage to show the enhanced migration and infiltration
effect on ESPCs in vivo (adapted and reproduced from Zhang et al. [50], Copyright 2021, Elsevier and Fan et
al. [163], Copyright 2022, MDPI).

with mature ECM remodeling by recruiting ESPCs in vivo [50]. Shen et al. developed a silk
hydrogel loaded with hypoxia preconditioned MSCs-derived EVs to repair AC through the
miR-205-5p/PTEN/AKT pathway [161]. The hypoxia preconditioned EVs significantly
boosted the proliferation, migration, and anabolism of chondrocyte cells and anti-
inflammatory effects [161]. This was in accordance with a study by Xue et al. [162]. Despite
the promising preclinical results, more in-depth research should focus on addressing the
related problems, such as high homogeneous EVs and large-scale production, to facilitate
their clinical application.

4.7. Anti-inflammatory and immunomodulatory agents

The inflammation phase of AC repair is pivotal since it orchestrates all the following
biological activities. A cascade of reactions is triggered immediately after biomaterials
implantation, including a layer of proteins from the surrounding vasculature adsorbs onto
the biomaterial surface, infiltration adherence of various immune cells (e.g. platelets,
neutrophils, monocytes, and macrophages), the release of physicochemical signals by
immune cells to recruit ESPCs, microenvironment remodeling by deposition of nascent
proteins by ESPCs, and neocartilage formation (Figure 12A). At present, a critical mode
toward the better regeneration of AC is supported by implant-mediated
immunomodulation [164]. Studies have indicated that biomaterials can significantly
impact the polarization of macrophages and T cells, which hold extensive cell crosstalk
with ESPCs [165]. So far, the polarization shift from pro-inflammatory (M1) to anti-
inflammatory macrophage (M2) phenotypes has been increasingly investigated to
alleviate excessive inflammation, which can be applied to the biomaterial design principles
based on the macrophage-mediated immunomodulatory healing of AC [165] (Figure 12B).
Thus, many immunomodulation cues can be engineered into regenerative scaffolds to
achieve this goal based on the macrophage polarization shift. Yuan et al. fabricated the
hydroxypropyl chitin (HPCH) hydrogel and confirmed its function in activating
inflammatory responses and recruiting endogenous macrophages to support a suitable
inflammation microenvironment [166]. Following this pattern, Ji et al. synthesized a
thermosensitive photocrosslinkable glycidyl methacrylate-modified HPCH hydrogel (GM-
HPCH) loaded with TGF-B1 [25] (Figure 12C). The in vivo and in vitro studies revealed that
a GM-HPCH + TGF-B1 treatment markedly shifted the recruited macrophages from M1 to
M2 [25]. The composite hydrogel boosted the expression of chondrogenic genes and the
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Figure 12. Engineering regenerative biomaterials with optimized biochemical cues with good anti-
inflammatory and immunomodulatory effects for ESPCs-mediated AC repair. (A) Immune response
following the implantation of regenerative biomaterials (created by BioRender). (B) The delicate polarization
shift balance between pro-inflammatory M1 and regenerative M2 macrophages and their distinct effects on
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cartilage healing. (C) The thermosensitive photocrosslinkable TGF-81-loaded composite hydrogel facilitated
AC repair through immunomodulating macrophages, recruiting ESPCs, and expediting chondrogenesis
(reproduced from Ji et al. [25], Copyright 2020, Ivyspring). GM-HPCH: glycidyl methacrylate-modified
hydroxypropyl chitin. (D) A trapping strategy for AC regeneration via opsonized nanoparticles to selectively
target M1 macrophage and promote M1-to-M2 polarization shift (reproduced from Kou et al. [167],
Copyright 2022, Elsevier). (E) Under degenerative OA conditions, AC repair was significantly enhanced by
squid type Il collagen via inhibiting apoptosis and hypertrophy of chondrocytes and immunomodulating
activation of M2 macrophages (reproduced from Dai et al. [120], Copyright 2018, Elsevier). (F) A cell- and GF-
free AC repair strategy based on the mussel-inspired ECM-mimicking hydrogels with excellent cell affinity and
immunomodulation capability (reproduced from Gan et al. [169], Copyright 2022, Elsevier).

migration of BM-MSCs and achieved superior cartilage healing [25]. To treat OA, Kou et al.
prepared artificial opsonized nanoparticles (IgG/Bb@BRPL) which can selectively target
M1 macrophages to repolarize M1-to-M2 by reactive oxygen species scavenging and NF-
kB pathway deactivation [167] (Figure 12D). Dai et al. developed a squid-derived collagen
Il (SClI) scaffold that could suppress the pro-inflammatory macrophages via inhibiting the
STAT1 signal for cartilage lesions [120,168] (Figure 12E). SCIl scaffolds induced the M1
macrophage polarization into the M2 phenotype and promoted macrophages to express
pro-chondrogenic genes as well as the production of Collagen Il and GAGs in vitro [120].
Inspired by mussel, Gan et al. fabricated a ECM-mimicking composite hydrogel with high
cell infiltration and immunomodulation capability for GFs-free AC repair in a rabbit model
[169] (Figure 12F).

Apart from macrophages, regenerative scaffolds could also impact other immune cells’
phenotypes to modulate AC repair. For example, the recruitment of neutrophils is
necessary for the onset of inflammation, but sustained neutrophils might result in long-
term chronic pro-inflammation and then failed repair. Engineered anti-inflammatory and
immunomodulatory cues of biomaterials have significant implications for neutrophils'
activation and function [37]. Hoemann et al. proved that -chitosan-glycerol
phosphate/blood implants could attract more neutrophils in vitro and in vivo compared to
whole blood clots, though both released a similar profile of chemotactic factors (CCL2,
CXCL8, PDGF-BB) [170]. And after eight weeks in vivo, more uniform and integrated
cartilage tissue was observed in the trochlear cartilage defects treated with chitosan-
glycerol phosphate/blood implants, indicating the potential roles of neutrophils in AC
repair [170]. Such studies highlighted the significance of investigating biomaterials in the
framework of immunomodulation of immune cells (i.e. macrophages) and their repair
responses in ESPCs-mediated AC regeneration.

4.8. Spatiotemporal delivery/release modalities

Engineered regenerative constructs might address the challenges of traditional drug
delivery approaches by improving biochemical cues' delivery, retention, targeting, and
bioactivity [171]. To closely recapitulate the innate repairing cascades, controlled
sequential release of exogenous bioactive factors to the defect site has been established
to enhance ESPCs-mediated cartilage repair [28,113,171]. The (bio)design and
(bio)fabrication of innovative scaffold-based drug delivery systems (DDS) offered new
possibilities for sophisticated release kinetics of various bioactive substances, including
specific drugs, CCGs, mineral ions, small molecule compounds, peptides, anti-
inflammatory agents, gene targeting factors and EVs (Figure 13A).
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By intra-articular injection-based local delivery, free drugs cannot exist for a very long
duration (mostly within hours or days) due to joint clearance. As soon as being injected
into joints, drugs get into synovial fluid with a rapid physiological turnover. When it comes
to a short therapeutic time frame, some doctors try to reduce the injection frequency,
aiming to prolong the drug's residence. Encouragingly, novel DDS technologies
demonstrate tremendous potential for addressing the above-mentioned problems. A
modest improvement in intra-articular presence can significantly influence the drug's
exposure time. lonic and ECM-based GFs delivery leverage the interaction of positively
charged proteins with negatively charged substrates for longer effective days, compared
with monolithic carriers releasing GFs by diffusion [69] (Figure 13B). Current efforts are
mainly focused on strengthening these bioactive factors' localization, retention,
bioactivity, delivery, and targeting [171]. Through physical adsorption, direct blending,
surface grafting, drop casting, chemical immobilization, covalent bonding, coaxial
electrospinning, and microparticles incorporation, bioactive factors could be combined
with biomaterials [172]. For instance, SDF-1a/TGF-B1 can be physically absorbed and
sustained release from a SF-porous gelatin scaffold [90]. The release kinetics of SDF-
1a/TGF-B1 encapsulated within hydrogels were controllable via hydrogel properties such
as mesh size [173]. However, physical absorption or encapsulation within regenerative
scaffolds has shown some disadvantages, such as unexpected burst release at an early
time point. Covalently binding to the scaffold surfaces provides accurate and controllable
spatiotemporal delivery and avoids burst release. Lee et al. achieved the directional PDGF-
AA release using catecholamine adhesion chemistry to develop robust interfacial adhesion
covalently, which greatly promoted the recruitment of ESPCs and cartilage repair [174].
However, poorly controlled conjugation can negatively influence the conformation and
biological activity of GFs. For example, when BMP-2 was covalently bound to the surface
of a PCL scaffold and the conjugation provided a sustained release of BMP-2, negligible
alkaline phosphatase deposition and less tissue ingrowth were observed compared to the
one by physical absorption, which had a small burst release of BMP-2 [175]. Besides,
binding and mimetic peptides of biomaterials could be designed to interact with specific
regions of CCGs. This process could be utilized to manipulate the releasing profile of DDS.

However, the release of biochemical cues by regular DDSs only sustained for a relatively
short period, which is insufficient for long-term and complete AC regeneration [28].
Innovative DDSs-based strategies, such as nano-carriers, liposomes, and micelles were
extensively studied to achieve a prolonged release or even penetration into cartilage [26].
Zhang et al. reported an advanced all-silk-derived sequential DDS through incorporating
the tunable drug-loaded SF nanospheres into a SF porous matrix, which could provide a
sustained and relatively slow release paradigm of KGN longer than one month [176]. Dong
et al. fabricated a chitosan/SF hydrogel with PLGA microspheres to deliver KGN and SDF-1
simultaneously [177] (Figure 13C). PLGA microspheres were evenly spread within the
chitosan/SF hydrogel, permitting the sequential release of those two drugs. SDF-1 and KGN
served as recruiting factors and chondroinductive factors, respectively. This special
(bio)design markedly improved the cell homing and chondrogenic differentiation of ESPCs
in vitro and in vivo and cartilage repair in a rabbit model. Theoretically, the delivery/release
profiles of different bioactive substances can meet the timeline of different AC healing
stages via taking advantage of the inherent properties of distinct biomaterials and spatially
organized components. Unfortunately, an ideal DDS that can sequentially release bioactive
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factors in every repairing stage for enhancing AC restoration has rarely been reported.
Much more efforts are required to discover an optimal DDS and advance its clinical
translation.
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Figure 13. Engineering regenerative biomaterials as spatiotemporal delivery/release modalities of various
biochemical cues to guide ESPCs for cartilage repair. (A) Novel regenerative scaffold-based DDS loaded with
favorable exogenous biochemical cues to recruit ESPCs from surrounding niches for ESPCs-mediated AC repair
(adapted and reproduced from Gresham et al. [69], Copyright 2021, Elsevier). (B) Representative release
profiles of GFs-based DDS. Each profile (monolithic, ionic, and ECM-based delivery) is graphically illustrated
to reveal its releasing mechanism (reproduced from Gresham et al. [69], Copyright 2021, Elsevier). (C)
Sequential delivery of SDF-1/KGN by injectable PC/SF composite hydrogels for spatiotemporal regulation of
endogenous cells to improve AC repair (reproduced from Dong et al. [177], Copyright 2021, Springer Nature).

5. CONCLUSION REMARKS AND PERSPECTIVES

Compared with endogenous cartilage healing (i.e. bone marrow stimulation techniques)
and in vitro manipulated cell-based treatments, cell-free regenerative scaffolds-based
strategies exhibited many advantages, such as less donor-site morbidities, the absence of
cell selection, delivery, viability, and phenotypic stability issues, the timing of pre-
treatments, regulatory issues, and low costs. Meanwhile, several acellular commercial
products, such as Agili-C™ and MaioRegen Chondro+ have been approved by regulatory
bodies, reinforcing our translational determination and direction. Therefore it is time to
highlight and summarize the proposed strategies based on the synergistic effects of
endogenous cells and biochemical cues from regenerative scaffolds for cartilage repair. Of
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note are the target groups based on EPCSs-mediated AC repair strategies are young
patients with cartilage defects due to trauma and may not be suited for patients with
progressed OA and older patients. The question now is how to stimulate joint-resident
ESPCs effectively and adequately for in vivo cartilage defect repair. So far, many
methodologies have been adopted to (bio)design and (bio)fabricate novel regenerative
constructs with optimized biochemical cues and spatiotemporal delivery/release
modalities, achieving desirable outcomes to some degree. After implantation, these
biomaterials can interact with the adjacent tissues through these biochemical signals,
which alter local tissue microenvironments by modulating the immune system and
controlling the kinetics and degree of healing by activating and recruiting a large
population of join-resident ESPCs infiltration, guiding their mobilization, proliferation,
chondrogenesis, matrix deposition, and remodeling to generate hyaline-like cartilage
eventually. This review may provide a basic summary of these biochemical cues for the
successful activation and maintenance of ESPCs-mediated AC repair.

Based on the literature review, at present, we cannot conclude which biochemical cue or
combination has the most robust effect due to the lack of standardized comparison in the
preclinical studies. The preclinical assessments use different animal models, defect
locations, defect sizes, histological/CT methods, and scoring/semi-quantification systems.
No consensus of standardized and streamlined preclinical evaluation protocols and
procedures exist currently to compare different engineered biochemical cues. It is
envisioned that more standardized preclinical studies are performed allowing to better
compare the results between labs and clinics. The cartilage tissue engineering community
has the obligation to tackle this issue soon to facilitate the ultimate translation of acellular
regenerative biomaterials with optimized and robustly engineered biochemical cues for
cartilage repair via initiating and magnifying the roles of ESPCs. Besides, future research
work shall address the following aspects: (1) to investigate the roles of endogenous cells
(e.g. different immune cells and joint-resident progenitor/stem cells): and the underlying
molecular mechanisms of ESPCs-mediated AC repair; (2) to uncover how these exogenous
biochemical cues influence exogenous cell behaviors in vivo and how to manipulate and
control these biochemical cues properly in vivo to satisfy multiple demands of different
healing stages; (3) to solve the technical barriers of combining biochemical cues with
cartilage-mimicking regenerative scaffolds thoroughly; (4) to innovate more advanced
methodologies (i.e. 3D-(bio)printing technology) to (bio)design and (bio)fabricate
regenerative implants with excellent biophysical and biochemical properties; (5) to
improve the delivery, retention, targeting, and bioactivity of exogenous biochemical cues
within the joint via spatiotemporal scaffold-based DDS. Although the journey from bench
to bedside is very draining, the multidisciplinary approaches involving material scientists,
biologists, engineers, and clinicians seem to be a winning strategy to speed up the
translational procedure. Our proposed solutions may represent silver linings for cartilage
regeneration.
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Modulating design parameters of hydrogels to drive cell invasion

ABSTRACT

Background

The use of acellular hydrogels to repair osteochondral defects requires cells to first invade
the biomaterial and then to deposit extracellular matrix for tissue regeneration. Due to the
diverse physicochemical properties of engineered hydrogels, the specific properties that
allow or even improve the behaviour of cells are not yet clear. The aim of this study was
to investigate the influence of various physicochemical properties of hydrogels on cell
migration and related tissue formation using in vitro, ex vivo and in vivo models.

Methods

Three hydrogel platforms were used in the study: Gelatine methacryloyl (GelMA) (5% wt),
norbornene hyaluronic acid (norHA) (2% wt) and tyramine functionalised hyaluronic acid
(THA) (2.5% wt). GeIMA was modified to vary the degree of functionalisation (DoF 50% and
80%), norHA was used with varied degradability via a matrix metalloproteinase (MMP)
degradable crosslinker and THA was used with the addition of collagen fibrils. The
migration of human mesenchymal stromal cells (hMSC) in hydrogels was studied in vitro
using a 3D spheroid migration assay over 48h. In addition, chondrocyte migration within
and around hydrogels was investigated in an ex vivo bovine cartilage ring model (three
weeks). Finally, tissue repair within osteochondral defects was studied in a semi-
orthotopic in vivo mouse model (six weeks).

Results

A lower DoF of GelMA did not affect cell migration in vitro (p = 0.390) and led to a higher
migration score ex vivo (p < 0.001). The introduction of a MMP degradable crosslinker in
norHA hydrogels did not improve cell infiltration in vitro or in vivo. The addition of collagen
to THA resulted in greater hMSC migration in vitro (p = 0.031) and ex vivo (p < 0.001).
Hydrogels that exhibited more cell migration in vitro or ex vivo also showed more tissue
formation in the osteochondral defects in vivo, except for the norHA group. Whereas
norHA with a degradable crosslinker did not improve cell migration in vitro or ex vivo, it
did significantly increase tissue formation in vivo compared to the non-degradable
crosslinker (p < 0.001).

Conclusion

The modification of hydrogels by adapting DoF, use of a degradable crosslinker or including
fibrillar collagen can control and improve cell migration and tissue formation for
osteochondral defect repair. This study also emphasizes the importance of performing
both in vitro and in vivo testing of biomaterials, as, depending on the material, the results
might be affected by the model used.

The Translational Potential of this Article

The translational potential of this article: This article highlights the potential of using
acellular hydrogels to repair osteochondral defects, which are common injuries in
orthopaedics. The study provides a deeper understanding of how to modify the properties
of hydrogels to control cell migration and tissue formation for osteochondral defect repair.
The results of this article also highlight that the choice of the used laboratory model can
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affect the outcome. Testing hydrogels in different models is thus advised for successful

translation of laboratory results to the clinical application.

Keywords: cartilage; cells; hydrogels; regenerative medicine; tissue engineering
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1. INTRODUCTION

Current matrix-based approaches for the repair of (osteo-) chondral defects, like
autologous matrix-induced chondrogenesis (AMIC, a combination of microfracture with a
collagen scaffold) and matrix-assisted chondrocyte implantation (MACI), have improved
clinical outcomes and lowered revision rates when compared to microfracture alone [1-3].
Although these treatments lead to improved function and reduced pain, they fail to repair
defects fully functional for the long-term [4]. Acellular biomaterial-assisted approaches are
an attractive alternative to cell-based procedures for the treatment of small focal defects,
particularly due to the elimination of donor-site morbidity and the possibility of a single-
stage procedure [5]. Importantly, it has been shown that biomaterials help to improve the
preservation of the cartilage tissue surrounding the defect [6]. However, to repair cartilage
fully, improved mobilisation and infiltration of cells residing in the knee into the
biomaterials are needed [7-9].

Injectable hydrogels are one promising group of biomaterials to fill complex defects of any
shape and location through a minimally invasive approach [10,11]. Despite the extensive
research performed in vitro on the chondro-inductive properties of hydrogels, these
biomaterials often fail upon implantation in vivo. Failure is related to the challenge of
retaining the material in the defect area, which limits cell invasion [12]. Integration of the
biomaterial with the tissues adjacent to the defect, results mainly from the infiltration of
host cells, followed by matrix deposition [13]. Thus, rapid cell infiltration is an important
step in an integrative defect repair strategy [14]. Cell infiltration is not only relevant for
acellular hydrogel-assisted repair, but also of interest for approaches where cells are
encapsulated within a hydrogel to integrate the repair tissue into the host tissue [15]. This
highlights the need to understand how physicochemical properties of hydrogels influence
cell migration and which modifications may improve cell migration from surrounding
tissues for osteochondral defect repair.

Since collagen and glycosaminoglycan are major components in the ECM of connective
tissue, collagen and hyaluronic acid (HA) based hydrogels have attracted interest in
cartilage tissue engineering approaches [16]. Gelatine, the product of denatured collagen,
modified with methacryloyl groups (GelMA), is an emerging and widely used hydrogel that
exhibits tunable material properties while maintaining regions with cell adhesives (e.g.
arginine-glycine-aspartate (RGD)) and degradable sequences [17,18]. The crosslinking
density in GelMA hydrogels is controlled by the degree of functionalisation (DoF), which is
the extent of functionalisation with methacryloyl groups that alters crosslinking. GeIMA at
a fixed concentration, but an increase in DoF leads to a higher crosslinking density and thus
a smaller mesh size [19]. More recently, a lower degree of functionalization of the
GelMAS50 has been associated with a faster enzymatic degradation kinetic [20]. For
endothelial cells it has been shown that a lower DoF supports greater endothelial cell
derived capillary-like-network formation [21]. Whether this hydrogel modification also
improves cell migration in the osteochondral environment and supports tissue repair has
not yet been studied.

The most widely used proteoglycan hydrogels in biomedicine are HA and its derivatives.
HA-based biomaterials are often functionalised with biochemical cues (e.g.,
chondroinductive or chondroconductive peptides, the addition of fibrous components)
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and/or biophysical cues (mechanical properties, mesh size, porosity) to stimulate
(endogenous) cell infiltration and cartilaginous matrix deposition [14,22,23]. To improve
the tunability of mechanical properties, the interaction with the host tissue or the
rheological properties and printability, functionalization of HA-based hydrogels (e.g. with
thiol-norbornene or tyramine) have been introduced [24-26]. Norbornene hyaluronic acid
(norHA) is an attractive biomaterial due to its excellent printability, tunable properties and
the ability for in situ crosslinking [27]. Tyramine functionalized HA (THA) is characterized
by its enhanced binding to the cartilage host tissue via the formation of di-tyrosine bonds
between THA and cartilage ECM [28]. Together with its tunable properties, THA is also an
attractive hydrogel for bioprinting [29-31]. The main limitation of HA-based materials is
the limited cell adhesion [32,33]. One approach to overcome this is to combine THA with
either RGD, collagen or gelatine to increase cell attachment and cell spreading [30,34,35].
Beyond the possibility of varying RGD concentration, the use of a degradable crosslinker,
specifically the use of a matrix metalloproteinase (MMP) cleavable crosslinker, has allowed
mesenchymal stromal cells (MSC) spreading and mechano-response when embedded in
the hydrogel [36].

The above-introduced hydrogel biomaterials (GelMA, norHA and THA) are attractive for
(osteo-) chondral repair due to their chondrogenic potential and printability [27-30,34,36-
41]. Thus, this study aimed to investigate the effect of selected hydrogel modifications on
human hMSC and chondrocyte migration in vitro and related tissue formation for (osteo-)
chondral defect repair in vivo. We hypothesised that a lower crosslinking density in GelMA,
use of a degradable crosslinker with norHA precursors, as well as the addition of collagen
fibrils in THA hydrogels would increase cell migration and improve tissue formation. Cell
migration into the hydrogel was investigated using three models: (1) hMSC spheroids
seeded within hydrogels for in vitro migration, (2) endogenous chondrocyte migration in a
cartilage ring model ex vivo, and (3) cell migration and tissue formation in a semi-
orthotopic mouse model in vivo. While the first two models focus on a single cell type, the
in vivo model was chosen to study the interplay of multiple cell types within the
osteochondral defect environment.

2. MATERIALS AND METHODDS

2.1. Biomaterial preparation and characterization

2.1.1. Hydrogel preparation

Two HA-based materials (THA, norHA) and a gelatine-based material (GelMA) were
evaluated by MSC cell migration in vitro, chondrocyte migration from cartilage explants ex
vivo, cell migration, and osteochondral defect repair in a semi-orthotopic model in vivo
(Figure 1). For the in vitro migration study, hydrogels were crosslinked in an 8-well plate
prior to cell seeding. For the in vivo and ex vivo model, hydrogel precursors were injected
in the defects of either cartilage rings or osteochondral explants and photo-crosslinked.
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Figure 1. Graphical illustration of the in vitro, ex vivo and in vivo models to evaluate acellular hydrogels
for (osteo-) chondral repair. Three hydrogel types were evaluated for cell migration and tissue formation in
osteochondral defects. Comparisons included the degree of functionalization (50% and 80%) for gelatine
methacryloyl (GelIMA hydrogels), the degradability of matrix metalloprotease (MMP) degradable versus non-
degradable (1,4-Dithiothreitol, DTT) crosslinkers for norbornene-modified hyaluronic acid (HA) and the
addition of fibrillar collagen on tyramine modified HA (THA) hydrogels. Images were created with
Biorender.com.

2.1.1.1. Gelatine methacryloyl (GelMA)

GelMA was synthesized with a DoF of 50% (GelMA50) and 80% (GelMAS8OQ). Based on the
protocol described by Melchels et al., 0.6 g methacrylic anhydride (Sigma Aldrich 92%) per
g of gelatine (type A from porcine skin, 300 g Bloom, Sigma Aldrich) was used (10% gelatine
in PBS, 50°C, 1h) for GelMAB80. For GelMA50, 0.036 g methacrylic anhydride per g of
gelatine was used [42,43]. GelMA (50 mg/ml) was reconstituted at 60°C before adding the
photo crosslinker ruthenium (0.5 mM) and sodium persulfate (5.0 mM) with subsequent
photo-crosslinking (15 min, 3 cm distance, AVIDE lamp). The variable of the two GelMA
formulations used in this study were the DoF (50% or 80%).

2.1.1.2. Norbonene hyaluronic acid (norHA)

NorHA was synthesized as previously described and reconstituted with either a non-
degradable 1,4-Dithiothreitol (DTT, 0.22 mg/ml, Sigma Aldrich, Saint Louis, USA)
crosslinker or a MMP cleavable crosslinker (2.55 mg/ml, GCNSVPMS{, MRGGSNCG, Lot:
U1432DL070-1/PE2401, GenScript, Piscataway Township, USA) [41,44]. NorHA was
reconstituted at a final polymer concentration of 20 mg/ml. NorHA precursors (norHA-DTT
and norHA-MMP) contained thiolated RGD sequences (GCGYGRGDSPG, 1.0 mM,
U0140DA260-1, Lot: 94230930001/PE8559, GenScript). Photo-crosslinking (20 min, 3 cm
distance, AVIDE lamp) was achieved using photo-initiators ruthenium and sodium
persulfate (Advanced Biomatrix, 5248-1KIT) followed by hydrogel gelation. The choice of
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the crosslinker (MMP degradable or non-degradable DTT) was the variable to prepare two
norHA formulations.

2.1.1.3. Tyramine modified hyaluronic acid (THA)

THA with a degree of substitution of 6% was synthesized as described previously [45]. THA
was reconstituted (25 mg/ml) and photoinitiator Eosin Y (0.02 mg/ml, Sigma Aldrich) was
added. THA (25 mg/ml final concentration) and THA-collagen (THA 12.5 mg/ml and 2.5
mg/ml collagen 1 isolated from rat tails, Corning, Bedford, USA) hydrogels were
enzymatically crosslinked using peroxidase from horseradish (0.3 U/ml, Sigma Aldrich) and
hydrogen peroxide (120 ppm, Carl Roth, Karlsruhe, Germany) with subsequent photo-
crosslinking (10 min, 3 cm distance, AVIDE lamp, Well-Com Vertriebs GmbH,
Gelsenkirchen, Germany) [34]. The variable for the two THA formulations was the addition
of the fibrillary component (THA-col) compared to THA alone.

2.1.2. Nuclear magnetic resonance (NMR) spectrum

The hydrogel precursor materials were characterized by *H NMR spectroscopy to confirm
the molecular structure, and to assess purity and degree of functionalization. All materials
were dissolved in deuterium oxide (D;0).

2.1.3. Dynamic mechanical analysis

Hydrogel mechanical properties were assessed using a dynamic mechanical analyzer (DMA
Q800, TA Instruments, The Netherlands). Hydrogels in phosphate buffered saline (PBS,
Sigma Aldrich) were analysed in unconfined uniaxial compression test (room temperature,
n = 5 samples per condition) to measure their compressive moduli. A preload of 0.01 N
was applied to the hydrogels, followed by a ramp force of 2 N/m until a maximum force of
8 N was reached. The compressive modulus (Young's modulus) was calculated as the slope
of the linear elastic range of the stress/strain curve. To measure the stress-relaxation
response, a constant strain was applied (preload of 0.001 N, room temperature, n = 5
samples per condition) to hydrogels. After applying a constant strain of 20% for 2 min, the
hydrogel response was measured over a period of 1 min. The relaxation of the material
was calculated as the ratio of minimum and maximum stress after 2 min of 20% strain.

2.1.4. Rheological characterization

Photo rheology experiments on the hydrogel precursor solutions (GelMA DOF 50 and
DOF80, norHA MMP and norHA DTT) to determine the crosslinking kinetics was measured
using a DHR2 rheometer (TA Instruments, The Netherlands). Samples were prepared fresh
(100 pl measuring volume, n = 3) before loaded onto the rheometer for oscillatory time
sweep experiments (frequency of 1.0 Hz, angular frequency of 6.28 rad/s, with 5.0%
constant strain at 37C, preset measuring gap size of 300 um, 20.0 mm parallel EHP stainless
steel plate). After 30 s of measuring, the visible light source was turned on to allow photo
crosslinking of the hydrogels for the remaining time of the experiment and storage (G')
and loss moduli (G") were recorded.
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2.2. In vitro hMSC migration assay

2.2.1. hMSC isolation and expansion

hMSC were isolated from bone marrow of patients undergoing total hip replacement after
informed consent (approved by the local Medical Ethical Committees of Erasmus MC:
protocol MEC-2015-644) as described earlier [46]. hMSCs were thawed, and expanded in
media composed of alpha-Minimum Essential Medium (a-MEM, Gibco, California, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, California, USA), 50 pg/mL
gentamycin (Gibco), 1.5 pg/mL fungizone (Gibco), 1 ng/mL fibroblast growth factor 2
(FGF2, AbD Serotec, Puchheim, Germany) and 25 pg/mL ascorbic acid-2-phosphate (AA-2-
P, Sigma-Aldrich) in a humidified atmosphere with media replacement twice per week.
Cells at 80-90% confluency were sub-cultured using 0.25% Trypsin/1x EDTA (Gibco). hMSCs
were fluorescently labelled according to the manufacturer's instructions (Vybrant CFDA-
SE Cell tracer Kit, Thermo Fisher) to visualize cell location after seeding on the hydrogels
(see 2.2.2).

2.2.2. In vitro migration assay set up

hMSC migration was evaluated by measuring the migration area of the cells in a 3D
migration assay after 48h of culture in vitro [47]. Micro-moulds (Micro Tissues 3D Petri
Dish, Sigma Aldrich) were casted with agarose to form 256 circular micro-wells. After the
micro-moulds gelled, they were transferred to a 12-well-plate containing a-MEM (Gibco)
supplemented with 10% foetal bovine serum (FBS, Gibco) and 25 pg/mL ascorbic acid-2-
phosphate (Sigma-Aldrich) and incubated in a humidified atmosphere (37 °C, 5% CO,) for
1h. Cell spheroids (500 cells per spheroid) were prepared by dropwise seeding the CFDA
labelled cell suspension (0.128 x 106 cells/190 uL) into the 3D agarose moulds and then
cultured in a humidified atmosphere for 24 h to form spheroids. Spheroid formation was
assessed by a standard inverted microscope and irregular sized spheroids were discarded.
To harvest the spheroids, the 3D agarose moulds were transferred and inverted into a new
12-well plate containing media and cells and were centrifuged (5 min at 120g). The
medium containing the spheroids was transferred to a falcon tube and again centrifuged
(30 s at 300 g). Spheroids were resuspended in the assay media composed of a-MEM
supplemented with 1% insulin, transferrin and selenium (ITS+, Sigma Aldrich), and 25
ug/mL ascorbic acid-2-phosphate (Sigma-Aldrich) Next, 125 pul of each hydrogel precursor
was casted in each well of a chamber slide (Nunc cell culture imaging 8-wellls, Thermo
Fisher), crosslinked and washed three times with serum free a-MEM. Afterwards, 5-10
spheroids were seeded on each hydrogel in each well. Cell spheroids were cultured on the
hydrogels for 48h with assay media supplemented with platelet-derived growth factor BB
(50 ng/ml, PDGF-BB, Peprotech, NJ, USA) to stimulate cell migration. To quantify cell
migration, confocal imaging (Leica SP5, FITC channel, 10x magnification) was performed
with the acquisition of z-stacks to monitor the spheroid migration from the top to the
bottom of the hydrogel. Cell migration area of hMSC was measured on the different
hydrogel compositions (n = 6, n = 5 for THA-col) using the earlier described macro with Fiji
image processing software [47]. The migration area of the migrating cells was calculated
to obtain the total migratory area in a radius of 760 um.

87



Chapter 3

2.3. Ex vivo migration assay to assess chondrocyte migration

2.3.1. Cartilage ring isolation and ex vivo explant culture

Cartilage explants were isolated from the patellar groove of bovine knee joints (six months
old calves, Angst AG, Switzerland) using a biopsy punch (8 mm, KAl medical, Arnold Bott
AG, Opfikon, Switzerland). Cartilage was separated from the subchondral bone with a
scalpel. Explants were washed with DMEM HG (Gibco) supplemented with 1% antibiotics
(10 U/ml penicillin, 10 pg/ml streptomycin, Gibco). After defect creation (4 mm, KAI
medical, Arnold Bott AG, Switzerland) in the centre of the explant, the defects were filled
with the hydrogel precursors (described in Figure 1), and then gelled in the defect to
ensure optimal integration between the hydrogel and the cartilage tissue. All samples
were transferred into a 24 well plate (TPP, Trasadingen, Switzerland) containing DMEM HG
enriched with 10% FBS, 50 pg/ml ascorbic acid and 1% antibiotics. Samples were cultured
ex vivo for 21 days (37 °C, 5% CO;) with media change every 2-3 days.

2.3.2. Cell viability staining of ex vivo samples

After 21 days of culture, metabolic activity of cartilage explants was assessed with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT, 1 mg/ml, 1h incubation at 37
°C, Sigma Aldrich). Samples were imaged with bright field microscope (Zeiss). Samples
were also stained for live-dead assessment (Sigma Aldrich) with Ethidium homodimer (4
KMM) and Calcein-AM (2 uM) according to manufacturer's instructions, washed with PBS
after 25 min incubation and kept in culture media for microscopic assessment (Zeiss
confocal microscope, LSM800).

2.3.3. Histological processing, staining and scoring of ex vivo samples

Samples were harvested at day 21, fixed with formalin (4%, Formafix AG, Hittnau,
Switzerland), washed with PBS, immersed with sucrose (150 mg/ml and 300 mg/ml, Sigma-
Aldrich), embedded in freezing media (Leica, Nussloch, Germany) and snap frozen with
liquid nitrogen. Sections of 8 um were cut with a cryostat microtome (HM 500 OM; Zeiss)
and stored at -20 °C.

Safranin-O staining was performed to visualize proteoglycans. Cryosections were washed
with deionized water to remove freezing media, incubated for 10 min with Weigert's
hematoxylin (Sigma Aldrich), blued with tap water and incubated with fast green (0.02%,
6 min, Sigma Aldrich). After washing with acetic acid (1%, Fluka), slides were incubated in
safranin-O (0.01%, 15 min, Sigma Aldrich) and differentiated with ethanol (70%,
Alcosuisse, Riti bei Blren, Switzerland) with subsequent dehydration (ethanol 96%,
ethanol absolute, Xylene) and cover slipping (Eukitt, Sigma Aldrich). Bright-field
microscopic images (Olympus BX63, Olympus) were acquired for cell migration analysis.

A migration score was introduced to semi-quantitatively evaluate chondrocyte migration
from the explant towards the acellular hydrogels. Safranin-O stained slices of the samples
atday 21 (n =3 samples per biomaterial, n = 2 samples empty defect control, n = 2 sections)
were scored by three independent observers blinded for the condition (Figure 2). The
individual scores were visually inspected and in case of differences, discussed to reach
consensus between observers.
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Figure 2. Scoring criteria to assess chondrocyte migration in the ex vivo cartilage ring model. Safranin-O
staining of cartilage explant with defect in the centre (white dashed line). The areas of interest are indicated
for the biomaterial integration (blue line) and presence of cells (red line). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

2.4. Semi-orthotopic model to assess osteochondral defect repair in vivo

2.4.1. In vivo subcutaneous osteochondral defect model

To evaluate the capacity of the hydrogels to support endogenous cell migration and
osteochondral repair, an in vivo semi-orthotopic osteochondral defect model was used,
where tissues are implanted subcutaneously in mice [48]. This animal experiment was
approved by the ethics committee for laboratory animal use (under license
AVD101002016691, protocol H#EMC16-691-07) and following the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines. Bovine osteochondral biopsies (8
mm diameter, 5 mm height) were harvested with a dental trephine from metacarpal-
phalangeal joints of 3-8 months old calves from a local slaughterhouse and provided by
LifeTec Group (Eindhoven, Netherlands). Osteochondral defects (4 mm diameter, 4 mm
depth) were created in the centre of the biopsies using a hand drill to avoid thermal
damage. The defect created into the subchondral bone will allow bone marrow and
subchondral bone hosting cells to infiltrate the defect area. The osteochondral biopsies
were kept overnight in a-MEM (Gibco, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco), 1.5 pg/mL fungizone (Gibco), and 50 ug/mL gentamycin (Gibco) to ensure
sterility. The hydrogel precursors were used to fill the defects and then photo crosslinked
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before implantation. All hydrogel-loaded osteochondral constructs were covered with a
circular 8 mm Neuro-Patch membrane (Braun, Melsungen, Germany) on the cartilage to
prevent the ingrowth of host cells.

Thirteen 11-week-old female NMRI-Foxn1 nu/nu mice (Janvier Labs, St. Berthevin, France)
were used in this study. The mice were allowed to adapt to the conditions of the animal
facility for seven days before implantation surgery. The mice were housed under specific-
pathogen-free conditions with a regular day/night light cycle and food and water were
available ad libitum. Four osteochondral constructs were randomly implanted
subcutaneously on the back of each mouse under 2.5-3.0% isoflurane anaesthesia
(Laboratories Karizoo, Barcelona, Spain). To minimise the risk of infection, the mice
received 25 mg/kg bodyweight of ampicillin (Dopharma, Raamsdonksveer, Netherlands)
subcutaneously during surgery. Staples (AgnTho's, Lidingd, Sweden) were used to close the
incisions and were removed one week after implantation. To ensure pre- and
postoperative analgesia, the mice received a subcutaneous injection of 0.05 mg/kg body
weight of buprenorphine (Chr. Olesen & Co, Copenhagen, Denmark) 1 h before surgery
and 6 h after surgery. After ten days (n = 3 samples per condition) and six weeks (n =5
samples per condition), mice were killed by cervical dislocation and the osteochondral
constructs were harvested.

2.4.2. Histological processing, staining and scoring

The osteochondral constructs were fixed in 4% formalin for 1 week, followed by
decalcification using 10% ethylenediaminetetraacetic acid (EDTA, pH 7.4, Sigma Aldrich)
for up to 4 weeks. Six-week samples were processed for routine paraffin embedding and
sectioned (microtome, Leica). Dewaxed slides were stained with hematoxylin and eosin
(HE) to study general cell and tissue morphology. Images were taken with a slide scanner
(NanoZoomer, Hamamatsu). Ten-week samples were processed for cryo embedding (OCT,
Sakura, Nagano, Japan) and cutting (Cryostat, Leica, Nussloch, Germany) after
demineralization.

Image analysis (NDP.View2 software, version 2.8.24, 2020 Hamamatsu Photonics K.K.) was
used to assess tissue formation. The area of the newly formed tissue was measured by
manually selecting the tissue regions. The percentages of the defects covered with
cartilage-like, bone-like and other tissue were measured separately (Supplementary Figure
S4D), with the defect area set to 100%. The tissue volume of three sections that were taken
at depths of 1, 1.5 and 2 mm for each sample was averaged for further analyses. All slides
were scored by an investigator blinded to the experimental condition.

2.5. Statistical analysis

Mechanical characterization and ex vivo migration are presented as box plots (min to max
value with a line presenting the median). In vitro MSC migration area and tissue volume in
% are presented as mean * standard deviation (SD). For each of the hydrogel groups (THA,
GelMA, norHA) the results of the two modifications were compared. All statistical analyses
were performed using SPSS (version 28.0.1.0, IBM Corporation, USA). Student t-tests were
performed for mechanical characterization, in vitro MSC migration and in vivo tissue
formation and two-sided p-values are reported. In case the variances between the two
modifications were significantly different, p-value of equal variances not assumed is
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reported and marked with a *. Mann-Whitney U tests were used to assess statistical
significance in the ex vivo migration scores. For all statistical analyses, a p-value < 0.05 was
considered statistically significant and marked with a *.

3. RESULTS

3.1. Lower crosslinking density of GelMA hydrogels increases cell migration

Compression moduli (E-moduli) of GeIMA hydrogels with DoF of 50% and 80% crosslinked
under the same conditions after equilibrating in PBS were respectively 6.8 + 1.3 kPa and
7.3 £ 1.7 kPa, p = 0.637, revealing no significant difference between the two DoF (Figure
3A). Stress recovery of GelMAS80 (0.8 + 0.1) was similar to that of GeIMA50 (0.7 £ 0.1, p =
0.236).

The *H NMR spectrum confirms the different DOF (Supplementary Figure S1). GelMAS50
had slower photo-crosslinking kinetics than GelMAS80, both with a final storage modulus
around 1 kPa (Supplementary Figure S2).

hMSCs migrated out of the spheroid in both GelIMA formulations. The migration area
(Figure 3B) of hMSC seeded in GelMAS50 (42,050 * 15,335 um?) was similar to the migration
in GelMASO (28,010 + 34,241 um?, p = 0.390*) trending towards more migration in the
lower DoF. In the ex vivo migration assay, the chondrocytes in the cartilage explant
remained metabolic active (as indicated by MTT staining Figure 3C) and a few metabolically
active chondrocytes invaded both GelMA formulations (Supplementary Figure S6A). Most
of the cells were observed on top of the hydrogels. GeIMA50 had a significantly higher
chondrocyte migration score (min/max:2.5/7, median:5) than GelMA8O (min/max:1/5,
median:3, p < 0.001). The hydrogels with both DoF remained inside the cartilage defect. In
general, a slight shrinkage was observed during culture resulting in a gap between the
hydrogel and the surrounding defect.

Hydrogels were implanted in the semi-orthotopic in vivo model. After ten days, infiltration
of a few multinucleated cells was observed in GelMA80 (2 out of 3 samples) and GelMA50
(1 out of 3 samples), indicating a low inflammatory response (Supplementary Figure S3).
After six weeks the average area of remaining hydrogel implanted in the osteochondral
defect was 11.3% + 9.7% for GelMAS50 and 16.4% + 12.3% for GelIMA8O (values calculated
relative to respective total defect area). This means that the hydrogel was degraded upon
implantation. The infiltration of cells and newly formed osteochondral tissue were mostly
present in the deep zone and at the lateral sides of the osteochondral defects (Figure 3D).
In GeIMASO a cell-free area within the hydrogel was still present, even in the samples with
the highest invasion (see Supplementary Figure S4A and S5A). GeIMA50 and GelMAS80 both
allowed osteochondral defect repair (70.5% + 21.3% vs 48.0% + 23.0%, p = 0.149). The
repair consisted of cartilage-like tissue (0.04% + 0.09% vs 5.3% + 6.3%, p = 0.135%), bone-
like tissue (5.4% + 7.1% vs 12.8% * 12.6%, p = 0.284) and other tissues (52.4% + 11.9% vs
42.6% +20.2%, p = 0.379).
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Figure 3. Effect of lowering the degree of functionalization (DoF) from 80% to 50% in gelatine methacryloyl!
(GelMA) hydrogels on cell migration and tissue formation. A) the Young's modulus and stress-relaxation to
characterize hydrogel recovery after swelling in PBS (n = 5 per group). B) In vitro cell migration of hMSCs out
of spheroids seeded on top of hydrogels (n = 6 per group). hMSC labelled with membrane dye are shown in
green. Scale bar 200 um. C) Chondrocyte migration and migration score in the ex vivo cartilage ring model
(min to max score with median). Macroscopic (explant diameter 8 mm) and microscopic image of MTT stained
samples, the safranin-O stained section of the hydrogel and migration score with a maximum score of 9 (n =
3 samples per group, n =2 slides per sample). Scale bar 200 um. D) Cell migration and related tissue formation
in acellular hydrogels implanted in osteochondral explants in a semi-orthotopic mouse model (n = 5 samples
per biomaterial). Hematoxylin and eosin-stained cross-sections of one representative sample are shown.
Tissue volume in osteochondral defect (OCD) is presented as bone-like tissue, cartilage-like tissue and other
tissue (mean * SD) relative to total tissue volume. Scale bar low magnification image 1 mm, higher
magnification image 100 um. NC: native cartilage, NB: native bone, G: hydrogel, # indicated newly formed
cartilage-like tissue, green arrow indicates newly formed bone-like tissue, black arrow indicates infiltrated
cells within the defects, blue arrow indicates the integration of newly formed bone and native bone. Statistical
significance comparing means between hydrogel formulations: a: cartilage-like, b: bone-like, c: other tissue,
p: total tissue volume. * equal variances not assumed. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Figure 4. Effect of crosslinker degradability (MMP degradable vs non-degradable DTT) on norbonene
modified hyaluronic acid hydrogel (norHA) cell migration and tissue formation. A) Young's modulus and
stress-relaxation to characterize hydrogel recovery after swelling in PBS (n = 5 per group) are shown. B) In
vitro cell migration of hMSCs out of spheroids seeded on top of hydrogels (n = 6 per group). hMSC labelled
with membrane dye are shown in green. Scale bar 200 um. C) Chondrocyte migration and migration score in
the ex vivo cartilage ring model (min to max score with median). Macroscopic (explant diameter 8 mm) and
microscopic image of MTT stained samples, the safranin-O stained section of the hydrogel and migration
score with a maximum score of 9 (n = 3 samples per group, n = 2 slides per sample). Scale bar 200 um low
magnification 500 um. D) Cell migration and related tissue formation in acellular hydrogels implanted in
osteochondral explants in a semi-orthotopic mouse model (n = 5 samples per biomaterial). Hematoxylin and
eosin-stained cross-sections of one representative sample are shown. Tissue volume in osteochondral defect
(OCD) is presented as bone-like tissue, cartilage-like tissue and other tissue (mean * SD) relative to total tissue
volume. Scale bar low magnification image 1 mm, higher magnification image 100 um. NC native cartilage,
NB native bone, G: hydrogel, green arrow indicates newly formed bone-like tissue, black arrow indicates
infiltrated cells within the defects, blue arrow indicates the integration of newly formed bone and native
bone. Statistical significance comparing means between hydrogel formulations: a: cartilage-like, b: bone-like,
c: other tissue, p: total tissue volume. * equal variances not assumed. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

93




Chapter 3

3.2. MMP cleavable norHA hydrogels limit cell migration in vitro and ex vivo but increase
tissue formation in vivo

The two norHA hydrogel formulations differed by the presence of either a MMP
degradable crosslinker or a non-degradable (DTT) crosslinker. The modulus of norHA MMP
(13.4 + 3.5 kPa) was significantly lower than the modulus of norHA DTT (36.3 + 6.8 kPa, p
< 0.001) after swelling and equilibrating in PBS (Figure 4). The stress recovery was
significantly higher in norHA DTT (0.9 + 0.0) compared to norHA MMP (0.7 £ 0.1, p < 0.001).
The *H NMR spectrum of norHA confirms the functionalization of HA with norbornene
groups (Supplementary Figure S1). The results of the photo rheological characterization
(Supplementary Figure S2) showed a similar trend to the DMA measurement with a higher
storage modulus for norHA DTT (1.5 kPa) compared to norHA MMP (0.2 kPa).

Both NorHA hydrogel formulations showed limited migration of MSC into the hydrogel in
vitro. Less hMSC migration (Figure 4B) was observed when a norHA MMP degradable
crosslinker (44 + 68 um?) was used, compared to a norHA non-degradable DTT crosslinker
(7742 + 3772 um?, p = 0.004). NorHA MMP was also invaded by less chondrocytes than
norHA DTT after three weeks of ex vivo culture (Figure 4C, Supplementary Figure S8A, B).
A significanty lower migration score was observed for the norHA material with a
degradable crosslinker (norHA MMP, min/max: 0/3, median: 1) compared to norHA with a
non-degradable crosslinker (norHA DTT, min/max:3/8, median:5, p < 0.001). Both hydrogel
formulations remained in the defect during 21 days of culture.

After ten days of implantation in vivo (Figure 4D) no cell invasion was present in norHA
DTT hydrogels (0 out of 3 samples) while the group with the MMP degradable crosslinker
exhibited invading cells even in the deeper regions of the hydrogels (3 out of 3 samples
(Supplementary Figure S3). After six weeks of implantation total tissue formation was
significantly higher in norHA MMP than norHA DTT (86.6% + 15.9% vs. 12.1% + 3.7%, p <
0.001). The average percentage of remaining hydrogel in the defect was 0.7% + 0.5% for
norHA MMP and 8.5% + 9.7% for norHA DTT (values calculated relative to respective defect
area). The infiltrated cells and newly formed tissue were mostly in the deeper parts and at
the sides of the osteochondral defects in the periphery of the hydrogels (Figure 4D).
Cartilage-like tissue (2.4% + 4.5% vs 0.0% + 0.0%, p = 0.290*) was observed with areas of
proteoglycan-rich matrix (Supplementary Figure S5B). Significantly more bone-like tissue
(56.1% + 32.6% vs 2.0% + 2.3%, p = 0.006) and a tendency towards more other-like tissue
(28.1% + 18.4% vs 10.1% + 2.4%, p = 0.062) was formed in the norHA MMP compared to
norHA DTT.

3.3. The addition of collagen fibres to THA improves cell migration in vitro and ex vivo

Moduli (Figure 5A) of THA-col (60.4 + 24.9 kPa) were similar to THA (38.3 + 8.5 kPa, p =
0.121). The stress recovery was significantly increased in THA compared to THA-col (0.9 +
0.1vs 0.6 £0.2, p=0.042*). The *H NMR spectrum of THA confirm the functionalization of
HA with tyramine (Supplementary Figure S1).

THA-col had significantly more MSC migration in vitro (Figure 5B) (37,647 + 23,532 pm?)
than THA only (3737 + 4243 um?, p = 0.031*). Only a few metabolic active chondrocytes
were present in the THA hydrogel, and more cells were present in THA-col hydrogel in the
ex vivo model (Figure 5C, Supplementary Figure S6A). This was also visible from the
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chondrocyte migration score that was significantly higher in THA-col (chondrocyte
migration score min/max; 2/5.5, median 4) than in THA (min/max: 0/5.5, median 1, p <
0.001). Hydrogels of both formulations remained in the cartilage defect during the 21 days
of culture.
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Figure 5. Effect of the addition of fibrillary collagen (col) to tyramine modified hyaluronic acid (THA)
hydrogels on cell migration and tissue formation. A) Young's modulus and stress-relaxation to characterize
hydrogel recovery after swelling in PBS (n = 5 per group). B) In vitro cell migration of hMSCs out of spheroids
seeded on top of hydrogels (n = 6 THA, n = 5 THA-col). hMSC labelled with membrane dye shown in green.
Scale bar 200 um. C) Chondrocyte migration and migration score in the ex vivo cartilage ring model (min to
max score with median). Macroscopic (explant diameter 8 mm) and microscopic image of MTT stained
samples, the safranin-O stained section of the hydrogel and migration score with a maximum score of 9 (n =
3 samples per group, n =2 slides per sample). Scale bar 200 um. D) Cell migration and related tissue formation
in acellular hydrogels implanted in osteochondral explants in a semi-orthotopic mouse model (n = 5 samples
per biomaterial). Haematoxylin and eosin-stained cross-sections of one representative sample are shown.
Tissue volume in osteochondral defect (OCD) is presented as bone-like tissue, cartilage-like tissue and other
tissue (mean * SD) relative to total tissue volume. Scale bar low magnification image 1 mm, higher
magnification image 100 um. NC native cartilage, NB native bone, G: hydrogel, black arrow indicates
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infiltrated cells within the defects, blue arrow indicates the integration of newly formed bone and native
bone. Statistical significance comparing means between hydrogel formulations: a: cartilage-like, b: bone-like,
c: other tissue, p: total tissue volume. * equal variances not assumed. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Ten days after implantation in vivo, a few inflammatory cells were observed on the
hydrogels (THA: 2 out of 3 samples, THA-col: 2 out of 3 samples, Supplementary Figure S3),
located at the hydrogel periphery and inside the hydrogels. After six weeks of
implantation, the average amount of remaining hydrogel in the defect was 9.7% + 3.0% for
THA-col and 15.2% * 9.1% for THA (values calculated relative to respective defect area).
For THA materials, limited cell migration and total osteochondral tissue repair (THA-col:
54.4% + 26.4% vs. THA: 32.3% + 15.4%, p = 0.144) was observed in the defects of the
osteochondral explants. In line with the in vitro hMSC migration and ex vivo chondrocyte
migration, a trend for an increased amount of cartilage-like tissue (1.8% + 3.5 vs 0.7% +
1.5%, p = 0.519), bone-like tissue (14.3% + 23.6% vs 3.4% + 5.7%, p = 0.343) and other
tissue (38.3% + 10.3% vs 28.3% + 8.4% p = 0.131) were observed in the defects filled with
THA-col composite compared to THA alone (Figure 5D, Supplementary Figure S4C and
S5C).

4. DISCUSSION

Material-based cell-free approaches to treat cartilage and osteochondral defects have
shown promising results [5,49,50]. These approaches are of interest due to the limited
availability of autologous chondrocytes. Infiltration of cells from the adjacent tissues into
the biomaterial is a critical step in this approach, as these migrating cells play a pivotal role
in depositing the extracellular matrix and facilitating tissue repair [15]. However, data on
which biomaterial properties influence cell infiltration and related tissue formation is
limited since most studies use only one material or modification, and different studies use
different models for their evaluation. Focus of this study was to evaluate different
materials and modifications in an in vitro assay for MSC migration, an ex vivo assay for
chondrocyte migration and an in vivo model to assess cell infiltration, inflammatory
response and tissue formation. Our findings indicate significant differences between the
three hydrogel groups across the various assays, and the outcomes may be extended to
other materials and modifications.

Lowering DoF from 80% to 50% (GelMAS&O vs. GelMA50) showed a higher migration index
and thus a higher number of chondrocytes migrating into the hydrogel ex vivo. It has also
been described that the hydraulic permeability and mechanical properties of GelMA can
be controlled by the DoF, polymer concentration and crosslinking time [51]. The
mechanical behaviour of the two formulations during the rheology tests was not
significantly different and did not allow estimation of the permeability of the gels. The
lower degree of functionalization of GeIMA50 has been previously associated with a faster
enzymatic degradation kinetic [20], which is known to promote cell migration. A higher cell
migration and more tissue formation compared to the higher DoF group was only observed
in the ex vivo migration assay. The MSCs in the in vitro assay were spreading and migrating
in both, GelMA50 and GelMAS80. This partially aligns with a previous in vitro study
comparing GelMA (5% wt) with different DoF, which showed spreading of encapsulated
adipose-derived MSCs in the samples with a DoF of 30% and 50%, but not above 70%
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[21,43]. In the ex vivo assay, the difference in migration score between the two DoF was
more prominent. Although the chondrocytes retained a round morphology, they seem to
prefer invasion into the lower DoF hydrogel. This finding highlights that different models
and/or the cell types used, influence migration behaviour. A tendency of overall more
tissue formation was observed in GeIMA50 compared to GelMAS8O after six weeks of
implantation. Although GelMA has some potential to stimulate cell migration and
cartilage-like-tissue formation, the shrinking of the hydrogel when cultured in the cartilage
ring model is a drawback. Nguyen et al. described that GeIMA with a lower DoF degrades
faster by collagenase-loaded micro-particles [19]. This shrinkage leads to limited
integration with the surrounding tissue and resulting in gap formation that cells might not
be able to bridge.

A different approach to control the degradability of a hydrogel and to increase cell
migration is the use of a MMP degradable crosslinker with a norHA hydrogel. In contrast
to our original hypothesis, that the use of a MMP cleavable crosslinker would improve cell
migration, the addition of the MMP degradable crosslinker did not improve cell migration
in vitro or in the ex vivo setting. It is possible that the proteases secreted by the MSCs and
the cartilage explants in these settings were not capable of sufficiently degrading the
VPMSMRGG peptide of the crosslinker in our study. It has been investigated before that
the VPMSMRGG is most sensitive to MMP1 [52,53]. It is likely that there are more MMPs
present in the in vivo model that lead to a faster degradation. In addition, it is plausible
that the ex vivo model prompts the secretion of tissue inhibitors of matrix
metalloproteinases, which hinder the activity of MMPs and, as a result, impede the
degradation of the hydrogel [54,55]. Although no differences in MSCs [41], and (lung)
epithelial cells [56] were observed in previous studies, future studies will need to
investigate whether specific MMPs are responsible to degrade these bonds in the norHA-
MMP gels. Furthermore, the more than three-fold lower bulk mechanical properties of
norHA-MMP could have limited cell attachment and thus migration. In the in vivo model,
however, the MMP-sensitive crosslinker clearly showed more tissue formation in the gels
crosslinked with the non-degradable DTT crosslinker. The formation of various tissue
types, including cartilage-like and bone-like tissue, in the semi-orthotopic model aligns
with prior literature, which has reported that in norHA hydrogels that incorporate non-
degradable crosslinkers, matrix deposition is confined to the pericellular region after 28
days [27]. Additionally, research on malemeide modified HA (1.2% wt) crosslinked with an
MMP-sensitive crosslinker (CRDVPMSQMRGGDRCG) has shown that a greater amount of
cartilage-like tissue is formed compared to gels with protease-insensitive DTT crosslinkers
[57]. Thus, our study verifies the benefit of using MMP-cleavable crosslinker to promote
the formation of repair tissue and cartilage-like matrix deposition. Furthermore, our study
underscores the importance of utilizing multiple assays and selecting an appropriate
experimental design to evaluate the performance of a hydrogel.

Besides using a MMP degradable crosslinker, the addition of RGD peptides is another
approach to control cell spreading. Collagen type | and, to some extent, GeIMA contains
natural RGD sites that are characterized by cell-instructive properties [58]. We found that
the addition of collagen in a THA hydrogel enhanced the migration of MSCs and
chondrocytes in all three models examined. Furthermore, the incorporation of type 1
collagen into the THA hydrogel leads to the development of a fibrillary network, which
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induces bio-instructive properties sensed by the cells, thereby providing an additional
advantage. It has been shown that these micro-structural features in THA-col can be used
to orient collagen fibres via 3D bioprinting [39]. Whether the fibrillar component, the RGD
sites or a combination of both are the most driving factor promoting cell migration remains
unknown and a focus for future studies. Although THA-col composite did positively
influence MSC migration and MSC chondrogenesis in vitro [59,60], still only 60% of the
defect volume was filled with newly formed tissue, and limited cartilage-like tissue was
formed in the in vivo setting. Further optimization of this hydrogel is needed to achieve
more cell invasion and support cartilage-like tissue formation.

Cell-material interaction and thus mechanosensing contributes to cell spreading and
migration. The results suggest that cell migration is not primarily controlled by the bulk
mechanical properties as it has been proposed in other studies. It is rather a combination
of different material properties that control cell behaviour [47,61,62]. THA and THA-col
had similar Young's moduli and the higher cell migration in the THA-col compared to THA
is likely due to the presence of RGD sequences. Storage moduli of THA and THA-col have
been shown to be similar [34,39]. GelMA80 and GelMA50 both naturally contain RGD
sequences and in this study the young's moduli as well as final storage moduli were
comparable [43]. Yet, migration on GelIMA50 was better in the ex vivo model compared to
GelMASOQ. This indicates that the lower DOF can have a positive effect on cell migration
and tissue formation. Both norHA hydrogels contained RGD for cell adhesion. In the in vitro
and the ex vivo model, more cell invasion was found in the stiffer norHA DTT hydrogel
compared to norHA MMP. Caliari et al. have shown that MSC spreading depends on the
substrate stiffness of norHA hydrogels, and found that stiffer hydrogels (20 kPa) stimulated
MSC spreading in 2D, whereas in 3D cell spreading was seen only in the least stiff hydrogel
(1 kPa) [36]. This discrepancy with our results in norHA gels indicates that the
dimensionality of the model and hydrogel stiffness are not the only parameters influencing
cell migration. Instead, a complex interplay of multiple parameters might affect cell
migration in hydrogels. More research is needed to understand the underlying
mechanisms of bioinstructive properties to increase cell infiltration and improve
biochemical and biophysical properties of biomaterials for cell free tissue repair.

Evaluating the samples implanted for only ten days in the semi-orthotopic mouse model,
we identified only a few inflammatory cells on and within the hydrogels, highlighting that
there was no strong foreign body reaction related to any of the hydrogels used. Although
a strong foreign body response can cause unwanted effects, this inflammation is also
known to influence cell migration as well as matrix degradation and therefore can be
stimulating the ingrowth of cells in a hydrogel [7,14,63,64]. In the design and modification
of biomaterials such a positive effect of inflammation should be considered as well. To pre-
screen biomaterials and modifications on their pro- or anti-inflammatory response,
different in vitro models are available. Wesdorp et al. showed a similar response of
neutrophils seeded on THA, THA-col (2.5% wt THA, 0.25% wt col) and GelMA (15% wt, DoF
50%) in terms of myeloperoxidase, neutrophil elastase and cytokine secretion [65]. In light
of the 3R principle (refinement, reduction, and replacement), an initial screening may be
conducted in vitro to assess the potential impact of hydrogel modifications on
inflammation, which could alter the cell infiltration behavior of the hydrogel.
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Cell type specific differences in response to the materials as a function of the mechanical
properties, chemical composition and mesh size have been reported [26,66,67]. The
screening of the hydrogels in the three models covers different cell types, namely MSCs,
chondrocytes and cells residing in the subchondral bone and bone marrow of the
osteochondral explants. Results of the here reported in vitro, ex vivo and in vivo testing
together with findings related to how cells respond to different materials suggest that the
specific hydrogel formulations tested in this study were not selective for different
mesenchymal cell types present in the osteochondral environment. This study further
showed that with a single modification in either a HA or gelatine-based hydrogel, cell
invasion can be stimulated. A limitation of the present study is that for each formulation
multiple characteristics of the matrices (total polymer concentration, crosslinking density,
mesh size) are simultaneously modified, limiting the ability to decouple findings. Since
each modification will have different effects on hydrogel swelling, secondary structure,
degradation and most likely the cell-biomaterial interaction, a direct comparison would
have been not very practical. The current approach prevented this direct comparison and
solely demonstrated the possible effects of one specific chemical modification within three
selected hydrogel types on cell migration and tissue formation. More fundamental
knowledge on how different material properties influence cell behaviour is required to
optimize the design of hydrogels for osteochondral tissue repair.

The success of acellular hydrogel approaches to repair (osteo-) chondral defects is limited
in treating larger defects. In this case, the relatively low number of cells invading the
biomaterial implanted in the defect might not allow for complete defect repair. One
approach to increase the invasion distance might be the use of chemotactic factors. If this
is not feasible, a combined approach of encapsulating patient-derived cells and a hydrogel
stimulating the migration and invasion of cells from surrounding tissue can be considered.
Moreover, good bonding and minimal lateral delamination of the hydrogel from the
surrounding tissue are a prerequisite allowing for endogenous cell migration and related
matrix deposition [68]. To address this research question, different models including push
out tests are available for quantitative measures of integration [69,70]. DMA has been
proposed to study the adhesion strength between the tissue and hydrogel [71]. Before
taking this next step, a more in-depth understanding is needed to improve cell invasion
further and to understand the mechanisms driving or limiting cell migration.

5. CONCLUSION

Migration of cells with chondrogenic potential into hydrogels is the first step to improve
cell free repair of (osteo-) chondral defects. While cell free approaches would fail in the
absence of cell invasion, cell-based treatments would also benefit from enhanced
integration of the implant to the surrounding tissue. Our study shows that cell migration
is dependent on multiple material characteristics, including physicochemical and bio-
instructive properties. Moreover, this study also highlights the need for screening
biomaterials in different models in vitro, ex vivo and in vivo since results might differ
depending on the model used. The three hydrogel groups and modifications screened in
this study, do support cartilage-like and bone-like tissue formation making them suitable
candidates for further optimization and use in osteochondral repair.
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SUPPLEMENTARY MATERIALS

Supplementary Figure S1: *H NMR spectrum of hydrogel precursors. (A, B) Gelatine methacryloyl (GeIMA)
in D;0 (4% concentration, with 0.5 mg/ml of 3-(Trimethylsilyl)-1- propanesulfonic acid sodium salt). NMR
spectra of (A) GelMA50 and (B) GelIMASO confirm the methacrylation of the gelatine backbone. At 5.5 and
6.0 ppm the peaks corresponding to the protons belonging to the double bond of the methacrylate moiety
with a shorter peak in GeIMA50 compared to GelMAS8O0. A small peak for lysine at 3.0 ppm was still present
on the GelMAS5O but it is missing on the GelMA80 sample. (C) Norbornene-functionalized hyaluronic acid
(NorHA) in D,0 (5wt%). Modification of HA with norbornene (30%) determined by integration of vinyl protons
(2x2H) relative to the sugar ring of HA (10H). NorHA precursor was the same tor preparing, norHA-DTT and
norHAMMP. (D) Tyramine functionalized hyaluronic acid (THA) in D,0 (3%w/v in D,0 containing 0.4 mg/ml
hyaluronidase). The NMR spectrum conforms to the structure of the tyramine derivative of HA, showing a
singlet corresponding to the N-acetyl group around 2ppm, and a broad multiplet between 3.2 and 4.0 ppm
corresponding to various protons on the saccharide rings. The three peaks around 7 ppm corresponding to
the aromatic resonances of the tyramine groups are visible (Loebel, Stauber et al. 2017). THA precursor was
the same to prepare THA-collagen.

100



Modulating design parameters of hydrogels to drive cell invasion

A
cela e GelMA 50
104
e 10
- 108
i E W
° )
o e .
1
I i 5
fime fmind Time [min]
B NorHA-DTT NorHAMMP
104 .
103+ {!nu_un_ 9699069805009409 065600 105
E E 102 TTI'T[T\HUIHH*[HTTT]THTTIT"HHL
) . S
° o 7
(V] o |
1004
10-1 T T T T 1 10-1 . : : : I
0 ] 1 2 3 4 5 0 ] 1 2 ! : 1
Time [min] Time [min]

Supplementary Figure S2. Photorheology of gelatin methacryloyl (50% and 80% degree of
functionalization, DOF) and norbornene functionalized hyaluronic acid (norHA) crosslinked with either a
non-degradable (DTT) or MMP degradable crosslinker. Blue arrow indicates the time (30 sec) when the light
was turned on for photo-crosslinking the hydrogel precursors.
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Supplementary Figure S3. Cell infiltration into hydrogels after 10 days implantation in semi-orthotopic
model. HE staining of acellular hydrogels were polymerized in osteochondral defects and implanted in nude
mice (n = 3 samples per biomaterial). Most cells were observed in GelMA 80% and 50% as well as norHA MMP
gels. Only single cells were present in the other hydrogel groups. Arrows indicate (multinucleated) cells. Scale
bar 50 um.
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Supplementary Figure S4. Tissue regeneration in osteochondral defects filled with the hydrogels in an in
vivo subcutaneous implantation mouse model. The best and worst repair constructs stained with H&E
showing the in-situ hydrogels and tissue regeneration within the osteochondral defects after 6 weeks of
implantation. A) GelMA degree of functionalization 50% and 80%, B) norHA with protease (MMP) cleavable
and non-degradable DTT crosslinker, C) THA and THA-collagen. Scale bars indicate 1 mm. Black arrows
indicated infiltrated cells within the defects. Red arrows indicated newly formed cartilage-like tissue. Green
arrows indicated newly formed bone-like tissue. NC: native cartilage; NB: native bone; G: hydrogel. D)
Example on defining the defect region (black line), hydrogel selection (blue line) and newly formed tissue
formation (grey line) for quantification of tissue formation mice (n = 5 samples per biomaterial).
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Supplementary Figure S5. Representative images of the repair constructs stained with Safranin O showing
the in-situ hydrogels and tissue regeneration within the osteochondral defects after 6 weeks of
implantation. A) GelMA degree of functionalization 50% and 80%, B) norHA with protease (MMP) cleavable
and non-degradable DTT crosslinker, C) THA and THA-collagen. Scale bars indicate 1 mm (lower
magnification) and 50 um (higher magnification). Black squares indicated the magnified areas. Black arrows
indicated infiltrated cells within the defects. NC: native cartilage; NB: native bone; G: hydrogel; #: cartilage-

like tissue.
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Supplementary Figure S6. Ex vivo cartilage explant model after 21 days of culture. A) Microscopic image of
metabolic active chondrocytes migrating on the biomaterials (MTT staining). Scale bar 500 um. B) Live-dead
staining (green: alive cells, red: dead cells). Scale bar 500 um. C) Safranin O staining of representative
cartilage explants treated with biomaterials. Scale bar 1 mm. THA: tyramine modified hyaluronic acid (HA),
THA-col, norHA DTT: norbonene functionalized HA with non-degradable crosslinker, norHA MMP: norHA with
Matrix Metalloproteinase degradable crosslinker, GeIMA 50: gelatine methacryloyl with 50% degree of
functionalization (DoF), GelMA 80: GelMA 80% DoF.
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Incorporating Sr-ACP to improve subchondral bone repair

ABSTRACT

Osteochondral defect repair with a collagen/collagen-magnesium-hydroxyapatite
(Col/Col-Mg-HAp) scaffold has demonstrated good clinical results. However, subchondral
bone repair remained suboptimal, potentially leading to damage to the regenerated
overlying neocartilage. This study aimed to improve the bone repair potential of this
scaffold by incorporating newly developed strontium (Sr) ion enriched amorphous calcium
phosphate (Sr-ACP) granules (100-150 pum). Sr concentration of Sr-ACP was determined
with ICP-MS at 2.49 + 0.04 wt%. Then 30 wt% ACP or Sr-ACP granules were integrated into
the scaffold prototypes. The ACP or Sr-ACP granules were well embedded and distributed
in the collagen matrix demonstrated by micro-CT and scanning electron
microscopy/energy dispersive x-ray spectrometry. Good cytocompatibility of ACP/Sr-ACP
granules and ACP/Sr-ACP enriched scaffolds was confirmed with in vitro cytotoxicity
assays. An overall promising early tissue response and good biocompatibility of ACP and
Sr-ACP enriched scaffolds were demonstrated in a subcutaneous mouse model. In a goat
osteochondral defect model, significantly more bone was observed at 6 months with the
treatment of Sr-ACP enriched scaffolds compared to scaffold-only, in particular in the
weight-bearing femoral condyle subchondral bone defect. Overall, the incorporation of
osteogenic Sr-ACP granules in Col/Col-Mg-HAp scaffolds showed to be a feasible and
promising strategy to improve subchondral bone repair.

Keywords: tissue engineering; regenerative medicine; osteochondral defect; amorphous
calcium phosphate; strontium
—3» Addition of Sr-ACP into a ColiCol-Mg-HAp scaffold improves its bone repair capacity
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Incorporating Sr-ACP to improve subchondral bone repair

1. INTRODUCTION

Pain and restriction-free movement of joints is possible when the osteochondral unit is
well preserved. The native osteochondral unit is composed of two main tissue types:
articular cartilage and subchondral bone which are connected via calcified cartilage.
Healthy articular cartilage ensures joint lubrication and stress reduction, and the
subchondral bone is crucial for underlying mechanical support. These functions can be
altered if the complex structure of the osteochondral unit is damaged by traumatic
injuries, chronic diseases, and age-related degeneration. Endogenous osteochondral
defect repair is limited due to the lack of a vascular/nerve supply in the cartilage and the
complex multiphasic structure of the osteochondral unit [1,2]. Due to its limited self-
healing capacity, osteochondral defects may progress into osteoarthritis without effective
and timely intervention. To regenerate osteochondral tissue in the lesion site, surgical
interventions, such as autologous chondrocyte implantation, osteochondral grafting, and
microfracture have been extensively applied. Regenerated tissue, however, mainly
consists of a mixture of fibrous tissue and fibrocartilage [3,4], leading to poor resistance to
shear forces and deterioration at long-term follow-up [5,6].

To improve osteochondral tissue repair, biomaterial-based scaffolds have shown
promising results in regenerating damaged tissues. To mimic the native osteochondral
composition and structure, biomaterial-based bilayered scaffolds have been developed
and tested [7]. Among these, a scaffold with a superficial collagen-only layer and a deep
layer of collagen mixed with magnesium-containing hydroxyapatite (Mg-HAp) represents
a promising substitute [8,9]. Each side of the scaffold provides unique chemical (e.g.,
biomimetic chemical composition) and physical (e.g., stiffness, elasticity) cues for
chondrogenesis and osteogenesis. Specifically, collagen is a biologically derived protein
and therefore an efficient biomaterial to support cellular activities and promote
osteochondral repair [10]. Next, bioactive magnesium (Mg) ions have been introduced in
the mineral phase of HAp to enhance the affinity of HAp with natural bone and promote
an increase in cell osteogenic activity [11]. Clinically, this collagen/collagen-magnesium-
hydroxyapatite (Col/Col-Mg-HAp) scaffold has demonstrated good stability and clinically
relevant improvement in knee function [12-14]. However, subchondral bone repair
remained suboptimal in comparison to the cartilage repair capacity of this scaffold in
clinical follow-up [14]. The unrepaired subchondral bone may affect the biomechanical
properties of the osteochondral unit, which might lead to damage to the regenerated
overlying neocartilage and joint pain for the patient. Well-healed subchondral bone is,
therefore, critical to support long-term survival of the overlying neocartilage [15].

We hypothesize that addition of extra calcium phosphate (CaP) to the Col/Col-Mg-HAp
scaffold would enhance the regeneration of the subchondral bone. That extra CaP could
be the well-known hydroxyapatite (HAp, Cal0(PO4)6(0OH)2) which is a close chemical
analogue to the biological apatite present in bone [16]. However, the stoichiometric HAp,
in comparison with biological apatite, has low solubility and resorbability [17]. Limitations
of HAp could be overcome by additionally using amorphous calcium phosphate (ACP). ACP
is a hydrated CaP with an amorphous structure, allowing different Ca/P molar ratios (1.2-
2.2), and a high specific surface area [18,19]. The presence of an amorphous phase,
hydrated structure and high specific surface area of ACP are shared with the biological
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apatite [20], and it ensures ACP's bioactivity, solubility, and excellent adsorption properties
of biologically relevant ions and molecules [18].

As ACP's amorphous structure can accommodate other ions besides calcium and
phosphate [21], it can be modified to include other ions for an additional bone
regenerative effect. Bioinorganic ions such as strontium (Sr) are cost-effective and easy to
use as a local delivery tool [22] having less risk than bone morphogenetic protein (BMP)
strategies used for improved regeneration of bone [23]. Previously Sr has been introduced
in forms of a Sr ranelate drug or as a dopant in the biomaterial of choice [24-26], this
includes CaPs as well. On a cellular level, Sr ions have a dual mode of action: stimulation
of osteoblasts and inhibition of osteoclasts [27,28]. Sr promotes formation of extracellular
matrix (ECM) proteins produced by osteoblasts [29]. These effects might be useful in repair
of the subchondral bone as well. In the available studies the use of Sr containing
biomaterials in bone defect repair is already well established [22,30,31] and it leads to
improved or at least unchanged new bone formation compared to the Sr-free groups [32].
However, the specific effects of Sr and even ACP on subchondral bone regeneration are
still yet to be provided.

In particular, the combination of a recently developed ACP with high specific surface area
(>100 m?/g) [33-36] and Sr ions might provide excellent cues for ECM formation and
subchondral bone tissue regeneration through sustaining of an ion-rich
microenvironment. Upon contact with the biological environment, dissolution of
strontium, calcium and phosphate ions is expected, which are favouring cues for ECM
production and bone formation [37]. The Sr ion effect on chondrogenesis is less studied,
however, it has been found that the Sr ions upregulate cartilage-specific gene expression
and thus facilitate differentiation towards chondrogenic cell lineage [38,39].

In this study, we modified the synthesis technology of ACP for incorporation of Sr, and
developed a method to incorporate ACP/Sr-ACP granules into the Col/Col-Mg-HAp scaffold
(upper cartilaginous layer with the average 100-150 um pore diameter, the lower bony
layer with the average 250-450 um pore diameter [12]). Then we characterized
physicochemical properties and the in vitro cytocompatibility of ACP or Sr-ACP granules
and ACP/Sr-ACP enriched Col/Col-Mg-HAp scaffolds. To evaluate the osteogenic potential
in osteochondral defects, we first investigated the biocompatibility and osteogenic effect
of ACP/Sr-ACP enriched scaffold in an in vivo semi-orthotopic mouse model at the early
phases of repair. Finally, the osteogenic effect of the Sr-ACP enriched Col/Col-Mg-HAp
scaffold was investigated in vivo in a translational large animal (goat) osteochondral defect
model.

2. MATERIALS AND METHODDS
2.1. Synthesis of ACP and Sr-ACP

ACP and Sr-ACP granules used in the study were prepared from materials synthesized
according to a wet precipitation technology developed previously [34]. Here, the synthesis
technology was modified (use of calcium oxide instead of hydroxyapatite), and a novel
synthesis procedure of ACP/Sr-ACP was developed as described below.
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First, 2.71 g of CaO (calcined Ca(OH), (Jost Chemical Co., USA)) and 0.438 g of Sr(NOs)2
(Sigma-Aldrich, Germany) were mixed in deionized water (300 mL). The amount of Sr
within Sr-ACP was chosen to be 50x the maximum amount reported of Sr in bone mineral
(0.05 wt% [40] i.e., 2.5 wt%). The mixing was done with an overhead mixer MM-1000
(Biosan, Latvia) equipped with a propeller stirrer at 300-400 rpm at 20 + 2 °C. Then 14.48
mL of 2 M H3PO4 (75 %, “Latvijas Kimija” Ltd.) was admixed and the suspension was stirred
for 30 min. Next, 32.3 mL 3 M HCl (Merck EMSURE®, Austria) at a rate of 5 mL/min was
added. Resulting in dissolution of reagents, and thus a transparent solution containing
calcium, phosphate, strontium, and nitrate ions was obtained. Next, after 30 min the
mixing speed was increased to 450-550 rpm and an equimolar amount of 2 M NaOH
(Merck EMSURE®, Germany) was rapidly admixed to raise the pH and to induce
precipitation of Sr-ACP. Then the stirring was continued for another 5 min until the reading
of the pH electrode stabilized (pH 10-11). Next, the precipitated Sr-ACP was separated by
vacuum filtration. During the filtration, the Sr-ACP was washed with deionized water (1.5-
2.0 L) to remove any formed water-soluble by-products, e.g., NaCl, from the precipitates.
The presence of NaCl was tested by adding a few drops of 0.1 M silver nitrate to the
solution that had passed the filter. When the formation of an opaque precipitate was not
observed after the addition of the silver nitrate, it was considered that the solution did not
contain NaCl. Then, the washed Sr-ACP was transferred onto glass Petri dishes, spread
evenly, and dried at 80 °C for 1 h in a drying oven with forced air circulation (UFE 400,
Memmert, Germany). A schematic overview of the synthesis is shown in Figure 1. Synthesis
of ACP was analogous but without the addition of Sr(NOs).
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Figure 1. Schematic overview of the Sr-ACP synthesis procedure (top) and dry granulation technology
(bottom) for obtaining Sr-ACP granules.

2.2. Production and characterization of ACP and Sr-ACP granules

ACP/Sr-ACP granules were manufactured using dry granulation technology (Figure 1)
which involved milling of the synthesized ACP/Sr-ACP followed by sieving of the milled
material to the desired range of granule size. In brief, the dried ACP/Sr-ACP precipitates
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were in the form of flat agglomerates (< 3 mm thick). The agglomerates were manually
crushed in a mortar and further sieved using sieves and a vibratory sieve shaker Analysette
3 (Fritsch GmbH, Germany). The sieving resulted in ACP/Sr-ACP granules in a size range of
100-150 pum. The debris that was formed during granulation was removed by rinsing the
granules with ethanol (96 %). The rinsed granules were dried in a drying oven (UFE 400,
Memmert, Germany) with forced air circulation at 80 °C (3 h). The manufactured ACP/Sr-
ACP granules were characterized for their physicochemical properties as described below.

Phase composition of the synthesized ACP/Sr-ACP products was analysed using x-ray
diffraction (XRD) with an X'Pert Pro (Malvern Panalytical B:V., The Netherlands)
diffractometer. The diffractometer was equipped with a Cu tube run at 40 kV and 30 mA.
In the path of diffracted x-rays, a Ni filter was installed to minimize Cu Kp radiation. The
XRD patterns were acquired in 2Theta range 10-70° with a step size of 0.0334° and time
per step of 30.48 s. Powdered samples were put on a front-loading sample holder with a
low background Si insert.

Information about chemical groups was gathered using a Fourier-transform infrared
spectrometer (Varian 800 FT-IR, Scimitar Series, USA) in an attenuated reflectance (ATR,
GladiATR™, Pike technologies, USA) mode. Samples were finely ground and analysed in the
form of a powder. FT-IR spectra were obtained at 4 cm™ resolution co-adding 50 scans
over a range of wavenumbers from 400 cm™ to 4000 cm™. Before each FT-IR
measurement, a background spectrum was taken and later deducted from the sample
spectrum.

Specific surface area (SSA) of the granules was determined by using an N2 adsorption
system Quadrasorb S| Kr (Quantachrome Instruments, USA) with Autosorb Degasser AD-9
(Quantachrome Instruments, USA). Samples (0.5 g, n = 3) were degassed at room
temperature to remove any adsorbed volatiles. Calculation of the SSA was done according
to Brunauer-Emmett-Teller (BET) theory. Next, the calculated particle size (dger) was found
using the following equation: dger = 6000/(SSA x density), assuming particles to be
spherical.

Granule morphology was visualized using a field emission scanning electron microscope
(SEM) Mira (Tescan, Czech Republic). SEM imaging was done at an accelerating voltage of
5 kV with both scanning electron (SE) and backscattered electron (BSE) detectors. Before
the SEM imaging, samples were attached to sample holders with double-sided carbon tape
and then coated with a layer of gold using sputter coater K550X (Quorum technologies,
UK). Sputtering parameters were 25 mA for 180 s in an argon atmosphere with a sample
rotation to obtain a homogenous coating. Additionally, the scaffolds were analysed with
an energy dispersive x-ray spectrometer (EDS) X-MaxN 150 (Oxford Instruments, UK) to
obtain element distribution maps. To obtain element maps the electron gun was operated
at 15 kV. The mapping area was selected by drawing a rectangle over the image of the
sample. The EDS mapping was done with Inca software (Oxford Instruments, UK).

Strontium concentration in Sr-ACP granules was determined using an inductively coupled
plasma-optical emission spectrometry (ICP-OES, Thermo Scientific iCAP 7400, Waltham,
MA, USA). The sample was dissolved in nitric acid (65 v/v%). The content (ppm) in the
samples was determined by comparison with a predetermined standard curve. Sr (wt%)
was calculated on the basis of the sample weight.
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2.3. Preparation and characterization of ACP/Sr-ACP granule containing collagen/collagen-
magnesium-hydroxyapatite osteochondral scaffolds

Col/Col-Mg-HAp with/without ACP or Sr-ACP granules are biomimetic scaffolds that have
a porous, 3-dimensional composite structure. The scaffold is composed of two layers: the
cartilaginous layer consisting of Type | collagen and the bone layer consisting of a
combination of Type | collagen (60 %) and magnesium-hydroxyapatite (40 %, Mg-HAp).
Each layer of the scaffold was synthesized separately by a standardised process from an
atelocollagen aqueous solution (1 wt%) in acetic acid, isolated from equine tendon. The
upper non-mineralised chondral layer of the scaffold was obtained by dissolving an acetic
solution of Type | collagen in bi-distilled water by adding NaOH. The bone layer of the
scaffold was obtained by nucleating nanostructured Mg-HAp into self-assembling collagen
fibres, as occurs in the natural biological neo-ossification process. To stabilize the scaffold,
the fibrous structures were chemically cross-linked for 16 h at room temperature. After
chemical cross-linking, ACP or Sr-ACP granules were added through a deposition by
vacuum directly into the bone layer during the pre-filtration phase. The two layers were
superimposed and afterwards they are freeze-dried. Finally, the scaffolds were gamma
sterilized at 25 KGy.

ACP/Sr-ACP granule integration within the Col/Col-Mg-HAp scaffolds was evaluated using
SEM/EDS and micro-CT techniques. Prior SEM imaging and EDS element mapping samples
were cross sectioned with a scalpel. Further, the sample preparation procedure was the
same as described above for ACP/Sr-ACP granules alone (section 2.2).

Further micro-CT analysis of the scaffolds was performed with a micro-CT 50 instrument
(Scanco Medical, Wangen-Brittisellen, Switzerland). A sample holder with a diameter of
14 mm was used in which the scaffold was fixed with PU foam. Parameters of micro-CT
control file were: energy 70 KV; intensity 114 pA; resolution - native; field of view 15.2 mm;
voxel size 3.4 um; integration time 2000 s. Scans were done under a 0.5 mm thick Al filter.
The instrument was calibrated against a hydroxyapatite phantom.

2.4. In vitro cytotoxicity

To assess the possible cytotoxicity of the developed ACP/Sr-ACP granules and scaffolds,
the in vitro cell viability was assessed. Granules or scaffolds were incubated in Dulbecco's
Modified Eagle Medium high glucose (DMEM, high glucose, Gibco, Waltham, MA, USA)
supplemented with 10 % fetal bovine serum (FBS, Gibco, Waltham, MA, USA) under gentle
agitation for 24 h at 37 °C to obtain extracts. An extraction ratio of 0.2 g/mL for granules
and 3 cm?/mL for scaffolds was considered, according to ISO 10993-12. Balb/c 3T3 clone
A31 were seeded at 15,000 cells/cm? then incubated for 24 h at 37 °C before exposition to
the extracts. 30 % Sr-ACP/Sr-ACP granules (in weight of the scaffold) will be incorporated
into the scaffold. And 30 % Sr-ACP/Sr-ACP granules in weight of the scaffold are equivalent
to 8 % ACP or Sr-ACP extract dilutions. Therefore, cells were incubated in culture medium
with ACP or Sr-ACP extracts (25 % and successive dilutions 15 %, 8 % and 2.5 %) or scaffold
extracts (100 % and successive dilutions 40 %, 16 % and 6.4 %) for 48 h at 37 °Cin a
humidified atmosphere with 5 % CO,. Negative control (complete culture medium) and
positive control for cytotoxicity (Phenol) were run in parallel. At the end of the incubation
period, culture medium was removed and discarded. Cells were detached using trypsin
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solution. Then, a Trypan Blue solution with 10 % FBS was added. Living cells were counted
using a haemocytometer.

2.5. In vivo osteochondral defect mice model

To evaluate the biocompatibility and osteogenic capacity of ACP/Sr-ACP granules
incorporated into the Col/Col-Mg-HAp scaffold in vivo, a semi-orthotopic osteochondral
defect model established by our group was used (Figure 2A) [41]. In order to model several
larger critical sized bone defects using a small animal model, we created a semi-orthotopic
osteochondral defect model by implanting bovine osteochondral explants subcutaneously
in mice. Briefly, osteochondral defects (4 mm in diameter, 4 mm in depth) were created in
the explants (8 mm in diameter, 5 mm in height) harvested from metacarpal-phalangeal
joints of 6-8 months old calves (LifeTec, Eindhoven, The Netherlands) with a hand drill. The
osteochondral explants were cultured overnight in alpha-Minimum Essential Medium (a-
MEM; Gibco, Massachusetts, USA) supplemented with 10 % fetal bovine serum (FBS,
Gibco, Massachusetts, USA), 50 pug/mL gentamycin (Gibco, Massachusetts, USA), and 1.5
pg/mL fungizone (Gibco, Massachusetts, USA). Then the osteochondral defects were fitted
with: (1) Col/Col-Mg-HAp scaffold-only (n = 6, osteochondral scaffold, Finceramica, Italy,
diameter: 4 mm, height: 4 mm), or (2) ACP enriched Col/Col-Mg-HAp scaffold (n = 7), or (3)
Sr-ACP enriched Col/Col-Mg-HAp scaffold (n = 7). All osteochondral explants were covered
with a circular 8 mm Neuro-Patch membrane (Braun, Melsungen, Germany) to prevent the
ingrowth of host cells from the top.

Mo il - -t
iMstisba Trpchinas Glﬁwﬂ'

. KR & ;

—

Eﬁg Sr-ACP ennchad scaffcid

WAl F?.mcgu,m

& months in vive

Figure 2. Schematic experiment setup of in vivo models. (A) In vivo osteochondral defect model in the mouse.
(B) In vivo osteochondral defect model in the goat.

Five 12-week-old NMRI-Fox1nu female mice (Taconic, New York, USA) were randomly
assigned and housed under specific-pathogen-free conditions with a regular day/night
light cycle. Food and water were available ad libitum. The mice were allowed to adapt to
the conditions of the animal facility for 7 days. The osteochondral explants were implanted
subcutaneously on the back of the mice under 2.5-3% isoflurane anesthesia (1000 mg/g,
Laboratorios Karizoo, Maharashtra, India). 4 osteochondral explants were implanted in 4
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pockets per mouse respectively. Staples (Fine Science Tools, Vancouver, Canada) were
used to close the incisions and were removed 1 week after implantation. To ensure pre-
and post-operative analgesia, the mice received a subcutaneous injection of 0.05 mg/kg
bodyweight of buprenorphine (lvidior, North Chesterfield, Virginia, USA) 1 h before surgery
and 6-8 h after surgery. Mice received a subcutaneous prophylactic antibiotic injection of
25 mg/kg body weight of Amoxicillin (Dopharma, Raamsdonksveer, Netherlands).

After 8 weeks, mice were euthanized by cervical dislocation under 2.5-3% isoflurane
anesthesia and the osteochondral explants were harvested. All the samples were fixed in
4 % formalin for 1 week for further processing. This animal experiment complied with the
ARRIVE guidelines and was approved by the Ethics Committee for Laboratory Animal Use
(AVD101002016991; protocol #EMC 16-691-05).

2.6. In vivo translational large animal osteochondral defect model

A validated preclinical large animal bilateral osteochondral defect model was used to
assess the osteogenic effect of the developed Sr-ACP enriched Col/Col-Mg-HAp scaffold. A
gender balanced (6 castrated male goats and 6 female goats) experimental unit of 12
skeletally mature Saanen goats (age: 2-3 years, weight: 35.8 + 6.6 kg) was subjected to a
bilateral arthrotomy under general anesthesia as described before [42-44]. In short: all
animals received a prophylactic antibiotic injection with amoxycillin clavulanic acid 8.75
mg/kg intramuscular (Noroclav, Norbrook, Ireland) and were intravenously sedated with
butorphanol (0.2 mg/kg, Butador, Chanelle Pharma, Ireland) and diazepam (0.2 mg/kg,
Diazemuls; Accord Healthcare, UK). A lumbosacral epidural block with lidocaine (2 mg/kg,
Lidocaine HCl 2 %, B. Braun Medical Inc., EU, Melsungen, Germany) and morphine (0.2
mg/kg, Morphine Sulphate 10 mg/mL, Kalceks, Latvia) was performed with the animal in
sternal recumbency. Anesthesia was induced with propofol IV to effect (max. 6 mg/kg,
Propofol-Lipuro 1 %, B. Braun Medical Inc., Melsungen, Germany) and was maintained
with isoflurane (Vetflurane, Virbac Animal Health, Suffolk, UK) in 100 % oxygen via a circle
rebreathing system. All animals received analgesia with meloxicam IV (0.5 mg/kg,
Rheumocam, Chanelle, Galway, Ireland); and morphine IV (0.2 mg/kg, Morphine sulphate,
Mercury Pharmaceuticals, Dublin, Ireland) 90 min after the epidural block.

An arthrotomy of each stifle joint was performed in dorsal recumbency using a lateral
parapatellar approach. Under constant irrigation with saline, a pointed 6 mm drill bit was
used to drill an approximate 3-4 mm deep non-weight-bearing defect in the transition of
the distal 1/3 to the middle 1/3 of the trochlear groove and in the central weight-bearing
part of the medial femoral condyle. Subsequently, a custom-made flattened drill bit and a
depth guide were used to create an exact flat 6 mm deep by 6 mm wide circular critical-
sized osteochondral defect in the non-weight-bearing and weight-bearing location. The
joint was flushed with saline to remove any debris, and the defects were press fit with a
similar-sized selected scaffold before surgical closure as described before. The left and
right stifle joints of each goat were randomly assigned to one of the two treatment groups
(within animal controlled) (Figure 2B): 1) Col/Col-Mg-HAp scaffold-only, and 2) Sr-ACP
enriched Col/Col-Mg-HAp scaffold.

Following surgery, postoperative analgesia was provided (meloxicam 5 days) and goats
were housed in indoor pens for daily postoperative welfare monitoring and scoring. Two
weeks postoperatively, following the removal of skin sutures, animals were released to
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pasture or loose housing (weather dependent) for the remainder of the study period with
daily health checks. An orthopaedic assessment (Table S1) was performed on the day of
humane euthanasia under sedation with a barbiturate overdose at the predetermined
endpoint at 6 months after surgery. Subsequently, all the joints, surrounding joint tissues,
and synovial fluids were scored (Table S2), dissected, and photographed (Body Canon EOS
R5, lens: Canon EF 100 mm /2.8 L Macro IS USM, flash: Macro Ring lite MR-14EX II).
Biopsies 1 cm by 1 cm square containing the entire osteochondral defects were harvested
with an oscillating saw.

This animal experiment complied with the ARRIVE guidelines. Ethical evaluation and
approval were provided by the Health Products Regulatory Authority of Ireland
(AE1898217/P142), the Animal Research Ethics Committee of University College Dublin
(AREC-18-17-Brama) and the Lyons Animal Welfare Board (Health, Husbandry and
Monitoring plans; 201,907).

2.7. Macroscopic assessment of osteochondral defect repair

The quality of defect repair was assessed semi-quantitatively using the International
Cartilage Repair Society (ICRS) macroscopic evaluation system (Table S3) [45] and a
macroscopic scoring system (Table S4) developed by Goebel et al. [46]. The ICRS scoring
system rates cartilage repair tissue as Grade IV (severely abnormal), Grade Il (abnormal),
Grade Il (nearly normal) or Grade | (normal). The Goebel Score describes articular cartilage
repair with five major evaluation categories. The quality of defect repair was scored
blinded on fresh samples by two independent assessors, and the scores were averaged for
further calculation. All the samples were fixed in 4 % formalin for 10 days after the
macroscopic assessment.

2.8. Micro-computed tomography of subchondral bone defect repair

The harvested samples underwent micro-CT scans (Quantum GX2, Perkin Elmer, USA) after
fixation in 4 % formalin ex vivo. For the bovine explants from the mouse model, the settings
were: energy 90 KV, intensity 88 pA, 18 mm FOV, 36 um isotropic voxel size. The micro-CT
scan settings for goat samples were: energy 90 KV, intensity 88 pA, 36 mm FOV, 72 um
isotropic voxel size. All the scans were under an x-ray filter of Cu (thickness = 0.06 mm)
and Al (thickness = 0.5 mm), and were calibrated using phantoms with a known density of
0.75 g/cm3, which were additionally scanned before and after each scan. A high-resolution
mode was set, and a scan time of 4 min was used. Image processing included modest Gauss
filtering (sigma = 0.8 voxel, width = 1 voxel) and segmentation using a single threshold. A
cylindrical region (4 mm diameter and 5 mm height) in the defect was selected as a volume
of interest (VOI). In this VOI the following morphometric parameters were measured: bone
volume per total volume (BV/TV), trabecular thickness (Th-Th), trabecular number (Th-N),
and trabecular separation (TB.Sp). Morphological analyses were performed using IPL
(Scanco Medical AG, Wangen-Brittisellen, Switzerland).

2.9. Histology of osteochondral defect repair

After micro-CT scanning, the bovine osteochondral explants from the mouse model were
decalcified using 10 % ethylenediaminetetraacetic acid (EDTA) for 4 weeks. The goat
samples were decalcified for 3 weeks using 10 % formic acid. Subsequently, all samples
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were embedded in paraffin and sectioned in 6 um thin sections. To study general cell and
tissue morphology, H&E staining was performed with Hematoxylin (Sigma, Saint Louis,
USA) and Eosin Y (Merck, Kenilworth, USA). Safranin-O staining was performed with 0.1 %
Light green O (Fluka, Buchs, Switzerland) and 0.1 % Safranin-O (Fluka, Buchs, Switzerland)
to visualize glycosaminoglycans in the extracellular matrix (ECM). To demonstrate the
osteoclasts in the defects, Tartrate-resistant acid phosphatase (TRAP) staining was
performed. Briefly, dewaxed sections were pre-incubated in sodium acetate (Sigma, Saint
Louis, USA) and L (+) tartaric acid (Acros Organics, NJ, USA) buffer at room temperature for
20 min. Then naphthol AS-BI phosphate (Sigma, Saint Louis, USA) and fast red TR salt
(Sigma, Saint Louis, USA) were added to the buffer and the slides were further incubated
for 3 h at 37 °C. To discriminate between calcified and non-calcified osteochondral tissue,
RGB staining was performed using Alcian Blue (Sigma, Saint Louis, USA), Fast Green (Sigma,
Saint Louis, USA), and Picrosirius Red (Sigma, Saint Louis, USA).

NDP Software View2 (version 2.8.24, 2020 Hamamatsu Photonics K:K.) was used to
measure the tissue volume in the osteochondral defect at three sections that were taken
at the centre of the defect, and 0.5 mm and 1 mm from the centre for bovine explants
from the mouse model or at the centre of the defect for the goat samples (Supplementary
Figure S1). The percentage of the defect covered with newly formed osteochondral tissue
was calculated (Supplementary Figure S2). Tissue volume in goat samples was
independently measured by two investigators blinded to the experimental condition. The
measurements of the two investigators were averaged for each section.

2.10. Statistical analysis

All statistical tests were performed using SPSS software 28.0 (SPSS inc., Chicago, USA).
Comparisons in cytotoxicity assessment were analysed by a Kruskal-Wallis test. Multiple
comparisons between scaffold-only, ACP enriched scaffold and Sr-ACP enriched scaffold
groups in bovine explants from the mouse model were analysed by a One-Way ANOVA
test or a Kruskal-Wallis test (depending on normality tested by a Shapiro-Wilk test).
Statistically significant differences between the scaffold-only group and the Sr-ACP
enriched scaffold group, or between trochlear groove and femoral condyle groups in goat
samples were determined by a Paired T test or a Wilcoxon signed-rank test (depending on
normality tested by a Shapiro-Wilk test). A p-value < 0.05 was considered statistically
significant.

3. RESULTS
3.1. Characterization of ACP/Sr-ACP granules

The modified wet precipitation technology successfully yielded ACP and Sr-ACP materials.
An overview of ACP/Sr-ACP granule physicochemical characteristics are given in Table 1,
Figure 3, Figure 4. The XRD patterns confirmed the amorphous character of the obtained
products (Figure 3A). The experimental Sr concentration of Sr-ACP (Table 1) was
determined with ICP-MS at 2.49 + 0.04 wt% (n = 3), which compared well with the
theoretical value of 2.5 wt%. SEM-EDS mapping of chemical elements demonstrated
homogenous Sr distribution within the Sr-ACP granules (Figure 4C and D). The FT-IR spectra
demonstrated the hydrated and carbonated nature both of ACP and Sr-ACP (Figure 3B).
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Introduction of Sr ions in the given concentration for the as-synthesized materials did not
reveal any structural changes that could be observed with XRD and FT-IR. Additionally, XRD
and FT-IR measurements were performed on the same materials 3.5 years after
manufacturing to check stability of the amorphous phase (Figure 3C and D). The obtained
XRD patterns demonstrated that ACP has started to crystallize while Sr-ACP has remained
amorphous. In the FT-IR spectra of ACP, phosphate band shifts from 1002 cm™ to 1010
cm™t and from 549 cm™ to 554 cm™ were detected in parallel with the appearance of a
band shoulder at 594 cm™ for the 3.5-year-old sample. The band shoulder at 594 cm™
confirms crystallization of ACP to some extent as already demonstrated by the XRD data
as splitting of phosphate bands around 1000 cm™ and 550 cm™ usually indicates
crystallization of ACP materials [47]. The specific surface area of both ACP and Sr-ACP
granules was high (>100 m?/g) with particle size dger being 20-21 nm (Table 1). The dry
granulation technology produced irregular shape granules with sharp edges (Figure 4A and
B). The sharp edges of the granules originate from the milling of the ACP agglomerates.
Granule surfaces at the macro level were smooth and non-porous. By measuring granule
dimensions from the SEM images, an average value of the experimental granule size was
determined to be 187 + 35 um (at least 100 granules were measured for each sample).
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Figure 3. Phase and chemical group composition of ACP and Sr-ACP. (A) XRD patterns showing wide
diffraction maxima indicative of the amorphous phase of the as-synthesized ACP and Sr-ACP, (B) FT-IR spectra
demonstrating chemical group information, hydrated and amorphous nature of ACP and Sr-ACP, (C) XRD
patterns and (D) FT-IR spectra of ACP and Sr-ACP after 3.5 years of storage in air at room temperature (20 +
2 °C) in a sealed container.
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Figure 4. Morphology and chemical element distribution of ACP and Sr-ACP granules. SEM images of ACP
(A) and Sr-ACP (B) irregularly shaped granules. SEM-EDS element maps of selected ACP (C) and Sr-ACP (D)
granules demonstrate homogenous chemical composition, where each material's main elements are shown.

Table 1. Values of Sr concentration, specific surface area (SSA), and calculated particle size dger for ACP
and Sr-ACP granules.

Srconc., wt%  SSA, m?/g  dger, nm

ACP 0.01 113+2 21

Sr-ACP  2.49+0.04 115+2 20

The final step of the granule production was granule washing with ethanol to remove any
debris that may have originated from the granulation process. To assess whether the
rinsing procedure has an impact on the structure of the ACP materials, granules were
characterized with FT-IR (Supplementary Figure S3). No differences in FT-IR spectra of ACP
granules before and after the rinsing with ethanol were detected.

Before in vitro and in vivo experiments, materials must be sterilized; in this study, gamma
irradiation was used. To ensure amorphous granule composition remained unaffected

125



Chapter 4

post-sterilization, phase and chemical composition were analysed using XRD and FT-IR.
Obtained results demonstrated that gamma irradiation sterilization of ACP granules was
effective, with no detectable changes in composition or crystallinity (Supplementary Figure
S4).

3.2. ACP/Sr-ACP granule containing Col/Col-Mg-HAp scaffolds

The addition of ACP/Sr-ACP granules to the Col/Col-Mg-HAp scaffold is an additional step
for the manufacturing process of the scaffolds. The newly developed ACP/Sr-ACP granule
containing Col/Col-Mg-HAp scaffolds were examined with two-dimensional SEM and
three-dimensional micro-CT analyses to assess granule 3D distribution within the ACP
granule containing scaffolds. The Sr-ACP granules were well and homogeneously
distributed in the bottom layer of scaffold (Figure 5A). The SEM image (Figure 5B) shows
the bilayered structure of the scaffold as well: collagen-only layer on top and Col-Mg-HAp-
Sr-ACP layer on the bottom. Both layers of the freeze-dried scaffold have a porous
structure, which is governed by collagen. In the bottom layer the incorporated micron-
sized Sr-ACP granules can be seen, while the nanoparticles of Mg-HAp cannot be visualized
at given magnification. The shown SEM-EDS element maps of Ca, P, Sr, C, and Mg of Sr-
ACP enriched Col/Col-Mg-HAp scaffolds (Figure 5C) and ACP enriched Col/Col-Mg-HAp
(supplementary Figure S5) demonstrate localization of the chemical elements within the
scaffolds. EDS element maps of the same area (Figure 4C) confirm the presence of the Sr-
ACP granules as well. As Ca and P are the main constituents of Sr-ACP, the high contrast
areas in Ca and P element maps match Sr-ACP granule placement in the SEM image (Figure
5B). The presence of Sr is detected as well. The EDS map of Mg designates the location of
the biomimetically deposited Mg-HAp nanoparticles onto the fibers of the collagen
scaffold's bottom layer (Figure 5C). The EDS map of C demonstrates the presence of
collagen throughout the mapped area; higher intensity area of C s visible for the top layer
which contains only collagen and no calcium phosphates (Figure 5C). SEM inspection of Sr-
ACP granule containing scaffolds showed that the granules have a good compatibility with
the scaffold's main component - collagen. SEM images (Figure 5D), showed that the ACP
granules were incorporated in the collagen fibers of the scaffold. Collagen fibers were
attached to the surface of the granules and stretched across it.
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Figure 5. Characterization of Sr-ACP enriched Col/Col-Mg-HAp scaffold. Representative three-dimensional
micro-CT image (A) of Sr-ACP granule containing Col/Col-Mg-HAp scaffold. SEM image in backscattered
electron (BSE) detector mode (B) of cross-section of the Sr-ACP granule containing Col/Col-Mg-HAp scaffold,
where the top layer is collagen and the bottom layer is Col-Mg-HAp layer enriched with Sr-ACP granules, and
where the drawn rectangle marks EDS mapping area. EDS element (Calcium, Ca - yellow, Phosphorus, P -
green, Strontium, Sr - light blue, Magnesium, Mg - red, Carbon, C - magenta) maps (C) of the scaffold
visualized on (B), where the dashed line shows the border between both layers and the brightest areas in Ca
and P maps represent positions of the Sr-ACP granules SEM images of Sr-ACP granule containing scaffold (D)
where single ACP granule (left) and close-up view of the surface of the Sr-ACP granule covered in collagen
fibers (right) is shown.
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3.3. Cytotoxicity assessment

The in vitro cell viability was assessed to evaluate the possible cytotoxicity of the
developed ACP/Sr-ACP granules. The 25 %, 15 %, 8 % and 2.5 % dilutions of extracts that
were harvested after 24-h incubation of ACP or Sr-ACP (2.49 wt% Sr) granules were not
cytotoxic (Figure 6A). To assess the biocompatibility of ACP or Sr-ACP enriched Col/Col-
Mg-HAp scaffolds, scaffolds with 30 wt% ACP or Sr-ACP granules were prepared for
cytotoxicity assessment. 100 % extracts from all the scaffolds were cytotoxic, and ACP or
Sr-ACP enriched Col/Col-Mg-HAp scaffolds reached a non-cytotoxic level from dilution 16
% (Figure 6B).
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Figure 6. Cytotoxicity of the developed ACP/Sr-ACP granules and scaffolds. Cytocompatibility evaluation of
Balb/c 3T3 clone A31 cells exposed to ACP/Sr-ACP granules extraction (A, n = 4) and ACP/Sr-ACP enriched
scaffold extraction (B, n = 3). Cell viability (%) is the ratio of test condition and negative control. Negative
control is complete culture medium only. Phenol was added in the positive control. **P < 0.01, *P < 0.05
compared to negative control.

3.4. Effect of ACP and Sr-ACP addition to the scaffold on osteochondral defect repair in an
in vivo mouse subcutaneous model
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An in vivo early osteochondral repair phase semi-orthotopic mouse model was used to
assess the in vivo compatibility and osteogenic effect of ACP or Sr-ACP enriched Col/Col-
Mg-Hap scaffolds. After 8 weeks, remnants of the collagen-only layer were observed in the
cartilage region of the defect, while the Col-Mg-HAp layer in the subchondral bone defect
was mostly degraded and replaced by bone-like tissue (Figure 7A). Notably, ACP or Sr-ACP
granules can still be seen after 8 weeks, and were well distributed in the newly formed
tissues (Figure 7A). Some osteoclasts attaching to the granules in the bone tissue were
demonstrated by TRAP staining (Figure 7A). The subchondral bone defects were filled with
newly formed osteochondral tissue, indicating good biocompatibility and osteogenic
property of ACP and Sr-ACP granules. Slightly more osteochondral repair tissue was found
in the osteochondral defects loaded with Sr-ACP enriched scaffolds (89.3 + 7.2 %)
compared to the scaffold-only (87.2 + 11.1 %) or ACP enriched scaffolds (80.2 + 21.5 %),
although no significant differences in tissue volumes were found (Figure 7B).
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Figure 7. ACP and Sr-ACP showed a good biocompatibility for osteochondral repair in vivo. (A)
Representative images of the 8-week repair constructs stained with H&E (Hematoxylin and Eosin), RGB
(Alcian Blue, Fast Green, and Picrosirius Red) and Tartrate-resistant acid phosphatase (TRAP) staining. Scale
bars indicate 1 mm and 100 um, respectively. NC: native cartilage; C: newly formed cartilage-like tissue; B:
newly formed bone-like tissue; S: remnants of the scaffolds; *: ACP or Sr-ACP granules. (B) The percentage of
tissue volume calculated in the osteochondral defects (OCD). The repair tissue volume was expressed as mean
+ standard deviation (SD). No significant difference was found among the three conditions.

3.5. Effect of Sr-ACP on osteochondral defect repair in an in vivo large animal translational
model

3.5.1. Clinical observations and scaffold implantation

The Sr-ACP enriched Col/Col-Mg-HAp scaffold demonstrated good repair in the mouse
model and therefore the osteogenic capacity of Sr-ACP granules was further investigated
in a validated translational goat osteochondral defect model in the knee. Scaffolds were
successfully implanted into osteochondral defects created in the trochlear groove (a non-
weight-bearing location) and the medial femoral condyle (a weight-bearing location) of
both knees. All animals recovered well postoperatively except for one goat that died 2
weeks post-surgery due to clostridium disease unrelated to the surgery or the experiment.
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The macroscopic appearance 2 weeks post-surgery showed that scaffolds were stable at
both medial femoral condyle and trochlear groove osteochondral defect sites
(Supplementary Figure S6A). The two layers of the scaffold can clearly be seen in the
osteochondral defects histologically at two weeks (Supplementary Figure S6B). Another
two goats died at 4- and 5-months post-surgery, again caused by clostridium disease
despite vaccination and unrelated to the surgery and the experiment. The remaining eight
goats were in good health throughout the study. At the predetermined 6-month endpoint
the orthopedic exam demonstrated normal locomotion and excellent joint mobility in all
goats.

All the joints, surrounding joint tissues, and synovial fluid were scored macroscopically on
opening of the joints. There was no evidence of inflammatory responses or construct
delamination in the treated joints at the time of retrieval. No joint swelling, effusion,
mobility abnormalities or adhesions were found. Synovial fluid and membrane were
normal and no indications of patellar instability/luxation were found.

3.5.2. Tissue repair in the osteochondral defects

The samples from the goats that unexpectedly died at 4 and 5 months post scaffold
implantation revealed that the scaffolds had been degraded completely, and the
osteochondral defects were mostly filled with repair tissue demonstrated by H&E,
Safranin-O and RGB staining (Supplementary Figure S7). Overall, at 6 months, well-
structured subchondral trabecular bone was observed in most trochlear groove and
femoral condyle subchondral bone defects demonstrated by reconstructed micro-CT
images, macroscopic sectional view and histology (Figure 8, Figure 9, Supplementary
Figure S8). Reconstructed subchondral bone defect images showed an area with no
trabecular bone either underneath or at the bottom of the defects unrelated to the defect
location or the scaffold type. Histological images demonstrated that these areas found in
micro-CT images were filled with bone marrow and were dissimilar to cysts.

In the non-weight-bearing trochlear groove location reconstructed micro-CT images
showed no significant difference in the BV/TV, Tb. Th, Th. N and Tb. Sp within animals
between subchondral bone defects filled with scaffold only or Sr-ACP enhanced scaffolds
(Figure 8A and B). The macroscopic cross-sectional view and histology further confirmed
the well-repaired subchondral bone (Figure 9C). Bone-like tissue (including the bone
marrow) was quantified on RGB stained histology. After 6 months, slightly more bone
tissue (98.0 £ 29.0 % vs. 92.7 £ 11.9 %, P = 0.499) was found in the subchondral bone
defects when the Sr-ACP was incorporated into the scaffolds compared to the scaffold-
only, although no statistically significant difference was found (Figure 9D).

In the weight-bearing femoral condyle location no significant difference in the BV/TV, Th.
Th, Tb. N, and Th. Sp was observed at 6 months within animals between subchondral bone
defects filled with scaffold only or Sr-ACP enhanced scaffolds (Figure 9A and B). Overall,
96.9 + 3.8 % (scaffold-only group) and 96.0 + 5.6 % (Sr-ACP enriched scaffold) of the
subchondral bone defects were filled with osteochondral tissue (Figure 8C and D).
However, when looking specifically at the study target, the bone layer of the osteochondral
unit, significantly more bone tissue was found (P = 0.029, Figure 8D) in the subchondral
defects loaded with Sr-ACP enriched scaffold (88.6 + 7.6 %) compared to scaffold-only
(76.7 £ 11.4 %).
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Figure 8. Tissue repair in the trochlear groove defect sites. (A) Representative micro-CT reconstructions
treated with either scaffold-only or Sr-ACP enriched scaffold. Samples with most, average, and least bone
volume are presented. The scale bar indicated 2 mm. (B) BV/TV, trabecular thickness (Tb. Th [mm]),
trabecular number (Tb. N [1/mm]), and trabecular separation (Th. Sp [mm]) in the bone defects after 6
months. Blue circles indicate castrated male goats, orange squares indicate female goats. The box plots
indicate the minimum, first quartile, median, third quartile, and maximum. No significant difference was
found between the two conditions. (C) RGB (Alcian Blue, Fast Green, and Picrosirius Red) staining and
macroscopically sectional view of osteochondral defects treated with either scaffold-only or Sr-ACP enriched
scaffold. H&E staining and Safranin-0 staining of the same samples are presented in Supplementary Figure
S8. Samples with most, average, and least bone-like tissue in bone defects are presented. White squares
indicated 6%6 mm osteochondral defects. Black arrows indicated the structure with only bone marrow. The
scale bar indicates 5 mm. (D) The percentage of tissue volume calculated in the subchondral bone defects
(BD). The repair tissue volume was expressed as mean + standard deviation (SD). (E) The percentage of tissue
volume calculated in the cartilage defects (CD). The repair tissue volume was expressed as mean * standard
deviation (SD). No significant difference in tissue volume in both cartilage defects and bone defects was found
between the two conditions.
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Figure 9. Tissue repair in the femoral condyle defect sites. (A) Representative micro-CT reconstructions
treated with either scaffold-only or Sr-ACP enriched scaffold. Samples with most, average, and least bone
volume are presented. The scale bar indicates 2 mm. (B) BV/TV, trabecular thickness (Tb. Th [mm]), trabecular
number (Th. N [1/mm)]), and trabecular separation (Tb. Sp [mm]) in the subchondral bone defects after 6
months. Blue circles indicate castrated male goats, orange squares indicate female goats. The box plots
indicate the minimum, first quartile, median, third quartile, and maximum. No significant difference was
found between the two conditions. (C) RGB (Alcian Blue, Fast Green, and Picrosirius Red) staining and
macroscopic images of osteochondral defects treated with either scaffold-only or Sr-ACP enriched scaffold.
H&E staining and Safranin-O staining of the same samples are presented in Supplementary Figure S8.
Samples with most, average, and least bone-like tissue in bone defects are presented. White squares
indicated 6*6 mm osteochondral defects. Black arrows indicated the structure with only bone marrow. The
scale bar indicated 5 mm. (D) The percentage of tissue volume calculated in the subchondral bone defects
(BD). The repair tissue volume was expressed as mean #* standard deviation (SD). *P < 0.05 in cartilage-like
tissue, #P < 0.05 in bone-like tissue. (E) The percentage of tissue volume calculated in the cartilage defects
(CD). The repair tissue volume was expressed as mean + standard deviation (SD). No significant difference in
tissue volume in cartilage defects was found between the two conditions.
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Interestingly, more bone-like tissue was regenerated in the trochlear groove subchondral
bone defect sites compared to the medial femoral condyle subchondral bone defect sites
when scaffold-only (92.7 £ 11.9 % vs. 76.7 £ 11.4 %, P = 0.062) or Sr-ACP enriched scaffolds
(bone-like tissue: 98.0 £ 2.9 % vs. 88.6 + 7.6 %, P = 0.025) were implanted in the
osteochondral defects.

The cartilage part of the defects treated with either scaffold was repaired well with good
integration into the surrounding native tissue macroscopically at 6 months post-
implantation (Supplementary Figure S9). Only small, scattered fissures or cracks were
observed on some surfaces of the defects and no noticeable depressions were observed
overall. In trochlear groove defects (Supplementary Figure S9A), the macroscopic ICRS and
Goebel scores for the scaffold-only group had a median score of 10.19 £ 1.65 out of 12 and
17.19 + 3.39 out of 20, respectively (Supplementary Figure S9B). All the samples were
classified as normal (grade I) or nearly normal (grade Il) cartilage except for one sample
(grade Ill). For the Sr-ACP enriched scaffold group, the macroscopic ICRS and Goebel scores
were 9.50 + 2.98 and 16.63 + 3.93, respectively (Supplementary Figure S9B). Two defects
repaired with the Sr-ACP enriched scaffold were classified as abnormal (grade Ill).
Macroscopic assessment of femoral condyle defects repaired (Supplementary Figure S9C)
with the scaffold-only resulted in median ICRS scores of 10.13 + 0.83, and median Goebel
scores of 18.69 + 0.37 at 6 months (Supplementary Figure S9D). The defects fitted with the
Sr-ACP enriched scaffold were scored median ICRS scores of 9.94 + 1.27, and median
Goebel scores of 18.56 + 1.02 (Supplementary Figure S9D). All the samples were classified
as nearly normal (grade II) cartilage. Overall, no significant difference was observed in
cartilage repair between these two conditions with both scoring systems. Histologically,
cells with a rounded morphology within the cartilage region were found residing within
lacunae and with alignment typical of native cartilage. Both scaffolds demonstrated
cartilaginous tissue formation by positive GAG staining on RGB (Figure 8, Figure 9C) and
Safranin-O (Supplementary Figure S8) but no significant differences could be found
between the scaffolds (Figure 8, Figure 9E).

4. DISCUSSION

The main finding of this study is that the addition of Sr-ACP granules into a clinically used
osteochondral scaffold is a feasible and effective strategy to improve its bone repair
capacity in in vivo osteochondral defects. The subcutaneous mouse osteochondral defect
model demonstrated good biocompatibility and an overall good early tissue response of
both ACP and Sr-ACP enriched Col/Col-Mg-HAp scaffolds, whereas a better bone formation
was obtained in subchondral bone defects treated with the Sr-ACP enriched scaffolds in a
weight-bearing subchondral bone defect at 6 months in a translational goat model.

The new strategy proposed in this study is based on the modification of a clinically used
Col/Col-Mg-HAp scaffold through the incorporation of ACP or Sr-ACP granules with a high
specific surface area (>100 m?/g) and a hydrated and carbonated nature. A simple, fast,
cost-effective, and scalable method for the preparation of ACP was used in this study and
further modified for the preparation of Sr-ACP. Further, the manufactured ACP or Sr-ACP
granules with a large specific surface area and hydrated and carbonated nature were well
distributed in the Col/Col-Mg-HAp scaffold. Due to the potent effects of calcium and
phosphate ions on bone cells, and their presence in large quantities in bone tissue, calcium
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phosphates (CaPs) are of high interest in the bone repair biomaterial field [48]. ACP is
involved in the early stages of bone mineralization [49] and the formation of complex CaP
structures during bone mineral shaping and structuring [48,50]. Previous studies on ACP
have demonstrated excellent biocompatibility and bioactivity of this product in vitro [51]
as well as good biodegradability, osteoconductivity, and osteogenic potential also in in vivo
osteochondral defect models [52,53]. On the other hand, the main inorganic component
of bone is low crystalline apatite that highly resembles the chemical structure of HAp [54-
56]. The addition of HAp into the bone layer can further improve the osteogenic potential
of a collagen-based scaffold in vivo [57-61]. Therefore, the combination of ACP and HAp
materials in a biphasic manner was expected to improve bone regeneration in
osteochondral defects. The high crystallinity and stoichiometry of HAp contribute to rather
slow rates of dissolution, thereby improving mechanical properties of the scaffold and
long-term bone regeneration [62]. ACP, in the meantime, can favour the onset of bone
deposition in the early stages of remodelling with its high solubility and amorphous
structure [50].

In addition, we have successfully combined an alternative local Sr2* delivery carrier in the
form of ACP granules within the Col/Col-Mg-HAp scaffold to further improve bone
regeneration. Sr and Ca are chemically very similar in ion size and have the same charge
(+2) [63], thus Sr incorporation in calcium rich materials can be achieved. The majority of
in vitro studies support a dual effect of Sr?* on bone tissue: 1) stimulating bone formation
by increasing proliferation and differentiation of osteoblasts, and inhibiting their apoptosis
[24,64-66]; 2) hindering bone resorption by inhibiting the formation and differentiation of
osteoclasts and promoting their apoptosis [65-67]. Our in vivo mouse study showed good
osteochondral defect repair with ACP or Sr-ACP enriched scaffolds after 8 weeks with
osteoclasts attaching to the granules.

The possible structural transformation of ACP into other calcium phosphate compounds
raised problems for mass production, processing and storage [50]. The synthesis route for
the preparation of amorphous calcium phosphates we used in this study enabled stability
of ACP in air in a dried state for at least 7 months [34]. Trace amounts of various ions have
been corroborated to affect ACP transformation [68,69]. Mg?* is an effective inhibitor for
the ACP phase transformation by changing the internal structure of ACP and reducing
solubility [70-72]. Furthermore, Sr?* can stabilize ACP as well [68]. Interestingly, the
presence of Sr?* was reported to significantly enhance the stabilization effect of Mg?* on
ACP due to a synergic effect, which might be due to that Sr>* promotes the exclusion of
Mg during HAp nucleation from ACP [69]. In the current study, prolonged investigation of
ACP and Sr-ACP stability was performed. Sr-ACP with 2.5 wt% of Sr was found to have
amorphous phase stability in a dry state of at least 3.5 years while ACP without Sr
demonstrated signs of crystalline transformation. Therefore, a relatively stable phase of
ACP was expected in a Col/Col-Mg-HAp-Sr-ACP scaffold before implantation. After
implantation Sr-ACP/ACP granules eventually would transform into a poorly crystalline
calcium phosphate phase resembling bone mineral. Our in vivo studies demonstrated that
incorporated granules were still present after 8 weeks in mice, and were degraded after 4
months in goats, when there was already sufficient bone regeneration, although the
composition (Sr-ACP/ACP granules or calcium phosphate phase) of the granules found on
histology was not confirmed.

134



Incorporating Sr-ACP to improve subchondral bone repair

Here, the Col/Col-Mg-HAp scaffolds modified with ACP and Sr-ACP were investigated on
the sequential use for osteochondral defects in in vivo models, from a small animal model
to a translational large animal model. These two models, used together, allowed us to
investigate the possible effect of incorporating ACP or Sr-ACP into the Col/Col-Mg-HAp
scaffold used for osteochondral repair and to bring our approach a step closer to the
physiological and mechanical conditions in the human osteochondral environment. Firstly,
we confirmed biocompatibility and osteogenic properties of the modified Col/Col-Mg-HAp
scaffolds in the mouse model as the first screening. The semi-orthotopic model allows a
minimally invasive surgery and a multiple graft testing possibility [73], in line with the
increasing ethical requirements on animal experiments. The results showed that, after 8
weeks, the bone-like layer in the subchondral bone defect was mostly degraded and
replaced by bone-like tissue. The presence of repaired bone tissue together with the lack
of side effects in all the experimental groups demonstrated a safe and good repair capacity
of both ACP and Sr-ACP enriched scaffolds. In fact, both the native osteochondral Col/Col-
Mg-HAp scaffold and the incorporated inorganic granules have been shown to be
biocompatible and biodegradable [51-53,59,74,75]. The three treatment groups showed
the presence of repair tissue. There is no significant difference among the different
scaffolds. This indicates that the granule insertion did not interfere with the healing
process. The scaffold-only condition also demonstrated excellent bone healing after 8
weeks in the mouse model. Smaller animals tend to heal quickly if compared with larger
animals due to the intrinsic nature of osteochondral lesions [76]. Consequently, 8 weeks
represents a relatively late time point in this model. Therefore, considering the quick repair
response, and also the lack of synovial fluid, mechanical loading and complete immune
system in the mouse [73], the use of a more advanced translational large animal model,
suitable for comparison with human conditions, was a logical subsequent step. Thus, after
the preliminary evaluation in mice, the most promising scaffold modification, the addition
of Sr-ACP granules, was selected to be tested in a goat translational osteochondral defect
model.

The goat model is a fully immune competent model using outbred animals, and offers
advantages regarding joint size, cartilage and subchondral bone thickness, accessibility for
surgical procedures, and limited intrinsic healing capacity [77]. Sex-balance was included
in the experimental set up of this study as appropriate to enhance scientific rigor, but sadly
unexpected and experimental unrelated animal deaths prevented a sufficiently powered
analyses of sex differences. Therefore, no sex difference in subchondral bone repair was
observed. The validated goat model provides the opportunity to assess tissue regeneration
in paired knee joints within the same goat to reduce individual variation effects and
enhance statistical power (within animal controls). The model also allows studying two
different mechanical loading environments within the same joint. In particular, the
Col/Col-Mg-HAp and the Sr-ACP enriched Col/Col-Mg-HAp scaffolds were successfully
implanted in the trochlear groove, with no/low direct mechanical loading, and in the
medial femoral condyle, with direct mainly compressional mechanical loading [78]. In this
goat model, significantly more bone was regenerated after 6 months in the subchondral
bone defects of the biomechanically more challenging femoral condyle lesions when Sr-
ACP was incorporated into the scaffold compared to scaffold-only. In fact, during its
metabolism, bone incorporates and releases various trace elements (Na, Mg, Sr, Zn, Si etc.)
into the cellular microenvironment [63]. Similar element/ion release in the cellular

135



Chapter 4

microenvironment was expected when Sr-ACP was incorporated into the Col/Col-Mg-HAp
scaffold, where Sr¥*, Mg?*, Ca%*, and PO43~ should be released from the scaffold during the
healing process, favouring chemotaxis, scaffold colonization, and the cell mineralization
process, since this bone layer of the scaffold has a porous nano-structured composition
aimed at the efficient delivery of ions [37].

In this study, our primary objective was to improve subchondral bone repair of
osteochondral defects by incorporating newly developed Sr-ACP granules into the bone-
like layer of the Col/Col-Mg-HAp scaffold. The cartilage-like layer of this scaffold has
already been studied extensively and the excellent chondrogenic capacity of this Col/Col-
Mg-HAp scaffold has been confirmed [79-81]. Briefly, the cartilage layer that consists of
type | collagen-only demonstrated 3D support for the attachment and proliferation of
human MSCs. Human MSCs seeded on the cartilage part of this scaffold changed toward
chondrocytes, as evidenced by cell morphology and the formation of extracellular matrix
demonstrated by the synthesis of type Il Collagen (immunohistochemistry) and GAGs [79-
81]. In the presented study, the cartilage part of the defects treated with either scaffold
was repaired well with good integration into the surrounding native tissue, which is
consistent with previous in vitro, preclinical and clinical results [12-14,79-81].

The overall good osteochondral regeneration obtained with the scaffold-only may have
hindered the possibility to detect a significant improvement in this model, which did not
show the same criticalities observed in terms of osteochondral regeneration in humans. In
the more challenging and translational goat model, the incorporation of Sr-ACP into the
scaffold was significantly more effective in regenerating bone tissue compared to the
scaffold-only, as shown by the histological analysis. Overall, the scaffold-only and Sr-ACP
enriched scaffolds regenerated a similar volume of osteochondral tissues, which means
more cartilage-like tissue was present in the subchondral bone defect with the scaffold-
only. These cartilage-like tissues might be ossified afterwards. In other words, there might
be an acceleration effect of Sr-ACP at the earlier stage of repair. However, in this study,
bone repair at only one time-point was assessed in the goat model. Therefore, the early
cellular responsiveness that leads to a potential acceleration at this stage of repair, or long-
term osteogenesis, which is known to end within 10-12 months [82], was not investigated.
An effect could have been missed at its full extent by having a study focus of 6 months.
This may also explain how, unlike what was observed by histological analysis, no significant
difference in bone volume was found by micro-CT analysis.

5. CONCLUSION

Modification of the ACP structure with 2.5 wt% of Sr ensures prolonged amorphous phase
stability of Sr-ACP in the dry state for at least 3.5 years making it a more feasible
component of medical devices compared to pure ACP. Furthermore, the incorporation of
Sr-ACP granules improves the subchondral bone formation capacity of a Col/Col-Mg-HAp
scaffold in weight-bearing areas during osteochondral defect repair. We propose the use
of Sr-ACP granules in the bone layer of a bilayered osteochondral scaffold to enhance
osteochondral defect repair.
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SUPPLEMENTARY MATERIALS

Table S1: Clinical Orthopedic Assessment. This tool is to evaluate the clinical health of goat joints.

Parameter Variables Score
Lameness Walks normally

Slightly lame when walking
Moderately lame when walking

Severely lame when walking

Reluctant to rise and will not walk more than five paces
Joint mobility Full range of motion

Mild limitation (10-20%) in ROM; no crepitus

Mild limitation (10-20%) in ROM; with crepitus

Moderate limitation (20-50%) in ROM; tcrepitus

Severe limitation (>50%) in ROM; tcrepitus

Pain on knee None
palpation and Mild signs; Goat turns head in recognition
movement
Moderate signs; Goat pulls limb away
Severe signs; Goat vocalises or becomes aggressive
Goat will not allow palpation
Weight-bearing Equal on all limbs standing and walking

Normal standing; favours affected limb when walking
Partial weight-bearing standing and walking
Part. weight-bearing standing; non-weight-bearing walk
Non-weight-bearing standing and walking

Overall score of Not affected

clinical condition Mildly affected
Moderately affected

Severely affected

PN WA U, NWRE DR, NW S OO R, NOWD O R, NWPRAOWOMG

Very severely affected

N
v

Total score
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Table S2: Macroscopic joint Assessment. This tool is to evaluate the macroscopic normalization of goat
joints when the joints were opened.

Parameter Variables Score
Wound healing abnormal Yes 0
No 1
Swelling of soft tissues surrounding joints Yes 0
No 1
Effusion of the joints Yes 0
No 1
Patellar luxation Yes 0
No 1
Joint mobility abnormal Yes 0
No 1
Adhesions in the joint Yes 0
No 1
Erosions of the joint Yes 0
No 1
Synovial fluid abnormal Yes 0
No 1
Synovial membrane abnormal Yes 0
No 1
Lesion on the opposite cartilage surface Yes 0
(trochlear groove vs patella)
No 1
Lesion on the opposite cartilage surface Yes 0
(medial femoral condyle vs meniscus/tibia plateau) No 1
Total 0-11
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Table S3: International Cartilage Repair Society (ICRS) cartilage repair scoring system. This tool is to
evaluate the macroscopic appearance of cartilage repair tissue.

Parameter

Variables

Scores

Degree of defect repair

Integration to border
zone

Macroscopic
appearance

Overall

In level with surrounding cartilage
75% repair of defect depth
50% repair of defect depth
25% repair of defect depth
0% repair of defect depth
Complete integration with surrounding cartilage
Demarcating border <1 mm
% of graft integrated, % with a notable border > 1 mm
1/2 of graft integrated with surrounding cartilage,1/2 with a notable
border >1 mm
From no contact to % of graft integrated with surrounding cartilage
Intact smooth surface
Fibrillated surface
Small, scattered fissures or cracks
Several, small or few but large fissures
Total degeneration of grafted area
Grade | normal
Grade Il nearly normal
Grade Il abnormal
Grade IV severely abnormal

P NWRAORLPNWDD
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Table S4: A semi-quantitative macroscopic scoring system developed by Goebel et al. for the macroscopic

description of articular cartilage repair.

Parameter

Variables

Scores

Color of the repair tissue

Presence of blood vessels in the repair tissue

Degeneration of adjacent articular cartilage

Surface of the repair tissue

Percentage defect filling

Total Scores

Hyaline or white

Predominantly white (>50%)
Predominantly translucent (>50%)
Translucent

No repair tissue

No

Less than 25% of the repair tissue
25-50% of the repair tissue

50-75% of the repair tissue

More than 75% of the repair tissue
Normal

Cracks and/or fibrillations in integration zone
Diffuse osteoarthritic changes
Extension of defect into the adjacent cartilage
Subchondral bone damage

Smooth, homogeneous

Smooth, heterogeneous

Fibrillated

Incomplete new repair tissue (rough)
No repair tissue

80-100 %

60-80 %

40-60 %

20-40%

0-20 %

OFRPNWPAPORPNWPRORPRNWPAPAORNWRAMRORLNWDD

N
o
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Baving ostecchondral samples (lop view)
Goat ostecchondral samples (top view)

Supplementary Figure S1. Collection of sections from mouse model and goat model for histology.

Osteochondral samples from mouse model Osteochondral samples from goat model

Supplementary Figure S2. Example on defining the defect region, newly formed cartilage-like tissue
formation, bone-like tissue formation, fibrous-like tissue formation, remnants of the scaffold for
quantification. Scale bars indicated 2.5 mm.
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Supplementary Figure S3: FT-IR spectra of ACP granules before and after rinsing in EtOH to remove debris
resulted from dry milling process.
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Supplementary Figure S4: XRD patterns (A) and (FT-IR) spectra of ACP granules before and after y
sterilization.
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Supplementary Figure S5: Morphological and chemical characterization of ACP enriched Col/Col-Mg-HAp
scaffold. (A) SEM image in backscattered electron (BSE) detector mode of cross-section of the ACP granule
containing Col/Col-Mg-HAp scaffold, where the top layer is collagen and the bottom layer is collagen-Mg-
HAp layer enriched with ACP granules. EDS element (Calcium, Ca - red, Phosphorus, P - green, Magnesium,
Mg - dark green, Carbon, C - purple) maps of the scaffold visualized on (A), where the dashed line shows the
border between both layers and the brightest areas in Ca and P maps represent positions of the ACP granules.
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A B
‘Weight-bearng femornal condyls

Nor-waghl baating rochiaar groove
-
Supplementary Figure S6: (A) The macroscopic appearance of a femoral condyle defect and a trochlear

groove defect 2 weeks after implantation. (B) Two layers of the scaffold implanted in the femoral condyle
defect after 2 weeks (stained with Alcian Blue, Fast Green, and Picrosirius Red). The scale bar indicates 5 mm

and 100 um.
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Femoral condyle Trochlear groove
+Sr-ACP

Supplementary Figure S7: Osteochondral repair at 4- or 5-month post-surgery. RGB (Alcian Blue, Fast Green,
and Picrosirius Red) staining, H&E staining, and Safranin-0 staining of femoral condyle defects and trochlear
groove defects treated with either scaffold-only or scaffold + Sr-ACP.
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A

Scaffold-only

Supplementary Figure S8: Osteochondral repair at 6 months post-surgery. H&E staining and Safranin-O
staining of trochlear groove (A) and femoral condyle (B) defects treated with either scaffold-only or
scaffold + Sr-ACP. Samples with most, average, and least bone-like tissue in bone defects are presented. The
scale bar indicates 1 mm.
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Trochlear groove

Supplementary Figure $9: Macroscopic assessment of trochlear groove and femoral condyle defect repair.
(A) Representative examples of trochlear groove defect sites treated with scaffold-only or Sr-ACP enriched
scaffold after 6 months. Best, average, and worst samples were determined according to the ICRS scores. (B)
Macroscopic scores of repair tissue in the trochlear groove defects. (C) Representative examples of femoral
condyle defect sites treated with scaffold-only or scaffold with Sr-ACP after 6 months. Best, average, and
worst samples were determined according to the ICRS scores. (D) Macroscopic scores of repair tissue in
femoral condyle defects. The maximum score for ICRS is 12 (indicating the best), and the maximum score for
Goebel score is 20 (indicating the best).
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ABSTRACT

Despite promising clinical results in osteochondral defect repair, a recently developed bi-
layered collagen/collagen-magnesium-hydroxyapatite scaffold has demonstrated less
optimal subchondral bone repair. This study aimed to improve the bone repair potential
of this scaffold by adsorbing bone morphogenetic protein 2 (BMP-2) and/or platelet-
derived growth factor-BB (PDGF-BB) onto said scaffold. The in vitro release kinetics of
BMP-2/PDGF-BB demonstrated that PDGF-BB was burst released from the collagen-only
layer, whereas BMP-2 was largely retained in both layers. Cell ingrowth was enhanced by
BMP-2/PDFG-BB in a bovine osteochondral defect ex vivo model. In an in vivo semi-
orthotopic athymic mouse model, adding BMP-2 or PDGF-BB increased tissue repair after
four weeks. After eight weeks, most defects were filled with bone tissue. To further
investigate the promising effect of BMP-2, a caprine bilateral stifle osteochondral defect
model was used where defects were created in weight-bearing femoral condyle and non-
weight-bearing trochlear groove locations. After six months, the adsorption of BMP-2
resulted in significantly less bone repair compared with scaffold-only in the femoral
condyle defects and a trend to more bone repair in the trochlear groove. Overall, the
adsorption of BMP-2 onto a Col/Col-Mg-HAp scaffold reduced bone formation in weight-
bearing osteochondral defects, but not in non-weight-bearing osteochondral defects.

Keywords: tissue engineering; regenerative medicine; osteochondral lesion;
biocompatible materials; bone morphogenetic proteins; platelet-derived growth factor;
animal model; weight-bearing

@) in vitro release profile @ ex vivo osteochondral explants culture
Feelease kinetics of BMP-2 and POGF-BB from top and bottom layer.  gaaP.2 and FDGF-BB enhamced cell Ingrowth into oxteochondral defect.

ins
—

FIE

ps

"

B
(8) in vivo caprine model (3) in vivo semi-orthotopic mouse model
BMP-2 sdsorption imgaved bone repsir in non-weightbesring BMP-2 increased osteachondrsl tisue repair st early stage,

it gites but reduced bong repais in weightbearing defect sites. bist alightly worse tiun repair wad obisrsed with POGF-BB.

157






Effectiveness of BMP-2 and PDGF-BB on subchondral bone repair

1. INTRODUCTION

Osteochondral tissue is formed by two main tissue types: the articular cartilage, which
functions as a low-friction and wear-resistant surface, and the subchondral bone, which
plays a crucial mechanically supportive role [1]. Without effective and timely interventions,
damage to this osteochondral unit, caused by traumatic injury or disease, may progress to
osteoarthritis [2,3]. Bi-layered biomaterial scaffolds have been developed to restore the
structural and physiological properties of the entire osteochondral unit and, thus, to
support chondrogenesis and osteogenesis simultaneously [4,5]. As a biologically derived
protein, collagen is an efficient biomaterial to support cellular activities and promote
osteochondral repair [6,7,8]. The addition of hydroxyapatite (HAp) can improve the
osteogenic potential of a collagen-based scaffold in vivo, and magnesium ions (Mg?*)
induce osteogenic differentiation and osteoblast differentiation [9]. Preclinically, bi-
layered collagen/collagen-magnesium-HAp (Col/Col-Mg-HAp) scaffolds have successfully
reconstructed the articular cartilage and the subchondral bone in animal models
[10,11,12]. Clinical cohort studies also demonstrated the excellent stability of this scaffold
and clinical improvement in knee function [13,14,15]. However, subchondral bone repair
remained suboptimal in some clinical follow-ups in comparison to the cartilage repair
capacity of this scaffold [15], which may lead to altered biomechanical properties of the
osteochondral unit and thereby affect the long-term survival of the neo-cartilage [16]. This
might subsequently lead to renewed osteochondral damage and joint disease [17,18].

Incorporating factors that stimulate bone formation could be a promising approach to
overcome this limitation in bone regeneration capacity [19]. Bone morphogenetic protein
2 (BMP-2) has a vital role in osteogenesis and osteoclastogenesis [20,21] and is approved
by the Food and Drug Administration (FDA) as an osteogenic protein. The recruitment of
stem cells or osteoblasts is necessary for osteogenic initiation, and BMP-2 was reported to
facilitate cell ingrowth [22]. Platelet-derived growth factor (PDGF) is potent in stimulating
cell ingrowth, angiogenesis, and osteogenesis [23,24,25,26]. The delivery of BMP-2 and
PDGF onto biomaterials has been shown to provide an improvement in osteoblast function
and bone integration [27,28,29]. Therefore, it might be promising to adsorb BMP-2 and
PDGF-BB onto this Col/Col-Mg-HAp scaffold to improve bone healing.

This study aimed to evaluate the osteogenic effectiveness of BMP-2 or PDGF-BB
adsorption onto a Col/Col-Mg-HAp scaffold on bone repair in osteochondral defects. We
first assessed the release profiles of BMP-2 and PDGF-BB from the two layers of a Col/Col-
Mg-HAp scaffold in vitro. Next, an ex vivo osteochondral culture model was used to
investigate the added effect of growth factors on cell ingrowth from adjacent tissues. Then,
we investigated the effect of BMP-2 or PDGF-BB incorporated into a Col/Col-Mg-HAp
scaffold in an in vivo semi-orthotopic mouse model for the early phases of tissue repair.
Finally, the effect of BMP-2 incorporated into a Col/Col-Mg-HAp scaffold was investigated
in both weight-bearing and non-weight-bearing locations of the knee joint in an
established preclinical caprine osteochondral defect model.

2. MATERIALS AND METHODDS
2.1. Scaffold fabrication and characterization
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Col/Col-Mg-HAp scaffold is a biomimetic scaffold that has a porous, 3-dimensional
composite structure. The scaffold is composed of two layers: the cartilaginous layer,
consisting of Type | collagen, to maintain joint congruence and the bone layer consisting
of a combination of Type | collagen (60%) and magnesium-hydroxyapatite (40%). Each
layer of the scaffold is synthesised separately by a standardised process from an
atelocollagen aqueous solution (1% w/w) in acetic acid, isolated from equine tendon. The
upper non-mineralised chondral layer of the scaffold is obtained by dissolving an acetic
solution of Type | collagen in bi-distilled water by adding NaOH. The bone layer of the
scaffold is obtained by nucleating nanostructured hydroxyapatite into self-assembling
collagen fibres, as occurs in the natural biological neo-ossification process. To stabilise the
scaffold, the fibrous structures were chemically cross-linked for 16 hours at room
temperature. After chemical cross-linking, the two layers were superimposed and
afterwards they are freeze-dried.

The morphology of the scaffold was evaluated by Scanning Electron Microscopy (SEM)
performed on a SEM-LEO 438 VP (Carl Zeiss AG, Oberkochen, Germany). The samples were
sputter coated with gold prior to examination. The mineral content of the bone layer was
evaluated by thermogravimetric analysis (TGA), performed in alumina crucibles in an air
atmosphere with a flow rate of 80 mL/min, between 25 and 700 °C (Mettler Toledo DT-
TGA/DSC1 Star System, Columbus, OH, USA). The elemental composition of the mineral
phase (magnesium-hydroxyapatite) was determined using inductively coupled plasma-
optical emission spectrometry (ICP-OES, Thermo Scientific iCAP 7400, Waltham, MA, USA).
In particular, the composition is expressed as Ca/P, (Ca+Mg)/P, Mg/Ca% molar ratios. The
bone layer was dissolved in hot nitric acid (65 v/v%) in order to completely destroy the
collagen matrix and solubilise the inorganic phase. The content (ppm) of magnesium,
calcium, and phosphorous in the samples is determined by comparison with a
predetermined standard curve: Ca/P = 1.5 + 0.1%; (Ca+Mg)/P = 1.6 + 0.1%; Mg/Ca% = 1.5
1 0.4%. The total porosity of the osteochondral scaffold was determined using Archimedes’
principle. The exterior volume (Vs) of the sample was measured using a Vernier calliper.
The sample was then immersed in a pycnometer containing 96% ethanol solution. The
actual volume (Va) of the sample is calculated using the formula:

. Wy —W,) — (W, — W)
a= 0.789

Ww is the weight of the ethanol and the pycnometer; Wo is the dry weight of the
pycnometer; Wt is the combined weight of the ethanol, the pycnometer, and the plug
sample; Wp is the combined weight of the dry pycnometer and dry plug sample; and 0.789
g/cm?3 is the density of ethanol solution. The porosity of the scaffold was then determined
using the following formula:

g/cm3

s Va

Total Porosity(%) = * 100

N

2.2. BMP-2 and PDGF-BB release from the different layers of a Col/Col-Mg-HAp scaffold

To investigate the release kinetics of BMP-2 and PDGF-BB from the different layers of the
Col/Col-Mg-HAp scaffold, a time course study was performed (Supplementary Figure S1A).
A quantity of 35 uL (28.5 pg/mL) BMP-2 or PDGF-BB (Sigma, Saint Louis, MI, USA) was
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absorbed into the separated layers (either collagen-only layer or Col-Mg-HAp layer) of a
Col/Col-Mg-HAp scaffold (Osteochondral scaffold, Finceramica, Italy) in a low-affinity
binding plate at 37 degrees Celsius for 30 min. The concentration of growth factors was
determined according to our previous studies [30,31]. After absorption, the medium was
harvested from the plate, and the scaffolds were transferred to a new low-affinity binding
plate. A quantity of 800 pL alpha-Minimum Essential Medium (a-MEM, Gibco, Waltham,
MA, USA) was added to each scaffold-containing well. At each time point (6, 24, 48, 72, 96,
120, 144, 168 h, 336 h only for BMP-2), the medium was collected and replaced by fresh
medium. The collected medium was analysed for BMP-2 by recombinant human BMP-2
(Peprotech, Cranbury, NJ, USA) or PDGF-BB by a recombinant human PDGF-BB DuoSet
ELISA kit (R&D Systems, McKinley Place N.E., Minneapolis, MN, USA) according to the
manufacturer’s instructions.

2.3. Cell recruitment capacity of BMP-2 or PDGF-BB in an ex vivo osteochondral defect
culture model

To study the effect of BMP-2 and PDGF-BB adsorbed onto a bi-layered Col/Col-Mg-HAp
scaffold on cell recruitment capacity, an ex vivo osteochondral defect culture model,
previously developed and validated in our laboratory, was used [32] (Supplementary
Figure S1B). Briefly, osteochondral defects were created in bovine osteochondral biopsies
(8 mm diameter, 5 mm height) harvested from metacarpal-phalangeal joints of 6- to 8-
month-old calves (LifeTec, Eindhoven, The Netherlands), in which a 4 mm wide and 4 mm
high defect was created. The osteochondral plugs were kept overnight in Dulbecco’s
Modified Eagle Medium high glucose (DMEM, 4.5 g/L glucose, Gibco, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA), 50 ug/mL
gentamycin (Gibco, Waltham, MA, USA), and 1.5 pug/mL fungizone (Gibco, Waltham, MA,
USA). The following day, the Col/Col-Mg-HAp scaffolds (diameter: 4 mm, height: 4 mm)
with or without adsorbed growth factors (n = 4 for each condition) were inserted into the
osteochondral defects. Either 4 pg (57.1 ug/mL) BMP-2 solution or 100 ng (1.4 ug/mL)
PDGF-BB was adsorbed onto the scaffold. Each construct was cultured in 3.5 mL medium
in a new 12-well plate at 37 °C and 5% CO,. The medium was refreshed on the first day and
subsequently every two days. After 3 weeks, the osteochondral constructs were harvested
and fixed in 4% formalin for 1 week with subsequent further histological analysis.

2.4. In vivo osteochondral defect model in mice

To assess the effect of BMP-2 and PDGF-BB in the Col/Col-Mg-HAp scaffolds on bone
repair, an established in vivo subcutaneous mouse model developed previously in our
laboratory was used (Supplementary Figure S1C) [33]. Osteochondral biopsies were
harvested, and the defects were created as described previously (see under Section 2.3)
and kept overnight in a-MEM supplemented with 10% FBS, 50 ug/mL gentamycin, and 1.5
pg/mL fungizone until implantation. Eleven 12-week-old NMRI-Fox1nu mice (Taconic,
Albany, NY, USA) were used for this study. The animals were randomly assigned and
housed under specific-pathogen-free conditions with a regular day/night light cycle and
allowed to adapt to the conditions of the animal facility for 7 days. Food and water were
available ad libitum. Before implantation, 70 pL of saline solution, or 70 uL of saline
solution containing BMP-2 (57.1 ug/mL, 4 ug) or PDGF-BB (28.5 ug/mL, 2 ug or 1.4 pug/mL,
100 ng) was added dropwise onto the Col/Col-Mg-HAp scaffolds. All osteochondral plugs
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were covered with a circular 8 mm Neuro-Patch membrane (Braun, Melsungen, Germany)
to prevent the ingrowth of host cells from the top. The osteochondral plugs were randomly
implanted in subcutaneous pockets on the back of the mice under 2.5-3% isoflurane
anaesthesia (1000 mg/g, Laboratorios Karizoo, Maharashtra, India). One osteochondral
plug was implanted per pocket, and four osteochondral plugs were implanted per mouse.
The incisions were closed with staples (Fine Science Tools, Vancouver, BC, Canada). At 1 h
before surgery and at 6-8 h after surgery, 0.05 mg/kg body weight of buprenorphine (Chr.
Olesen & Co, Gentofte, Copenhagen, Denmark) was injected subcutaneously to ensure
pre- and postoperative analgesia. Mice received a subcutaneous prophylactic antibiotic
injection of 25 mg/kg body weight of Amoxicillin (Dopharma, Raamsdonksveer, The
Netherlands).

After 4 or 8 weeks, mice were euthanised by cervical dislocation under 2.5-3% isoflurane
anaesthesia, and the osteochondral plugs were harvested. All samples were fixed in 4%
formalin for 1 week for further analysis. This animal experiment was approved by the
Ethics Committee for Laboratory Animal Use (AVD101002016991; protocol #EMC 16-691-
05).

2.5. In vivo osteochondral defect caprine model

A validated bilateral osteochondral defect caprine model was used to assess the
osteochondral defect repair capacity of BMP-2-supplemented scaffolds in a preclinical
large animal model (Supplementary Figure S1D). An experimental unit of 11 skeletally
mature female Saanen goats (age: 3 years, weight: 37.9 + 7.3 kg) was subjected to a
bilateral arthrotomy under general anaesthesia as described before [34,35,36]. In short:
all animals received a prophylactic antibiotic injection with amoxycillin clavulanic acid 8.75
mg/kg intramuscular (Noroclav, Norbrook, Ireland) and were intravenously sedated with
butorphanol (0.2 mg/kg, Butador, Chanelle Pharma, Ireland) and diazepam (0.2 mg/kg,
Diazemuls; Accord Healthcare, UK). A lumbosacral epidural block with lidocaine (2 mg/kg,
Lidocaine HCl 2%, B. Braun Medical Inc., EU, Melsungen, Germany) and morphine (0.2
mg/kg, Morphine Sulphate 10 mg/mL, Kalceks, Latvia) was performed with the animal in
sternal recumbency. Anaesthesia was induced with propofol IV to effect (max. 6 mg/kg,
Propofol-Lipuro 1%, B. Braun Medical Inc., Melsungen, German) and was maintained with
isoflurane (Vetflurane, Virbac Animal Health, Suffolk, UK) in 100% oxygen via a circle
rebreathing system. All animals received analgesia with meloxicam IV (0.5 mg/kg,
Rheumocam, Chanelle, Galway, Ireland); and morphine IV (0.2 mg/kg, Morphine sulphate,
Mercury Pharmaceuticals, Dublin, Ireland) 90 min after the epidural block.

An arthrotomy of each stifle joint was performed in dorsal recumbency using a lateral
parapatellar approach. Under constant irrigation with saline, a pointed 6 mm drill bit was
used to drill an approximate 3-4 mm deep non-weight-bearing defect in the transition of
the distal 1/3 to the middle 1/3 of the trochlear groove and in the weight-bearing part of
the medial femoral condyle. Subsequently, a custom-made flattened drill bit and a depth
guide were used to create an exact flat 6 mm deep by 6 mm wide circular critical-sized
osteochondral defect in a non-weight-bearing and a weight-bearing location. The joint was
flushed with saline to remove any debris, and the defects were press fit with a similar-sized
selected scaffold before surgical closure as described before. Each stifle joint was
randomly assigned to one of the two treatment groups (Supplementary Figure S1D): (1)
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Col/Col-Mg-HAp scaffold-only (6 mm diameter, 6 mm height, Osteochondral scaffold,
Finceramica, Italy), and (2) Col/Col-Mg-HAp scaffold adsorbed with BMP-2 (57.1 ug/mL).

Following surgery, postoperative analgesia was provided (meloxicam 5 days) and goats
were housed in indoor pens for daily postoperative welfare monitoring and scoring. Two
weeks postoperatively, following the removal of skin sutures, animals were released to
pasture or loose housing (weather dependent) for the remainder of the study period with
daily health checks. An orthopaedic assessment (Table S1) was performed on the day of
humane euthanasia under sedation with a barbiturate overdose at the predetermined
endpoint at 6 months after surgery. Subsequently, all the joints, surrounding joint tissues,
and synovial fluids were scored (Table S2), dissected, and photographed (Body Canon EQOS
R5, lens: Canon EF 100 mm /2.8 L Macro IS USM, flash: Macro Ring lite MR-14EX II).
Biopsies 1 cm by 1 cm square containing the entire defects were harvested with an
oscillating saw.

Ethical evaluation and approval were provided by the Health Products Regulatory
Authority of Ireland (AE1898217/P032), the Animal Research Ethics Committee of
University College Dublin (AREC-P-12-71) and the Lyons Animal Welfare Board (Health,
Husbandry and Monitoring plans).

2.6. Macroscopic assessment of the defect repair in the caprine model

The quality of the cartilage repair in the caprine samples was assessed semi-quantitatively
using the International Cartilage Repair Society (ICRS) macroscopic evaluation system
(Table S3) [37] and a macroscopic scoring system (Table S4) developed by Goebel et al.
[38]. The ICRS scoring system evaluates the macroscopic appearance of cartilage repair
tissue as Grade IV (severely abnormal), Grade Ill (abnormal), Grade Il (nearly normal), or
Grade | (normal). The Goebel Score describes macroscopic articular cartilage repair with
five major evaluation categories. The quality of defect repair was scored blinded on fresh
samples by two independent assessors, and the scores were averaged for further analysis.
All the samples were fixed in 4% formalin for 10 days after macroscopic assessment for
further analysis.

2.7. Micro-computed tomography

From the mouse model, the retrieved bovine osteochondral plugs were scanned (Quantum
GX, Perkin Elmer, Akron, OH, USA) with the following settings after fixation in 4% formalin:
energy 90 KV, intensity 88 pA, 18 mm FOV, 36 um isotropic voxel size. All the scans above
were under an X-ray filter of Cu (thickness = 0.06 mm) and Al (thickness = 0.5 mm) and
were calibrated using a phantom with a known density of 0.75 g/cm3, which was
additionally scanned before and after each scan. A high-resolution mode was set, and a
scan time of 4 min was used.

The caprine samples were scanned with the same settings except for 36 mm FOV, 72 um
isotropic voxel size. Image processing included modest Gauss filtering (sigma = 0.8 voxel,
width = 1 voxel) and segmentation using a single threshold. A cylindrical region (4 mm
diameter and 5 mm height) within the original defect (6 mm diameter and 6 mm height)
was selected as a volume of interest (VOI) for the caprine samples. In this VOI, the
following morphometric parameters were measured: bone volume per total volume
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(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation
(TB.Sp). Morphological analyses were performed using IPL (Scanco Medical AG,
Bruettisellen, Switzerland).

2.8. Histology and immunohistochemistry

The bovine osteochondral plugs cultured ex vivo were decalcified for 2 weeks using 10%
formic acid (Sigma, Saint Louis, MI, USA). After micro-CT scanning, the bovine
osteochondral plugs harvested from mice were decalcified using 10%
ethylenediaminetetraacetic acid (EDTA, Sigma, Saint Louis, MI, USA) for 4 weeks. The
caprine samples were decalcified for 3 weeks using 10% formic acid. Subsequently, all
samples were embedded in paraffin and sectioned at 6 um. Following dewaxing, H&E
staining was performed with Hematoxylin (Sigma, Saint Louis, MI, USA) and Eosin Y (Merck,
Kenilworth, NJ, USA) to study general cell and tissue morphology. To visualise
glycosaminoglycans in the extracellular matrix (ECM), dewaxed sections were stained with
Safranin O (Fluka, Buchs, Switzerland) and Light green (Fluka, Buchs, Switzerland). To study
the regenerated tissue type in the osteochondral defects, RGB staining was performed
(Proteoglycans/hyaline cartilage appears blue, mineralised cartilage matrix appears
pink/greenish, collagen fibres/uncalcified bone appears red, and mineralised bone
appears green) using Alcian Blue (Sigma, Saint Louis, MI, USA), Fast Green (Sigma, Saint
Louis, MI, USA), and Picrosirius Red (Sigma, Saint Louis, MI, USA) [39]. The cell number in
the scaffolds was counted under microscopy. NDP View2 software (version 2.8.24, 2020
Hamamatsu Photonics K.K.) was used to measure the tissue volume in the defect at three
sections that were taken at the middle, 0.5 mm, and 1 mm further away for bovine samples
or at the middle for caprine samples (Supplementary Figure S2). The percentage of the
defect covered with newly formed osteochondral tissue (100% indicated that the defect
was fully filled with newly formed tissue) was calculated (Supplementary Figure S3). All
slides were independently scored by two investigators blinded to the experimental
condition. The measurements of the two investigators were averaged for each section.

To investigate the presentation of neutrophils in the defect, immunohistochemistry for
myeloperoxidase (MPO) was performed on retrieved bovine osteochondral samples from
the mouse study. After dewaxing, antigen retrieval was performed by placing the slides
with Tris/EDTA (pH9) in a water bath at 95 °C for 20 min. Then, the slides were pre-
incubated with 10% normal rabbit serum (NRS, Invitrogen, Waltham, MA, USA) in PBS
containing 1% bovine serum albumin (BSA, Sigma, Saint Louis, MI, USA) and 1% milk
powder (ELK, Campina, Amersfoort, The Netherlands). The slides were incubated by the
first antibody against MPO (Thermo Scientific, Waltham, MA, USA, 1:200 dilution) or rabbit
IgG antibody (DakoCytomation, California, USA, 1:10,000 dilution) as the negative control
in PBS containing 1% BSA for 1 h. Next, the slides were incubated by biotinylated goat a-
rabbit (Biogenex, Fremont, CA, USA, 1:50 dilution in PBS containing 1% BSA and 5% mouse
serum of total volume) for 30 min. Then, the reaction was amplified by streptavidin-
labelled alkaline phosphatase (Biogenex, Fremont, CA, USA) diluted 1:50 in PBS containing
1% BSA and visualized by subsequent incubation of Neu Fuchsin substrate. Slides were
counterstained with Hematoxylin.

To evaluate the infiltration of macrophages in the defect, immunohistochemistry for F4/80
was performed on the bovine osteochondral plugs retrieved from the in vivo mouse study.
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For antigen retrieval, each dewaxed slide was treated with 300 uL proteinase K (20 pg/mL,
Thermo Scientific, Waltham, MA, USA) solution and incubated at 37 °C for 30 min. Then,
the slides were pre-incubated with 10% NRS in PBS containing 1% BSA and 1% milk powder.
The following steps were similar to the immunohistochemistry for F4/80, with the first
antibody against F4/80 (eBioscience, San Diego, CA, USA, 1 ug/mlL) or rat IgG2a
(eBioscience, San Diego, CA, USA, 1 ug/mL) as the negative control in PBS containing 1%
BSA; the second antibody: biotinylated rabbit anti-rat IgG (6 pug/mL in PBS containing 1%
BSA and 5% mouse serum of total volume), and third antibody: streptavidin-labelled
alkaline phosphatase (Biogenex, Fremont, CA, USA) diluted 1:50 in PBS containing 1% BSA.
To distinguish between pro-inflammatory (M1) and anti-inflammatory/tissue-repair (M2)
macrophages, immunohistochemistry for inducible Nitric Oxide Synthase (iNOS, as an
indicator for pro-inflammatory M1 macrophages) was performed. The steps were similar
to the immunohistochemistry for MPO, with the first antibody against iNOS (2 pg/mL,
Abcam, Cambridge, UK).

The slides were ranked according to the positive degree of immunohistochemical staining,
and all negatively stained sections were ranked 0. Only areas that were also stained for
F4/80 were taken into account when the iNOS staining was ranked.

2.9. Statistical analysis

All statistical tests were performed using SPSS software 28.0 (SPSS Inc., Chicago, IL, USA).
The repair tissue volume was expressed as mean + standard deviation (SD). The rankings
of immunohistochemical MPO, F4/80, and iNOS staining were presented as column plots
in graphs. Multiple comparisons between scaffold-only, BMP-2, and PDGF groups in bovine
osteochondral plug samples were analysed by a Kruskal-Wallis test. Statistically significant
differences between scaffold-only and scaffold + BMP-2 groups or between trochlear
groove and femoral condyle groups in caprine samples were determined by a Mann-
Whitney U test. A p value < 0.05 was considered statistically significant.

3. RESULTS

3.1. Scaffold characterization

SEM images show the detailed morphology of the cartilaginous layer (collagen, Figure 1A)
and the bone layer (60% collagen and 40% magnesium-hydroxyapatite, Figure 1B) of the
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Figure 1. SEM images of (A) the cartilaginous layer (collagen) and (B) the bone layer (60% collagen and
40% magnesium-hydroxyapatite).

scaffolds. The ratio between collagen and magnesium-hydroxyapatite is 69/31 w/w%. The
mineral phase is composed of non-stoichiometric, calcium deficient, magnesium-
substituted hydroxyapatite. The total porosity of the osteochondral scaffold was 83 + 1%.

3.2. The release profiles of BMP-2 and PDGF-BB in vitro

Of the added BMP-2, 0.6% was detected in the medium after adsorption for the collagen-
only layer and 3.0% for the Col-Mg-HAp layer, indicating that most of the BMP-2 was
indeed adsorbed and that both layers had a similar adsorption capacity at the tested
volume. Over 14 days, only 48.8 £ 14.8 ng and 22.1 + 3.4 ng of the adsorbed BMP-2 was
released from the collagen-only layers or Col-Mg-HAp layers, respectively (Figure 2A).
BMP-2 was largely retained within the scaffolds. A similar release pattern was observed
for both layers, although the collagen-only layer released (2-fold) more over the 14-day
period (Figure 2A).
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Figure 2. Bone morphogenetic protein 2 (BMP-2) and platelet-derived growth factor-BB (PDGF-BB)
released from the different layers of the Col/Col-Mg-HAp scaffold. (A) In vitro release of BMP-2 from the
different layers of Col/Col-Mg-HAp scaffold over a 14-day period. (B) In vitro release of PDGF-BB from the
different layers of the Col/Col-Mg-HAp scaffold over a 7-day period. The release of BMP-2 and PDGF-BB is
presented as the released dose at each time point. Data points indicate the mean + SD of 3 samples per time
point.

Of the added PDGF-BB, 3.9% was detected in the medium after adsorption for the
collagen-only layer and 5.9% for the Col-Mg-HAp layer, indicating that most of the PDGF-
BB was adsorbed and that both layers had a similar adsorption capacity. In contrast to
BMP-2, a rapid release of PDGF-BB from the collagen-only layer was observed, and 600.4
*+ 273.6 ng was released within 6 h (Figure 2B). Interestingly, almost no release was
observed from the Col-Mg-HAp layer; only 33.8 + 11.8 ng PDGF-BB was cumulatively
released from the Col-Mg-HAp layer over seven days.
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3.3. Effect of BMP-2 and PDGF-BB on cell ingrowth in an ex vivo culture model

To evaluate the effect of BMP-2 or PDGF-BB addition onto the scaffold on cell recruitment
from adjacent osteochondral tissues, an ex vivo model was used. After three weeks, the
scaffolds filled the osteochondral defects, and cells infiltrated the scaffolds. In the scaffold
without growth factors, cells were mostly located at the periphery of the scaffold (Figure
3A). Interestingly, when BMP-2 or PDGF-BB was added, cell infiltration was also observed
in the centre, particularly in the collagen-only layer (Figure 3A). Almost no cells were found
in the Col-Mg-HAp layer. Overall, the addition of growth factors significantly increased cell
infiltration into the scaffolds (Figure 3B).
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Figure 3. Adsorption of BMP-2 or PDGF-BB might improve the cell recruitment property ex vivo. (A)
Representative images of the 3-week constructs stained with H&E. Scale bars indicate 1 mm and 100 um,
respectively. Magnified images showed cell infiltration at the periphery (black square), in the centre (red
square) of the collagen-only layer, and in the Col-Mg-HAp layer (blue square) of the scaffold. Black arrows
indicate infiltrated cells. (B) The number of cells infiltrated into the scaffolds. Each bar indicates the mean +
SD of 4 samples per condition. * p < 0.05 analysed by a Kruskal-Wallis test.

3.4. Effect of BMP-2 and PDGF-BB at the early phases of bone repair in an in vivo semi-
orthotopic osteochondral defect model in mice

One dose of BMP-2 (4 pg) and two doses of PDGF-BB (100 ng and 2 ug) were tested in
order to investigate their potential effect on the early stages of bone repair. After four
weeks, neither cartilage nor bone formation were observed in any of the samples with
scaffold-only (Figure 4A). When BMP-2 or PDGF-BB was adsorbed into the scaffold,
cartilage-like tissue was found in 1 out of 4 samples with 100 ng PDGF-BB, 2 out of 4
samples with 2 ug PDGF-BB and 2 out of 4 samples with 4 ug BMP-2 (Figure 4B).
Interestingly, the scaffolds adsorbed with either 4 ug BMP-2 or 2 ug PDGF-BB showed less
MPO (as an indicator for neutrophils) and iNOS (as an indicator for pro-inflammatory
macrophages) staining; albeit, this did not reach statistical significance due to the relatively
low sample size (Supplementary Figure S4).
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Figure 4. The effect of BMP-2 or PDGF-BB adsorption onto Col/Col-Mg-HAp scaffolds on osteochondral
defect repair in a semi-orthotopic model in vivo. (A) Representative images of the 4-week repair constructs
stained with Safranin O. Scale bars indicate 1 mm. Black arrows indicate cartilage-like tissue. Red arrows
indicate blood vessels. (B) The percentage of the defect filled with osteochondral tissue (%) in the
osteochondral defects at 4 weeks. (C) Representative images of the 8-week repair constructs stained with
Safranin O, and the 8-week CT images. The best, average, and worst repaired samples are presented based
on osteochondral tissue volume (%). Scale bars indicate 1 mm. Red arrows indicate blood vessels. (D) The
percentage of the defect filled with osteochondral tissue (%) in the osteochondral defects at 8 weeks. Scale
bars indicate 1 mm.

The effect of 4 ug BMP-2, 2 yug PDGF-BB, or the combination of the two were further
investigated in the semi-orthotopic mouse model after eight weeks. Inflammation was
largely resolved in all samples. Immunohistochemical staining for MPO and iNOS was
negative in all but one defect that was from the scaffold-only group. No difference was
found between the different groups. All defects were filled with bone tissue, and blood
vessels were observed, independent of the presence of growth factors (Figure 4C). Overall,
there was slightly more tissue repair in BMP-2-adsorbed scaffolds (78.9 + 23.1% of the
defect filled) compared with PDGF-BB-adsorbed scaffolds (50.9 + 28.0%) or scaffold-only
(68.8 + 36.2%) (Figure 4D). Partially repaired bone defects were found in 5 out of 7 defects
fitted with PDGF-BB-adsorbed scaffolds, while only in 3 out of 7 in the scaffold-only group
and 2 out of 7 in the group of BMP-2-adsorbed scaffolds.
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3.5. Effect of BMP-2 on bone repair in an in vivo caprine model

3.5.1. Scaffold implantation and clinical observations

Most of the osteochondral tissue was regenerated in the osteochondral defects when 4
pg BMP-2 was adsorbed to the Col/Col-Mg-HAp scaffold in the mouse model. Therefore,
BMP-2 was selected to be further investigated in an established bilateral preclinical
caprine osteochondral defect model. Two differently loaded locations were selected in this
caprine model: a weight-bearing region of the medial femoral condyle and a non-weight-
bearing area in the trochlear groove. During surgery, scaffolds were successfully press fit
into osteochondral defects flush with the surrounding cartilage. All defects bled after
drilling, and scaffolds became saturated with fresh blood upon implantation, as observed
by a change in colour of the implanted scaffold.

Recovery was uneventful and no postoperative complications occurred except for the
unforeseen death of one animal three days post-surgery due to ruminal acidosis caused
by overeating of concentrates, unrelated to the experimental procedure. Macroscopic
appearance after three days in the unforeseen dead animal showed that scaffolds were
stable in the osteochondral defects (Supplementary Figure S5A). The two layers of the
scaffold were clearly visible in the defects (Supplementary Figure S5B).

Clinical examination of animals daily for 14 days post-surgery and weekly until the
endpoint at six months demonstrated excellent recovery from surgery and a normal pain-
free range of movement and normal locomotion from 3-10 days post-surgery. After six
months, there were no signs of inflammation or cartilage abnormalities found during a
post-mortem evaluation of the joints. No signs of joint swelling, effusion, abnormal
mobility, synovial adhesions, synovial fluid and membrane abnormalities, abnormal
wound healing, patellar luxation, or erosions or lesions on the opposite cartilage surface
were found in any of the animals.

3.5.2. Tissue repair in the non-weight-bearing trochlear groove osteochondral defects

To quantify the subchondral bone formation within the bone defect, micro-CT analysis was
performed. Well-repaired subchondral bone was observed in the images of the trochlear
groove treated with both the scaffold-only and BMP-2-adsorbed scaffold at six months
(Figure 5A). A slightly higher Tb.N was found in the defects with BMP-2-adsorbed scaffolds.
No significant differences in the BV/TV, Th.Th, Th.N, or Tb.Sp were found between the
groups (Figure 5B).

Macroscopical and histological evaluation of the cross sections of the defect supported the
micro-CT quantification (Figure 5C). Overall, the scaffolds were completely degraded, and
a well-structured subchondral trabecular bone was observed in most bone defects after
six months (Figure 5C). Slightly more bone tissue (93.9 + 4.4% vs. 90.1 + 8.4%) and less
fibrous tissue (4.0 + 4.5% vs. 7.8 £ 8.4%) was found in the bone defects when the scaffolds
were adsorbed with BMP-2 compared with the scaffold-only, although no significant
difference was reached (Figure 5D). Notably, a structure without trabecular bone but with
only bone marrow was observed underneath some defects, independent of the condition.

169



Chapter 5

A B

Best

Scaffold-only

Figure 5. Tissue repair in non-weight-bearing trochlear groove defects. (A) Representative micro-CT
reconstructions treated with either scaffold-only or scaffold adsorbed with BMP-2. The best, average, and
worst repaired samples are presented based on BV/TV. The scale bar indicates 2 mm. (B) BV/TV, trabecular
thickness (Tb.Th [mm]), trabecular number (Tb.N [1/mm]), and trabecular separation (Tb.Sp [mm]) in the
bone defects after 6 months. (C) RGB (Alcian Blue, Fast Green, and Picrosirius Red) staining and macroscopic
cross-sectional view of osteochondral defects treated with either scaffold-only or scaffold adsorbed with
BMP-2. The best, average, and worst repaired samples are presented. White squares indicate 6 * 6 mm
osteochondral defects. Black arrows indicate the structure with only bone marrow. The scale bar indicates 5
mm. (D) The percentage of tissue volume calculated in the bone defects (BD). (E) The percentage of tissue
volume calculated in the cartilage defects (CD).
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Figure 6. Bone repair in the weight-bearing femoral condyle defects deteriorated with the adsorption of
BMP-2 onto the scaffold. (A) Representative micro-CT reconstructions treated with either scaffold-only or
scaffold adsorbed with BMP-2. The best, average, and worst repaired samples are presented based on BV/TV.
The scale bar indicates 2 mm. (B) BV/TV, trabecular thickness (Tb.Th [mm]), trabecular number (Tb.N
[1/mm]), and trabecular separation (Tb.Sp [mm]) in the bone defects after 6 months. Tissue repair in the
femoral condyle defects. (C) RGB (Alcian Blue, Fast Green, and Picrosirius Red) staining and macroscopic
images of osteochondral defects treated with either scaffold-only or scaffold adsorbed with BMP-2. The best,
average, and worst repaired samples are presented. White squares indicate 6 * 6 mm osteochondral defects.
The scale bar indicates 5 mm. (D) The percentage of tissue volume calculated in the bone defects (BD). * p <
0.05 in fibrous tissue, # p < 0.05 in osteochondral (cartilage-like and bone-like) tissue. (E) The percentage of

tissue volume calculated in the cartilage defects (CD).
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Macroscopically, defects were covered with newly formed cartilage with good integration
into the surrounding native tissue. Small, scattered fissures or cracks were observed on
the surfaces of some defects, and no noticeable depressions were observed
(Supplementary Figure S6A). The ICRS and Goebel scores for the scaffold-only group had a
median score of 11.3 + 0.5 and 19.0 + 0.7, respectively (Supplementary Figure S6B). For
the scaffold + BMP-2 group, the macroscopic ICRS and Goebel scores were 11.6 + 0.6 and
19.3+ 0.5, respectively (Supplementary Figure S6B). All the trochlear groove samples were
classified as normal (grade ) or nearly normal (grade Il) cartilage. Overall, no significant
difference was observed in cartilage repair between scaffold-only and BMP-2-adsorbed
scaffold. On histology, 43.2 + 22.1% (scaffold-only) and 47.4 + 19.8% (scaffold + BMP-2) of
the newly formed tissue generated in the cartilage defects was fibrous tissue after six
months as indicated by predominantly Picrosirius Red instead of Alcian Blue staining in
RGB staining (Figure 4E). Moreover, only 32.4 + 27.6% (scaffold-only) and 35.2 + 20.6%
(scaffold + BMP-2) of the repaired tissue in the cartilage region was Alcian Blue-positive,
indicating hyaline cartilage (Figure 5E).

3.5.3. Tissue repair in the weight-bearing femoral condyle osteochondral defects

For the femoral condyle, micro-CT analysis was performed in the same manner as for the
trochlear groove. In the weight-bearing femoral condyle, well-structured subchondral
bone was formed after six months in defects treated with the scaffold-only or the BMP-2-
adsorbed scaffold (Figure 6A), no significant difference was found in the BV/TV and Th.Th
parameters (Figure 6B). Surprisingly, a slightly lower BV/TV was found in defects with BMP-
2-adsorbed scaffolds, indicating relatively worse bone repair when BMP-2 was adsorbed.
A significantly smaller Tb.N (1.1 £ 0.4 vs. 1.5+ 0.2, P =0.019, Figure 6B) and a greater Tb.Sp
(1.2 £ 0.6 vs. 0.7 £ 0.1, P = 0.015, Figure 5B) were observed in the femoral condyle bone
defects fitted with BMP-2-adsorbed scaffolds, suggesting a relatively courser bone
structure when BMP-2 was adsorbed.

Macroscopic and histological evaluation of the cross sections through the defect
supported the micro-CT quantification (Figure 6C). Newly formed hyaline cartilage-like
tissues were mostly supported by a well-structured subchondral trabecular bone that was
well integrated in the surrounding native bone (Figure 6C). Surprisingly, significantly less
cartilage and bone tissue were observed in the bone defects fitted with BMP-2-adsorbed
scaffolds compared with the bone defects treated with scaffold-only (92.7 £ 9.5% vs. 99.1%
+1.7%, P =0.043, Figure 6D). In addition, significantly more fibrous tissue was found in the
bone defects when BMP-2 was adsorbed onto the Col/Col-Mg-HAp scaffolds (6.9 + 8.4%
vs. 1.0 £ 1.6%, P = 0.035, Figure 6D). Some defects demonstrated cyst-like areas without
trabecular bone below some of the defects. However, marrow-like tissue was found in
these areas.

The defects were mostly covered with hyaline cartilage-like tissue with macroscopically
good integration with the surrounding native tissue (Supplementary Figure S6C). Small,
scattered fissures or cracks were observed on surfaces of some defects, and no noticeable
depressions were observed except for one sample treated with Col/Col-Mg-HAp scaffold-
only. The median ICRS score was 10.8 + 0.5 out of 12, and the median Goebel score was
18.9 + 0.5 out of 20 (Supplementary Figure S6D) when scaffold-only was placed in the
defects. The defects with the scaffold + BMP-2 received median ICRS scores of 10.3 + 1.8
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out of 12 and median Goebel scores of 18.5 + 1.8 out of 20 (Supplementary Figure S6D).
All the samples were classified as normal (grade I) or nearly normal (grade Il) cartilage
except for one sample treated with BMP-2 (grade Ill). By histological examination, the
scaffolds were completely degraded after six months, and round cells residing within
lacunae were present in the cartilage region. GAG and collagen were present in the repair
tissue in the defects demonstrated by RGB staining (Figure 6C), indicating cartilaginous
tissue formation. In fact, 77.8 + 16.5% (scaffold-only) and 78.8 + 14.7% (scaffold + BMP-2)
of the newly formed tissue was Alcian Blue-positive, indicating hyaline-like cartilage
(Figure 6E).

3.5.4. Different tissue repair in the non-weight-bearing trochlear groove and the weight-
bearing femoral condyle osteochondral defects

In trochlear groove bone defects, the trabecular number was smaller (1.2 + 0.5 vs. 1.5 +
0.2, P =0.063) and the trabecular separation was greater (1.1 + 0.6 vs. 0.7 £ 0.1, P = 0.052)
compared with the femoral condyle defects when scaffold-only was implanted, although
no significant difference was found. Interestingly, when BMP-2 was adsorbed onto the
scaffold, an opposite trend was found in the Tb.N (1.4 £ 0.4 in trochlear groove and 1.1
0.4 in femoral condyle, P = 0.143) and the Th.Sp (0.8 £ 0.5 in trochlear groove and 1.2 + 0.6
in femoral condyle P = 0.105). In other words, there was a 0.2 + 0.6 greater Tb.N and a 0.3
+ 0.9 smaller Th.Sp in the trochlear groove defect versus a 0.47 + 0.6 smaller Tb.N (P =
0.029, compared with trochlear groove) and a 0.5 + 0.7 greater Tb.Sp (P = 0.063, compared
with trochlear groove) in the femoral condyle defect when BMP-2 was adsorbed onto the
scaffold, indicating that bone repair was improved in trochlear groove defects and reduced
in femoral condyle defects when BMP-2 was added. Histological results further confirmed
that significantly more bone-like tissue was regenerated in the trochlear groove defects
compared with the femoral condyle defects when BMP-2 was added (93.9 + 4.4% vs. 83.5
+ 9.8%, P = 0.011), while no difference between weight-bearing and non-weight-bearing
sites was observed when scaffold-only was implanted (90.1 + 8.4% vs. 86.7 + 11.5%, P =
0.579). For cartilage repair, however, significantly less hyaline cartilage-like tissue was
observed in the non-weight-bearing trochlear groove compared with the weight-bearing
femoral condyle defects with either scaffold-only (32.4 £ 27.6% vs. 77.8 + 16.5%, P = 0.003)
or BMP-2-adsorbed scaffold (35.2 + 20.6% vs. 78.8 £ 14.7%, p < 0.001).

4. DISCUSSION

In this study, we evaluated the effectiveness of growth factor adsorption onto a bi-layered
Col/Col-Mg-HAp scaffold in osteochondral defect repair. In vitro release results showed
that the Col-Mg-HAp (bone) layer retained more growth factor than the collagen-only
(cartilage) layer and that BMP-2 was retained much better than PDGF-BB. In an ex vivo
osteochondral defect model, cell ingrowth into the scaffold was enhanced by BMP-2 and
by PDFG-BB. In a semi-orthotopic non-weight-bearing osteochondral defect mouse model
representing the early phase (four weeks) of defect repair in vivo, the addition of growth
factors resulted in fewer pro-inflammatory cells and better tissue repair, with BMP-2
showing the most favourable results. Therefore, BMP-2 addition was taken forward for
testing in an established preclinical large animal osteochondral defect model to study
scaffold enhancement by BMP-2 in a physiological environment with different loading
conditions. After six months in goats, both the scaffold-only and the BMP-2-adsorbed
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scaffold induced good osteochondral defect healing. Surprisingly, the addition of BMP-2
led to worse bone repair in the weight-bearing femoral condyle osteochondral defects,
whereas this negative effect of BMP-2 was not seen in the non-weight-bearing trochlear
groove osteochondral defect location.

Our approach was based on the sequential use of osteochondral defect models: the first
experiments were performed in an ex vivo bovine osteochondral explant model, followed
by a semi-orthotopic non-weight-bearing model where we implanted bovine
osteochondral explants subcutaneously in mice. This took into account the effects of the
innate immune system and blood vessel invasion. We then selected the most promising
condition to be further evaluated in a preclinical caprine osteochondral defect model,
where we tested both weight-bearing and non-weight-bearing repair conditions
simultaneously. All models were developed and used previously to evaluate new
osteochondral repair approaches [34,40]. In vivo animal models can closely resemble the
human osteochondral microenvironment in the context of the presence of immune cells
and tissue repair factors. The mouse model allows the screening of four conditions in one
animal, whereas the caprine bilateral osteochondral defect model is a fully immune-
competent model using outbred animals. That model also allows within-animal controls
(comparing left and right knees), and provides the opportunity to assess tissue
regeneration in both weight-bearing and non-weight-bearing locations within the same
joint. These animal models offered the opportunity to investigate the possible effect of
incorporating growth factors into a Col/Col-Mg-HAp scaffold for osteochondral repair
towards translation into the human patient.

Loading can have a significant effect on tissue repair [41,42]. Not much is known about the
interaction between mechanical loading and growth factors and their effect upon
osteochondral tissue repair [43,44]. To study the effect of mechanical stimuli on
osteochondral repair during normal ambulation, we used both a non-weight-bearing
location (a distal region in the trochlear groove) and a weight-bearing location (a central
region on the medial femoral condyle) in the bilateral stifle caprine osteochondral defect
model [45,46]. Better subchondral bone repair was observed in the non-weight-bearing
trochlear groove defects than in the weight-bearing femoral condyle defects when BMP-2
was adsorbed onto the scaffold, while no significant difference in repair was found
between locations when the scaffold without additions was evaluated. In the non-weight-
bearing trochlear groove defects, there was a trend towards more bone-like tissue being
generated in the BMP-2-adsorbed scaffolds compared with the scaffold-only. However,
this difference did not reach statistical significance, which might be due to the excellent
repair capacity of the scaffold-only. The weight-bearing femoral condyle defects implanted
with BMP-2-adsorbed scaffolds appeared to have less bone repair and more fibrous tissues
in the bone defect compared with the scaffold-only.

Notably, there was no mechanical loading in the semi-orthotopic mouse model and at the
four-week time point, the addition of BMP-2 to the scaffolds seemed beneficial. Our
results reveal the interesting hypothesis that, with a specific dose of BMP-2, the beneficial
effect of BMP-2 on bone repair is apparent in non-weight-bearing conditions, whilst BMP-
2 addition can be detrimental to bone repair in weight-bearing conditions. Although the
effect of BMP-2 on osteochondral defect repair in different loading environments is still
unknown, the action of BMP-2 on tibia fractures or femoral bone defect healing was
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demonstrated to be dependent on the mechanical environment in vivo [47,48]. This might
be due to an interaction between BMP-2 and mechanical loading [49] and related to the
dosage used. Compression and loading affect BMP signalling both immediately and in a
long-term manner [50]. Mechanical loading was shown to increase BMP-2 expression [51],
and the effect of BMP-2 can be strongly potentiated by mechanical forces [49]. It is
possible that the combination of added and locally produced BMP-2 might lead to an
overstimulation of BMP-2 signalling, which is shown to cause inflammation, bone
resorption, and fibrotic tissue formation [52,53,54]. No previous study has reported this
potential side effect nor the relationship with mechanical loading. However, the
mechanical loading patterns in long bone defects with fixation and osteochondral defects
with scaffolds in the femoral condyle (especially with the presence of synovial fluid) are
quite distinct from one another. Therefore, further studies are needed to elucidate if and
at which step of the BMP signalling cascade the pathway is modulated and by which type
of mechanical stimuli.

BMP-2 is, to date, the only FDA-approved and commercially available osteoinductive
growth factor used in clinics. The function and application of BMP-2 in promoting bone
regeneration and bone remodelling has been widely investigated preclinically and clinically
[55,56,57]. Mg?* was incorporated in this scaffold, which might upregulate the bioactivity
of BMP-2 upon calcium phosphate cement via enhanced BMP receptor recognition [58].
Previous studies have demonstrated that BMP-2 accelerated the migration of bone
marrow mesenchymal stromal cells (MSCs) in vitro and in vivo [59,60]. In the presented
study, we also observe the promotion of cell ingrowth by BMP-2 addition in our ex vivo
culture model. Although the primary expected functions of BMP-2 in promoting bone
repair are to enhance MSC migration to the sites and differentiation into osteoblasts and
to enhance the osteogenic capacity of osteoblasts, BMP-2-induced osteogenesis may also
involve an immunoregulatory role [61,62]. Macrophages act as immune cells and
osteoclast precursors and are involved in multiple stages of bone healing [63]. BMP-2
might diminish the expression of pro-inflammatory phenotypic markers and promote the
macrophage transition towards a more tissue repair-like phenotype [62]. Neutrophils and
M1 macrophages participate in tissue repair as effector cells in inducing inflammation, and
M2 macrophages are involved in the resolution of inflammation, promoting angiogenesis,
and matrix remodelling [64]. In our semi-orthotopic model, fewer M1 macrophages, as
well as neutrophils, were found in the BMP-2 condition than in the scaffold-only condition
after four weeks. Therefore, the regulatory effect of BMP-2 in a local osteoimmune
environment might be one of the potential mechanisms for promoting bone healing in the
early phase.

Although BMP-2 has been clinically applied because of its osteogenic effect, it is still not
widely used due to the adverse events associated with implanted supraphysiological high
doses [57]. The most documented side effect is ectopic ossification. Aulin et al.
demonstrated that intra-articular injection of a hyaluronan hydrogel containing BMP-2
(150 pg/mL) resulted in excessive ectopic bone formation on the knee joint surface of
rabbits (6-7-month-old females) [65]. In our study, we used 57.1 pg/mL BMP-2 for both 4
mm x 4 mm and 6 mm x 6 mm cylindrical osteochondral defects according to our previous
in vivo results [30]. HAp was reported to have a high affinity for BMP-2 due to the large
surface area and functional groups [29,66]. Three types of functional groups, -OH, -NH2,

175



Chapter 5

and -COO, allow BMP-2 to adsorb on the HAp surface [66]. This is not the case for all
growth factors, where, for example, no functional groups or only one might be present. In
vitro, we demonstrated that BMP-2 was bound and largely retained in both layers,
especially in the Col-Mg-HAp layer. In this way, a sustained release was expected, thereby
reducing the adverse effects of BMP-2. Over longer periods, however, correlations
between the in vitro and in vivo settings become ever more unreliable since the release in
vivo will be determined by the degradation of the scaffold as well. In fact, no BMP-2-
related ectopic ossification or abnormal inflammation was observed in the knee joints of
our experimental goats macroscopically or on micro-CT. Similarly, no ectopic ossification
was reported in a publication that investigated the addition of 625 pg/mL of BMP-2
(adsorbed onto Col/HAp scaffolds) in skeletally mature male rabbits [29].

Consistent with other studies, we found that PDGF-BB is an effective chemoattractant of
cells ex vivo [31,67]. PDGF-BB was rapidly released from the collagen-only layers within six
hours; most of the PDGF-BB was retained in the Col-Mg-HAp layers in vitro. This might be
due to the capacity of HAp in adsorbing a large quantity of proteins and drugs. At the early
repair phase in the in vivo mouse model, both dosages (1 pg and 100 ng) of PDGF-BB
slightly improved tissue formation. Most of the regenerated tissue was in the bone defect
area, which might be related to the sustained release from the Col-Mg-HAp layers, which
is aimed at the repair of the bone defect specifically. Lee et al. reported that labelled cells
migrated towards the osteochondral defect when defects were treated with PDGF-AA or
PDGF-BB-loaded heparin-conjugated fibrin [67]. Overall, the chemotactic ability of PDGF-
BB might be one of the mechanisms in inducing tissue repair in the early phase. However,
after eight weeks, the defects loaded with PDGF-BB generated slightly less osteochondral
tissue compared with scaffold-only. A previous study on osteochondral repair also showed
that the addition of 1 ug/mL PDGF-BB worsened the cartilage repair in an in vivo
subcutaneous mouse model, although cell recruitment was enhanced in vitro. The short
half-life of PDGF might be one of the reasons for the different results between in vitro and
in vivo studies. Zhang et al. demonstrated that PDGF-BB overexpression improved the
osteogenic and angiogenic abilities of MSCs in a critical-sized rat calvaria defect model [68].

We also expected the combination of BMP-2 and PDGF-BB to further improve bone repair,
since PDGF was reported to modulate BMP-2-induced osteogenesis in periosteal
progenitor cells [69]. However, no significant improvement was found after eight weeks in
the semi-orthotopic mouse model in vivo. Therefore, PDGF-BB and the combination of
BMP-2 and PDGF-BB were not further evaluated in our large animal osteochondral defect
model.

Suboptimal subchondral bone repair of osteochondral defects might lead to damage of
the renewed overlying cartilage in the long term [16,17,18]. In our caprine large animal
model, a blinded macroscopic evaluation of repaired cartilage tissue indicated the
presence of a smooth white cartilaginous layer that was continuous with surrounding
naive cartilage, both with control scaffolds and BMP-2-enhanced scaffolds. Histology
further confirmed the presence of hyaline cartilage in the superficial layer, with no
significant improvement or deterioration observed when BMP-2 was added. This might be
due to the fact that tissue repair was assessed at only one, relatively early, six-month time
point in the caprine model. A longer 12- or 24-month study might be useful to confirm the
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potential effectiveness of enhanced bone repair on the long-term survival of the neo-
cartilage.

5. CONCLUSION

Adsorption of BMP-2 onto a Col/Col-Mg-HAp scaffold reduced bone formation in weight-
bearing osteochondral defects but not in non-weight-bearing osteochondral defects. Since
the application of BMP-2 adsorbed to a Col/Col-Mg-HAp scaffold in osteochondral defects
did not lead to adverse effects in the joint of goats, and human patients are not allowed
full weight-bearing in the first weeks after the osteochondral repair, further investigation
is warranted, taking into consideration the dose of BMP-2, timing, and location of
application for osteochondral defect repair.
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SUPPLEMENTARY MATERIALS

Table S1: Clinical Orthopedic Assessment. This tool is to evaluate the clinical health of goat joints.

Parameter Variables Score
Lameness Walks normally
Slightly lame when walking
Moderately lame when walking
Severely lame when walking
Reluctant to rise and will not walk more than five paces
Joint mobility Full range of motion
Mild limitation (10-20%) in ROM; no crepitus
Mild limitation (10-20%) in ROM; with crepitus
Moderate limitation (20-50%) in ROM; tcrepitus
Severe limitation (>50%) in ROM; tcrepitus
Pain on knee None
palpation and Mild signs; Goat turns head in recognition
movement

Weight-bearing

Overall score of
clinical condition

Total score

Moderate signs; Goat pulls limb away

Severe signs; Goat vocalises or becomes aggressive
Goat will not allow palpation

Equal on all limbs standing and walking

Normal standing; favours affected limb when walking
Partial weight-bearing standing and walking

Part. weight-bearing standing; non-weight-bearing walk
Non-weight-bearing standing and walking

Not affected

Mildly affected

Moderately affected

Severely affected

Very severely affected

PN WA U, NWRE DR, NW S OO R, NOWD O R, NWPRAOWOMG

N
v
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Table S2: Macroscopic joint Assessment. This tool is to evaluate the macroscopic normalization of goat
joints when the joints were opened.

Parameter Variables Score
Wound healing abnormal Yes 0
No 1
Swelling of soft tissues surrounding joints Yes 0
No 1
Effusion of the joints Yes 0
No 1
Patellar luxation Yes 0
No 1
Joint mobility abnormal Yes 0
No 1
Adhesions in the joint Yes 0
No 1
Erosions of the joint Yes 0
No 1
Synovial fluid abnormal Yes 0
No 1
Synovial membrane abnormal Yes 0
No 1
Lesion on the opposite cartilage surface Yes 0
(trochlear groove vs patella)
No 1
Lesion on the opposite cartilage surface Yes 0
(medial femoral condyle vs meniscus/tibia plateau) No 1
Total 0-11
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Table S3: International Cartilage Repair Society (ICRS) cartilage repair scoring system. This tool is to
evaluate the macroscopic appearance of cartilage repair tissue.

Parameter Variables Scores

Degree of defect repair  In level with surrounding cartilage
75% repair of defect depth
50% repair of defect depth
25% repair of defect depth
0% repair of defect depth
Integration to border Complete integration with surrounding cartilage
zone Demarcating border <1 mm
% of graft integrated, % with a notable border > 1 mm
1/2 of graft integrated with surrounding cartilage,1/2 with a notable
border >1 mm
From no contact to % of graft integrated with surrounding cartilage 0
Macroscopic Intact smooth surface 4
appearance Fibrillated surface 3
2
1
0

P NWRAORLPNWDD

Small, scattered fissures or cracks
Several, small or few but large fissures
Total degeneration of grafted area

Overall Grade | normal 12
Grade Il nearly normal 11-8
Grade Il abnormal 7-4
Grade IV severely abnormal 3-1
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Table S4: A semi-quantitative macroscopic scoring system developed by Goebel et al. for the macroscopic

description of articular cartilage repair.

Parameter

Variables

Scores

Color of the repair tissue

Presence of blood vessels in the repair tissue

Degeneration of adjacent articular cartilage

Surface of the repair tissue

Percentage defect filling

Total Scores

Hyaline or white

Predominantly white (>50%)
Predominantly translucent (>50%)
Translucent

No repair tissue

No

Less than 25% of the repair tissue
25-50% of the repair tissue

50-75% of the repair tissue

More than 75% of the repair tissue
Normal

Cracks and/or fibrillations in integration zone
Diffuse osteoarthritic changes
Extension of defect into the adjacent cartilage
Subchondral bone damage

Smooth, homogeneous

Smooth, heterogeneous

Fibrillated

Incomplete new repair tissue (rough)
No repair tissue

80-100 %

60-80 %

40-60 %

20-40%

0-20 %

OFRPNWPAPORPNWPRORPRNWPAPAORNWRAMRORLNWDD

N
o
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Supplementary Figure S1. Experiment setup of both in vitro and in vivo studies. (A)Scheme of the in vitro
release of BMP-2 and PDGF-BB from the different layers of the Col/Col-Mg-HAp scaffold. (B) Scheme of the
ex vivo osteochondral defect culture model. (C) Scheme of the in vivo osteochondral defect mouse model. (D)
Scheme of the in vivo osteochondral defect in medial femoral condyle and trochlear groove defects in caprine
model.
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Bovine osteochondral samples (top view)

Caprine osteochondral samples (top view)

Supplementary Figure S2. Collection of sections from bovine or caprine samples for histology.

Bovine osteochondral samples Caprine osteochondral samples

Supplementary Figure S3. Example on defining the defect region, newly formed cartilage-like tissue
formation, bone-like tissue formation, fibrous-like tissue formation, remnants of the scaffold for
quantification.
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Supplementary Figure S4. Association between inflammation and tissue repair at the early phase. (A)
Representative images of the 4-week repair constructs stained with immunohistochemistry for MPO and
iNOS. Scale bars indicate 1 mm and 100 um respectively. Black arrows indicated positive areas. Ranking of
MPO (B), F4/80 and iNOS (C) staining in the 4-week osteochondral defects.

A B

Trochlear groove

Femoral condyle

Supplementary Figure S5. Osteochondral defects 3 days after implantation. (A) The macroscopic
appearance of osteochondral defects 3 days after implantation. The white squares indicated 6*6 mm
osteochondral defects. (B) two layers of the scaffold implanted in the femoral condyle defect and trochlear
groove defect (stained with Alcian Blue, Fast Green, and Picrosirius Red). The scale bar indicated 5 mm and
100 um.
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Average Worst B

Trochlear groove

Trochlear groove

Femoral condyle
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Supplementary Figure S6. Macroscopic assessment of femoral condyle and trochlear groove defect repair.
(A) representative examples of trochlear groove defect sites treated with scaffold-only or BMP-2-adsorbed
scaffold after 6 months. Best, average, and worst samples determined according to the ICRS scores, are
presented. (B) macroscopic scores (according to ICRS Score and Goebel Score) of repair tissue in the trochlear
groove defects. (C) representative examples of femoral condyle defect sites treated with scaffold-only or
BMP-2-adsorbed scaffold after 6 months. Best, average, and worst samples determined according to the ICRS
scores, are presented. (D) macroscopic scores of repair tissue in the femoral condyle defects (according to
ICRS score and Goebel Score). The maximum score for ICRS is 12 (indicating the best), and the maximum score
for Goebel score is 20 (indicating the best).
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Effect of sex on scaffold-enhanced subchondral bone repair

ABSTRACT

The knee osteochondral defect model in the goat is extensively utilized because of its
translational advantages regarding cartilage thickness, joint size, loading conditions,
anatomy and limited intrinsic healing capacity. However, despite the fact that sex has been
suggested to influence bone regeneration, goat studies often lack sex-balancing because
of financial, welfare and husbandry constraints. In order to assess the effect of sex on
scaffold-enhanced subchondral bone repair in experimentally induced osteochondral
defects, we pooled and re-used positive control data of previous studies on the
subchondral bone repair capacity of a clinically used collagen/collagen-magnesium-
hydroxyapatite scaffold in castrated male and female goats. Significantly higher bone
volume, trabecular bone number, trabecular thickness, and lower trabecular separation
were observed in subchondral bone defects in female goats compared to castrated male
goats. The same trend was found in both the weight-bearing femoral condyle and the non-
weight-bearing trochlear groove defects in micro-CT and histological quantification. In
conclusion, female goats form more subchondral bone compared to castrated male goats
in scaffold enhanced osteochondral defect repair and this effect seems independent of
mechanical loading conditions. Future studies evaluating osteochondral defect repair
therefore ideally should consider the option of sex balancing.

Keywords: sex; osteochondral defect; goat; weight-bearing; regenerative medicine; tissue
engineering
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1. INTRODUCTION

Traumatic injuries and chronic diseases within the joint can result in primary or secondary
pathologic osteochondral lesions. These have been recognized to contribute to the
development and progression of osteoarthritis [1,2]. Biomaterial-based scaffolds have
shown promise in regenerating damaged osteochondral tissues [3,4]. However, long-term
subchondral bone repair remained suboptimal [5]. Functionally, subchondral bone
provides mechanical support for overlying articular cartilage [6,7]. Unrepaired
subchondral bone submits the regenerated overlying neocartilage to increased loads,
leading to secondary damage of the neocartilage [8]. This subsequently leads to renewed
osteochondral damage and joint disease [9]. Meanwhile, since healthy hyaline cartilage
does not contain nociceptors (pain receptors), the highly innervated subchondral bone
may be an important source of joint pain in osteochondral defects [10]. Therefore,
repaired subchondral bone is essential for supporting the long-term survival of the
overlying neocartilage and for a stable clinical improvement of the treated osteochondral
defect [11].

The clinical literature supports overall good results when addressing lesions of the articular
surface with biomaterials, but the clinical outcome is not satisfactory in all patients [4].
Many prognostic factors have been identified and, among these, sex is a key factor that
has been explored in clinical studies with controversial results [12,13]. Some preclinical
studies report faster bone regeneration in male mice and rats compared to females [14-
16], which might be related to differences in sex hormones [17]. On the other hand, there
are also studies showing no sex-specific differences in fracture healing in mice [18,19].
Both androgens and estrogens seem to be independently able to maintain cancellous bone
mass and integrity [20]. In this context, no studies so far have investigated the effect of sex
on subchondral bone repair in osteochondral defects. Preclinical studies may help to shed
some light on the differences in terms of sex-related tissue regeneration when treating the
osteochondral unit. This is an important research focus, as sex can influence the results
through biological but also biomechanical features, which are also key when addressing a
structure that is mechanically loaded. In fact, loading can also affect bone regeneration.
Bone uniquely adapts and remodels its architecture in response to the mechanical
environment. Mechanical loading is also important for the maintenance of normal bone
structure and function [21]. In the knee joint, different locations, such as femoral condyle
and trochlear ridge or groove, are exposed to different loading patterns, which can
potentially influence subchondral bone repair. Therefore, sex-related biological features,
as well as other parameters like body weight (indirectly also influenced by sex) and local
loading patterns in osteochondral defects may be all critically involved and interplay in
determining the results when implanting a scaffold to treat the subchondral unit [22].

The translational goat model is widely applied in biomaterial-based osteochondral repair.
Notably, the inclusion of sex-balance in experimental animal studies has become more
critical and often specific requirements must be met for funding providers and regulatory
bodies. The aim of this study was to investigate the effect of sex on scaffold-enhanced
subchondral bone repair in experimentally induced osteochondral defects. To this aim, we
re-evaluated the subchondral bone repair capacity of a clinically used collagen/collagen-
magnesium-hydroxyapatite (Col/Col-Mg-HAp) scaffold (that was used as a positive control

195



Chapter 6

in previous studies) in both weight-bearing and non-weight-bearing locations of the knee
joint of castrated male and female goats.

2. MATERIALS AND METHODDS

2.1. In vivo osteochondral defect model

A well validated translational bilateral osteochondral defect model in goats was used to
investigate the effect of sex on subchondral bone repair in 18 skeletally mature (2-3 years
old) Saanen goats (13 female and 5 castrated male subjects) [23-25]. For this use we
obtained and reused positive control data from two similar experimental studies in which
we either added growth factors or strontium-enriched amorphous calcium phosphate into
the collagen/collagen-magnesium-hydroxyapatite (Col/Col-Mg-HAp) osteochondral
scaffold (experimental groups) to improve the subchondral bone repair compared to a
scaffold-only positive control group in which we implanted a clinically used Col/Col-Mg-
Hap scaffold [26,27]. Both weight-bearing (femoral condyle) and non-weight-bearing
(femoral trochlea) osteochondral defect locations were implanted with the Col/Col-Mg-
HAp scaffold acting as a positive control towards enhancements of the same scaffold in
the other limb. In short: After withholding roughage for 24h animals received profylactic
antibiotics (amoxycillin clavulanic acid 8.75 mg/kg intramuscular; Noroclav, Norbrook,
Ireland) and sedation was performed with butorphanol (0.2 mg/kg, Butador, Chanelle
Pharma, Ireland) and diazepam (0.2 mg/kg, Diazemuls; Accord Healthcare, UK)
intravenously. While in sternal recumbancy a lumbosacral epidural block was placed with
lidocaine (2 mg/kg, Lidocaine HCI 2%, B.Braun Medical Inc., EU) and morphine (0.2 mg/kg,
Morphine Sulphate 10mg/ml, Kalceks, Latvia). Anaesthesia was induced with propofol IV
to effect (max. 6 mg/kg, Propofol-Lipuro 1%, B. Braun Medical Inc., EU) and was
maintained with isoflurane (Vetflurane, Virbac Animal Health, UK). Ninety minutes after
the epidural block animals received analgesia with meloxicam IV (0.5 mg/kg, Rheumocam,
Chanelle, Ireland) and morphine IV (0.2 mg/kg, Morphine sulphate, Mercury
Pharmaceuticals, Ireland).

In dorsal recumbency, an arthrotomy using the lateral parapatellar approach was
performed in both knees. Under constant irrigation with saline, a pointed 6 mm drill bit
was used to drill an approximate 3-4 mm deep defect in the transition of the distal 1/3 to
the middle 1/3 of the trochlear groove and in the medial femoral condyle. Subsequently,
a custom-made flattened drill bit and a depth guide were used to create an exact flat
circular critical-sized osteochondral defect (6 mm deep by 6 mm wide) in both locations.
The joint was flushed with saline to remove any debris, and the positive control defects
were press fitted with a similar-sized Col/Col-Mg-HAp scaffold (6 mm diameter, 6 mm
height, osteochondral scaffold, Finceramica, Italy) before surgical closure. Either left or
right knee joints were randomly assigned to the positive control treatment.

During the postoperative period analgesia was provided for 5 days (meloxicam) and
animals were housed in indoor pens for daily welfare monitoring and scoring. .Fourteen
days after the procedure, following removal of skin sutures, animals were moved to
pasture or loose housing (weather dependent) until the 6-month endpoint of the study
with daily health checks. All the joints were dissected, and photographed (Body Canon EQOS
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R5, lens: Canon EF 100mm f/2.8L Macro IS USM, flash: Macro Ring lite MR-14EX Il). Biopsies
1 cm by 1 cm square containing the entire defects were harvested with an oscillating saw.

This animal experiment complied with the ARRIVE guidelines. Ethical evaluation and
approval were provided by the Health Products Regulatory Authority of Ireland
(AE1898217/P142), The Animal Research Ethics Committee of University College Dublin
(AREC-18-17-Brama) and the Lyons Animal Welfare Board (Health, Husbandry and
Monitoring plans; 201907).

2.2. Macroscopic assessment of the osteochondral defect repair

Cartilage repair quality was scored using two macroscopic evaluation systems: (1) the
International Cartilage Repair Society (ICRS) system (Table S1) [28], , which grades the
macroscopic appearance of repaired cartilage tissue as Grade | (normal), Grade Il (nearly
normal), Grade Il (abnormal), or Grade IV (severely abnormal);(2) the Goebel macroscopic
scoring system (Table S2) [29], which evaluates macroscopic repaired articular cartilage
with five major evaluation categories. The quality of cartilage repair was independently
and blindly scored by two investigators on fresh samples. The scores were averaged for
further analysis. Subsequently, fixation of all samples were conducted using 4% formalin
for 10 days.

2.3. Micro-computed tomography of the osteochondral defect repair

Samples were scanned under micro-CT (Quantum GX, Perkin Elmer, USA) with the
following settings: energy 90 KV, intensity 88 pA, 36 mm FOV, 72 um isotropic voxel size.
All scans were performed under an X-ray filter of Cu (thickness = 0.06 mm) and Al
(thickness = 0.5 mm) and calibrated with a phantom (density 0.75 g/cm3). A high-resolution
mode was set with a scan time of 4 minutes.

Image processing included modest Gauss filtering (sigma = 0.8 voxel, width = 1 voxel) and
segmentation using a single threshold. A cylindrical region (4 mm diameter and 5 mm
height) within the original defect (6 mm diameter and 6 mm height) was selected as a
volume of interest (VOI). In this VOI the following morphometric parameters were
measured: bone volume per total volume (BV/TV), trabecular bone number (Tb.N),
trabecular thickness (Th.Th), and trabecular separation (Tb.Sp). Morphological analyses
were performed using IPL (Scanco Medical AG, Bruettisellen, Switzerland).

2.4. Histology and immunohistochemistry of osteochondral defect repair

All samples were decalcified for 3 weeks using 10% formic acid (Sigma, Saint Louis, USA),
subsequently embedded in paraffin and sectioned at 6 um sections. Following dewaxing,
RGB staining was performed using Alcian Blue (Sigma, Saint Louis, USA), Fast Green (Sigma,
Saint Louis, USA), and Picrosirius Red (Sigma, Saint Louis, USA) [30] to study the
regenerated tissue type in the osteochondral defects. Red staining indicates collagen fibers
or uncalcified bone tissue. Green staining indicates mineralized bone tissue. Pink/greenish
staining  indicates mineralised cartilage matrix. Blue staining indicates
proteoglycans/hyaline cartilage tissue. NDP View2 software (version 2.8.24, 2020
Hamamatsu Photonics K.K.) was used to quantify tissue volume in the osteochondral
defect at three sections that were taken in the centre. The percentage of the defect filled
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with newly formed osteochondral tissue was calculated. All slides were independently and
blindly scored by two investigators, and averaged for each section.

2.5. Statistical analysis

All statistical tests were performed using SPSS software 28.0 (SPSS inc., Chicago, USA). The
repair tissue volume was expressed as mean t standard deviation (SD). Equality of
variances was tested by Levene’s test. Statistically significant differences between two
groups were determined by a Student’s T test or a Mann-Whitney U test (depending on
normality tested by a Shapiro-Wilk test). A p value < 0.05 was considered statistically
significant.

3. RESULTS

3.1. Clinical observations and scaffold implantation

To reduce the use of animals in line with the 3Rs, 5 castrated male and 13 female skeletally
mature goats (2-3 years old) that were used as positive controls in previous studies
performed by the authors were included in this study [26,27]. These goats showed no
difference in weights between male and female animals (38.0 £ 2.8 vs. 37.2 + 8.0 kg, P =
0.839). Therefore, the effect of weight as a confounding factor in evaluating sex effects
was excluded. During surgery, scaffolds were successfully press-fitted into defects created
on the weight-bearing (femoral condyle) and non-weight-bearing (trochlear groove)
locations. Intra-operatively scaffolds were filled instantly with blood from healthy
surrounding subchondral bone (Figure 1). Postoperatively all animals recovered without
complications. Within 5 days all goats moved freely without signs of distress or significant
lameness for the duration of the study up to the endpoint of 6 months.

4y .

Figure 1. Location of osteochondral defects in the femoral condyle (weight-bearing) and the trochlear
groove (non-weight-bearing). Note the fresh bleeding from the defect before press fit implantation of the
scaffold and the soaking of the scaffold with blood (turning white scaffold red) after implantation.

3.2. Female goats formed more subchondral bone compared to male goats and this was
independent from loading conditions

Micro-CT reconstruction was performed for the quantification of the subchondral bone
formation in the osteochondral defect. Well-healed subchondral bone was found in the
osteochondral defect at 6 months (Figure 2A,B). Since female controls originated from two
different studies (10 female goats from study 1 [26] and 3 females from study 2 [27]), the
difference in subchondral bone repair between females of the two groups was first
evaluated to exclude the effect of different studies as a confounding factor in evaluating
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sex effects. No significant difference was found in subchondral bone repair between
females of the two groups and data were pooled for further comparison (Supplementary
Figure S1).

Two differently loaded defect locations, weight-bearing (femoral condyle) and non-
weight-bearing (trochlear groove), were evaluated in this study. To investigate the
influence of local mechanical loading patterns on subchondral bone repair the two
differently loaded locations in both male and female subjects were initially investigated
separately (Figure 2A,B). A trend was found in both weight-bearing and non-weight-
bearing defects with more subchondral bone repair in female goats (Figure 2C).
Specifically, in the weight-bearing femoral condyle bone defects, higher bone volume per
total volume (BV/TV, P = 0.043), trabecular bone number (Tb.N, P = 0.084), trabecular
thickness (Th.Th, P = 0.208), and lower trabecular separation (Th.Sp, P = 0.059) was
observed in female goats compared to male goats (Figure 2C). Similarly, higher BV/TV (P =
0.051), Th.N (P =0.326), Th.Th (P = 0.173), and lower Th.Sp (P = 0.513) in the non-weight-
bearing trochlear groove bone defects were observed in female goats (Figure 2C).
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Figure 2 More bone repair was observed in female goats after 6 months. (A) Representative micro-CT
reconstructions in the femoral condyle bone defects. Best, Average and Worst samples were presented
according to bone volume. The scale bar indicates 2 mm. (B) Representative micro-CT reconstructions in the
trochlear groove bone defects. Best, Average and Worst samples were presented according to bone volume.
The scale bar indicates 2 mm. (C) bone volume per total volume (BV/TV), trabecular number (Tbh.N [1/mm]),
trabecular thickness (Tb.Th [mm]), and trabecular separation (Tb.Sp [mm]) in the subchondral bone defects.
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The blue (femoral condyle) and red (trochlear groove) lines in the bar graphs indicate the mean value. The
blue (femoral condyle) and red (trochlear groove) dots in the bar graphs indicate the value of each sample.
The p value above the bars in the graphs indicate the significant difference between male and female goats
when femoral condyle and trochlear groove bone defects were combined in the analyses. * p < 0.05 indicates
the difference between male and female goats in only the femoral condyle.

Between femoral condyle bone defects and trochlear groove bone defects in male goats,
no significant difference was observed in BV/TV (P = 0.545), Tb.N (P = 0.841), Tb.Th (P =
0.222), or Th.Sp (P = 0.443). Similarly, in female goats, no significant difference was found
in BV/TV (P = 0.183), Tb.N (P = 0.259), or Tb.Sp (P = 0.336) between femoral condyle bone
defects and trochlear groove bone defects, although higher Tb.Th (P = 0.034) was observed
in trochlear groove bone defects (Figure 2C). When both locations were combined to
investigate the difference in bone repair between male and female goats, significantly
higher BV/TV, Thb.N, Tb.Th, and Tb.Sp were observed in the subchondral bone defects in
female goats compared to male goats (Figure 2C).

3.3. Female goats formed more subchondral bone on histology compared to male goats in
both femoral condyle and trochlear groove defects

Histological evaluation supported the micro-CT quantification results (Figure 3A,B). In the
femoral condyle, the same trend as with CT quantification with slightly more bone-like
tissue was observed in female compared to male goats (85.7 £ 10.5 vs. 73.8 + 13.3%,
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Figure 3. Slightly more bone repair in female goats in both femoral condyle and trochlear groove
osteochondral defects. (A) Representative RGB (Picrosirius Red, Fast Green, and Alcian Blue) staining of
femoral condyle and trochlear groove osteochondral defects. The scale bar indicates 5 mm and 100 um. B:
bone-like tissue; C: cartilage-like tissue; F: fibrous-like tissue; Red arrows indicate blood vessels. (B)
Percentage of tissue volume calculated in the femoral condyle and trochlear groove subchondral bone
defects. The blue (femoral condyle) and red (trochlear groove) lines in the bar graphs indicate the mean value.
The blue (femoral condyle) and red (trochlear groove) dots in the bar graphs indicate the value of each
sample.

P = 0.063). This might be related to a slightly decreased cartilage-like tissue (12.9 + 10.2%
vs. 23.0 £ 13.0%, P = 0.099) and fibrous-like tissue (1.4 + 2.7% vs. 2.8 + 3.3%, P = 0.503)
volume in female femoral condyle subchondral bone defects (Figure 3B). No difference in
bone-like tissue volume was found in trochlear groove bone defects between male and
female goats (90.1 + 14.9% vs. 91.7 £ 7.9%, P = 0.703), but decreased cartilage-like tissue
volume (2.3+4.7%vs. 7.2+ 13.1%, P =0.336) was also observed in female trochlear groove
bone defects (Figure 3B). Interestingly, in both male and female, slightly less bone-like
tissue (P = 0.106 for male, P = 0.113 for female) and more cartilage-like tissue (P = 0.092
for male, P = 0.002 for female) were generated in the femoral condyle subchondral bone
defects compared to the trochlear groove bone defects (Figure 3B).

3.4. Well-healed cartilage was observed in both male and female goats

Macroscopically, hyaline cartilage like tissue was observed on the surface of the defects
with good integration into surrounding native cartilage tissue. No noticeable depressions
were observed, although small, scattered fissures or cracks were observed in some defects
(Figure 4A). The cartilage was classified as normal (grade ) or nearly normal (grade Il) in
all samples except for one female sample that graded Ill. No difference in both
macroscopic scores in cartilage repair between male and female goats was found (Figure
4B). On histology, the scaffolds had been degraded completely after 6 months and round
cells residing within lacunae were present in the cartilage region. Glycosaminoglycan
(GAGs) and collagen were present in the repair tissue in the defect as demonstrated by
RGB staining (Figure 3A), indicating cartilaginous tissue formation.
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Figure 4. Macroscopic assessment of femoral condyle and trochlear groove osteochondral defect repair.
(A) Representative examples of defect sites after 6 months. Arrows indicate the defects. (B) Macroscopic
scores of repair tissue in the trochlear groove osteochondral defects. 12 and 20 (indicating the best) are the
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maximum scores for the ICRS score and the Goebel score, respectively. The blue (femoral condyle) and red
(trochlear groove) lines in the bar graphs indicate the mean value. The blue (femoral condyle) and red
(trochlear groove) dots in the bar graphs indicate the value of each sample.

4. DISCUSSION

In this study, we evaluated the effect of sex on scaffold-enhanced subchondral bone repair
in experimentally induced weight-bearing and non-weight-bearing osteochondral defects
in a large animal model. Although some studies have investigated the role of sex in bone
fracture or large bone defect healing, no preclinical large animal studies have investigated
the effect of sex on biomaterial enhanced subchondral bone repair in osteochondral
defects previously. Our analyses indicate that female goats generated more subchondral
bone repair compared to castrated male goats, and the improved subchondral bone
healing was independent from loading conditions.

The goat model is a fully immune competent model using outbred animals, and offers
advantages regarding joint size, cartilage thickness, loading, comparative anatomy and
limited intrinsic healing capacity [31]. In goats, the ratio of cartilage to subchondral bone
is closer to humans than in small animals. Also, the goat model provides the opportunity
to assess tissue regeneration in critical size osteochondral defects in two different
mechanical loading environments within the same joint. Specifically, the scaffolds were
successfully implanted in the trochlear groove, with no/low direct mechanical loading, and
in the medial femoral condyle, with direct mainly compressional mechanical loading [32].
In our study there was no difference in weights between male and female animals
investigated. So, a potential bias caused by the direct effect of weight-related mechanical
loading was excluded, thus avoiding a potential bias when studying sex differences and
strengthening the study results.

Recently the inclusion of sex-balance in experimental animal studies has become more
critical and often specific requirements have to be met for funding providers, ethical
approval and regulatory bodies. To study the effect of sex on subchondral bone repair in
preclinical large animal models, and to make the translation from bench to bed, the chosen
model should clearly demonstrate close physiological and pathophysiological analogies
with the osteochondral environment in humans, where sex is considered an important
factor in determining treatment results [13]. Although no previous preclinical studies
investigated the effect of sex on subchondral bone repair, some studies reported the effect
of sex on bone healing after fracture. Estrogen and testosterone both have receptors on
osteoclasts, osteoblasts, and osteocytes [33], and the effects of sex hormones on bone
formation have been shown by several experiments on animals as well as clinical case
reports [34]. In males, testosterone has a key role in development and maintenance of
cortical and trabecular bone mass [34]. In mice, androgen deficiency accounts for
cancellous bone loss due to higher resorption, this effect being more pronounced in males
compared to females [35,36] and the treatment with testosterone is able to rescue
orchidectomy-induced bone loss [36]. In female animals, as well as in humans, estrogens
have important effects on bone turnover, with optimal levels required to achieve a normal
bone growth. Estrogen is required to control bone metabolism and trabecular bone
mineral density [37]. At cellular level 17B-estradiol, a biologically active form of estrogen,
promotes osteogenic activity and exerts anti-apoptotic effects on osteoblasts and pro-
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apoptotic effect on osteoclasts [38,39]. In mouse models, estrogen-induced osteogenesis
in long bones [40] as well as beneficial effects on bone healing, especially in the late phase,
have been reported [41]. On the other hand, estrogen deficiency is responsible for bone
destruction through several mechanisms [42].

Considering the potential influence of all the aforementioned aspects on the repair
processes, the inclusion of both sexes can provide important information on the potential
of the implanted biomaterials, although this requires larger studies with some practical
limitations which impaired the inclusion of both sexes in a large part of the previous
literature.

The husbandry situation in large animal studies, however, limits the possibilities to include
non-castrated males unless extensive separation of groups is implemented. This in itself
induces new issues such as variation in environment during the study and potential
physiological hormonal and stress effects due to fighting that might occur in one sex male
groups [43,44]. Castration of male animals would allow sex-balanced groups but changes
male reproduction hormone levels with potential consequences for bone metabolism [44].
These difficulties in study design, welfare issues and additional costs have impeded
researchers from implementing sex-balance in well validated and widely applied
translational preclinical osteochondral defect models in goats. In our study, the male goats
were castrated after reaching sexual maturity, at the age of one year, for husbandry
purposes. This led to decreased testosterone [36,45], which may have potentially
influenced subchondral bone repair. In fact, orchiectomized animals might be subjected to
a reduction in bone mineral content, as shown in rats [46]. However, although the
difference in osteogenesis might be due to the function of estrogens and androgens in
skeletal physiology and pathophysiology [47], as well as the changes induced by castration
in this model, other sex-related effects can also play an important role. Other hormones
may further contribute to the development of the skeletal sexual dimorphism. For
example, the GH-IGF1 axis, even more than sex-steroid action, is likely to be a primary
determinant of sex differences which develop during pubertal bone growth [34]. VEGF has
also been explored as a potential key mediator of sex-based differences in bone healing,
with findings in the mice model showing how VEGF conditional deletion produced sexually
dimorphic effects on bone mineralization and vascularization [48]. Bone healing was also
reported to be related with the number of stem cells [49]. Stem cells isolated from male
donors were reported to have better osteogenic capacity compared to female donors in
vitro and in vivo [50], while other findings suggest that the intrinsic osteogenic capacity of
male and female stem cells seems to be independent of sex [49]. Interestingly, a study
evaluated the cranial defect repair in intact males, castrated males, intact females, and
ovariectomized females. The results demonstrated that sex of the host, but not sex
hormones, affects bone formation [51] with intact or castrated males forming more bone
than females at the defect site [51]. The complexity of hormonal, genetic, and cellular
differences is further increased by another factor, since not all bone locations seem to
respond the same. In subchondral bone some clinical studies indicated an opposite trend,
deterioration in osteochondral repair was seen in male subjects in long-term follow up
compared to female patients [52,53]. Our study indicates that female goats form more
subchondral bone with higher bone volume, trabecular number and thickness compared
to castrated male goats. Some studies also reported that female mice achieved better
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bone remodeling. This might be attributed to elevated BMP-9 expression levels and
increased osteoclast numbers that promote faster remodeling of the fracture calluses. On
the other hand, male mice formed larger bone calluses than females which might be
attributed to higher IGF-1 expression, and increased osteoblast numbers during callus
formation [54]. Overall, all these components accounting for sex differences are likely to
play an important role in subchondral bone repair of osteochondral defect experimental
models. The results are of high relevance as they provide new insight on the importance
of looking into sex-related differences when investigating osteochondral regeneration,
even when specific male hormonal influences are removed.

The results also indicated that the effect of sex on subchondral bone is not directly
dependent on mechanical loading, since in both weight-bearing and non-weight-bearing
osteochondral defects, female goats achieved more subchondral bone repair. However, in
both male and female goats, higher bone volume and trabecular numbers were observed
in the weight-bearing osteochondral defect location compared to the non-weight-bearing
location. The crosstalk between mechanical loading and sex hormones was already
reported [55]. Changes in estrogen (for example during puberty and menopause) influence
the adaptive response of bone to mechanical loading. The response to strain of
osteoblastic cell proliferation in vitro requires estrogen receptor-a (ERa), which is
associated with stimulation of IGF-1 and Wnt signaling [56-59]. Some studies have
explored the potential role of androgens in modulating bone's adaptive response to
mechanical loading [47]. In adult male mice androgens were shown to inhibit the
osteogenic response to mechanical loading [60]. Cyclic loading was demonstrated to
prevent the increase in trabecular separation and substantially increased trabecular
thickness to preserve cancellous bone mass after orchidectomy [61]. Therefore, sex and
mechanical loading can both independently and interactively affect subchondral bone
repair.

The presented study re-used data by using positive control data from previous studies
published by our group. Data reuse is an essential component of open science, but
scientific etiquette and research integrity require fair reuse of data such as for instance
novel purpose [62]. We strongly believe that our study created a novel purpose by
investigating sex differences in the translational goat osteochondral defect model.
Subchondral bone regeneration is crucial in osteochondral defect repair and to investigate
biomaterial-based osteochondral repair, the utility of an optimal animal model is crucial.
The translational goat model is widely applied in osteochondral repair. Notably, sex has
been suggested to influence bone regeneration, and the inclusion of sex-balance in
experimental animal studies has become more critical and is often required by funding
providers and regulatory bodies. In addition, our study contributes significantly to
Reduction in the use of experimental animals as is recommended when adhering to
ARRIVE compliance and the 3Rs [63].

However, our study also has limitations. The presented study makes use of positive
controls from historical studies in which we did not assess bone status or hormone levels
before implantation of the positive control scaffold. However, animals were selected
randomly out of a larger animal cohort available to the research group and therefore we
do not expect any significant differences in bone status nor hormone levels between
animals within the castrated male or female groups respectively. In addition, all animals
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were assessed by the veterinary team (using SOPs for the pre-anaesthetic exam, clinical
exam, and a bilateral orthopaedic knee exam) before inclusion in the study. We also
assessed the macroscopic health status of the joint during surgery and concluded that all
animals had normal joints. Androgen hormone levels are expected to be significantly
reduced in castrated male goats compared to non-castrated animals. But other significant
hormonal differences between randomly chosen animals of the same age and weight
within each sex group are unlikely to occur when husbandry and environment conditions
are identical.

Finally, we have an unequal distribution of female and male subjects due to unexpected
but experimentally unrelated animal deaths caused by a Clostridium outbreak in our
original sex balanced study. Therefore, we had only 5 castrated males and 3 females left
and we were required to add female subjects to our analyses from another study to obtain
sufficient power for our experiment to analyse a sex effect. Although females were
technically obtained from two different studies both studies ran in parallel, and all animals
were kept together in one herd under similar husbandry conditions. All animals underwent
the same surgery and received the same positive control scaffold in one of their knee
joints. All surgeries, aftercare and analyses of samples was performed by the same team.
In addition, statistical testing was performed to exclude differences between females from
different experiments before data were pooled.

Overall, this study provides indications that sex can affect subchondral bone repair and
this effect in itself seems to be independent from mechanical loading. Even if husbandry
requirements may require castration, future studies evaluating subchondral bone repair
should therefore consider the option of sex balancing.

5. CONCLUSION

Female goats form more subchondral bone compared to castrated male goats in
osteochondral defect repair with a Col/Col-Mg-HAp scaffold, and this sex-related effect
seems independent from loading conditions, with similar findings observed when treating
both weight-bearing femoral condyle and non-weight-bearing femoral trochlea groove
osteochondral defects.
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SUPPLEMENTARY MATERIALS

Table S1: International Cartilage Repair Society (ICRS) cartilage repair scoring system. This tool is to
evaluate the macroscopic appearance of cartilage repair tissue.

Parameter Variables Scores

Degree of defect repair  In level with surrounding cartilage
75% repair of defect depth
50% repair of defect depth
25% repair of defect depth
0% repair of defect depth
Integration to border Complete integration with surrounding cartilage
zone Demarcating border <1 mm
% of graft integrated, % with a notable border > 1 mm
1/2 of graft integrated with surrounding cartilage,1/2 with a notable
border >1 mm
From no contact to % of graft integrated with surrounding cartilage 0
Macroscopic Intact smooth surface 4
appearance Fibrillated surface 3
2
1
0

P NWPARORLNWDD

Small, scattered fissures or cracks
Several, small or few but large fissures
Total degeneration of grafted area

Overall Grade | normal 12
Grade Il nearly normal 11-8
Grade Il abnormal 7-4
Grade IV severely abnormal 3-1

206



Effect of sex on scaffold-enhanced subchondral bone repair

Table S2: A semi-quantitative macroscopic scoring system developed by Goebel et al. for the macroscopic

description of articular cartilage repair.

Parameter

Variables

Scores

Color of the repair tissue

Presence of blood vessels in the repair tissue

Degeneration of adjacent articular cartilage

Surface of the repair tissue

Percentage defect filling

Total Scores

Hyaline or white

Predominantly white (>50%)
Predominantly translucent (>50%)
Translucent

No repair tissue

No

Less than 25% of the repair tissue
25-50% of the repair tissue

50-75% of the repair tissue

More than 75% of the repair tissue
Normal

Cracks and/or fibrillations in integration zone
Diffuse osteoarthritic changes
Extension of defect into the adjacent cartilage
Subchondral bone damage

Smooth, homogeneous

Smooth, heterogeneous

Fibrillated

Incomplete new repair tissue (rough)
No repair tissue

80-100 %

60-80 %

40-60 %

20-40%

0-20 %

OFRPNWPAPORPNWPRORPRNWPAPAORNWRAMRORLNWDD

N
o
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Supplementary Figure S1. No significant difference in bone repair between females of two groups. Bone
volume per total volume (BV/TV), trabecular thickness (Tb.Th [mm]), trabecular number (Tb.N [1/mm]), and
trabecular separation (Tb.Sp [mm]) in the bone defects.
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An articular cartilage culture model to study cartilage calcification

ABSTRACT

The zone of calcified cartilage (ZCC) acts as a transitional layer that anchors articular
cartilage to the subchondral bone. Without the ZCC, the transition from non-calcified
articular cartilage to the subchondral bone plate would be quite an abrupt mechanical
transition. Regenerating the ZCC during osteochondral defect repair remains a major
challenge. In this study, we aimed to study mechanisms of formation of the ZCC with an ex
vivo zonal cartilage culture model. Briefly, full-thickness cartilage explants were harvested
from bovine metacarpophalangeal joints before skeletal maturity. Explants were cultured
as one complete full-thickness structure or were divided into two layers (top and bottom
layers) and subsequently cultured in the presence of 10 mM B-glycerophosphate for 3
weeks to allow calcification to occur. No calcification was observed in the top layers, as
confirmed by micro-CT and von Kossa/thionine staining. Conversely, the deep zone of the
bottom layer alone calcified ex vivo, and formed more calcification compared to full-
thickness cartilage. Less calcification was observed when the bottom layers were directly
and indirectly co-cultured with the top layers, suggesting that the top layer has the
potential to inhibit deep layer calcification. To investigate the role of zonal chondrocytes
in cartilage calcification, cartilage explants were devitalised. Viable full-thickness cartilage
or top layers formed less calcification compared to devitalised explants, while more
calcification was observed in viable bottom layers compared to devitalised bottom layers.
With this model, we demonstrated an inherent zone-specific calcification pattern within
the cartilage explants. The viable top layers exhibited the capacity to inhibit cartilage
calcification via releasing bioactive factors. The viable chondrocytes residing in the bottom
layers have a role in stimulating calcification but are also capable of responding to
bioactive factors that inhibit calcification. The model allows future studies investigating
the mechanism of ZCC formation, to provide clues how to regenerate calcified cartilage in
osteochondral defect repair as well as investigating potential treatments for pathological
cartilage calcification.

Keywords: cartilage; calcification; zonal structure; ex vivo model; tissue engineering
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1. INTRODUCTION

Osteochondral defects might lead to joint pain, limited range of movements and even
dysfunction [1]. The limited regenerative capacity of articular cartilage has stimulated the
investigation of tissue engineering approaches to regenerate the cartilage-bone unit.
However, regenerating the zonal structure of the cartilage-bone unit, especially the zone
of calcified cartilage (ZCC), appears to remain a major challenge [2]. The ZCC is the
interface between articular cartilage and subchondral bone [3]. It consists of dispersed
chondrocytes within lacunae in the calcified matrix, which is composed of collagen, sodium
hyaluronate and hydroxyapatite in varying proportions [4]. As a transition layer from non-
calcified cartilage to the subchondral bone plate, the ZCC prevents a mechanically
discontinuous transition, and minimises the shear stress on the interface of cartilage and
bone [5-7]. Additionally, the ZCC functions as a barrier that prevents vascular invasion from
the subchondral bone to non-calcified cartilage with a lower diffusion coefficient [8].
Therefore, regenerating the ZCC in full-thickness cartilage or osteochondral defects is
critical for restoring physiological functions.

Understanding the mechanism underlying cartilage calcification is essential for the
successful regeneration of the ZCC in (osteo)chondral tissue engineering. In vitro, cell lines
are commonly used to study cartilage matrix calcification [9-11]. Formation of this zone
involves a multifactorial process resulting from a balance between pro-calcification factors
and calcification inhibitors [12]. The physiological or pathological imbalances might be
attributed to various factors, including chondrocyte phenotype (e.g. altered responses to
bioactive factors and secreted matrix vesicles), dysregulated inorganic pyrophosphate and
inorganic phosphate metabolism in the extracellular matrix and extracellular Ca?* levels
[13]. Conventional in vitro models with cell lines do not include the extracellular matrix nor
zone-specific differences that are important for the complex interplay between the
different zones in articular cartilage. For instance, the presence of bioactive factors in the
superficial zone, such as parathyroid hormone-related protein (PTHrP), can affect cartilage
calcification [14], while Indian hedgehog (lhh) signalling from prehypertrophic
chondrocytes residing in the deep zone has been implicated in the control of chondrocyte
maturation by way of feedback control of PTHrP. Alkaline phosphatase activity, that is
important for tissue calcification, is predominately localized to the deep zone [15].
Moreover, although tissue engineering techniques have led to the generation of 3D culture
models, the extracellular matrix produced in these models is immature and lacks the
architecture of articular cartilage [16-18].

Investigating cartilage calcification in vitro requires more sophisticated models that can
better emulate the native cartilage tissue environment with the specific biochemical
gradients and chondrocyte phenotypes present within each cartilage zone. Mammalian
tissues in ex vivo settings provide a more realistic environment that closely mimics the in
vivo situation for studying cartilage physiology and responses to stimuli. Their utilisation
has the potential to reduce the need for animal experiments in future research
endeavours, aligning with ethical considerations. Therefore, we developed a new culture
model to investigate the mechanism of ZCC formation. To do this, we first hypothesised
that an explant of immature bovine cartilage (with the ZCC not yet formed) would retain
the ability to form the ZCC ex vivo. Then, we investigated the role of chondrocytes residing
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in the different zones of articular cartilage in calcified cartilage formation with this ex vivo
zonal cartilage culture model.

2. MATERIALS AND METHODDS

2.1. Cartilage explant preparation and culture

Full-thickness cartilage explants were harvested from metacarpophalangeal joints of 6- to
8-month-old calves (LifeTec, Eindhoven, The Netherlands) using a 4 mm diameter biopsy
punch and a scalpel (15, Swann Morton, Sheffield, UK), and osteochondral explants (8 mm
diameter and 5 mm height) were harvested using a drill. In the metacarpophalangeal joints
at this age, the ZCC was not yet formed. Full-thickness cartilage explants were divided into
two layers (referred to as top layer and bottom layer) with a scalpel. Explants were kept
overnight in Dulbecco’s Modified Eagle Medium (DMEM, 1 g/L glucose, Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA), 25
pg/ml ascorbic acid (Sigma Aldrich, Saint Louis, MI, USA), 50 pug/mL gentamycin (Gibco,
Waltham, MA, USA), and 1.5 pg/mL fungizone (Gibco, Waltham, MA, USA) at 37 °C and 5%
COz. The next day, the cartilage explants were scanned with Micro-Computed Tomography
(micro-CT) and around half of explants with underlying subchondral bone tissue were
excluded from culture.

To allow tissue calcification, B-glycerophosphate (B-GP, Sigma Aldrich, Saint Louis, Ml,
USA) was added to the culture medium. A concentration of 10 mM was used based on an
experiment using 0, 2.5, 5. 10 and 50 mM B-GP (Supplementary Figure 1) and previous
publications. Osteochondral explants were cultured in a specialised well plate (LifeTec,
Eindhoven, The Netherlands) designed to separate the medium for cartilage and
subchondral bone (Supplementary Figure 2A). Experiments for direct co-culture of four top
layers with a bottom layer utilised a transwell system (PET membrane; 8 um pore size, Life
Sciences, Arizona, United States). For in-direct co-culture, the culture medium collected
from the top layer-only was used to culture the bottom layer. Specifically, the top layer-
only was cultured without B-GP. Every two days, the culture medium collected from top
layer-only samples was mixed with the same amount of fresh medium and B-GP (at final
concentration of 10 mM). This mixture was then used to culture the bottom layer-only
explants. To evaluate the effect of bioactive proteins in the medium conditioned by top
layers, the mixed medium was first heated up to 56 degrees for half an hour. To further
study the interaction between the top and the bottom layer, a single top layer and a
bottom layer were brought into close contact by either making an incomplete cut or
embedding them together in agarose.

To study the role of chondrocytes, cartilage explants were devitalised either by fixing in
4% formalin or subjected to two freeze-thaw cycles. To study the response of cartilage to
a known inhibitor of cartilage calcification, 0, 10, 50 and 100 nM PTHrP (Phoenix
Pharmaceuticals, Burlingame, United States) were added to the medium.

For all experiments, the medium was refreshed every 2 days and the amount of calcium
taken up from the medium was measured with a calcium assay. After 3 weeks, the explants
were harvested and scanned under micro-CT, followed by fixation in 4% formalin for 3 days
for histological analyses.
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2.2. Calcium assay of medium

Ca?* concentration in the medium was measured and cumulative Ca?* uptake was
calculated. Briefly, 100 pl fresh reagent (0.5 M Ethanolamine, 0.175 mM o-cresolphthalein
complexone, 9.9 mM 8-hydroxyquinoline, 0.3 M hydrochloric acid, Sigma Aldrich, Saint
Louis, MI, USA) was added to 10 pl collected medium in a 96 well plate. The control
medium without explants was incubated and refreshed every two days to eliminate the
effect of evaporation. The range of calcium concentration (calcium chloride) for the
standard curve is 0-3 mM. Optical density was measured at 570 nm on the versamax.

2.3. Micro-Computed Tomography and quantification

The explants were scanned in a micro-CT scanner (Quantum GX, Perkin Elmer, Akron, OH,
USA) in medium in 48 well plates with the following settings: energy 90 KV, intensity 88
pA, 172 mm FOV, 86 um isotropic voxel size. All the scans were under an X-ray filter of Cu
(thickness = 0.06 mm) and Al (thickness = 0.5 mm). A high-resolution mode was set, and a
scan time of 4 min was used. To quantify the volume of calcified tissue, a single threshold
was set to exclude the signalling of the medium and the well plate. Each 3D reconstructed
explant was selected manually as the volume of interest, and the calcification volumes
(mm?3) of each explant were measured.

2.4. Histology

The formalin fixed cartilage explants were embedded in paraffin and sectioned at 6 um.
The formalin fixed osteochondral explants were embedded in methyl methacrylate (MMA)
and sectioned at 10 um. Following dewaxing or MMA-removal, von Kossa/thionine
staining was performed with 5% silver nitrate solution (Sigma, Saint Louis, MI, USA) and
0.4% thionine (Sigma, Saint Louis, MI, USA) to visualise calcium deposition in the
extracellular matrix and general cell/tissue morphology.

To validate the devitalisation of cartilage explants, live/dead staining was performed.
Viable or devitalised cartilage explants were cut into a thin piece cross-sectionally by a
scalpel. After rinsing in phosphate buffered saline (PBS, Sigma Aldrich, Saint Louis, MI, USA),
the tissues were incubated in the staining solution (consisting of 10 uM calcein AM and 20
MM Ethidium homodimer-1, Molecular Probes, Eugene, OR) for half an hour. Fluorescent
images of tissues were obtained by using a fluorescence microscopy (ECHO, San Diego,
us).

2.5. Statistical Analysis

All statistical tests were performed using SPSS software 28.0 (SPSS Inc., Chicago, IL, USA).
The calcium concentration and volume of calcified tissue were expressed as mean =
standard deviation (SD). Normality was tested by a Shapiro-Wilk test. Depending on the
normality, statistically significant differences between two groups were determined by a
Student’s T test or a Mann-Whitney U test. One-way ANOVA test or the Kruskal-Wallis H
test with Bonferroni-correction were used to determine the statistically significant
differences among three groups. The homogeneity of variances was tested using Levene's
test. A p-value < 0.05 was considered statistically significant.
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3. RESULTS

3.1. Inherent zone-specific calcification observed within the cartilage explants cultured ex
vivo

3.1.1. Calcification was observed only in the deep zone of cartilage explants

After a 3-week incubation period, calcification was observed only in the deep zone of full-
thickness cartilage explants, as confirmed by von Kossa/thionine staining (Figure 1A, B). To
further verify the region of calcification within the articular cartilage and mitigate any
influence from medium accessibility, full-thickness cartilage explants were divided into
two layers (top layers and bottom layers) and cultured separately for 3 weeks (Figure 1C).
The bottom layers took up significantly more calcium compared to the top layers after 3
weeks (P < 0.001, Figure 1D). In fact, the top layers took up very low amounts of calcium
from the medium. Micro-CT analysis validated these findings, revealing no cartilage
calcification in any of the top layers; while all the bottom layers exhibited calcification (P <
0.001, figure 1E). von Kossa/thionine staining further supported these results observed by
micro-CT quantification, demonstrating calcification formation exclusively in the deep
zone of bottom layers, consistent with observations in full-thickness cartilage (Figure 1B,

Bottom layer

Figure 1. The deep zone of cartilage exhibited the capability of calcification ex vivo. (A) Experimental
scheme for full-thickness cartilage explants harvesting and culturing. 0.5 ml medium was used to culture the
cartilage explants. (B) Representative von Kossa/thionine staining of full-thickness cartilage at day 0 and after
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3 weeks in culture. The arrow indicates calcification indicated by von Kossa positive staining. Scale bars
indicates 100 um and 20 um (magnified images), respectively. (C) Experimental scheme for separating the
top layers and the bottom layers from full-thickness cartilage explants. (D) The cumulative Ca®* taken up from
the medium by top layers (n = 8) or bottom layers (n = 16) of cartilage at each time point of medium refreshing
during culture. The bar graph expresses the cumulative Ca’* uptake at 3 weeks. (E) Representative 3D
reconstructed micro-CT images and volume of calcified tissue (mm?) after 3 weeks. Scale bar indicates 2 mm.
(F) Representative von Kossa/thionine staining of a top layer and a bottom layer after 3 weeks of culture.
Scale bars indicates 100 um and 20 um (magnified images), respectively. The Mann-Whitney U test was used
to test statistical significance.

3.1.2. A distinct layer of calcification was formed in the deep zone of the cartilage in
osteochondral explants

To further evaluate the location of the layer of calcification found in relation to the
architecture of the entire cartilage-unit, osteochondral tissue explants were cultured ex
vivo (Figure 2A). A layer of calcification was again observed in the deep zone of articular
cartilage (Figure 2B, C). Interestingly, a non-calcified cartilage layer was observed between
the newly formed calcification and the native subchondral bone plate (Figure 2B, C), which
is hypothesized to be a remnant of the secondary ossification centre.
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Figure 2. A distinct calcification layer was formed in the deep layer of the articular cartilage in immature
osteochondral explants ex vivo. (A) Experimental scheme for osteochondral explants culturing. 3 ml medium
was used to culture the cartilage explants, 4 ml medium was used to culture the subchondral bone. (B)
Representative micro-CT images. Scale bar indicates 1 mm. (C) Representative von Kossa/thionine staining at
day 0 and after 3 weeks in culture. Scale bars indicates 200 um and 100 um (magnified images), respectively.
The red arrows indicate the non-calcified layer in between. The white arrows and white lines indicate the new
calcification layer. The yellow arrows indicate the subchondral bone.
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3.2. Top layers inhibited cartilage calcification in the bottom layer

3.2.1. The presence of top layers in full-thickness cartilage reduced calcification

In the full thickness cultures, only five out of twelve full-thickness cartilage explants were
calcified, whereas all sixteen bottom layers that were cultured separately, exhibited
calcification (Figure 1). Drawing from this observation, we hypothesised that the presence
of top layers within the full-thickness cartilage explants might potentially inhibit cartilage
calcification. To investigate the interplay between top layers and bottom layers, we
cultured cartilage explants as follows: (1) one bottom layer-only; (2) one bottom layer
directly co-cultured with one top layer in the same well; (3) divided full-thickness cartilage
(with top and bottom layers connected at one edge); and (4) full-thickness cartilage.
Results showed that two connected layers (P = 0.018) and full-thickness cartilage (P <
0.001) took up significantly less calcium compared to the bottom layer-only (Figure 3A).
This trend was consistently observed in micro-CT and histological analyses (P < 0.01, Figure
3B-D), where the calcification was formed in the bottom layer-only explants.

3.2.2. Top layers inhibited cartilage calcification via releasing bioactive factors in a dose-
dependent manner

Notably, co-culturing a separated top and bottom layer in the same well did not
significantly reduce the calcification of the bottom layer (Figure 3A-D). We hypothesized
that the inhibition might be via the release of factors and that a certain concentration is
required. To investigate this, the bottom layer was co-cultured with four top layers in a
transwell system (Figure 3E). Over the 3-week culture period, the bottom layer co-cultured
with four top layers took up significantly less calcium than the bottom-only explants (P =
0.002, Figure 3F). Micro-CT analysis and von Kossa/thionine staining further confirmed less
calcification in bottom layer co-cultured with four top layers (P = 0.043, Figure 3G-l).

These results indicate that the top layer secretes factors that can inhibit calcification of
cartilage. The indirect co-culture experiments with conditioned medium of top layers on
the bottom layer suggested that the secreted factors are heat-sensitive (Supplementary
Figure 2), indicating that the secreted factors might be proteins.

3.3. Cartilage calcification can be modulated by viable chondrocytes in the top and the
bottom layer

To further investigate the role of viable chondrocytes in the cartilage calcification process,
full-thickness cartilage explants were devitalised by fixation in 4% formalin for 3 hours, or
two freeze-thaw cycles. Live/dead staining confirmed the devitalisation of chondrocytes in
cartilage explants (Figure 4A). During a 3-week culture period, devitalised full-thickness
cartilage explants calcified more than viable explants, as determined by significantly more
calcium uptake from the medium (P < 0.001, Figure 4B), and a significantly higher volume
of calcified tissue on micro-CT and von Kossa/thionine staining (P = 0.019, Figure 4C-E).
This consistent trend was observed across various concentrations of -GP (2.5, 5, 10 and
50 mM) added during the culture (Supplementary Figure 3). Interestingly, the inherent
zone-specific calcification present in the deep zone, was also exhibited within the
devitalised cartilage explants. The calcification was, however, more scattered in the
devitalised explants compared to the calcification in viable explants that was denser in a
restricted region (Figure 4E).
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Figure 3. Factors secreted from the top layers inhibited the calcification of the extracellular matrix in the
bottom layers. (A) Cumulative Ca?* taken up from the medium by different cartilage explants (bottom layer-
only, n = 12; top + bottom layer, n = 12; connected two layers, n = 16, full-thickness cartilage, n = 32) at each
timepoint of medium refreshing. The bar graph showed the cumulative Ca?* uptake over 3 weeks. 0.5 ml
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medium was used to culture the cartilage explants. The Kruskal-Wallis H test was used to test statistical
significance. (B) Representative 3D reconstructed micro-CT images at 3 weeks. The scale bar indicated 2 mm.
(C) Volume of calcified tissue (mm?) on micro-CT after 3 weeks of culture. The Kruskal-Wallis H test was used
to test statistical significance. (D) Representative von Kossa/thionine staining of cartilage explants cultured
for 3 weeks. Scale bars indicates 100 um. (E) Experimental scheme for co-culture of four top layers with a
bottom layer in a transwell system (PET membrane; 8 um pore size). 1 ml medium was used to culture the
cartilage explants. (F) Cumulative Ca?* taken up from the medium by cartilage explants (bottom layer-only, n
= 6, 4 top layers + bottom layer, n = 12) over 3 weeks. The independent t-test was used to test statistical
significance. (G) The volume of calcified tissue (mm?) at 3 weeks. The independent t-test was used to test
statistical significance. (H) Representative 3D reconstructed micro-CT images at 3 weeks. The scale bar
indicated 2 mm. (I) Representative von Kossa/thionine staining of cartilage explants cultured for 3 weeks.
Scale bars indicates 200 um and 50 um (magnified images), respectively.
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or freeze-thaw explants. (B) Cumulative Ca?* taken up from the medium by different cartilage explants (n =
10) at each time point of medium refreshing. The bar graph showed the cumulative Ca?* taken up by viable
and devitalised full-thickness cartilage explants at 3 weeks. (C) Representative 3D reconstructed micro-CT
images at 3 weeks. The scale bar indicated 2 mm. (D) The bar graph showed the volume of calcified tissue
(mm?3) at 3 weeks. (E) Representative von Kossa/thionine staining of cartilage explants cultured for 3 weeks.
Scale bars indicates 100 um and 20 um (magnified images), respectively. 1 ml medium was used to culture
the cartilage explants. One-way ANOVA test was used to test statistical significance.

We then continued investigating the role of viable cells in the top layers and bottom layers
separately. Top-only layers devitalised with formalin took up more calcium from the
medium compared to viable top-only layers (P < 0.001, Figure 5A), and demonstrated more
calcified tissue on micro-CT and histology (Figure 5B, C), whereas there was no calcified
tissue visible in viable top-only layers after 3 weeks (Figure 5B, C). Notably, the calcification
in devitalised top layers was scattered around devitalised chondrocytes predominantly in
the lower region of the top layer (Figure 5C).
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Figure 5. Viable chondrocytes in the top layers inhibited calcification whereas viable chondrocytes in the
bottom layers actively induced calcification. (A) Cumulative Ca?* taken up from the medium by viable (n =
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23) and devitalised top layers (n = 24) after 3 weeks. (B) The volume of calcified tissue (mm3) at 3 weeks. A
low threshold was set to quantify the calcification volume in top layers. (C) Representative von Kossa/thionine
staining of cartilage explants cultured for 3 weeks. Scale bars indicates 100 um and 20 um (magnified). (D)
Cumulative Ca?* taken up by viable (n = 20) and devitalised bottom layers (n = 24) after 3 weeks. (E) The
volume of calcified tissue (mm?) at 3 weeks. (F) Representative von Kossa/thionine staining of cartilage
explants cultured for 3 weeks. Scale bars indicates 100 um and 20 um (magnified images), respectively. 1 ml
medium was used to culture the cartilage explants. Two in dependent experiments with two different donors
were performed. The Kruskal-Wallis H test or one-way ANOVA test (based on normality) was used to test
statistical significance.

Interestingly, devitalised bottom-only layers took up less calcium from the medium than
viable bottom-only layers (Figure 5D, P = 0.083). The volume of calcified tissue visible on
micro-CT and histology was less in the devitalised bottom layers compared to viable
bottom layers (P < 0.001, Figure 5E). The calcification in both viable and devitalised bottom
layers was densely located in the lower zone of the bottom layer (Figure 5F).

These results indicated the distinct roles of viable chondrocytes in the top layers and the
bottom layers. Viable chondrocytes residing in the top layers inhibit cartilage calcification,
whereas viable chondrocytes in the bottom layers might actively induce cartilage
calcification.

3.4. Some bioactive factors secreted by top layers that inhibit cartilage calcification do not
require the response of viable chondrocytes

We have demonstrated that chondrocytes in top and bottom layers have an effect on
calcification in their own layer. Since we have demonstrated that factors secreted from the
top layer can actively inhibit calcification in the bottom layer, we investigated the role of
viable bottom layers in response to calcification-inhibiting factors that might come from
the top layers. Adding PTHrP to the culture of bottom layers significantly reduced the
calcium taken up (P < 0.001, Figure 6A) and the volume of calcified tissue formation (P <
0.001, Figure 6B, C), exhibiting a dose-dependent response. Meanwhile, 100 nM PTHrP
only inhibited calcification in viable bottom layers (Figure 6D-F). Thus, the chondrocytes in
the bottom layers can actively induce calcification as well as be modulated to inhibit
calcification.

We then investigated the role of viable chondrocytes in the interplay between the two
layers. Surprisingly, viable top layers might still be able to inhibit calcification of devitalised
bottom layers (Figure 7A-D). This indicated that the viable top layers modulate cartilage
calcification partly via releasing bioactive factors that do not require the response of viable
chondrocytes in the bottom layer. Moreover, devitalised top layers were also able to
inhibit calcification of viable bottom layers, as confirmed by higher calcification volume on
micro-CT (Figure 7E-G), indicating that the inhibitory factors might has pre-existed in the
top layers. Data of cumulative Ca?* taken up by viable bottom layer and devitalised top +
viable bottom was not shown since devitalised top took up Ca%* as well.
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Figure 6. Viable chondrocytes in the bottom layers responded to calcification-inhibiting factors. (A)
Cumulative Ca** uptook by different cartilage explants (n=20) over 3 weeks. The Kruskal-Wallis H test was
used to test statistical significance. (B) The volume of calcified tissue (mm?) at 3 weeks. The Kruskal-Wallis H
test was used to test statistical significance. (C) Representative von Kossa/thionine staining of cartilage
explants cultured for 3 weeks ex vivo. The yellow squares indicate the magnified images. The scale bar
indicated 200 um and 50 um (magnified images), respectively. (D) The cumulative Ca?* uptook by different
cartilage explants over 3 weeks. The independent t-test (devitalised bottom layer conditions) or the Mann-
Whitney U test (viable bottom layer conditions) was used to test statistical significance. (E) The volume of
calcified tissue (mm?) at 3 weeks. The independent t-test (viable bottom layer conditions) or the Mann-
Whitney U test (devitalised bottom layer conditions) was used to test statistical significance. (F)
Representative von Kossa/thionine staining of cartilage explants cultured for 3 weeks ex vivo. The yellow
squares indicate the magnified images. The scale bar indicated 200 um and 50 um (magnified images),
respectively. 1 ml medium was used to culture the cartilage explants. Two independent experiments with two
different donors were performed.
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Figure 7. The role of viable chondrocytes in the interplay between the two layers. (A) Cumulative Ca?*
uptook by devitalised bottom layer-only (n = 24, same group as in Figure 5) and viable top + devitalised
bottom (n = 24) over 3 weeks. (B) Representative 3D reconstructed micro-CT images. The scale bar indicated
2 mm. (C) The volume of calcified tissue (mm?) at 3 weeks. (D) Representative von Kossa/thionine staining of
cartilage explants cultured for 3 weeks. Scale bars indicates 100 um. (E) Representative 3D reconstructed
micro-CT images. The scale bar indicated 2 mm. (F) The volume of calcified tissue (mm?) in viable bottom
layer-only (n=20, same group as in Figure 5) and devitalised top + viable bottom (n = 21) at 3 weeks. (G)
Representative von Kossa/thionine staining of cartilage explants cultured for 3 weeks. Scale bars indicates
100 um. 1 ml medium was used to culture the cartilage explants. The Kruskal-Wallis H test or one-way ANOVA
test (based on normality) was used to test statistical significance. Two independent experiments with two
different donors were performed.

4. DISCUSSION

In this study, we developed an ex vivo cartilage culture model to investigate the formation
of the ZCC in articular cartilage. Our findings revealed the inherent zone-specific
calcification processes exhibited within the cartilage explants. The top layer expressed the
capacity to inhibit cartilage calcification via releasing bioactive factors. The viable
chondrocytes in the bottom layer can actively stimulate cartilage calcification as well as
respond to bioactive factors that inhibit cartilage calcification. These results indicate the
critical role of the different layers of articular cartilage in the formation of a ZCC.

Ex vivo explant culture models represent powerful tools in cartilage research, bridging the
gap between in vitro models and pre-clinical studies and reducing the need for animal
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experiments in our research endeavours [19-21]. With the complex physico-chemical
properties of cartilage, the ex vivo culture preserves crucial cell-cell and cell-matrix
interactions, essential for better understanding cell behaviour within their natural three-
dimensional environment. Our explant culture model includes the different layers of
articular cartilage that contain chondrocytes of different phenotypes and matrix of
different structures/compositions [22]. The presence of an extracellular matrix prevents
the de-differentiation that often occurs in monolayer cultures. By retaining the zonal
organisation and 3D structure, the specific biochemical gradients and chondrocyte
phenotypes present within each cartilage zone can be preserved. Moreover, we used
immature articular cartilage where the ZCC has not yet been formed. In this study, the
calcification layer formed in osteochondral explants was not connected to the secondary
ossification centre, indicating that the calcification zone might be the future ZCC. With this
culture model, we explored the interplay between top and bottom zones of articular
cartilage in the formation of the ZCC. We revealed that the regulation of formation of this
ZCC involves the complex interplay between viable chondrocytes from different zones.
Such a model could provide useful insights into mechanisms of cartilage calcification and
the effects of involved factors.

The coordinated expression of inhibitory and stimulatory factors of calcification by
chondrocytes in different zones may be involved in calcified cartilage formation. In our
study, the top layers released bioactive factors that inhibited calcification of the deep zone
of cartilage. Delve et al. suggested that FGF-18 might be one of the bioactive factors
secreted by the chondrocytes from the superficial zone of articular cartilage that inhibit
cartilage calcification by up-regulating polyphosphate [23]. PTHrP secreted by the
superficial chondrocytes [14], is another factor that has been shown to regulate cartilage
calcification by suppressing ALP activity [24]. Most knowledge about cartilage calcification,
however, comes from research on the growth plate where the PTHrP-IHH loop is known
to play an important role [25]. In our study, PTHrP significantly reduced the calcification of
viable bottom layer cartilage, but not of devitalised bottom layers, indicating that viable
chondrocytes are needed to respond to the regulators of cartilage calcification. Indian
hedgehog (Ihh) signalling from prehypertrophic chondrocytes has been implicated in the
control of chondrocyte maturation by way of feedback control of a second secreted factor,
PTHrP, and PTHrP also inhibits Ihh secretion via a negative feedback loop [24, 26, 27]. On
the other hand, the deep zone of immature articular cartilage readily calcifies during
culture. In fact, our results showed that less calcification was formed in devitalised bottom
layer-only explants than in viable bottom layer-only explants, indicating that chondrocytes
in the bottom layers might actively stimulate cartilage calcification. Chondrocytes that
undergo hypertrophy-like changes produce a number of proteins that are involved in
calcification, such as alkaline phosphatase [28]. These findings indicated that the presence
of viable chondrocytes in both layers is essential for the regulation of formation of the ZCC.
Chondrocytes in the different zones play critical and distinct roles in modulating cartilage
calcification via expression of inhibitory and stimulatory factors.

On the other hand, although viable chondrocytes are required to respond to PTHrP, our
results showed that viable top layers were still able to inhibit calcification of devitalised
bottom layers, and devitalised top layers were also capable to inhibit calcification of viable
bottom layers. This indicates that the inhibitory effect of top layers on calcification does
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not entirely rely on the presence of viable chondrocytes. Fetuin is a liver-derived protein
that acts as a potent inhibitor of ectopic mineralization via binding small clusters of calcium
and phosphate [29]. Therefore, the function of fetuin in inhibiting mineralisation does not
require the presence of viable cells. Moreover, fetuin has been found to be present in
human articular cartilage and chondrocytes are capable of fetuin uptake [30]. In fact, the
fetuin-matrix Gla protein complex is assembled in matrix vesicles in healthy articular
cartilage, but not in osteoarthritic cartilage [30]. This might explain the mineralisation
observed in osteoarthritic cartilage, since fetuin-A levels are inversely associated with
clinical severity in osteoarthritis patients [31]. Overall, there might be multiple factors
released by top layers for inhibiting cartilage calcification, such as FGF18 or PTHrP that
requires the presence of viable chondrocytes in both layers, or fetuin that is able to
function without viable chondrocytes.

In our cultures, the calcified zone that was formed represents approximately 20-30% of
the tissue thickness. Interestingly, only the deep zone of the viable articular cartilage
calcified. Moreover, the calcification layer formed in osteochondral explants was not
connected to the secondary ossification centre, indicating that the calcification in the deep
zone might be the future ZCC. This zone-specific mineralisation indicates the role of the
zonal layering of cartilage, including the chondrocytes and matrix. A similar situation is the
calcification in growth plate cartilage, that occurs only in the zone of terminally
differentiated growth plate chondrocytes close to the chondro-osseous border. Several
theories have been proposed to elucidate the process of calcification [32]. One theory
suggests that matrix vesicles might be the initiator of physiological and pathological
calcification [33]. These membrane-enclosed particles are released from the plasma
membrane of mineralisation-competent cells (hypertrophic chondrocytes). These vesicles
contain calcium-inorganic phosphate-phospholipid complexes that serve as a nucleus for
the formation of the first crystal phase [33]. Non-collagenous proteins in the extracellular
matrix, such as glycoproteins, were also reported to play a critical role in the initiation and
growth of the calcium phosphate mineral phase [33]. This role of proteins or vesicles in the
matrix, aligns with our findings that calcification of the matrix still happened in devitalised
cartilage, and was still located predominately in the deep zone. These matrix vesicles and
proteins might already have been present in the deep zone of the matrix before the
devitalisation.

Various parameters for the explant culture model presented in this study were based on
previous investigations, including the concentration of 10% fetal calf serum and 10mM -
GP [34-36]. 10% fetal calf serum and 25 pg/ml ascorbic acid were reported to be optimal
[37]. 20% fetal calf serum was demonstrated to inhibit cartilage calcification [37], possibly
due to the presence of serum proteins, including transforming growth factor 3 [38]. B-GP
is commonly used to achieve the formation of phosphate-calcium crystals. In serum or
plasma, the level of inorganic phosphate (Pi) is 1.0-1.5 mM, whereas the organic
phosphate level is about 3 mM [39]. The hydrolysis of 10 mM B-GP by alkaline phosphatase
results in medium Pi levels that are supraphysiological. The calcification in the presence of
this supraphysiological concentration of Pi in vitro can, however, lead to the formation of
large crystals in the matrix [37], which was confirmed to be hydroxyapatite [40]. Kandel et
al. compared this calcification present in the cartilage explants formed ex vivo to the
calcification present in the zone of calcified cartilage of bovine articular cartilage and
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demonstrated that the crystals that formed in the presence of 10 mM B-GP were found to
be similar in organisation, structure, and size to those present in the in vivo calcified
articular cartilage [35]. Since we have not characterised the crystals in our study, we
cannot exclude formation of pathological crystals. Furthermore, the explants were
devitalised by either formalin fixation or freeze-thaw cycles, potentially damaging the
cartilage matrix, which could influence cartilage calcification. Another limitation of our
study is that while FGF18, PTHrP or fetuin could be the bioactive factors released by the
top layers for inhibiting cartilage calcification, we did not provide evidence for the specific
release mechanisms involved. Future studies should focus on elucidating the exact
mechanisms of these factors in the interplays between zonal cartilage.

Overall, the formation of calcified cartilage might be a result of the intricate interaction
between the chondrocytes and the extracellular matrix. The insights obtained in this study
are useful for the regeneration of a biomimetic calcified cartilage to integrate cartilaginous
tissue to bone, ultimately forming a mechanically functional osteochondral unit. The clear
differences in behaviour between top and bottom chondrocytes might also explain the
challenge to successfully regenerate this unit. Using zonal chondrocytes to regenerate a
mature, stratified articular cartilage with a zone of calcified cartilage might be promising
[41]. However, this has yet to be realised and might be challenged by the lack of an efficient
zonal chondrocyte isolation method and an expansion platform that would allow both cell
propagation and phenotype maintenance [41]. This model can also be a valuable tool for
investigating pathological cartilage calcification. Cartilage calcification is a crucial hallmark
of osteoarthritis [42]. With this model, the role of different processes involved in cartilage
calcification, such as the role of inflammation and matrix degradation, can be investigated
[43]. Moreover, this ex vivo model offers a platform for testing novel compounds targeting
anti-calcification as a potential therapeutic approach.

5. CONCLUSION

Immature articular cartilage that has not yet formed calcified cartilage retains the inherent
zone-specific capacity to calcify when cultured ex vivo and thus can be used as a model to
study the mechanism of ZCC formation. Our studies demonstrated that top layers of
articular cartilage exhibited the capacity to inhibit cartilage calcification via secreting
bioactive factors, while viable chondrocytes in bottom layers can actively induce cartilage
calcification as well as respond to inhibitory factors secreted from top layers.
Understanding the processes of calcified cartilage formation can help to improve
osteochondral tissue engineering as well as to find treatments for pathological cartilage
calcifications.
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. 2.5-10 mM B8-glycerophosphate allowed calcification in full-thickness cartilage ex
vivo. Full-thickness cartilage explants were cultured with the addition of 0, 2.5, 5, 10 and 50 mM 8-
glycerophosphate in 1 ml culture medium for a duration of 3 weeks (n = 10 per condition). (A) The line graph
depicted the cumulative Ca?* taken up from the medium at each time point. The bar graph showed the
cumulative Ca?* uptake at 3 weeks. a: P < 0.05 compared to 0 mM, a’: P < 0.01 compared to 0 mM, b”: P <
0.001 compared to 50 mM. One-way ANOVA test was used to test statistical significance. (B) Representative
3D reconstructed micro-CT images of calcification after 3 weeks, scale bar indicated 2 mm. (C) The volume of
calcified tissue (mm?) in cartilage explants. a: P < 0.05 compared to 0 mM, b: P < 0.05 compared to 50 mM.
The Kruskal-Wallis H test was used to test statistical significance.
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Supplementary Figure 2. The top layers secreted bioactive factors to inhibit cartilage calcification. (A)
Experimental scheme for in-direct co-culture of top layers and bottom layers. The medium collected from the
top layers was mixed with fresh medium, and then was heated or not heated to culture the bottom layers
(0.5 ml). (B) The line graph depicted the cumulative Ca** taken up from the medium by different cartilage
explants (n=16) at each time point of medium refreshing. The bar graph showed the cumulative Ca?* uptake
over 3 weeks. (C) Representative 3D reconstructed micro-CT images and volume of calcified tissue (mm?) at
3 weeks. The scale bar indicated 2 mm. (D) Representative von Kossa/thionine staining of cartilage explants

cultured for 3 weeks ex vivo. 0.5 ml medium was used to culture the cartilage explants. Scale bars indicates
100 um. The independent t-test was used to test statistical significance.
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Supplementary Figure 3. Viable chondrocytes in full-thickness cartilage inhibited extracellular matrix
calcification with 0 mM, 2.5 mM, 5 mM and 50 mM B-glycerophosphate concentrations. (A) Cumulative
Ca?* taken up by viable and devitalised full-thickness cartilage explants (n = 10) at 3 weeks. (B) Volume of
calcified tissue (mm?) at 3 weeks. 1 ml medium was used to culture the cartilage explants. The Kruskal-Wallis
H test or one-way ANOVA test (based on normality) was used to test statistical significance.
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DISCUSSION

This thesis investigated the endogenous repair of osteochondral tissue defects, with a
special focus on biochemical and biophysical cues of exogenous implants to stimulate
osteochondral repair. In addition, we investigated the mechanism of calcified cartilage
formation, since it plays a pivotal role in successful osteochondral repair. Throughout this
thesis, various in vitro, ex vivo and in vivo models were employed to comprehensively study
the process of osteochondral tissue repair. We have demonstrated that manipulating the
biophysical and biochemical cues of biomaterials is an effective and feasible strategy for
enhancing regeneration of osteochondral tissue, but the interaction between exogenous
and endogenous cues needs to be considered when designing biomaterial-based implants.

Biophysical and biochemical modification of biomaterials to improve
osteochondral repair

Biomaterials are vital elements of tissue engineering strategies, offering structural support
and delivering biophysical and biochemical cues for the cells involved in tissue repair.
Particularly, acellular strategies heavily rely on the biophysical and biochemical cues
provided by implants in osteochondral repair [1]. In fact, in the patient, a limited quantity
of bioactive factors, such as chemokines and growth factors, is released within a short
period after osteochondral injury [2]. Consequently, only minimal endogenous
stem/progenitor cells are recruited for osteochondral repair [2]. A meta-analysis
demonstrated that implanting acellular regenerative biomaterials, such as collagen,
hyaluronic acid, hydroxyapatite and/or polycaprolactone, substantially enhanced articular
cartilage repair by 15.6% compared to non-treated defects [3]. The addition of biologics,
such as bone morphogenetic protein (BMP) and platelet-rich plasma, to biomaterials, have
demonstrated to significantly improve cartilage regeneration by 7.6% compared to control
biomaterials [3]. Therefore, the further development of regenerative hydrogels or
scaffolds with appropriate biophysico-chemical properties seems logical to further
enhance acellular osteochondral repair strategies.

Biochemical modification of biomaterials to improve osteochondral repair

Biochemical modification of biomaterials involves tailoring biochemical cues via
incorporating chondrogenic/osteogenic components or bioactive factors into biomaterials.
In Chapter 2, we highlighted the presence of resident endogenous stem/progenitor cells
in joints, and discussed the significant role of endogenous stem/progenitor cells and
bioactive factors during the repair process. We reviewed the biochemical cues, including
bioactive factors, such as chemokines, cytokines, and growth factors, along with various
spatiotemporal delivery/release modalities to achieve controlled release of bioactive
factors to the defect site, such as liposomes and nano-carriers. Many methodologies have
been employed to design and fabricate osteochondral defect implants with biochemical
cues that can interact with adjacent tissues and cells. These approaches showed promising
applications to achieve robust repair by manipulating biochemical cues of exogenous
implants.

Integrating additional biochemical components into biomaterials is one of the options to
modify biochemical cues of biomaterials. In Chapter 3 and Chapter 4, we investigated the
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effect of integrating additional chondrogenic or osteogenic components in implants to
enhance osteochondral repair. Hydrogels have emerged as a promising material in
cartilage repair due to their good biocompatibility, reproducibility and cartilage-like
characteristics, such as three-dimensional hydrophilic polymer networks [4]. The
combination of multiple natural and synthetic polymers enables the manipulation of
biochemical cues of hydrogels [5]. For instance, hyaluronic acid, a natural polysaccharide
present in articular cartilage with good biocompatibility, can be modified with
polyethylene glycol [6] or norbornene hyaluronic acid [7] to manipulate cell behaviours.
The initial step of osteochondral repair with cell-free therapeutic approaches is to recruit
tissue-forming cells to defect sites, and then induce their participation in the repair process.
The main limitation of hyaluronic acid-based materials is the limited cell adhesion [8, 9],
making them less optimal for cells to infiltrate that material, a process that is necessary for
endogenous repair procedures. The effect of adding collagen to tyramine functionalised
hyaluronic acid on endogenous cell infiltration into osteochondral defects is one of the
biomaterials we investigated in Chapter 3. The addition of collagen enhanced the
migration of surrounding mesenchymal stromal cells and chondrocytes in vitro, ex vivo and
in vivo. In native cartilage, the core fibrillar network is a crosslinked copolymer of collagens
[10], which imparts bio-instructive properties that are perceived by the cells. The
chondrocytes express receptors capable of directly binding to the triple helical domains in
collagens [11]. Therefore, the addition of collagen into the tyramine-functionalised
hyaluronic acid hydrogel might offer an additional advantage for cell adhesion and
migration. This concept of incorporating collagen to improve cell adhesion has been
applied to other materials that encounter challenges with cell adhesion, such as
polyethylene glycol (PEG) and hydroxyapatite [12-18].

In Chapter 4, we modified the bone layer of a clinically used scaffold and developed a novel
synthesis method for the production of amorphous calcium phosphate (ACP) granules. ACP
is a hydrated calcium phosphate characterised by an amorphous structure. This
amorphous nature enables it to closely resemble the low crystalline nanoparticles of the
biological apatite with a higher solubility and reactivity due to its high specific surface area
[19]. The presence of an amorphous phase, high specific surface area and hydrated
structure of ACP ensures its solubility, excellent adsorption properties and bioactivity of
biologically relevant ions and molecules [19-24]. To enhance the amorphous phase
stability of ACP, we modified its structure with strontium ions (Sr?*). Sr?* was reported to
stabilise the amorphous state of ACP [25]. As expected, the modification of the ACP
structure with Sr?* ensured prolonged amorphous phase stability of Sr-ACP in the dry state
for at least 3.5 years. This Sr-ACP was integrated into a collagen-magnesium-
hydroxyapatite (Col-Mg-HAp) scaffold to manipulate biochemical cues. With the addition
of Sr-ACP into the collagen-magnesium-hydroxyapatite (Col-Mg-HAp) scaffold, the
presence of Sr?* can further enhance the stabilisation effect of Mg?* on ACP due to the
exclusion of Mg during HAp nucleation from ACP [26]. Moreover, Sr?*, Ca?*, Mg?*, and
PO43- were expected to be released from the enhanced scaffold to favour chemotaxis,
scaffold colonisation, and the cell mineralisation process. This was supported by the
porous nano-structure of the scaffold to provide efficient ion delivery. In a caprine pre-
clinical osteochondral defect model the addition of Sr-ACP was shown to significantly
improve subchondral bone repair capacity of this scaffold. Overall, we demonstrated the
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potential of integrating additional biochemical components to improve the subchondral
bone repair capacity of biomaterials.

Another way to modify biochemical cues of implants is by delivering bioactive factors. The
migration of endogenous cells is a fundamental stage for endogenous osteochondral
repair. The limited release of bioactive factors following an osteochondral injury may not
recruit a sufficient number of endogenous cells from adjacent niches, leading to failed
osteochondral healing. Given that no exogenous cells will be seeded in the biomaterials in
acellular strategies, incorporating exogenous bioactive factors presents a favourable
approach to enhance cell infiltration and promote tissue repair. Numerous bioactive
factors are involved in the process of osteochondral repair. Many of them, such as platelet-
derived growth factor (PDGF), BMP-2, and insulin-like growth factor (IGF), have been
intensively investigated for their physiological effects on osteochondral repair. However,
the retention capacity and release profiles of bioactive factors vary across different
biomaterials. Although complex bioactive factor delivery systems have been developed,
simplicity and reproducibility are crucial criteria in clinical applications. In Chapter 5, BMP-
2 and PDGF-BB were conveniently adsorbed onto a Col/Col-Mg-HAp scaffold. In vitro
release kinetics demonstrated that PDGF-BB was burst released from the collagen-only
layer, whereas BMP-2 was largely retained in both layers. The adsorption of BMP-2 or
PDGF-BB led to enhanced cell ingrowth in a bovine osteochondral defect model cultured
ex vivo. In an in vivo semi-orthotopic athymic mouse model, the addition of BMP-2 or
PDGF-BB resulted in increased tissue repair. This finding aligns with previous studies that
showed BMP-2 and PDGF-BB can function as effective bioactive factors for cell recruitment
and tissue repair [27-30]. Unexpectedly, in our study, BMP-2 reduced bone regeneration
in weight-bearing femoral condyle locations in the goat osteochondral defect model, while
it slightly improved the subchondral bone repair in non-weight-bearing trochlear groove
osteochondral defects. This is possibly due to local dosage and its interaction with
mechanical loading. Mechanical loading has been demonstrated to enhance BMP-2
expression [31]. Consequently, the combination of exogenous and locally produced BMP-
2 could potentially result in an overstimulation of BMP-2 signalling, leading to
inflammation, bone resorption, and fibrotic tissue formation [32-34]. Therefore, the
incorporation of bioactive factors requires thorough investigations of their release profile,
stability in vivo, and effects in the specific biophysical and biochemical environments
present in joints in large animal translational models.

Biophysical modification of biomaterials to improve osteochondral repair

Biophysical cues, encompassing factors such as pore size and interconnectivity, exert
significant influence over a wide range of cellular behaviours, including adhesion,
migration, proliferation, and differentiation [35-40]. Biophysical cues, including
mechanical properties, pore size, and biodegradability of hydrogels, are tunable to suit
various biomedical applications [41, 42]. In Chapter 3, we investigated the effect of the
degradability of the crosslinker in hyaluronic acid hydrogel, and the degree of
functionalisation in Gelatin methacryloyl (GelMA) hydrogel, on cell migration and tissue
formation in vitro, ex vivo and in vivo. Hyaluronic acid, one of the most commonly utilised
proteoglycan hydrogels, is frequently functionalised with biophysical cues, including
adjustments to mechanical properties, porosity and pore size to stimulate cell ingrowth
and promote matrix deposition [7, 43, 44]. Thiol-norbornene has been introduced to

243



Chapter 8

enhance the rheological properties, tunability of mechanical properties, printability and
interaction with the host tissue of hyaluronic acid [7]. A degradable and cleavable
crosslinker, matrix metalloproteinase (MMP), leads to a larger mesh size in the norbornene
hyaluronic acid (norHA) hydrogel compared to a non-degradable 1,4-Dithiothreitol (DTT)
crosslinker. We found that using MMP resulted in significantly more cell migration and
tissue formation than using DTT in vivo. Similarly, an increased degree of functionalisation
(DoF) in GelMA hydrogels resulted in a higher crosslinking density and, thus smaller pore
size [45]; and we found that lower DoF of GelMA led to a higher migration score ex vivo
and more tissue formation in vivo. Another phenomenon, MSCs spreading in the hydrogels
might be caused by a larger mesh size in the hydrogel. Appropriate pore size and
interconnectivity of the network are critical parameters in cell migration,
nutrient diffusion and removal of metabolic substances [36, 38]. Chondrocytes prefer pore
sizes between 250 to 500 um for better cell proliferation and extracellular matrix
production [36]. Notably, the optimal pore size for cartilage falls within the range of 100-
200 um, and chondrocytes tend to differentiate to an osteogenic pathway with the larger
pore size (300-500 um) [38]. Therefore, hydrogels applied in osteochondral repair need a
multiple-layer structure design for regenerating cartilage and subchondral bone
simultaneously.

Cartilage-bone interface regeneration

Calcified cartilage in mature joints is located between non-calcified articular cartilage and
the subchondral bone plate. It comprises hypertrophic chondrocytes within lacunae in a
calcified cartilage matrix, which consists of sodium hyaluronate, collagen, and
hydroxyapatite [46]. The presence of calcified cartilage minimises the shear stress and
prevents a mechanically discontinuous transition from non-calcified cartilage to the
subchondral bone plate. As a transition layer, calcified cartilage bears both compressive
and shear forces [47-49]. Additionally, calcified cartilage serves as a barrier that prevents
vascular invasion from subchondral bone to non-calcified cartilage with a lower diffusion
coefficient compared to non-calcified cartilage [50]. Therefore, regenerating the calcified
cartilage in osteochondral repair is critical for restoring physiological functions.

In Chapter 4 and Chapter 5, a bilayered Col/Col-Mg-HAp scaffold was employed to repair
osteochondral defects in a large animal translational osteochondral defect model. While
this scaffold was successful in promoting the formation of robust articular cartilage and
subchondral bone, a structured calcified cartilage layer was notably absent, even six
months after implantation in the goat. The bony layer of this bilayered scaffold comprises
60% collagen and 40% Mg-HAp. Notably, in clinical practice for treating osteochondral
defects, this Col/Col-Mg-HAp scaffold is applied in the trilayered configuration. The
calcified layer is composed of 60% collagen and 40% Mg-HAp, and the bony layer consists
of 30% collagen and 70% Mg-HAp [13-18]. However, the formation of a stable calcified
cartilage layer between the articular cartilage and subchondral bone has not yet been
achieved in horses after 6 months [51]. Similarly, many attempts to regenerate this critical
cartilage-bone interface with trilayered scaffolds have been reported [52-55]. Huang et al.
developed a trilayered scaffold containing acellular subchondral bone with a natural
calcified cartilage zone from healthy pigs to mimic the calcified cartilage and the
subchondral bone layer [53]. Although the presence of a transitional layer in the scaffold
achieved better regeneration of hyaline cartilage compared to the bi-layered scaffold, they
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still did not fully regenerate the intricate hierarchical structure inherent in the native
osteochondral unit [53].

Understanding the mechanisms underlying calcified cartilage formation would be
beneficial in developing effective regeneration strategies for osteochondral defect repair.
In Chapter 7, we developed an ex vivo articular cartilage culture model to study cartilage
calcification. Our findings demonstrated the inherent zone-specific calcification process
within articular cartilage. We observed that the calcified zone developed only in the deep
zone of the cartilage explants. This zone-specific calcification might be attributed to the
zonal structure of articular cartilage, including the chondrocyte phenotypes, various matrix
vesicles and non-collagenous proteins present in the difference zones [56, 57]. The
chondrocytes residing in the top layers and the bottom layers of full-thickness cartilage
demonstrated distinct roles in the process of cartilage calcification. Specifically, viable
chondrocytes present in the top layers exhibited the capacity to inhibit cartilage
calcification via secreting bioactive factors. This suppression might be partly regulated by
the parathyroid hormone-related peptide (PTHrP) secreted by chondrocytes residing in the
superficial zone of articular cartilage [58]. In situ hybridisation of rodent cartilage revealed
that chondrocytes in the superficial zone of articular cartilage expressed PTHrP [59], while
its receptor, PTH1R, is mainly expressed in pre-hypertrophic chondrocytes [60]. Although
cartilage is avascular, physical cell-cell communication between zonal sub-populations via
voltage-gated gap junctions has been demonstrated [61]. On the other hand, viable
chondrocytes residing in the bottom layers would actively induce cartilage calcification.
More calcification was formed with the presence of viable chondrocytes in the bottom
layers compared to devitalised bottom layers. Moreover, viable chondrocytes residing in
the bottom layers are capable of responding to bioactive factors, such as PTHrP, and
thereby influencing cartilage calcification. Hence, the formation of calcified cartilage might
be a result of the intricate interaction between the zonal chondrocytes and the
extracellular matrix. Previous designs for calcified cartilage formation in multi-layered
scaffolds usually aimed to replicate the structural composition of the calcified cartilage
matrix, and paid less attention to inducing endogenous cell differentiation towards
particular chondrocyte phenotypes. Our findings are insightful for the design of an optimal
layered implant to mimic both non-calcified and calcified cartilage. Specifically, an ideal
multi-layered scaffold should incorporate distinct biochemical and biophysical cues within
different layers. These cues should be able to direct chondrocyte phenotypes towards
superficial or deep chondrocytes, respectively, to prevent calcification in upper hyaline
cartilage, and allow calcification in lower calcified cartilage. Future efforts in calcified
cartilage formation should prioritise elucidating the mechanisms of interplay between the
chondrocytes and biochemical/biophysical cues of biomaterials. In this way, precise cues
for manipulating particular tissue formation, such as hyaline articular cartilage, calcified
cartilage and subchondral bone, can be designed.

The importance of model selection for precise and reliable
osteochondral repair research

Any novel treatment strategy must undergo thorough testing in various models to ensure
its safety, feasibility, and effectiveness before advancing to clinical trials. The selection of
appropriate models is crucial, as variations in biochemical and biophysical environments
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provided by various models can yield different outcomes. Our research has elucidated
several examples where these variations across different models significantly influenced
the outcomes. In Chapter 3, for example, several models from in vitro, to ex vivo and in
vivo were employed to investigate the tissue repair capacity of the hydrogels. In vitro
human mesenchymal stem cell migration within the hydrogels was investigated using a 3D
spheroid migration model. Chondrocyte infiltration into the defects filled with the
hydrogels ex vivo was studied using bovine cartilage explants. Cell ingrowth into the
defects and tissue repair capacity of the hydrogels in vivo was evaluated in a semi-
orthotopic mouse model. No improvement was observed in vitro and ex vivo when
norbornene hyaluronic acid was crosslinked with a degradable crosslinker. However,
significantly increased tissue formation in vivo was found with the degradable crosslinker
compared to the non-degradable crosslinker. MMPs produced in vivo might explain the
difference among these models. In Chapter 4, enhanced cell ingrowth in a bovine
osteochondral defect ex vivo and increased tissue repair were observed when BMP-2 was
adsorbed onto the scaffolds in the semi-orthotopic mouse model. However, the
adsorption of BMP-2 led to reduced bone formation in weight-bearing osteochondral
defects in the stifle joint of goats. And in Chapter 5, while we observed no significant
improvement in the semi-orthotopic mouse model when Sr-ACP granules were
incorporated into the scaffolds, a significant improvement was noted when Sr-ACP
enriched scaffolds were implanted in weight-bearing osteochondral defects in the goat
model.

The findings regarding the same biomaterials described in Chapters 3-5 did not always
consistently align across different experimental models. The differences in the biochemical
and biophysical environments provided by the in vitro, ex vivo, and in vivo models may
have attributed to these inconsistent outcomes. Compared to the in vitro and ex vivo
models, there is a more complex biochemical environment in the mouse model with the
secretion of various bioactive factors, such as matrix metalloproteinase [62]. In vivo
models aim to provide a more complex environment that mimics the native osteochondral
unit [63]. Notably, our semi-orthotopic mouse model lacks mechanical loading, whereas
the osteochondral defects in the femoral condyle of the goat are constantly loaded. This
might explain the inconsistent outcomes observed between the mouse and goat model
when BMP-2 or Sr-ACP were incorporated into the scaffolds. Corroboratively, the
osteochondral repair in the non-weight-bearing trochlear groove aligns with the outcomes
observed in the mouse model when BMP-2 or Sr-ACP were incorporated into the scaffolds.

Overall, these findings highlight the importance of employing a diverse range of models
from in vitro to in vivo, and considering their respective advantages and limitations when
evaluating novel treatment strategies for osteochondral defect repair. In vitro models
serve well for probing specific aspects, such as studying migration within hydrogels or
assessing the biocompatibility of biomaterials with cell cultures [64, 65]. Ex vivo models
offer a more intricate microenvironment that mimics the native osteochondral unit,
making them suitable for preliminary screening before advancing to in vivo animal models
[66]. However, ex vivo models have limited capability for the regeneration of cartilage and
bone tissue, necessitating investigation in an in vivo environment to assess the repair
capacity of biomaterials [64, 67]. Despite the absence of mechanical loading in our mouse
models, they provide a platform to explore the local responses of osteochondral tissue
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when biomaterials are implanted, involving not only chondrocytes and osteoblasts but also
immune cells, such as neutrophils and macrophages [68], which play crucial roles in tissue
repair. Moreover, our mouse model offers four defect sites per mouse, serving as an
efficient tool for screening before transitioning to larger animal models and minimising the
use of animals. The caprine model represents a fully immune-competent model and
provides the opportunity to evaluate osteochondral defect repair in two locations with
different mechanical loading within the same joint that more closely resembles that of
humans [67].

Sex is another key factor to consider when selecting animal models for studying
osteochondral repair [69-71]. To test the effectiveness of a novel treatment strategy for
osteochondral repair, the selected animal model should exhibit similar physiological and
pathophysiological environments with the osteochondral unit in humans, where sex is
considered an important factor in determining treatment results [72]. In Chapter 3-5, only
female mice were involved in the investigations due to husbandry constraints. In Chapter
4 and Chapter 5, we have used female and castrated male goats. Castration of male
animals would allow sex-balanced groups but changes male reproduction hormone levels
with potential consequences for bone metabolism [73]. To evaluate the effect of sex on
scaffold-enhanced subchondral bone repair, in Chapter 6, we pooled and re-used control
data from Chapter 4 and Chapter 5. Female goats formed more subchondral bone
compared to castrated male goats and this effect seems independent of mechanical
loading conditions. In contrast, some preclinical studies reported more rapid bone
regeneration in male rats and mice compared to females [69-71], which might be related
to sex hormones and weight-related mechanical loading [74, 75]. Both estrogen and
testosterone have receptors on osteoclasts, osteoblasts, and osteocytes [76]. Notably, in
our study, the male goats were castrated after reaching sexual maturity, at the age of one
year, for husbandry purposes. This led to decreased testosterone [77, 78], which may have
potentially influenced subchondral bone repair [73]. These difficulties in study design,
welfare issues and additional costs have impeded researchers from implementing sex
balance in well-validated and widely applied translational preclinical osteochondral defect
models in goats. Recently, the inclusion of sex balance in experimental animal studies has
become more critical with most grant providers and ethics committees requesting sex
balancing. On the basis of our findings, even if husbandry requirements may require
castration, future studies evaluating subchondral bone repair should consider the option
of sex balancing.

Future directions and perspectives

Further studies should focus on regenerating the intricate and hierarchical structure of the
osteochondral unit. The key point of the acellular strategy for osteochondral repair is to
recruit endogenous stem/progenitor cells, and accurately guide their fate and
functionalisation specifically towards hyaline cartilage, calcified cartilage and subchondral
bone at the injury site. However, once endogenous stem/progenitor cells leave their
niches, their phenotype, functionality, and viability can easily be distorted. Therefore,
creating a situation that closely mimicks the native environment with biomaterials for
tissue-forming cells to maintain their properties and exhibit therapeutic effects is crucial.
Manipulating biophysical and biochemical cues of biomaterials is an effective and feasible
strategy. Recent advances in the design and manufacture of biomaterials with tunable
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parameters, such as 3D printing technology, provide feasible and efficient approaches for
manipulating biophysical and biochemical cues. Extrusion-based printing enables the
modulation of pore size, pore shape and porosity that can direct cell alignment and spatial
distribution [79]. The novel design of innovative biomaterial-based drug delivery systems
presents new opportunities for precise control over the release kinetics of various
bioactive factors, including growth factors, chemokines, peptides and mineral ions, among
others. These biophysical and biochemical cues need to be precisely integrated and
adjusted according to the needs of the repair area of the osteochondral unit.

In this thesis, we modulated various biochemical and biophysical cues of implants to
manipulate endogenous cell behaviours and tissue regeneration. Notably, the effect of
these biochemical and biophysical cues was not always consistent across various models.
This might be due to the interplay between the biochemical and biophysical cues of
exogenous implants and the native osteochondral units. Many cues in vivo, such as
released bioactive factors and mechanical loading, will interact with the cues of exogenous
implants. These findings highlighted the necessity of considering the interaction between
exogenous and endogenous cues when designing biomaterial-based implants. This
necessitates understanding the fundamental processes of osteochondral tissue formation
during development and growth, and mechanisms of interplay between cells, bioactive
factors and matrix/biomaterials. As an example, we confirmed the different roles of
chondrocytes residing in the top and bottom layers, their interplay and their reaction to
bioactive factors during the process of cartilage calcification. Future research focusing on
biomaterial-driven osteochondral defect repair should aim to further elucidate these
interactions and the fundamental processes of tissue formation. This knowledge can guide
the design of biomaterials and drug delivery systems that effectively mimic the
environment during native tissue formation, thereby promoting cell recruitment,
differentiation, and extracellular matrix remodelling. Additionally, this knowledge can
serve personalized medicine approaches, such as tailoring biomaterial properties to the
specific biological environments of different defects sites and individuals, ultimately
enhancing the efficacy of osteochondral repair strategies. It is hoped that with continued
advancements in this field and multidisciplinary research advancement, the next-
generation biomaterials with accurately integrated induction cues for endogenous
stem/progenitor cells will pave the way for a more successful and long-lasting
osteochondral repair.
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SUMMARY

Osteochondral defect repair involves the intricate process of regenerating articular
cartilage, calcified cartilage and underlying subchondral bone. Biomaterial-based scaffolds
are commonly used to regenerate a hierarchical osteochondral unit. When choosing a
biomaterial-based  acellular  strategy, recruiting endogenous joint-resident
stem/progenitor cells to the defects and inducing the formation of various tissue types are
crucial steps. In Chapter 2, we reviewed the current knowledge on the presence of
endogenous stem/progenitor cells in joints, such as bone marrow-derived, synovium-
derived and Intra-articular fat pad-derived stem cells. To modulate their behaviours during
the healing process, manipulating the biophysical and biochemical properties of
biomaterials is feasible and promising. In this review, we summarised the recent advances
in novel design and application of regenerative biomaterials with favourable biochemical
properties to establish an instructive microenvironment. Such a microenvironment should
guide endogenous cell migration, proliferation and differentiation during tissue repair.

Hydrogels have emerged as a promising class of biomaterials in cartilage repair due to their
good biocompatibility, reproducibility and cartilage-like characteristics. However, the
specific properties that allow or even improve the behaviour of cells are not yet clear. In
Chapter 3, we investigated the effects of biophysical and biochemical properties of
different hydrogels on cell migration and tissue repair. We used an in vitro model for cell
migration of human bone marrow derived mesenchymal stromal cells, an ex vivo bovine
cartilage explant model and a semi-orthotopic in vivo model where a defect was made in
an explant of bovine cartilage with subchondral bone that was implanted subcutaneously
in mice. Specifically, three hydrogels were modified: to a tyramine functionalised
hyaluronic acid hydrogel, collagen was added to modify the biochemical cues; A
norbornene hyaluronic acid (norHA) hydrogel was crosslinked by either a degradable
crosslinker (matrix metalloproteinase cleavable), or a non-degradable 1,4-Dithiothreitol
(DTT) crosslinker; A gelatin methacryloyl (GelMA) hydrogel was modified by adapting the
degree of functionalisation. Results showed that the addition of collagen resulted in
greater cell migration in vitro and more tissue formation in vivo. The introduction of a
degradable crosslinker in norHA hydrogels did not improve cell infiltration in vitro or ex
vivo, but resulted in more tissue formation in vivo. A lower degree of functionalisation of
GelMA did not affect cell migration in vitro but led to a higher migration score ex vivo and
more tissue formation in vivo. Overall, our study shows that cell migration is dependent
on multiple material characteristics, including tunable physicochemical and bio-instructive
properties.

Next to hydrogels, scaffolds are often used for the repair of osteochondral defects. In
Chapter 4, we manipulated the properties of a clinically used bi-layered collagen/collagen-
magnesium-hydroxyapatite (Col/Col-Mg-HAp) scaffold, that has demonstrated good
cartilage repair clinically but less optimal subchondral bone repair. We aimed to improve
the bone repair capacity of this scaffold by integrating an additional component with the
bony layer. To do this, a novel synthesis method was developed to produce amorphous
calcium phosphate (ACP) granules with a large specific surface area and strontium was
added. The strontium-ACP granules were well embedded and distributed in the collagen
matrix of the Col-Mg-HAp layer. Incorporation of strontium-enriched ACP granules into the
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Col/Col-Mg-HAp osteochondral scaffolds showed good biocompatibility and an overall
promising early tissue repair in a semi-orthotopic mouse model. In a goat osteochondral
defect model, addition of strontium-ACP led to significantly more bone, in particular in the
weight-bearing femoral condyle subchondral bone defect. Overall, the incorporation of
osteogenic strontium-ACP granules in Col/Col-Mg-HAp scaffolds was shown to be a
feasible and promising biochemical modification to improve subchondral bone repair.

Another approach to modify the biochemical properties of a scaffold is to load it with
bioactive factors that will be delivered into the osteochondral defect. Numerous complex
bioactive factor delivery systems have been developed; yet in clinical practice, simplicity
and reproducibility are essential criteria. In Chapter 5, to improve the bone repair capacity
of the Col/Col-Mg-HAp scaffold, the growth factors BMP-2 and PDGB-BB were adsorbed
onto the scaffold through soaking. The in vitro release kinetics of BMP-2/PDGF-BB
demonstrated that PDGF-BB was released in a burst from the collagen-only layer, whereas
BMP-2 was largely retained in both layers of the scaffolds. Cell ingrowth into the scaffold
was enhanced by BMP-2 and PDFG-BB in an ex vivo osteochondral defect model. In the
semi-orthotopic non-weight-bearing osteochondral defect mouse model, the addition of
growth factors resulted in better tissue repair, with BMP-2 showing the most favourable
results. Surprisingly, in a translational goat osteochondral defect model the adsorption of
BMP-2 resulted in significantly less bone repair compared with scaffold-only in the weight-
bearing (femoral condyle) defects and a trend to more bone repair in the non-weight-
bearing (trochlear groove) defects. This could be attributed to an interaction between
BMP-2 and mechanical loading, and potentially influenced by the dose administered.
Therefore, the incorporation of bioactive factors necessitates studying their release
profile, stability in vivo, and effects in specific biophysical and biochemical environments
in the joints. Moreover, these results highlighted the need for screening biomaterials in
different models and different defect locations with various biomechanical environments,
since the selection of models might determine the result.

Sex is another key factor to consider when selecting animal models for studying
osteochondral repair. In Chapter 6, we pooled and re-used control data from Chapters 4
and 5 on the subchondral bone repair in female and castrated male goats to evaluate the
effect of sex on scaffold-enhanced subchondral bone repair in experimentally induced
osteochondral defects. Overall, female goats form more subchondral bone compared to
castrated male goats in scaffold-enhanced osteochondral defect repair and this effect
seems independent of mechanical loading conditions. For future studies evaluating
subchondral bone repair, the option of sex balancing should be considered when using an
animal model.

In Chapter 4 and Chapter 5, the modified Col/Col-Mg-HAp scaffolds yielded a well-
integrated osteochondral unit with articular cartilage and subchondral bone. However,
even after 6 months, calcified cartilage was not formed between articular cartilage and
subchondral bone. To study the formation of calcified cartilage, we developed an ex vivo
culture model using immature bovine cartilage explants in Chapter 7. Specifically, cartilage
explants were harvested from metacarpophalangeal joints of 6- to 8-month-old calves, and
B-glycerophosphate was introduced to allow cartilage calcification. A layer of calcified
cartilage was generated only in the deep zone of the cartilage explants, indicating an
inherent zone-specific calcification process within articular cartilage. Next, explants were
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carefully separated into the top layers and the bottom layers to explore the interplay
between zonal structures. The viable chondrocytes residing in the top layers expressed the
capacity to inhibit cartilage calcification via the secretion of bioactive factors. The viable
bottom layer can actively stimulate cartilage calcification and respond to bioactive factors
that inhibit cartilage calcification. Conclusively, the formation of calcified cartilage is under
the precise control of zonal chondrocytes within articular cartilage via intricate interaction.

To conclude, manipulating the biophysical and biochemical properties of biomaterials is
an effective and feasible strategy for regenerating the hierarchical structure of the
osteochondral unit. A multiple-layered scaffold solely mimicking the components of native
osteochondral tissue might not be sufficient. Better understanding of the fundamental
developmental processes of osteochondral tissue formation, and mechanisms of interplay
between cells, bioactive factors and matrix/biomaterials is crucial. With this knowledge,
osteochondral implants can be designed that manipulate endogenous cell behaviour to
achieve full regeneration or osteochondral tissue. Additionally, investigating novel
therapeutic approaches for osteochondral repair should involve utilising multiple models
ranging from in vitro to in vivo, with careful consideration given to sex balance and the
choice of defect sites in joints when employing animal models. By continuous research
advancements, regenerative medicine will achieve a more successful and long-lasting
osteochondral repair in the future.
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Het herstel van beschadigingen van kraakbeen en bot in het gewricht omvat het
ingewikkelde proces van regeneratie van gewrichtskraakbeen, verkalkt kraakbeen en
onderliggend subchondraal bot. Biomaterialen worden vaak gebruikt om de
weefselstructuur te regenereren. Bij het kiezen van een op biomaterialen gebaseerde
acellulaire strategie zijn het rekruteren van endogene stamcellen/progenitorcellen naar de
lesie en het induceren van hun differentiatie naar verschillende celtypen die kraakbeen en
bot kunnen vormen, cruciale stappen. In Hoofdstuk 2 hebben we de huidige kennis over
de aanwezigheid van endogene stam/progenitorcellen in gewrichten besproken, zoals
stamcellen uit beenmerg, synovium en intra-articulaire vetkussentjes. Om hun gedrag
tijdens het herstelproces te moduleren, is het manipuleren van de biofysische en
biochemische eigenschappen van de biomaterialen haalbaar en veelbelovend. In dit
hoofdstuk geven we een samenvatting van de recente vooruitgang in ontwerp en de
toepassing van nieuwe regeneratieve biomaterialen met gunstige biochemische
eigenschappen om een instructieve micro-omgeving te creéren voor de cellen om te
migreren, prolifereren en differentieren tijdens weefselherstel.

Hydrogelen zijn veelbelovende biomaterialen voor kraakbeenherstel vanwege hun goede
biocompatibiliteit, reproduceerbaarheid en kraakbeenachtige eigenschappen. De
specifieke eigenschappen die het gedrag van cellen beinvlioeden of zelfs verbeteren zijn
echter nog niet duidelijk. In Hoofdstuk 3 onderzochten we de effecten van biofysische en
biochemische eigenschappen van verschillende hydrogels op celmigratie en
weefselherstel. We gebruikten een in vitro model voor celmigratie van mesenchymale
stromale cellen afkomstig van beenmerg van patienten, een ex Vvivo
runderkraakbeenexplantaat model en een semi-orthotopisch in vivo model waarbij een
defect werd gemaakt in een explantaat van runderkraakbeen met subchondraal bot dat
subcutaan werd geimplanteerd bij muizen. Er werden drie hydrogels gemodificeerd: aan
een hyaluronzuur-hydrogel met tyraminefunctionaliteit werd collageen toegevoegd om de
biochemische signalen te modificeren; een norbornene hyaluronzuur-hydrogel (norHA)
werd gecrosslinked met een afbreekbare crosslinker (matrixmetalloproteinase splitsbaar)
of een niet-afbreekbare 1,4-dithiothreitol (DTT)-crosslinker; een gelatine-methacryloyl
(GelMA)-hydrogel werd gemodificeerd door de mate van de functionalisatie aan te passen.
De resultaten toonden aan dat de toevoeging van collageen resulteerde in meer
celmigratie in vitro en meer weefselvorming in vivo. De introductie van een afbreekbare
crosslinker in norHA hydrogels verbeterde de celinfiltratie in vitro maar niet in een ex vivo
model. Ook vond meer weefselvorming in vivo plaats door introductie van de afbreekbare
crosslinker. Een lagere mate van functionalisatie van GelMA had geen invioed op
celmigratie in vitro, maar leidde tot meer celmigratie ex vivo en meer weefselvorming in
vivo. Over het geheel genomen toont onze studie aan dat celmigratie afhankelijk is van
meerdere materiaaleigenschappen, waaronder modificeerbare fysisch-chemische en bio-
instructieve eigenschappen.

Naast hydrogels worden ook andere biomaterialen vaak gebruikt voor het herstel van
kraakbeen en bot defecten in het gewricht. In Hoofdstuk 4 hebben we de eigenschappen
gemanipuleerd van een klinisch gebruikt dubbellaagse collageen/collageen-magnesium-
hydroxyapatiet (Col/Col-Mg-HAp) biomateriaal, dat klinisch goed kraakbeenherstel heeft
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laten zien, maar minder optimaal subchondraal botherstel. We wilden het botherstellend
vermogen van dit biomateriaal verbeteren door een extra component te integreren in de
botlaag. Hiervoor werd een nieuwe synthesemethode ontwikkeld om amorfe
calciumfosfaat (ACP) korrels met een groot specifiek oppervlak te produceren en daaraan
strontium toe te voegen. Dit zorgde voor langdurige stabiliteit van de amorfe fase en de
strontium-ACP korrels waren goed ingebed en verdeeld in de collageen matrix van de Col-
Mg-HAp laag. De integratie van strontium-verrijkte ACP-korrels in de Col/Col-Mg-HAp
biomaterialen vertoonde een goede biocompatibiliteit en veelbelovende resultaten voor
vroeg weefselherstel in een semi-orthotopisch muismodel. In een kraakbeen-bot
defectmodel bij geiten gaf toevoeging van strontium-ACP significant meer botherstel, met
name in defecten in de gewichtdragende femur condyle. Over het geheel genomen bleek
de incorporatie van strontium-ACP korrels in Col/Col-Mg-HAp biomaterialen een haalbare
en veelbelovende biochemische modificatie om subchondraal botherstel te verbeteren.

Een andere benadering om de biochemische eigenschappen van een biomateriaal aan te
passen is deze te laden met bioactieve factoren die in het kraakbeen-botdefect worden
afgegeven. Er zijn talloze complexe systemen ontwikkeld voor het toedienen van
bioactieve factoren, maar in de klinische praktijk zijn eenvoud en reproduceerbaarheid
essentiéle criteria. Om het botherstellend vermogen van het Col/Col-Mg-HAp-
biomateriaal te verbeteren, werden in Hoofdstuk 5 de groeifactoren BMP-2 en PDGB-BB
in het biomateriaal geadsorbeerd. De in vitro kinetiek van het vrijkomen van BMP-2/PDGF-
BB toonde aan dat PDGF-BB snel vrijkwam uit de collageenlaag, terwijl BMP-2 grotendeels
in de beide lagen van het biomateriaal werd vastgehouden. De ingroei van cellen in het
biomateriaal in een ex vivo kraakbeen-botdefect model werd bevorderd door BMP-2 en
PDGF-BB. In het semi-orthotope, niet-gewichtdragende, kraakbeen-botdefectmodel in de
muis resulteerde de toevoeging van groeifactoren in beter weefselherstel, waarbij BMP-2
de gunstigste resultaten liet zien. Verrassend genoeg resulteerde adsorptie van BMP-2 in
een translationeel gewrichtsdefectmodel bij geiten in significant minder botherstel in de
gewichtdragende defecten (femur condyle) en een trend naar meer botherstel in de niet-
gewichtdragende defecten (trochleaire groeve). Dit kan worden toegeschreven aan een
interactie tussen BMP-2 en mechanische belasting, en wordt mogelijk beinvlioed door de
toegediende dosis. Daarom is het voor de incorporatie van bioactieve factoren nodig om
hun afgifteprofiel, stabiliteit in vivo en effecten in specifieke biofysische en biochemische
omgevingen in gewrichten te bestuderen. Bovendien benadrukten deze resultaten de
noodzaak van het screenen van biomaterialen in verschillende modellen en verschillende
defectlocaties met verschillende biomechanische omgevingen, aangezien de selectie van
modellen bepalend kan zijn voor het resultaat.

Geslacht is een andere belangrijke factor om te overwegen bij het selecteren van
diermodellen voor het bestuderen van gewrichtsdefect herstel. In Hoofdstuk 6 hebben we
controlegegevens uit de Hoofdstukken 4 en 5 bij vrouwelijke en gecastreerde mannelijke
geiten samengevoegd en hergebruikt om het effect van sekse op het subchondrale
botherstel met biomateriaal te evalueren. De resultaten toonden aan dat significant meer
botweefsel werd waargenomen in subchondrale botdefecten bij vrouwelijke dan bij
gecastreerde mannelijke geiten en dit effect lijkt onafhankelijk van mechanische
belastingscondities. Voor toekomstige studies naar subchondraal botherstel, moet de
optie van seksebalancering overwogen worden bij het gebruik van een diermodel.
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In Hoofdstuk 4 en Hoofdstuk 5 leverden de gemodificeerde Col/Col-Mg-HAp
biomaterialen een goed geintegreerd herstel van gewrichtskraakbeen en subchondraal
bot. Echter, zelfs na 6 maanden werd er geen verkalkt kraakbeen gevormd tussen het
gewrichtskraakbeen en het subchondrale bot. Om de vorming van verkalkt kraakbeen te
bestuderen, ontwikkelden we in Hoofdstuk 7 een ex vivo kweekmodel met
kalfskraakbeenexplanten. Kraakbeenexplanten werden geoogst uit
metacarpophalangeale gewrichten van 6 tot 8 maanden oude kalveren en B-glycerofosfaat
werd toegevoegd aan het kweekmedium om verkalking van het kraakbeen mogelijk te
maken. De resultaten toonden dat er alleen in de diepe zone van de kraakbeenexplantaten
een laag verkalkt kraakbeen werd gevormd, wat wijst op een inherent zonespecifiek
verkalkingsproces binnen het gewrichtskraakbeen. Vervolgens werden de explantaten
zorgvuldig gescheiden in een bovenste en een onderste laag om de wisselwerking tussen
de zonale structuren te onderzoeken. De levende chondrocyten in de bovenste laag
hadden de capaciteit om verkalking van het kraakbeen te remmen via de uitscheiding van
bioactieve factoren. De levende onderste laag stimuleerde actief kraakbeenverkalking en
reageerde op bioactieve factoren die kraakbeenverkalking remmen. Conclusie is dat de
vorming van verkalkt kraakbeen via interacties onder nauwkeurige controle staat van
zonale chondrocyten binnen articulair kraakbeen.

Concluderend is het manipuleren van de biofysische en biochemische eigenschappen van
biomaterialen een effectieve en haalbare strategie voor het regenereren van de
hiérarchische structuur van gewrichtskraakbeen en onderliggend bot. Een meerlagig
biomateriaal dat alleen de componenten van natief kraakbeen en bot weefsel nabootst is
mogelijk niet voldoende. Het beter begrijpen van de processen van de vorming van
gewrichtskraakbeen en bot en de mechanismen van de interactie tussen cellen, bioactieve
factoren en matrix/biomaterialen is van fundamenteel belang. Met deze kennis kunnen
nauwkeurig ontworpen kraakbeen-bot implantaten worden ontwikkeld, die het endogene
celgedrag manipuleren en zo volledig herstel van de kraakbeen en bot structuur kunnen
bewerkstelligen. Bovendien moet bij het onderzoek naar nieuwe therapeutische
benaderingen voor het herstel van kraakbeen en botdefecten gebruik worden gemaakt
van meerdere modellen, variérend van in vitro tot in vivo, waar bij het gebruik van
diermodellen zorgvuldig rekening moet worden gehouden met de keuze van geslacht en
lokatie van het defect. Met voortdurend onderzoek streeft de regeneratieve geneeskunde
naar een succesvoller en langduriger herstel van defecten in het gewricht in de toekomst.
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