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ABSTRACT

Osteochondral defects are caused by injury to both the articular cartilage and subchondral bone within skeletal
joints. They can lead to irreversible joint damage and increase the risk of progression to osteoarthritis. Current
treatments for osteochondral injuries are not curative and only target symptoms, highlighting the need for a
tissue engineering solution. Scaffold-based approaches can be used to assist osteochondral tissue regeneration,
where biomaterials tailored to the properties of cartilage and bone are used to restore the defect and minimise
the risk of further joint degeneration. This review captures original research studies published since 2015, on
multiphasic scaffolds used to treat osteochondral defects in animal models. These studies used an extensive range
of biomaterials for scaffold fabrication, consisting mainly of natural and synthetic polymers. Different methods
were used to create multiphasic scaffold designs, including by integrating or fabricating multiple layers, creating
gradients, or through the addition of factors such as minerals, growth factors, and cells. The studies used a
variety of animals to model osteochondral defects, where rabbits were the most commonly chosen and the vast
majority of studies reported small rather than large animal models. The few available clinical studies reporting
cell-free scaffolds have shown promising early-stage results in osteochondral repair, but long-term follow-up is
necessary to demonstrate consistency in defect restoration. Overall, preclinical studies of multiphasic scaffolds
show favourable results in simultaneously regenerating cartilage and bone in animal models of osteochondral
defects, suggesting that biomaterials-based tissue engineering strategies may be a promising solution.

1. Introduction

significantly increases the risk of progression to osteoarthritis, causing
significant chronic pain and disability. Hence, osteochondral injuries

Osteochondral defects are joint injuries involving both the articular
cartilage and the underlying subchondral bone. They can be caused by
acute traumatic injury, such as sports-related trauma or falls, or diseases
such as osteochondritis dissecans. Osteochondral defects most
commonly occur in the knee and ankle, but are also found in other sites
such as the hands and spine [1]. The repair of damaged osteochondral
tissue is challenging due to the generally avascular nature of the joint
microenvironment leading to a restricted supply of nutrients and pro-
genitor cells, as well as the limited self-regeneration capabilities of
articular cartilage [2]. When injured cartilage is left untreated or sub-
optimally treated, the joint may irreversibly deteriorate which
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have potentially severe impacts on quality of life in a significant portion
of people globally, in particular juveniles and young to middle-aged
adults who have an active lifestyle, and the need for effective treat-
ment is vital. For instance, up to 45% of ankle fractures can result in an
osteochondral lesion [3]. Such injuries can result in post-traumatic
osteoarthritis which accounts for at least 12% of all cases of symptom-
atic osteoarthritis [4]. Current clinical methods of osteochondral repair
are associated with numerous drawbacks, often resulting in limited
applicability or suboptimal long-term outcomes, necessitating the
development of emerging tissue engineering strategies based on multi-
phasic scaffolds to improve repair outcomes.
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1.1. Clinical methods of osteochondral repair

Numerous clinical strategies have been used to treat osteochondral
defects, with variations in their advantages and disadvantages, and re-
ported long-term outcomes. Surgical strategies are a standard approach,
many of which involve autologous osteochondral transplantation or
osteochondral autograft transplantation. The former, also known as
autograft mosaicplasty, involves filling the cartilage defect with multi-
ple small cylindrical plugs harvested from a non-weight bearing site of
the patient’s healthy joint, resembling a mosaic pattern [5], while the
latter typically uses a single large plug. While both procedures use the
patient’s healthy tissue to repair the damaged joint tissue, the difference
lies in the size and shape of the transplant. Systematic reviews and
meta-analyses of clinical studies have reported promising long-term
outcomes for these surgical approaches with respect to pain relief,
function, and radiographic outcomes, while also noting a low risk of
complications and revision surgery. The long-term survival rates of both
procedures ranged from 76% to 97% with a 10 to 20-year follow-up
period [6-8], with variations due to parameters such as patient age
and comorbidities, size and location of the defect, and surgical tech-
niques used. Nevertheless, a failure rate of 51% at an average of 8.4
years after surgery has been noted, although the cartilage survival rate
was over 80% for the first 7 years and reduced to just over 60% after 15
years [9]. The application of both techniques is constrained by limited
supply of autologous donor tissue, the potential for graft hypertrophy or
subsidence, and the risk of chondrocyte damage during transplantation.
Additionally, donor site morbidity is an issue with occurrence rates of up
to 50%, which does not appear to correlate with patient age or weight,
or number or size of grafts [10-12].

To avoid these problems, other tissue sources can be used for
transplantation such as osteochondral allografts, which are harvested
from a different human donor. However, there are obvious limitations
arising from allograft processing prior to transplantation. Insufficient
decellularisation may lead to immune rejection [13], transfer of dis-
eases, and bacterial or viral infections [14]. Otherwise, the extensive
removal of biological materials reduces the bioactivity of the graft,
which can lead to graft destabilisation and loosening after implantation,
failure of integration into the defect site, or failure to restore the
osteochondral surface congruency [14], all of which result in poor repair
outcomes. Retrospective studies have reported comparable survival
rates for osteochondral allografts compared to autografts, usually
70-91% at 10-20 years post-operation [15-17]. A study in patients with
large tibial osteochondral defects reported allograft survival to be 90%
after 5 years, which reduced to 79%, 64% and 47% after 10, 15 and 20
years respectively [18]. However, complications included infection and
hardware-related knee pain combined with 42% of patients having
conversions to arthroplasty or another procedure. Another study on
patients with femoral osteochondral defects reported similar graft sur-
vival rates, although 23% of grafts failed after 8.6 years and 43% of
patients required further operations [19]. Other studies have reported
reoperation rates of 22% and 36% following allograft transplantation, in
which 68-70% of failures underwent total knee arthroplasty (TKA) and
23-28% underwent graft removal [15,17]. Interestingly, the reopera-
tion rate of patellofemoral lesions (83%) was remarkably higher than
lesions at the tibial plateau or the femoral condyles [15]. Contributing
factors for TKA and graft removal after osteochondral allograft trans-
plantation include infection, persistent pain, and graft-host size
mismatch which can lead to mechanical stress and ultimate failure [16,
201.

Another commonly used surgical procedure for osteochondral repair
is arthroscopic debridement and microfracture, which involves
removing loose cartilage and drilling multiple small holes in the exposed
bone beneath the chondral injury [21]. This procedure allows bone
marrow to infiltrate the damaged area, with the intention of introducing
stem cells that can differentiate into new cartilage tissue and also
facilitate better vascularisation at the injury site. However, this method
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generally leads to the formation of fibrocartilage instead of the desired
articular cartilage, containing largely collagen type I rather than type II,
and with reduced proteoglycan content [2]. This fibrocartilage has
inferior biological functions and properties, which may lead to unsat-
isfactory long-term outcomes due to limited capability for load-bearing
and wear-resistance [22]. Microfracture can produce good outcomes in
patients with defect sizes less than 4 cm?, but larger defects have worse
outcomes at 18-36 months post-surgery [22]. Other reports have sug-
gested that microfracture has no further benefit over debridement alone,
and may even result in significant destruction of the subchondral bone
[23]. Moreover, studies have demonstrated that osteochondral autolo-
gous transplantation is superior to microfracture in failure rate and
clinical outcome scores, allowing faster return to pre-injury activity
levels [24-27]. The failure rate of microfracture was 32-38% compared
to <15% for mosaicplasty at 5-10 years follow-up [24,26], while
another study has reported failure rate of 66% with average time to
failure at 4 years [9].

Autologous chondrocyte implantation (ACI) is a cell therapy for
osteochondral repair, first reported in 1994 and developed to address
the drawbacks of other surgical techniques [28]. It uses arthroscopy to
harvest cartilage from non-loadbearing sites of the joint, from which
chondrocytes are isolated and cultured in vitro to increase cell number,
and then the cells are re-implanted underneath a natural or synthetic
membrane patch at the defect site. A 20-year follow-up study [29] has
shown satisfactory long-term outcomes of ACI for the treatment of
cartilage defects, where 93% of patients rated their knee-specific
outcome as good or excellent, and 79% of patients still had their knee
(s) that received ACI and were satisfied. Of the 24 patients included in
this study, 5 required a revision ACI after an average of 1.7 years and 4
required an arthroplasty after 5.9 years. Larger studies have reported
failure rate of 26% at 5.7 years after ACI in 104 patients [30], as well as
18% failure rate and 37% reoperation rate at 11.4 years follow-up in 771
patients [31]. Over the past 20 years, this procedure has evolved to its
third generation, matrix-autologous chondrocyte implantation (MACI),
where the expanded chondrocytes are suspended in a hydrated scaffold
before insertion into the defect [28]. MACI offers advantages of
removing the need for a membrane patch, more controlled cell distri-
bution, and ability to manage more extensive defects. Clinical outcomes
have shown greater success than ACI, as reflected by reports of good
knee functionality and reduced pain and swelling, with a failure rate of
10.7% after 7 years [32] compared to 33% with ACI [29]. Despite
promising results, ACI and MACI still have some limitations. There have
been large variations in the number of chondrocytes used in ACI/MACI
procedures, and the optimal cell concentration to fill the cartilage defect
and give rise to consistent long-term outcomes is not yet determined
[28]. Furthermore, chondrocytes typically undergo dedifferentiation
during in vitro expansion, exhibiting increased formation of stress fibres
and losing their chondrogenic phenotype if the number of cell doublings
is not controlled [33]. The effectiveness of ACI and MACI in producing
hyaline cartilage therefore depends on tight control of chondrocyte
expansion, which can only be performed a limited number of times.
Additionally, some complications are associated with ACI including
graft hypertrophy, delamination, and periosteal hypertrophy [34], with
the use of lower quality cells resulting in higher complication rate and
poor clinical outcomes [35].

Current clinical treatments are only palliative as they do not ‘cure’
the defect or restore the native structure and function of osteochondral
tissue [36]. New treatment approaches are necessary to provide per-
manent joint repair and return the damaged osteochondral tissue to its
native functional state.

1.2. Emerging tissue engineering solutions for osteochondral repair
Osteochondral tissue engineering is a promising solution to address

the current therapeutic limitations. As an interfacial tissue, osteochon-
dral tissue has a complex structure involving integrated cartilage and
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bone components, which has a unique set of requirements for regener-
ation that is unlikely to be satisfied using cell therapy alone. Osteo-
chondral tissue engineering has evolved to focus on the fabrication of
biomaterial scaffolds that mimic the physiological properties of native
tissue [37], often with the addition of cells and/or growth factors to
prompt cell differentiation and regeneration of cartilage and bone. In
this review, we focus on biomaterials-based osteochondral tissue engi-
neering strategies, whereby a multiphasic scaffold is constructed to
simultaneously regenerate the articular cartilage, cartilage-bone inter-
face, and subchondral bone [38], which may also feature a gradient
transition among different phases [37], to restore the joint to its native
state.

Different biomaterials, additional components, and fabrication
methods can be used to compose an osteochondral scaffold. The most
common material choices are natural and synthetic biocompatible
polymers, as many of them are accessible at low cost, and can be
fabricated to mimic the structure and properties of cartilage/bone
extracellular matrix (ECM), as well as aid stem cell recruitment, infil-
tration and differentiation [39]. An ideal osteochondral scaffold design
needs to account for the different regeneration requirements of cartilage
and bone. Multiphasic or gradient scaffold designs are therefore more
advantageous than monophasic homogenous scaffolds [36]. Fabrication
methods need to be devised such that the scaffold shape and dimensions
can precisely match the osteochondral defect, to allow for optimal
integration with the surrounding tissue. Moreover, the internal geome-
try of the scaffold needs to be designed such that the pore architecture
allows for cell penetration and the transfer of nutrients and waste
products, while adjusting for pore sizes in the cartilage and bone com-
ponents since they have different requirements for vascularisation [40].
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Since the osteochondral defect often occurs in load-bearing locations,
the scaffold needs to mimic the biomechanical properties of native tissue
and withstand physiological forces experienced on the joint, at least in
the short-term before complete tissue regeneration occurs. For instance,
native human articular cartilage has compressive modulus of 240-1000
kPa depending on location within the body [39]. Biologically, the
scaffold should enhance cellular responses, including to kick-start
and/or maintain tissue repair processes, as well as ideally direct pro-
genitor cell differentiation into chondrogenic and osteogenic lineages in
respective scaffold components corresponding to native osteochondral
anatomy.

The main design strategies for osteochondral scaffolds include
monolayer (homogeneous), bilayer, multiple (more than two) layers,
and gradient scaffolds [41] (Fig. 1). Monolayer scaffolds have a homo-
geneous composition and structure, which are often designed to mimic
either the cartilage or bone portion of osteochondral tissue, and expe-
rience challenges in simultaneously regenerating the entire osteochon-
dral unit. More complex scaffold designs have then evolved to more
faithfully replicate the native osteochondral structure and composition,
comprising superficial, transition, and deep cartilage zones as well as
calcified cartilage and subchondral bone, with varying abundance of
proteoglycans, collagen types I and II, and water content. Bilayer scaf-
folds consist of two layers, a cartilage layer typically composed of
polymer(s) and a bone layer that may contain various combinations of
polymers and/or ceramic materials. Scaffolds with more than two layers
have recently emerged to better represent the spatial, compositional,
and functional variation of native osteochondral tissue, and are believed
to facilitate better in vivo repair although they may involve complex
fabrication processes. Moreover, gradient osteochondral scaffolds have

Collagen type |
Proteoglycan

Collagen type i

B - i>i;;--->SuperﬂciaI zone
@
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articular , ®
i ® . --»Transition zone
cartilage . < K2
_ 2---»Deep zone
calcified [ ridemark
cartilage | _ ema
subchondral [ |
bone

3-layer 4-layer
I | I |
Monolayer Bilayer scaffold Scaffold with Gradient
scaffold (with or without tidemark) more than 2 layers scaffold

Common osteochondral scaffold biomaterials

o Natural polymers: collagen, alginate, chitosan, gelatin, silk fibroin

e Synthetic polymers: PLGA, PLA, PCL, PEG

e Ceramics: hydroxyapatite, tricalcium phosphate, bioactive glass

Fig. 1. Main design strategies for osteochondral scaffolds and common biomaterial selections. PLGA: poly(lactic-co-glycolic acid), PLA: poly(lactic acid), PCL:
polycaprolactone, PEG: poly(ethylene glycol). Figure generated in BioRender (BioRender.com).
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been constructed with continuous spatial transition in scaffold proper-
ties, often involving hierarchical stratification in the loading of cells or
bioactive molecules. In this review, we focus on multiphasic osteo-
chondral scaffold designs categorised as multilayer (two or more layers)
or gradient scaffolds.

Biomaterial selections for osteochondral scaffolds typically comprise
a combination of natural and synthetic polymers [38]. As discussed later
in this review, the most commonly used natural materials include
collagen, alginate, chitosan, gelatin, and silk fibroin, while a wide range
of synthetic polymers have been applied such as poly(lactic-co-glycolic
acid) (PLGA), poly(lactic acid) (PLA), polycaprolactone (PCL), and
poly(ethylene glycol) (PEG). Natural polymers usually contain
naturally-derived bioactive factors that promote cell adhesion, prolif-
eration, and differentiation, and are favoured choices for the cartilage
layer of multilayered scaffolds. However, their natural origin may give
rise to batch-to-batch variability and risk of transfer of immunogenic
material, and also restrict the degree of physicochemical modulation
during scaffold synthesis. Moreover, natural polymers tend to have weak
mechanical properties, making them less ideal for use as the bone layer
to support weight-bearing. Comparatively, synthetic polymers have
consistent and tailorable properties, with strength and stiffness mostly
exceeding natural polymers, and can be processed using a wide variety
of fabrication techniques. However, they are usually bioinert and
require additional modification to actively interact with cells. Ceramics
may be used to reinforce both natural and synthetic polymers to form
the bone phase of osteochondral scaffolds, or fabricated as a bulk scaf-
fold to provide load-bearing support. The most commonly chosen ce-
ramics for incorporation into osteochondral scaffolds include
hydroxyapatite (HA), tricalcium phosphate (TCP), and bioactive glass.

Fabrication techniques play a crucial role in scaffold construction for
osteochondral repair, providing synergistic effects with biomaterials
selection and architectural design. Although not the focus of this review,
the method of scaffold fabrication can have profound influences on
repair outcomes by modulating biological responses through control of
pore structure, mechanical properties, spatial distribution of materials
and/or additives such as cells and growth factors, and biodegradation.
Common fabrication techniques employed for osteochondral scaffolds to
realise multilayer or gradient designs include electrospinning, lyophili-
sation, freeze casting, gas foaming, microfluidic foaming, sol-gel pro-
cess, melt moulding, compression moulding, particulate leaching, phase
separation, and additive manufacturing [38].

Multiphasic scaffold designs for osteochondral repair have been
captured in a number of recent reviews, some of which featured
extensive discussions on fabrication techniques [38] including 3D
printing [42], while others presented an in-depth analysis of specific
scaffold architectures such as gradient scaffolds [37]. These reviews
discussed in vitro as well as in vivo studies with a specific focus on
scaffold design. Our review chose to include only preclinical studies, as
scaffold testing in animal models of osteochondral injury is a funda-
mental step toward the development of clinically relevant repair stra-
tegies. Other recent reviews have concentrated on the evaluation of
animal models for osteochondral repair studies involving biomaterials,
one of which focused on large animals and specifically in the knee joint
[43]. Another two reviews respectively focused on the characteristics of
different animal models for osteochondral repair [44], and specific
evaluation methods used in animal studies [45].

Complementing the current literature and offering an update to our
previous work [46], this review provides a new perspective on
tissue-engineered multiphasic scaffolds for osteochondral repair. We
surveyed original research studies published in English between 2015
and 2021, reporting scaffold designs that were tested in animal models
to evaluate their effects for treating osteochondral injury, which con-
tained multiple scaffold phases and/or two or more types of biomaterials
(Table 1, Table 2). We discuss scaffold materials and design to realise the
multiphasic structure, including the incorporation of additional ele-
ments such as cells and growth factors, and summarise the main findings
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from animal experiments. We also provide a critical discussion of
different animal models of osteochondral injury used to test multiphasic
scaffolds, and comment on their translational validity with consider-
ation given to the anatomical structure, biochemical composition, and
weight-bearing properties of osteochondral tissue compared to humans
(Table 3). We conclude with a summary of current progress in clinical
studies using commercially available osteochondral scaffolds (Table 4),
as well as our perspectives on future developments in this exciting field
of research.

2. Multiphasic scaffold biomaterials

Biomaterials to construct multiphasic osteochondral scaffolds are
generally used to make a mineral-containing layer for bone regeneration
and a polymer layer for cartilage regeneration. Among studies discussed
in this review, the most common minerals incorporated into multiphasic
scaffolds to assist bone regeneration included hydroxyapatite (HA) or
nano-HA [47-67], tricalcium phosphate (TCP) [51,68-71], bioactive
glass [72,73], and other specific formulations such as aragonite [74] and
wollastonite [75]. Two studies also incorporated titanium alloy in the
bone phase [76,77]. Natural and synthetic polymers have been used in
both cartilage and bone phases of multiphasic scaffold designs.
Commonly used natural polymers included collagen [56,57,65,68,
77-80], alginate [48,58,81,82], chitosan [52,59,61,65,82-86], and silk
fibroin [47,61,87]. Many types of synthetic polymers were used, where
the most popular were poly(lactic-co-glycolic acid) (PLGA) [49,83,86,
88-93], poly(lactic acid) (PLA) [73,77,89], polycaprolactone (PCL) [50,
52,64,66,70,79,94-97], and poly(ethylene glycol) (PEG) [52,63,72,98,
99]. A few studies included microspheres in the scaffold design, fabri-
cated from PLGA for growth factor delivery [47,60,100], and several
studies used additive manufacturing for scaffold fabrication such as by
3D printing [71,76,85,88] or bioprinting [79,95,101].

2.1. Mineral materials in osteochondral scaffolds

Bioactive ceramics are frequently used to aid bone regeneration due
to their compositional similarity to natural bone mineral. In multiphasic
osteochondral scaffolds, calcium phosphate minerals were the most
commonly used for doping into the bone phase, due to their osteo-
conductive and osteoinductive properties that help induce new bone
formation [46]. The majority of studies that included a ceramic in the
scaffolding materials used HA in various forms, such as a bulk scaffold
layer [102], nano-HA particles incorporated into a polymer matrix [61],
or nano-HA containing microspheres [60]. Synthetic HA has the same
chemical composition as the HA mineral component of bone, justifying
its extensive use in bone tissue engineering [103,104]. HA increases the
local concentration of calcium ions, which activates osteoblast prolif-
eration and promotes the growth and differentiation of mesenchymal
stem cells (MSCs) [105], leading to new bone formation [106]. The
osteoconductive properties of HA can help restore subchondral bone in
osteochondral injuries, as multiphasic scaffolds containing HA in the
bone layer showed better integration between the host tissue and newly
formed bone [52,59], as well as improved vascularisation [50,60]. In a
3D bioprinted osteochondral scaffold, HA was also reported to improve
the mechanical properties of the polymer matrix composed of alginate
and gelatin to better match native bone [101]. However, a drawback of
using HA is its low biodegradability, as noted in studies which showed
very limited [50] or slow [48] degradation in both small and large an-
imal models.

Other types of calcium phosphates have been incorporated into the
bone layer of multiphasic osteochondral scaffolds, such as TCP where
B-TCP is the most commonly used form due to its rhombohedral crys-
tallised structure. -TCP is less stable than HA, giving it higher solubility
with faster degradation rates [106]. When incorporated into osteo-
chondral scaffolds, -TCP has been found to increase subchondral bone
volume [107], enhance bone regeneration [69,70,88], improve
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Summary of preclinical studies which tested multilayer scaffold designs in animal models to evaluate osteochondral repair.

Multilayer scaffolds

Study

Biomaterial(s) for bone phase

O]

Biomaterial(s) for
cartilage phase(s)

Additives (e.g., cells,
growth factors)

Animal model,
defect size, time
point(s)

Experimental groups

Main findings

Bilayer scaffolds made from polymeric materials
3D printed PCL fibre network

Critchley
et al.
(2020) [94]

Korthagen
et al.
(2019)
[123]

Liao et al.
(2017)
[125]

Mancini et al.
(2020) [96]

Polyetherketoneketone
(PEKK)

Bone layer: acryloyl chloride
(AC)-PCL-PEG-PCL-AC
(PECDA), -poly
(e-caprolactone)-poly
(ethylene glycol)-poly
(e-caprolactone)-acryloyl
chloride (PECDA), AAm,
PEGDA

(Average pore size 112.6 pm,
modulus 0.261 MPa)
Intermediate layer: calcium
gluconate and alginate cross-
linking

3D printed PCL scaffold

Alginate or agarose
hydrogel, or self-
assembled scaffold-free
cartilage layer

Elastomer comprising
polycarbonate-based
aliphatic

polymer containing
cartilage-derived
peptides RGD and
GFOGER

Cartilage layer:
methacrylated
Chondroitin sulfate
(CSMA), NIPAm

(Average pore size 187.4

pm, modulus 0.065
MPa)

Thiol-ene cross-linkable
hyaluronic acid/poly
(glycidol) hybrid
hydrogel

Fat pad-derived stem
cells + chondrocytes
in cartilage layer,
bone marrow-
derived stem cells in
bone layer for all
scaffolds

None

None

Articular cartilage
progenitor cells
(from native
cartilage) in
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Mouse: 6 weeks
Subcutaneous
Goat: 6 months
Knee — medial
condyle

6 mm diameter, 6
mm thickness

Horse (Shetland
pony)

Knee — medial
trochlear ridge of
femur (2 defects,
one proximal &
one distal)

6 mm diameter, 7
mm thickness

12 weeks

Rat: 1,2,4,8
weeks
Subcutaneous

1 cm diameter
Rabbit: 6, 12, 18
weeks

Knee - patellar
groove

5 mm diameter, 4
mm thickness

Horse (Shetland
pony)

Knee — medial
trochlear ridge

Mouse: single phase
(PCL), bi-phasic
alginate, bi-phasic
agarose, bi-phasic self-
assembly (same cells on
a PCL fibre mesh for
cartilage layer);
implantation after 5
weeks in vitro priming
Goat: bi-phasic self-
assembly scaffold,
control scaffold
(MaioRegen® from a
different study using
same animal model);
implantation after 4
weeks in vitro priming

2 groups:
Control (empty),
scaffold

Rat: 1 group; scaffold
Rabbit: 2 groups;
control (empty),
scaffold

2 groups:

Zonal scaffold
(cartilage progenitor
cells in top hydrogel

Mouse model showed bi-
phasic scaffolds induced
cartilage-like and bone-
like tissue formation in
respective layers, with
higher vascularisation in
the bone layer.

Goat model showed
evidence of endochondral
ossification in the bone
layer of the bi-phasic
scaffold. One case had a
collapsed defect. Bi-phasic
scaffold had higher
amount of cartilage
formation in the cartilage
layer compared to bone
layer, and significantly
higher cartilage layer
matrix staining compared
to control group.

After 12 weeks, the
proximal defect was
partially filled (~70%)
and distal defect was
almost completely
covered with stiff and
smooth repair tissues
(~98%). Repair tissue was
stiff and fibrous,
presenting nearly flush
surface with surrounding
cartilage. However, repair
tissue contained a
negligible amount of
collagen type II and GAG,
and no hyaline cartilage-
like tissue was formed on
the implant.

Rat model showed
hydrogels degraded
gradually and remained
integrated 4 weeks after
implantation, and did not
completely disappear
after 8 weeks. Acute
inflammatory response
observed in the first week
which gradually subsided
over 4 weeks.

Rabbit model showed new
translucent cartilage and
repaired subchondral
bone for scaffold group at
18 weeks. Regenerated
cartilage was grown
uniformly throughout the
tissue, and bone volume
increased from 65% to
91% from 12 to 18 weeks.
Repaired cartilage had
significantly higher load
value than the control,
and its reduced modulus
was 75% of normal
cartilage.

Significant bone growth
into the bone layer after 6
months, with similar bone
volume percentage for

(continued on next page)
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Multilayer scaffolds

Study

Biomaterial(s) for bone phase

O]

Biomaterial(s) for
cartilage phase(s)

Additives (e.g., cells,
growth factors)

Animal model,
defect size, time
point(s)

Experimental groups

Main findings

Nie et al.
(2019) [90]

Shim et al.
(2016) [79]

PLGA sintered microsphere

scaffolds + alginate hydrogel

(for cell encapsulation)

3D printed PCL filled with
atelocollagen

ECM secreted by
chondrocytes
(chondrocytes
contained in alginate
hydrogel for ECM
production were either
kept or decellularised)

3D printed PCL filled
with cucurbit [6]uril
(CB [6])-conjugated
hyaluronic acid and 1,6-
diaminohexane (DAH)-
conjugated hyaluronic
acid

cartilage layer, MSCs
in cartilage and bone
layer

Porcine
chondrocytes

Human turbinate-
derived MSCs in
bone and cartilage
layers, BMP-2 in
bone layer and TGF-
p in cartilage layer
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6 mm diameter,
7.5 mm thickness
6 months

Rabbit

Knee - condyles
3 mm diameter, 3
mm thickness
50, 100 days

Rabbit

Knee - femoral
patellar groove

5 mm diameter, 5
mm thickness

8 weeks

layer with MSCs in
lower hydrogel layers
of cartilage layer), non-
zonal scaffold (only
MSCs in cartilage layer)

2 groups:

Scaffold with
chondrocyte-laden
cartilage layer or
decellularised cartilage
layer

4 groups:

1: Control (empty). 2:
single layer PCL
scaffold with cells. 3:
bilayer PCL scaffold
with alginate hydrogel
and cells in both layers,
TGF-p in cartilage layer
and BMP-2 in bone
layer. 4: bilayer PCL
scaffold with collagen
hydrogel & BMP-2 in
bone layer and CB [6]/
DAH-conjugated
hyaluronic acid
hydrogel & TGF-p in
cartilage layer, cells in
both layers

both zonal and non-zonal
scaffolds. However, there
was limited production of
cartilage-like tissue for
both scaffold groups, with
no differences in
histological scoring
although repair tissue was
stiffer in defects with
zonal scaffolds. The repair
tissue lacked GAG and
collagen type II, but was
abundant in collagen type
I. The study considered
this may be due to early
loss of implanted cells, or
inappropriate degradation
rate of the hydrogel, as
hydrogel fragments were
observed at 6 months.
Cell-laden scaffold
achieved superior repair
efficacy at 100 days
compared to
decellularised scaffold.
There was better
formation of hyaline
cartilage-like tissue with
strong staining for GAG
and collagen type I, as
well as higher Young’s
modulus. A fibrotic
intermediate layer was
formed at the interface.
New tissue in the bone
layer was mineralised and
ossified.

No noticeable
inflammatory response in
all groups.

Group 1: poor
regeneration with fibrous
tissue formation.

Group 2: PCL exposed to
cartilage surface was
partially covered by neo-
tissue showing distinct
boundary with native
tissue, and fibrous tissue
at the periphery. Few
matured osteoid islands
found.

Group 3: poor
regeneration, defect
incompletely covered by
neo-tissue which
appeared to be fibrous
tissue. No ingrowth of
native bone from
surrounding tissue.
Thought to be due to slow
degradation of alginate
hindering cell infiltration.
Group 4: significant
osteochondral
regeneration, defect fully
covered with neo-tissue
exhibiting smooth surface
and cartilage-like
appearance, and stained
for GAG and collagen type
1. New bone formation

(continued on next page)
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Table 1 (continued)

Multilayer scaffolds

Study Biomaterial(s) for bone phase  Biomaterial(s) for Additives (e.g., cells,  Animal model, Experimental groups Main findings
(s) cartilage phase(s) growth factors) defect size, time
point(s)

was observed and scaffold
was densely filled with
infiltrated bone.

Sun et al. Demineralised and Collagen type I scaffold Bone marrow MSCs Beagle dogs 4 groups: Scaffold with cells
(2020) decellularised allograft bone (lyophilised hydrogel transfected to Knee - patellar Control (empty), cell- overexpressing BMP-7
[114] attached to bone layer) overexpress BMP-7 groove free scaffold, scaffold showed the best

6 mm diameter, 8  with untransfected osteochondral repair.

mm thickness cells, scaffold with Defect was fully filled

8, 12 weeks transfected cells with new tissue,
overexpressing BMP-7 comprising hyaline-like

cartilage and significant
bone formation. For cell
free scaffolds and
scaffolds with
untransfected cells, the
repair tissue was mainly
fibrocartilage.
Transfected cells can
overcome the short half-
life of BMP-7 to enhance
osteochondral repair,
allowing sustained release
of growth factor for more
than 28 days. Collagen
hydrogel underwent
gradual degradation.

Zheng et al. PLA/PLGA/PCL nanofibrous Gelatin, silk fibroin, BMP-2 derived Rabbit 3 groups: Drug elution lasted for
(2019) [89] scaffold oxidised dextran peptides (P24 Knee - distal Control (empty), drug- more than 28 days.
hydrogel peptides) in bone femur tracheal free scaffold, drug- Drug-free scaffold group
layer, kartogenin in groove containing scaffold formed translucent tissue
cartilage layer 5 mm diameter, 4 connecting to the native
mm thickness tissue, but the defect was
4, 12 weeks not completely filled.

Drug-containing group
accelerated osteochondral
regeneration. Defect was
filled with translucent
tissue with similar
histological appearance to
surrounding native tissue,
with no obvious

boundaries.
Bilayer scaffolds made from polymeric and mineral materials
Barbeck et al. 3D printed PLA/bioglass G5 3D printed PLA None Mouse 4 groups: Both scaffold parts kept
(2017) [73] Subcutaneous Control (empty), three their structural integrity.

4 mm diameter, 4 different scaffolds (PLA, Mechanical properties
mm thickness PLA/G5, bi-layer) decreased with
(scaffold) progressive degradation,
3,10, 15, 30 days and PLA/GS5 scaffolds

showed higher
compressive modulus
than PLA scaffolds. The
tissue reaction to PLA
included low numbers of
biomaterial-associated
multinucleated giant cell
(BMGC) and minimal
implant bed
vascularisation, while
PLA/G5 had higher
numbers of BMGC and
higher implant bed
vasculariszation. Each
layer in the bi-layer
scaffold showed similar
tissue response as PLA and
PLA/G5 layers implanted

separately.
Cai et al. BCP ceramic Collagen type I gel Chondrocytes Rabbit 4 groups: No inflammation or
(2019) (gelation on the ceramic encapsulated in Knee — trochlear Control (empty), moving of scaffold from
[124] collagen gel ridge collagen gel with the defect area.

(continued on next page)
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Multilayer scaffolds

Study

Biomaterial(s) for bone phase

O]

Biomaterial(s) for
cartilage phase(s)

Additives (e.g., cells,
growth factors)

Animal model,
defect size, time
point(s)

Experimental groups

Main findings

Coluccino
et al.
(2016) [58]

Dong et al.
(2020) [47]

Filardo et al.
(2018) [48]

Alginate scaffold with HA
granules

Silk fibroin with nHA and
PLGA microspheres

1.25% alginate and 4% HA

layer then frozen and
lyophilised)

Alginate scaffold with
TGF-p1

Porcine cartilage ECM
and silk fibroin with
PLGA microspheres

1% alginate and 0.5%
hyaluronic acid

TGF-p1 in cartilage
layer, MSCs for
implanted scaffold

TGF-B3 in cartilage
layer, BMP-2 in bone
layer

Either absorbed or
encapsulated in
PLGA microspheres

None
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4 mm diameter, 4
mm thickness
2, 4 weeks

Rat
Subcutaneous
2 weeks

Rabbit

Knee - centre of
trochlear groove
5 mm diameter, 3
mm thickness

8, 16 weeks

Rabbit & sheep
Rabbit: 8 weeks
Bilaterally in the
distal femoral
epiphysis

6 mm diameter, 8
mm thickness
Sheep: 6 months
Lateral femoral
condyles

7 mm diameter, 5
mm thickness

chondrocytes, BCP
ceramic, bi-layer
scaffold with
chondrocytes in
collagen gel layer

1 group:
Scaffold with MSCs

5 groups:

Control (empty),
scaffold without
microspheres or growth
factors, scaffold with
blank microspheres,
scaffold with absorbed
TGF-p3 & BMP-2,
scaffold with TGF-p3 &
BMP-2 encapsulated in
microspheres

Rabbit: commercial
collagen-HA scaffold
(Regenoss™,
Finceramica), alginate-
HA scaffold (bone layer
scaffold)

Sheep: untreated,
biphasic scaffold

For bone repair, BCP and
bi-layer groups showed
new bone at 2 weeks, with
increased bone formation
containing osteocytes and
new bone trabeculae at 4
weeks, as well as well-
developed blood vessels at
the bone formation site.
For cartilage repair, all
groups showed weak
staining for GAG and
collagen type II at 2
weeks, and the collagen
gel group collapsed due to
absence of subchondral
bone support. At 4 weeks,
the collagen gel group still
showed weak GAG and
collagen type II staining,
which were stronger in
the BCP group and most
intense in the bi-layer
group. The bi-layer group
showed bone and
cartilage layers that were
seamlessly connected
with each other.

No significant evidence of
inflammatory response or
foreign body reaction.
Various cell types entered
the scaffold and initiated
formation of new
connective tissue,
including fibroblasts,
monocytes and
lymphocytes.

Scaffolds with sustained
growth factor release
through microspheres
significantly accelerated
osteochondral repair
compared to other groups,
with higher GAG content
and collagen type II in the
cartilage layer and better
subchondral bone
formation in the bone
layer.

Burst release of growth
factors in absorbed
scaffold group, which
achieved some repair
worse than microsphere
growth factor group but
better than scaffold with
blank microspheres.

Good biocompatibility
profile with no
inflammatory cells around
the implant.

Lower bone formation
compared with
commercial scaffold in the
rabbit model, slow
bioresorption.

Evidence of repair and
implant integration in
cartilage layer but
incomplete regeneration
in bone layer in the sheep

(continued on next page)
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Study Biomaterial(s) for bone phase  Biomaterial(s) for Additives (e.g., cells,  Animal model, Experimental groups Main findings
(s) cartilage phase(s) growth factors) defect size, time
point(s)
model, slow
bioresorption.
Giannoni PCL scaffold with HA granules ~ PCL scaffold Articular Mouse 1 group: Scaffold with cells
et al. chondrocytes in Subcutaneous Scaffold with cells resulted in high
(2015) [50] cartilage layer, MSCs ~ 3mm x 3mmx5 deposition of bone matrix

Gong et al.
(2020) [64]

Porous 3D printed PCL-HA
scaffold

Hsieh et al.
(2017) [99]

3D printed methoxy PEG-
block-PCL (mPEG-PCL)
scaffold with HA

Hsieh et al.
(2018) [63]

3D printed methoxy PEG-
block-PCL (mPEG-PCL)
scaffold with HA

Jia et al.
(2018) [88]

Bone layer: porous 3D printed
PLGA/TCP scaffold
Intermediate: compact
interfacial layer (PLGA/TCP)

3D printed radially

oriented GelMA scaffold

Glycidyl methacrylate
hyaluronic acid
hydrogel with TGF-p1
For in vivo study, bone
scaffold was implanted
first followed by in situ
hydrogel cross-linking
Glycidyl methacrylate
hyaluronic acid
hydrogel with TGF-p1
For in vivo study, bone
scaffold was implanted
first followed by in situ
hydrogel cross-linking

Bovine articular
cartilage ECM
Bonded to bone layer
through thermal-

in bone layer

IL-4 in cartilage
layer

TGF-p1 in cartilage
layer

TGF-B1 in cartilage
layer

None
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mm (scaffold)
9 weeks

Rabbit

Knee - patellar
groove

5 mm diameter, 5
mm thickness

8, 16 weeks

Rabbit

Knee — medial
femoral condyle
3 mm diameter, 8
mm thickness

3 months

Mini pigs

Knee — medial
femoral condyle
10 mm diameter,
10 mm thickness
1 year

Goat

Knee — medial
femoral condyle
6 mm diameter, 8

3 groups:
Non-treated, scaffold,
scaffold + IL-4

2 groups:
Control (empty),
scaffold

2 groups: Control
(empty), scaffold
Total 2 animals

3 groups:
Multilayered scaffold,
bilayered scaffold,

surrounding the HA
granules in the bone layer,
and cartilage matrix
formation in the cartilage
layer. Vascularisation was
mostly observed in the
bone layer, with
significantly higher blood
vessel density and mean
area compared to
cartilage layer.

Poor scaffold
degradability.

Scaffold with IL-4
obtained the highest
histological score. At 8
weeks, scaffold group
contained both fibrous
and cartilage-like tissues,
while scaffold + IL-4
group contained a large
amount of hyaline
cartilage-like tissue. No
significant differences
between two scaffold
groups in subchondral
bone repair. At 16 weeks,
scaffold + IL-4 group
achieved the best
histological repair of both
cartilage and bone, where
repair tissue covered the
entire defect area, and
also had the highest
compressive modulus
compared to the other two
groups.

Scaffold repaired both
cartilage and bone in
osteochondral defect,
while control showed only
bone formation.

Control defects remained
mostly empty, filled with
hypertrophic cartilage-
like soft tissue and some
overgrowth into the
subchondral area.
Scaffold showed
regeneration of hyaline-
like cartilage (not fully
differentiated) and bone,
and a clear tidemark
between calcified and
uncalcified cartilage. Non-
degraded scaffold was
present in the deep bone
layer after 1 year,
surrounded by
regenerated fibrotic tissue
and bone tissue.
Multilayered scaffold
helped to form hyaline
cartilage and subchondral
bone over 48 weeks.

(continued on next page)
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Multilayer scaffolds

Study

Biomaterial(s) for bone phase

O]

Biomaterial(s) for
cartilage phase(s)

Additives (e.g., cells,
growth factors)

Animal model,
defect size, time
point(s)

Experimental groups

Main findings

Kim et al.
(2015) [69]

Kon et al.
(2015) [74]

Kumai et al.
(2019) [67]

PLGA/B-TCP scaffold

Aragonite

HA block or HA powder
coated onto the bottom of the
cartilage layer scaffold

induced phase
separation (TIPS)

Poly (lactide-co-
caprolactone) scaffold

Hyaluronate

Aggrecan, hyaluronic
acid, and type II
collagen complex

Bone marrow MSCs
in bone layer,
chondrocytes in
cartilage layer

None

None
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mm thickness
12, 24, 48 weeks

Mouse
Subcutaneous

6 mm diameter,
11 mm thickness
(scaffold)

6 weeks

Goat

Knee - load-
bearing medial
femoral condyle
6 mm diameter,
10 mm thickness
6, 12 months

Rat

Knee - femoral
condyle

2 mm diameter, 2
mm thickness

4, 8 weeks

negative control
(empty)

1 group:

Scaffold

Cultured in osteogenic
medium for 3 days
before implantation

2 groups:

Control (empty, filled
with blood clot),
scaffold implant (press-
fit)

3 groups:

Cartilage layer complex
only, bi-layer scaffold
with HA block, bi-layer
scaffold with HA-coated
portion of cartilage
scaffold

Interfacial layer in the
multilayered scaffold
significantly improved
biomechanical and
biochemical properties
(GAG

The interfacial layer in the
MLS significantly
improved the
biomechanical and
biochemical properties
(GAG & collagen 11
increased more quickly in
the initial phase <24
weeks) of the new tissue.
Multilayered scaffold
formed a smooth interface
with integrated tidemark,
well organised cell
structure with columnar
distribution, and
orientation of collagen
fibres in cartilage layer
with increased
compressive modulus.
Top layer formed mature
and well-developed
cartilaginous tissue, with
chondrocytes within
lacunae. Bottom layer had
presence of calcium
phosphates indicative of
osteogenic ECM produced
by MSCs. Implanted
chondrocytes (tagged)
remained in the cartilage
layer over 6 weeks and did
not move into the bone
layer.

Defects in the scaffold
group were mostly
reconstructed — 5/7 at 6
months, and 6/7 at 12
months. Defects were
filled with hyaline
cartilage and normal
bone. Results improved at
12 compared to 6 months,
suggesting a continuous
maturation process.

Few defects in the control
group were fully repaired
—1/3 at 6 months, and 0/3
at 12 months. Defects
were filled with fibrous
tissue.

Bi-layered scaffolds could
induce cartilage and
subchondral bone
regeneration, with
presence of chondrocytes
although no visible
amount of GAG. Bi-
layered scaffolds
containing HA as a block
or as HA coating produced
better repair compared to
single-layer scaffold.
Single-layer scaffold alone
was not sufficient for
repairing subchondral
bone.

(continued on next page)
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Multilayer scaffolds

Study Biomaterial(s) for bone phase  Biomaterial(s) for Additives (e.g., cells,  Animal model, Experimental groups Main findings
(s) cartilage phase(s) growth factors) defect size, time
point(s)
Kumbhar Bacterial cellulose (BC) BC scaffold with GAG BMP-2, TGF-p3 Rat 4 groups: Histological scores for
et al. scaffold with HA Scaffolds press fitted on Knee - patellar Control (empty), BC bilayer groups were
(2017) each other groove scaffold, bilayer significantly better than
[136] 1 mm diameter, 3 scaffold, bilayer other two groups at 1 and
mm thickness scaffold with growth 3 months. At 3 months,
1, 3 months factors control defect was
completely filled with

fibrous tissue, while BC
group had a mixture of
fibrocartilage and
cartilage-like tissue in the
defect, and some small
bony islands. Bilayer
groups with or without
growth factors showed
complete formation of
new cartilage and bone in
the defect, with full
integration to
surrounding tissue.
Bilayer group left a small
portion of the scaffold at 3
months while bilayer with
growth factors group was
completely resorbed.

Li et al. nHA, polyamide-6 PVA, gelatin, vanillin Bone marrow Rabbit 3 groups: Scaffold with cells
(2015) [54] stromal cells Knee - patellar Control (empty), resulted in faster
groove bilayer scaffold, bilayer = chondrogenesis and
4 mm diameter, 6  scaffold with cells osteogenesis at 6 weeks.
mm thickness At 12 weeks, scaffold-only
6, 12 weeks group showed well-

repaired smooth surface,
but new cartilage was
thinner than surrounding
cartilage. Scaffold with
cells had similar contour
of repair tissue compared
to normal cartilage. Both
scaffold groups showed
direct bonding to native
cartilage and bone with
indistinguishable
interface.

Increased expression of
collagen type I in both
scaffold groups, but
higher expression of
collagen type II in scaffold
with cells group.

Cells were responsible for
repairing the defect for at
least 4 weeks after
implantation (shown by
cell tracker).

Liang et al. PLGA-HA PLGA (85 PLA:15 PGA) Bone marrow MSCs Rabbit 3 groups: Bilayer scaffolds with or
(2018) [49] Glued to bone layer Knee — medial Control (empty), without cells showed
using Ch,Cly femoral condyle scaffold only, scaffold osteochondral repair.
4 mm diameter, 5  with MSCs Scaffold with MSCs
mm thickness showed favourable
8, 16 weeks osteochondral

regeneration through
biomechanical testing,
micro-CT, western blot,
and histology.

The time for the study was
too short to determine the
final effects of the scaffold
without cells, since it
showed poorer repair
compared to scaffold with
cells.

(continued on next page)
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Study Biomaterial(s) for bone phase  Biomaterial(s) for Additives (e.g., cells,  Animal model, Experimental groups Main findings
(s) cartilage phase(s) growth factors) defect size, time
point(s)
Lin et al. Mesoporous bioactive glass PEGS=PEG/PGS None Rabbit 4 groups: Bilayer scaffold had

(2020) [72] (MBG)
Prepared by sol-gel and
polyurethane foam

templating process

Liu et al. Porous p-TCP scaffold
(2015)
[126]
Liu et al. Bone: 30%/3% GelMA/nHA
(2019) [53]  hydrogel
Intermediate: 20%/3%
GelMA/nHA hydrogel

Liu B et al.
(2020) [85]

Double-network (DN)
hydrogel reinforced with
bioactive glass particles

With controllable
crosslinking degree and
hierarchical macro/
microporosities

Electrospun PLA-co-
PCL/collagen type I yarn
or freeze-dried collagen
type I/HA sponge

GelMA hydrogel
3D printed in all three
layers

DN hydrogel composed
of glycol chitosan and
dibenzaldhyde
functionalized poly
(ethylene oxide)
network, and sodium
alginate and calcium
chloride network

Bone marrow MSCs
in cartilage layer

None

TGF-p1
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Knee - anterior
articular surface
of the distal
femur

6.5 mm
diameter, 4 mm
thickness

12 weeks

Rabbit

Knee - patellar
groove

5 mm diameter, 6
mm thickness

12 weeks

Rabbit

Knee - centre of
trochlear groove
3.5 mm
diameter, 3 mm
thickness

12 weeks

Rabbit

Knee - trochlear
groove

3 mm diameter, 4
mm thickness
4,12, 24 weeks

Control (empty), PEGS,
MBG, PEGS/MBG

6 groups:

Biphasic scaffold with
yarn layer & biphasic
scaffold with sponge
layer, with
differentiated or
undifferentiated cells,
osteochondral
autograft, control
(empty)

3 groups:

Control (empty),
monophasic scaffold,
tri-layer scaffold

6 groups:

Control (empty),
microfracture,
bioactive glass scaffold,
DN gel, bi-layer
scaffold, bi-layer
scaffold with TGF-p1 in
cartilage layer

hierarchical porosity and
successfully reconstructed
hyaline cartilage and bone
in 12 weeks. The
subchondral bone formed
in the bilayer scaffold
group had the highest
bone volume percentage
and trabecular thickness.
Blank control and single-
layer PEGS had low bone
volume percentage. The
centre of the defect of
PEGS group had a
depression. Single-layer
MBG achieved good bone
regeneration but
fragmented cartilage
formation. The bilayer
group promoted cartilage
regeneration which
smoothly integrated with
native cartilage tissue.
Scaffold with yarn layer
resulted in better
osteochondral repair than
scaffold with sponge
layer, showing superior
cartilage formation that
had higher compressive
modulus and GAG
deposition. Yarn scaffold
showed defect bridging
while sponge scaffold
showed fibrocartilage
formation with
differentiated cells.
Undifferentiated cells led
to defect filling with
rough tissue, which had
higher fibrocartilage
formation, lower collagen
type II deposition, and
GAG depletion.
Neo-tissues in defects for
all three groups integrated
with surrounding tissues.
Tri-layer scaffold showed
>60% of the defect filled
with neo-cartilage,
smoother joint interface,
more cartilage ECM and
collagen type II, and faster
repair rate.

Neo-tissue for
monophasic scaffold had
distinct differences
compared to native
cartilage.

Bioactive glass and DN
hydrogel scaffolds
respectively showed only
cartilage and bone repair.
Bioactive glass scaffold
showed only a thin
fibrocartilage layer. DN
gel showed fine cartilage
regeneration that
integrated with
surrounding cartilage, but
less bone formation. Bi-

(continued on next page)
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Multilayer scaffolds

Study Biomaterial(s) for bone phase  Biomaterial(s) for Additives (e.g., cells,  Animal model, Experimental groups Main findings
(s) cartilage phase(s) growth factors) defect size, time
point(s)
layer scaffold with or
without TGF-p1 repaired
cartilage and bone at the
same time, with positive
staining for toluidine blue
and collagen type II in the
cartilage layer and dense
trabecular bone
integrating with
surrounding native tissue.
TGF-p1 did not
significantly change the
repair outcomes.

Liu X et al. 3D printed hydroxyapatite Hyaluronic acid KGN to induce Rat 2 groups: Addition of drugs showed
(2020) scaffold to release hydrogel to release KGN  chondrogenic Subcutaneous Drug free scaffold, strong ability of scaffold
[128] alendronate differentiation of 6 mm diameter, 3 alendronate & KGN to promote cartilage and

MSCs mm thickness scaffold bone regeneration in their

Alendronate to (scaffold) respective layers, through

induce osteogenic 2 months histology and gene

differentiation of expression. Scaffold could

MSCs anchor the two layers for

Bone marrow MSCs two months without
separation.

Liu et al. Bottom layer: PCL/p-TCP Top layer: diclofenac Bone marrow MSCs Rat 6 groups: Scaffold treatments were

(2021) [95]

Lv & Yu
(2015) [68]

Nordberg
et al.
(2021) [70]

porous scaffold

Mineralised collagen type 1/

B-TCP scaffold

3D printed scaffold with 80%

PCL and 20% TCP

sodium (DC)-loaded
matrix
metalloproteinase
(MMP)-sensitive
methacrylated
hyaluronic acid (MeHA)
hydrogel

Middle layer: MeHA
hydrogel and PCL

Non-mineralised
collagen type II/B-TCP
scaffold

3D printed scaffold with
100% PCL

With or without a
tidemark layer of
electrospun PCL disk

in middle layer, DC
in top layer, KGN in
bottom layer

Bone marrow MSCs

Adipose derived
stem cells
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Knee - femoral
trochlear groove
2.3 mm
diameter, 3 mm
thickness

12 weeks

Dog

Knee - femoral
trochlea

6 mm diameter, 4
mm thickness
12, 24 weeks

Mini pig

Knee - trochlear
groove

8 mm diameter, 6
mm thickness

4 months

Blank control, scaffold
only control, scaffold
with DC/KGN, scaffold
with DC/KGN/cells,
scaffold with KGN/
cells, scaffold with KGN

2 groups: Control
(empty), scaffold +
MSCs

5 groups:

Control (empty),
autologous explant,
acellular scaffold with
no tidemark, acellular
scaffold with tidemark,
cell-seeded scaffold

effective in helping
functional recovery of the
joint through
osteochondral repair and
inflammatory
modulation. Treated
animals showed
significant improvements
in ground support force,
paw grip force, and walk
gait parameters. Each of
the additives had
beneficial effect. Cell-
laden scaffolds showed
less cartilage degradation,
increased collagen II
expression, and decreased
IL-1p expression
compared with blank and
scaffold control groups,
and may also help to
relieve inflammation and
joint swelling. DC helps to
further reduce
inflammation. KGN helps
to improve bone
regeneration including
increased trabecular
thickness.

Slight elevation of newly
formed tissue at defect
site. New repair tissue was
semi-translucent and
integrated with
surrounding tissue.
Scaffold was degraded
and absorbed after 24
weeks. Did not evaluate
cartilage markers in the
repair tissue.

Cell-seeded scaffolds
healed defects with closest
resemblance to
autologous explant.
Acellular scaffolds
allowed subchondral bone
repair mimicking native
bone structure, but

(continued on next page)
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Multilayer scaffolds

Study Biomaterial(s) for bone phase  Biomaterial(s) for Additives (e.g., cells,  Animal model, Experimental groups Main findings

O]

cartilage phase(s) growth factors)

defect size, time
point(s)

Ruan et al.
(2017) [61]

Seol et al.
(2015) [55]

Seong et al.
(2017)
[127]

Silk fibroin/chitosan/nHA
scaffold

3D printed HA/TCP scaffold

B-TCP scaffold
Formed through sequential
coextrusion

Silk fibroin/chitosan Bone marrow MSCs

scaffold

Alginate hydrogel TGF-p and articular
chondrocytes in

cartilage layer

Collagen scaffold None
Formed through

unidirectional freezing

followed by

lyophilisation to connect

it to the bone phase with

aligned internal pores
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Rabbit

Knee - patella
groove

4 mm diameter, 3
mm thickness

4, 8, 12 weeks

Rabbit

Knee - femoral
patellar groove

4 mm diameter, 6
mm thickness
(blank & hybrid)
or 2 mm
thickness
(hydrogel)

12 weeks

Rabbit

Knee - patellar
groove

6 mm diameter, 6
mm thickness

6, 12 weeks

4 groups:

Control (empty),
cartilage layer scaffold,
bone layer scaffold,
bilayer scaffold with
cells

3 groups:

Control (empty),
hydrogel (cartilage
layer only), hybrid
(bilayer scaffold)

4 groups: Randomly
structured porous
scaffold (R-270), and
aligned channel
scaffolds with different
channel sizes (A-620, A-
270, A-140); numbers
indicate channel
diameter in pm

showed little cartilage
repair with no apparent
cartilage matrix staining.
Acellular scaffold without
tidemark showed
significantly more
volumetric filling
compared to other
scaffold groups,
suggesting that the
tidemark limited cell
infiltration into the
cartilage layer.

Bilayer scaffold showed
sufficient repair in both
chondral and subchondral
layers with no holes in the
centre, while significant
holes were seen in the
control and cartilage layer
scaffolds, or surface
defects in the bone layer
scaffolds. Cartilage layer
scaffold expressed less
collagen type I than type II
while bone layer scaffold
was the opposite. Bilayer
scaffold expressed high
levels of both collagen
type I and II.

Hybrid scaffold produced
cartilage repair tissue that
was morphologically
similar compared to
native cartilage and had
smooth connection to
surrounding tissue, with
evidence of GAG staining.
However, the repair tissue
did not resemble mature
cartilage. Control and
hydrogel groups showed
defects filled with fibrous
tissue.

Aligned pore scaffolds had
better mechanical
properties than random
pore scaffold. Smaller
channel diameter led to
greater compressive
strength.

Aligned pore scaffolds
regenerated superior
osteochondral tissue
compared to random pore
scaffold. Diameter of the
channel greatly affected
tissue regeneration, with
270 pm diameter channels
providing the best
regeneration, for both
subchondral bone and
hyaline cartilage. R-270
scaffold produced fibrous
tissue that did not
differentiate into
cartilage. A-620 scaffold
had fibrocartilage around
the defect edges and
fibrous tissue in the
centre. A-140 scaffold also
formed hyaline cartilage,
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cartilage phase(s)
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Animal model,
defect size, time
point(s)

Experimental groups

Main findings

Shalumon
et al.
(2016) [60]

Microsphere sintered scaffold
with PLGA/nHA (15% nHA)
microspheres

Shen et al.
(2018) [75]

3D printed wollastonite
scaffold containing 8%
MgSiO;

Shimomura
et al.
(2017) [51]

HA or B-TCP scaffold

Microsphere sintered
scaffold with PLGA
microspheres

Fibrin scaffold

MSC-based scaffold-free
tissue-engineered
construct (TEC)

Bone marrow MSCs
in bone part,
chondrocytes in
cartilage part

Bone marrow MSCs

Synovial MSCs

519

Mouse
Subcutaneous

6 mm diameter, 2
mm thickness
(scaffold)

4, 8, 12 weeks

Rabbit

Knee - patellar
groove

4 mm diameter, 4
mm thickness

18 weeks

Rabbit

Knee - femoral
groove

5 mm diameter, 6
mm thickness

1, 2, 6 months

2 groups:
Acellular scaffold, cell-
seeded scaffold

2 groups:
Scaffold with or
without cells

2 groups:
Scaffold with HA or
B-TCP as the bone layer

but with non-uniform
distribution of
chondrocytes and lower
cell density compared to
A-270.

Acellular scaffold
collapsed at 12 weeks
with no sign of
regeneration. Cell-seeded
scaffold showed cell
proliferation and tissue
development, with
progressively more
positive staining for
collagen type II in the
cartilage layer, and OCN
and mineralisation in the
bone layer.
Vascularisation found in
both cartilage and bone
layers. Microspheres were
partially/completely
degraded by 12 weeks.
Scaffold induced
significant regeneration of
cartilage and subchondral
bone, with or without
incorporating cells. Better
cartilage repair in the
group implanted with
cells as the regenerated
cartilage was smoother,
better integrated with
surrounding tissue, and
showed tidemark
formation, although
hyaline cartilage-specific
markers were not
evaluated. Scaffolds with
or without cells did not
show much difference in
bone formation, or gene
expression in both phases.
At 1 months, defects in
both groups were
uniformly covered by
repair tissue. At 2 months,
defects were fully covered
by repair tissue. At 6
months, repair tissues
were continuous with
surrounding cartilage and
complete defect repair
was observed. Both
groups had similar
macroscopic scores.
B-TCP group showed more
fibrous cartilage-like
repair tissue, while HA
group showed hyaline
cartilage-like repair tissue
with better cell
morphology and stronger
toluidine blue staining.
p-TCP group showed
better bone repair, by
bone infiltration and cell
morphology. The bone
layer was fully resorbed at
6 months in the -TCP
group. HA group showed
better mechanical
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point(s)
properties and stiffness
value reaching 73% of
natural osteochondral
tissue, which was
significantly higher than
the B-TCP group.

Sosio et al. HA scaffold Collagen scaffold Autologous Pig 3 groups: Scaffold with or without
(2015) (equine collagen type I) chondrocytes in Knee — medial Control (empty), cells promoted tissue
[102] cartilage layer and lateral scaffold only, scaffold regeneration in the defect,

aspects of with cells and implants integrated

patellar groove with surrounding tissues.

8 mm diameter, 9 Scaffolds with cells were

mm thickness not more advantageous

3 months than scaffolds without
cells. Scaffold without
cells had higher cartilage
repair score. Scaffold with
cells showed repair tissue
with high cellularity but
low GAG production,
while scaffold without
cells showed repair tissue
with low cellularity but
higher and uniform GAG
distribution. Mechanical
properties of both scaffold
groups were similar to
empty control and
significantly lower than
native cartilage.

Stuckensen Subchondral zone: 50% Chondral zone: 40% Human MSCs Mouse 4 groups: Scaffold created by
et al. collagen I, 50% brushite collagen I, 60% collagen (hMSCs) Subcutaneous Control (untreated), unidirectional freezing to
(2018) 11, 10% collagenous dry 4 mm diameter, 2 scaffold, scaffold + create consecutive pores,
[130] weight of chondroitin mm thickness hMSCs, scaffold + which propagate

sulfate (scaffold) hMSCs and maintained perpendicular to the

6 weeks in a bioreactor for 3 chondral surface and
weeks resemble collagen fibre
Osteochondral biopsies arrangement in native
were taken from swine osteochondral tissue.
joints, and defects After 6 weeks
created in biopsy tissue subcutaneous
to create all groups. implantation, scaffolds
Groups were then induced collagen type 2
implanted (biopsy + expression and aggrecan
scaffold) in mouse formation without the
subcutaneous model. need to add growth
factors.

Wang et al. 3D printed PCL/HA scaffold Cartilage cell sheet (cell ~ Bone marrow MSCs Mouse 2 groups: Study was focused on

(2017) [62] sheet group) in bone layer, Subcutaneous Cell sheet, biphasic generating osteochondral
PGA/PLA (biphasic auricular 12 weeks tissue for mandibular

group)

chondrocytes as cell
sheet (cell sheet
group) or seeded in
scaffold (biphasic
group)

520

condyle repair. Both
groups formed mature
cartilage-like tissues, with
typical lacunae and
abundant cartilage-
specific ECM. Bone layer
was filled with bone tissue
in both groups and an
interface formed between
the cartilage and bone
layers.

Cell sheet group had
higher (but not
significant) score for
cartilage regeneration,
and both groups had
similar bone formation.
Few PGA fibres remained
in the cartilage layer of
the biphasic group.
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Wei et al. Porous tantalum Collagen membrane Autologous bone Goat 3 groups: At 16 weeks, almost half
(2019) attached by fibrin glue marrow MSCs in Knee - femoral Control (empty), cell- of the defects treated with
[113] bone layer, head free scaffold, scaffold cell-containing scaffolds

chondrocytes in 10 mm diameter,  with cells in each layer were repaired. Cartilage

cartilage layer 12 mm thickness layer with cells led to

16 weeks better repair than without

cells. In cell-free group,
the repair tissue as mainly
fibrous tissue, while in the
cell-containing group the
repair tissue was hyaline-
like cartilage with lacunae
and stained for collagen
type II. Bone layer with
cells accelerated new
bone formation in the
pores of the tantalum
scaffold, with trabecular-
looking structure.

Xu et al. Chitosan/f-TCP Chitosan None Rat 3 groups: Bilayer scaffold almost
(2021) Knee - femoral Control (empty), completely repaired the
[107] trochlear groove chitosan scaffold, defect at 12 weeks,

1.5 mm bilayer scaffold showing good integration

diameter, 3 mm with surrounding tissue.

thickness There was new bone tissue

6, 12 weeks and a limited amount of
cartilaginous tissue with
expression of collagen
type II. Chitosan scaffold
showed incomplete defect
repair and filling with
fibrous tissue, and almost
no expression of collagen
type II.

Yan et al. Silk fibroin/nano-calcium Silk fibroin None Rabbit 2 groups: Scaffold compressive

(2015) [87] phosphate Knee — one defect Control (empty), modulus was 0.4 MPa in

between lateral scaffold wet state, approaching

& medial natural cartilage.

condyle, one in No acute inflammation or

the opposite site defect collapse for

of the patella scaffold-implanted group.

4.5 mm Cartilage layer showed

diameter, 5 mm new cartilage formation

thickness which stained positive for

4 weeks collagen type II and GAG.
Bone layer showed new
subchondral bone growth
which stained positive for
an angiogenesis marker,
indicating endothelial cell
colonisation, and bone
infiltration was limited to
the bone layer.

Yang et al. Sodium alginate, gelatin and Sodium alginate and Osteogenic and Rabbits 3 groups: 3D bioprinted scaffold
(2019) hydroxyapatite gelatin chondrogenic Knee - femoral Control (empty), cell- was produced with
[101] induced bone trochlea free scaffold, cell chondrogenic and

marrow MSCs

521

4 mm diameter, 7
mm thickness
3, 6 months

seeded scaffold
(cultured for 3 days
before implantation)

osteogenic MSCs
respectively embedded in
the cartilage and bone
layers.

Scaffold integrated with
the subchondral bone and
formed hyaline cartilage-
like tissue, achieving
almost complete repair of
the injured site after 6
months. Quality of
repaired cartilage was
similar to surrounding
native tissue. Improved
mechanical properties
after 3 and 6 months
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(s) cartilage phase(s) growth factors) defect size, time
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compared to initial
scaffold construct, but still
significantly lower
(~20%) of native
articular cartilage.

Yang et al. 3D printed titanium alloy Freeze dried collagen None Rabbit 3 groups: Bilayer scaffold showed

(2021) [76]

Zhang et al.
(2016) [59]

Zhao et al.
(2019)
[137]

scaffold

Poly (l-glutamic acid)
(PLGluA) and chitosan
polyelectrolyte complex
containing PLGluA-grafted
HA composite nanoparticles

Hydroxyapatite

sponge reinforced with
PLGA

PLGIuA/chitosan
hydrogel

Silk fibroin + calcified
cartilage layer (CCL)

BMP-2 in bone layer,
adipose-derived
stem cell spheroids
cultured within
cartilage layer in
presence of TGF-f1
and IGF-1 for 1 week
before implantation

Adipose derived
stem cells (ADSCs)

522

Knee - distal
femoral trochlea
4 mm diameter, 6
mm thickness
4,12, 24 weeks

Rabbit

@ 6 weeks and
12 weeks
Diameter = 4
mm, depth =6
mm

(n=42)

Rabbit

Knee - femoral
intercondylar
fossa

5 mm diameter,
5.5 mm thickness
4, 8, 12 weeks

Control (empty),
monolayer collagen-
PLGA scaffold, bilayer
scaffold

3 groups:

Scaffold with BMP-2 in
bone layer and induced
cell spheroids in
cartilage layer, cell-free
scaffold with BMP-2 in
bone layer, scaffold
only with no cells or
growth factor

4 groups:

Untreated, CCL
scaffold, non-CCL
scaffold + ADSCs, CCL
scaffold + ADSCs

osteochondral tissue
regeneration which
integrated to the
surrounding native tissue,
with similar chondrocyte
morphology and
arrangement. Titanium
bone layer provided
mechanical support which
greatly increased bone
formation and was
important for cartilage
repair. The collagen-PLGA
scaffold had completely
degraded by 12 weeks.
Scaffold with cells and
BMP-2 showed
regeneration of both
cartilage and subchondral
bone. Cartilage repair
tissue integrated with
native cartilage and
showed zonal
organisation, with
positive staining for
collagen type II and GAG.
Subchondral region
showed mature trabecular
bone ingrowth, as well as
tidemark formation.
Scaffold with BMP-2
showed subchondral bone
regeneration but cartilage
was not repaired.
Chondral region at 6
weeks had a thin and
irregular layer of tissue
that integrated poorly
with underlying tissue,
which degraded at 12
weeks and was replaced
by fibrous tissue that did
not stain for collagen type
II and GAG. Bone
regeneration was
observed with thin
trabecular bone.

Scaffold only group
showed limited cartilage
and bone regeneration.
Significant fibrous tissue
in chondral region and
poor bone restoration in
the subchondral region.
Scaffold with CCL
between cartilage and
bone layers had a dense
structure. CCL + ADSCs
group showed the best
surface roughness and
integrity, highest GAG
and collagen type II in the
regenerated cartilage, and
smooth subchondral bone
regeneration. Presence of
CCL enhanced
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(s) cartilage phase(s) growth factors) defect size, time
point(s)
osteochondral repair but
did not affect bone
strength or quality.
Incorporation of ADSCs
helped with repair.
Zhou et al. HA-incorporated fish collagen ~ Chondroitin sulfate- None Rabbit 2 groups: Promoted simultaneous
(2020) [78]  scaffold with larger pores incorporated fish Knee - patellar Control (empty), regeneration of cartilage
(~326 pm) collagen scaffold with groove scaffold and bone layers compared
smaller pores (~128 4 mm diameter, 4 to control, confirmed by
pm) mm thickness gross, histological, and
6, 12 weeks u-CT images. No obvious
long-term inflammatory
response.
Scaffolds with more than two distinct layers
Algul et al. Bone layer: 30% CA/PEC, Chitosan and alginate None Rat 4 groups: Good tissue

(2016) [82]

Chen et al.
(2018) [52]

Flaherty et al.
(2021) [77]

Gao et al.
(2018) [71]1

70% B-TCP
Intermediate: 60% CA/PEC,
40% B-TCP

Layer C: PCL/PEG electrospun
fibre membrane (tidemark)
Layer D: Porous alginate
hydrogel/nHA/BMP-2 loaded
short fibres

Scaffold 1:

HA-collagen (30% collagen &
70% HA in bone layer, 60%
collagen & 40% HA in middle
layer)

Scaffold 2:

Ti-collagen (Porous Ti matrix
in bone layer, PLA in middle
layer)

Poly (N-acryloyl glycinamide)
(PNAGA) N-acryloyl
glycinamide-co-N-[tris
(hydroxymethyl) methyl]
acrylamide (THMMA)
copolymer hydrogel = PNT
hydrogel

Produced by 3D bioprinting in

polyelectrolyte complex
(CA/PEC)

Layer A: Oxidised
sodium alginate & N-
succinyl chitosan (OSA/
NSC) hydrogel

Layer B: Composite
hydrogel of OSA/NSC/
micro-HA (calcified
cartilage layer)

Scaffold 1:
HA-collagen (100%
collagen top layer)
Scaffold 2:
Ti-collagen (Collagen-
PLGA top layer)

PNT hydrogel produced
by 3D bioprinting with
TGF-p1 in top layers

Layer A: FGF-2,
BMP-2, TGF-p1
Layer B: wnt/
p-catenin, micro-HA
Layer 3: None
Layer D: nHA, BMP-
2

Low intensity pulsed

ultrasound (LIPUS)

Bone marrow
concentrate

TGF-p1 in cartilage
part

523

Knee - trochlea
2 mm diameter, 2
mm thickness

6 weeks

Rabbit

Knee — trochlear
groove

5 mm diameter, 5
mm thickness

12 weeks

Sheep

Knee — medial
femoral condyle
8 mm diameter,
10 mm thickness
6 months

Rat

Knee — trochlear
groove

2.5 mm
diameter, 3.3
mm thickness
12 weeks

Control (empty),
placebo (defect filled
with cartilaginous
layer), trilayer (trilayer
scaffold), reference
(MaioRegen®
commercial scaffold)

4 groups:

Control (empty), 3
experimental groups
with LIPUS, growth
factors, and both
growth factors and
LIPUS

4 groups:

HA-collagen and Ti-
collagen scaffolds with
or without bone
marrow concentrate

3 groups:

Control (empty), pure
hydrogel scaffold,
biohybrid hydrogel
scaffold

biocompatibility and
degradation rate, no signs
of foreign body reaction,
vascularisation observed
in the scaffold pores.
Scaffold showed better
healing compared to
commercial product, with
significant improvement
in osteogenesis at 6 weeks,
and significant matrix
formation. There was a
correlation between
scaffold degradation and
new tissue formation.
Inclusion of growth
factors and LIPUS
stimulation in scaffolds
achieved good overall
integration between the
scaffold and host tissue,
and the newly formed
subchondral bone and
cartilage.

Thickness of regenerated
cartilage was in line with
surrounding native
cartilage, and contained
cartilage lacunae.
Potential vascularisation
enhancement.

Scaffold degraded after 12
weeks.

Micro-CT analysis showed
that both scaffolds could
induce bone regeneration,
while cartilage
regeneration was not
evaluated. Scaffold
composition and addition
of bone marrow
concentrate did not
significantly affect bone
regeneration in
osteochondral defects
after 6 months. HA-
collagen scaffold
degraded after 6 months.
Biohybrid scaffold
promotes simultaneous
cartilage and bone
formation, and better
osteochondral repair
compared to pure
scaffold. At 12 weeks,
biohybrid scaffold formed
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sequential layers with p-TCP
embedded in bottom layers

Kang et al.
(2018)
[129]

Bone layer: biomineralised
macroporous PEGDA + N-
acryloyl 6-aminocaproic acid
(A6ACA) = PEGDA-co-A6ACA
cryogel

Korpayev
et al.
(2020) [65]

Bone layer: chitosan, collagen
type I, nHA
Formed by freeze-drying

Levingstone Bone layer: collagen type I,
& Ramesh HA
et al. Intermediate layer: collagen
(2016) [57]  type I, hyaluronic acid
Freeze-dried

Levingstone Bone layer: collagen type I,
& HA
Thompson Intermediate layer: collagen
et al. type I and type II, HA
(2016) [56]

Middle layer: PEGDA-
co-A6ACA cryogel with
columnar pores
Cartilage layer: PEGDA
hydrogel

Intermediate layer:
chitosan, collagen type
11, nHA

Cartilage layer:
chitosan, collagen type
I

Both formed by thermal
gelation

Cartilage layer: collagen
type I, collagen type II,
hyaluronic acid
Freeze-dried

Cartilage layer: collagen
type I and type II,
hyaluronic acid

hMSCs & bovine
chondrocytes in
middle layer, hMSC
aggregates in
cartilage layer

MC3T3-E1 cells in
bone layer, ATDC5
cells in intermediate
and cartilage layers
First cultured in
respective layers for
7 days, then co-
cultured within
integrated layers for
21 days

None

None

524

Mouse
Subcutaneous

8 mm diameter, 5
mm thickness
(scaffold)

4, 8 weeks

Mouse
Subcutaneous
14 days

Goat

Knee - 2 sites;
trochlear ridge,
medial femoral
condyle

6 mm diameter, 6
mm thickness

3, 6, 12 months

Rabbit

Knee — medial
femoral condyle
3 mm diameter, 5
mm thickness

12 weeks

2 groups:
Positive control

(osteochondral tissue),

scaffold with cells

Scaffold implanted after

1 week in vitro

chondrogenic induction

1 group:
Scaffold

3 groups:

Control (empty),
multilayer scaffold,
commercial bilayer
scaffold (Trufit®)

2 groups: Control
(empty), scaffold

a uniform and smooth
layer of new cartilage
with thickness similar to
adjacent cartilage, and
strong staining for GAG
and collagen type II. Good
subchondral bone repair
was indicated by micro-
CT and staining for OCN
and collagen type I. The
pure scaffold exhibited
weaker staining in both
layers.

Scaffold showed
formation of
osteochondral tissue with
a lubricin-rich cartilage
surface. Suggestion that
cells within the scaffold
underwent continuous
differentiation to form
cartilage-like tissue, and
recruited endogenous
cells through the bottom
mineralised layer to form
bone tissue.
Subcutaneous
implantation showed
inflammatory response
towards the scaffold and
infiltration of
inflammatory cells.
Osteochondral repair was
not evaluated.

Multilayer scaffold was
more effective at inducing
osteochondral repair than
other two groups at 12
months, with significantly
better histological scores.
Radiological analysis
showed better
subchondral bone
formation in both defect
sites at 3 months, with
complete bone
regeneration at 12
months. Multilayer
scaffold showed tidemark
and evidence of
neovascularisation at 6
months but fibrocartilage
formation, with more
hyaline cartilage-like
tissue at 12 months.
Multilayer scaffold also
showed better maturation
of cartilaginous tissue
over 12 months and better
integration with
surrounding cartilage
compared to other two
groups.

Scaffold showed better
macroscopic appearance
of repair tissue compared
to the control. Scaffold
enabled native cell
infiltration and
subchondral bone repair,
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Yucekul et al.
(2017) [80]

Bone layer: porous PLLA/PCL
scaffold coated with collagen
type I and p-TCP
microparticles

Middle layer: PLLA mixed
with a colorant (solvent blue)
to form tidemark

Zhai et al.
(2018) [84]

Bone layer: f-TCP scaffold
Intermediate layer: high-
concentration chitosan/
gelatin (2%)

Zhang T et al.
(2017) [83]

Bone layer: 3D printed PLGA/
B-TCP-collagen scaffold
Compact layer: PLGA/TCP

Cartilage layer:
nonwoven PGA felt

Cartilage layer: low-
concentration chitosan/
gelatin (0.5%)

Scaffold integrated by
freeze-drying

Cartilage layer: cartilage
ECM/chitosan

Coated with collagen

I and p-TCP

Autologous
chondrocytes in
cartilage layer

Autologous bone
marrow MSCs

525

Sheep

Knee — lateral
condyles

8 mm diameter,
10 mm thickness
3, 6 months

Goat

Knee — medial
femoral condyle
6 mm diameter, 9
mm thickness

3, 6 months

Goat

Knee - femoral
condyle

6 mm diameter, 8
mm thickness
12, 24 weeks

3 groups:

Control (empty),
scaffold, scaffold with
hyaluronic acid gel

5 groups:

Control (empty),
mosaicplasty, bilayer
scaffold, trilayer
scaffold, cell-free
scaffold

2 groups:
Control (empty),
scaffold with cells

as well as formation of
overlying cartilaginous
layer containing GAGs
and an intermediate
tidemark. Calcification
and vascularisation were
mostly limited to the bone
layer.

At 3 months, scaffold
groups achieved 50-80%
defect coverage with new
tissue, and scaffold with
hyaluronic acid showed
65-80% reduction of the
defect area.

At 6 months, repair was
seen in both scaffold
groups, showing full
defect coverage with new
tissue that had positive
staining for collagen type
1I and aggrecan. However,
the majority of repair
tissue was fibrous
connective tissue in both
groups.

Cell-free scaffold: No
obvious repair, noticeable
depressions in the centre.
Bilayer scaffold: Cartilage
downgrowth into
subchondral bone in some
samples. Less collagen
type Il and GAG
accumulation compared
to trilayer and
mosaicplasty groups.
Fibrosis seen in central
cartilage, with uneven
new cancellous bone and
no interface between
layers. Lower Young’s
modulus compared to
trilayer and mosaicplasty,
which was 65% of normal
cartilage at 6 months.
Trilayer scaffold: No
cartilage downgrowth
into subchondral bone.
Repair tissue achieved
good integration with
native tissue and showed
collagen type II and GAG
accumulation matching
mosaicplasty. Cartilage
repair tissue showed
lacunae and clear
tidemark formation.
Young’s modulus reached
90% of normal cartilage at
6 months.

At 24 weeks, scaffold
group showed relatively
flat femoral condyle
surface but with a small
amount of sinking. Defect
was filled with cartilage-
like tissue although
boundaries were seen
with surrounding
cartilage. Cell
morphology was similar
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to chondrocytes.
Trabecular bone
regeneration occurred,
although looked slightly
different from
surrounding normal
tissue. Young’s modulus
of repair tissue in the
scaffold group reached
0.35 MPa at 12 weeks and
0.55 MPa at 24 weeks,
which was within the
range of healthy human
articular cartilage.

vascularisation in the scaffold pores [82], as well as display good tissue
biocompatibility and degradation rate with no signs of foreign body
reaction in most studies. One study compared the use of HA and p-TCP as
the bone phase of an osteochondral scaffold [51]. The results showed
improved bone infiltration and cell morphology in the f-TCP group at 1
month post-implantation in a rabbit model, but similar repair outcomes
between the two groups at 2 months. Interestingly, the HA group
showed better mechanical properties with stiffness values reaching 73%
of natural osteochondral tissue, which was significantly higher than the
B-TCP group.

Bioactive glass is an amorphous mineral which is gaining increasing
popularity as a type of bone phase material for osteochondral scaffolds.
They contain network modifiers that can trigger a cascade of events to
form a bioactive hydroxyapatite-like surface layer, enhancing bone cell
adhesion and subsequent new bone formation, as well as repair of sur-
rounding soft tissue [108]. Osteochondral scaffolds containing bioactive
glass have shown improved vascularisation and higher compressive
modulus after subcutaneous implantation in a mouse model [73], as
well as successful reconstruction of bone and hyaline cartilage with hi-
erarchical porosity after 12 weeks implantation in a rabbit osteochon-
dral defect [72]. Additionally, the incorporation of bioactive glass may
help to modulate the in vivo scaffold biodegradation rate [73].

Other osteochondral scaffold designs have incorporated specific
ceramic formulations such as aragonite and wollastonite as minerals for
the bone layer. Aragonite is a calcium carbonate material derived from
cockle shell [109], while wollastonite is a calcium silicate mineral
[110], both of which are bioactive and help promote subchondral bone
repair. An aragonite scaffold combined with hyaluronate as the cartilage
phase completely regenerated an osteochondral defect in 6 of 7 animals
at 12 months after implantation in a goat model, exhibiting formation of
hyaline cartilage and subchondral bone with strong integration into
adjacent native tissues [74]. A 3D printed wollastonite scaffold achieved
subchondral bone repair after 18 weeks in a rabbit model, as shown
through p-CT and histological analyses [75]. Both acellular and cellular
scaffolds were found to induce cartilage repair, although scaffolds
containing bone marrow-derived MSCs led to cartilage formation with a
smoother surface and better integrity than cell-free scaffolds, and clear
tidemark formation was only seen in the cellular scaffolds.

Although not a mineral, two studies used titanium alloy as a hard
replacement for the bone phase, which were fabricated into porous
scaffolds by 3D printing [76,77]. Both studies reported successful inte-
gration of the metal scaffold into the surrounding native tissue, when
implanted in a rabbit [76] or sheep [77] osteochondral defect for 6
months, where the increased mechanical support provided by the bone
phase was thought to be important for encouraging cartilage repair.
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2.2. Polymer materials in osteochondral scaffolds

Polymers comprise the majority of materials chosen to construct
osteochondral scaffolds, particularly for the cartilage phase since they
can be fabricated to mimic native cartilage ECM structure and function.
Through various fabrication methods and the addition of other com-
ponents such as minerals, cells, and growth factors, polymers can be
used to create a range of multiphasic scaffold designs and as a matrix for
both the cartilage and bone components. Both natural and synthetic
polymers have been popular choices for osteochondral scaffolds dis-
cussed in this review. Natural polymers are more commonly chosen as
the material(s) for the cartilage phase, since they are derived from
biological systems and are more likely to be compatible with cells or
provide natural cues for cell attachment and growth [111]. When used
in the bone phase, natural polymers can serve as a matrix for ceramic
particles [57,61,78,87,101], which may result in better subchondral
bone regeneration.

Collagen is a ubiquitous component of the ECM in most tissues,
including in both articular cartilage and subchondral bone [2], and is a
popular material choice for fabricating osteochondral scaffolds [112].
Using collagen in the cartilage phase has been shown to enhance artic-
ular cartilage repair with better macroscopic appearance of the regen-
erated tissue [56]. Multilayered scaffolds with an integrated collagen
layer as the cartilage phase were shown to successfully integrate with
the surrounding cartilage and help with the formation of hyaline-like
cartilage tissue in both rabbit [56] and goat [57] osteochondral de-
fects. A collagen membrane as the cartilage phase joined to a porous
tantalum scaffold was shown to improve cell attachment and lead to
hyaline cartilage formation, where almost half of the defects in a caprine
model were completely repaired after 16 weeks [113]. In a canine
model, a collagen type I hydrogel was shown to facilitate cartilage for-
mation with similar thickness to native cartilage and neat arrangement
of collagen fibres [114]. Another canine study showed complete inte-
gration of their collagen scaffold into the surrounding cartilage with no
clear margins, as well as complete scaffold degradation after 24 weeks
with concurrent cartilage repair [68].

Alginate is a versatile biomaterial derived from brown algae, which
is often used in osteochondral scaffolds as a hydrogel. Alginate is
biocompatible and can be processed into a range of morphologies, but its
main limitations are lack of mechanical stability and biodegradability
once implanted [115], which may be improved through the addition of
other polymers to create hybrid materials [52,101]. Using alginate as
the base for the cartilage layer of osteochondral scaffolds has demon-
strated good in vivo tissue biocompatibility, with no inflammatory cells
surrounding the implant [48,82]. In a rat model, alginate scaffolds
showed good degradation and vascularisation in the scaffold pores [82].
In rabbits and sheep, a hybrid scaffold consisting of alginate and
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Summary of preclinical studies which tested gradient scaffold designs in animal models to evaluate osteochondral repair.
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Gradient scaffolds

Study Biomaterial(s) & scaffold design Additives (e.g., cells, Animal model, Experimental groups Main findings

growth factors) defect size, time
point(s)

Barron PLA/PCL co-polymer (70:30) with Bone marrow MSCs Rabbit 3 groups:Control (empty), No inflammation or giant cells. Acellular
et al. functionally graded pore size. Knee — medial cell-free scaffold, cell- scaffolds performed better than cell-
(2016) Pore size increases from 180 pm condyle seeded scaffold seeded scaffolds, showing better lateral
[131] diameter at the top to 200 pm x 600 pm 3 mm diameter, integration with surrounding tissue and

at the bottom surface, with open 1 mm thickness formation of hyaline-like cartilage.

microtunnels through the scaffold 4 weeks Cartilaginous repair tissue for acellular

structure scaffolds stained more strongly for
collagen type II than cell-seeded
scaffolds.

Du et al. Scaffold formed by microsphere None Rabbit 3 groups: Control (empty), Multiphasic scaffold achieved the best
(2017) sintering, with PCL microspheres at the Knee PCL scaffold, multiphasic osteochondral repair. New cartilage
[66] top and HA/PCL microspheres at the 4 mm diameter, scaffold tissue showed intense cartilage-specific

bottom. 3 mm thickness staining and integration with native

0 to 30 wt% HA content of 6, 12 weeks cartilage as well as newly formed

microspheres from top to bottom, at 5% subchondral bone. PCL scaffold showed

increments over 7 layers. limited bone and cartilage repair with
poor quality. Multiphasic group showed
much stronger staining for collagen type
II and aggrecan in the cartilage region, as
well as collagen type I and osteocalcin in
the bone region. Chondrogenic and
osteogenic gene expression verified the
staining results.

Duanetal.  PLGA scaffold with 100-200 pm pore Bone marrow MSCs in Rabbit 3 groups: Control (empty), No significant inflammation. At 24
(2019) size in the cartilage layer and 300-450  cartilage layer Knee — medial scaffold with or without weeks, scaffold with cells showed repair
[91] pm pore size in the bone layer condyle cells in cartilage layer tissue with higher percentage of hyaline-

4 mm diameter, like cartilage and better bone

5 mm thickness regeneration than scaffold without cells,

12, 24 weeks as well as visible tidemark between
cartilage and bone layers. Scaffold with
cells had higher Young’s modulus (91.2
MPa compared to 28.9 MPa for scaffold
without cells) although this was half the
value of native cartilage. Scaffolds with
or without cells had no significant
differences in gene expression of collagen
type I and II, between groups or
compared to native cartilage.

Han et al. Methacrylated gelatin and TGF-p1 Rabbit 3 groups: Control (empty), Scaffold only group formed new cartilage
(2015) carboxymethyl chitosan with different Knee - patellar scaffold with or without matrix at 2 months which was partly
[132] degrees of methacrylation, deep layer groove TGF-p1 integrated with adjacent native tissue,

reinforced with octavinyl-polyhedral 5 mm diameter, but the cartilage-like tissue was too thick

oligomeric silsesquioxanes 6 mm thickness or too thin compared to native cartilage.

Pore sizes were 115 + 30, 94 + 34, and 2 months Scaffold with TGF-p1 showed new

51 + 12 pm in the superficial, cartilage and bone regeneration in the

transitional, and deep layers defect with similar morphology to native
tissue. No evaluation of cartilage-specific
staining or markers.

Kim et al. Low to high concentration of None Rat 4 groups: Sham, control Scaffold regenerated both cartilage and
(2018) tauroursodeoxycholic acid (TUDCA)- Knee — trochlear (empty), scaffold with PLGA  subchondral bone. Low concentration

[100]

PLGA microspheres from bottom to top,
in a glycidyl methacrylate-hyaluronic
acid (MAHA) hydrogel

groove

2 mm diameter,
2 mm thickness
10 weeks

microspheres (PBS instead
of TUDCA), scaffold with
TUDCA-PLGA microspheres
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(25 pMO TUDCA increased osteogenic
differentiation and high concentration
(2500 pM) increased chondrogenic
differentiation.

TUDCA-PLGA group showed more
complete tissue repair compared to PLGA
group, with formation of lacunae and
tidemark although it did not provide
complete tissue restoration. Collagen
type II was increased in the cartilage
layer, but aggrecan expression was not
significantly different compared to PLGA
group. TUDCA-PLGA group showed the
best subchondral bone formation with
higher bone volume percentage,
trabecular number, and trabecular
separation although collagen type I and
osteocalcin expression were similar to
the PLGA group.

(continued on next page)
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Gradient scaffolds

Study Biomaterial(s) & scaffold design Additives (e.g., cells, Animal model, Experimental groups Main findings

growth factors) defect size, time
point(s)

Luetal. Oligo (poly (ethylene glyol) fumerate) IGF-1 in chondral layer,  Rabbit 3 groups: IGF-1 only in Analysis conducted through comparison
(2015) (OPF) hydrogel with gelatin BMP-2 in subchondral Knee — medial chondral layer, BMP-2 only between micro-CT and histology results
[133] microparticles (GMPs), containing IGF-  layer femoral condyle in subchondral layer, IGF-1 for correlation between bone and

1 and BMP-2 in different phases 3 mm diameter, and BMP-2 respectively in cartilage repair. Moderate to strong

3 mm thickness chondral and subchondral correlation between cartilage regularity

6, 12 weeks layers and bone formation, where better
histological features of new cartilage
were associated with better bone
parameters measured by micro-CT.
Each growth factor had different effects
on osteochondral repair. It was thought
that BMP-2 promotes bone formation at
the early stage, while IGF-1 promotes
cartilage protection during later stage.

Mohan PLGA scaffold with opposing gradients TGF-p3, IGF-1 Sheep 4 groups: Gradient scaffold Scaffold only group showed cells with
et al. of chondrogenic (chondroitin sulfate) Knee — medial & only, scaffold with TGF-$3, morphology resembling hyaline
(2015) and osteogenic (p-TCP) PLGA lateral femoral scaffold with IGF-1, cartilage. Cartilage had slight
[86] microspheres condyles microfracture disintegration but near normal integrity

6 mm diameter, compared to native cartilage. TGF-p3

6 mm thickness group had similar repair but received

1 year highest histological score for structural
integrity. IGF-1 group contained a mix of
hyaline and fibrous cartilage or only
fibrocartilage. Both growth factor groups
had normal cellularity and moderate
GAG staining. All scaffold groups had no
inflammatory reaction in the
subchondral bone.
Microfracture produced mostly fibrous
repair tissue and had scattered fissures
with degenerative changes. Cartilage
regenerated by scaffold groups had equal
or superior mechanical properties.

Pan et al. PLGA scaffold with 77/92%, 85/85%, Bone marrow MSCs Rabbit 5 groups: Control (empty), Scaffold with 92/77% porosity in the
(2015) or 92/77% porosity in cartilage/bone Knee — medial & autologous osteochondral cartilage/bone layers showed best
[93] phases lateral femoral plug, 3 types of scaffolds osteochondral repair compared to other

condyles Scaffolds implanted with or ~ porosity combinations, assessed by

4 mm diameter, without MSCs but results histological scores, and gene expression
5 mm thickness not shown for all analyses for collagen type II and aggrecan.

6, 12 weeks

Parisi et al. Gradient concentration of HA/collagen None Rat 1 group: Scaffold Scaffold showed no evidence of
(2020) type Iin 4 layers: 0/100, 10/90, 30/70, Subcutaneous inflammatory response, and allowed
[134] 50/50 15 days infiltration of highly vascularised

Structure formed by freeze-drying fibrous-looking tissue. Some evidence
from immunohistochemistry to show
collagen type I deposition and expression
of some osteogenesis-related proteins
such as osteopontin.

Park et al. PCL scaffold coated with a collagen None Rabbit 3 groups: Control (empty), No severe inflammatory response for
(2016) type II layer. Two types of scaffold Knee - patellar PCL scaffold groups both scaffolds, 3D plotting scaffold had
[97] produced, one by 3D plotting system groove produced by 3D plotting or significantly higher histological scores

with 100/300 pm pore size and one by 5 mm diameter, salt leaching than salt leaching scaffold at 8 weeks.

salt leaching with <100/100-250 pm 5 mm thickness However, both scaffolds showed

pore size in the cartilage/bone phases 4, 8 weeks relatively poor cartilage staining.
3D plotting: Cell ingrowth into scaffold
at 4 weeks and partial defect filling.
Enhanced subchondral bone formation at
8 weeks.

Salt leaching: Less than half of porous
scaffold space was filled with repair
tissue at 4 weeks and top area of scaffold
remained empty. Empty space decreased
with time but top area of scaffold was
still empty at 8 weeks, and subchondral
bone formation was hardly observed.

Ruvinov Alginate hydrogel with TGF-p1 and TGF-f1 in cartilage Mini pig 2 groups: Scaffold with growth factors resulted in
et al. BMP-4 respectively in cartilage and phase, BMP-4 in bone Knee — medial Scaffold with or without significantly higher histological scores
(2019) bone phases phase femoral condyle growth factors than scaffold without. Growth factor
[81] 6 mm diameter, scaffold showed formation of a

8 mm thickness
6 months
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continuous cartilage layer, with
chondrocyte morphology, cell density,
and proteoglycan deposition similar to

(continued on next page)
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Gradient scaffolds

Study Biomaterial(s) & scaffold design Additives (e.g., cells,

growth factors)

Animal model,
defect size, time

Experimental groups Main findings

point(s)

Human bone marrow
MSCs and TGF-p3 or
BMP-2 in bone layer,
human nasal
chondrocytes in
cartilage layer

Studle
et al.
(2018)
[98]

PEG hydrogel with human MSCs and
TGF-p3 or BMP-2 in bone layer, and
human nasal chondrocytes in cartilage
layer

Zhang Y
et al.
(2017)
[92]

PLGA scaffold with 92% porosity in
cartilage and bone layers, cartilage
layer has 50-100 pm pore size and 300
pm thickness, bone layer has 300-450
pm pore size and 3.4 mm thickness,
joined with an adhesive layer of PLGA
film with 300 pm thickness

Autologous PRP

Mouse
Subcutaneous
Hydrogel volume
of 35 pL for bi-
layer scaffold

2, 4, 8, 12 weeks

Rabbit

Knee — medial
femoral condyle
4 mm diameter,
4 mm thickness
4, 12 weeks

surrounding healthy cartilage.
Cartilaginous ECM stained strongly for
collagen type II. Scaffold without growth
factors had inhomogeneous staining,
with repair tissue lacking normal
organisation and defect was filled mainly
by fibrocartilage that stained faintly for
collagen type II.

Micro-CT showed incomplete bone
formation in both scaffold groups,
although growth factor scaffold achieved
a higher degree of bone restoration.
Experiment 1: Whether TGF-p3 was
immobilised or not, scaffolds showed
significant cartilage tissue formation in
both layers which stained for collagen
type Il and X. Tissue in the cartilage layer
showed hypertrophy at 12 weeks, while
tissue in the bone layer never developed
into mature bone. Immobilisation or not
of TGF-p3 did not affect the amount/
distribution of cartilage or the efficiency
of bone formation.

Experiment 2: When TGF-$3 was
replaced by non-immobilised BMP-2,
scaffold formed a clear bi-layer
configuration at 12 weeks. Non-
hypertrophic cartilage tissue that stained
for collagen type II and GAG but not
collagen type X was seen in the cartilage
layer, while the bone layer generated
ossicles containing bone and marrow
suggesting endochondral ossification.
BMP-2 allowed the formation of
phenotypically stable hyaline-like
cartilage and orderly osteochondral
tissue.

Scaffold with PRP showed the highest
scores for gross appearance and
histology, and highest expression of
collagen type II and aggrecan in the new
tissue. Scaffold without PRP showed
more irregular surfaces and fewer
lacunae in the repair tissue. Gene
expression for collagen type II and
aggrecan was significantly higher in the
scaffold with PRP, but similar between
scaffold groups for collagen type I and X.
Micro-CT showed similar amount of
mineralised subchondral bone formation
in both scaffold groups, which was
higher than in the empty control group.

Experiment 1: 3 groups:
MSCs in bottom layer with
no TGF-$3, non-
immobilised TGF-B3, or
immobilised TGF-p3
Experiment 2:

2 groups:

MSCs in bottom layer with
or without BMP-2

3 groups: Control (empty),
bilayer scaffold with or
without PRP

BCP: biphasic calcium phosphate; BMP: bone morphogenetic protein; ECM: extracellular matrix; FGF: fibroblast growth factor; GAG: glycosaminoglycan; GelMA:
gelatin methacrylate; HA: hydroxyapatite; hMSC: human mesenchymal stem cell; kartogenin (KGN); nHA: nano-hydroxyapatite; MSC: mesenchymal stem cell; PBS:
phosphate buffered saline; PCL: polycaprolactone; PEG: poly(ethylene glycol); PEGDA: poly(ethylene glycol) diacrylate; PGA: poly(glycolic acid); PGS: poly(glycerol
sebacate); PLA: poly(lactic acid); PLGA: poly(lactic-co-glycolic acid); PLLA: poly(i-lactic acid); PRP: platelet rich plasma; PVA: poly(vinyl alcohol); TCP: tricalcium

phosphate; TGF: transforming growth factor.

hyaluronic acid in the chondral layer showed evidence of repair and
integration with host cartilage [48].

Chitosan is derived from chitin found in the shells of crustaceans,
offering the advantages of biocompatibility, biodegradability, and low
toxicity together with having structural similarities to glycosaminogly-
cans (GAGs) found in cartilage ECM [116]. It is possible to fabricate
chitosan-based scaffolds with mechanical properties approaching the
range of native articular cartilage in strength and modulus [117,118]. A
chitosan-based cartilage layer pressed onto a compact bone layer to form
an osteochondral scaffold reached compressive modulus of 0.8 MPa,
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which helped promote hyaline cartilage formation after 24 weeks in a
goat model [83]. A bi-layer scaffold comprising chitosan in the cartilage
layer and chitosan/p-TCP composite in the bone layer led to almost
complete defect repair in a rat model after 12 weeks, with evidence of
hyaline cartilage formation and integration of the newly formed tissue
with surrounding cartilage [107].

Silk fibroin is a protein derived from silkworm cocoons, and has been
used in osteochondral scaffolds for both cartilage and bone regeneration
due to its higher mechanical properties compared to most other natural
polymers [46]. Silk fibroin-based multilayer scaffolds have been shown



R. Chen et al.

Table 3

A summary of animal models used for testing osteochondral scaffolds.
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Animal Advantages Disadvantages Typical Representative studies
model intervention time
Mouse/ e Lower maintenance cost e Do not well replicate human osteochondral 2-12 weeks [67,71,82,95,100,136]
Rat eReadily available anatomy
eShort study time e Mainly for proof-of-concept studies
Rabbit e Easy to source e Mainly for proof-of-concept studies 4-24 weeks [47-49,51-56,59,61,64,66,72,75,76,78,
eLess maintenance compared to large e Cartilage thickness is too thin compared to 79,85,87,89-93,97,99,101,124-127,
animals human cartilage 131-133,137]
eHas similar bone mineral density to
humans
Dog e Susceptible to cartilage diseases and e Social and ethical considerations in their use as 12-24 weeks [68,114]
have limited cartilage regeneration animal models
capabilities
Sheep/ o Joint loading conditions are comparable e Prolonged study time 3-6 months [48,57,74,77,80,83,84,86,88,94,113]
Goat to humans e High cost for maintenance
eCan adopt clinically used surgical e Cartilage layer is thinner compared to humans,
techniques causing defect being mostly in the subchondral
eProportion of cartilage to subchondral bone area
bone is similar to humans
eProgression of osteochondral repair is
similar to humans
Pig/ e Like humans, has limited capability for e Prolonged study time 3 months to 1 [63,70,81,102]
Minipig osteochondral repair e High cost for maintenance year
e Structural and weight-bearing properties e Has different knee range of motion compared to
of the joint similar to humans humans
Horse e Higher accessibility of the joint e High costs 6 months [96,123]

e Similar biochemical composition and
cartilage thickness compared to humans
Similar bone density compared to
humans

Naturally suffer from osteochondral
diseases and other joint injuries

surgery

Source of animal model is limited
Animal undergoes immediate load-bearing post-

to promote cell adhesion and proliferation, as well as tissue infiltration
and osteochondral repair in vivo [47,61]. Moreover, silk scaffolds can be
made with compressive modulus reaching 0.4 MPa [87], approaching
the range of human articular cartilage. Satisfactory osteochondral
regeneration in rabbits was observed in all studies, although one re-
ported signs of a foreign body reaction [87].

Gelatin is another natural polymer that has been used quite
frequently in osteochondral scaffolds, but either in combination with
other natural polymers or in the form of gelatin methacrylate (GelMA).
One example is a 3D bioprinted gelatin and alginate scaffold, which
integrated well into the subchondral bone and formed hyaline cartilage
similar to surrounding native tissue, achieving almost complete defect
repair together with improvement in mechanical properties over 6
months in a rabbit model [101]. A gelatin and chitosan scaffold as the
cartilage layer integrated to a bone layer of p-TCP seeded with MSCs
demonstrated satisfactory scaffold integration with surrounding tissues
at 1 month after implantation in goats, as well as better cartilage for-
mation and increased collagen II content at 6 months compared to
cell-free scaffolds and empty defects, matching the repair outcomes of
gold-standard mosaicplasty [84]. Mechanical testing at 6 months also
indicated Young’s modulus values reaching 90% of normal tissue, which
was the same outcome as mosaicplasty. A 3D printed GelMA scaffold
with nano-HA doped in the bone/intermediate layers was found to form
new repair tissue in all scaffold layers, with a faster repair rate in the
cartilage region and higher collagen type II formation compared to
monophasic scaffolds [53].

It is worth mentioning that when natural polymers are used in the
bone phase of an osteochondral scaffold, they usually provide a matrix
that is reinforced using ceramic particles such as HA. Natural polymers
can be used to improve HA mineralisation [119] and create composite
hydrogel or scaffold structures resembling the structure and composi-
tion of natural bone, which may assist in scaffold integration with the
surrounding tissue after implantation. For example, one study used a
combination of silk fibroin and chitosan in the cartilage phase, and the
same polymers together with nano-HA in the bone phase [61]. Both
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chondral and subchondral layers achieved satisfactory repair in a rabbit
model after 12 weeks, and better overall repair was noted for the bilayer
scaffold compared to the individual layers implanted as separate scaf-
folds. The repair tissue in the bilayer scaffold had no holes in the centre,
while visible vacancies were observed in the cartilage/bone monolayer
scaffolds at 12 weeks. Moreover, the bilayer scaffold induced expression
of both collagen types I and II as seen through immunofluorescence
staining, while monolayer scaffolds only showed strong expression of
either collagen type I (bone layer scaffold) or collagen type II (cartilage
layer scaffold).

Synthetic polymers are fabricated by the polymerisation of synthetic
monomer chains. Unlike natural polymers, they are less favourable for
cell adhesion and are generally not bioactive. Nevertheless, synthetic
polymers demonstrate better and more tailorable mechanical properties
to replicate native tissue biomechanics, due to the ability to easily adjust
monomer arrangements during fabrication [120], which is important
considering the weight-bearing function of osteochondral tissue. Syn-
thetic polymers also benefit from more controlled and consistent prop-
erties compared to natural polymers, which may have larger
batch-to-batch variations due to their biological origin. Studies on
osteochondral scaffolds have used synthetic polymers for both cartilage
and bone layers, frequently with the addition of growth factors or cells
to overcome their inertness and improve regeneration outcomes [91,
98]. For the bone phase, synthetic polymers can be reinforced with
ceramic particles to improve subchondral bone regeneration [59,69],
which also indirectly helps cartilage regeneration due to enhanced
scaffold mechanical strength and integration between layers.

PLGA, a copolymer of lactic acid and glycolic acid, is the most
commonly chosen synthetic polymer to construct osteochondral scaf-
folds, due to its biocompatibility and highly tailorable properties
including mechanical characteristics and biodegradability [121]. PLGA
scaffolds can be constructed with varying pore geometry in the cartilage
and bone layers to form bilayer osteochondral scaffolds, which have
shown good repair in rabbit models [91,93]. When the cartilage layer
was added with MSCs, the compressive modulus of PLGA scaffolds
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Summary of clinical studies which evaluated osteochondral repair using commercially available scaffolds.
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Study

Scaffold type,
implantation

Injury type & defect size

Patients, follow-up duration

Main findings

Berruto et al.
(2016) [139]

Brix et al.
(2016) [140]

Christensen
et al. (2016)
[141]

Condello et al.
(2018) [142]

Gabusi et al.
(2018) [143]

Kon et al.
(2018) [144]

MaioRegen®

MaioRegen®

MaioRegen®

MaioRegen®

MaioRegen®

MaioRegen®

Spontaneous osteonecrosis of the knee
(SPONK)
Mean 3.47 + 1.75 cm? (range 1.5-7.5)

Single osteochondral lesion on femoral
condyle, with lesion size >1.5 ccmm?? aatt
the surface/maximal depth of 1.5 cm
Mean 2.07 cm? (range 1.5-3.75)

Osteochondral lesion, with lesion size <6 cm?

6 knee lesions, 4 talus lesions
Mean 3.0 + 1.9 cm?

Cartilage lesions in early knee osteoarthritis
of III or IV degree by ICRS

19 microtraumatic or degenerative, 7 post-
traumatic (not acute)

Size of defect/scaffold unspecified

Knee osteochondritis dissecans focal lesions
1.5-4 cm?

Knee chondral and osteochondral lesions
Mean 3.4 + 1.5 cm?

11 patients

<65 years selected

Mean age 52.1 + 9.6 years (range
35-64)

Time: 1, 2 years

8 patients

15-55 years selected

Mean age 37 years (range 15-51)
Time: 6, 12, 18, 24 months

10 patients

18-50 years selected
Mean age 27 + 7 years
Time: 1, 2.5 years

26 patients

Mean age 43.8 & 11.2 years, mean
symptoms duration 20.0 + 14.9
months

Time: mean 35 months

14 patients
Mean age 23.6 + 8.6 years
Time: 3 months, 1 year

100 patients
Mean age 34.0 & 10.9 years
Time: 6, 12, 24 months
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At 2 years, subjective IKDC (40 + 15.0 to 65.7 +
14.8) and Lysholm Knee Scale (49.7 + 17.9 to
86.6 + 12.7) scores improved significantly from
pre-operation, while VAS scores decreased (6.3 +
2.5 to 1.6 £ 2.7). No significant differences in
Tegner Activity Scale score compared to pre-
operation. 9 of 11 patients had successful clinical
outcome, but 2 were symptomatic at 18 months
post-implantation and progressed to condylar
collapse, and subsequently underwent total knee
arthroplasty.

Assessed by IDKC, Tegner-Lysholm and Cincinnati
scores. All three clinical outcome scores
consistently improved over time without reaching
statistical significance.

At 18 months, 7 of 8 patients showed complete
scaffold integration into the border zone, and 5 of
8 patients showed excellent or good subchondral
ossification. All 8 patients had repair tissue with
intact surface, but repair tissue had
inhomogeneous structure in 7 of 8 patients. T2
mapping data indicated limited quality of repair
cartilage.

Knee patients were evaluated using KOOS, IKDC
and Tegner scores, ankle patients with AOFAS
Hindfoot and Tegner scores.

2 patients were excluded from follow-up due to
treatment failure and re-operation. At 2.5 years, 6
of 8 patients had no or very limited (<10%) bone
formation, and 2 had 50-75% bone formation.
IKDC score improved from 71.3 to 80.7, and KOOS
pain subscale improved from 63.8 to 90.8. No
improvements were found in the remaining KOOS
subscales or other outcome scores. No
improvements were seen in the talus patients.
Study advised to “use the MaioRegen® scaffold
with caution”.

VAS, Lysholm, IKDC subjective score, and KOOS
subscales showed significant improvement in in
69% of patients, while 31% of patients did not
reach significant improvement and were
considered as clinical failure. Previous surgical
procedures found to be significantly correlated
with worse outcome in KOOS pain, KOOS sport,
KOOS quality of life, and IKDC.

Complication rate was 11%, with no surgical
failure but 1 case of scaffold resorption and 2 cases
of joint stiffness. MOCART showed complete
cartilage filling in 63.2% of lesions and complete
graft integration in 47.4%, while subchondral
bone appearance was considered normal in
42.1%.

Evaluated serum biomarkers of cartilage
(fragments or propeptide of type II collagen:
CTXII, C2C, CPII) and bone (TRAP5b, OC)
turnover. Cartilage (CPII) and bone (OC) synthetic
biomarkers were significantly increased at 1 year,
while degradative markers (CTXII, C2C, TRAP5b)
were not modulated. Higher remodelling of
cartilage compared to bone tissue.

IKDC score increased significantly at 1 year while
Tegner score did not. Considering IKDC score >70
as clinical success, all cases with both CPII >300
pg/mL and C2C/CPII <0.35 presented clinical
success.

Scaffold was compared to bone marrow
stimulation. Primary measurement was IKDC
subjective score at 2 years, secondary were KOOS,
IKDC Knee Examination form, Tegner, and VAS
pain scores.

Significant improvement in all clinical scores at 2
years compared to baseline, but no significant
differences between the two treatment groups.

(continued on next page)
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Study Scaffold type,
implantation

Injury type & defect size

Patients, follow-up duration

Main findings

Perdisa et al. MaioRegen®
(2018) [145]

Sessa et al. MaioRegen®
(2019) [146]

Sessa et al. MaioRegen®
(2021) [147]

Verdonk et al. MaioRegen®
(2015) [148]

Dell’Osso et al. Trufit®

(2016) [151]

Knee osteochondritis dissecans with ICRS
grade III to IV lesions
Mean 3.4 + 2.2 cm?® (range 1.5-12)

Knee articular defects in the femoral condyles
or trochlea, ICRS grade III or IV, meeting
early OA criteria

Mean 3.2 + 1.9 cm?

Juvenile knee osteochondritis dissecans with
ICRS grade III or IV
Mean 3.2 + 1.8 cm?

Knee osteochondral defects involving the
femoral condyles, patella or trochlea

All included defects were ICRS grade IV
Mean 3.7 cm? (range 1-10)

One or more focal osteochondral lesions of
the femoral condyles

Size of scaffold was 7 mm in 5 cases, 9 mm in
26 cases and 11 mm in 12 cases

27 patients

Mean age 25.5 + 7.7 years (range
14-42)

Time: 12, 24, 36, 48, 60 months

22 patients (5 with multiple lesions,
total 27 defects)

Mean age 39.0 + 8.2 years

Time: 24, 60 months

20 patients

<18 years selected

Mean age 16.2 + 1.4 years, mean
symptoms duration 20.2 + 17.9
months

Time: 1, 2 and mean final follow-up
at 6 years (5-7 years)

38 patients

12-65 years selected

Mean age 30.5 & 11.9 years (range
15-64), mean symptoms duration
17.2 + 22.3 months

Time: 3, 6, 12, 18, 24 months

30 patients reviewed, 19 received
one implant and 12 received
multiple implants (total 43
implants)

Mean age 60.57 years (range
32-79)

Time: 6, 12, 24, 48 months
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Subgroups with deep osteochondral lesions and
sport active patients showed significantly better
IKDC subjective outcome in scaffold treatment
group. Severe treatment-related adverse events in
3 patients in scaffold group and 1 in bone marrow
stimulation group. MOCART score showed no
significant differences between two treatment
groups.

All patients showed significant improvement in
clinical scores. IKDC subjective score significantly
improved from 48.4 + 17.8 to 82.2 + 12.2 at 2
years and then remained stable for up to 5 years
post-operation. Tegner score increased from 2.4 +
1.7 to 4.4 + 1.6 at 2 years and reached 5.0 + 1.7
at 5 years (almost pre-injury level). MOCART
score was stable between 24 and 60 months.
Subchondral bone regeneration showed
significant improvement in total score between 2
and 5 years, although abnormalities persisted
until the last follow-up.

All scores improved at 2 year follow-up and
remained stable at final follow-up. IKDC
subjective score improved from 42.8 4+ 13.8 to
74.9 + 20.4 at 2 years and remained stable for up
to 5 years. IKDC objective score significantly
increased, with 12 knees considered ‘normal’ or
‘nearly normal’ at baseline, 19 at 2 years and 20 at
5 years. Tegner score improved significantly from
3.3+ 2.7 to 4.7 &+ 2.1 at 2 years and remained
stable at 5 years. However, activity level never
reached pre-injury level.

Complication rate was 8.3% with 2 patients
undergoing re-operation. Comprehensive
definition of failure (surgical and clinical criteria)
identified 16.6% failed patients.

All scores showed significant improvement. IKDC
subjective score improve from 50.3 + 17.4 to 75.3
+ 14.6 at 1 year, 80.8 & 14.6 at 2 years, and 85.0
=+ 9.3 at 6 years. Tegner score improved from 2.6
+ 1.4 to 5.5 £ 2.0 at 6 years, although not to the
level prior to symptom onset. Longer symptoms
duration negatively influenced IKDC subjective
and Tegner scores up to 2 years but did not affect
final outcome. MOCART 2.0 score showed
significant improvement between 1 year and final
follow-up, although there were persistent MRI
abnormalities at the subchondral bone level.

No surgical failures, but 4 patients presented post-
operative complications, with 2 cases of joint
stiffness, 1 with persistent swelling, and 1 trauma.
All were treated and the complication was
resolved.

Significant improvement in all KOOS subdomains
and VAS scores (at each interval) and Tegner
scores (at 3 and 24 months). Significant
improvement in MOCART scores during 24
months post-operation.

Scaffold treatment failed in 2 (5.3%) patients, and
2 patients had persistent pain who underwent
knee arthroplasty respectively at 14 and 20
months. MRI showed hypertrophic defect filling in
15 of 36 knees (41.7%) at 24 months, as well as
bone marrow changes (oedema or cysts) in 33
patients (91.7%). Intralesional osteophytes were
seen in 2 patients.

One of the 31 cases was switched to knee
arthroplasty. Of the other 30 cases, Lysholm Knee
Scoring Scale improved from average of
50.40-76.2 at 6 months and 87.1 at 48 months.
MRI showed progressive partial scaffold
integration but poor integration at the scaffold
centre. Integration was almost complete at longer
follow-up. Integration failure was noted in one
case. Lack of complete resorption at 4 years. Study
suggested that longer follow-up was necessary.

(continued on next page)
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Table 4 (continued)
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Study

Scaffold type,
implantation

Injury type & defect size

Patients, follow-up duration

Main findings

Dhollander
et al. (2015)
[150]

Di Cave et al.
(2017) [149]

Krych et al.
(2016) [152]

Shivji et al.
(2020) [153]

Wang et al.
(2021) [154]

Trufit®

Trufit®

Trufit®

Trufit®

Trufit®

One focal cartilage defect involving the
femoral condyle, patella, or trochlea
Defects <2 cm? chosen

Mean 0.83 cm? (range 0.38-1.58)

7 traumatic, 9 focal non-traumatic (focal
degenerative), 4 osteochondritis dissecans

One focal osteochondral lesion of the talus
(OLT)
Defects <15 mm diameter chosen

Focal cartilage lesions of the femur on the
medial or lateral condyle, or trochlea
Defects 1.5-6 cm? chosen

Chondral lesion area averaged 320-390 mm?
across groups, patients in each group were
treated with 1-4 scaffolds

Full-thickness chondral lesions of the knee
Defect sizes unspecified; defects were mostly
located in the medial femoral condyle with
some in the lateral femoral condyle, trochlea,
and patella

Single cartilage lesion of medial or lateral
femoral condyle, or trochlea classified as
Outerbridge grade III or IV

Defects 1-6 cm? chosen

Mean 3.0 + 1.7 cm? in scaffold group, 2.2 +
1.8 cm? in microfracture group

Patients were treated with average 2.5 plugs
per case

20 patients

Mean age 31.65 years (range
17-53), mean symptoms duration
26.3 months (range 2-122)

Time: 6, 12, 18, 24, 36, 48 months
(mean 34.15 months)

12 patients

Mean age 38.6 years (range 22-57)
Time: mean 7.5 years (range
6.5-8.7)

46 patients

Control scaffold: 11 patients, mean
age 38.4 (range 20-51)

Scaffold + PRP: 23 patients, mean
age 39.0 (range 19-54)

Scaffold + BMAC: 12 patients,
mean age 36.1 (18-49)

Time: 12 months

11 patients

Time: mean 121 months for
outcome scores (SD 12 months),
mean 70 months for radiology
(range 77-113)

Scaffold: 66 patients, mean age
42.9 £+ 12.8 years
Microfracture: 66 patients, mean
age 40.7 £+ 11.5 years

Time: 1, 2, 3, 4, 5 years
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Patients showed significant gradual clinical
improvement but this was not confirmed by the
MRI findings. VAS pain and mean total KOOS
scores improved significantly at 12, 18, 24 and 36
months. Tegner activity scale score showed no
significant improvement.

6 of 20 patients (30%) showed persistent or
increased symptoms after scaffold implantation
which did not improve over time, in whom the
scaffold was subsequently removed and replaced
with autologous bone graft. Another 6 patients
underwent revision surgery at 9-20 months after
surgery.

MOCART scores significantly decreased over time,
indicating significant deterioration of the repair
tissue over 24 months. Complete defect filling was
found in 4 cases (30.8%) and synovitis in 3
patients (23%) at 24 months. Bone marrow and
subchondral lamina changes were observed in all
patients. There was no evidence that the scaffold
could support osteoconductive bone ingrowth.
Mean AOFAS score improved from 47.2 + 10.7 to
84.4 + 8 at the last follow-up. According to post-
operative AOFAS scores, 1 case obtained excellent
results, 9 were good, and 2 were fair. VAS score
improved from 6.9 + 1.4 to 1.2 &+ 1.1 at the last
follow-up. 9 patients (75%) declared they were
very satisfied, 3 patients (25%) were satisfied with
reserve, and all patients would have the procedure
again. MRI showed complete defect filling in 50%
of cases, and complete graft integration in 71.7%.
Subchondral lamina was restored in 75% of cases
and intact subchondral bone was observed in
58.3%.

Aim: compare the early MRI appearance,
including T2 values between cartilage defects
treated with scaffold vs scaffold with platelet rich
plasma or bone marrow aspirate concentration
Scaffold with PRP and BMAC both showed
superior cartilage fill compared to the control
group. T2 mapping showed that PRP group had
mean T2 value (49.1 ms) similar to the control
scaffold group (42.7 ms), but BMAC group showed
mean T2 value (60.5 ms) closer to superficial
hyaline cartilage. Scaffold integration in the bone
phase evaluated by MRI did not differ significantly
between groups, and patients showed similar
amounts of mild subchondral oedema.

All outcome scores (OKS, Lysholm, Tegner)
improved at 1-year and latest follow-ups although
there were no statistically significant
improvements in any score at both time points.
Radiology showed that all patients had
incomplete or no evidence of scaffold
incorporation, persistent chondral loss, and
residual oedema or cystic changes in the latter
years.

Both groups showed clinically significant
improvements in knee clinical scores over 5 years.
Mean SF-36 physical component summary (PCS)
scores significantly improved in the scaffold group
from baseline to all post-operative time points, but
remained similar in the microfracture group at all
post-operative time points compared to baseline.
No significant differences in KOS-ADL and IKDC
scores between groups for up to 5 years. Marx
activity level scores in microfracture group
declined over time, while scaffold group showed
significant improvements over 5 years.

MRI showed better tissue repair in the scaffold
group. Microfracture group had significantly more
bony overgrowth of cartilage repair tissue, and
scaffold group showed native cartilage
isointensity in the majority of cases compared to
50% in the microfracture group. Scaffold group

(continued on next page)
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Study Scaffold type,

implantation

Injury type & defect size

Patients, follow-up duration Main findings

Focal chondral-osteochondral knee lesions of
the condyle and trochlea with ICRS grade III-
v

Mean 2.5 + 1.7 cm?®

Kon et al. Agili-cC™

(2016) [155]

Agili-C™ Mild to moderate knee osteoarthritis
according to radiographs (Kellgren-Lawrence
grade 2 or 3) and up to 3 treatable joint
surface lesions (chondral/osteochondral)
Defects 1-7 cm? chosen

Mean 3.0 + 1.7 cm?

Kon et al.
(2021) [156]

Talar osteochondral lesions

Defects >1.5 cm? chosen

Mean 2.5 + 0.8 cm? defect size, 2.4 + 1.9 cm®
defect volume

Kanatli et al. Chondrotissue®

(2017) [157]

had flush cartilage surface while microfracture
group had recessed cartilage surfaces in ~60% of
cases. All scaffold cases at >4 years had complete
cartilage fill, while microfracture cases had <33%
cartilage fill at the same follow-up.

In scaffold group, there was 1 failure due to
persistent pain and progressive osteoarthritic
change treated with knee replacement, and 2 peri-
operative complications treated with reoperation.
Increasing age, high body mass index, prior
microfracture, and traumatic aetiology were
predictors for inferior outcomes in the scaffold
group.

Tapered implants (this study) were compared to
data previously obtained with cylindrical
implants. Tapered implant showed significant
improvements in all clinical scores, at both 6 and
12 months for IKDC subjective score and Lysholm
score. Increase was also seen for all KOOS
subscales. MRI in 19 of 21 patients showed 84%
with >75% defect fill, 84% with complete
cartilage interface, and 89% with intact
subchondral bone. There was no difference
between the level of improvement obtained with
the two implant types in clinical or imaging
evaluations.

The tapered group produced a significantly lower
revision rate (0%) compared to the cylindrical
group (8 cases or 10.5% failure).

Significant improvement on all KOOS subscales
and IKDC subjective score from baseline to 24
months. MRI showed significant increase in defect
filling to 78.7% =+ 25.3% surface coverage at 24
months.

Treatment failure requiring revision surgery
occurred in 8 patients (9.3%).

Significant improvement in AOFAS score from
52.8 + 13.9 to 87.1 + 11.1 at mean follow-up
time. 84.4% of patients had good to excellent
clinical scores. Mean MOCART score was 64.2 +
12.0.

Clinical scores had not significant correlation with
age, lesion size, depth, or body mass index. No
significant correlation between total MOCART
and AOFAS scores. Significant correlation
between defect filling (subgroup of MOCART
score) and clinical outcomes.

Some limitations were identified including lack of
longer-term follow-up, as well as the patient
population being mixed with accompanying
treatments such as ligament reconstruction or
bone grafting.

21 patients (tapered implants in
this study), compared to 76 control
patients (previous data with
cylindrical implants)

<50 years selected

Mean age 31.0 £ 8.6 years

Time: 6, 12 months

86 patients
Mean age 37.4 + 10.0 years
Time: 6, 12, 18, 24 months

32 patients

Mean age 38 + 12 years (range
30-70)

Time: 33.8 + 14.0 months

AOQFAS: American Orthopedic Foot and Ankle Society; BMAC: bone marrow aspirate concentrate; ICRS: International Cartilage Repair Society; IKDC: International
Knee Documentation Committee; KOOS: Knee Injury and Osteoarthritis Outcome Score; KOS-ADL: Activities of Daily Living of the Knee Outcome Survey; MRI:
magnetic resonance imaging; MOCART: Magnetic Resonance Observation of Cartilage Repair Tissue; OA: osteoarthritis; OC: osteocalcin; OKS: Oxford Knee Score; PRP:
platelet rich plasma; TRAP: tartrate-resistant acid phosphatase; VAS: Visual Analog Scale.

reached half of that of normal cartilage at 24 weeks after implantation
[91]. Other types of design variations include incorporating ceramic
particles into a PLGA matrix [49,88,92], integrating PLGA with an un-
derlying titanium scaffold [76,77], and PLGA microspheres for
biomolecule delivery [47,60,86].

PCL is a polyester frequently employed for tissue engineering due to
its affordability and ease of modification [122]. PCL can be used to
produce highly porous bilayer scaffolds that permit greater vascular-
isation in the bone layer compared to the cartilage layer, mimicking the
native structure of osteochondral tissue [50]. PCL scaffolds have shown
satisfactory repair in murine osteochondral models [50,70], with evi-
dence of inflammatory modulation [95]. Interestingly, a study in mini-
pigs noted greater bone regeneration with limited cartilage repair [70].
Some studies have also noted poor degradability [50]. The internal

geometry and composition of PCL-based scaffolds can be modulated
using a variety of additive manufacturing techniques to create multi-
phasic scaffolds for osteochondral repair [64,66,79,94,96].

Other types of synthetic polymers used more sparingly for osteo-
chondral scaffolds included PEG, which was often combined with other
polymers such as PCL [52,63,99], or a bioactive ceramic scaffold base
[72]. Otherwise, PEG could be incorporated with cells and growth fac-
tors to form different phases, which respectively modulate cartilage and
bone formation [98]. A scaffold involving poly(vinyl alcohol) (PVA) in
the cartilage layer and polyamide-6 in the bone layer has demonstrated
chondrogenesis and osteogenesis in the respective layers, as well as
integration with native cartilage and bone, although the scaffold alone
achieved limited bone formation compared to scaffolds containing MSCs
[54]. In a study involving an equine model, the osteochondral scaffold
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was composed of polyetherketoneketone (PEKK) for the bone layer and a
polyurethane elastomer for the cartilage layer [123]. The scaffold was
well tolerated at 12 weeks and defects were mostly filled with stiff and
smooth repair tissue, although the new tissue did not resemble the
composition of hyaline cartilage.

3. Multiphasic scaffold design

Designs for osteochondral scaffolds that involve more than one phase
or biomaterial for supporting cartilage and bone regeneration can be
broadly classified into 1) multilayer scaffolds, which have distinct but
integrated layers that may differ in material composition and scaffold
geometry (Fig. 1), and 2) gradient scaffolds which are generally
composed of homogeneous material(s) but separated into continuous
layers by different sized pores or additional components such as mineral
particles, growth factors, or cells (Fig. 2).

3.1. Multilayer osteochondral scaffolds

Multilayer scaffolds were by far the most popular design for osteo-
chondral repair, with most studies adopting a bilayer structure for
cartilage and bone, while some used a tri- or even four-layer structure
that also included intermediate layer(s) for calcified cartilage (Fig. 3). A
wide variety of fabrication methods were used to create multilayer
scaffold structures, many of which were tailored to the specific combi-
nation of materials used in the scaffold, since natural and synthetic
polymers, and ceramic materials require different sets of processing
techniques. A popular strategy used to create bilayer osteochondral
scaffolds was to fabricate the cartilage and bone layers through rela-
tively separate processes, and then integrate them together through
various techniques such as gluing or creating an interfacial binding layer
[49,54,63,67,83,124-126]. This strategy allows relatively easy creation
of biphasic scaffolds with a wider range of material choices and mor-
phologies for the cartilage and bone components, which may help to
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better satisfy the regeneration requirements of different tissues. How-
ever, the two phases are relatively separate and not connected through
an intermediate phase. Depending on the strength of the interfacial
bonding, delamination of layers may be an issue following in vivo im-
plantation. This problem may similarly affect scaffold designs
comprising a separately fabricated ceramic scaffold [51,72,74,75,102,
1271 or 3D printed scaffold [62,64,88,94,96,128] as the bone phase,
with a different construct usually containing some biological compo-
nents such as growth factors or cells for the cartilage phase. These de-
signs focus on regenerating the subchondral bone, based on the idea that
cartilage restoration will follow from successful bone repair. Other
strategies featuring a more limited set of material choices but better
ability to create indistinct, integrated phases for bilayer scaffolds
include solvent casting and particular leaching [50,87], sequential
freeze drying [61,78,107], and 3D printing [53,70] or bioprinting [79,
101] to deposit connected layers. More adventurous studies have
created tri-layer [56,57,65,129,130] or four-layer [52] osteochondral
scaffolds, each involving customised and multi-step fabrication pro-
cesses that were tailored for the types of materials used.

Studies testing bilayer scaffolds have generally shown that their
design can induce osteochondral repair in various animal models and
restore the defect to a normal state. For instance, a biphasic scaffold
incorporating natural and synthetic polymers as well as ceramic parti-
cles and growth factors in different phases led to successful regeneration
of hyaline cartilage and subchondral bone in a minipig model after 1
year, compared to the empty defect control which regenerated non-
continuous cartilage and overgrowth into the subchondral area [63].
Another study showed that a biphasic design comprising hydrogels with
different composition in the two layers was better at simultaneously
repairing cartilage and bone, producing more hyaline cartilage-like
tissue that stained for collagen type II and overall showing better inte-
gration with the native tissue, compared to a monophasic hydrogel that
only formed a thin fibrocartilage layer [85]. A biphasic scaffold
comprising a 3D printed PCL network for the bone phase and alginate
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bone phase and PEGylated poly(glycerol sebacate) (PEGS) as the cartilage phase. Reproduced with permission [72]. Copyright 2020, Elsevier (C) Multilayered
scaffold (MLS) with a 3D printed bone layer (BL), interfacial compact layer (ICL), and chondral layer (CL) for osteochondral defect (OCD) repair. Reproduced with
permission [88]. Copyright 2018, American Chemical Society. (D) Scaffold with connected subchondral bone, interfacial, and cartilage hydrogel layers deposited by
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acid in the superficial, intermediate, and deep layers. Reproduced with permission [56]. Copyright 2015, Elsevier. (F) Four-layer scaffold comprising various
hydrogels containing HA and short polymer fibres in different phases, joined by an electrospun fibre membrane. Reproduced with permission [52]. Copyright

2018, Elsevier.

hydrogel containing cells for the cartilage phase was tested in both mice
and goats, with both models showing better hyaline cartilage formation
and bone vascularisation for the biphasic design compared to the
single-phase control [94].

Introducing more layers into the osteochondral scaffold design is
becoming an increasingly popular strategy to closely mimic the complex
anatomy of native tissue. A third or fourth layer between the cartilage
and subchondral bone layers can assist in the formation of a tidemark,
mimicking the native interface that separates calcified cartilage from
uncalcified cartilage. This may have a critical role in providing stability
to the newly formed osteochondral tissue, as well as prevent sub-
chondral bone overgrowth into the cartilage region which is linked to
degenerative joint changes [57]. An interesting tri-layer scaffold design
that was tested in both rabbit [56] and goat [57] osteochondral defects
comprised a top layer of type I and type II collagen and hyaluronic acid,
intermediate layer of type I and type II collagen and hydroxyapatite, and
bottom layer of type I collagen and hydroxyapatite, with the intention of
replicating the native transition in biochemical composition within the
osteochondral unit. In rabbits, the scaffold group showed nearly normal
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cartilage repair after 12 weeks, with infiltration of native cells and the
formation of an intermediate tidemark which limited calcification and
vascularisation to occur in the bone rather than cartilage layer [56]. In
goats, the same scaffold produced hyaline cartilage and complete
regeneration of the subchondral bone after 12 months, with the inter-
mediate layer also leading to restoration of the anatomical tidemark
[571. The findings also suggested more effective bone regeneration using
this tri-layer scaffold compared to the commercially available Trufit®, a
bilayer synthetic polymer scaffold. One study reported a complex
four-layer design comprising hydrogels made from combinations of
natural polymers, doped with HA particles and various growth factors to
create the cartilage, calcified cartilage, and bone phases, with the bone
phase separated from the other two using an electrospun membrane as
the fourth phase [52]. This scaffold showed satisfactory osteochondral
repair in rabbits after 12 weeks, with good overall integration between
the scaffold and host tissue in the cartilage and bone compartments, and
thickness of regenerated cartilage matching host tissue. The scaffold
design was thought to enhance vascularisation and provide better con-
ditions for overall osteochondral repair.
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3.2. Gradient osteochondral scaffolds

Gradient scaffolds can be created using a variety of methods such as
3D printing, sequential hydrogel deposition, and addition of micro-
spheres or biological components to create a continuous structure,
composed of the same material(s) but with transitional differences be-
tween phases to enable osteochondral regeneration. For instance,
gradient scaffolds composed of the same material but with variations in
porosity/pore size [91-93,97,131,132], cell types [91,98], growth fac-
tors [81,98,133], or microsphere composition [86,100] to facilitate
simultaneous cartilage and bone regeneration have been reported. Other
gradient designs have used the same material combination but in
different percentages throughout the scaffold, such as increasing HA
concentration from top to bottom in a polymer matrix [66,134].
Gradient scaffolds can benefit from having a continuous structure that
allows cellular communication between layers and possibly better in vivo
integration with native tissue. However, fabrication processes may be
complex or require better control for consistency, and the mechanical
properties of hydrogel-based scaffolds may be insufficient for immediate
weight-bearing.

Studies reporting osteochondral scaffolds with a porosity/pore size
gradient were generally missing control scaffolds with homogenous pore
structure, making it difficult to determine whether porosity/pore size
variations alone can be sufficient for directing cartilage and bone
regeneration in respective compartments. The closest study produced
different combinations of pore structure in the cartilage and bone pha-
ses, concluding that a porosity of 92% in the cartilage phase combined
with porosity of 77% in the bone phase provided the best osteochondral
regeneration in rabbits compared to other combinations [93]. This
porosity combination gave rise to the best cell morphology, matrix
staining, surface regularity, cartilage thickness, integration with adja-
cent cartilage, and the highest expression of aggrecan and collagen types
I and II. The other two porosity combinations tested were 85% in both
layers and 77%/92% in the cartilage/bone layers. Other studies have
adopted the formula of designing smaller pores of 100-200 pm for the
cartilage part and larger pores of 300-600 pm for the bone part, with the
justification that this should control the amount of vascularisation in
different areas of the scaffold to respectively modulate cartilage and
bone regeneration [91,92,131]. Interestingly, the pore size variation
alone did not have a significant effect [131], while biological additives
such as platelet-rich plasma (PRP) appeared to have much greater in-
fluence on the outcome of osteochondral regeneration [92]. Two studies
also reported suboptimal repair using synthetic polymer scaffolds with
pore size gradient alone and no additional factors, where the defect was
filled with fibrous tissue [131] or there was no obvious cartilage repair
[971.

Hydrogel scaffolds containing a growth factor gradient have gener-
ally shown good ability to simultaneously encourage cartilage and bone
regeneration in small and large animal models [81,98,133]. Commonly
chosen growth factors from the transforming growth factor (TGF) and
bone morphogenetic protein (BMP) families were observed to have
differing but also overlapping effects on osteochondral regeneration. For
studies that employed a HA mineral gradient in a PCL [66] or collagen
[134] matrix, the scaffolds have shown potential ability to differentially
modulate chondrogenesis and osteogenesis, with osteogenesis becoming
more likely in layers with higher HA concentration. Other scaffolds have
used a gradient concentration of PLGA-based microspheres [100] or
microspheres with a gradient of chondrogenic/osteogenic induction
factors [86]. The latter has demonstrated better cartilage repair in sheep
compared to the microfracture group after 1 year. Defects filled with the
scaffold group showed cartilage lacunae and stable ECM similar to the
appearance of native hyaline cartilage, visualised by
haematoxylin-eosin and Safranin O staining, while the microfracture
group contained only fibrous tissue.
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4. Addition of biological factors in multiphasic scaffolds

Biological additives such as growth factors and cells are often
incorporated into osteochondral scaffolds, to help create a multiphasic
structure as well as to enhance differential cartilage and bone regener-
ation in respective layers (Fig. 4). The vast majority of studies incor-
porating biological additives reported better osteochondral repair
compared to scaffold-only implants.

4.1. Growth factors in osteochondral scaffolds

Growth factors can be doped into osteochondral scaffolds to promote
cell proliferation and differentiation as well as ECM synthesis, leading to
better tissue repair [135]. Studies incorporating growth factors as part of
the scaffold design have primarily concentrated on the TGF [52,55,58,
62,63,71,79,81,98,99,132,136] and BMP [47,52,59,79,81,98,114,133,
136] families to respectively induce chondrogenesis and osteogenesis.
Other biomolecules such as insulin-like growth factor(IGF)-1 [62,133],
fibroblast growth factor(FGF)-2 [52], interleukin(IL)-4 [64], and kar-
togenin [89,128] have been used. TGF-f is a popular choice due to its
potent action in chondrogenic induction, by stimulating chondrogenic
differentiation and cartilage ECM synthesis in progenitor cells, and
decreasing the activity of catabolic factors such as IL-1 and matrix
metalloproteinases (MMPs) [135]. TGF-p1 incorporated in the cartilage
layer of a biphasic scaffold was shown to aid the repair of both cartilage
and subchondral bone while preventing fibrous tissue formation [63].
TGF-B3 supplementation in a gradient scaffold containing human
chondrocytes in the cartilage part and MSCs in the bone part was shown
to induce strong chondrogenic differentiation and reduce the tendency
of chondrocytes to undergo hypertrophy, as well as induce subchondral
bone formation by MSCs [98]. The same study replaced TGF-$3 with
BMP-2, which interestingly led to hyaline cartilage formation in the
cartilage part with high concentration of GAGs and collagen type II, and
similar subchondral bone formation in the bone part. BMP-2 is
frequently employed to induce osteogenesis, although a comparison
between IGF-1 and BMP-2 in a gradient scaffold showed their differen-
tial effects in osteochondral repair, where BMP-2 prompted bone for-
mation in the early stages while IGF-1 assisted cartilage protection in the
later stages [133]. A study that simultaneously incorporated TGF-p1,
BMP-2 and FGF-2 in different scaffold phases and supplemented the
treatment with Low-Intensity Pulsed Ultrasound (LIPUS) stimulation
found that the inclusion of growth factors accelerated cartilage and bone
repair while also enhancing vascularisation [52].

4.2. Cells in osteochondral scaffolds

A large portion of studies incorporated cells into the osteochondral
scaffold to promote tissue repair. In studies which tested scaffolds in
orthotopic defects, MSCs from various tissue sources were by far the
most commonly chosen cell type [49,51,54,59,61,68,70,75,79,83,91,
95,114,126,131,137], which were mostly derived from the bone
marrow with the few alternate sources being adipose tissue and um-
bilical cord. Other studies have incorporated chondrocytes into the
cartilage layer, either by themselves [55,90,102,124] or at the same
time as having MSCs in the bone layer [94,96,113]. A few studies have
not used isolated cells but rather PRP [92] or bone marrow concentrate
[77]1. The incorporation of cells or cell-containing substances into
osteochondral scaffolds was generally shown to improve the outcome of
repair in various animal models.

MSCs are a natural choice for inclusion into osteochondral scaffolds
due to their ability to differentiate into both cartilage and bone, and are
much easier to source as well as grow in vitro compared to primary cells
such as chondrocytes and osteoblasts [113]. In one study, bone
marrow-derived MSCs subjected to chondrogenic and osteogenic dif-
ferentiation were respectively incorporated into the bone and cartilage
layers of a biphasic scaffold, and found to be involved in osteochondral
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Fig. 4. Examples of scaffold designs incorporating growth factors and/or cells in different layers for osteochondral tissue repair. (A) Multilayered scaffold containing
kartogenin (KGN), bone marrow MSCs (BMSCs), and diclofenac sodium-loaded matrix metalloproteinase (MMP)-sensitive methacrylated hyaluronic acid (MeHA)
hydrogel as well as PCL matrix in different layers to confer anti-inflammatory as well as chondrogenic and osteogenic effects. Adapted with permission [95].
Copyright 2021, Elsevier. (B) Multilayered scaffold with different material compositions and cell types (MT3T3-E1 cells in bone layer, ATDC5 cells in intermediate
and cartilage layers) in various layers. Reproduced with permission [65]. Copyright 2020, Elsevier. (C) Bilayer hydrogel scaffold with BMP-2 in bone layer and
adipose-derived stem cell (ASC) spheroids in cartilage layer (cultured in presence of TGF-p1 and IGF-1 for 1 week before implantation). Reproduced with permission
[59]. Copyright 2016, The Royal Society of Chemistry. (D) Bilayer scaffold with fat pad-derived stem cells (FPSCs) and chondrocytes embedded in various cartilage
layer designs and bone marrow-derived stem cells (BMSCs) in the bone layer, together with representative macroscopic images post-implantation in nude mice.

Adapted with permission [94]. Copyright 2020, Elsevier.

repair in rabbits for a minimum of 4 weeks after scaffold implantation
[54]. The MSCs were thought to enhance the efficiency of bone and
cartilage regeneration in the early stages of tissue repair. Other studies
have similarly shown that scaffolds incorporating cells possessed better
regenerative capability compared to those without [49,113], while one
that included both chondrocytes and MSCs showed that the chon-
drocytes maintained phenotype in the cartilage layer while the MSCs
differentiated into osteogenic cells in the bone layer [107]. Interestingly,
a few studies have noted little difference in regenerative response be-
tween cell-seeded and unseeded scaffolds. A study using
MSC-incorporated scaffolds showed little specificity in the repair tissue
[131], while another using autologous chondrocytes did not show
higher GAG formation compared to an unseeded scaffold [102]. Despite
potential advantages in providing better regeneration, the incorporation
of cells into osteochondral scaffolds requires higher maintenance and
preparation, as well as higher demand for post-manufacture processes
and handling. In addition, a large number of cells is often required to
produce a significant therapeutic response, all of which are associated
with higher costs and may not be desirable from a practical perspective
[2].

A number of studies have investigated the simultaneous inclusion of
cells and growth factors in the osteochondral scaffold. For instance, a
biphasic scaffold inserted in a rat subcutaneous implantation model,
comprising HA scaffold releasing alendronate in the bone layer and
hyaluronic acid hydrogel containing kartogenin in the cartilage layer
was found to strongly promote respective cartilage and bone
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regeneration, as verified by histology and differentiation-specific gene
expression [128]. A study in rabbits subjected adipose-derived stem cells
to chondrogenic differentiation by IGF-1 and TGF-B1 prior to incorpo-
ration into the cartilage layer of the scaffold, which was implanted with
supplementation of BMP-2 in the bone layer [59]. This achieved sig-
nificant subchondral bone formation at 6 weeks, with complete cartilage
and bone regeneration at 12 weeks. Other studies in rabbits showed
complete osteochondral regeneration at 8-12 weeks with cartilage and
bone formation in respective compartments, using biphasic scaffolds
containing chondrocytes and TGF-p in the cartilage layer [55], or MSCs
with TGF- in the cartilage layer and BMP-2 in the bone layer [79].

5. Animal model selection for testing osteochondral scaffolds

An ideal animal species for modelling human osteochondral repair to
provide the greatest relevance to clinical translation should mimic
human injury progression and have similar biological properties such as
biochemical composition and tissue thickness. Among the studies dis-
cussed in this review, osteochondral scaffolds were tested in a variety of
quadrupedal mammals and the progression of repair was studied over
different timeframes. Due to large variations in the modelling method
among studies, even within the same species, it is not clear which model
provides the best predictive utility for scaffold-based osteochondral
repair. A range of factors should be considered when choosing the most
appropriate model for the study, including anatomical/physiological
similarity to humans, accessibility, cost, and ethical implications
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(Table 3).

Small animal models including mice and rats [67,71,82,95,100,
136], and rabbits [47-49,51-56,59,61,64,66,72,75,76,78,79,85,87,
89-93,97,99,101,124-127,131-133,137] are generally more accessible,
being easily sourced and readily available. They are easier to handle and
maintain than larger animals and have shorter healing time, with the
time of intervention for rabbit studies usually falling within 4-24 weeks.
Shorter study time and lower maintenance requirements also result in
lower cost. However, the results obtained using these models may be less
relevant for clinical translation due to anatomical differences compared
to humans, as small animals have small joints, a thin cartilage layer and
intrinsic self-repair capacity after injury, as well as vastly different joint
biomechanics. For these reasons, small animal models are typically used
for proof-of-concept studies. It should be noted that although studies
reporting subcutaneous implantation of osteochondral scaffolds into
mice were included in our review, which can provide information on the
scaffold’s biocompatibility and ability to promote tissue infiltration and
vascularisation, this is an ectopic implantation model and does not
provide direct indication of the scaffold’s ability to achieve osteochon-
dral repair.

Larger animal models such as dogs [68,114], sheep/goats [48,57,74,
77,80,83,84,86,88,94,113], pigs [63,70,81,102], and horses [96,123]
have been used to model osteochondral injuries. These species provide
larger-sized joints, thicker cartilage, and heavier body weight, therefore
providing results with greater clinical relevance since the articular
cartilage structure, progression of osteochondral repair and loads
experienced by the joint are more similar to what is observed in humans
[44]. However, the use of large animal models is limited by practical
considerations, as these species have higher maintenance requirements
and therefore higher cost for animal husbandry. Certain species such as
dogs and horses commonly serve other purposes such as companion
animals or for recreational activities, and sourcing them for preclinical
testing is restricted by availability and ethical considerations. Due to the
longer healing time in large animals spanning several months to a year,
similar to that observed in humans, prolonged study endpoints are
needed to achieve meaningful osteochondral repair, creating practical
challenges for study execution and cost consideration. For example,
sheep/goat and pig models typically require an intervention period of
6-12 months. Long-term studies in large animals provide clinically
relevant evidence for translating the osteochondral solution, such as
long-term in vivo scaffold degradation, continuous formation of new
cartilage and bone and restoration of native tissue anatomy, and dura-
bility of the repair tissue when subjected to prolonged physiological
loading [138].

The majority of preclinical studies testing osteochondral scaffolds
utilised a rabbit model. This is likely because the rabbit provides a good
compromise where it better represents a human joint compared to
smaller rodents, while being more easily sourced, easily maintained, and
cost-effective compared to larger animals. Only two studies reported
scaffold testing in both small and large animal models. Mice and goats
were used in one study [94], although the mouse was a subcutaneous
model and the scaffold was implanted together with cells, which resul-
ted in the formation of some hyaline cartilage-like tissue. The same
biphasic scaffold in the goat model showed some ability to induce
spatially-relevant osteochondral repair, whereby a significantly higher
amount of cartilage was observed in the chondral as opposed to the
osseous region, although the quality of the tissue in the osseous region
was quite variable and one animal also showed a collapsed defect. The
other study showed some consistency in results using both a rabbit and
sheep model [48]. In the rabbit, the scaffold showed lower bone for-
mation compared with a commercial product at 8 weeks, while in the
sheep, the scaffold showed evidence of repair and tissue integration in
the cartilage layer but incomplete regeneration in the bone layer at 6
months. The scaffold showed slow resorption in both models.

Among studies which used large animal models, only 5 had an
endpoint of longer than one year. Although shorter-term studies all
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reported evidence of osteochondral repair in a range of large animals,
the extent of repair was often incomplete and the outcomes of these
studies might not provide a good indication for long-term structural
repair of the joint. Where possible, longer studies should be designed to
demonstrate the durability and effectiveness of osteochondral repair
using scaffold-based approaches, with the intention of establishing
clinical relevance and predictability of the research outcomes in
humans. Where possible, an adequate sample size should be used when
testing osteochondral scaffolds in large animals, as current studies are
typically limited to a small number of animals (<10 across all groups)
for models using dogs, sheep, pigs and horses, Additionally, there is a
need for better standardisation of methods to create osteochondral de-
fects and assess repair outcomes for studies using the same animal
species, to enable better comparability of results across different scaffold
designs. On this topic, trends in the selection of animal models to assess
osteochondral repair using biomaterials [44] and evaluation methods
[45] have been discussed in recent reviews. Analysis of studies in the last
10 years suggests that small animals are typically used for testing
degradation, biocompatibility, and biomaterial interactions with host
tissues in non-load bearing regions such as the femoral groove, while
large animals tend to have defects created in load bearing regions such
as the medial femoral condyle for testing durability and repair outcomes
of biomaterials [44]. Evaluation methods used are dominated by his-
tological/histomorphometric and biomechanical analyses [45]. How-
ever, significant heterogeneity exists among studies regarding animal
characteristics (breed, age, sex, size), surgical protocols, osteochondral
defect location and dimensions, timepoints of outcome evaluation, and
choice of evaluation methods for the same type of animal model.

6. Current outcomes of osteochondral scaffolds in clinical
studies

Currently, four types of commercially available scaffolds have been
reported in clinical studies published between 2015 and 2021 (Table 4).
These include MaioRegen® from Finceramica Italy [139-148], Trufit®
from Smith & Nephew USA [149-154], Agili-C™ from CartiHeal Israel
[155,156], and Chondrotissue® from BioTissue Switzerland [157]. The
MaioRegen® is a tri-layer scaffold, while Trufit® and Agili-C™ are
bi-layer scaffolds, and Chondrotissue® is a single layer scaffold. All
scaffolds were designed for cell-free implantation and applied as such in
clinical studies, except for one study using Trufit® which immersed the
scaffold in PRP or bone marrow concentrate prior to implantation [152].

MaioRegen® is composed of collagen and HA arranged into layers by
freeze drying. This tri-layer scaffold includes a top layer of collagen type
I, intermediate layer of 60% collagen and 40% HA, and bottom layer of
30% collagen and 70% HA. Clinical studies using this scaffold have been
reported since 2011, for the treatment of a variety of osteochondral le-
sions including most commonly the femoral condyles, tibial plateau,
patella, and talus [158]. The more recent studies have investigated the
use of MaioRegen® in a range of age groups, including juveniles [147],
young adults [141,143,145], and middle-aged to elderly patients [139,
140,142,144,146,148]. In juvenile knee osteochondritis dissecans
(OCD), MaioRegen® achieved stable improvement over time with In-
ternational Knee Documentation Committee (IKDC) subject score of
50.3 + 17.4 at 1 year to 85.0 & 9.3 at 6 years (higher score equates to
better symptomatic and functional outcomes; maximum score 100), and
Tegner score of 2.6 &+ 1.4 pre-operation to 5.5 + 2.0 at 6 years (higher
score equates to better symptomatic and functional outcomes; maximum
score 10) [147]. However, persistent abnormal magnetic resonance
imaging (MRI) findings were seen at the subchondral bone level in this
study. In young adults 25 + 7 years of age, one study showed significant
improvement in clinical scores for all patients treated with MaioRegen®
at 5 years post-implantation [145], while another showed evidence of
repair at 1 year [143]. However, a study reporting a similar age cohort
but osteochondral lesions due to OCD, trauma and subchondral bone
cyst, in both knee regions and the talus, suggested fewer promising
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outcomes [141]. No or very limited bone formation was observed in 6
out of 8 patients, and the remaining 2 patients had 50-75% bone for-
mation. No improvements were shown by MRI or Magnetic Resonance
Observation of Cartilage Repair Tissue (MOCART) scores at any time
point (1 and 2.5 years), and no improvements overall were found in the
talus injury patients. Results were more promising for treating knee
osteochondral lesions in middle-aged patients with mean age of 30-40
years, with most studies suggesting improved clinical scores at follow-up
time points generally at 1-2 years [139,140,144,148] and up to 5 years
[146]. However, one study noted 11% complication rate and 31%
clinical failure due to lack of improvement, and the scaffold was only
intact in 47% of the 26 patients [142].

Trufit® is a synthetic polymer scaffold with a biphasic structure,
composed of poly(glycolic acid) (PGA) fibres and calcium sulfate in the
bone layer and PLGA in the cartilage layer. Clinical evidence on the
short- and long-term results of Trufit® in knee osteochondral lesions has
been contradictory. An earlier study has shown that 30.7% of all cases
had evident failing from MRI evaluation at up to 3 years, and was unable
to conclude that the scaffold had osteoconductive effects [150]. Another
study suggested improvements in clinical scores but poor integration of
the central part of the scaffold with surrounding tissue, as well as slow
scaffold resorption, and a longer study period was advised although the
last follow-up was at 4 years [151]. In a more recent study, Trufit® was
shown to provide significant improvements in activity level scores over
5 years compared to the microfracture group, together with better
cartilage regeneration and evidence of tissue maturation over time
[154]. A longer-term study over mean follow-up of 7.5 years for treating
osteochondral lesions in the talus showed improvement in clinical scores
for pain relief, American Orthopedic Foot and Ankle Score (AOFAS), and
patient satisfaction [149]. Based on the consideration that Trufit® is a
synthetic scaffold and may achieve limited regeneration as a cell-free
implant, one study has tested scaffold immersion in PRP or bone
marrow concentrate prior to implantation in full-thickness knee osteo-
chondral defects [152]. At 1 year follow-up, both supplemented groups
showed better cartilage filling compared to the scaffold-only group,
while the bone marrow concentrate group appeared to improve cartilage
maturation compared to the PRP group, although longer-term follow-up
is required to confirm these findings. A recent study with long-term
mean follow-up of 10 years showed no statistically significant im-
provements in any outcome scores following Trufit® implantation,
while radiology indicated that all 11 patients had incomplete or no ev-
idence of scaffold incorporation as well as persistent chondral loss and
residual oedema or cystic changes [153]. Although it was the first
osteochondral scaffold to be introduced in clinical practice, Trufit® has
now been withdrawn from the market due to its high failure rate and
generally poor clinical outcomes as a scaffold-only implant [159].

Agili-C™ is a bi-layer scaffold composed of coral-derived aragonite
for the bone phase and hyaluronic acid for the cartilage phase, same as
the scaffold tested in a goat preclinical study by the same group [74]. It
has been approved for use by the Food and Drug Administration (FDA)
in March 2021, and is the most recent osteochondral scaffold to reach
clinical application. An earlier clinical study on this scaffold compared
repair outcomes in knee osteochondral defects treated with cylindrical
or tapered implants in 21 patients, which showed improvements in
clinical scores for both types of implants at the 12 month follow-up,
although the tapered implant group had a significantly lower (0%)
revision rate [155]. A recent case series of 86 patients treated with
Agili-C™ for mild to moderate knee osteoarthritis showed significant
clinical improvement at the 24-month follow-up, as indicated by Knee
injury and Osteoarthritis Outcome Score (KOOS) and IKDC subjective
score, as well as substantial defect filling to almost 80% as evaluated by
MRI [156]. However, treatment failure occurred in 9.3% of patients
necessitating revision surgery.

Chondrotissue® is a single-phase scaffold composed of PGA-
hyaluronan. When used to treat osteochondral defects in the talus, re-
sults from 32 patients showed good to excellent clinical scores in 84.4%
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of patients at mean follow-up of 33.8 months [157]. However, the
follow-up period was considered too short for predicting long-term
repair outcomes.

The available literature on osteochondral scaffolds reported in clin-
ical studies supports the use of cell-free multiphasic scaffolds for treating
patients with knee osteochondral defects. According to the results of a
recent systematic review and meta-analysis of clinical studies on this
topic [159], patients treated with MaioRegen®, Trufit®, and Agili-C™
respectively had overall failure rate of 4.8%, 9.9%, and 8.2% at mean
follow-up of 28.4, 39.8, and 18.0 months. Quantitative synthesis of
outcome scores for MaioRegen® and Agili-C™ demonstrated statisti-
cally significant improvements in IKDC subjective score and activity
level evaluated with Tegner score at 1, 2, and >3 year follow-up
compared to baseline. With the exception of Trufit® which has been
withdrawn from the market, multiphasic scaffolds available for clinical
use have provided promising treatment of osteochondral defects at
short-to mid-term follow-up with a relatively low rate of adverse events.
However, current results should be interpreted with caution as the
overall quality level of available clinical studies is low, and evidence is
missing from high-level trials with long-term follow-up. Moreover,
comparative trials evaluating the outcomes of scaffold-based osteo-
chondral repair with other well-established techniques such as osteo-
chondral autografting and ACI, as well as among different scaffold types
and between cell-loaded and cell-free scaffolds are needed to improve
the evidence base. Future studies addressing these deficiencies may
provide greater confidence to using scaffold-based therapies in the
clinical treatment of osteochondral defects.

7. Conclusions and future perspectives

Clinical results on commercially available multiphasic scaffolds
currently suggest a limited ability for complete restoration of osteo-
chondral tissue. For instance, studies have indicated a poor resorption
rate for Trufit® [151] and lack of subchondral bone regeneration for
MaioRegen® [141]. These commercial osteochondral scaffolds are
typically applied as cell-free implants, although current preclinical
studies testing new scaffold designs have mostly incorporated additional
factors to help with regeneration, such as stem cells or primary cells, and
growth factors or other biomolecules. The inclusion of a biological
supplement has generally led to improved outcomes in osteochondral
regeneration, manifested as increase in GAG and collagen type II levels
[88,137] and integrity of the regenerated cartilage [137], as well as
shorter time required to achieve satisfactory defect repair [47,89]. The
combination of different cell types and growth factors, coupled with
other stimulatory methods may work synergistically to enhance osteo-
chondral repair [52]. Different types of multiphasic designs, including
multilayer and gradient scaffolds have been shown to enhance preclin-
ical repair outcomes by better mimicking the stratified osteochondral
anatomy and enabling appropriate zonation of the repair tissue [130].

Despite promising advances, an ‘ideal’ scaffold that perfectly ad-
dresses the complex and multifaceted requirements for osteochondral
repair while being relevant for clinical translation is still missing. Among
the studies discussed in this review, current experimental scaffold de-
signs face a number of common challenges including limited ability to
induce hyaline cartilage formation, inability to differentially facilitate
cartilage and bone regeneration, inferior mechanical properties
compared to native tissue, slow or unpredictable resorption time, and
prolonged time required to achieve stable osteochondral repair. Ad-
vances in scaffold fabrication methods may be one strategy to help
address some of these challenges. For instance, using 3D printing to
create osteochondral scaffolds enables the stacking of various materials
with more control over resolution and reproducibility compared to
manual fabrication methods. This also enables intricate design factors to
be more easily realised, such as pore geometry gradients and spatial
distribution of additives including minerals and growth factors. For
example, a recent study has described a biphasic 3D printed scaffold
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produced from GelMA and poly(ethylene glycol) diacrylate (PEGDA)
bio-ink, which incorporated nano-HA and TGF-p1 nanoparticles
respectively into the lower and upper scaffold layers [160]. This design
was found to separately induce in vitro chondrogenic and osteogenic
differentiation of human bone marrow MSCs in the two layers. In
another study, 3D printing was used to create customisable implants
from MRI scans of a patient’s osteochondral defect [161]. A CAD model
was generated for a biphasic implant with the same geometrical di-
mensions and tissue thicknesses as the missing tissue in the defect. The
implant was 3D printed wusing a bio-ink made from
alginate-methylcellulose for the cartilage phase and calcium phosphate
cement for the bone phase. This was a proof-of-concept study to show
that it was possible to create a customised implant, but opened up
exciting possibilities for developing personalised treatments for osteo-
chondral injuries. To generate more anatomically similar osteochondral
tissue with correct spatial distribution of cells and ECM, 3D bioprinting
is being increasingly employed, although this method imposes more
restrictions on material choices and fabrication conditions to ensure cell
viability after printing [162].

Although not specifically discussed in this review, injectable
hydrogels that can be delivered in a non-invasive manner, comply with
irregularly shaped defects, and cure in situ may present unique advan-
tages for treating osteochondral defects, particularly for defects with
defined boundaries. It is difficult to create a multiphasic structure using
injectable hydrogels, but emerging research is working towards the
generation of hierarchically structured hydrogels that undergo in situ
gelation. For example, one injectable system was developed using hy-
aluronic acid incorporating bone marrow-derived MSC spheroids and
kartogenin-loaded short fibres within spheroids to modulate chondro-
genic differentiation [163]. At the same time, the hydrogel also in-
corporates celecoxib-loaded short fibres for mechanical reinforcement
and sustained anti-inflammatory effects. After being delivered by
intra-articular injection, this hydrogel system was found to completely
repair osteochondral defects in a rabbit model, with generation of hy-
aline cartilage-like tissue after 12 weeks. This approach provides new
ideas for creating injectable multiphasic scaffold systems, potentially
through sequential delivery of multiple hierarchical layers.

The introduction of cells such as MSCs into multiphasic scaffolds has
been shown to improve osteochondral repair in the majority of pre-
clinical studies discussed in this review. Despite obvious benefits, the
incorporation of cells into biomaterial implants presents challenges for
clinical translation, whereby the ability to source autologous cells and
expand them ex vivo may be limited in many patients, while the use of
allogeneic cells introduces risks associated with immunogenicity. An
emerging approach to circumvent these challenges is to use stem cell-
derived secretory products such as extracellular vesicles (EVs).
Because of their roles in intercellular communication, EVs can deliver a
wide range of signalling molecules including nucleic acids, proteins, and
lipids to modulate the behaviour of target cells [164]. Moreover,
MSC-derived EVs have been shown to capture similar anti-inflammatory
and other paracrine effects as the parent cells, while offering minimal
immunogenicity when delivered into preclinical in vivo models [165].
The use of stem cell-derived EVs in regenerative medicine has so far
shown promising results in repairing joint tissue [166] and treating a
range of inflammation-related conditions [165]. In an in vitro study,
MSC-EVs were shown to promote cartilage regeneration when applied to
human osteoarthritic chondrocytes, by inhibiting tumour necrosis factor
(TNF)-a induced collagenase activity and therefore the adverse effects of
inflammation, while stimulating the production of proteoglycans and
collagen type II [167]. MSC-EVs can also be bioengineered with specific
cargo such as miRNA or drugs to further assist their therapeutic effects.
For example, one study investigated the use of TGF-f1 to stimulate
MSCs, which resulted in upregulation of miRNA-135b expression in
MSC-derived EVs, found to significantly promote cartilage repair in a rat
osteoarthritis model possibly through downregulation of Spl (an in-
hibitor of chondrocyte proliferation) [168]. EVs derived from rabbit
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serum and subsequently loaded with miR-140 have also been found to
induce chondrogenic differentiation in bone marrow MSCs [169].
Emerging research on stem cell-derived or bioengineered EVs suggests
these may provide a viable and more practical alternative than the
incorporation of cells into biomaterial scaffolds to enhance osteochon-
dral repair [170].

As reflected by the studies discussed in this review, finding the best
animal model to accurately represent human osteochondral defects is
challenging but critical for indicating the clinical relevance of new
treatment strategies. Current small animal models do not accurately
mimic human joint anatomy and pathophysiology or load-bearing
conditions, while the use of large animal models presents limitations
of increased cost and ethical considerations, as well as the need for
prolonged study time. Although unlikely to replace the use of animal
models in the immediate future, recent emerging discoveries into ex vivo
organoid systems may provide alternative options for modelling osteo-
chondral tissue in early proof-of-concept experiments. For instance, a
clinically relevant ex vivo osteochondral model was reported to be useful
for testing hydrogel-based materials for cartilage regeneration, which
remained metabolically stable for 4 weeks in a perfusion bioreactor
without compromising the integrity of different tissue components
[171]. Alternative methods of producing osteochondral organoids using
induced pluripotent stem cells (iPSCs) have been reported [172,173].
Other technological developments relevant to in vitro modelling of
osteochondral tissue include organ-on-a-chip systems that aim to
recreate the in vivo cellular microenvironment on a microfluidic device
[174]. For instance, joint-on-a-chip devices have been reported that
incorporate synovial fibroblasts and articular chondrocytes within a
hydrogel platform, which recapitulate complex multi-tissue interactions
along with biochemical and mechanical cues, and can be used to eval-
uate new therapies for joint repair [174].

This review has explored a range of recent studies that have tested
new multiphasic scaffold designs for osteochondral repair in animal
models. Our discussions highlighted the types of biomaterials, scaffold
designs, and additive factors used to enhance repair outcomes, as well as
recent clinical progress on a few commercially available osteochondral
scaffolds. We also presented factors to consider when choosing an
adequate in vivo model for assessing the outcomes of scaffold-based
osteochondral repair. Tissue engineering using multiphasic scaffolds is
a promising strategy for effective clinical repair of osteochondral de-
fects, which will benefit from cross-disciplinary integration of innova-
tive approaches in biofabrication, micro-/nano-devices, and stem cell
engineering.
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