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Chondral and osteochondral injuries are frequently encountered in clinical practice. However, articular cartilage
has limited self-healing capacity due to its sophisticated zonal structure and avascular nature, introducing sig-
nificant challenges to the restoration of chondral and osteochondral tissues after injury. Improperly repaired
articular cartilage can lead to irreversible joint damage and increase the risk of osteoarthritis progression.
Cartilage tissue engineering using stratified scaffolds with multizonal design to match the zonal structure of
articular cartilage may help to meet the complex regeneration requirements of chondral and osteochondral
tissues, and address the drawbacks experienced with single-phase scaffolds. Navigating the heterogeneity in
matrix organisation and cellular composition across cartilage zones is a central consideration in multizonal
scaffold design. With emphasis on recent advances in scaffold design and fabrication strategies, this review
captures emerging approaches on biomimetic multizonal scaffolds for the reconstruction of zonal articular
cartilage, including strategies on replicating native tissue structure through variations in fibre orientation, porous
structure, and cell types. Exciting progress in this dynamic field has highlighted the tremendous potential of
multizonal scaffolding strategies for regenerative medicine in the recreation of functional tissues.

1. Introduction

Chondral and osteochondral injuries frequently lead to osteochon-
dral defects (OCDs) within the joint tissue, typically originating in the
articular cartilage and may extend into the underlying subchondral
bone. OCDs predominantly occur in the knee and ankle joints, but are
also observed in other anatomical sites such as the hands and spine [1].
Symptomatic cases often present with severe pain, swelling, and
impaired mobility, significantly impacting patients’ quality of life.
Possible aetiology of OCDs includes genetics, overeating, sedentary
lifestyle, microtrauma, post-traumatic arthritis, acute and repetitive
sports injuries, ligament instability, meniscus tears, and chronic stress
caused by limb axis malalignment. Studies have shown a higher inci-
dence of knee OCDs among athletes compared to the general population,
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with more than half of asymptomatic athletes showing full-thickness
defects [2]. Meanwhile, osteochondritis dissecans is more prevalent in
individuals aged 10 to 20, with higher occurrence in males [3].
Anatomically, within a joint, the bone surface is covered with a thin
layer of articular (hyaline) cartilage, which serves as lubrication during
movement and supports the distribution of loading forces to the sub-
chondral bone [4]. Due to the inherent characteristics of the joint
microenvironment, characterised by limited blood supply and avail-
ability of stem/progenitor cells, mature chondrocytes exhibit low
metabolic activity and restricted ability to proliferate and migrate [5].
After cartilage injury and even with reconstructive surgery, critical-sized
chondral or osteochondral defects have poor capacity for long-term
repair. This diminished self-repair capacity leaves OCDs vulnerable to
weight bearing, leading to altered force distribution within the joint that
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can accelerate the deterioration of tissues surrounding the defect,
potentially culminating in the onset of joint pathology [6]. The combi-
nation of tissue damage and biomechanical instability often results in
irreversible tissue degeneration and the progression of osteoarthritis
(OA) [7]. Without curative treatment, OA causes severe chronic pain
and disability due to structural joint damage characterised by articular
cartilage thinning and degeneration, joint space narrowing, osteophyte
formation, and subchondral bone remodelling, eventually necessitating
total joint replacement although this surgery is associated with many
complications [8].

Cartilage lesion grade is critical in determining the appropriate
treatment and pain management plan. According to the International
Cartilage Repair Society Classification (ICRSC), cartilage defects are
classified into four grades based on severity. ICRS Grades 1-3 are known
as ‘chondral tissue defect’ [9-11]. In Grade 3, the lesion extends to more
than 50 % of the cartilage thickness, but it does not reach the sub-
chondral bone. OCDs belong to the most severe form of defect identified
as Grade 4, characterised by the complete loss of articular and calcified
cartilage accompanied by extension of the defect down to the sub-
chondral bone [12]. In this review, both the Grade 3 full-thickness
cartilage defects and the Grade 4 osteochondral defects are consid-
ered, which are classified as ‘Severely Abnormal’ requiring full-layer
reconstruction to relieve pain and prevent secondary arthritis [13].

Current clinical methods of chondral and osteochondral repair pre-
sent numerous drawbacks, often resulting in limited applicability or
suboptimal long-term outcomes, necessitating the development of
emerging tissue engineering strategies based on multiphasic scaffolds to
improve repair outcomes [14,15]. Advances in biomaterials and fabri-
cation technologies have propelled the development of implantable
biomimetic scaffold constructs, offering promising avenues for
improving clinical outcomes in osteochondral repair [6]. However, the
intricate hierarchical structure of osteochondral tissue, incorporating
stratified layers with variations in cell type and morphology, matrix
composition and arrangement, and biomechanical properties pose sig-
nificant challenges to regeneration using scaffold-based approaches
[16]. Key hurdles include the creation of bioactive scaffolds capable of
accurately mimicking the natural structure and functionality of different
osteochondral tissue regions, particularly the zonal architecture of
articular cartilage.

The development of biomimetic scaffolds utilising novel combina-
tions and designs of biomaterials has emerged as a promising approach
for the treatment of osteochondral injuries [17-19]. Biomimetic scaf-
folding strategies aim to restore joint anatomy and function by
mimicking the natural composition and structure of osteochondral tis-
sue, thereby preventing further joint degeneration or the development
of OA. A number of recent studies have highlighted the advantages of
regenerating full-thickness cartilage or osteochondral defects using
multizonal scaffolds in animal models. By providing a more biomimetic
structure with zonal variations in scaffold properties that better matched
native tissues, multizonal scaffolds tested in rabbit osteochondral de-
fects were found to achieve improved defect filling and integration with
host tissues [20], more faithful reconstruction of hyaline-like cartilage
with zone-specific variations in cells and ECM [21], and simultaneous
regeneration of cartilage and subchondral bone accompanied by a more
wear-resistant articulating surface [22], compared to single-layer scaf-
folds without a multizonal design. Biomimetic multizonal scaffolds,
particularly those that specifically replicate the zonal variations seen in
native articular cartilage, are an emerging direction for the effective
treatment of chondral and osteochondral injuries.

Although other reviews have captured biomimetic scaffolding stra-
tegies for the repair of osteochondral tissues, such as multiphasic and
gradient scaffolds [14-16,23], they focused on studies that attempted to
replicate the whole osteochondral unit. Despite heterogeneous naming
conventions including ‘multiphasic’, ‘multilayered’, ‘multizonal’, and
‘gradient’, these reviews tended to focus on scaffolds that treated the
articular cartilage as a bulk tissue rather than differentiating among the
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superficial, middle, and deep cartilage zones. The zonal architecture of
articular cartilage introduces significant vertical heterogeneity in bio-
physical, biochemical, and cellular properties along the cartilage
compartment of osteochondral tissue, which is a critical consideration
for successful osteochondral reconstruction. In light of this, our review
will provide a comprehensive evaluation of the current studies on con-
structing biomimetic chondral and osteochondral scaffolds, which spe-
cifically focused on faithfully replicating the zonal structure of articular
cartilage. Our definition of ‘multizonal’ scaffolds in the rest of this re-
view refers to scaffolds that attempted to mimic zonal cartilage archi-
tecture by incorporating different scaffold regions to match the
superficial, middle, and deep cartilage zones. Diverging from the prev-
alent use of homogeneous hydrogels in existing research on cartilage
tissue engineering, our review captures the latest research on a diverse
range of scaffolding approaches to recreate the hierarchical structure of
zonal articular cartilage.

This review will first briefly introduce the zonal organisation of
articular cartilage and conventional treatment approaches, followed by
an examination of biomimetic approaches for designing chondral and
osteochondral scaffolds. It will then delve into the current scaffolding
strategies that have specifically tried to recreate the zonal structure of
articular cartilage, focusing on multizonal cartilage scaffolds incorpo-
rating design features such as fibre orientation, gradient composition
and porous architecture, and the possible inclusion of cells and growth
factors. This comprehensive review provides fresh insights into
designing biomimetic zonal scaffolds for cartilage tissue engineering,
and how these can be optimised to address a critical need in the realm of
osteochondral tissue repair.

2. Characteristics of articular cartilage and current treatment
approaches

2.1. Zonal articular cartilage and regional osteochondral hierarchy

Osteochondral tissue consists of articular cartilage (‘chondral re-
gion’) and underlying subchondral bone (‘osseous region’) [24]. As
illustrated in Fig. 1A, native osteochondral tissue can be divided into
three distinct but integrated layers: articular cartilage, calcified cartilage
(interface or transition region between cartilage and bone), and sub-
chondral bone (mainly trabecular bone) [25]. Within the chondral re-
gion, articular cartilage exhibits a transitional composition
characterised by superficial, middle, and deep zones. Osteochondral
tissue in different zones and regions exhibits different cellular and ma-
trix compositions as well as unique structural and mechanical
characteristics.

Articular cartilage, covering articular joint surfaces and comprising
hyaline cartilage tissue, exhibits elastic properties and remarkable
resistance to compression. Its smooth surface provides optimal lubrica-
tion, making it a crucial covering for the epiphyseal surface of joints that
plays a vital role in supporting and cushioning the human body during
movement. The thickness of articular cartilage varies depending on its
location within the joint and the age of the individual. On average, it has
a pore size of 6 nm, with normal thickness ranging 2.41 + 0.53 mm [25].
Structurally, articular cartilage is a horizontally stratified tissue char-
acterised by heterogeneity and anisotropy. This multilayered composi-
tion consists of superficial, middle, and deep zones, distinguished by
variations in glycosaminoglycan (GAG) and collagen content and dif-
ferences in collagen fibril orientation and cell density [26], as depicted
in Fig. 1B. The superficial zone comprises 10-20 % of the total thickness,
with densely packed, thin, aligned collagen fibres parallel to the carti-
lage surface. This zone has the lowest GAG concentration and highest
permeability, with chondrocytes that are flat and tightly packed. The
middle zone represents 40-60 % of the thickness, characterised by thick
collagen fibres, arcades linked by smaller diameter fibres, and a higher
concentration of GAGs. Chondrocytes are rounded and randomly
distributed in this zone. The deep zone, accounting for 30-40 % of



X. Lin et al.

Bioactive Materials 43 (2025) 510-549

(A) Regional osteochondral tissue

s — =—Superﬂiial zone
bl = (10-20%)
) ) @
<" Articular . o © ~Middle zone
cartilage | 5 4 (40 - 60%)
<]
[>) @ @ _|
TR P I 3 0T
& § e §8§ © & [Deepzone
RSAEA NSNS AEA A= (30-40%)
i @ &5 - 8 |l
Tidemark [+ @ - Calcified
e @ @ « ] cartilage
" -subchondral
N) bone
(B) Zonal articular cartilage
Collagen Chondrocyte Distribution of
Orientation Morpholog Proteoglycans
—_— - === Superficial
Horizontal Flat, high cell density | Minimal concentration
©® © © '
® © N\ . | middie
; © © .
© © o N\ Y
| Random Round Higher concentration
‘ ‘ ‘ | ‘ ‘ \\\\' Deep
Large/in columns, \\\'
Vertical low cell density | Maxi concentration

Fig. 1. Natural hierarchical structure of osteochondral tissue. (A) Organisation of osteochondral tissue regions. (B) Zonal structure of articular cartilage with
variations in collagen fibril distribution, chondrocyte morphology, and mineral composition in the superficial, middle, and deep zones. Figure created using

Microsoft PowerPoint.

cartilage thickness, features arranged collagen fibres and elongated
chondrocytes perpendicular to the tidemark. It holds the highest GAG
concentration but the lowest cell density, with low permeability and no
fluid flow. The natural composition gradient, including collagen type
and mineral content variations, imparts gradient biomechanical prop-
erties to the articular cartilage. Consequently, an increase in tissue depth
from the superficial to deep layers is accompanied by a corresponding
progressive increase in mechanical stiffness.

Between the hyaline articular cartilage and the subchondral bone,
the calcified cartilage region is a transitional intermediate layer
delimited by the upper tidemark and the lower cement line. Calcified
cartilage contains dispersed, hypertrophic chondrocytes within lacunae
in the calcified matrix, comprising collagen type I, sodium hyaluronate,
and nanohydroxyapatite in varying proportions. Compared to adjacent
regions, calcified cartilage exhibits transitional properties, with a lower
content of collagen type II than articular cartilage and lower concen-
tration of hydroxyapatite inorganic mineral than subchondral bone
[27]. It hence endows osteochondral tissue with transitional mechanical
properties characterised by a continuous increase in stiffness from top to
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bottom that minimises shear stress (‘stiffness gradient’). In addition,
calcified cartilage acts as a barrier that limits diffusion and inhibits
vascular invasion from the subchondral bone, thereby helping to pre-
serve the structure and function of articular cartilage, while also
allowing the transport of small solutes from the subchondral circulation
to nourish the deeper cartilage regions. Articular cartilage hence derives
its nutrients from both the superficial synovial fluid and the underlying
subchondral bone.

The subchondral bone is the region with the highest mechanical
strength, allowing the joint to withstand stress and absorb shock, and
facilitating nutrient delivery through its rich vascular network. Sub-
chondral bone comprises a diverse array of cells, with osteocytes being
the predominant type (constituting 90-95 %), and plays a pivotal role in
regulating bone formation (by osteoblasts) and bone resorption (by os-
teoclasts) as well as maintaining bone homeostasis. Structurally, the
subchondral bone is akin to cancellous or trabecular bone, characterised
by a spongy architecture with interconnected large pores. Its porosity
typically ranges from 75 to 90 %, with pore sizes varying between 50
and 300 pm [28].



X. Lin et al.
2.2. Existing clinical treatments for cartilage restoration

Clinical treatments for full-thickness chondral and osteochondral
defects are limited, generally involving microfracture drills and tissue
transplantation using osteochondral autografts or allografts. However,
these treatments are only applicable for small-to mid-sized lesions [29].
A critical-sized cartilage/osteochondral defect in humans is usually
defined as > 3.0 cm in diameter [30]. Clinical cases of osteochondral
injuries vary widely in defect area, but have been estimated to have an
average size of 4.1 cm? [25], and may exceed the repairable size range
using tissue transplantation. Moreover, tissue grafts usually only help to
relieve symptoms such as pain, but do not actually promote osteo-
chondral tissue regeneration. The lack of long-term effectiveness of
existing therapies, particularly for extensive osteochondral injuries,
drives research towards exploring more innovative strategies. Unlike
conventional treatments, scaffold-based cartilage tissue engineering can
provide a temporary 3D structure to reconstitute the structure and
function of the native cartilage extracellular matrix (ECM), substituting
the anatomy, mechanical properties, and biochemical composition of
the damaged tissue and creating an environment that is conducive to
cellular repair processes.

2.2.1. Non-surgical strategies

Non-surgical strategies for cartilage and osteochondral repair
include non-pharmacological management, pharmacological manage-
ment, and orthobiologics. Non-pharmacological interventions often
involve exercises, weight management, physical therapy, and resistance
training [31,32]. Braces and other orthoses may be used to provide
structural support, aiming to alleviate pain and enhance joint function
[32]. However, these approaches are aimed at palliative care, where the
patient has little or no prospect of a cure and only derives symptomatic
relief.

Pharmacological management options may include oral supple-
ments, steroid injections, injectable viscosupplements, and other drug
therapies with the central aim of providing pain relief [32]. However,
these have potential to induce severe side effects, including renal, car-
diovascular, and gastrointestinal injuries [33], particularly in older pa-
tients who are often affected by multiple chronic conditions and
polypharmacy becomes an issue. Oral supplements often comprise the
commonly applied non-steroidal anti-inflammatory drugs (NSAIDs),
which inhibit cyclo-oxygenase activity and stimulate anti-inflammatory,
anti-depressant and analgesic effects [34]. However, in addition to the
risk of causing acute kidney injury and stroke, the clinical efficacy of
oral supplements such as NSAIDs has been variable, with mixed results
reported in studies evaluating their effectiveness [35]. Steroid injections
have been used in joint injuries to reduce pain and improve function due
to their local anti-inflammatory effects. However, they typically provide
short-term benefits and are best suited for acute pain onset in cartilage
injuries or early OA [32]. Side effects are commonly experienced after
injection such as injection site pain, elevated blood glucose, and skin
atrophy [36]. Meanwhile, injectable viscosupplements such as high
molecular weight hyaluronic acid (HA) base on the rationale that they
may help to enhance joint lubrication by improving viscoelasticity, as
well as provide anti-inflammatory effects [37]. However, they have
shown variable therapeutic benefits and also do not prevent long-term
progression of joint degeneration [38].

Orthobiologics treatment involves using biological substances, such
as platelet-rich plasma (PRP) [39], stromal vascular fraction (SVF) [40],
and stem cells [41] to promote osteochondral tissue repair after injury.
PRP is derived from centrifuged autologous blood and contains a
concentrated mixture of platelets, growth factors, and other bioactive
molecules. It has been shown to inhibit catabolic cytokines such as IL-1f
and TNF-a, which have integral roles in driving OA progression after
joint injury, while promoting cellular secretion of anabolic factors such
as fibroblast growth factor (FGF) and transforming growth factor-p
(TGF-p) [42]. PRP injections have shown beneficial effects when used in
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conjunction with surgical approaches to manage knee and hip OA [43].
SVF is a concentrated mixture of heterogeneous cell populations,
including adipose-derived stem cells (ADSCs), pre-adipocytes, endo-
thelial progenitor cells, and various immune cells, along with platelets,
growth factors, and ECM materials. Intra-articular injection of SVF has
shown some beneficial effects as a treatment for knee OA [40]. Stem
cells, particularly mesenchymal stem cells (MSCs), hold promise as a
therapy for cartilage repair or OA, mainly due to their paracrine function
or ability to exert anti-inflammatory and trophic effects on surrounding
tissues [44]. For instance, autologous MSCs have been reported to
induce functional improvement in knee OA patients over a 12-month
period [45]. However, despite some promising results obtained with
orthobiologics in the treatment of joint pathologies [46], the majority of
studies have applied these to patients at an advanced stage of OA, and
often reporting inconsistent long-term benefits [47,48]. Their thera-
peutic effects in clinical cases of chondral and osteochondral injuries are
less well characterised, and possibly limited by the need for injections at
high doses and/or frequency as well as injection-related side effects
[49].

2.2.2. Surgical strategies

Surgical strategies for cartilage and osteochondral repair include
microfracture, autologous chondrocyte implantation (ACI), and osteo-
chondral grafts. Microfracture (bone marrow stimulation) creates micro-
size or nano-size drills into the subchondral bone beneath the damaged
cartilage. This induces rapid infiltration of stem cells from the bone
marrow through microscopic injuries in the subchondral bone surface,
and the subsequent formation of a fibrin clot. Being performed through
arthroscopy, it has the advantages of being minimally invasive, resulting
in shorter surgical time and reduced postoperative pain. However,
microfracture stimulates unnatural cartilage healing through scarring,
promoting the formation of fibrocartilage to fill the defect [50]. This
repair tissue is substantially different from hyaline cartilage, being
vulnerable to mechanical forces and is only helpful in the short-term for
delaying cartilage degeneration, with degenerative changes typically
expected beyond five years following microfracture surgery irrespective
of the lesion size [51].

ACI involves treating cartilage injuries through transplantation of
the patient’s cultured chondrocytes into the damaged area, which may
be aided by a biomaterial (matrix-induced ACI or MACI) [52]. ACI is
capable of inducing hyaline-like cartilage formation that closely re-
sembles the properties of native articular cartilage, hence providing
better long-term outcomes compared to fibrocartilagous repair in
microfracture [53]. However, although using cultured chondrocytes in
ACI provides a personalised approach for repairing larger-sized defects,
there are limitations associated with the surgical process and possible
need for large amounts of chondrocytes [54]. For instance, the har-
vesting of healthy cartilage from a non-weight-bearing site in the patient
and subsequent culturing of extracted chondrocytes inevitably prolong
the treatment timeline, while the need to perform a complex surgery for
implantation reduces the accessibility of this technique in some regions.
Moreover, ACI is limited to the repair of cartilage damage, while a bone
grafting procedure must also be performed for defects penetrating
deeper than 6-8 mm into the subchondral bone [26]. For this reason,
full-thickness osteochondral defects currently have limited and subop-
timal surgical options for repair.

Osteochondral grafting can provide an option for restoring full-
thickness osteochondral lesions. Conventional strategies are widely
known as autograft and allograft cartilage implantation [55]. Auto-
grafting  involves cartilage transplantation from  another
non-load-bearing joint in the same person, but is often limited by the
amount of healthy cartilage available particularly in extensive injuries.
Harvesting autologous tissue can also cause additional damage at the
donor site. Allografting involves transplanting a cartilage tissue graft
from another individual, often a deceased donor. However, this carries a
risk of immune rejection and subsequent graft failure, as well as possible
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tissue mismatch with the defect and lack of bioactivity in the trans-
planted graft.

Conventional treatment approaches for chondral and osteochondral
injuries are largely ineffective at restoring original cartilage structure
and properties to achieve adequate long-term repair and prevent further
degenerative changes. Consequently, there is a pressing need for new
therapeutic interventions that can effectively repair critical-sized carti-
lage defects. The design and application of biomimetic stratified scaf-
folds through tissue engineering approaches offer new hope for
addressing current challenges.

3. Design considerations for biomimetic chondral and
osteochondral scaffolds

Biomimetic chondral and osteochondral scaffolds are designed to
closely mimic the spatial organisation, tissue composition, and func-
tional properties of native tissues. Earlier approaches using homoge-
neous monolayer scaffolds were mostly shown to be suboptimal for
regenerating zone-specific osteochondral tissues, as they were unable to
satisfy variations in the conditions required for different types of tissue
regeneration along the depth of the defect [14,15]. The design of a
biomimetic, stratified zonal scaffold depends on several key factors
(Fig. 2), including layered architecture, materials selection, corre-
sponding fabrication methods, and optional incorporation of cells and
growth factors [23]. The desired outcomes include a hierarchical
structure and zonal properties within the regenerated cartilage region to
match native tissue characteristics, which may include zone-specific
variations in matrix composition, collagen fibre orientation, mechani-
cal properties, cellular phenotypes, and bioactive growth factors. Fig. 3A
illustrates a representative multizonal hydrogel model based on a
‘full-thickness cartilage defect (grade 3)’, replicating the zonal structure
of the natural articular cartilage in the superficial, middle, and deep
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zones. Multizonal osteochondral scaffolds aim to restore the physical
and biochemical properties of the stratified structure of articular carti-
lage zones, with additional considerations for calcified cartilage and
subchondral bone to reconstruct the entire osteochondral unit, as
depicted in Fig. 3B.

Current designs for chondral and osteochondral scaffolds still face
some important challenges. Firstly, it is difficult to produce truly bio-
mimetic scaffold designs that faithfully replicate the hierarchical
structure and composition of zonal cartilage tissue and regional osteo-
chondral tissue, particularly without involving complex fabrication
processes that might pose hurdles in scale-up manufacturing. Secondly,
there is a significant challenge in fabricating multiphasic scaffolds with
integrated layers that respectively accommodate the regeneration re-
quirements of superficial, middle, and deep zone cartilage as well as
calcified cartilage and subchondral bone, while maintaining seamless
integration between the different layers. Thirdly, chondral and osteo-
chondral defects often occur at weight-bearing sites within the joint.
However, much of the current biomimetic scaffold designs for treating
these defects are created using hydrogels, which may not possess
adequate mechanical properties for physiological load-bearing. These
challenges form the basis of the design requirements for multizonal
cartilage scaffolds discussed in detail later in this review, including
biomimetic zone-specific architecture, seamless transition or integration
between zones, and mechanical stability or biomimicry in mechanical
properties. Current scaffold designs have attempted to meet these design
needs through zone-specific modulation of fibre orientation, composi-
tion or pore structure, and cell types or growth factors.

3.1. Architecture comparison between multilayered and gradient scaffolds

Biomimetic multilayered scaffolds mimic natural osteochondral tis-
sue structure and function, comprising both cartilage and subchondral
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Fig. 2. Critical factors in the design of biomimetic zonal chondral/osteochondral scaffolds, such as architecture design and material selection, may define the success
of reconstructing zonal properties and mechanical performance of native tissues. Fabrication methods need to be selected and adapted according to the materials
used to increase the degree of control over structural and compositional parameters. Loading cells and/or growth factors is an additional strategy to promote
chondrogenesis and osteogenesis in the corresponding regions by providing microenvironmental cues. Figure created using Microsoft PowerPoint.
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scaffold. Figure created using Microsoft PowerPoint.

bone components. Because these are intended for repairing damaged or
degenerated joints, particularly in weight-bearing joints such as the
knee, scaffolds need to be designed to provide improved load distribu-
tion and seamless integration between cartilage and bone, and facilitate
joint function under complex biomechanics. Multilayered and gradient
architectures are the two most commonly considered scaffold designs,
each with unique advantages and disadvantages.

3.1.1. Multilayered scaffolds with discrete structure

Multilayered scaffolds can contain three or more compartments with
dissimilar architectures comprising different biomaterials to reconstruct
the anatomical microstructure of articular cartilage, often with a con-
current transition layer facilitating integration with the subchondral
bone. This design provides a relatively simple approach to recreating
zonal variations in articular cartilage, as the different scaffold layers can
be constructed separately and later integrated through various means.
The scaffold hence provides greater tissue specificity in its different re-
gions for matching native tissue characteristics. Particularly in osteo-
chondral scaffolds where weight-bearing becomes increasingly
important, the multilayered design can achieve higher mechanical
properties by allowing wider materials selection that is not limited to
hydrogels. Moreover, it is easier to create separation in the cartilage and
bone regions of the scaffold through distinct layers, helping to prevent
cell migration between the two tissue types and therefore enabling
better maintenance of region-specific tissue phenotype. However, issues
may arise due to inherent discontinuities in the multilayered structure,
leading to mismatch of mechanical properties and biodegradation rates
between adjacent layers. Resulting mechanical instability may result in
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poor tissue integration or even collapse of newly formed tissues [15]. In
addition, weak interfacial mechanical properties and the risk of inter-
layer delamination may reduce long-term implant performance [23].

3.1.2. Gradient scaffolds with continuous layers

Gradient scaffolds exhibit a transition in material properties that
varies gradually from one end to the other, creating a continuous
gradient structure rather than having discrete layers. Gradient variation
in scaffold architecture and/or properties allows seamless transition
from one tissue region to another, which can effectively improve
interfacial integration and minimise the risk of delamination [56]. The
gradient design may also enable simpler and more reproducible fabri-
cation, since often the same raw materials are used to create a contin-
uous change in pore structure, biomaterial ratio, or the composition of
biological agents [23]. Nevertheless, some common challenges are
encountered in accurately modelling tissue specificity or precisely
replicating the variation in properties seen in native zonal cartilage.
Because a majority of gradient scaffolds is constructed by sequential
layering and crosslinking of hydrogels, they often fail to provide the
mechanical support necessary for cartilage and bone regeneration in
weight-bearing regions or in a highly stressed joint environment.

3.2. Zonal variations in mechanical properties and porous design

Critical design factors that should be considered for zonal chondral
and osteochondral scaffolds include the gradient variations in pore
structure and mechanical characteristics of native cartilage and bone
tissue, as shown in Table 1.
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Depth-dependent variation in pore structure, mechanical properties, and functional behaviour of human osteochondral tissue.

Tissue zone Pore size/porosity

Mechanical properties

Functional behaviour

Superficial Depth-dependent variations across
cartilage zones [57,58]
zone Pore sizes: 2-6 nm
Porosity: 60-85 %
Middle Diameter of collagen fibrils: from
cartilage thinnest 30-35 nm (superficial zone)
zone to thickest 40-80 nm (deep zone)

Deep cartilage
zone

Calcified
cartilage

Pore size: 10.71 + 6.45 nm [63]

Cortical bone Pore size: 30-50 pm

Porosity: 3-5% [65], 5-10 % [59,60]

Trabecular
bone

Non-homogeneous anisotropic
properties

Pore size: 300-500 pm [61]
Porosity: 50-90 % [59,60]

Tensile modulus: 10.1 MPa [10]
Compressive modulus: 0.2 MPa [10] to 0.3 MPa [62]

Tensile modulus: 5.4 MPa [10]

Compressive modulus: 6.4 MPa [10] to 9.8 MPa [62]

Indentation modulus: ~19 GPa [64]

Average values from literature [65]: Tension strength:
longitudinal 135 + 15.6 MPa, transverse 53 + 10.7 MPa;
Compression strength: longitudinal 205 + 17.3 MPa,
transverse 131 + 20.7 MPa Compressive modulus: 18-22
GPa [16]

Average values from literature [65]: Vertebra 2.4 + 1.6
MPa; Tibia 5.3 + 2.9 MPa; Femur 6.8 + 2.9 MPa
Subchondral bone ultimate strength: 10-40 MPa (varies
with medial/lateral region and depth below surface) [66]

Lubrication and load distribution. Responsible for the
behaviour of cartilage under pressure at the weight-
bearing site. Resistance against shear forces, reducing the
risk of damage during joint movement.

Resistance against compressive forces.

Perpendicular collagen fibres and the resulting arcadic
structure support the overlying load. Greatest resistance to
compressive forces.

Shock absorption. Interlocked tightly with the upper
articular cartilage and the lower subchondral bone plate,
resisting shear forces and preventing detachment from the
underlying bone.

Protective bone covering with a high degree of bending
and twisting resistance, supporting the weight of the body.

Sponge-like geometric arrangement can withstand
localised forces transmitted through the bone while
porous structure provides light weighted-ness.

Compressive modulus: 0.1-0.9 GPa [16]

Adult articular cartilage responds in a depth-dependent manner to
compressive weight bearing, due to its zonal variations in collagen and
GAG distribution. In the cartilage region of osteochondral tissue, mes-
opores range in sizes of 2-6 nm with porosity of 60-85 %, with gradual
increase in pore size from the superficial to deep zone [57,58]. Calcified
cartilage is present in the transition region between hyaline cartilage
and subchondral bone, where collagen fibres are immobilised in the
subchondral bone to anchor the cartilage layer [27], and hydroxyapatite
becomes more abundant with increasing depth down to the bone. The
subchondral bone serves as the bottom support platform with the
highest load-bearing resistance. Morphologically, the porosity of
cortical bone is usually between 5 and 10 %, while the porosity of
cancellous bone ranges from 50 to 90 % [59,60]. Pore sizes in cortical
bone are smaller compared to cancellous bone, with diameters of 30-50
pm (typically lower than 100 pm). The interconnected pores in the
trabeculae form a network of varying pore sizes, typically 300-500 pm
in diameter [61].

Mechanical properties of the designed scaffold are expected to match
the load-bearing nature of the cartilage and restore its function to sup-
port joint movement, which includes replicating the mechanical varia-
tion seen in distinct cartilage zones. It is worth noting that the
compressive modulus of the cartilage compartment is depth-dependent,
increasing from the superficial to the deep zone from 0.2 to 6.44 MPa
[16]. In the superficial zone, the tensile modulus is higher than in other
zones, at 10.1 MPa, while this decreases to 5.4 MPa in the intermediate
zone [10]. This mechanical gradient is created by depth-dependent
variation in the ratio of collagen to GAG in the articular cartilage.
Meanwhile, the subchondral bone is covered by a layer of cortical bone,
characterised by Young’s modulus of 15-20 GPa, with more porous
cancellous bone underneath that has Young’s modulus ranging between
0.1 and 2 GPa, contributing to its lighter and more flexible nature [67].
The mechanical variations along the osteochondral unit provide a
combination of strength, resilience, flexibility, and adaptability to
skeletal loads, creating a unique functional gradient that constitutes an
important goal of biomimetic scaffold design.

Porosity and pore size are primary factors influencing the mechani-
cal stiffness and biological properties of osteochondral scaffolds, while
other secondary factors such as pore geometry are also of interest [61,
68]. In biomaterial-based osteochondral tissue engineering, the biolog-
ical properties of the scaffold are often correlated with how closely the
scaffold matches the mechanical properties of surrounding tissues [69].
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While high porosity is useful for avoiding stress shielding and stimu-
lating cartilage and bone ingrowth [61], a balance needs to be main-
tained as this also reduces mechanical strength and may impact the
scaffold’s load-bearing capacity. Particularly in full-thickness osteo-
chondral defects, adequate mechanical stability of the subchondral bone
region is important for anchoring the scaffold within host tissue and
protecting the regenerating cartilage from damage due to overloading.
In the cartilage region, scaffold layers are often not designed to replicate
the mesopore structure of surrounding chondral tissue, as tiny, tightly
interconnected pores are not conducive to chondrocyte survival and
growth. Instead, larger pore sizes of 100-200 pm [70] are employed to
allow adequate space for cell adhesion, migration, and nutrient ex-
change. In deeper layers, the scaffold design often mimics highly porous
cancellous bone with a large specific surface area to facilitate tissue
integration. For instance, the optimal pore size for achieving osteo-
genesis and bone ingrowth ranges from 300 to 800 pm with approxi-
mately 60 % porosity [71-73], closely matching the cancellous bone and
resulting in improved bone ingrowth and osseointegration [74].

Pore geometry [75,76] is an emerging factor being increasingly
considered in biomimetic scaffold design due to its role in providing
extracellular cues, and precise control over this parameter can now be
realised through computer-aided design coupled with additive
manufacturing methods. Recent evidence suggests that cells respond to
physical cues in the microenvironment through alterations in cell shape
and movement, which can lead to changes in cell activity and fate, and
further direct the morphogenesis, pathology, and repair of many tissues
[77]. Variations in pore geometry can influence both surface topography
and mechanical characteristics of the scaffold, thereby impacting cell
behaviour and regenerative processes. For instance, irregular pore
structure in bioceramic scaffolds can improve biocompatibility by
resembling the irregular order of bone trabeculae [78]. With advances in
fabrication technologies, unique topological designs with high geomet-
rical complexity and small dimensions can now be created, such as 3D
printed cellular metals [68], ceramic cellular materials [79], and poly-
meric cellular materials [80] with deliberately integrated voids, as well
as lattice structures [81,82] including strut-based lattice structures [83]
and lattice sandwich structures [84]. Modulating pore geometry can
augment regional variations in biomimetic osteochondral scaffolds by
introducing changes in mass, surface area-to-volume ratio, porosity,
mechanical properties, and surface curvature, all of which influence the
spatiotemporal arrangement of cells and hence the outcomes of tissue
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regeneration.

In the design of multizonal cartilage scaffolds, it is essential to not
only consider the pore structure and mechanical properties, but also the
functional behaviour of articular cartilage. The most important function
of cartilage in providing wear resistance and constant lubrication in
articulating joints should be a design consideration in biomimetic
cartilage scaffolds [85]. Recent advances in biomedical research have
shed light on the frictional behaviour and lubrication mechanisms un-
derlying cartilage wear and degradation, inspiring new therapeutic
strategies for cartilage repair and regeneration [86]. The significance of
wear resistance and friction reduction is beginning to emerge in some
current designs of cartilage scaffolds [87,88]. For instance, the inte-
gration of a top lubrication layer may help to augment the functional
properties of the cartilage scaffold, where hydrogels or natural poly-
meric materials stand out due to their ability to provide low surface
friction and exceptional lubrication, as well as remarkable biocompati-
bility [89,90].

It is notable that the regeneration rate of articular cartilage varies
across its different zones, forming a gradient of healing speed [57]. This
variation is attributed to the distinct structural, compositional, and
cellular characteristics of each zone. The superficial zone has the highest
regeneration capacity due to its higher cell density and proximity to the
synovial fluid, which provides easier access to nutrients and bioactive
factors. The regeneration rate becomes slower transitioning from the
middle to deep zone, due to reduced cell density and limited nutrient
supply. Besides a depth-dependent gradient in regenerative capacity,
articular cartilage exhibits very limited healing potential overall,
compared to the highly metabolically active subchondral bone that
demonstrates fast and efficient regeneration after injury [16]. Mean-
while, the regeneration of calcified cartilage that anchors the articular
cartilage to subchondral bone is also very limited due to the dense,
calcified nature of the matrix, which impedes healing due to the lack of
vascularisation and cellular presence [63]. Moreover, cartilage regen-
eration can be influenced by several factors, including age, mechanical
loading, anatomical location, and injuries or disease conditions that can
impair cartilage regrowth [57]. Although complex and highly variable,
the regeneration rate of cartilage is an important design consideration
for scaffolding strategies, as the biomaterials used are expected to ach-
ieve a degradation rate synchronised with the rate of new tissue for-
mation. This is crucial for restoring cartilage function and supporting
physiological weight-bearing without re-injury at the regeneration site.

3.3. Biomaterials selection

Biomaterials selection is the first step and a key factor in composing
an osteochondral scaffold [23]. Other than meeting the essential criteria
for a tissue engineering scaffold, including bioactivity, biodegradability,
processability, and mechanical stability, biomaterials used for osteo-
chondral repair also need to be conducive to cartilage and bone for-
mation, and be amenable to providing region-specific properties.
Natural and synthetic polymers, alone or in blends are mainly used to
formulate the cartilage region and help induce zonal cartilage regener-
ation, which may be supported by hard materials such as bioceramics
and metals used to recreate the subchondral bone region.

Each class of material has its advantages and drawbacks as candi-
dates for osteochondral scaffolds, and combining different types of
materials increases the likelihood of producing better region-specific
biomimetic properties, although this also raises the complexity of
fabrication and may reduce reproducibility. The biodegradability of
different material components in a scaffold should be considered, as a
scaffold that degrades too quickly may not provide sufficient support for
the migrating cells and newly formed tissue, while one that degrades too
slowly may impede tissue remodelling and integration [91]. Polymeric
materials including natural and synthetic polymers, and decellularised
matrix are usually chosen for creating multizonal cartilage scaffolds
(Fig. 4). Polymers offer good biocompatibility and biodegradability,
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high water content, and good control over physicochemical character-
istics, although they may have low stiffness and weak mechanical
properties [92]. Bioceramics have poor elasticity but high stiffness,
providing bioactivity and osteoconductive properties, and are usually
used for creating the porous bone region. Metallic materials are widely
used in orthopaedic implants because of their excellent mechanical
support, which makes them possible candidates for replacing the sub-
chondral bone. However, despite some applications as the bone part of
osteochondral scaffolds, they are not considered tissue engineering
materials due to biological inertness and non-biodegradability [9].
Newer developments in bioactive and biodegradable metal scaffolds sit
at the interface of orthopaedic implants and tissue engineering [93-96].
Currently, multilayered osteochondral scaffolds usually comprise a
bioactive polymer scaffold or hydrogel as the cartilage region, joined to
a mechanically robust polymer/ceramic scaffold as the bone region,
while gradient scaffolds are largely hydrogel constructs with regional
variations in composition and/or properties. This section will briefly
describe the classes of materials used for osteochondral scaffolds, as they
have been extensively covered in other reviews [15,16]. Example
studies on natural and synthetic polymers, and decellularised matrix
illustrate the potential of these materials in promoting zonal cartilage
regeneration. Bioceramics and metals are discussed in their capacity to
be used as part of a ready-made subchondral support for zonal cartilage
scaffolds.

3.3.1. Natural polymers

Natural polymers share structural similarities with ECM and typi-
cally have minimal risk of inducing immunological or inflammatory
reactions within the body [100]. Biocompatible naturally derived
polymers such as alginate, chitosan, gelatin, collagen, cellulose, and silk
fibroin are widely used in tissue engineering of articular cartilage [96].
Due to their natural biomimetic properties, natural polymers can be
layered to generate a bioactive environment for osteochondral repair,
while also providing reasonable mechanical support for regenerating
tissues. Natural polymers have been particularly useful in constructing
bioinspired gradient scaffolds to mimic the stratified layers in osteo-
chondral tissue, such as through gradient variations in pore structure,
composition, and factors that induce osteochondrogenesis [101].

Alginate, derived from brown seaweed, is a natural polysaccharide
frequently used to fabricate cartilage layers in the form of hydrogels,
which can also facilitate the delivery of cells and therapeutic drugs
[102]. They can be easily manufactured through cationic crosslinking
such as by using divalent cations (e.g., Ca®*, Cu®*, Ba®*, Sr?*, Zn?",
Co%") [102-107], trivalent cations (e.g., Fe>*, Nd**, Tb®"), and the
combination of multiple cations [108-110]. Alginate hydrogels can
provide a 3D environment for zonal cartilage regeneration and enable
zone-specific chondrocyte density and growth [111]. Versatile pro-
cessing options allow alginate hydrogels to be printed as a bioink, and
used to construct multilayered zonal cartilage scaffolds embedding a
gradient of cell densities to mimic the superficial, middle, and deep
cartilage zones [112]. Alginate methacrylate hydrogels have also been
used as cell encapsulation vehicles for infiltrating 3D printed synthetic
polymer scaffolds with gradient pore structure designed for zonal
cartilage repair [113].

Chitosan, derived from chitin in crustacean shells, is a poly-
saccharide that exhibits excellent biodegradability and structural simi-
larity to GAGs [114]. The bioactivity of chitosan, reflected in its
antimicrobial, antitumour, and antioxidant activities, contributes to
reducing inflammation when chitosan scaffolds are used for cartilage
defect repair [115]. Admittedly, chitosan itself has weak mechanical
strength, and is often modified or enhanced by incorporating other
materials to improve mechanical properties for cartilage regeneration,
such as by short fibre segments [116] or blending with other materials
[117]. Hyaluronic acid is another polysaccharide, and being a natural
component of synovial fluid and cartilage, is often used in chondral
hydrogel formulations because of its lubricating and viscoelastic
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Fig. 4. For zonal cartilage regeneration, scaffolds are often constructed using polymeric materials, including naturally-derived (left), decellularised ECM (middle),
and synthetic (right). Examples: Natural polymer scaffold (left) made from collagen/silk fibroin composites for chondrogenic differentiation, image adapted with
permission from Ref. [97]. Decellularised ECM scaffold derived from human articular cartilage (middle) used in conjunction with microfracture for cartilage
regeneration, image adapted with permission from Ref. [98]. Synthetic polymer scaffold (right) produced from PCL using multiple fabrication methods, with zonal
microstructure for stratified cartilage repair, image adapted with permission from Ref. [99]. Figure created using Canva.

properties [118,119]. An emerging design approach for biomimetic
cartilage scaffolds is to blend different types of natural polymers to
achieve combinational properties. For example, one study used combi-
nations of chitosan, collagen, hyaluronic acid, and silk fibroin to
construct a bilayered chondral scaffold by freeze-drying, with different
material composition and porous structure in the surface and transi-
tional layers [20].

Other natural polymers commonly chosen to fabricate cartilaginous
scaffolds include naturally derived proteins such as collagen and silk
fibroin, partly due to their natural ability to enhance cell adhesion.
Collagen, including the frequently used types I and II, is an abundant
protein in mammals that can be derived from bovine, porcine, or even
human tissues. Collagen is applied extensively in cartilage and bone
tissue engineering, where one method to modulate region-specific
properties is by varying the content of different types of collagens
[120-122]. Silk fibroin, most commonly extracted from Bombyx mori
cocoons, is a potent and newer type of natural polymer used for
regenerating cartilage and bone tissues [123]. Silk scaffolds often
possess superior mechanical strength, accompanied by a tailorable
chemical structure and good bioactivity, elasticity, and degradability
[124]. For scaffold fabrication, silk fibroin is usually dissolved in
water-based solvents and can be easily reconstructed into a variety of
formats, including films, mats, hydrogels, and sponges, through a range
of techniques such as self-assembly, ultrasonication, pH adjustment,
freeze-drying, and physical or chemical crosslinking [125]. Interest-
ingly, one study reported that a nanoengineered silk surface with
nanopillar arrays could regulate stem cell morphology, leading to a
flattened ellipsoidal shape consistent with the appearance of chon-
drocytes in the superficial zone of articular cartilage [124]. A combi-
nation of collagen and silk fibroin could produce scaffolds with
improved biological and mechanical properties compared to individual
materials, for example, a hybrid scaffold with optimised ratio of 7:3
collagen/silk fibroin was shown to achieve efficient repair in a rabbit
model of full-thickness cartilage defects [97].

3.3.2. Decellularised extracellular matrix

Decellularised extracellular matrix (dECM) has recently gained
increasing interest as a new type of scaffolding material that is naturally
derived from the ECM produced by cells and subsequently have the cells
removed. dECM retains the intrinsic biochemical and biophysical cues of
native ECM, providing structural and chemical signals that regulate
cellular behaviour, such as adhesion, migration, proliferation, and dif-
ferentiation [126-128]. Biochemical cues may include structural pro-
teins, peptides, cytokines, and growth factors, while biophysical
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properties are conveyed by 3D structure, porosity, and mechanical
properties akin to native tissue [126,129].

Several studies have demonstrated the potential of dECM materials
in cartilage tissue engineering, although they have not yet been utilised
for constructing cartilage scaffolds with zone-specific structure. Peng
et al. [98] fabricated a human articular cartilage-derived ECM scaffold,
validating its capacity to support the survival, proliferation, migration,
and maintenance of the human chondrocyte phenotype in vitro. In vivo
experiments showcased the ability of the scaffold to independently
repair articular cartilage in a large animal (sheep) model when com-
bined with microfracture technique. When combined with injection of
IL-4 to induce M2 macrophage polarisation, Tian et al. [130] showed
that a decellularised cartilage matrix scaffold could induce cartilage
regeneration as well as provide immunomodulatory effects in a rat
osteochondral defect model. Browe et al. [131] developed decellularised
cartilage ECM-derived scaffolds crosslinked using glyoxal and dehy-
drothermal treatment. These scaffolds supported cartilage ECM syn-
thesis when seeded with fat pad-derived stromal cells and displayed high
elastic properties in compression tests. Another group [132] also showed
that the mechanical properties of dECM scaffolds could be significantly
enhanced through the integration of electrospun nanofibers. Li et al.
[133] developed an injectable hydrogel composed of cartilage dECM
and hyaluronic acid methacrylate (HAMA). This hydrogel demonstrated
robust adhesion strength to cartilage and significantly enhanced me-
chanical performance compared to cartilage dECM or HAMA alone. In
vitro cultures showed that the hybrid hydrogel promoted chondrogenic
differentiation of encapsulated porcine bone marrow MSCs after 21
days. In vivo subcutaneous implantation in a mouse model further
illustrated improved biocompatibility of the hybrid hydrogel compared
to HAMA alone. Li et al. [134] developed a bioinspired hydrogel scaffold
produced by 3D printing with cartilage and bone dECM. When con-
structed as a bilayer hydrogel with tissue-specific dECM in the respective
layers and supplemented with human MSC-derived exosomes, these
hydrogel scaffolds accelerated the simultaneous regeneration of carti-
lage and subchondral bone tissues in rat osteochondral defects.

3.3.3. Synthetic polymers

A wide range of synthetic polymers can be used for osteochondral
tissue engineering, sometimes with highly customised composition, but
mostly involve polyethylene glycol (PEG), polyvinyl alcohol (PVA),
polycaprolactone (PCL), and polylactic acid and its co-polymers (PLA,
PLLA, PLGA) [100,135]. In particular, PCL has been a popular choice for
fabricating the scaffold frame to realise various zonal cartilage designs,
mainly due to its mechanical integrity and compatibility with 3D
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printing fabrication techniques for producing customisable structures
[99,136,137]. In general, due to their reproducible and tailorable
chemical structure, synthetic polymers offer more precise control over
scaffold characteristics compared to naturally derived materials,
including mechanical stiffness, porosity, and degradation rate. Howev-
er, their drawbacks include poor cell adhesion, potential immune
response or adverse reactions upon implantation, and lack of inherent
bioactive cues that facilitate cell signalling, ECM production, and tissue
integration. Due to the substantially different properties required of
materials for constructing chondral and osteochondral scaffolds, poly-
meric blends or co-polymers, as well as composites or hybrid materials
formed through combination with other biomaterial classes, are
commonly employed to fabricate biomimetic scaffold layers [96,138].
In combination with advanced manufacturing techniques such as digital
light processing (DLP), scaffolds with specially designed mechanical
property gradients can be constructed using synthetic polymers. For
example, a photopolymerisable PEG diacrylate (PEGDA) hydrogel
printed into a micro-truss structure and infiltrated with PEG-norbornene
hydrogel to form composite trusses could exhibit regional stiffness
variations within the scaffold ranging from 0.3 to 1.1 MPa, which is
potentially useful for mimicking the differing mechanical properties
between cartilage and bone in osteochondral tissue [139].

3.3.4. Bioceramics

Bioceramics are renowned for their excellent wear resistance, high
stiffness, resistance to oxidation, and low friction coefficient, making
them particularly suitable for bone tissue engineering [140]. Various
modifications and fabrication processes can be applied to enhance the
properties of bioceramics for use as the bone component of an osteo-
chondral scaffold, for example, a biomimetic bone scaffold with stress
transfer  capability can be constructed by creating a
biopolymer-bioceramic composite, using a coupling agent that serves as
a ‘molecular bridge’ to establish interfacial reinforcement between
materials [141]. With recent advances in additive manufacturing,
3D-printed bioceramic scaffolds can be constructed with diverse com-
positions and hierarchical structures, allowing precise control over their
mechanical, degradation, permeability, and biological properties [142].
Through composite processing to modulate their elastic and other me-
chanical properties, bioceramics can also be applied in cartilage tissue
regeneration, such as through the construction of a collagen/na-
no-p-tricalcium phosphate scaffold [143]. Although the majority of
bioceramics used in osteochondral scaffolds are artificially made,
emerging approaches have also considered naturally-derived bio-
ceramics derived from marine organisms such as sponges, corals, or
seashells [144].

Hydroxyapatite, Cajo(PO4)6(OH),, which has the same composition
as the mineral component of bone, is a popular bioceramic used as bone
grafts or coatings on orthopaedic implants due to its excellent biocom-
patibility and osteoconductivity [145]. Recent research has explored
new methods to enhance the mechanical properties of this material to-
wards load-bearing bone regeneration, for example, an interesting study
generated 3D-printed hydroxyapatite scaffolds with greatly improved
compressive strength through a triply periodic minimum surfaces
(TPMS) design, characterised by unique non-self-intersecting, 3D peri-
odic surface structures [146].

Bioactive glasses, composed mainly of silicon oxide, sodium oxide,
calcium oxide, and phosphate, offer both osteoconductivity and
osteoinductivity due to their ability to bond with both hard and soft
tissues. A recent study has highlighted the applicability of bioactive
glass-ceramic particles in long-term cartilage repair and promoting
progressive bone growth, providing durable mechanical support to
prevent late-stage cartilage collapse [147]. Other formulations of
silicate-based bioceramics also exhibit excellent bioactivity and possible
applications in subchondral bone and osteochondral tissue engineering
[148,149].
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3.3.5. Metallic scaffolds

Metal materials and their alloys are widely used in bone implants,
with a long history of clinical application due to their biocompatibility,
excellent corrosion resistance, and exceptional mechanical strength. In
osteochondral tissue engineering, adopting a metallic subchondral bone
scaffold can easily provide the essential mechanical support for articular
cartilage repair to proceed under load-bearing conditions [61,150]. Ti-
tanium scaffolds were among the first metallic scaffolds considered for
repairing osteochondral tissues, which can be made to match the
properties of trabecular bone and provide sufficient space for bone
ingrowth by altering their geometric structures [74] and porosities
[151]. One interesting study designed a functionally graded porous
lattice structure for a titanium bone scaffold with varying stiffness and
density, providing spatial control of scaffold properties, which was
fabricated using selective laser sintering (SLS) [152], as shown in
Fig. 5A. The flexible chondral phase was a homogenous thin layer
sponge fabricated through a sugar-leaching process, using a PDMS ma-
trix and sugar as porogen, which was interlocked to the titanium scaffold
during PDMS polymerisation. Although the assembled construct was
able to support MSC growth and cellular communication, the distinct
cartilage and bone layers were not well integrated. Addressing this
problem, another study designed a tri-layered integrated osteochondral
scaffold containing a titanium mesh cage as the bone scaffold [153].
Using 3D printing, PLGA hydrogel was directed printed on the titanium
mesh to form a 30 pm dense layer, followed by porous PLGA layers with
100 pm pore size to form the cartilage region, as shown in Fig. 5B.
Chondrocytes were then seeded into the cartilage scaffold, while
autologous cancellous bone was filled into the titanium mesh to form the
bone scaffold. This created an integrated scaffold structure, where the
interfacial dense layer between cartilage and bone regions could inhibit
the growth of new cartilage into the subchondral bone, and also shield
the cartilage from excessive compression-related damage. In vivo study
in a goat cartilage defect demonstrated the scaffold’s ability to recon-
struct a homogeneous and smooth articular surface. Additionally, the
tidemark area between native cartilage and subchondral bone was
observed to coincide with the location of the intermediate dense layer in
the scaffold. Other approaches have been used to create bionic osteo-
chondral scaffolds featuring a dense interfacial layer and a titanium base
scaffold [72,154], as presented in Fig. 5C. The dense layer was shown in
sheep osteochondral models to prevent bone marrow from flowing into
the cartilage region or synovial components from flowing into the bone
region, ensuring separate osteogenesis and chondrogenesis.

Recent studies have demonstrated heightened interest in metallic
materials as tissue engineering scaffolds by shifting from non-
biodegradable to biodegradable metals, which include three main
types: magnesium (Mg), iron (Fe), and zinc (Zn) [73]. Magnesium-based
materials are susceptible to excessively high degradation rates, and
hydrogen emissions from the degradation process can alter the
peri-implant pH, potentially interfering with osteoblast survival and
bone formation [93]. Iron-based materials have a longer degradation
time than natural tissues, potentially hindering complete tissue repair
[155]. Zinc-based materials exhibit a reasonable degradation rate, po-
tential to provide essential trace elements, and minimal effect on
changing environmental pH during degradation [94]. A recent study
designed a biodegradable bilayered scaffold comprising a porous zinc
scaffold and chondroitin sulphate hydrogel for full-thickness osteo-
chondral tissue reconstruction [156], as presented in Fig. 5D. The zinc
scaffold provided a favourable degradation rate, offering long-lasting
mechanical support as well as eventual complete degradation. In a
porcine osteochondral defect model, the bilayered scaffold achieved
reconstruction of a smooth hyaline-like cartilage surface and superior
integration with surrounding host tissues.

3.4. Fabrication strategy

Fabrication strategies to create biomimetic osteochondral scaffolds
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Fig. 5. Composite osteochondral scaffolds with a metallic bone component. (A) Bilayer osteochondral scaffold combining gradient titanium lattice scaffold and
PDMS sponge, adapted with permission from Ref. [152]. (B) Tri-layered scaffold comprising a base titanium mesh cage and PLGA hydrogel, adapted with permission
from Ref. [153]. (C) Multi-layer gradient osteochondral scaffold with titanium base, PLA intermediate layer and PLGA top layer, adapted with permission from
Ref. [154]. (D) Biodegradable bilayered scaffold comprising porous zinc scaffold and chondroitin sulphate hydrogel, adapted with permission from Ref. [156].

have mainly involved the generation of fibrous or hydrogel structures
for the articular cartilage compartment, which may or may not be
reinforced with a subchondral bone compartment that provides higher
stiffness and mechanical support. A variety of techniques may be used
alone or in combination to realise scaffold designs that faithfully mimic
the different components of osteochondral tissue, including the articular
cartilage with zonal structure, interfacial calcified cartilage, and sub-
chondral bone with high mechanical strength. Particularly for the
cartilage component, fabrication methods have focused on precisely
controlling fibre orientation in fibrous scaffolds or constructing
compositional gradients in hydrogel scaffolds to produce zonal archi-
tecture and properties.

Traditionally, osteochondral and other types of tissue engineering
scaffolds were fabricated using methods such as sol-gel [157,158], gas
foaming [159,160], and emulsion freeze drying [161]. However, these
methods were typically complex and time-consuming, providing low
efficiency of tissue regeneration as well as inconsistent repair outcomes
in osteochondral injuries. This was due to the lack of precise and spatial
control over scaffold geometry, including porosity, pore size, and pore
shape/distribution, leading to the inability to faithfully mimic original
tissue structure, such as the depth-dependent zonal layers within artic-
ular cartilage, and the highly porous and interconnected but mechani-
cally robust structure of subchondral bone.

Mould casting is a simple and versatile method compared to other
approaches, which involves pouring a mixture of materials into a mould
followed by gelling to create a wholesome scaffold. This method can
create multi-layered scaffolds by sequentially casting the layers and
adjusting the material composition of each layer [56,162]. Mould
casting allows a high degree of control over the scaffold’s final shape and
dimensions. However, drawbacks include limited precision in the con-
trol of gradients, porosities, material properties, and manufacturing
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details.

Electrospinning involves charging a polymer solution and directly
writing the scaffold by depositing micro- or nano-scale fibres [163,164].
A fibrous mesh can hence be created that mimics the topography of
native ECM, with adjustable porosity, pore interconnectivity, mechani-
cal characteristics, and surface area. The fibrous sheets can also be
layered to form multi-layered scaffolds with spatial variation in struc-
ture or material composition.

3D printing, a form of additive manufacturing, is commonly
employed in current osteochondral scaffolds due to its high precision,
enabling biomimetic and patient-specific designs through layer-by-layer
printing [165]. Integrated with computer-aided design, it enables the
fabrication of complex and customisable structures with potential to
closely mimic the multizonal and hierarchical nature of osteochondral
tissue [166-169]. However, several limitations remain including
equipment cost, printing speed, and frequent need for post-processing to
enhance mechanical or biological characteristics. Moreover, material
selection may be limited, particularly in extrusion-based approaches due
to problems with nozzle clogging, as well as in 3D bioprinting that in-
volves the simultaneous incorporation of cells or biomolecules, essen-
tially limiting choices to hydrogel materials [170,171].

Other fabrication strategies are defined by the unique properties of
certain materials, such as freeze-thaw physical crosslinking [172-175]
and freeze-casting [176] for PVA hydrogels. To create region-specific
properties, fabrication techniques may also be combined with ap-
proaches involving self-assembly and response to external stimuli such
as magnetism, light, pH, and temperature [177]. While attempting to
create a biomimetic, stratified structure, the selection of manufacturing
method for osteochondral scaffolds should also consider processing
complexity and reproducibility in sight of scale-up applications.



X. Lin et al.

3.5. Biomimetic bilayered osteochondral scaffolds and the push towards
biomimetic multizonal cartilage scaffolds

Conventional scaffolds with single-layer structure and homogeneous
properties are generally insufficient in meeting the functional re-
quirements for restoring the osteochondral tissue unit. Bilayered scaf-
folds first evolved to address varying requirements of regeneration for
interfacial tissues, comprising two distinct but integrated layers that can
respectively support different types of tissue formation such as cartilage
and bone [178]. From earlier designs largely involving the integration of
two separately fabricated homogeneous layers, biomimetic bilayered
scaffolds have evolved to incorporate sophisticated designs that more
closely mimic the stratified structure of native osteochondral tissue. For
example, Zhu et al. [179] developed an injectable bilayer osteochondral
scaffold with stratified biomimetic structure, comprising a thermo-
sensitive sodium alginate/agarose composite hydrogel as the cartilage
layer and a sodium alginate/bioglass composite hydrogel as the bone
layer, which encapsulated different cell types. This was found to induce
region-specific cartilage and bone formation in a rat osteochondral
model while maintaining integration between layers and benefitting
from a minimally invasive approach for scaffold implantation. Similarly
addressing interlayer integration challenges, Gan et al. [180] produced a
mussel-inspired osteochondral scaffold comprising a bilayered gelatine
methacryloyl-polydopamine hydrogel. The cartilage and bone layers
were seamlessly integrated through simultaneous polymerisation,
respectively containing immobilised TGF-p3 and bone morphogenetic
protein 2 (BMP-2), together with mineralised hydroxyapatite rein-
forcement in the bone layer. This biomimetic design was seen to pro-
mote osteochondral repair in a rabbit full-thickness cartilage defect.
Also tested in rabbits, Zhou et al. [181] developed a biphasic scaffold
using fish collagen to enable simultaneous cartilage and bone repair,
where the cartilage layer comprised chondroitin sulphate-incorporated
fish collagen with 128 pm pores and the bone layer was a fish
collagen-hydroxyapatite scaffold with 326 pm pores.

Newer bilayered scaffolds have built on hydrogel-based strategies to
address specific challenges in osteochondral tissue repair. For instance,
one notable challenge is the integration of newly formed cartilage
within the scaffold with surrounding native cartilage. In this space, Wu
et al. [182] developed a methacrylated silk fibroin (Sil-MA) sealant
containing TGF-p3, with adhesive properties and the ability to chon-
drocyte migration and differentiation. This was used to provide ‘mar-
ginal sealing’ around a bilayer silk scaffold in rabbit osteochondral
defects, which together achieved regeneration with superior lateral
tissue integration. Jiang et al. [183] also used Sil-MA in their bilayered
scaffold design, creating two integrated Sil-MA hydrogel layers through
stratified photocuring, which served as a base matrix for the incorpo-
ration of silk fibroin microspheres. By loading the microspheres with
kartogenin and berberine and anchoring them within the respective
cartilage and bone layers, this all-silk bilayered scaffold achieved
osteochondral repair in a rat model after 8 weeks of implantation.
Another notable challenge lies in the generally insufficient mechanical
properties of osteochondral scaffolds for promoting tissue regeneration
in load-bearing regions. To achieve better mechanical reinforcement,
Liu et al. [184] employed a 3D-printed porous hydroxyapatite ceramic
platform that releases alendronate for promoting bone regeneration.
This was integrated with a mechanically enhanced hyaluronic acid
methacryloyl hydrogel that releases kartogenin as the cartilage layer,
through a semi-immersion approach. This scaffold was found to
encourage region-specific cartilage and bone formation during rat sub-
cutaneous implantation, although tissue regeneration under
load-bearing conditions remains to be tested. Also using 3D printing,
Gao et al. [185] fabricated a high-strength supramolecular polymer
hydrogel as the basis for a bilayered osteochondral scaffold. The
hydrogel mechanical properties were significantly enhanced by
photo-initiated polymerisation to combine poly (N-acryloyl 2-glycine)
(PACG) with gelatin methacrylate (GelMA), greatly superceding the
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ranges achievable with conventional GelMA hydrogels. A bilayered
gradient structure was created by doping the cartilage layer with Mn?*
ions and the bone layer with bioactive glass, which was found to
enhance osteochondral repair after 12 weeks of implantation in a rat
model.

Biomimetic bilayered osteochondral scaffolds have generally
demonstrated the ability to facilitate differential chondrogenesis and
osteogenesis in the respective layers, and have provided important in-
sights into the significance of scaffold microenvironment on lineage-
specific tissue differentiation during osteochondral regeneration. How-
ever, the bilayered design encounters key challenges in recreating
physiologically meaningful biomimetic structure, particularly in the
articular cartilage compartment. Firstly, there is a lack of biomimetic
transition between the hyaline cartilage and subchondral bone regions
due to the absence of a calcified cartilage layer, leading to an increased
risk of fracture between discrete scaffold regions [186]. Secondly,
bilayered scaffolds have a homogeneous cartilage region that does not
mimic zonal variations in the chondral matrix, including its
depth-dependent gradient in collagen fibre organisation, GAG compo-
sition, pore size, and mechanical strength, as well as differences in
chondrocyte morphology and arrangement. Recently, a variety of
innovative approaches have emerged for creating biomimetic multi-
zonal cartilage scaffolds to address these challenges.

4. Biomimetic multizonal cartilage scaffolds with zone-specific
variation in scaffold properties

Biomimetic multizonal scaffolds are designed to reflect the
anatomical microstructure of articular cartilage and its stratified re-
gions, ideally comprising three or more distinguishable but continuous
layers. These scaffold designs may fulfil the unique zonal property re-
quirements for faithful articular cartilage regeneration, through depth-
dependent modifications in collagen fibril orientations, matrix archi-
tectures, biomechanical properties, cell properties and phenotypes, and
zone-specific growth factors. Current studies reporting biomimetic zonal
cartilage scaffolds have mainly adopted three types of stratification
approaches: fibre orientation, composition or porous architecture, and
cell types and growth factors, as summarised in Table 2.

4.1. Creating zonal cartilage structure by varying fibre orientation

A central feature of zonal variation in native articular cartilage is
collagen fibril orientation. The alignment of collagen fibres is the pri-
mary determinant to the region-specific mechanical properties and
functionality of hyaline cartilage, providing a smooth and wear-resistant
surface in the superficial layer and changing to more randomly aligned
and interwoven fibres in the transition zone to provide better load-
bearing properties, as well as to vertical fibre orientation in the deep
zone for anchoring the cartilage in underlying mineralised tissues.
Because of its capability to easily produce nanofibrous sheets mimicking
the structure of native ECM, electrospinning has been commonly
explored as a fabrication technique for creating biomimetic osteochon-
dral scaffolds, initially as bilayered structures replicating the cartilage-
bone interface [187,188]. However, a typical electrospun fibre mat
has randomly distributed and oriented polymer fibres that may resemble
the transition zone of articular cartilage but do not include character-
istics of the superficial or deep zones, and also do not provide good
adherence to the bone component scaffold. To create a more function-
ally graded scaffold resembling osteochondral tissue layers, including
zonal variations in articular cartilage, Hejazi et al. [189] used electro-
spinning to fabricate a nanofibrous scaffold with five layers comprising
different ratios of raw materials: PCL/gelatin and chitosan/PVA for the
chondral layers, and PCL/gelatin with incorporated nanohydroxyapatite
for the bony layers. The scaffold showed variation in fibre composition
and porosity accompanied by smooth transition between layers,
mimicking to some extent the change in matrix composition along the
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Table 2

Summary of studies on multizonal cartilage scaffolds, broadly categorised by variations in fibre orientation, composition or pore architecture, and cell types or growth factors.

Type Scaffold name Fabrication method Zonal structure Main findings Reference
Cartilage scaffold features Other features (e.g., bone)  Structural & mechanical In vitro and in vivo study
characterisations
Fibre Bi-layered micro-fibre Melt electrospinning Materials: N/A Pore size (fibre spacing): In vitro study (Castilho et al.,
orientation reinforced hydrogels writing (MEW) Soft gelatine-methacrylamide (GelMA) oSTZ: ~50 mm Cells: Chondrocytes from cartilage ~ 2018; Castilho
hydrogel embedded, melt electrospun eMDZ: ~800 mm of equine metacarpophalangeal et al., 2019)
written polycaprolactone (PCL) fibre eFibre diameter ~20 mm joints [192,193]
scaffold Mechanical properties: Time period of in vitro culture:
Bi-layered structure: eComposite constructs witha 28 days
eSuperficial tangential zone (STZ): thin STZ layer exhibited Findings:
Densely distributed crossed fibre mat, significantly higher peak eSTMDZ-reinforced hydrogels can
with tightly packed and tangentially modulus under incongruent support cartilaginous tissue
oriented fibres (alternating angles: and congruent loading formation upon physiologically
0-45-90-135°) conditions than hydrogels relevant mechanical stimulation.
eMiddle and deep zone (MDZ): A reinforced solely with a eHydrogel mechanical failure
uniform box structure fibre uniform MDZ structure. under dynamic loading indicates
organisation (cross-shaped 0-90° lay- oThe bi-layered composite limited dynamic mechanical
down pattern) constructs demonstrated a properties.
stress relaxation response
similar to that of native
cartilage tissue.
oThe STZ layer notably
influenced the mechanical
behaviour of the composite
constructs under
incongruent loading.
eCapable of simulating
native cartilage and
supporting neo-cartilage
formation upon
physiologically relevant
mechanical stimulation.
oThe STZ layer might play a
more critical role under
dynamic compression.
3D anisotropic tri-layered Electrospinning Materials: PCL-GO-collagen scaffold N/A Morphology: N/A (Girao et al.,

fibrous scaffolds

Layer-by-layer assembly

eElectrospun layers: Polycaprolactone
(PCL)

eFramework: Graphene oxide-collagen
(GO-collagen)

Tri-layered structure:

eSuperficial Layer: Fibres aligned
parallel to the top surface of the
scaffold.

eMiddle Layer: Random orientation of
collagen fibres, the transition zone
between the superficial and deep
zones.

eDeep Layer: Spiral-shaped,
electrospun mesh rectangles, cut and
rolled into cylinders, formed a
vertically oriented fibrous network
akin to natural cartilage tissue.

eSuperficial layer: fibre
diameter of 1.20 & 0.51 pm,
68 % of pores with diameters
between 5 and 10 pm and 16
% of pores with sizes
superior to 10 pm;

eMiddle layer: larger fibre
diameter (2.00 + 0.63 pm)
and bigger pores as 53 % of
pores between 5 and 10 pm
and 31 % of pores with a
diameter superior to 10 pm
eDeep layer: larger pores to
facilitate nutrient and
oxygen transport, waste
removal, and cell
attachment.

Mechanical properties:
eThe compression modulus
varied with the direction of

2018) [194]

(continued on next page)
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Table 2 (continued)

Type Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Multizone scaffold

Microribbon (LRB) scaffold

Electrospinning and
Cryo-printing

Hydrogel: mould casting
HRBs: wet-spinning

Materials: Polycaprolactone (PCL) as

base scaffold.
Tri-layered structure:

oTop layer (aligned fibres): Highly
aligned fibres resembling cartilage’s

superficial zone.

eMiddle layer (randomly oriented
fibres): Randomly deposited fibres on
cryo-printed helix scaffolds.

eBottom layer (helix structure): PCL,
providing interconnected architecture
and compressive support, mimicking

cartilage’s deep zone.

Materials:

eHydrogel: Gelatine (GEL)
methacrylate, chondroitin sulphate

(CS) methacrylate

e|IRBs: gelatine (GEL) pRBs
Spatially-patterned tri-layered

scaffold:

eSuperficial zone:100 % gelatin,

aligned pRB

eMiddle zone: 90GEL:10CS

Deep zone: 75GEL: 25CS

N/A

N/A

fibre arrangement,
decreasing from vertical to
random to horizontal.
eWhen the direction of the
force was perpendicular to
the direction of the fibres/
pores, the resistance to
deformation was low.

Fibre diameter & pore size:
oTop zone aligned fibre
diameter: 1.57 + 0.50 pm
eMiddle zone random fibre
diameter: 1.94 + 0.51 pm
eBottom zone helix scaffold
pore size: 3.62 + 2.46 pm
Mechanical Properties:
eThe multizone scaffolds
showed slightly higher
compressive properties than
the electrospun control
scaffolds.

eCompressive properties
remained consistent over the
4-week culture period and
were similar to acellular
controls across all tested
strains.

Mechanical properties:
eTrilayer pRB scaffolds
showed a significant increase
in compressive modulus
from superficial to deep
zones, mirroring native
cartilage.

eDeep zones of pRB scaffolds
exhibited a remarkable over
34-fold increase in
compressive modulus,
approaching values of native
articular cartilage (464 kPa
and 452 kPa for puRB and
URB + aligned cultures,
respectively).

eTrilayer hydrogel (HG)
scaffolds displayed only a
marginal increase in
compressive modulus in
deep zones after 21 days,
remaining significantly
lower than native cartilage.
enterfacial shear strength of
trilayer pRB scaffolds
significantly surpassed that
of trilayer HG scaffolds.

In vitro study

Cells: Primary human adult
chondrocytes

Time period of in vitro culture: 5
weeks

Time frame for culture: 24 h, 1
week, 3 weeks, 5 weeks
Findings:

Multizone scaffolds maintained
chondrocyte phenotype and
function and demonstrated their
potential in cartilage tissue
engineering applications.

In vitro study

Cell/scaffold type: MSC-seeded
trilayer microribbon (pRB)

Cells: Human MSCs

Time period of in vitro culture:
21 days

Findings:

Trilayer pRB scaffolds maintained
high cell viability throughout the
culture.

eTrilayer pRB scaffolds promoted
significant cartilaginous ECM
deposition by MSCs, with
increasing sGAG production from
superficial to deep zones.
eAligned pRB scaffolds enhanced
ECM deposition, with a notable
increase in SGAG content and
collagen production, particularly
in the superficial zone.

eVarying the ratio of gelatin to
chondroitin sulphate pRBs within
the scaffold could impact MSC
chondrogenesis, guiding zonal-
specific differentiation.

Trilayer pRB scaffolds enabled
MSCs to produce zonal-specific

(Munir et al.,
2020) [195]

(Gegg & Yang,
2020) [190]

(continued on next page)
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Table 2 (continued)

Type Scaffold name

Fabrication method

Mesenchymal stem cells
loaded 3D-printed gradient

PCL/ALMA composite
scaffold.

Bio-inspired cellulose-
reinforced anisotropic
composite hydrogel

3D printing

Mould casting,
sequential hydrogel
layering

Zonal structure Main findings Reference
Cartilage scaffold features Other features (e.g., bone)  Structural & mechanical In vitro and in vivo study

characterisations

Both pRB groups (with and cartilage with biochemical and

without aligned pRB layer) morphological properties closely

were able to withstand shear ~ resembling native tissue. Observed

stress greater than 100 kPa in native cartilage.

before failure, whereas the

HG groups fractured with

just 7.5 kPa of shear stress

applied.
Materials: N/A Pores: In vitro study (Cao et al.,

ePoly (e-caprolactone) (PCL)
impregnated with methacrylate
alginate (ALMA)

eEmbedded rat bone marrow
mesenchymal stem cells (BMSCs), Cell
density: 3 x 10° cells/ml
Tri-layered PCL/ALMA scaffolds:
Depth-dependent gradient, with 0°/
90°, 0°/60°, and 0°/30° lay-down
pattern respectively, mimicking
chondral zonal layers

Materials: N/A
ePolyethylene glycol diacrylate
(PEGDA): Primary polymer matrix for
hydrogel

eCellulose fibres: Structural
reinforcement

Three-zone structure:

eSuperficial zone: Cellulose fabric
fibres, oriented parallel to the surface
eMiddle zone: Cellulose nanofibres,
randomly distributed

eDeep Zone: Wood cellulose fibres,
oriented perpendicular to the surface

eSuperficial layer: filament
gap of 300 pm, 0°/90°lay-
down pattern

eMiddle layer: filament gap
of 500 pm, 0°/60° lay-down
pattern

eDeep layer: filament gap of
700 pm, 0°/30° lay-down
pattern

Mechanical properties
gradient:

oSL: tensile modulus 61.57
+ 2.05 MPa and compressive
modulus 20.44 + 1.32 MPa
eCompressive modulus were
SL-PMA > PCL/ALMA-
gradient > ML-PMA > DL-
PMA

oThe compressive modulus
of the entire PCL/ALMA
gradient scaffold was 9.52 +
1.79 MPa

Pores:

eNo numerical values for
pore size in the superficial
and middle zones

eDeep zone has distinct
microstructures depending
on whether they are cut from
hardwood or softwood:
-Softwood: Square interlaced
hollow channels, with widths
10-40 pm and average
lengths 3-5 mm

-Hardwood: Aligned hollow
cellulose channels with
gradient circular apertures,
from a few to several tens of
microns

Mechanical properties:
Zone-dependent complex
mechanical adaptability
eSuperficial zone: Resists
shear forces. Compressive
modulus ~298 kPa. Modulus

Cells: BMSCs from bone marrow
extracted from the femora and
tibiae of 6-week-old male Sprague-
Dawley rats

Time period of in vitro culture:
Day 1, 3, 7 for cell proliferation
assessment, 3 weeks of
chondrogenic culture for gene
expression analysis

Findings:

ePCL/ALMA hybrid scaffolds
exhibited excellent compatibility
with rat BMSCs.

ALMA furnished an appropriate
cartilage-growth
microenvironment, with evidence
of some larger cell masses and
homogeneous distribution.

2021) [113]

In vitro study

Cells: BMSCs

Time period of in vitro culture:
3 days (cell morphology), 7 days
(cell proliferation assessment), 14
days (chondrogenic differentiation
evaluation)

Findings:

eBMSCs showed alignment along
the cellulose channels, indicating
that anisotropic hydrogel structure
could guide cell orientation.
BMSCs showed good adhesion and
growth on hydrogel surfaces.
eHydrogel could promote
chondrogenic differentiation of
BMSCs, where cells in the
superficial zone produced
significantly higher levels of
collagen II compared to the deep
zone.

(Wang et al.,
2020) [62]

(continued on next page)
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Table 2 (continued)

Type

Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Hypotrochoidal scaffolds

Biomimetic arch-like 3D
bioprinted construct

Fused Deposition
Modelling (FDM)
technology through a
bioprinter.

3D bioprinting, directed
printing, photo-
crosslinking

Material: Poly (e-caprolactone) (PCL) N/A
Arch-like Structure:
eHypotrochoidal Design: Mimicked
collagen fibres in cartilage using
curved patterns generated by smaller
circles rolling inside larger ones.
eZone Division: Divided the scaffold
into superficial, middle, and deep
zones, replicating cartilage
composition and cell density
variations.

ePore Structure: Created gradient
pores, with the smallest in the
superficial zone and the largest in the
deep zone, mimicking cartilage
heterogeneity for nutrient transport.

Materials: N/A
Gelatine Methacryloyl (GelMA) and

Silk Fibroin-Gelatine (SF-G) bioinks

Arch-like structures:

and stress increase with
adding more layers of
cellulose fabric.

eMiddle zone: Cushion to
absorb forces from
superficial zone.
Compressive modulus ~182
kPa. Exhibits clear nonlinear
compression behaviour, with
modulus increasing slowly at
low strain and rapidly at high
strain.

eDeep zone: Transfers force
to subchondral bone.
Compressive modulus
significantly higher at ~9.8
MPa due to reinforcement by
cellulose network.
Anisotropic mechanical
properties with higher
compressive modulus and
stress in longitudinal
compared to radial direction.
Mechanical Properties
eScaffold with r = 0.17
showed Young’s modulus
similar to native cartilage,
making it less stiff than the
0-90 woodpile design (14.1
MPa).

eYield strain and strength of
r = 0.17 scaffold ranged from
7.94+0.0% to 11.0 &+ 2.6 %,
indicating its ability to
withstand deformation.

or = 0.17 design exhibited
significantly higher
toughness (0.035 + 0.001 N
mm?) than other designs,
crucial for load-bearing
tissues like cartilage.

No information about pore
size

Mechanical properties: (no
details about mechanical

In vitro study (van Kampen
Cells: ATDC5, a teratocarcinoma- et al., 2023)
derived chondrogenic cell line [137]

Time period of in vitro culture:

28 days

Findings:

or = 0.17 scaffold in dynamic

culture showed increased collagen

type I deposition, promoting

cartilage-specific protein

synthesis.

eReduced expression of collagen

type X suggests that the design

may prevent hypertrophic changes

detrimental to cartilage

regeneration.

eHigher stress areas in the scaffold

exhibited increased

glycosaminoglycan (GAG)

synthesis, essential for cartilage

function.

eEnhanced cell proliferation and

potential tissue regeneration

indicated by increased DNA

content per pore volume in r =

0.17 samples under dynamic

stimulation.

In vitro study (Chakraborty
Cells: Human bone marrow MSCs et al.,, 2023)
Time period of in vitro culture: [208]

21 days

(continued on next page)

03w X

6¥S—0IS (S202) E¥ SIPMADI 24130001



92s

Table 2 (continued)

Type

Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Composition
or porous
architecture

A biomimetic cartilage
gradient hybrid scaffold

Dual-layer scaffold with
orientated porous structure

Mould-casting, freeze-
drying

Surface layer: freeze-
drying method
Transitional layer:
unidirectional freeze-
drying technique

eArch-like Structure: Mimicked
collagen II arrangement in native
cartilage, replicating its layered
characteristics: superficial, middle, and
deep zones.

eLayered Design: Varying porosities
and fibre orientations in each layer
simulate cartilage’s natural structure
and function.

eBiomimetic Approach: Imitating
cartilage’s microstructure and
biochemistry created a natural
environment for chondrocytes,
enhancing proliferation and
differentiation.

Materials: A combination of chitosan
(Cs), sodium p-glycerophosphate (GP),
and gelatin (Gel)

Zonal porous design:

Gradient porous scaffolds were
designed with varying pore sizes along
the longitudinal dimension, smaller in
the superficial zone and larger in the
deep zone.

Materials: A combination of collagen,
chitosan, hyaluronic acid, and silk
fibroin

Bi-layered structure:

eThe surface layer comprised collagen
(COL), chitosan (CS), and hyaluronic
acid sodium (HAS), with polylactic

N/A

N/A

properties values):

oThe selection of bioinks
(GelMA and SF-G) and the
arch-like scaffold design,
aimed to mimic the
mechanical properties of
native cartilage.

oThe arch-like architecture
likely enhanced organised
and anisotropic mechanical
behaviour, resembling
natural cartilage.

Porosity:

Optimal cartilage defect
repair was observed with a
Cs:GP:Gel ratio of 9:1:5 with
porosity at 95.2 %.

No information about
mechanical properties

Morphology:

The double structure
resembled natural cartilage,
featuring larger pores in the
surface layer and a
microtubule array structure
in the transitional layer. This

Time frame for culture: 1, 7, and
21 days (gene expression analysis);
7 and 21 days
(immunofluorescence, histological
analysis)

Findings:

oSF-G constructs exhibited higher
encapsulation efficiency and
proliferation rates, along with a
more uniform distribution of
human bone marrow-derived
mesenchymal stem cells (BM-
MSCs) compared to GelMA
constructs.

oSF-G demonstrated superiority in
forming a fibrous collagen
network, promoting
chondrogenesis, and facilitating
the production of cartilage-specific
extracellular matrix.

oSF-G enabled the creation of 3D
bioprinted arch-like structures for
cartilage regeneration and
regulation of the Wnt/p-catenin
and TGF-p signaling pathways.

In vitro study

Cells: BMSCs from Tibia and femur
of Sprague-Dawley (SD) rats
Time period of in vitro culture:
14 days

Findings:

eGradient scaffolds with a Cs/GP/
Gel ratio of 9:1:5 exhibited good
biocompatibility, supporting
BMSCs survival, distribution, and
extension.

oThis suggestd that the scaffold’s
physical properties, including its
gradient structure, were conducive
to cell attachment.

eThe pore size gradient did not
significantly influence cell
proliferation.

eThe BMSCs showed potential for
differentiation into osteoblasts and
chondrocytes when cultured in
specific induction media.

In vitro study

Cells: BMSCs from bone marrow of
a 4-week-old male SD rat

Time frame for culture: 1, 3,5, 7
days (cell proliferation
assessment); 3, 5, and 7 days of
incubation (cell viability

(Hu et al., 2019)
[201]

(Wang et al.,
2019) [20]

(continued on next page)
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Table 2 (continued)

Type

Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Porous zonal
microstructured scaffold

Multiple fabrication
strategies:
Electrospinning (aligned
and random fibres),
spherical porogen
leaching (intermediate
zone), directional
freezing (deep zone),
melt electrowetting
(osteochondral
interface).

acid-glycolic acid (PLGA) microspheres
(MPs) containing Kartogenin (KGN)
embedded within.

oThe transitional layer incorporated
collagen (COL), chitosan (CS), silk
fibroin (SF), and polylysine-heparin
sodium nanoparticles loaded with
transforming growth factor-pl (TGF-
B1).

Materials: Poly (e-caprolactone) (PCL)
Zonal design:

eSuperficial Zone: Features aligned
electrospun fibres, mirroring the
collagen alignment on the cartilage
surface.

elntermediate Zone: Utilised a
porogen-leached structure to provide
an isotropic framework, facilitating the
transition between superficial and deep
zones.

eDeep Zone: Exhibited a directionally
frozen structure, imparting greater
stiffness and vertical pore morphology
akin to deeper cartilage layers.
eOsteochondral Interface: Comprised
of a fibrous layer facilitating the
transition to the subchondral bone,
fostering seamless integration.

Osteo component
consisted of 20 pm
diameter fibres stacked at
200 pm intervals in a 90-
degree lay-down pattern

design aimd to guide bone
marrow stromal cells
(BMSCs) along the
microtubule walls to the
surface layer, promoting
their differentiation into
chondrocytes.

Porosity:

The ideal ratio of 1:1:0.1
(COL/CS/HAS) yielded
favourable porosity at 50 %,
promoting cell proliferation
and tissue regeneration.
COL/CS/0.5SF exhibited a
porosity of up to 92 %
Mechanical Properties:

Wet biomimetic cartilage
scaffolds demonstrated a
compressive strength of
0.051 MPa, surpassing dry
scaffolds (0.033 MPa), with
an elastic modulus of 1.2
KPa.

Pore Sizes:

oThe fibrous zone presented
amedian major axis pore size
of 2.1 pm and 123.3 pm,
fostering optimal cell
attachment and
proliferation.

oThe porogen-leached zone
(PLZ) showcased a median
major axis pore size of 44.4
pm, emulating the
intermediate cartilage zone
with a more isotropic
structure.

eThe directional frozen zone
(DFZ) featured larger pores
to enhance compressive
stiffness, mimicking deeper
cartilage regions. Pore
geometries in the DFZ and
fibrous zones were
anisotropic, with smaller
pores in the orthogonal
direction.

Porosity:

oThe microstructured
scaffolds possessed an
overall porosity of 97 + 1 %,
critical for enabling cell

assessment)

Findings: The biomimetic
cartilage scaffold promoted cell
proliferation, maintained cell
viability, and had the potential to
regenerate damaged cartilage
tissue.

In vivo study

Animal model: Male New Zealand
white rabbits aged 16 weeks
Time period/time frame of in
vivo test: 4, 8, 12, 16 weeks post-
operation

Findings:

The biomimetic cartilage scaffold
effectively guided cartilage tissue
regeneration in a knee
osteoarthritis model.

Its bi-layered structure with
specific orientations and materials
supported BMSCs’ proliferation,
migration, and differentiation,
resulting in the formation of new
cartilage tissue closely resembling
normal cartilage.

In vitro study

Cells: Bovine chondrocytes from
stifle joints of approximately 1-
year-old calves

Time period of in vitro culture: 4
weeks

Findings:

The designed zonal
microstructured scaffold can
mimic the regional characteristics
of articular cartilage and support
the growth of chondrocytes and
accumulation of ECM in vitro

In vivo study

Animal model: Female skeletally
mature pigs (60-97 kg, mean 78
kg) with osteochondral defects
Time period/time frame of in
vivo test: 6 months

Findings:

eNew bone formation was
observed in the subchondral repair
site, with evidence of
osteointegration.
eMicrostructured scaffolds did not
demonstrate superior repair
quality based on histological
scoring at six months.

oThe study suggested that at

(Steele et al.,
2022) [99]

(continued on next page)
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Table 2 (continued)

Type

Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Functionally graded
multilayer scaffolds

Top layer: Photo-
polymerisation under
UV light (hydrogel
encapsulating the hMSC)
Bottom and middle
layers: created as a
single bilayer system
using a cryogelation
process

Materials:

Poly (ethylene glycol)-diacrylate
(PEGDA) and N-acryloyl 6-aminocap-
roic acid (A6ACA)

Trilayer scaffold:

eTop layer: chondrocytes encapsulated
hydrogel to facilitate cartilage tissue
formation (PEGDA).

eMiddle layer: cryogel with an
anisotropic, columnar pore
architecture to support cartilage tissue
formation (PEGDA), hMSCs and
chondrocyte-laden layer

Biomineralisation of the
bottom layer to mimic the
calcium phosphate (CaP)-
rich bone micro-
environment, designed to
support bone formation.

infiltration, nutrient and
oxygen diffusion, as well as
waste removal.

Mechanical properties
eCompressive Modulus:
DFZ: 1974 kPa

PLZ: 38 kPa

Combined DFZ and PLZ: 64
kPa

eMechanical Anisotropy:
Exhibited different
mechanical responses in
different directions,
resembling natural cartilage.
eStrain Stiffening and
Frequency Dependence:

The modulus increased with
strain during compression
and varied with the
frequency of loading.
oCyclic Loading Stability:
Underwent a 28 kPa stress at
1 Hz for 12 h, demonstrating
long-term stability under
physiological loading
conditions.

Pore sizes:

Bottom layer: interconnected
macroporous structures,
approximately 33.6 + 13.2
pm and 27.4 + 11.1 ym
Middle layer: column pore
architecture, pore sizes
approximately 132.6 + 24.2
pm, and the minor axis pore
sizes being around 37.5 +
8.6 pm.

No information about the
mechanical study

longer time points, further scaffold
biodegradation may lead to
increased matrix deposition and
improved repair outcomes.

In vitro study

Cell/scaffold type: Human
mesenchymal stem cells (hMSCs)
& bovine chondrocytes laden
scaffold (middle layer)

Medium: Chondrogenic-inducing
medium

Cells: Primary human adult MSCs,
chondrocytes from articular
cartilage of 8-week-old bovine legs
Time period of in vitro culture: 9
weeks

Time frame for culture: 3 days, 1
week, 5 weeks, and 9 weeks
Findings:

The designed trilayer scaffold was
capable of supporting the
formation of stratified cartilage-
like tissue in vitro.

In vivo study

Animal model: Inmunodeficient
mice (3-month-old)

Time period/time frame of in
vivo test: 0, 4, and 8 weeks post-
implantation

Findings:

The scaffold’s design, integrating
biomaterials with spatially

(Kang et al.,
2018) [162]
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Table 2 (continued)

Type Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Biomimetic soft network
composites (SNC)

3D printing multiphasic
osteochondral tissue
constructs

Novelty: Nano
hydroxyapatite

Melt electrospinning
writing (MEW),
Numerical model-based
approach

Fused deposition
modelling (FDM) 3D
printing, computer-
aided design (CAD) and
fused

Materials: The multiphasic SNC was
combined with a mPCL and nHA
architecture to mimic the cartilage
calcified zone.

Multiphasic structure:

Structurally graded medical grade poly
(e-caprolactone) (mPCL) fibers
eSuperficial zone: 800 pm pore
eTransitional zone: 400 pm pore
eDeep zone: 200 pm

eCalcified: 10 layers of mPCL/nHA
composite fibers

The biomimetic SNC comprised a
water-swollen hydrogel matrix and a
reinforced fibrous network optimised
using an in silico design library-based
numerical model.

Materials:

Primary component: Polycaprolactone
(PCL)-based shape memory material,
polycaprolactone-triol, castor oil, and
poly (hexamethylene diisocyanate)
Multiphasic constructs (articular
cartilage):

eSuperficial region: horizontal pattern
elntermediate region: randomly
oriented hexagonal pore structure
eDeep region: orthogonal pattern
eThe upper half of the constructs:
without nHA, was soaked in a
dopamine hydrochloride solution to
polymerise polydopamine (PDA) on
the structs surface and in bovine serum
protein (BSA) to protect the activity of
growth factor TGF-f1

N/A

Polycaprolactone (PCL)-
based orthogonal pattern
scaffold layer:
Nanocrystalline
hydroxyapatite (nHA) was
synthesised and printed
into the subchondral bone
layers

Pore size (fibre spacing):
eSuperficial zone: 800 pm
eTransitional zone: 400 pm
eDeep zone: 200 pm

Fibre diameter

eSuperficial zone: 25 pm
eTransitional zone: 25 pm
eDeep zone: 20 pm
Mechanical Properties
(Esnc)

eSuperficial zone: 491.7 +
103.0 kPa

eTransitional zone: 1340.4
+ 143.7 kPa

eDeep zone: 2425.8 + 574.6
kPa

oThe printed fibrous
networks were used to
reinforce the GelMA
hydrogel with Epggix = 39.8
+ 3.8 kPa

The zonal mechanical
differences in articular
cartilage were highly
associated with the
variations in the organisation
and density of the fibre
network

No information about the
Pore sizes

Mechanical Properties:
The addition of nHA and
polymerised polydopamine
(PDA) coating was shown to
improve the compressive
strength and Young’s
modulus of the scaffold,
making it suitable for load-
bearing applications.

controlled cell differentiation and

tissue formation, effectively

supported osteochondral tissue

regeneration. It integrated with

host tissues, promoting the

formation of both bone and

cartilage components.

N/A (Bas et al.,
2018) [199]

In vitro study

Cells: human bone marrow MSCs
Chondrogenic factors: including
TGF-p1

Time frame of in vitro culture: 1,
2, and 3 weeks (differentiation/
chondrogenic studies)

Findings:

eEnhanced hMSC differentiation in
cartilage constructs and
osteochondral constructs
econstructs with nHA and those
with nHA, PDA, and TGF-f1
significantly outperformed all
other constructs in terms of total
collagen production in the upper
portion

3D printed constructs containing
nHA and bioactive cues had better

(Nowicki et al.,
2020) [200]
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Table 2 (continued)

Type Scaffold name Fabrication method Zonal structure Main findings Reference
Cartilage scaffold features Other features (e.g., bone)  Structural & mechanical In vitro and in vivo study
characterisations
mechanical properties and
enhanced hMSC adhesion, growth,
and differentiation
Bone marrow stromal cell 3D-bioprinting Materials: Poly (e-caprolactone) (PCL)  N/A Pore sizes: In vitro study (Sun et al.,
(BMSC)-laden anisotropic Structure (micropattern): eNon-gradient scaffolds Cells: BMSCs from rabbit bone 2021) [21]
hydrogels Gradient scaffolds (Gradient group: Small pore size (SPZ): 150 marrow aspirates
150, 350, 550, 750 pm pore layers) pm Time period of in vitro culture: 6
Transitional pore sizes: 350 weeks
pm, 550 pm Findings:
Large pore size (LPS): 750 Pore size-dependent
pm chondrogenesis of BMSCs in the
No information about SPZ scaffold was modulated by the
mechanical properties HIF1o-regulated cell adhesion
signalling pathway.
In vivo study
Animal model: Adult male New
Zealand white rabbits weighing
3.0-3.5 kg, knee full-thickness
cartilage defect model
Time period of in vivo test: 24
weeks post-implantation period
Findings:
The gradient anisotropic scaffolds
had a better cartilage-repairing
effect and joint protection function
after transplantation compared to
Non-gradient scaffolds
Biomimetic Freeze-casting, Materials: Lamellar Osseous Zone Zone pore size: N/A (Clearfield
multidirectional scaffolds Lyophilization bonding Superficial zone (SZ) scaffold: (0Z) scaffold: collagen- SZ:48 £ 5 pm et al., 2018)
collagen-hyaluronic acid hydroxyapatite- TZ: 105 + 16 pm [205]
Transitional zone: collagen-hyaluronic ~ containing suspensions OCZ: 88 + 16 pm
acid suspension OZ: 98 + 15 pm
Structure (zone-specific fibre Porosity (%):
orientation): SZ:75
Matrices contained a thin, highly TZ: 89
aligned superficial zone that interfaced OCZ: 92
with a cellular transition zone (TZ) 0Z: 92
vertically oriented calcified cartilage Mechanical properties:
(OCZ) and osseous zones (0Z). Compressive testing of
hydrated scaffold zones
confirmed an increase in
stiffness with scaffold depth,
where compressive moduli of
chondral and osseous zones
fell within or near ranges
conducive for
chondrogenesis or
osteogenesis of mesenchymal
stem cells.
Collagen-Hyaluronic Acid Directional freezing and Material: N/A No information about pore  In vitro study (Yamamoto
Cryogels cryogelation (CollGTA Collagen glutaraldehyde-hyaluronic size Cells: Human chondrocytes from et al., 2022)
first network), UV light acid methacryloyl (CollGTA-MeHA) Mechanical properties: femoral head of an osteoarthritic [210]

crosslinking (MeHA
second network)

Arcade-like structure:
eArcade-like structure: the growth of

oColIGTA first network
exhibited a very low Young’s

patient
Time period of in vitro culture:

(continued on next page)
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Table 2 (continued)

Type

Scaffold name Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

Cell types &
growth
factors

Zonal-Specific Cell Density
Scaffold

3D bioprint

Bilayered fibrin hydrogel N/A
Scaffold integrated with

dynamic microcarrier

expanded zonal

chondrocytes

Tri-layered PCEC scaffolds,
fibre-reinforced GelMA
Hydrogels with the
incorporation of growth
factor-loaded PLGA
microspheres

Melt electrowetting
(MEW) for microfibre
fabrication.

UV cross-linking casting
method, infiltration and
crosslinking procedures
for the injection of

ice crystals from copper pins at
cryogenic temperatures

eThe directional cryogel formation
enabled the organised growth of ice
crystals over a large distance (>4 mm).

Material:

Alginate-based bioink containing
human articular chondrocytes.
Structure (three cell densities):

3D print a PCL-reinforced alginate-
based scaffold containing human
chondrocytes with clinically relevant
thicknesses and zone-specific cell
densities:

eSuperficial zone: 20 x 10° cells/mL.
eMiddle zone: 10 x 10° cells/mL
eDeep zone: 5 X 10° cells/mL

Material:

eAutologous chondrocytes extracted
from articular cartilage in the non-
weight bearing (NWB) cartilage region
of the knee. Large/DZ chondrocytes
(S3) 40 %; Medium size/MZ (S2) 40 %;
Small/SZ chondrocytes (S1) 20 %
eFibrin hydrogel

Structure (zonal chondrocytes):
eBilayered fibrin hydrogel construct

Materials:

ePoly (e-caprolactone)-poly (ethylene
glycol) (PCEC) fibres with depth-
dependent fibre organisation
eGelatine methacrylamide (GelMA)
hydrogel incorporating rabbit bone-
derived MSCs (BMSCs)

N/A

N/A

Subchondral Bone layer
(B): 10 mg BMP-2@PLGA
microspheres/ml

modulus (1.6 Pa). MeHA
alone exhibited a higher
elastic modulus (233 kPa)
and stress at break (260 kPa).
eMeHA-CollGTA DNs
network

eexhibited a high early
elastic modulus (~200 kPa)
and a stress at break of ~184
kPa.

No information about pore
size

Mechanical properties:
PCL frame design
significantly increased the
bulk mechanical properties
compared to the bioink
alone.

No information about pore
size

Mechanical properties:
$2S3 chondrocytes from both
weight bearing (WB) and
NWB regions generated
tissue constructs with
comparable Young’s
Modulus, with significantly
higher strength than their
respective S1 constructs.

Pores size:

S layer: 100 pm

oD layer: 200 pm

B layer: 600 pm
Lay-down patterns:
S layer: 0°-30°

oD and B layer: 0°-90°

24h

Finding:

eNo evident toxicity effect on
human chondrocytes in contact
with CollGTA-MeHA DN was
found.

In vitro study

Cell/scaffold type: Human
articular chondrocytes from
hyaline cartilage in the knee
Time period of in vitro culture:
25 days

Findings:

eGenerated a zonal cell density
with high viability.

oA smooth transition between the
zones in terms of cell distribution
and a higher sulphated
glycosaminoglycan deposition in
the highest cell density zone.

(Dimaraki et al.,
2021) [112]

Cell source for scaffold: (Tee et al.,
Chondrocytes from femoral 2022; Tee et al.,
condyle and trochlea of articular 2023) [202,
cartilage in 11-13 months old 203]

micropigs

In vivo study

Animal model: Porcine knee
chondral defect mode

Time period of in vivo test: 6
months post-implantation
Findings:

eZonal phenotype of regenerated
tissues

eBilayered implantation of
dynamic microcarrier-expanded
zonal chondrocytes resulted in
substantial recapitulation of zonal
architecture, including
chondrocyte arrangement, specific
Proteoglycan 4 distribution, and
collagen alignment, that was
accompanied by healthier
underlying subchondral bone.

In vitro study

Cells: Bone marrow MSCs from
male New Zealand white rabbits (4
weeks old)

Medium: Cell-incorporating
constructs were incubated in the
chondrogenic and osteogenic

(Qiao et al.,
2021) [22]

(continued on next page)
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Table 2 (continued)

Type Scaffold name

Fabrication method

z€es

Cytokine-containing
microsphere-loaded
scaffold

hydrogels into fibre
networks

Melt electro-writing
(MEW) and Inkjet
printing technology
(microsphere)

Zonal structure Main findings Reference
Cartilage scaffold features Other features (e.g., bone)  Structural & mechanical In vitro and in vivo study
characterisations
eZone-specific growth factor (GF)- Scaffold porosities: induction medium.
loaded poly (lactic-co-glycolic acid) S layer 86.89 %, Time frame of in vitro culture: 7,
(PLGA) microspheres oD layer 92.27 % 14, and 21 days (chondrogenic
eScaffold: Spatially varying PCEC oB layer 60.46 %. induction and osteogenesis test);
microfibre configuration (diameters, Thickness of in vivo 14 days (cell viability); 21 days
spacings, and interweaving angle) and implanted scaffold: (protein expression analysis &
biomaterial composition (PCEC-HA oS layer 150 pm, immunofluorescence)
fibre for bone layer): PCEC microfibre oD layer 450 pm Findings:
and PCEC-HA fibre scaffolds B layer 2.5 mm eThe infilled hydrogels and PLGA
eHydrogel: spatial distribution of the Spherical PLGA microspheres did not negatively
bioactive factors of the transforming microspheres average affect the cell viability.
growth factor-p (TGF-p) and bone diameter: 3.12 & 0.87 pm. eDifferential mRNA expression of
morphological protein (BMP) Compressive mechanical osteochondral-related zonal
Zone-specific growth factors: properties (E): markers in three layers (S, D, and B
eSuperficial cartilage (S) layer: 6 mg eGelMA hydrogel: 28.4 + constructs) confirmed
BMP-7@PLGA microspheres/ml + 2 2.3kPa chondrogenesis and osteogenesis.
mg TGF-p1@PLGA microspheres/ml eFibrous networks: S layer constructs were more
(growth factors: TGF-p1 + BMP-7) oS layer alone: 46.1 + 3.8 aligned along the fibrous
eDeep cartilage (D) layer: 8 mg TGF- kPa, networks; cytoskeletons were
p1@PLGA microspheres/ml (growth oD layer alone: 34.8 + 2.7 elongated and mainly oriented
factor: TGF-p1) kPa parallel to the fibres in the S layer,
oSD layer alone: 165.8 + while in the deeper zones, the
27.6 kPa (significantly low cytoskeletons were oriented more
compared with that of randomly.
human articular cartilage, eStratified osteochondral tissue
which is ~ 1 MPa) function in guiding native-like cell
S layer-reinforced orientation and zonal marker
construct: 283.6 + 22.3 kPa protein deposition.
oD layer-reinforced In vivo study
construct: 256.6 + 24.9 kPa Animal model: New Zealand
oSD layer reinforcement: white rabbits, three-month-old,
964.2 + 56.8 kPa. weighting 2.5-3.0 kg
oB layer (scaffold alone): Time period of in vivo test: 24
46.1 + 4.2 MPa weeks post-surgery
oB layer (PCEC/hydrogel Findings:
composite): 55.8 + 5.4 MPa oThe S layer in the defect region
enabled lubrication (lower
roughness), which endowed the
regenerated cartilage with a
smoother surface. (compared
betweenB + Dand B +D + S
groups)
oTri-layered B + D + S group
acquired a more lubricating and
wear-resistant repair surface.
eThe stratified structure enabled
the entire osteochondral tissue
repair
Scaffold materials: N/A Microsphere particle size In vitro study (Han et al.,

Polycaprolactone (PCL) or PCL/
hydroxyapatite (HA) scaffolds
Multilayer scaffolds (zone-specific
growth factors):

eSurface layer (SL): PCL scaffold

©83.6 % of 1-5 pm diameter
©30.2 % of 3-4 ym diameter
Pore structures

oSL: 100 pm; ML & DL: 200
pm

Cells: Bone marrow MSCs from

New Zealand rabbits (male, 2-4
weeks)

Time period of in vitro culture:
21 days

2020) [136]

(continued on next page)
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Table 2 (continued)

Type

Scaffold name

Fabrication method

Zonal structure

Main findings

Reference

Cartilage scaffold features

Other features (e.g., bone)

Structural & mechanical
characterisations

In vitro and in vivo study

containing PLGA microsphere
encapsulating transforming growth
factor-p1 and bone morphogenetic
protein-7 (TGF p1+BMP-7)

eMiddle layer (ML): PCL scaffold
containing PLGA microsphere
encapsulating transforming growth
factor-pl and insulin-like growth
factor-1 (TGF f1+IGF-1)

eDeep layer: PCL/10 % hydroxyapatite
(HA) scaffold with PLGA microsphere
incorporating transforming growth
factor-p1 (TGF p1+HA)

eEven fibre shape and
smooth surface.
Mechanical properties:
Mixing HA with PCL
improves the scaffold’s
compressive strength, which
is suitable for the
performance of the cartilage
calcification layer while

reducing the tensile strength.

Time frame for culture: 7, 14, 21
days (gene expression analysis)
Findings:

eThe composite biological scaffold
was conducive to adhesion,
proliferation, and differentiation
of mesenchymal stem cells.

oThe environmental differences
between the scaffold’s layers
contributed to the regional
heterogeneity of chondrocytes and
secreted proteins to promote
functional cartilage regeneration.
In vivo study

Animal model: Six-month-old
male New Zealand rabbits
weighing about 3-4 kg

Time frame of in vivo test: 3
weeks, 6 weeks, 12 weeks, and 24
weeks

Findings:

eThe composite cartilage group
formed smooth cartilage on the
surface at 12 w, and the cross-
section showed that the scaffold
was well integrated with the
surrounding tissue.

eAdding cytokine-loaded
microspheres significantly
enhanced the scaffold’s biological
activity.

03w X

6¥S—0IS (S202) E¥ SIPMADI 24130001



X. Lin et al.

osteochondral unit. However, the scaffold is constructed by iterative
layering of numerous electrospun fibre mats, which is relatively tedious
and the random fibre orientations within each layer also do not reflect
the natural arrangement of collagen fibres in articular cartilage, pro-
gressing from parallel to random and then perpendicular. Another
approach might be to simply incorporate directionally oriented polymer
fibres, such as in the form of microribbons [190], into a hydrogel matrix
to create zonal variation within the scaffold, but hydrogels typically
exhibit insufficient mechanical properties for applications in
load-bearing osteochondral regions. Continued advances in electro-
spinning technology will enable the construction of nanofibres with
specialised designs, and their assembly into sophisticated 3D morphol-
ogies that may have versatile applications in the fabrication of multi-
zonal cartilage scaffolds [191].

To create more biomimetic cartilage zones while ensuring load-
bearing capability, Castilho et al. [192,193] employed the melt elec-
trospinning (MEW) technique, where the PCL is melted and extruded
through a spinneret connected to a high-voltage source to fabricate a
bilayered microfibre-reinforced chondral scaffold, comprising a super-
ficial tangential zone (STZ) and a middle and deep zone (MDZ) with
varying fibre orientations, as shown in Fig. 6A. The STZ contains densely
distributed cross-fibres along the tangential direction, with the fibres
laid at alternating angles (0-45-90-135°). This fibre orientation is
designed to resist shear forces and provide a smooth, low-friction surface
for joint movement. The MDZ contains cross-fibres with a cross-shaped
laying pattern of 0-90°, creating a uniform box structure with more
randomly oriented fibres, designed to withstand compressive loads,
maintain tissue integrity, and provide structural support. The fibrous
scaffold is then created by integrating the fibres into a GeIMA solution
and setting the mixture by UV crosslinking to form a stable hydrogel
matrix that encapsulates the fibres. When cultured with chondrocytes,
the scaffold showed ability to support the maintenance of chondrogenic
phenotype and the continued synthesis of cartilage-specific ECM com-
ponents such as collagen type Il and GAG. However, the different layers
did not necessarily produce region-specific mechanical properties, in
fact, the hydrogel showed signs of mechanical failure under dynamic
loading. This highlights the need for further improvements in the
hydrogel system to enhance its fracture toughness and durability under
cyclic loading conditions.

Also through electrospinning, Girao et al. [194] developed a
tri-layered chondral scaffold using PCL as the bulk material combined
with a graphene-oxide (GO)-collagen microporous network, with
depth-dependent control over fibre orientation through the generation
of horizontally, randomly, and vertically aligned fibres in the corre-
sponding layers, as shown in Fig. 6B. Fibres were first electrospun onto a
rotating drum to form a mesh. Cylindrical sheets were then cut from this
mesh to serve as the superficial zone. For the deep zone, a small rect-
angular piece of the electrospun mesh was rolled and embedded within a
GO-collagen hydrogel. The middle zone was created by electrospinning
fibres into an ethanol-water bath, resulting in a distribution of randomly
loosened fibres. This multilayered scaffold showed variation in fibre
diameter and pore size among layers, which was considered beneficial
for offering topographical cues that could improve cellular organisation
and zonal ECM production, although this was not tested in the study.
Mechanical testing results suggested that the compressive modulus
varied with the direction of fibre arrangement, increasing from the su-
perficial to deep scaffold layers. Moreover, the scaffold exhibited a
linear stress-strain curve at low strains, suggesting that the fibres
remained straight during compression and the scaffold could maintain
its structural integrity.

Another tri-layered scaffold was produced by Munir et al. [195]
using a novel combination of cryo-printing and electrospinning, as
presented in Fig. 6C. The scaffold design aimed to mimic the zonal
structure of articular cartilage through variations in fibre orientation
and mechanical properties. PCL was used as the base material
throughout the scaffold, first to fabricate a printed helix structure
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through cryo-printing that represents the deep zone of cartilage. Elec-
trospinning was then used to deposit PCL on the helix as randomly
oriented fibres mimicking the middle zone, followed by highly aligned
fibres on the top mimicking the superficial zone. In vitro tests confirmed
that the multizone scaffold facilitated chondrocyte attachment, survival,
and chondrogenic differentiation, as well as promoted the production of
cartilage-specific ECM components while maintaining structural and
mechanical integrity over the 4-week culture period, providing a
potentially effective platform for cartilage tissue engineering.

Using 3D printing, Cao et al. [113] fabricated a tri-layer zonal
cartilage scaffold with each layer characterised by unique pore structure
and filament gaps. All layers were constructed using PCL impregnated
with methacrylate alginate (ALMA). The superficial layer had an
orthogonal architecture with a 0°/90° lay-down pattern and filament
gap of 300 pm, the middle layer comprised a 0°/60° diagonal pattern
with filament gap of 500 pm, and the deep layer had a denser diagonal
pattern exhibiting smaller pores and a 0°/30° lay-down pattern with
filament gap of 700 pm. These design elements were used to provide
structural integrity and mechanical stability for the scaffold when used
in areas subjected to high pressures. PCL was used to create the primary
scaffold framework, while the ALMA hydrogel was used for encapsu-
lating MSCs and integrated into the scaffold through photo-crosslinking.
Subsequent in vitro culture showed the ability of the scaffold to promote
MSC survival, proliferation, and chondrogenic differentiation over 3
weeks, although differential cell activity within the three layers in the
integrated scaffold was not separately assessed.

Using unique naturally-derived materials, Wang et al. [62] con-
structed a bioinspired three-zone hydrogel scaffold with anisotropic
pores and zone-dependent, non-linear viscoelastic mechanical proper-
ties, as presented in Fig. 6D. The hydrogel layers comprised a PEGDA
polymer matrix combined with cellulose fabric, cellulose nanofibres,
and wood cellulose fibres respectively to form the superficial, middle,
and deep zones, mimicking the native structure of articular cartilage.
Moreover, fibre orientations were made to exhibit zonal variations, with
parallel alignment in the superficial zone to resist shear forces, tran-
sitioning to random distribution in the middle zone, and perpendicular
alignment in the deep zone to enable force transfer to the subchondral
bone. This also led to regional variation in mechanical properties, where
the compressive modulus of layers changed from 298 kPa to 182 kPa
respectively in the superficial and middle zones, to 9.8 MPa in the deep
zone. A very interesting observation arising from the study was that the
wood cellulose fibres used to construct the deep zone had capillary
channel-like structure, which could aid the transport of nutrients and
cells. Moreover, cellulose fibres from softwood and hardwood showed
distinct structural differences that could be utilised to enhance cartilage
regeneration. The softwood fibres exhibited uniformly oriented square
channels in the longitudinal direction and interlaced hollow channels in
the radial direction, compared to hardwood fibres which showed
aligned hollow channels with gradient circular openings longitudinally
and orthogonally arranged fibres radially. These aligned anisotropic
properties were thought to enhance liquid transport and mechanical
performance in the deep zone, and be beneficial for cartilage regener-
ation. The scaffold showed ability to support the proliferation, migra-
tion, and chondrogenic differentiation of MSCs during in vitro
experiments. Although its performance in aiding in vivo cartilage repair
remains to be verified, this scaffold provides interesting design ideas for
biomimetic multizonal scaffolds, deriving inspirations from nature to
recreate the zone-specific structural and mechanical features of articular
cartilage.

4.2. Creating zonal cartilage structure by gradient composition or porous
architecture

Incorporating gradient composition or depth-dependent porous ar-
chitecture in multizonal scaffolds is a widely applied strategy for rec-
reating the unique structural features of articular cartilage. A gradient
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composition can be achieved through several strategies such as by
blending different materials, adjusting mineral concentration, and
creating continuous transitions using techniques such as 3D printing.
Levingstone et al. [196] provided one of the earlier examples of
combining compositional and structural gradients for osteochondral
repair by fabricating a tri-layer scaffold through an ‘iterative layering’
freeze-drying method. Each layer contained a different material
composition, with collagen types I and II in the cartilage layer, collagen
types I and II together with hydroxyapatite in the intermediate layer,
and collagen I and hydroxyapatite in the bone layer. The layers were
integrated seamlessly by sequentially depositing subsequent layers and
iterative freeze-drying, leading to a three-layer gradient structure with
high porosity and pore interconnectivity as well as some variation in
pore structure between layers. Employing a similar compositional
gradient, Cao et al. [197] designed a tri-layered biomimetic scaffold
containing collagen type II and chondroitin sulphate in the cartilage
layer, collagen type Il and hydroxyapatite in the calcified cartilage layer,
and collagen type I and hydroxyapatite in the bone layer. This scaffold
was seen to promote region-specific tissue repair in rabbit osteochondral
defects after 4 months of implantation. Camarero-Espinosa et al. [198]
instead focused on changing pore orientation in different scaffold layers
to mimic articular cartilage zones. The tri-layered scaffold contained
polylactic acid (PLA) in the superficial layer with tubular pores parallel
to the surface, an isotropic porous middle layer comprising PLA and
sulphated cellulose nanocrystals (CNCs), and a deep layer composed of
PLA and phosphate CNCs with tubular pores oriented perpendicular to
the subchondral bone. To reduce the risk of mismatch between layers,
Parisi et al. [56] created a multilayered scaffold comprising a collagen
matrix throughout with depth-dependent distribution of hydroxyapatite
particles, ensuring a smooth transitional gradient from the superficial
cartilage layer to the bone layer.

In an attempt to satisfy the differing structural, compositional, and
biochemical requirements for regeneration of zonal articular cartilage,
Wang et al. [20] designed a dual-layer biomimetic scaffold with orien-
tated porous structure resembling the superficial and transitional
cartilage zones, as shown in Fig. 7A. The surface layer contained larger
pores, while the transitional layer contained a microtubular array
structure, which were fabricated through freeze-drying. To match the
varying ECM composition of cartilage, the scaffold contained collagen
and chitosan in both layers, together with hyaluronic acid in the surface
layer or silk fibroin in the transitional layer. Moreover, to provide
adequate biochemical cues in different layers, PLGA microspheres
loaded with kartogenin and TGF-p1 were respectively incorporated into
the surface and transitional layers. In vitro experiments showed that the
scaffold structure enhanced the adhesion and proliferation of bone
marrow MSCs, while in vivo testing in a rabbit knee osteoarthritis model
demonstrated the scaffold’s ability to achieve defect filling and cartilage
repair, with the repair tissue exhibiting cell morphologies almost
matching the normal cartilage after 16 weeks.

Bas et al. [199] introduced a systematic, modelling-based approach
to designing biomimetic soft network composites (SNC) as cartilage
scaffolds, as presented in Fig. 7B. This approach combined MEW, nu-
merical modelling, injection moulding, and photo-crosslinking to enable
precise control over the structure and properties of the engineered
constructs. The scaffold design process involved using an in silico design
library and numerical modelling to simulate the mechanical properties
of SNCs, based on hydrogel matrix properties and fibre network struc-
ture, under various conditions to mimic the responses of articular
cartilage. This allowed selection of the most promising designs for
proceeding to fabrication. The scaffold structure was fabricated by MEW
using medical grade PCL to create a reinforced fibrous network con-
taining the desired porous structure, with depth-dependent variations in
fibre diameter and pore size. Subsequently, injection moulding was
combined with photo-crosslinking to infiltrate the GelMA hydrogel
matrix into the pores of the printed fibrous network. The resulting
scaffold constructs exhibited a zonal architecture with distinct
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differences in compressive modulus values between zones, which were
highly associated with variations in the organisation and density of the
fibre network. The impact of this design on chondrogenic behaviour
remains to be confirmed.

Nowicki et al. [200] integrated fused deposition modelling (FDM) as
a form of 3D printing with a casting technique to produce a gradient
osteochondral scaffold using a novel bioink, as shown in Fig. 7C. The
scaffold structure was printed using a PCL-based shape memory mate-
rial, incorporated with nanohydroxyapatite in the bone part and chon-
drogenic growth factors in the cartilage part. The gradient structure
featured depth-dependent variation in pore distribution and geometry,
transitioning from a horizontally aligned superficial zone to a randomly
oriented middle zone with a hexagonal pattern, and finally to a stacked
orthogonal pattern in the bottom region including the deep zone,
calcified zone, and subchondral bone area. The scaffold was found to
enhance the adhesion, growth, and chondrogenic differentiation of
human MSCs.

Kang et al. [162] created a tri-layer scaffold with depth-varying pore
architecture using a poly (ethylene glycol)-diacrylate (PEGDA)-based
polymer hydrogel for osteochondral tissue engineering, as shown in
Fig. 7D. Initially, the porous bottom and middle layers were fabricated
as a single bilayer system using cryogelation. The bottom layer featured
an interconnected macroporous structure with pore sizes along the
major and minor axes measuring approximately 33.6 + 13.2 pm and
27.4 £ 11.1 pm, respectively. These pore sizes were designed to facili-
tate cell infiltration and provide a supportive environment for bone
formation. The middle layer had a columnar pore architecture with
much larger pore sizes of approximately 132.6 + 24.2 pm along the
major axis and 37.5 =+ 8.6 pm along the minor axis. The anisotropic pore
structure in this layer was designed to guide cell alignment and nutrient
transport for cartilage repair. Prior to fabricating the top layer, the
bilayer scaffold was subjected to biomineralisation in the bottom layer
to provide an environment rich in calcium phosphate that is conducive
to bone regeneration. The top layer consisted of a hydrogel without
interconnected pores formed by photopolymerisation. For in vitro
testing, the scaffold was cultured in chondrogenic medium with human
MSCs and bovine chondrocytes in the middle layer, together with
human MSC aggregates in the top layer and an acellular bottom layer.
The cells were capable of chondrogenic differentiation without con-
current osteogenic differentiation, evidenced by minimal collagen type I
and osteocalcin staining in the top and middle layers. The scaffold also
supported tissue formation resembling osteochondral tissue structure
when implanted subcutaneously in mice.

Through mould casting and freeze-drying, Hu et al. [201] fabricated
a gradient scaffold comprising chitosan/p-glycerophosphate/gelatin
with gradual variation in pore size, as shown in Fig. 7E. Preliminary
experiments identified an optimal mass ratio of materials at 9:1:5 for use
in scaffold fabrication, which provided the highest porosity and water
absorption rate. Through a gravity-aided mixing and casting process
followed by freeze-drying, the resulting scaffolds exhibited a gradient of
pore sizes along the longitudinal dimension, with smaller pores in the
superficial zone and larger pores in the deep zone. In vitro tests using
bone marrow MSCs showed the scaffold’s ability to support cell survival
and distribution, as well as chondrogenic and osteogenic differentiation
when cultured in specific induction media, although the pore size
gradient was not observed to significantly influence cell proliferation
compared to non-gradient scaffolds.

Using a 3D bioprinting technique, Sun et al. [21] constructed a
four-layered cartilage scaffold with an anisotropic gradient in pore
structure, comprising a PCL framework with varying fibre spacing and a
natural polymer composite hydrogel encapsulating bone marrow MSCs
that was printed into the microchannels between PCL fibres, as shown in
Fig. 7F. The spacing between PCL fibres varied from 150 pm in the top
layer to 350, 550, and 750 pm in the subsequent layers to create the
gradient structure. This resulted in smaller pore size in the top layer,
designed to mimic the superficial cartilage zone, which would restrict
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vascularisation and provide a conducive microenvironment for chon-
drogenic differentiation while also enhancing scaffold strength. In the
bottom layer, the large pore size was designed for maximising the
penetration of nutrients and oxygen to promote angiogenesis, which
would support cartilage maturation, tissue calcification, and scaffold
integration with surrounding tissues. When tested separately, the scaf-
fold layers with different pore sizes were seen to influence chondrogenic
differentiation and cartilage ECM formation by MSCs. Specifically,
scaffold layers with smaller pores upregulated genes associated with
superficial hyaline chondrocytes, such as HIF1a, ACAN, and COL2A1,
while layers with larger pores upregulated genes associated with deep
hypertrophic chondrocytes, such as COL10A1 and RUNX2. Interestingly,
the study revealed that the pore size-dependent chondrogenic behaviour
of MSCs was modulated by the HIF1a/FAK signalling axis. When tested
in full-thickness cartilage defects in the rabbit knee, the gradient scaffold
was shown to achieve better cartilage repair and joint protection
compared to single-layer scaffolds with small or large pore sizes, with
faithful reconstruction of hyaline-like cartilage that exhibited
zone-specific cell morphology and ECM formation approximating the
structure of native tissue.

Steele et al. [99] employed multiple fabrication strategies to produce
a porous zonal microstructured scaffold closely mimicking the variation
in architecture, ECM composition, and mechanical properties within the
osteochondral tissue unit, as shown in Fig. 7G. Uniquely, the scaffold
was fabricated from PCL as the only material constituent, with various
gradients created through different processing techniques. Electro-
spinning was used to fabricate the uppermost layer with aligned fibres
for the superficial zone, as well as the bottommost layer with random
fibres for the osteochondral interface. The intermediate zone was
formed using thermoset gelatin microspheres as porogens, which were
subsequently removed by lyophilisation. The deep zone was constructed
by directional freezing, involving phase separation of the polymer so-
lution to form longitudinal pore orientations with large pore diameters.
MEW was used to print the bone component with a grid-like structure,
comprising 20 pm fibres spaced at 200 pm intervals. This study possibly
represented the most biomimetic scaffold design for osteochondral tis-
sue, providing not only architectural and pore size gradients but also
transition in mechanical properties between layers that faithfully
replicated many of the zonal features of articular cartilage as well as the
region-specific properties of cartilage and bone. Notably, the scaffold
exhibited dynamic loading response, where the modulus increased with
strain during compression and varied with the frequency of loading.
Long-term mechanical stability was also observed with cyclic loading
under physiologically relevant conditions. This was one of the few
studies where detailed mechanical characterisation was performed and
showed that the scaffold replicated many of the mechanical features of
native osteochondral tissue. When tested in vitro, the scaffold supported
chondrocyte growth and ECM deposition that mimicked the zonal
characteristics of articular cartilage. Uniquely, the scaffold was then
tested in vivo using a clinically relevant large animal model, and assessed
for its capacity to induce osteochondral repair in skeletally mature pigs
over 6 months. The zonal scaffold showed mechanical stability and
reproducible repair quality within the defect, with clear osseointegra-
tion and restoration of a flush articular surface. However, the repair
quality did not exceed the control based on histological scoring. The
thorough investigations in this study have also underlined the difficulty
of relating outcomes obtained in smaller animals to larger animals and
clinical application due to inherent differences in physiology and tissue
repair capacity between species.

4.3. Creating zonal cartilage structure by incorporating cells or growth
factors

In addition to providing architectural or compositional gradients,
biomimetic scaffolds may be augmented in their capacity to induce
zonal cartilage formation through the incorporation of zone-specific cell
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populations and/or growth factors, which can help to create stratified
variations in the regenerative microenvironment. Variation in cell
population alone within the same base scaffold material has been shown
to help with recapitulating the zonal architecture of articular cartilage.
For instance, Tee et al. [202,203] isolated chondrocytes from the
non-weight-bearing femoral condyle and trochlea regions of porcine
articular cartilage and sorted them by size-based strategies. The super-
ficial zone (SZ) chondrocytes were smaller and more elongated
compared to cells in other zones, and produced high amounts of PRG4
crucial for lubrication. Middle zone (MZ) chondrocytes had intermedi-
ate size, and were primarily responsible for producing cartilage ECM
components such as collagen type II and aggrecan. Deep zone (DZ)
chondrocytes were larger and responsible for producing a robust ECM
that could withstand high compressive forces. Autologous zonal chon-
drocytes were isolated and expanded, then sorted by size and incorpo-
rated into fibrin hydrogels for implantation into porcine knee cartilage
defects. When evaluated at 6 months after implantation, bilayered fibrin
hydrogels containing SZ and MZ/DZ chondrocytes respectively in the
top and bottom layers outperformed the same hydrogels containing a
homogeneous chondrocyte population with mixed zonal phenotypes.
The bilayered constructs formed cartilage tissues with zone-specific
biochemical and biomechanical properties, including variations in
chondrocyte arrangement, PRG4 distribution, and collagen alignment
between the two layers accompanied by elevated subchondral bone
health.

To mimic the zone-specific variations in cell density observed in
articular cartilage, Dimaraki et al. [112] constructed a zonal scaffold
comprising a PCL outer skeleton and 3D bioprinted cellular layers built
using an alginate-based bioink, as shown in Fig. 8A. Human articular
chondrocytes were embedded in the scaffold layers at different densities,
with the cell distribution controlled to reflect a natural zonal gradient:
20 x 10° cells/mL in the superficial zone, 10 x 10° cells/mL in the
middle zone, and 5 x 10° cells/mL in the deep zone. The scaffold was
structured as a cube with dimensions of 7.2 mm x 7.2 mm x 3 mm, and
divided into 15 layers distributed among the three zones. In vitro culture
in chondrogenic medium for 25 days showed that the bioprinted zonal
scaffold with gradient variation in cell densities could maintain its
structure and promote the formation of cartilage-like tissue. A smooth
transition in cell distribution was noted between zones, and increased
GAG deposition was found in the zone with the highest cell density.

Other studies have augmented biomimetic zonal scaffold designs
with zone-specific variation in growth factors. For example, a study by
Wang et al. [20] discussed earlier produced a dual-layer scaffold with
orientated porous structure, which was supplemented by the incorpo-
ration of PLGA microspheres encapsulating kartogenin and TGF-p1 in
the surface and transitional scaffold layers, respectively. Through a
somewhat similar approach that combined gradients in scaffold archi-
tecture and distribution of growth factors, Qiao et al. [22] developed a
bioinspired tri-layered scaffold based on a MEW poly (e-caprolactone)
and poly (ethylene glycol) (PCEC) network that provided
depth-dependent variation in fibre structure according to diameter,
spacing, and interweaving angle, as shown in Fig. 8B. In addition to this
architectural gradient, a biochemical gradient was created by poly-
merising GelMA hydrogels loaded with MSCs and zone-varying growth
factors. The selection of growth factors was based on their abilities for
guiding MSC differentiation in different zones to induce specific tissue
formation corresponding to the stratified morphology of articular
cartilage. Specifically, the superficial cartilage layer contained TGF-p1
and BMP-7 for inducing chondrogenic differentiation and enhancing the
expression of superficial zone protein (SZP) to improve the lubricating
and wear-resistant properties of the cartilage surface. Meanwhile, the
deep cartilage layer contained TGF-pl to promote the formation of a
proteoglycan-rich, interconnected cartilaginous matrix, and the sub-
chondral bone layer was loaded with BMP-2 to stimulate osteogenic
differentiation and the formation of a mineralised bone-like matrix.
Through targeted delivery of growth factors, the scaffold enabled
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zone-specific deposition of protein markers related to chondrogenesis
and osteogenesis by MSCs after in vitro culture for 28 days, including SZP
in the superficial layer, aggrecan in the deep layer, collagen type II in
both superficial and deep layers, and collagen type I in the bone layer.
When implanted into rabbit osteochondral defects for 24 weeks, the
tri-layer scaffold achieved osteochondral tissue repair throughout the
defect region, particularly noting a lubricating and wear-resistant repair
surface. It should be mentioned that the in vivo study compared the
tri-layer scaffold to other scaffold variations with fewer layers, rather
than between scaffolds loaded with or without growth factors.

Through a different selection of growth factor distribution, Han et al.
[136] produced a multilayer scaffold through MEW, comprising a
network of PCL fibres and PCL + hydroxyapatite fibres in the respective
cartilage and bone regions, as shown in Fig. 8C. PLGA microspheres
containing different types of growth factors were inkjet printed onto the
scaffold layers during fabrication to create a zone-specific distribution,
characterised by TGF-pl throughout the surface, middle, and deep
scaffold layers, BMP-7 only in the surface layer, and IGF-1 only in the
middle layer. The deep layer comprising the bone region hence con-
tained TGF-p1 and hydroxyapatite in addition to PCL. After culturing
with bone marrow MSCs for 21 days, the scaffold induced zone-specific
expression of mRNA and proteins associated with chondrogenesis,
including higher levels of PRG4 in the surface layer and CILP in the
middle layer, as well as COLII and SOX9 in all three layers. When
implanted in a rabbit osteochondral defect for 12 weeks, the scaffold
loaded with growth factors achieved significantly better repair
compared to a scaffold control group not containing growth factors,
demonstrated by the formation of a smooth cartilage surface, strong
integration with surrounding tissue, and greatly increased deposition of
collagen type II and compressive modulus of the repair tissue towards
functional cartilage regeneration. Multizonal cartilage scaffolds based
on spatial variation in growth factors may also benefit from having
‘dynamically adaptive’ properties, for instance, scaffolds can be
designed to dynamically release different types of growth factors in
response to physiological or mechanical changes in the environment
during the healing process [204].

4.4. Other special zonal scaffold designs

Other interesting designs of zonal cartilage scaffolds have been
generated by specific modulation of oriented pore structures through
freezing and controlling the direction of heat transfer [169,205-207]. It
is also possible to generate biomimetic arcade-like structures within the
scaffold through various methods including 3D printing [137,208,209]
and directional freezing [210]. By modifying freeze-drying kinetics with
the aid of a mould, scaffolds can be made into either an isotropic porous
structure containing random pores or an anisotropically aligned porous
structure, depending on the direction of heat transfer. For example,
Clearfield et al. [205] developed an osteochondral scaffold with multi-
directional layers through directional freezing, as shown in Fig. 9A. The
superficial cartilage layer and subchondral bone layer were respectively
created by unidirectional freeze casting of collagen-hyaluronic acid and
collagen-hydroxyapatite solutions, utilising a temperature gradient to
allow for directional solidification. The two layers were then joined
through a lyophilisation bonding process involving a
collagen-hyaluronic acid suspension to mimic the transition zone. This
led to the formation of an integrated scaffold with pores aligned in
different directions within the superficial, transition, and osseous zones.
Cellular responses to this biomimetic scaffold remain to be verified.

The arcade-like structure is a new type of scaffold architecture design
that directly resembles the collagen fibre orientation within the articular
cartilage region. In an example study, Yamamoto et al. [210] fabricated
such structures through a relatively simple method of directional cryo-
gel formation from collagen and hyaluronic acid derivatives, by
inducing the growth of ice crystals from copper pins, as shown in Fig. 9B.
The scaffolds exhibited an anisotropic structure with pores and polymer
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fibres aligned in specific directions, guided by the growth direction of
ice crystals, forming distinct zones with different fibre orientations and
packing densities mimicking the zonal architecture of articular cartilage.

An interesting concept of ‘hypotrochoidal scaffolds’ was recently
demonstrated by van Kampen et al. [137] who used FDM to build up a
PCL construct layer by layer, as shown in Fig. 9C. This scaffold featured a
unique architecture comprising a hypotrochoidal pore network
mimicking the arch-like organisation of collagen type II fibres in artic-
ular cartilage. The hypotrochoidal curve was generated by tracing a
point linked to a smaller circle rolling inside a larger circle. This hypo-
trochoidal scaffold design exhibited a gradient in pore size, with the
smallest pores in the superficial zone and the most prominent pores in
the deep zone, replicating the heterogeneous structure of articular
cartilage. A specific design with radius (r) of the smaller circle r = 0.17
was found to result in optimal scaffold mechanical properties
approaching native cartilage in Young’s modulus, as well as provide
high toughness and ability to withstand deformation. The same design
also enhanced chondrogenic behaviour by a commonly used cell line,
evidenced by increased collagen type II and GAG deposition accompa-
nied by reduced expression of collagen type X.

5. Outlook and perspectives

Satisfactory treatment of osteochondral defects has been a long-
standing clinical challenge due to the intricate structure of the chondral
region and its limited self-healing capacity. The last few years have seen
growing research interest in scaffold-based approaches for engineering
stratified cartilage and osteochondral tissues [15,211]. Scaffold designs
have attempted to address the distinct, region-specific regenerative re-
quirements of osteochondral tissue by introducing various architectures,
material compositions, and fabrication methods [9,212]. Multizonal or
zone-specific scaffolds are now emerging as an innovative concept for
osteochondral repair, with the aim of specifically replicating the unique
spatial organisation of articular cartilage to achieve functional tissue
restoration. The recapitulation of native tissue characteristics may be
considered from several aspects to achieve a biomimetic microenvi-
ronment, including zone-specific matrix composition, collagen fibre
orientation, mechanical properties, cellular phenotypes, and bioactive
factors [213,214].

As seen through the example studies discussed in this review, bio-
mimetic multizonal cartilage scaffolds hold great promise in restoring
the physical and biochemical properties necessary for recreating the
stratified structure seen in native articular cartilage. However, a few
factors need to be considered for translating the outcomes of current
studies towards clinical applications. For instance, many of the studies
discussed in the review have focused on recreating the zonal architec-
ture or composition of articular cartilage, but did not actually verify the
ability of the scaffold design to induce zone-specific cellular behaviour
in vitro or better cartilage repair outcomes in vivo. Moreover, it is rela-
tively easier to create separate scaffold layers for satisfying the disparate
requirements of zonal cartilage and subchondral bone regeneration,
imposing challenges for seamless integration at the layer interfaces. In
particular, the transition in properties from one layer to the next can
introduce a mismatch in mechanical properties and degradation rates,
leading to increased shear stress between layers and a risk of non-
integration or scaffold failure when used in load-bearing regions. This
risk increases with the number of distinct layers within a single scaffold,
which may also hinder the rate of integration with host tissues [10]. The
greater processing complexity of zonal compared to homogeneous
chondral scaffolds may pose another issue, as this reduces the repro-
ducibility of fabrication and scale-up potential. This issue may be
exacerbated by the popular selection of naturally-derived materials for
constructing chondral scaffolds, which often present batch-to-batch
variability in composition or properties [215]. Hence, despite the
apparent advantages of biomimetic multizonal scaffold designs for
cartilage regeneration, current limitations in materials selection and
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manufacturing techniques may pose some practical hurdles for gener-
ating complex scaffolds that are suitable for real-world applications.
While these limitations are beginning to be addressed by continuous
advances in biomaterials and biomanufacturing technologies, further
research on cartilage scaffolds should aim to strike a balance between
the benefits and limitations of employing a biomimetic multizonal
design.
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5.1. Future directions in designing multizonal cartilage scaffolds

Some of the abovementioned issues for creating practically-relevant,
biomimetic multizonal scaffolds may be addressed through advances in
biomanufacturing to achieve greater precision and control over scaffold
characteristics, including fabrication techniques such as 3D bioprinting
[168,216] and direct writing electrospinning [163], and imaging tech-
niques such as MRI to guide the design of patient-specific biometric
scaffolds that incorporate details about the morphology and
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composition of native tissue [217]. Through the integration of new
fabrication technologies and biomaterial selections, scaffold designs can
be generated with tailored geometries and material properties that
closely mimic the native tissue environment [218]. Moreover, multi-
modal approaches incorporating stem cells, growth factors, and other
bioactive molecules hold promise for improving patient-specific tissue
regeneration and scaffold-tissue integration [219]. Ongoing research
into biomimetic materials with tunable mechanical properties and
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mechanical properties and variability in biodegradation rates between
scaffold layers [22,192,220]. Meanwhile, advanced computational
modelling will further aid in scaffold design optimisation, enabling the
prediction of scaffold-tissue interactions based on scaffold architecture
and mechanical behaviour [221,222]. Artificial intelligence (AI) can be
leveraged to optimise cell populations and deliver zone-specific growth
factors, thereby streamlining the research process and reducing costs
and time associated with experimentation [223]. The advancement of

degradation rates may help to address the challenges of mismatched biomimetic scaffolds into bionic scaffolds that simultaneously deliver
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therapeutic effects while enabling in-situ real-time monitoring of tissue
repair may lead to a new era of multizonal cartilage scaffolds. For
instance, utilising electroactive nature of living organisms, smart
nanoengineered electronic scaffolds may be developed to stimulate
cartilage repair while also providing timely assessment of disease pro-
gression and treatment effects [224].

As an alternative to creating distinct scaffold layers for representing
the zone-specific properties of articular cartilage, emerging one-pot
strategies based on innovative fabrication techniques may provide
new food for thought. For example, a new light-based biofabrication
method known as Filamented Light (FLight) can be applied to photo-
sensitive bioresins to efficiently create macroporous anisotropic scaf-
folds, composed of hydrogels containing microchannels of 14 + 5 pm
and microfilaments of 8 + 2 pm [225]. This scaffold was found to be
effective in instructing anisotropic cell growth and directional deposi-
tion of collagen, resulting in improved maturation of cartilage-like tis-
sues that mimicked the ECM architecture and mechanical properties of
native deep zone cartilage. Another study utilised laser micro-patterning
technology (LMPT) to directly modify the surface of native porcine
osteochondral grafts [226]. By optimising LMPT parameters to create
the most suitable density and morphology of pores on the graft surface,
the osteochondral grafts demonstrated improved permeability while
maintaining mechanical stability, enabling more efficient decellular-
isation and subsequent recellularisation for use as osteochondral trans-
plants. In vivo implantation in a goat model showed significant
regeneration of both cartilage and subchondral bone at 6 and 12 months.
While these examples did not specifically attempt to recreate the zonal
cartilage structure, they provided a simple approach for generating
biomimetic osteochondral tissue that could potentially include zonal
variations in the chondral region.

Other exciting advances in scaffold biomanufacturing for tissue en-
gineering include 4D bioprinting, which has evolved from 3D bio-
printing but with the addition of a fourth dimension — time [227]. This
allows the construction of smart or stimuli-responsive dynamic scaffolds
that exhibit programmable variation in structure, properties, and func-
tionality over time or when exposed to specific external stimuli, such as
pH, light, temperature, water, and electric or magnetic fields. The pro-
grammable dynamic structures of 4D printed scaffolds can be achieved
by using smart bioinks, comprising specialised materials capable of
altering their shape or characteristics when exposed to external cues.
Current biomaterials employed as smart bioinks include shape memory
polymers (SMPs), shape-morphing hydrogels (SMHs), and their com-
posite materials. Based on some limited evidence of applying 4D bio-
printing in cartilage tissue engineering [228], SMHs may be more
favourable than SMPs for this purpose, due to their ability to undergo
reversible shape deformation in response to external stimuli [229].
SMHs may therefore mimic the dynamic and functional properties of
native cartilage, by adapting their structure over time to better integrate
with the surrounding tissue or respond to physiological changes. Some
examples of SMHs used as bioinks in 4D bioprinting to generate
cartilage-like tissue constructs include silk fibroin [230], oxidized
methacrylate alginate (OMA) without [231] or with GelMA [232], and
tyramine-functionalised hyaluronan (HAT) without or with alginate
[233].

Future strategies in using bioprinting to construct multizonal carti-
lage scaffolds may also benefit from the integration of nanoparticles, to
create nanocomposite scaffolds with enhanced control over their
structural, physicochemical, mechanical, and biological properties,
stemming from the shape, size, surface chemistry, concentration, and/or
source material of the nanoparticles [234]. A diverse array of nano-
materials have been integrated into bioinks for scaffold biopirinting,
including carbon-based nanoparticles such as graphene and graphene
oxide, carbon nanotubes, and carbon nanofibers; ceramic nanoparticles
such as silica-based bioceramics, calcium phosphates, various oxides,
and bioactive glasses; natural and synthetic biopolymeric nanoparticles;
and a variety of metallic nanoparticles. Excitingly, the incorporation of
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nanomaterials may help with 4D bioprinting of cartilage scaffolds. In
addition to conferring improved mechanical strength to the polymeric
matrix, nanoparticles may be stimuli-responsive, thereby allowing the
bioprinted nanocomposite scaffold to respond with changes in proper-
ties under exogenous cues. For example, Ricotti’s group used 4D print-
ing to create a nanocomposite bioactive hydrogel that incorporated
piezoelectric barium titanate nanoparticles and graphene oxide nano-
flakes [235]. This was the first study to explore the synergistic use of
piezoelectric nanomaterials with ultrasound stimulation for enhancing
cartilage regeneration. Adipose-derived MSCs embedded within the
hydrogel were stimulated with dose-controlled ultrasound waves at a
range of frequencies and intensities. The optimal stimulation regimen at
1 MHz frequency and 250 mW/cm? intensity once every two days over
ten days resulted in significantly increased expression of chondrogenic
genes such as COL2A1, ACAN, and SOX9 with simultaneous reduction of
fibrotic and catabolic markers such as COL1A1 and MMP13. The
improved anti-inflammatory and chondrogenic responses of MSCs were
thought to be enabled by stimulus-responsive changes in the nano-
composite hydrogel, leading to an electric field that modulated
mechanotransduction pathways in cells and consequent alterations in
gene and protein expression. It should be noted that the type of approach
and technology used in this study is still in the very early stages of
development, and further in vivo studies are needed to demonstrate
proof-of-concept. Nevertheless, the emergence of 4D bioprinting and
continued innovations in nanocomposite materials may be partnered to
help with the design of a new generation of multizonal cartilage
scaffolds.

5.2. Preclinical evaluation of multizonal cartilage scaffolds

To evaluate the potential efficacy of new multizonal cartilage scaf-
folds, their biological performance needs to be rigorously assessed in
vitro and in vivo using physiologically relevant preclinical models. The
evaluation of tissue repair outcomes should be conducted through
comprehensive and comparable analytical methods. However, there is
significant heterogeneity among studies reporting new chondral and
osteochondral scaffolds in their use of in vitro and in vivo evaluation
methods [236], which is also reflected in the example studies listed in
Table 2. This makes it extremely difficult to meaningfully compare
outcomes among studies, or identify ‘optimal” scaffold designs.

The majority of studies in Table 2 conducted in vitro evaluation of the
reported scaffolds, mainly using chondrocytes and/or MSCs derived
from humans or other species such as murine, leporine, and bovine. To
assess biocompatibility, cell viability or proliferation was usually
measured over 1-7 days after seeding onto scaffolds, while chondro-
genic differentiation was measured at 3-5 weeks usually by gene
expression or immunofluorescence staining of cartilage markers. A few
studies also conducted long-term in vitro cultures to assess cartilage-like
tissue maturation within the scaffolds, such as over 6 weeks [21] or 9
weeks [162]. For multizonal cartilage scaffolds, their ability to generate
or maintain zone-specific cellular or ECM properties from the superficial
to deep layers should be an essential part of the in vitro evaluation,
although this was only performed in some of the studies [21,22,62,99,
112,136]. Considering the possible influences of a chronic injury or
osteoarthritic joint environment on resident cells [7], it would also be
relevant to test the cartilage regeneration capacity of scaffolds using
cells derived from diseased joint tissues, although this was only
attempted in one of the discussed studies [210].

Only ~30 % of studies in Table 2 performed in vivo evaluation using a
preclinical animal model, the majority of which employed chondral or
osteochondral defects in small animals such as rats or rabbits. Only two
studies evaluated the scaffold in larger animals, one in micropigs [203]
and another in skeletally mature pigs [99], both over a 6 month period.
Steele et al.s study in mature pigs with average weight of 78 kg was one
of the very few in the broader field of osteochondral scaffolds to have
used a physiologically and clinically relevant animal model with weight,
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skeletal structure and maturity, and injury type mimicking those of
humans. Interestingly, they found that the multizonal scaffold could
support in vitro chondrogenesis with zone-specific properties, but the
same scaffold did not produce better cartilage repair quality compared
to the commercially available MaioRegen® control scaffold (without
zonal architecture in the chondral layer). This comprehensive study
highlighted the translational challenges associated with heterogeneous
regeneration outcomes for scaffold-based approaches when scaling up
from in vitro and small animal models. In the broader field of osteo-
chondral scaffolds without zonal cartilage architecture, limited studies
have investigated various types of single- or bi-layered scaffolds in large
animals, using caprine and ovine [72,237-242] or equine [243] models.
While the scientific community concurs that large animal models are
more clinically relevant due to their skeletal similarities to humans,
including anatomical size, cartilage thickness, and tissue regeneration
potential, the use of these models remains restricted by complex logis-
tical, financial, and ethical challenges [244]. In light of this, there is a
need for better standardisation of in vivo evaluation methods to enable
more meaningful comparisons among studies which used different types
and sizes of animal models for scaffold testing,

To evaluate whether multizonal cartilage scaffolds can induce
physiologically relevant tissue regeneration and functional recovery of
the cartilage injury in animal models, rather than simply filling the
defect with an anatomically similar but functionally futile implant,
preclinical assessments should involve detailed analysis of the macro-
scopic, microscopic, and functional characteristics of the regenerated
tissue. Macroscopic evaluation is conducted in the majority of in vivo
studies testing osteochondral scaffolds, where gross morphological in-
spection of the implantation site can serve as a first-line screening tool to
rule out ineffective designs, and allow straightforward comparison be-
tween studies. For example, it gives direct visual information on scaffold
integration with the surrounding tissue, and the level or quality of
cartilage repair, noting that a yellow or brownish tissue may be an
indication of undesirable fibrocartilage formation. There is some
consensus in the macroscopic scoring systems used in the literature for
scaffold-based osteochondral repair, with >50 % of studies published
since 2015 using the International Cartilage Repair Society (ICRS)
scoring system [236] that evaluates the degree of defect repair, inte-
gration of the border zone, and macroscopic cartilage appearance. Other
studies have used alternative scoring systems such as the Wayne score
[245], which is based on tissue coverage, colour, surface, and defect
margins.

For microscopic evaluation of repair tissue quality, studies on
osteochondral scaffolds have used heterogeneous analysis methods such
as histological staining using general and cartilage-specific stains, as
well as immunofluorescence or immunohistochemical staining for
cartilage matrix components [246]. A comprehensive evaluation of
microscopic cartilage repair quality can be derived by combining the
observations of different stains, including: i) haematoxylin and eosin
(H&E) for overall cellular organisation and morphology, tissue inte-
gration, ECM formation, surface smoothness, any inflammatory infil-
tration and scaffold degradation; ii) Masson’s trichrome or picosirius red
for collagen expression and fibre orientation; iii) safranin O/fast green
or toluidine blue for cartilage matrix components such as glycosami-
noglycans (GAGs), mineralisation of subchondral bone, and tidemark
formation. A variety of histological scoring systems have been used,
each considering different aspects of the repair tissue quality, including
ICRS [247], OARSI [248], Wakitani [249], O’Driscoll [250], and the
newer modified O’Driscoll [251] scoring systems. To confirm whether
the repair tissue is hyaline cartilage or fibrocartilage, histological find-
ings can be coupled with immunohistochemistry to identify the presence
of different collagens. The vast majority of studies that conducted
immunohistochemical analysis examined collagen type II as an essential
ECM component of hyaline cartilage, followed by collagen type I as an
indication of fibrocartilage. The examination of other relevant markers
is more limited, such as aggrecan and Sox9 for cartilage, collagen type X
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for calcified cartilage, and osteocalcin for subchondral bone [236,246].

As a final point, functional evaluation of implanted osteochondral
scaffolds should be an essential component of scaffold testing in pre-
clinical studies, to ensure that the scaffold can help sustain physiological
loads. This is often a challenge in translating new scaffold designs, as
they may achieve favourable macroscopic and histological repair out-
comes but fall short of the requirements for restoring normal joint
biomechanics. However, mechanical testing has only been conducted in
<20 % of preclinical studies on osteochondral scaffolds [236]. Among
the analytical techniques used, indentation test was the most common
followed by compression loading, while push-out test was rarely per-
formed. Considering the patterns of physiological loading in native
osteochondral tissues, a combination of nanoindentation, compression,
and push-out or shear testing would give the best indication of the
functional biomechanical properties of the osteochondral scaffold or
repair tissues, by providing information on tissue stiffness, compressive
strength, stress relaxation, strain at failure, and interfacial strength
[252,253]. As new designs of multizonal cartilage scaffolds evolve, the
use of comprehensive and standardised in vitro and in vivo evaluation
methods for their biological performance would accelerate the journey
of translation into clinical applications.

5.3. Towards clinical applications of multizonal cartilage scaffolds

Currently, there are no multizonal cartilage scaffolds with zonal
cartilage design that have become commercially available or been tested
in clinical studies. All current scaffolds have only been tested in vitro or
in preclinical in vivo models. Nevertheless, a few multiphasic osteo-
chondral scaffolds containing a bulk cartilage compartment are
commercially available and have been tested in early-stage clinical
studies, such as MaioRegen® (Finceramica, Italy), Agili-C™ (CartiHeal,
Israel), and Chondrotissue® (BioTissue, Switzerland) [15]. While the
early results are promising, their longer-term performance in achieving
physiologically relevant osteochondral repair and preventing
injury-related progression of degenerative joint diseases require
continuous monitoring. The successful progression of osteochondral
scaffolds from preclinical testing to clinical studies demonstrates the
future potential to apply multizonal cartilage scaffolds in the clinical
repair of chondral and osteochondral injuries. However, as noted with
commercially available osteochondral scaffolds [15], the scaffold design
as well as incorporation of cellular or biologically active components
may be critical influences to long-term repair outcomes using multizonal
cartilage scaffolds.

The transformation of multizonal osteochondral scaffolds from
experimental research into clinical applications presents a myriad of
regulatory challenges. A primary hurdle is the stringent approval pro-
cess required for innovative biomedical devices and tissue-engineered
products. Regulatory bodies such as the U.S. Food and Drug Adminis-
tration (FDA) and the European Medicines Agency (EMA) have estab-
lished rigorous frameworks to ensure the safety, efficacy, and quality of
complex medical products. These frameworks require comprehensive
preclinical studies demonstrating biocompatibility, mechanical integ-
rity, and biological functionality, followed by phased clinical trials to
assess therapeutic outcomes in humans. The pathway of scaffold-based
tissue engineering therapy from experimental design to clinical appli-
cation can take three routes: a traditional pathway of clinical trials
designed to collect research evidence; the non-research innovative
therapy pathway of improving patient accessibility such as off-label use,
compassionate use, and hospital exemption; and unproven commercial
interventions that are ready to be marketed prior to completion of proof
of efficacy and safety [254]. The first key challenge in this process is the
demonstration of consistent manufacturing practices for multizonal
scaffolds, which often involve intricate biomaterial compositions and
multi-step fabrication processes [255]. The reproducibility and scal-
ability of scaffold production must meet Good Manufacturing Practice
(GMP) standards to ensure product reliability and safety [256]. This



X. Lin et al.

requirement poses challenges for many types of complex scaffold de-
signs in scaling from small-batch laboratory production to large-scale
clinical manufacturing.

The second key challenge is the diverse regulatory classification
schemes applied to novel multilayered scaffold products, each with
distinct regulatory pathways and requirements, impacting the time and
resources required for market approval [257]. Depending on the product
composition, regulatory agencies such as the FDA and EMA may cate-
gorise the same product differently. Currently, there is no dedicated
regulatory framework for tissue engineering products, resulting in the
combined use of regulations for both medical devices and biological
products. Cell-based products are typically classified as biological
products or drugs, while cell-free strategies are often categorised as
medical devices. In clinical practice, tissue engineered scaffolds with a
cellular component may be assessed as combination products, with the
primary focus on the drug or biological component and the device
considered secondary. This dual classification often results in extended
and costly regulatory approval processes. The stringent requirements for
biological or combination products, which entail more rigorous testing
and longer timelines, have led to increased interest in developing
cell-free materials for cartilage repair [257,258]. Moreover, the same
tissue engineered product may be categorised differently depending on
the jurisdiction responsible for its oversight. For example, in the Euro-
pean Union, it may be classified as a Tissue Engineered Product or
Combined Advanced Therapy Medicinal Product (TEP/CATMP); in the
United States, as human cells, tissues, and cellular and tissue-based
products (HCT/Ps); in Canada, as a biologic drug; in Australia, bi-
ologicals; in Japan, as a regenerative medicine product; and in South
Korea, as a biological cell therapy product. Each country has its own
specific authorisation process, with varying requirements and timelines,
leading to significant differences in regulatory compliance, which may
favour the market translation of one particular type of product to some
countries [257,259].

Another regulatory challenge is the definition and standardisation of
clinical endpoints in trials involving multizonal scaffolds [258]. Strati-
fied chondral and osteochondral defects encompass a wide range of
severity and patient-specific factors, complicating the establishment of
universally accepted outcome measures. Regulatory bodies require clear
demonstration of clinical benefit, which necessitates rigorous and often
lengthy clinical trials with appropriate control groups and long-term
follow-up. To boost bench to bedside translation, a global initiative
aimed at standardising the international classification and regulatory
evaluation pathways of multizonal osteochondral scaffold products is in
progress [257,259].

Despite the significant need to develop biomimetic osteochondral
scaffolds in orthopaedic medicine, very few scaffolds have proceeded to
evaluation in clinical studies. Currently, the commercially available
osteochondral scaffolds such as MaioRegen® and Agili-C™ contain a
homogenous cartilage layer which does not account for zone-specific
variations in native articular cartilage [14,15]. Global research effort
into biomimetic multizonal scaffolds will hopefully bring us closer to a
clinical solution for chondral and osteochondral defects, through in-
novations in materials science, fabrication technologies, design
methods, and collaborations across disciplines to enable the creation of
bioactive, functionally mimetic, personalisable, and smart scaffolds.
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