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A B S T R A C T   

Osteochondral (OC) repair is an extremely challenging topic due to the complex biphasic structure and poor 
intrinsic regenerative capability of natural osteochondral tissue. In contrast to the current surgical approaches 
which yield only short-term relief of symptoms, tissue engineering strategy has been shown more promising 
outcomes in treating OC defects since its emergence in the 1990s. In particular, the use of multizonal scaffolds 
(MZSs) that mimic the gradient transitions, from cartilage surface to the subchondral bone with either contin-
uous or discontinuous compositions, structures, and properties of natural OC tissue, has been gaining momentum 
in recent years. Scrutinizing the latest developments in the field, this review offers a comprehensive summary of 
recent advances, current hurdles, and future perspectives of OC repair, particularly the use of MZSs including 
bilayered, trilayered, multilayered, and gradient scaffolds, by bringing together onerous demands of architecture 
designs, material selections, manufacturing techniques as well as the choices of growth factors and cells, each of 
which possesses its unique challenges and opportunities.   

1. Introduction 

Osteochondral (OC) tissue engineering has attracted considerable 
interests of researchers over the past decade due to the rapid increase of 
osteoarthritis (OA) patients. OA is a musculoskeletal condition described 
as loss of articular cartilage within synovial joints [1]. It was estimated 
that 80% of individuals over the age of 65 have signs of osteoarthritis 
development in at least one joint of their bodies [2]. This condition is 
characterized by joint pain, tenderness, crepitus, limitation of move-
ment, stiffness, and inflammation, most commonly in the hand, spine, 
knee, hip, and foot [3]. One of the causes of OA is the progression of OC 
defects [4]. Defects in OC tissue are organized into five categories: 
normal chondral tissue (Grade 0), swelling and softening of chondral 
tissue (Grade I), partial thickness chondral defects (Grade II), full 
thickness chondral defects (Grade III), and OC defects (Grade IV) [5,6]. 
A partial thickness chondral defect only extends into cartilage; a full 
thickness chondral defect extends across cartilage and into the junction 
of the calcified cartilage and subchondral bone layers, commonly known 
as an OC defect [7–9]. Such a defect remains challenging to be treated 
due to the complex composition, spatially arranged multizonal 

architecture, and varied functionalities of each region of the OC tissue. 
Current practices for OC repairs depend on the severity of the defect. 

For instance, for articular cartilage lesions less than 2.5 cm, subchondral 
bone is penetrated and fractured to create a full thickness of chondral 
defect [10]. Once a fibrin clot forms over the subchondral bone surface, 
native stem cells differentiate into chondrocytes and osteocytes [11]. 
However, this technique, although convenient, affects the quality of the 
repair as fibrocartilage tissue, rather than the functional hyaline carti-
lage, is typically formed [12,13]. Further, the mechanical properties of 
fibrocartilage were found inferior to native cartilage tissue [14], which 
limits the application of the technique even in small lesions. Cartilage 
can also be replaced via transplantation of another non-load bearing or 
low-bearing joint of the body (autograft) or from a donor’s joint (allo-
graft). Autografting procedures for OC repair are however restricted by 
limited supplies of available cartilage sites, site morbidity, postoperative 
rehabilitation, and fixation of graft into defect sites [6,15]. When con-
ducting an autograft transplantation, concerns of the donor site damage, 
donor tissue long-term stability, and integration with native cartilage 
arise [16]. Due to the greater availability, allograft transplantation has 
been a more common approach for cartilage repair. Studies have shown 
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that hyaline cartilage regeneration is feasible using fresh and frozen 
allografts [17]. However, immunogenetic responses from the host and 
graft preservation issues arise because of the lack of adequate testing for 
bacterial and viral infections in donor allografts [18–20]. 

Tissue engineering strategies have emerged as outperformed alter-
natives, among which multizonal scaffolds (MZSs) have been regarded 
as a preferred design for the repair of OC defects as they exhibit superior 
performances than single-phased scaffolds [21]. The structure and 
composition of the extracellular matrix (ECM) of the OC tissue vary in 
the superficial, transition, deep, and subchondral bone zones [22]. 
Creating a multilayered scaffold mimicking the structural variations 
appears to be a feasible approach to reproduce the spatial organization 
of OC tissue, and addition of corresponding growth factors and cells 
further generates suitable microenvironments for cartilage and sub-
chondral bone formation [23,24]. Still, it remains a challenge to attain 
such a structure with optimal osteochondral regeneration potential. For 
instance, the bonding between multiple layers is generally weak. The 
porosity and pore distribution within the cartilage and bone transitional 
layer are difficult to control but they are crucial for maintaining the 
integrity of the scaffolds, preventing the zonal migration of differenti-
ated cells, preventing the unwanted invasion of blood vessels and nerves 
from the subchondral bone to cartilage, and allowing for sufficient flow 
of nutrients and wastes [25]. The design of such an interface remains a 
challenge when the cartilage and bone layers are created separately. 
Despite of all the challenges, MZSs have demonstrated superior in vivo 
performances, and have generated growing interest in using this type of 
architecture for OC repair [26,27]. The outcome of MZSs in repairing OC 
tissue largely depends on the synergistic action of the following factors: 
scaffold material selection, architectural design, fabrication technique, 
and growth factors (GFs) and cells loaded (Fig. 1). 

OC tissue engineering is a fast-growing field where innovative 
methods, advanced biomaterials and novel architectures have rapidly 
emerged over the last a few years. Such developments have addressed 
partially the limitations of earlier practices, but new challenges have 
also risen. This review aims to focus on the most recent reports that have 
provided efficient replicates of OC tissues, particularly those with the 
use of MZSs. It will begin with an overview of the function and hierar-
chical architecture of OC unit and then focus on the biomimetic archi-
tectures of MZSs, material selections, the latest fabrication techniques, 
and the impact of cells and growth factors incorporated in the MZSs. At 
the end, challenges and future perspectives of the field will be discussed. 

2. Hierarchical structure of osteochondral tissue 

2.1. Overview 

Osteochondral tissue consists of articular cartilage, calcified carti-
lage, and subchondral bone. Among them, articular cartilage is hyaline 
cartilage, which is the most abundant type of cartilage found in human 
body [28,29]. Unlike bone, articular cartilage is avascular, aneural, and 
lacks lymphatic vessels [28,30]. It is composed primarily of 65–80 wt% 
water, 10–20 wt% collagen (predominantly type II), and 10–20 wt% 
proteoglycans (predominantly aggrecans) [31,32]. Other types of 
collagen and proteoglycans are also found in articular cartilage but less 
abundant [32–35]. Collagen is organized in fibers that are oriented 
specifically to withstand forces acting on the cartilage tissue. In addi-
tion, these fibers provide mechanical support to the ECM and residence 
to the chondrocytes for each zone in articular cartilage [33]. Fig. 2 
summarizes the morphologies of chondrocytes and orientations of 
collagen fibers in each zone of the OC tissue. At the surface of the unit, 
the superficial zone of articular cartilage acts as a lubricant that trans-
mits mechanical loads and aids in bone movement in an efficient 
low-friction manner [29,36]. Notably, aggrecan, a negatively charged 
elastic proteoglycan, binds to hyaluronic acid (HA), and works with 
collagen fibers to resist compressional stresses [37,38]. To explain the 
compressive viscoelastic behaviors of cartilage, a mechanical model that 
considers cartilage as a solid matrix with interstitial fluid (biphasic 
poroelastic theory) was proposed by Mow et al. [37,38], where two 
articular cartilage properties were characterized: the aggregate modulus 
(stiffness of the tissue at an equilibrium state) [39] and the permeability 
(resistance of the interstitial fluid through the solid matrix) [40]. The 
aggregate modulus of cartilage is measured between 0.5 and 0.9 MPa 
[39,41], and a decreasing trend of the permeability is observed from the 
superficial to the deep zones [42]. The porosity of cartilage is in the 
range 60–85% with a mean pore size of 2–6 nm [43]. Subchondral bone 
has a porosity ranging from 5 to 90% and a pore size of 0.1–2000 μm, 
each increasing from the cortical bone layer to the trabecular bone layer 
[43,44]. Besides the depth-dependent porosity and pore size distribu-
tions, the compressive modulus as well as the tensile moduli in the di-
rections of both perpendicular and parallel to the cartilage surface also 
demonstrate a depth-dependent manner. The compressive modulus ex-
hibits an increasing trend while the tensile modulus shows a decreasing 
trend from the superficial to the deep zone [43]. Between the articular 

Fig. 1. Decision-making process in fabrication of a novel MZS. Choices of materials and architectures are crucial for the biological and mechanical performances of 
the MZS. Fabrication methods need to be adapted to increase the degree of control on the structural and composition parameters. Loading GFs and/or cells are add-on 
strategies to adjust the chondrogenic and osteogenic properties of corresponding regions by providing biological and environmental cues. 
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cartilage and the subchondral bone, there is an interfacial layer known 
as the calcified cartilage zone, which is responsible for force trans-
mission, nutrition and waste transportation, and microenvironment 
stabilization. Notably, a thin 3D tidemark representing the junction of 
calcified and uncalcified cartilage is important to maintain the 
complexity of osteochondral tissue, for instance, by preventing blood 
vessel and nerve invasions from the subchondral bone to the cartilage 
tissue. 

2.2. Anatomical hierarchies and zonal functions 

Superficial zone - The superficial zone (SZ) is the outermost layer of 
articular cartilage. Consisting of approximately 10–20% of the overall 
thickness, the collagen fibers arrange parallelly to the articular surface 
in the SZ [40]. This orientation is optimal for resisting in shear and 
tensile stresses that occur at the articular surface [45]. These collagen 
fibers are tightly packed and surrounded by flattened chondrocytes, as 
shown in Fig. 2. The chondrocytes synthesize high concentrations of 
collagen, up to 86% dry weight, and low concentrations of pro-
teoglycans in the SZ [29,36], which confers the highest water concen-
tration of all the zones in articular cartilage [32]. The collagen fibers in 
this zone primarily consist of type II and type IX collagen [43,46]. The 
articular surface consists of lamina splendens, a thin membrane 
composed of synovial fluid [47]. 

Transition zone - Following the superficial zone, the transition zone 
(TZ), or the middle zone, represents approximately 40–60% of the 
overall thickness. Type II collagen fibrils in this layer are thicker 
compared to those in the SZ and are organized obliquely, as shown in 
Fig. 2 [40]. The collagen fibers compose of 67% dry weight of the tissue 
[43]. Its main functions include serving as the first line of defense to 
compression stresses and deformation to loads [36,48]. The chon-
drocytes are rounded and surrounded by the abundant ECM [29] and the 
concentration of proteoglycans is higher compared to the SZ [36]. 

Deep zone - Beneath the transition zone, the deep zone (DZ) accounts 
for approximately 30% of the articular cartilage thickness [46] and 
exhibits type II collagen fibrils with the largest diameter. The fibrils are 
oriented perpendicularly to the articular surface and play a crucial role 
in resistance to compressive forces [40]. The chondrocytes in this layer 
are arranged in a columnar structure as shown in Fig. 2 [49]. Notably, 
the cell density decreases by 59% and 67% from the superficial zone to 
the transition and deep zones, respectively [50], while the proteoglycan 
concentration is at its highest and the water content is the lowest in this 

zone [4,36]. 
Calcified cartilage zone –Tidemark distinguishes the non-calcified 

zone from the calcified zone. This structure maintains a specific geo-
metric pattern that counters articular shearing [36]. The calcified 
cartilage zone is then located beneath the tidemark and can be charac-
terized as the transition from cartilage to subchondral bone by calcifi-
cation of the ECM. It consists of chondrocytes with hypertrophic 
phenotype as depicted on Fig. 2. These chondrocytes produce type X 
collagen and calcify the ECM to provide an excellent structural inte-
gration with the subchondral bone [28]. This zone has many hollows, 
protrusions, and interlacing that resist shear stresses from separating 
cartilage and subchondral bone [40]. 

Subchondral bone zone - The subchondral bone zone is separated from 
the calcified cartilage zone by a cement line, as shown in Fig. 2. The 
subchondral bone is composed of two primary components: trabecular 
bone and subchondral bone plate (cortical bone) [6]. The subchondral 
bone plate lies just beneath the calcified cartilage zone and is marked 
with porosity demonstrated as channels populated by blood vessels and 
nerves [6]. The trabeculae bone supports cartilage and acts as a shock 
absorber. The bone tissue consists primarily of type I collagen and hy-
droxyapatite (HAP) [51–54]. Notably, unlike normal bone tissues which 
consist of about 60% dry weight of hydroxyapatite, HAP constitutes 85.8 
± 3.4% dry weight of the subchondral bone [43]. Cell population in 
subchondral bone consists mainly of osteoblasts, osteocytes, osteoclasts, 
and bone lining cells, which are differentiated from local mesenchymal 
stem cells (MSCs) [55,56]. Osteoblasts form new bone tissue via HAP 
synthesis, while osteoclasts activity is responsible for bone resorption to 
optimize the stiffness-to-mass ratio of bone. Finally, osteocytes regulate 
interactions between bone cells [56]. 

3. Biomimetic architectures in MZS 

Cartilage injuries usually extend to the subchondral bone zone. Full- 
thickness repairs are therefore required to increase the long-term func-
tionality of the OC tissue [57]. Mechanical, biological, and physico-
chemical differences across the OC structure, from cartilage to 
subchondral bone, pushes the exploration of novel MZS designs to better 
mimic the complexity of natural OC tissue. Regenerating the cartilage 
layer appears to be a huge challenge given the absence of neural and 
vascular networks and limited presence of chondrocytes [58,59]. The 
subchondral bone, although less challenging to be repaired [60], re-
mains a key structural element as it is the foundation of the OC tissue 

Fig. 2. Schematic illustration of the multilayered structure of osteochondral tissue and its main individual components, including collagen fibers, chondrocytes, and 
extracellular matrix composition. 
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and its incomplete restoration is problematic for the long-term func-
tionality of the implant [61]. 

The creation of multizonal scaffolds aims to address these issues by 
exhibiting gradient mechanical properties that are compatible with the 
stresses in human joints [1], promoting zonal-specific cell homing, 
proliferation, and differentiation, allowing nutrient flow via inter-
connected pores [62], providing integration between the regenerated 
tissue and native tissue, and maintaining sufficient adhesive strength 
between the zonal interfaces [59,63–65]. Design strategies with various 
levels of complexity (bilayered, multilayered, or gradient) have been 
developed, each with its own set of advantages and drawbacks. 

3.1. Bilayered scaffolds 

A simple way to mimic OC architecture is to combine a cartilage and 
a subchondral bone layer with tailored physical and chemical properties 
into a bilayered scaffold (Fig. 3A). The ideal structure of OC scaffolds 
must exhibit (i) a chondrogenic microenvironment for cartilage forma-
tion; (ii) an osteogenic microenvironment for subchondral bone regen-
eration; (iii) a cartilage layer – bone layer interface; (iv) a good 
integration with the native tissue [23,66]. This last point is typically 
facilitated by pressing fit the scaffold into the subchondral bone defect 
for better integration [18]. 

While monophasic scaffolds have failed to simultaneously combine 
chondrogenicity and osteogenicity [67], recently developed bilayered 
scaffolds tend to address this issue. A common strategy for the design of 
bilayered scaffolds with both chondrogenicity and osteogenicity is to use 

polymers as the cartilage layer and polymer-embedded bioceramics as 
the bone layer [21,57,59,69–77]. Studies reported bilayered scaffolds 
coupling polymer-camphene [78], two different polymers [68], 
polymer-bioglass [79], and decellularized cartilage matrix-decalcified 
bone matrix [66,80] to promote both osteogenesis and chondro-
genesis. In some cases, osteoconductive metals are used for the bone 
layer [81–85]. Specifically, HAP (further discussed in Section 4) has 
been embedded in the bone layer due to its remarkable osteoconductive 
property. For instances, zonal-specific osteogenic and chondrogenic 
differentiation of BM-MSCs was obtained due to the inclusion of HAP in 
the bone layer of chitosan [59], gelatin [70] or silk fibroin-chondroitin 
sulfate based bilayered scaffolds [57].. The incorporation of HAP is also 
a useful strategy to improve the mechanical properties and decrease the 
biodegradation rate of the layer [59]. 

Currently, the main issue in bilayered scaffolds is the poor bonding 
strength between the two layers [86,87]. Adhesion at the interface must 
be high enough to allow surgical manipulation of the scaffolds and avoid 
delamination. Previous studies evidenced that a superior adhesive 
strength at the interface increased the chance of tissue integration and 
repair [56,88]. A strong interface could be achieved via controlled 
crosslinking of scaffolds [59]. Particularly, in this study, the sub-
chondral bone layer was partially crosslinked using genipin before the 
second cartilage layer was cast. Then the bilayer structure was further 
crosslinked and freeze-dried. After the incorporation of nHAP, the 
composite scaffold was crosslinked one more time. Such prepared 
scaffolds have controlled degree of crosslinking, and they demonstrated 
good integration between the two layers and failed in tension away from 

Fig. 3. A. A bilayered scaffold consisting of a 3D printed gelatin-based matrix with HAP in the bone layer (BL), and growth factors (GFs) in the cartilage layer (CL). 
Adapted with permission from Ref. [76]. B. Bilayered scaffold with BL and CL separated by a thin electrospun PCL tidemark. Adapted with permission from Ref. [94]. 
C. A category of trilayered scaffolds used bioceramics in the middle layer (calcified cartilage layer, CCL) in addition to BL. Adapted with permission from Ref. [96]. D. 
In another version of trilayered scaffolds, a non-mineralized middle layer (ML) was used. Adapted with permission from Ref. [58]. E. A high degree of complexity can 
be achieved with multilayered scaffolds, with more than three layers, multiple polymeric materials, bioceramics, and GFs. Adapted with permission from Ref. [65]. F. 
A category of gradient scaffolds used gradient porosity to reproduce the structure features of the OC tissue (the pore size was in the range of 360–700 μm). Adapted 
with permission from Ref. [72]. G. Gradient composition scaffolds usually involve progressive HAP contents with a higher HAP content (30 wt%) in the BL. Adapted 
with permission from Ref. [97]. H. Gradient scaffolds fabricated from ECM take advantage of the gradient porosity and composition naturally present in the OC tissue 
but require a decellularization process and/or in combination with other materials. Adapted with permission from Ref. [66]. 
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the interface. Another example using controlled crosslinking to achieve 
strong integration between the bone and cartilage layers of bilayered 
scaffold was reported by Lin et al. [79], where a novel solvent-free 
urethane crosslinking method was developed to produce porous poly 
(glycerol sebacate) (PGS) scaffolds with controllable crosslinking de-
grees. Guo et al. [89] have also utilized a gentle pre-cross-linking 
strategy on a loosely cross-linked cellulose network to retain a strong 
integrality of a bilayered osteochondral scaffold. In the case of 
ECM-based bilayered scaffolds, laser drilling was an effective approach 
to achieve both ideal pore size and strong adhesive strength of the 
bilayered scaffold [66,80]. . Besides crosslinking and laser drilling, 
binding the bone and the cartilage layers with a bioglue showed some 
success in terms of its interfacial mechanical responses of the scaffolds 
[93], but the low permeability at the interface hindered cell migration 
and differentiation, leading to poor integration between the newly re-
generated bone and cartilage layers [25]. Recent studies further 
confirmed that inserting a dense tidemark layer at the interface (Fig. 3B) 
prevented cell migration within bilayered polymeric scaffolds and 
eventually delayed the integration of the cartilage layer [74,84,94]. 
Another approach to diminish mechanical weakness at the interface 
between the two layers was to fabricate bilayered scaffolds using one 
single polymeric material but two different pore size distributions. . 
Notably, Duan et al. [68] tailored the size of pores in cartilage and bone 
layers of poly(lactide-coglycolide) acid (PLGA) bilayered scaffolds in 
order to promote chondrogenic and osteogenic differentiations (average 
pore size of 100–200 μm for the cartilage layer and 300–450 μm for the 
bone layer). This approach produced scaffolds with tensile and 
compressive mechanical properties close to those of native tissues, but 
limited tissue repair in vivo [68]. In addition, a computational investi-
gation has been conducted recently at the interfaces of bilayered poly-
meric scaffolds, and the results showed that polycaprolactone 
(PCL)/gelatin methacrylate and PCL/polyethylene glycol diacrylate 
(PEGDA) scaffolds exhibited the best tensile, compressive and shear 
properties among various polymer scaffolds produced by 3D printing 
[92]. This insight could guide future studies on construction of poly-
meric bilayered scaffolds by selecting appropriate biomaterials (dis-
cussed in Section 4). 

Despite extensive attention has been paid to enhance the interfacial 
strength of bilayered scaffolds and zonal chondrogenicity and osteoge-
nicity, the oversimplification of the anatomical architecture of OC tissue 
into a bilayered structure limits the performance in regenerating OC 
defects using bilayered scaffolds. For instance, abrupt changes in 
Young’s modulus between the two layers could eventually lead to un-
stable structure at the interface and poor integration [95]. A transition 
layer, also called middle layer (ML) or calcified cartilage layer (CCL, 
Fig. 3C), can be inserted at the interface, forming a trilayered scaffold. 

3.2. Trilayered scaffolds 

In addition to addressing the aforementioned inter-layer instability, 
the intermediate layer in trilayered scaffolds can support an additional 
compressive load [65]. The CCL also contributes to vascular develop-
ment in the neobone tissue while facilitating an avascular environment 
in the cartilage layer [90]. Like the tidemark in bilayered scaffolds, a 
CCL acts as a physical barrier that maintains low oxygen levels and 
avascular environment, which is beneficial for chondrogenic differen-
tiation [98]. To fulfil these requirements, the CCL must exhibit a specific 
microstructure. In human OC tissue, the porosity of the CCL is only 
1.6–9.7%, with pores ranging from 11 to 39 nm. Such an architecture 
not only blocks nutrients larger than 10 nm, but significantly delays 
their migration. Indeed, the interconnectivity of the porous network is 
poor, and according to a recent simulation [99], the diffusion of solute 
transport was estimated to be 2000 times lower than that of subchondral 
pores. In such an environment, the cell density is three times lower than 
that of hyaline cartilage [100]. The composition of the human CCL is 
between those of the uncalcified and the calcified tissues. Within its 

thickness of ~100 μm, the collagen content in CCL is three times lower 
than that in hyaline cartilage, and the mineral content is slightly inferior 
to that of the subchondral bone [96]. The regeneration of such a 
structure and composition is therefore a challenge for tissue engineer-
ing. To address this issue, cell-based approaches have been attempted 
using chondrocytes to form a CCL by secreting type II collagen and a 
mineral phase, but the degree of control of this technique remains low 
[101]. On the other hand, scaffold-based strategies have been made with 
their structure, composition, and mechanical and biological properties 
exquisitely tailored through various chemical modifications such as by 
incorporating inorganic bioceramics or bioglasses [102,103]. More 
importantly, a CCL barrier allowing the transportations of oxygen and 
nutrition while minimizing cell passage can be obtained by both 
densifying the layer and reducing the pore size [98].Recent studies on 
trilayered scaffolds with an intermediate dense layer exhibited not only 
superior regeneration of hyaline-like cartilage and subchondral bone 
tissue in vivo [104–106], but also improved mechanical properties of the 
neo-formed tissues compared to bilayered scaffolds [64,104]. 

Despite these promising results with a denser CCL to regulate the 
flow of nutrient and cell migration, most of the trilayered scaffolds 
exhibit an architecture with progressive pore sizes [96,107,108] and/or 
compositions [23,96,107–111]. For example, Hu et al. [108] fabricated 
chitosan-gelatin based scaffolds with 0, 10, and 30 wt% of HAP in the 
cartilage, CCL, and bone layers, respectively, and gradient pore di-
ameters ranging from 153.5 μm to 325.3 μm were observed across the 
cartilage zone and the bone zone. The scaffolds exhibited matching 
compressive properties with those of natural cartilage and appropriate 
degradation rate. Adipose derived mesenchymal stem cell (AD-MSCs) 
differentiated into either chondrogenic or osteogenic lineage and the 
differentiation was particularly promoted by a dynamic mechanical 
stimulation in an in vitro setting. Unfortunately, tissue regeneration was 
relatively poor in vivo without dynamic stimulation. Similarly, Zhou 
et al. [96] created collagen I-sodium hyaluronate based trilayered 
scaffolds with gradient HAP contents and pores sizes, and observed 
appropriate biodegradation rate, excellent cell adhesion and prolifera-
tion but low compressive properties (Fig. 3C). 

Besides the aforementioned architectures, more features have been 
added to the trilayered scaffold designs, forming multilayered scaffolds. 
Qiao et al. [112] highlighted the importance of lubrication at the surface 
of a cartilage layer As a result, their design consistsd of a gelatin matrix 
reinforced with PCL and poly(ethylene glycol) (PEG) oriented fibers 
mimicking the orientations of collagen fibrils in the superficial, deep, 
and subchondral bone zones. Such configuration was beneficial for in 
vitro chondrogenic and osteogenic differentiations of BM-MSCs, and in 
vivo cartilage and subchondral bone regenerations. In another study by 
Gegg and Yang [109], gelatin matrix was reinforced by chondroitin 
sulfate microribbons. The resulting trilayered scaffolds exhibited strong 
interfacial bonding and enhanced cartilage matrix production. When the 
microribbons were aligned, collagen deposition in superficial zone was 
improved. A 4-fold increase in glycosaminoglycans (GAGs) production 
was observed, and the compressive modulus of the neo-formed cartilage 
increased to a level matching that of the native tissue. However, due to 
the complexity of such designs, only a few recent studies have adopted 
oriented fibers in constructing multilayered scaffolds [58,78,104]. 

Although trilayered architectures exhibit better biological perfor-
mances compared to bilayered scaffolds, multiple issues were raised. For 
instance, the facts that the biodegradation rate and mechanical property 
mismatch between adjacent layers [6,19] are the major limitations 
causing poor tissue integration and even the collapse of the newly 
formed tissues. Moreover, multilayered scaffolds bring unwanted 
complexity, such as long fabrication process and low reproducibility 
[110,113]. Chen et al. [65] reported that the highest histological score 
(24.2 based on the O’Driscoll scoring system 12 weeks post implantation 
in rabbits) for OC repair was obtained with a 4-layer scaffold involving 5 
different materials and growth factors: an alginate-chitosan cartilage 
layer, an alginate-chitosan-HAP CCL, a PCL-PEG fibers electrospun 
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membrane, and an alginate-HAP bone layer loaded with growth factors 
(Fig. 3E). Further, concerns of weak interfacial mechanical properties 
and delamination rise as stratification of MZSs increases. They generally 
exhibit poor long-term performances (e.g. weak integration with the 
native tissue, loss of mechanical properties etc.), which negatively 
impact their translation to long-term clinical studies [56]. A better way 
to mimic the OC tissue structure and address the issues related to the 
discrete scaffold properties lies in the development of continuous 
gradient scaffolds. 

3.3. Gradient scaffolds 

Although multilayered scaffolds exhibit phases with different struc-
tures and properties inspired by the zonal structure of native OC tissue, 
gradient scaffolds may effectively address the issues of poor integration 
at interfaces [114] while demonstrating strong capability in regenerat-
ing subchondral bone, cartilage, and the bone-cartilage interface [115]. 
These gradient scaffolds better mimic the structural and compositional 
transitions in native OC tissue [116] and minimize shear stresses be-
tween two adjacent zones [117]. The challenges in constructing gradient 
scaffolds reside in the presence of a mechanical gradient that supports 
the compressive stress [72,108], an interconnected pore network that 
reflects that of OC tissue [118,119] and the ability to promote cell dif-
ferentiation in osteogenic and chondrogenic lineages. Recent de-
velopments led to investigations of gradient hydrogels [72,118, 
120–122], MZSs with gradient porosity (Fig. 3F) [27,63,72,86,97,119, 
121,123] and/or composition (Fig. 3G) [96,97,116,119,124], and 
decellularized cartilage ECM (Fig. 3H) [125]. Notably, it is also possible 
to simply achieve gradient properties in homogeneous structures by 
applying external triggers to redistribute the prefabricated uniform 
constructs, forming a “fake” gradient MZS for osteochondral regenera-
tion (to be discussed in Section 5.4). 

3.3.1. Gradient compositions 
Creating a gradient composition in MZSs is a common strategy to 

mimic the features of OC tissues where the fraction of collagen and HAP, 
which confers strength and stiffness to subchondral bone, varies and 
creates different cell environments [96]. As a result, constructing 
gradient composition in MZSs improves their mechanical properties 
[126], bone-cartilage interface integration, and tissue regeneration [63] 
compared to single-layered or bilayered scaffolds [96]. In order to 
produce compositional gradient, the majority of the recent studies 
combined HAP particles with PCL or gelatin. HAP volume fraction 
ranging from 7 to 50 wt% in the bone layer to 0 wt% in the cartilage 
layer demonstrated positive impacts on chondrogenic and osteogenic 
differentiation [116], tissue regeneration [97] and/or improvement of 
mechanical properties [97,119,127]. Although MZSs with only gradient 
compositions achieved one or more of the above advantages, they still 
require further adjustments to achieve desired overall performances. 

3.3.2. Gradient structures 
The gradient porosity and interconnectivity in the OC tissue play 

essential roles in nutrient and oxygen transportation, cells adhesion and 
migration, and vascular ingrowth [128,129]. Scaffolds with a single 
pore diameter are prone to have insufficient mechanical support, 
metabolism malfunction, or cell degeneration [130]. Small pores 
(100–200 μm) tend to limit nutrient transportation, vessel formation 
and osteogenesis, and promote chondrogenesis [131]. In contrast, a 
highly porous structure with interconnected pores ranging from 300 to 
500 μm is ideal for nutrients transportation [128], bone cell migration 
[132] and subchondral bone restoration [133]. Pore sizes and distri-
butions are therefore key factors for restoration of OC tissue that have 
been addressed by many recent reports of gradient MZSs [63,72,86,96, 
97,115,119,121,123]. In these studies, pore size gradients ranging from 
75 to 360 μm in the cartilage layer and 153–900 μm in the bone layer 
were used with success. Pores in the bone layer are usually larger than 

those of the cartilage layer by a factor of 2–5. Tailoring pore size and its 
distribution in gradient scaffolds also improves their mechanical prop-
erties to better match those of the native tissue [63,98,120,122] and 
promotes cell differentiation and tissue formation [72,97,121]. Never-
theless, this strategy alone is not sufficient to obtain all these charac-
teristics [96,115]. For instance, Gao et al. [72] proposed a bilayered 
hydrogel with β-tricalcium phosphate (β-TCP) added to the bone layer 
and pore-size-gradient structure (360–700 μm). Excellent osteogenic 
differentiation of BM-MSCs was observed in the bone layer, along with 
chondrogenic differentiation in the upper part of the hydrogel. Tissue 
restoration was also evidenced. Unfortunately, the tensile and 
compressive resistances, although high for a hydrogel, were still too low 
for OC repair. One of the most promising repairs was reported by Sun 
et al. [121], where PCL fibers reinforced MSCs-laden hydrogel scaffolds 
with gradient pore size ranging from 150 to 750 μm. The scaffolds 
exhibited compressive properties similar to those of native tissue, and 
excellent cell differentiation, neocartilage formation, and vessels 
ingrowth in the bone layer. PCL fibers were also used in another study to 
reproduce the orientational features of collagen fibers in each OC region, 
and thereby generating a scaffold with gradient stiffness mimicking that 
of OC tissue. This particular design positively impacted its osteointe-
gration [134]. However, potential drawbacks of the MZSs with gradient 
structures include poor spatial distribution of differentiated cells and 
low reproducibility [86] that can be related to the lack of control on the 
porous structure. To address these drawbacks, gradient scaffolds with 
both architectural and compositional gradients may provide a better 
solution. 

3.3.3. Gradient compositions and structures 
By selecting PCL, a readily printable polymer for melt extrusion 3D 

printing [135], Bittner et al. [119] fabricated porosity- and 
composition-gradient scaffolds with high fidelity and reproducibility. 
Scaffolds were 3D printed with vertical gradients mimicking both the 
composition (0, 15 to 30 wt% HAP) and the microstructure (pore size of 
200–900 μm) of OC tissue. They observed that the mechanical properties 
of both the single (porosity) and dual (porosity and composition) 
gradient scaffolds were similar to those of uniformed scaffolds with the 
highest porosity. The ceramic content was however insufficient to 
counterbalance the loss of mechanical properties caused by the weakest 
section of the scaffolds (area with the highest porosity) [119]. A similar 
study using PCL-based scaffolds fabricated via selective laser sintering 
(SLS) was reported by Du et al. [97]. Both HAP content (0–30 wt% with 
5% increments) and pore size (400–500 μm) gradients were shown in 
the scaffolds, exhibiting high compressive modulus and strength. 
Moreover, robust in vitro MSCs adhesion and proliferation, and in vivo 
neocartilage and neobone formations were observed (Fig. 3G). Future 
attempts on gradient MZS should therefore be focused on material se-
lection in order to achieve both excellent mechanical and biological 
performances. 

3.3.4. Gradient hydrogels 
Because of their physicochemical properties, such as adjustable 

water content, permeability, and mechanical properties, hydrogels are a 
unique category of material for fabricating gradient architectures for OC 
tissue repair [136–138]. However, the mechanical properties of these 
hydrogels remain low, and crosslinking or densification are typically 
required, which may affect cellular activities, degradation rate, perme-
ability, and nutrient transportation of the material [139,140]. 
Increasing the stiffness of hydrogels also impacts cell differentiation, 
which eventually leads to more osteoconductive materials even in the 
cartilage layer [141]. To address these issues, additions, such as poly-
meric fibers [91], nano HAP [120], or chondroitin microribbons [109] 
(see Section 3.2), were used to successfully increase the mechanical 
properties of hydrogels while guiding tissue restoration. In the 
perspective of developing hydrogels with simple structures and ease of 
production, Gao et al. [72] demonstrated that the choice of polymers 
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was crucial for fabricating functional hydrogels. In this study, a 
high-strength thermoresponsive supramolecular copolymer hydrogel 
was synthesized by copolymerization of N-acryloyl glycinamide and 
N-[tris(hydroxxymethyl)methyl] acrylamide. The resulted 3D printed 
gradient hydrogel demonstrated excellent tensile/compressive strengths 
and stretchability as well as rapid thermoreversible sol-gel transition 
behavior. 

Finally, even if the concern for weak interfaces is addressed by 
constructing gradient scaffolds or hydrogels, the complexity of their 
manufacturing process is increased when a combination of mechanical, 
biological, and physicochemical properties needs to be optimized. For 
instance, it was reported that the manufacturing process of gradient 
bilayered [66,72] or gradient trilayered [96,142] scaffolds had a higher 
degree of complexity compared to non-gradient structures. Also, archi-
tecture control and material selection are challenging and 
time-consuming as they are often conducted through trial-and-error 
approaches. To broaden material selection, decellularized and/or 
decalcified xenogeneic OC tissues were proposed [66,80,125]. Articular 
cartilage matrix requires laser modification to achieve complete decel-
lularization of the tissue and exhibit ideal porous structure for cell 
loading. Although time-consuming, this technique allowed to preserve 
the structure and mechanical properties of the tissue, as opposed to the 
cartilage grinding-freeze-drying technique. As a result, decellularized 
cartilage or bone matrix had similar gradient porosity and composition 
to those of OC tissue. The cartilage layer exhibited good compressive 
properties, in vitro chondrogenic and osteogenic differentiations of 
BM-MSCs, and mature OC tissue formation in vivo with the production 
of GAGs and type II collagen [66,125]. However, the use of xenogeneic, 
allogenic or autogenous materials is accompanied by a set of limitations, 
such as immunoreaction (xenogeneic and allogenic grafts) or tissue 
availability, and donor site morbidity (autologous grafts) [143]. Such 
limitations are discussed further in Section 4. 

Table 1 summarizes major findings, fabrication techniques, material 
selections, and GFs, and cells used in a selection of the most promising 
recent studies on MZSs. It depicts the complexity of the types of MZS 
structures through studies of bilayered, trilayered, bilayered with tide-
mark, 4-layered, and gradient/multilayered-gradient architectures. 

4. Recent biomaterial selections for fabrication of MZSs 

To respond to multiple requirements of MZSs, increasingly complex 
designs have been created with a suitable microenvironment favorable 
for cell activities, ideal biodegradation rate, and good mechanical 
properties. Property mismatch between two adjacent layers must be 
addressed structurally and compositionally. Regarding the compositions 
of recent MZSs, polymers, including synthetic, natural, and ECM-based, 
generally act as a matrix for both the cartilage and the bone layers. 
Bioceramics/bioglasses are added to the subchondral bone layer, 
mimicking the high mineral content in bone tissue, and rarely, metals 
are also included [151]. 

4.1. Polymers 

The wide range of polymer properties has provided rich options for 
material selections for MSZs, especially those with a stiffness or tough-
ness similar to cartilage tissue [152]. In addition, it has been reported 
that materials demonstrating a viscoelastic, rather than a purely elastic 
behavior, play crucial roles in cartilage matrix formation [153], cell 
activity [154,155]. With the fast-developing of 3D printing, printable 
polymers with improved structure fidelity are preferred, but balanced 
composition must also be in place to provide a suitable environment for 
embedded cells [156]. Recently used polymers in MZSs construction can 
be divided into three categories: proteins, natural polysaccharides, and 
synthetic polymers. 

4.1.1. Proteins 

4.1.1.1. Collagen and gelatin. The advantages of natural polymers over 
synthetic materials are their excellent biocompatibility [14,49]. 
Collagen, the building block of cartilage and bone, is the main compo-
nent in OC tissue [157]. The gel-forming capability of collagen makes it 
a promising candidate for scaffolds with controllable properties [158]. 
However, its fast degradation at body temperature has diminished re-
searchers’ interest in the material unless its degradation rate is pro-
longed by crosslinking [97,159]. Collagen is frequently combined with 
other polymers, such as chitosan [43], sodium hyaluronate [96] or PLGA 
[82], to increase its chondrogenecity, or with bioceramics to confer its 
osteogenicity and mechanical properties: for instance, Amann et al. 
[111] used collagen as a matrix in a trilayered scaffold with different 
chitosan: collagen ratios, and bioceramics were included in the bone 
layer (Fig. 4H). Efficient proliferation and successful chondrogenic and 
osteogenic differentiations of MSCs were observed in the respective 
cartilage and bone layers. Parisi et al. [116] obtained similar results by 
constructing collagen-HAP scaffolds with a gradient composition. A 
drawback of collagen is its capacity to self-assemble into fibrils due to its 
telopeptide terminal ends, which reduces its gel forming ability [160]. 
This issue was addressed in a work by Cao et al. [161], where telo-
peptide-free collagen, or atelocollagen, was combined with HAP to 
fabricate trilayered MZSs. The resulting scaffolds exhibited simulta-
neous cartilage, calcified cartilage, and bone restauration along with 
superior resistance to interfacial delamination. 

Gelatin is a partially hydrolyzed form of collagen with good 
biocompatibility and biodegradability [162]. The structure of the 
molecule possesses fragments that activate cell functions and ECM 
production [163], and promote chondrogenic differentiation [164]. 
Despite poor printability and mechanical properties [162,165], gelatin 
remains a common bioink for tissue engineering because of its low cost 
and ease of preparation [76,163,165,166]. Studies have shown that the 
viscosity of gelatin hydrogels could be improved by mixing it with hy-
aluronic acid and therefore to be used as bioinks to 3D print MZSs [164]. 
Gelatin exhibits weak mechanical properties in both tension [118] and 
compression, especially in its hydrogel form [109,110] which restricts 
its use to cartilage layers only. However, crosslinking of gelatin with 
methacrylamide or methacrylate [66,70,112,164] has been proven to be 
an effective strategy to increase the mechanical properties of MZSs to the 
levels close to those of native tissue. In addition, recent studies have 
successfully used gelatin to release growth factors to maintain an 
anti-inflammatory environment and improve cartilage and bone 
regeneration in MZSs, [70,73,76,112]. 

4.1.1.2. Silk fibroin. Silk fibroin (SF) is widely available in the textile 
industry. It is a biocompatible natural polymer with flexibility, and it has 
therefore emerged as an attractive material for cartilage tissue engi-
neering [167–169]. The advantages of SF-based scaffolds are their 
controllable porosity [71] and tunable mechanical properties [170]. SF 
also exhibits good biological properties as recently evidenced by Luo 
et al. [99], where SF-based trilayered MZSs with growth factors in the CL 
and HA in the BL (Fig. 4G) showed excellent in vitro MSC adhesion, 
proliferation, migration, and differentiation, in vivo neocartilage tissue 
formation at 24 weeks, and high expression of type II collagen. The main 
limitation of SF hydrogel resides in its poor mechanical properties when 
it is not combined with other materials. Despite of crosslinking, the 
mechanical properties of SF hydrogels remain low [171,172]. Addi-
tional strategies are required to address this. For instance, 3D printed 
bilayered scaffolds composed of a mixture of SF, cartilage and bone ECM 
exhibited superior mechanical properties [173]. Other recent in-
vestigations reinforced SF matrix using another polymer, such as chi-
tosan, peroxidase, or chondroitin sulfate. The resulting composites 
reached a compressive modulus of 350 KPa (with chitosan) [115], 600 
KPa (with peroxidase) [71], and 6.7 MPa (with chondroitin sulfate), 
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Table 1 
Summary on the selections of materials, structures, fabrication techniques, growth factors, cell-laden, and major outcomes of the recent multizonal scaffolds for 
osteochondral regeneration.  

Materials Structure Main Outcomes Fabrication technique Growth 
factors 

Cell-laden for in vivo Ref. 

PLGA Bilayered: In vitro: cell adhesion. Porogen leaching/ 
compression molding. 

– BM-MSCs seeded in CL 
for 7 days before 
transplantation. 

[68] 
CL: pore size 100–200 
μm. 

In vivo: hyaline cartilage 
formation and bone 
regeneration. 

BL: pore size 300–450 
μm. 

Compressive modulus of the 
repaired tissues was 50% of that 
of normal cartilage. 85/15 M ratio of lactide/ 

glycolide. 
PCL, TCP, cartilage ECM Bilayered: In vitro: osteogenic 

differentiation of AD-MSCs due 
to TCP, chondrogenic 
differentiation due to ECM. 

CL and BL: 3D printing/ 
bioprinting. 

– 3D-bioplotted BL and CL 
with AD-MSCs. 

[74, 
94] 

CL: PCL-cartilage ECM 
hydrogel. 

Tidemark inhibited cell 
migration between layers. 

Tidemark: electrospinning. 

Tidemark: PCL. 
BL: 80% PCL-20% TCP. 

Gelatin methacrylate, 
PCL, HAP 

Bilayered: In vivo: MSCs attachment, 
proliferation, migration, and 
osteogenic differentiation due to 
HAP. Neobone formation and 
integration, cartilage 
regeneration due to GFs. 

CL: digital light processing 
printing, UV light cross- 
linking. 

CL: 
Interleukin-4 
(IL4). 

– [70] 

CL: Gelatin 
methacrylate. 

Compressive modulus: PCL: 75 
± 3 MPa, PCL-HA: 73 ± 1 MPab. 

BL: FDM. 

BL: PCL-HAP. GFs were loaded by co- 
printing. Radially oriented. 

SF, chondroitin sulfate, 
nHAP (nanowires) 

Bilayered: In vitro: osteogenic/ 
chondrogenic differentiation of 
MSCs in BL/CL. 

Ethanol dissolution, molding, 
drying, alcohol-induced 
β-sheet cross-linking. 

– – [57] 

CL: SF-chondroitin. In vivo: mineralized tissue and 
cartilage like tissue formation. 

BL: nHAP. Young’s modulus 5.26–5.62 
MPaa,c, tensile strength 
0.83–0.77 MPae, compressive 
modulus 6.7 MPab,d. 

PEG-co-PGS, MBG Bilayered: In vitro: chondrogenic 
differentiation, maintained 
chondrocyte phenotype and 
enhanced cartilage matrix 
secretion. 

CL: crosslinking and foaming 
method. 

– – [79] 

CL: PEG-co-PGS. In vivo: articular hyaline 
cartilage and subchondral bone 
formation and integration in 12 
weeks. 

BL: sol-gel, foam templating 
process. 

BL: MBG. Matrix secretion enhanced by 
low cross-linking and 
viscoelasticity (Young’s modulus 
0.6 MPaa,c). 

Combination: foaming and 
crosslinking in a Teflon mold. 

Bovine cartilage ECM 
and decalcified bone 
ECM 

Bilayered: In vitro: biocompatible, MSC 
adhesion and proliferation. DCM 
promoted chondrogenic 
differentiation of MSCs and GAG 
secretion. DBM promoted 
osteogenic differentiation. 

CL: iterative lyophilization of 
ground cartilage ECM. 

– – [80] 

CL: cartilage ECM (134 
μm pores). 

In vivo: regeneration of 
superficial cartilage and 
subchondral bone. 

BL: hydrochloric acid 
decalcification of bone ECM. 

BL: bone ECM (336 μm 
pores). 

Young’s modulus of cartilage 
ECM: 70 KPac, and bone ECM: 
190 KPaa. 

Chitosan, nHAP Bilayered: In vitro: MSC adhesion and 
proliferation, and enhanced in 
BL. Osteogenic/chondrogenic 
differentiation in BL/CL. 

PCL-porogen microspheres 
leaching, lyophilization, 
genipin crosslinking. 

– – [59] 

CL: porous chitosan. Chitosan supported 
chondrogenesis and GAGs 
production. 

BL: porous chitosan − 70 
wt% HAP with pore size 
gradient 160–275 μm. 

Compressive strength: 4.81 KPaf. 
Compressive modulus: 34.2 
KPab,d. 
Low degradation rate, 5% mass 
loss after 21 days in PBS. 

(continued on next page) 
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Table 1 (continued ) 

Materials Structure Main Outcomes Fabrication technique Growth 
factors 

Cell-laden for in vivo Ref. 

Porcine osteochondral 
ECM, gelatin- 
methacryloyl 

Gradient bilayered: 
Decellularized 
osteochondral ECM 
filled with gelatin 
hydrogel 

In vitro: chondrogenic/ 
osteogenic differentiations of 
MSCs in CL/BL. 

Ultraviolet (UV) laser drilling 
decellularization (ECM), 
gelatin-methacryloyl solution 
gelation (hydrogel). 

– BM-MSCs seeded in 
GelMA hydrogel before 
surgery. 

[66] 

In vivo: smooth cartilage and 
bone repair, relatively mature 
OC tissue. 
Young’s modulus: 8.3 MPa (63% 
of the native level). 
Growth of the blood vessels in CL 
prevented by interface. 

PLGA, β-TCP, cartilage 
ECM 

Trilayered: In vitro: Cell adhesion and 
proliferation, biocompatibility. 

CL: Temperature-gradient 
induced phase separation and 
crystallization of ground 
cartilage ECM, lyophilization, 
physical dehydrothermal 
cross-linking. 

– – [64, 
144] 

CL: cartilage ECM, 30 μm 
pores. 

In vivo: hyaline cartilage-like 
and bone formation in CL and 
BL. 

ML and BL: 3D printing, 
lyophilization. 

CCL: dense PLGA-1% 
TCP, no pore. 

Tensile strength: 48% of native 
cartilage tissue. 

Assembled by dissolving- 
bonding process. 

BL: porous PLGA-1% 
TCP, 400–500 μm pores. 

Shear strength: 51% of native 
cartilage tissue. 
Enhanced properties due to the 
presence of CCL. 

Poly(ethylene glycol)- 
diacrylate (PEGDA) 
and N-acryloyl 6-ami-
nocaproic acid 
(A6ACA) hydrogel, 
CaP 

Trilayered: In vitro: chondrogenic 
differentiation of MSCs and 
formation of cartilage-like tissue 
in CL and ML. 

CL, ML and BL: 
polymerization, cryogelation. 

– BL acellular, top two 
layers were loaded with 
MSCs and cultured in 
chondrogenic medium 
for 1 week before 
implantation. 

[21] 

CL: PEGDA. In vivo: MSCs differentiation, BL 
mineralization, formation of OC 
tissue with lubricated cartilage 
surface. 

ML and BL: incubation with a 
Ca2+ and HPO4

2− solution. ML: PEGDA-CaP 
(anisotropic pore 
architecture). 
BL: PEGDA-A6ACA-CaP. 

Gelatin hydrogel, 
aligned chondroitin 
sulfate microribbons 
(μRBs) 

Trilayered: In vitro: stronger interfaces, 
higher cartilage ECM 
production, 4-fold increase in 
GAGs production due to μRBs. 

Iterative layering in Teflon 
mold and UV light 
crosslinking. 

–  [109] 

CL: 100% gelatin/0% 
μRBs. 

Increased compressive modulus 
(CL 60 KPad, ML 250 KPa, BL 
460 KPab) due to μRBs. 

ML: 90% gelatin/10% 
μRBs. 

Enhanced collagen deposition in 
superficial zone due to μRBs 
alignment. BL: 75% gelatin/25% 

μRBs. 
Gelatin methacrylamide, 

PCL, PEG, PLGA 
Trilayered: In vitro: MSCs differentiation 

into chondrogenic/osteogenic 
lineages in CL/BL. 

GFs were loaded into PLGA 
microspheres before printing. 

CL: TGFβ1 
and BMP7. 

BM-MSCs were 3D 
bioprinted into each 
layer. 

[112] 

All layers: gelatin 
hydrogel reinforced with 
PCL-PEG fibers with 
specific orientation/fiber 
spacing, GF-loaded 
PLGA microspheres. 

In vivo: Simultaneous cartilage 
and subchondral bone 
regeneration. 

All layers were prepared by a 
combination of MEW, FDM 
and 

ML: TGFβ1. 

BL: Addition of HAP. Superficial layers created a 
regenerated lubricating and 
wear-resistant surface. 

UV light crosslinking. BL: BMP2. 

Compressive modulus similar to 
native tissue for certain fiber 
orientations. 

Chitosan, gelatin, nHAP, 
decellularized bone 

Trilayered: In vitro: MSCs adhesion and 
differentiation into 
chondrogenic and osteogenic 
lineages. 

CL (SZ, MZ, DZ): Iterative 
layering, lyophilization and 
chemical crosslinking. 

– AD-MSCs were seeded 
within scaffolds for 14 
days before 
implantation. 

[108] 

SZ: chitosan-gelatin-0% 
nHAP. 

In vivo: regeneration of bone and 
cartilage tissues in dynamic 
conditions. 

BL: decellularization, 
deproteinization, 
decalcification, and 
degreasing of porcine femur. MZ: chitosan-gelatin- 

10% nHAP. 
Compressive modulus similar to 
native cartilage. Reinforcing 
effect of nHAP. 

DZ: chitosan-gelatin- 
30% nHAP. 

Biodegradation rate ~10%/ 
week. 

Pore size 153.5–325.3 
μm. 
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Table 1 (continued ) 

Materials Structure Main Outcomes Fabrication technique Growth 
factors 

Cell-laden for in vivo Ref. 

BL: decellularized 
porcine femur. 

SF, HAP Trilayered: In vitro: MSCs adhesion, 
proliferation, migration, and 
differentiation due to the 
presence of GF. High 
biocompatibility. 

CL and ML: freeze-drying. PDGFs. – [98] 

CL: 5% SF, 60–177 μm 
pores. 

In vivo: cartilage regeneration, 
and at an earlier stage if GF. 
Hyaline cartilage-like structure 
at 24 weeks, high expression of 
type II collagen and cartilage 
ECM. 

BL: HAP sintering, SF solution 
soaking. 

ML: 20% SF, 27–171 μm 
pores. 

GFs were loaded by soaking 
polydopamine (PDA)- 
modified scaffolds into GFs- 
containing solution. 

BL: 5% SF-HAP, 96–845 
μm pores. 

Titanium, PLGA, 
autologous bone 

Trilayered: Cost-effective and time-saving 
fabrication. 

CL and ML: 3D printing 
(extrusion-based). 

– Chondrocytes were 
seeded onto the CL for 28 
days before 
implantation. 

[84] 

CL: 100 μm pore size 
PLGA. 

Good integration with tidemark 
area between neocartilage 
subchondral bone. 

BL: 3D printing (selective 
laser melting). 

ML: 30 μm pore size 
PLGA. 

CL: enhanced neocartilage 
formation due to the stiffness of 
the Ti structure. 

BL: Titanium lattice 
structure filled with 
autologous cancellous 
bone. 

BL: enhanced regeneration due 
to the presence of cancellous 
bone. Early neovascularization. 

Alginate, chitosan, PCL, 
PEG, HAP 

4-layered: In vivo: formation of hyaline 
cartilage and integrated bone. 
Biodegradation of scaffold 
matched the reconstruction rate 
of bone and cartilage. Sequential 
delivery of GF. Early 
vascularization due to GF. 

CL, CCL, and BL: oxidized 
sodium alginate-chitosan 
gelation, lyophilization. 

CL: FGF2, 
BMP2 and 
TGFβ1. 

– [65] 

CL: alginate-chitosan. Membrane: electrospinning. CCL: wnt/ 
β-catenin. 

CCL: alginate-chitosan- 
HAP. 

BL: BMP2. 

Membrane: PCL-PEG 
fibers. 
BL: alginate-nHAP. 

N-acryloyl glycinamide, 
and N-[tris 
(hydroxymethyl) 
methyl] acrylamide 
copolymers, TCP 

Gradient bilayered In vitro: attachment, spreading, 
chondrogenic and osteogenic 
differentiation of MSCs. 

Copolymer gelation, 3D 
printing, TCP cross-linking. 

TGFβ1. – [72] 

CL: copolymer hydrogel. In vivo: regeneration of 
subchondral bone cartilage with 
GAGs and type II collagen 
production. 

GFs were co-printed. 

BL: copolymer hydrogel- 
TCP. 

Tensile strength: 0.41 MPae, 
compressive strength: 4.59 MPaf, 
compressive modulus 0.12 
MPab,d, large stretchability (up 
to 860%). 

Gradient pore size 
(360–700 μm). 

Type I collagen, sodium 
hyaluronate, nHAP 

Gradient trilayered: In vitro: conductive to cellular 
adhesion. Proliferation of 
chondrocytes in CL/ML, 
osteoblasts in BL. 

Solution mixing, chemical 
crosslinking, lyophilization. 

– – [96] 

CL: 50% collagen-50% 
hyaluronate. 

Biodegradation rate: 25–50% 
after 30 days. 

ML: 33% collagen-33% 
hyaluronate-33% nHAP. 

Compressive modulus: 
14.1–26.1 KPab,d. 

BL: 40% collagen-10% 
hyaluronate-50% nHAP.  
Gradient pore structure 
(61–158 μm) and 
uniform porosity 
(>85%).  

PCL, HAP Gradient: In vitro: MSCs adhesion and 
proliferation. Osteogenic 
differentiation promoted by 
HAP. 

SLS of PCL and HAP-PCL 
microspheres prepared by 
emulsion solvent 
evaporation. 

– – [97] 

Gradient HAP content 
(0–30 wt% with 5% 
increments) and pore 
size (400–500 μm). 

In vivo: smooth cartilage-like 
tissue formation. High degree of 
neobone formation due to HAP. 
Compressive modulus: 8.7 
MPab,d. Compressive strength: 
4.6 MPaf. 

Decellularized porcine 
cartilage ECM 

Gradient: In vitro: cell adhesion, cartilage- 
like tissue on surface, GAGs and 
type II collagen production. 

Cartilage harvesting, laser 
surface modification, 
detergent-enzymatic 
decellularization. 

– Autologous chondrocytes 
were seeded on the 
scaffolds for 1 week 
before implantation. 

[125] 
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respectively [57]. 

4.1.2. Natural polysaccharides 

4.1.2.1. Chitosan. Chitosan is a polysaccharide naturally derived from 
chitin, the main component of shrimp shells, upon deacetylation [159]. 

It is highly biocompatible, osteoconductive, and osteoinductive, with a 
structure similar to that of GAGs [174,175], another polysaccharide 
from the cartilage tissue. Because of its high degree of deacetylation, 
chitosan degrades at a slow rate (5 w% reduction after 3 weeks) [176]. 
In addition, chitosan possesses an ability to promote cell differentiation 
[177,178], which makes it a promising candidate for constructing both 

Table 1 (continued ) 

Materials Structure Main Outcomes Fabrication technique Growth 
factors 

Cell-laden for in vivo Ref. 

Lattice-arranged conical 
micropores. 

In vivo: mature neocartilage 
with high contents of DNA, 
GAGs, type II collagen. 
Compressive modulus: 5 MPab,d. 

MSC-laden hydrogel, 
PLGA, PCL 

Gradient: In vitro: MSCs proliferation, 
spreading, differentiation into 
chondrocytes, and cartilaginous 
matrix formation. 

3D bioprinting. Deepest 
layer: BMP4. 

BM-MSCs were 3D 
bioprinted into each 
layer. 

[121] 

Gradient fiber spacing 
(150–750 μm). 

Compressive modulus is similar 
to native tissue. 

GFs were loaded into PLGA 
microspheres and then co- 
printed. 

All other 
layers: 
TGFβ3. PCL hydrogel with GF- 

loaded PLGA 
microspheres. 

In vivo: functional neocartilage, 
microvessels ingrowth.  

a Subchondral bone tensile modulus: 98–270 MPa [145]. 
b Subchondral bone compressive modulus: 155–480 MPa [146]. 
c Cartilage tensile modulus: 2–25 MPa [147,148]. 
d Cartilage compressive modulus: 1.36–39.2 MPa [149]. 
e Cartilage tensile strength: 7–15 MPa [148]. 
f Cartilage compressive strength: 14–59 MPa [150]. 

Fig. 4. Map of the materials and their combination used in recent MZSs. Polymeric materials, especially chitosan, PCL and PLGA, are the most popular materials used 
as a matrix. Bioceramics are used as mineral additions in the BL. A. Trilayered scaffolds with metal in the BL and polymeric materials in the CL. Adapted with 
permission from Ref. [81]. B. Trilayered scaffolds composed of chitosan, glycerophosphate, and gelatin at various ratios and gradient porosities (86–95%). Adapted 
with permission from Ref. [108]. C. Bilayered scaffolds with alginate and agarose hydrogel reinforced by PCL, PLA, or PLGA fibers in the bone layer. Adapted with 
permission from Ref. [91]. D. Pure PLGA scaffolds divided into two regions with different pore sizes (100–200 μm and 300–450 μm). Adapted with permission from 
Ref. [68]. E. Cell seeded trilayered scaffolds with alginate hydrogel and cartilage ECM in the CL, addition of PLGA microspheres in the ML, and PLGA microspheres in 
the bone layer. Adapted with permission from Ref. [23]. F. Bilayered scaffolds made of decellularized cartilage ECM (134 μm pores) in the CL and decalcified bone 
ECM (336 μm pores) in the BL. Adapted with permission from Ref. [80]. G. Trilayered scaffolds with varying volume fractions of SF and HAP inclusion in the BL. 
Adapted with permission from Ref. [98]. H. Trilayered scaffolds with different chitosan:collagen ratios and embedded OCP in the BL. Adapted with permission from 
Ref. [111]. I. 3D printed bilayered and trilayered scaffolds with alginate-methylcellulose (MC) and alginate-MC-CaP inks. Adapted with permission from Ref. [190]. 
J. Trilayered scaffolds with a top layer made of methacrylated hyaluronic acid (MeHA) hydrogel embedding Diclofenac to regulate inflammation, and 3D printed 
PCL-MeHA and PCL-TCP layers. Adapted with permission from Ref. [188]. K. Trilayered scaffolds with PEG-diacrylate and N-acryloyl 6-aminocaproic acid (A6ACA) 
cryogel matrix and CaP in the BL, PEGDA-CaP in the CCL and pure PEGDA in the CL. Adapted with permission from Ref. [21]. L. Trilayered scaffolds combining 
oriented cartilage ECM, compact PLGA-TCP, and porous PLGA-TCP. Adapted with permission from Ref. [64]. M. Decellularized porcine articular cartilage ECM 
scaffolds with gradient lattice-arranged conical micropores added by laser. Adapted with permission from Ref. [125]. 
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cartilage and bone layers in MZSs [59,65,69,108,111,115,123,127]. In 
the bone layer, chitosan promotes the growth of calcium phosphate 
crystals and alkaline phosphatase, which are markers of osteogenesis 
[179,180]. Chitosan is responsible for superior adhesion at the interface 
of bone-cartilage layers and spreading of osteoblasts [174]. Recent 
studies reported that the presence of chitosan in the bone layer of MZSs 
enhanced osteogenic cell proliferation [59,69,108,111]. Also known as 
a promoter of adhesion and proliferation of chondrocytes [175], chito-
san has been used for the construction of cartilage layer of recent MZSs 
to promote chondrogenic differentiation [108,111]. For instance, 
Pitrolino et al. [59] showed that pure chitosan was the preferred me-
dium for chondrogenesis and was responsible for increased GAGs pro-
duction. Chitosan-based MZSs were also correlated with high 
compression modulus (4–8.2 MPa) [69,127]. To achieve enhanced 
integrity and stiffness, chitosan could be mixed with proteins, such as SF 
[27], gelatin (Fig. 4B) [123], collagen [111] or combined with other 
polysaccharides to form polyelectrolyte complexes (chitosan-alginate 
[181] or chitosan-hyaluronic acid [182]). The biodegradation rate of 
chitosan-based MZSs can also be tailored by varying the compositions of 
the scaffold [69] and thereby reach an appropriate value matching the 
reconstruction rate of OC tissue [65,108,115]. Crosslinking techniques 
also successfully reduced the degradation rate of chitosan-based MZSs 
with a gradient composition [127], but this approach could lead to cell 
toxicity and low cartilage matrix production [183]. 

4.1.2.2. Hyaluronic acid. Hyaluronic acid (HA), the major component 
of the cartilage tissue, is a GAG that provides support to chondrogenesis 
[184,185]. HA is advantageous in MZS fabrication, and more particu-
larly for the design of the CL, because of its good biocompatibility, 
appropriate degradation rate [186], and high printability [187]. In a 
bilayered scaffold fabricated by Liu et al. [75], HA hydrogels exhibited a 
high level of differentiation of MSCs into chondrocytes in the cartilage 
layer, and into osteoblasts in the HAP-HA bone layer. HA can be com-
bined with other polymers to further improve its properties. For 
instance, HA is normally mixed with chitosan to enhance cell differen-
tiation [69] or with PCL (Fig. 4J) to increase the production of cartilage 
matrix, type II collagen and GAGs [58,188]. Mixing with polyglycidol 
polymers is also a good strategy for tailoring the chondrogenicity of HA 
[189], although the resulting compressive properties of the scaffold 
remain low [58]. 

4.1.2.3. Plant-derived polysaccharides. The most abundant poly-
saccharides on earth are plant-derived polysaccharides, among which 
alginate and methylcellulose are commonly used for constructing MZSs 
[23,65,69,91,107,118,190,191]. Cellulose and its derivative (methyl-
cellulose) are the main structural component of vegetal cell walls [192] 
and exhibit a hierarchical structure leading to high mechanical prop-
erties [192]. Alginate is a polysaccharide extracted from brown and red 
seaweeds [144,193] that has been widely used over the last a few years 
because of its fast gelation capability, low cost, and potential to support 
chondrogenesis. A limitation of alginate is its poor support to cell 
adhesion and cell proliferation [23]. Interestingly, Nie et al. [23] used 
this characteristic of alginate in a MZS to force chondrocytes migrating 
from the top alginate layer to the bottom PLGA porous region with better 
cell adhesion capability. As a result, the migrated cells secreted ECM 
across the cartilage region and the top subchondral bone region, forming 
a biological bonding between the two zones. The use of alginate alone is 
limited by its low viscosity that is undesirable for 3D printing [196]. 
Alginate is often required to mix with another polymer, such as meth-
ylcellulose (Fig. 4I) [190], or incorporated with particles, such as cel-
lulose nanocrystals [118] or laponite (a clay mineral) [191], as 
thickeners to improve its viscosity. Besides viscosity, Sultan and Mathew 
[118] took advantage of the orientation of cellulose nanocrystals 
embedded in an alginate matrix to direct cell growth, control pore 
structure and density, and promote cell proliferation. . Alginate can also 

be mixed with chitosan to improve its mechanical properties by forming 
polyelectrolyte complexes [65,69]. To this end, our group has designed 
a novel alginate-polyvinyl alcohol (PVA)-HAP hydrogel with optimal 
rheological properties for 3D printing tissue engineering scaffolds [194, 
195]. Another example is provided by Critchley et al. [91], where for-
mation of hyaline-like cartilage repair was observed in vivo in the 
cartilage layer of bilayered scaffolds made of alginate hydrogels and 
reinforced by a series of 3D printed synthetic polymers (PCL, PLA, or 
PLGA). 

4.1.3. Synthetic polymers 

4.1.3.1. Polycaprolactone. PCL is a biocompatible polymer with a low 
printing temperature that makes it suitable for various fabrication 
techniques [134], especially 3D printing [197] and electrospinning [74, 
94]. It has good mechanical properties [198] that can be tailored by 
adjusting its molecular weight [199]. Notably, BM-MSCs were success-
fully co-printed with PCL hydrogel ink into scaffolds with gradient 
spacing [121]. PCL is widely used as fiber reinforcements in MZSs [58, 
65,91,112] to achieve compressive properties matching those of native 
tissues [112,121]. Recent investigations on MZSs with load-bearing 
PCL-based matrix have reported high compressive moduli in the range 
of 8.2–220 MPa [70,97,119,127]. It has been found that PCL is efficient 
in facilitating chondrogenic differentiation, cartilage matrix production, 
and cartilage-like tissue formation [74,94,97,121,188], but osteogenic 
differentiation or neobone formation was only achieved in the presence 
of bioceramics in the bone layer [70,74,94]. PCL is nonetheless a ver-
satile material that can be used as a main component in both cartilage 
and bone layers, as demonstrated by Steele et al. [134]. In this study, 
four manufacturing methods, electrospinning, porogen leaching, direc-
tional freezing, and melt electrowriting (MEW), were considered to 
fabricate PCL-only scaffolds with gradient stiffness and porosity. A 
limitation of PCL is its low biodegradation rate as it takes nearly 3 years 
for PCL to completely degrade in vivo, which significantly obstructs 
matrix from deposition [200]. Fortunately, the biodegradation rate of 
PCL can be tailored by modulating its molecular weight [198]. Notably, 
the degradation time can be shortened to as short as six months [201]. 

4.1.3.2. PLA and PLGA. PLGA is a copolymer of polylactic acid (PLA) 
and polyglycolic acid (PGA), a family of FDA-approved biocompatible 
polyesters [202]. Its biodegradation rate is higher than that of PCL and 
can be easily tailored via various routes, such as by modulating the ratio 
of lactic acid to glycolic acid in the PLGA chain [203]. The good pro-
cessing properties of PLGA make it an attractive candidate for 3D 
printing [204], or to be added to a polymeric matrix to control the 
biodegradation and biological performances of scaffolds [205]. 
Recently, PLGA has been used to fabricate the bone layer [23,64,104], 
the cartilage layer [82–84] or the entire MZS [63,73,77,78,86,205]. In 
these studies, PLGA supported cell attachment [206], high subchondral 
bone regeneration [23,78,104], and simultaneous chondrogenic and 
osteogenic differentiations [86]. More interestingly, it has been found 
that PLGA scaffolds can regenerate both cartilage and subchondral bone 
tissues by simply adjusting the zonal-specific pore size or porosity of 
scaffolds [207,208]. Similarly, a recent study on poly(L-lactic acid) 
(PLLA), a stereoisomer of PLA, evidenced that this material could sup-
port both osteogenic and chondrogenic differentiations upon the gen-
eration of a gradient piezoelectric field [209]. Although PLGA could 
promote cell activities, a study has shown that it also initiated 
de-differentiation of chondrocytes upon adhesion, and eventually led to 
the deposition of type I and type X collagen impurities in the neo-formed 
cartilage [23]. Reduction of chondrogenic expressions and GAGs pro-
duction were also observed in PLA-based scaffolds although osteo-
genesis was improved in the bone layer [78]. The use of PLA or 
PLGA-only matrixes is also limited by their high melting temperatures, 
which challenges the use of live cells in 3D bioprinted MZSs [210]. In 
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addition, PLGA creates an acidic environment while degrading, causing 
inflammation and cell death [91,121]. As such, PLA and PLGA have 
been mainly used as reinforcing fibers [91]. PLGA was also used for slow 
release of bioactive molecules [211] and growth factors in MZSs [112, 
121]. 

4.1.3.3. Other polymers. A combination of natural polymers with a 
growing non-exhaustive list of synthetic molecules have also been 
explored, such as PEG dimethacrylate [205], polyethylene oxide (PEO) 
[142], polyacrylamide [191], PEG-poly(glycerol sebacate) (PGS) [79] or 
polyethersulfone [212]. Usually, a specific property of the synthetic 
polymer motivated its use in MZSs. For instance, polyacrylamide was 
combined with laponite to fabricate gels with electrostatic interactions 
that are capable of self-healing and redirecting the macrophage 
phenotype [191]. PEG is also a popular synthetic polymer for con-
structing MZSs due to its high solubility in water, excellent biocom-
patibility, and adjustable degradation rate [213,214]. In MZSs, PEG was 
combined with PCL to form reinforced fibers, resulting in a significant 
increase of mechanical strengths [65,112]. Additionally, Kang et al. [21] 
used synthetic copolymer of PEG-diacrylate and N-acryloyl 6-aminocap-
roic acid copolymer to encapsulate cells in a controlled porous archi-
tecture (Fig. 4K) and observed chondrogenic differentiation, 
osteochondral tissue reconstruction, and lubrication of the cartilage 
surface (lubricin). As a biocompatible polymer with tunable mechanical 
properties, PGS has also been used in cartilage engineering. However, it 
is usually associated with a long high-temperature crosslinking process 
that can take for several days [215]. Generally, PGS is rarely used alone 
due to its undesirable processing properties that complicate the fabri-
cation of porous scaffolds [189]. For instance, Lin et al. [79] fabricated a 
bilayered scaffold with a cartilage layer matrix composed of PEG-PGS 
copolymer. The viscoelastic behavior and the chondrogenicity of the 
copolymer were modulable using a significantly shorter urethane 
crosslinking. Similarly, Gao et al. [72] copolymerized N-acryloyl glyci-
namide and N-[tris(hydroxymethyl)methyl] acrylamide to synthetize a 
high-strength copolymer hydrogel that is suitable for 3D printing. The 
hydrogel was used as a matrix in a bilayered scaffold with HAP in the 
bone layer. Besides its excellent mechanical properties, the scaffold 
demonstrated improved chondrogenic and osteogenic differentiation of 
MSCs and excellent cartilage and subchondral bone tissues formation. 
Another study also reported that functionalized multizonal hydrogels 
made of conjugated PGA-PEG-PGA terminated by cartilage-specific or 
bone-specific peptide sequences improved the histological scores of the 
newly formed tissues in vivo compared to non-functionalized hydrogels 
[216]. Besides this work, conjugated systems of co-polymers remain, 
however, rarely used. The complete scheme of their physicochemical 
properties still needs to be depicted by further exploration, especially 
regarding their biodegradation rate. 

4.2. Bioceramics and bioglasses 

Calcium phosphates (CaPs) constitute a large family of bioceramics 
in bone tissue engineering because of their similarity to the chemical 
composition of bone minerals. In general, they are resorbable and can 
promote cell differentiation into osteoblasts [217–219]. However, when 
CaPs are used as a matrix, high sintering temperatures are required to 
bind CaP particles [220]. This may limit many materials from being used 
jointly with CaPs. As such, CaPs are often used as additives to the bone 
layer of MZSs. Among them, HAP is the most commonly used. Despite 
remarkable mechanical properties, bioinert ceramics, such as alumina or 
zirconia, do not interact with surrounding tissues [19], which strongly 
limited their usefulness in OC repairs. Instead, bioglasses, another class 
of bioceramics, were used. However, due to a few serious concerns 
(discussed in a later section), they are used less popularly for prepara-
tion of MZSs. 

4.3. HAP 

HAP (Ca10(PO4)6(OH)2), the main component of natural bone, 
demonstrates excellent in vivo biocompatibility and osteoconductivity 
[221]. It can differentiate MSCs into osteoblasts [70], and to promote 
their proliferation by increasing the local Ca2+ ion concentration [222]. 
HAP also plays an important role in the integration of neo-formed 
cartilage and subchondral bone [223]. It is therefore the most 
preferred mineral addition in the bone layer of MZSs for supporting 
osteogenesis [57,59,65,69,70,73,75,86,96,97,107,108,110,115,116, 
119,161]. HAP has been consistently reported to support in vitro dif-
ferentiation of MSCs into bone cells and/or in vivo subchondral bone 
regeneration. The amount of HAP incorporation in recent MZSs ranged 
from 0.5 wt% [69] to 70 wt% [59], and it was normally embedded in a 
polymeric matrix, such as gelatin [70,73,109,111,143] and chitosan 
[59,65,69,108,115]. The size of the HAP addition can impact the rate of 
in vivo scaffold resorption and tissue ingrowth [224]. In general, 
nanoparticles are easily digested by osteoclasts and reused by osteo-
blasts to form new bone tissue [225], which makes them excellent ad-
ditions for enhancing osteogenicity and in vivo bone ingrowth [57,59, 
96,107,108,110,115,142]. 

4.4. TCP, OCP 

Other CaPs formulations used in MZSs are TCP (Ca3(PO4)2) and 
octacalcium phosphate (OCP, Ca8H2(PO4)6), which have similar physi-
cochemical properties as HAP except that they are less stable than HAP 
[226]. TCP and OCP were used in a few recent studies to construct MZSs 
[64,71,74,77,94,104,111,188]. For instance, they were precipitated in 
the bone layer of MZSs upon incubation in solutions containing Ca2+ and 
HPO4

2− ions [77]. Such prepared bone layers promoted osteogenic dif-
ferentiation [77], mineralization, and osteochondral bone tissue for-
mation [190]. When a bone layer made of pure TCP was used in 
bilayered scaffolds, good cell adhesion and proliferation along with 
mineralized matrix production were observed in vitro despite that the 
layer was too brittle [71]. TCP is preferred over OCP for supporting cell 
proliferation [64,72,104,188], osteogenic differentiation of MSCs [72, 
74,94] and neobone formation [72,104] in MZSs. In addition, OCP has a 
lower Ca/P ratio (1.33) compared to that of HAP (1.67) or TCP (1.5), 
which demonstrates a faster resorption rate in vivo [227]. 

4.5. Bioglasses 

Bioglasses are a class of ceramics containing a bioactive component 
(CaO, Na2O, SiO2, or P2O5) that generates a calcium-phosphorous layer 
on its surface upon contacting to body fluid [228]. This layer is highly 
osteoinductive, osteoconductive and osteointegrative [229], and sup-
ports new bone formation [230]. Bioglasses also have good antimicro-
bial properties [231]. In a work by Lin et al. [233], a technique to 
fabricate mesoporous bioactive glass MZS was developed by dissolving 
tetraethyl orthosilicate and triethyl phosphate in ethanol, followed by 
evaporation in vacuum conditions and calcination. As a result, a bilay-
ered scaffold with a bone layer composed of pure bioglass was fabri-
cated, and it regenerated subchondral bone 12 weeks post implantation 
in vivo. However, despite their high strength and stiffness, bioactive 
glasses have drawn limited interest in OC tissue engineering due to their 
brittleness [232]. In addition, a series of other drawbacks, such as the 
difficulty to process into porous scaffolds, poor biodegradation proper-
ties of some bioglasses, or concerns of toxic ion release (borate bioactive 
glass), further restricted their usefulness in biological applications 
[232]. 

4.6. Cartilage and bone extracellular matrix 

Cartilage and bone ECMs exhibit physicochemical properties and 
natural architecture ideal for OC tissue engineering upon 
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decellularization and decalcification [80]. The anisotropic and gradient 
architecture of cartilage ECM creates an ideal chondro-inductive envi-
ronment for chondrocytes spreading and cartilaginous tissue regenera-
tion [234]. When transitioning from the superficial to the deep zone, 
higher nutrient concentrations, increased mechanical properties, lower 
level of GAGs [235], and enhanced support for vascularization were 
observed [236]. As an emerging candidate for OC tissue engineering, 
decellularization of articular ECM needs to be further improved to better 
preserve its chondroinductivity, osteoconductivity and mechanical 
properties [66,125]. Particularly, decellularization of the cartilage re-
gion is challenging and time-consuming and has been rarely complete 
because of its extremely high matrix density [23,125]. As a result, lim-
itations, such as immunoreaction [143], stress shielding [237], poor 
integration with the areolar tissue [238], and implant failure [143], 
have been reported. 

ECMs can be extracted from an animal source [80,125] or obtained 
from culturing chondrocytes on a substrate material, such as alginate 
hydrogels (Fig. 4E) [23]. In a study by Cao et al. [80], decellularized 
cartilage ECM scaffold was combined with bone ECM that was 
pre-decalcified. The bilayered MZS exhibited both neocartilage and 
trabecular bone regeneration in vivo (Fig. 4F). However, cell migration 
occurred at a very small scale in the scaffold because of the high density 
of the collagen network [239]. A technique to improve both cell 
spreading and decellularization of cartilage ECM was proposed by Li 
et al. [125], where a lattice-arranged microporous architecture was 
laser-drilled to create ideal dimensions for cell migration (Fig. 4M). Cell 
spreading was substantially enhanced compared to untreated ECM and 
functional restoration of the cartilage tissue was observed in vivo after 8 
weeks of implantation. A similar ultraviolet laser drilling technique was 
used by Wang et al. [66] and it was found that such a treatment was 
beneficial for in vivo tissue regeneration. 

To facilitate the decellularization process, lyophilized cartilage or/ 
and bone ECMs were also ground into powders and then digested by 
pepsin in acid [64,74,94,104,240]. The resulting solutions were further 
processed into hydrogels [74,94], or mixed with polymers to eventually 
form a bioink suitable for 3D printing [173], or directionally 
freeze-dried to obtain a OC-like anisotropic architecture (Fig. 4L) [64, 
104]. In a recent study by Browe et al. [240], ground cartilage and bone 
ECMs were used to fabricate bilayered scaffolds with aligned collagen 
fibers by modifying the freeze-drying kinetics to direct differentiations 
of MSCs. In this study, the control of the pore size and alignment 
improved cellular spreading and GAGs deposition. Overall, the use of 
autologous cartilage and bone ECMs circumvents the limitations asso-
ciated with imperfect decellularization, limited tissue availability, and 
donor site morbidity [241]. 

4.7. Metals 

Metals remain scarcely used in MZSs because most of them are not 
biodegradable. A few metals, such as titanium (Ti) and its alloys, have 
excellent biocompatibility, resistance to corrosion, low density, high 
toughness, and high stiffness [242–246]. Printing Ti lattice structures 
with selective laser sintering (SLS) is considered a cost-effective and 
time-saving approach to prepare scaffolds [84]. It was used to construct 
a stiff supporting bone layer in MZSs, which is usually combined with a 
polymeric chondro-inductive cartilage layer [84]. Interestingly, studies 
have shown that a stiff Ti subchondral layer supported neocartilage 
growth in both cartilage and middle layers, and improved the integra-
tion of the regenerated bone and cartilage tissues with the adjacent host 
tissue [82–84,246].Besides its non-degradability, a drawback of Ti, 
paradoxically, is its high stiffness (103 GPa) [247] that exceeds that of 
natural bone by a large margin [37]. Ti implants can therefore transmit 
more stress compared to the surrounding bone tissue, which eventually 
causes the tissue to resorb under the action of the osteoclasts, and loses 
its mechanical properties [248]. This phenomenon, called stress 
shielding, has pushed researchers to explore other metals with elastic 

modulus comparable to that of bone tissues. For instance, tantalum (Ta) 
has sufficient strength [249], but an elastic modulus between those of 
cortical and cancellous bone, which completely avoids stress shielding 
[250]. In addition, Ta is biocompatible, corrosion resistant, and it pro-
motes osteogenic differentiation [251]. In a study on a bilayered MZS 
composed of porous Ta (BL) with BMSCs seeded collagen membranes 
(CL), Wei et al. [85] evidenced that Ta did not inhibit BMSCs spreading, 
but instead played an important role in their osteogenic differentiation 
and bone-Ta integration. Ta–Ti alloy has also been used to improve the 
performances of metal-based MZSs. Ta–Ti alloys exhibit similar 
biocompatibility to Ti, but a higher resistance to corrosion, along with 
an elastic modulus matching that of natural bone [252]. For instance, 
Sing et al. [81] fabricated Ti–Ta lattice structures embedded in collagen 
hydrogels (Fig. 4A), which supported cartilage formation without 
causing stress shielding. 

Table 2 summarizes various materials used in constructing specific 
layers of MZSs. Besides the variety of materials used, it shows that 
combination of materials is often necessary to reach desired properties. 
The biological performances of MZSs largely depend on a combination 
of careful material selection, architecture design, and appropriate 
fabrication techniques. 

5. Novel fabrications techniques 

The overall biological performance of MZSs in OC repair is not only 
determined by its composition and structure, but also their fabrication 
technique as it is a key that impacts the mechanical, physicochemical, 
and biological properties of the MZSs. Single usages of traditional 
scaffold manufacturing techniques, such as freeze-drying, gas-forming, 
phase separation, template leaching, and sol-gel method, are no longer 
considered facile strategies to make non-monophasic scaffolds that 
better mimic the complex zonal architecture of natural osteochondral 
tissue [26,255]. To this purpose, combining a few classic processes or 
using several novel fabricating approaches provides feasible routes to 
fulfill the need for MZS fabrication. This section summarizes the stra-
tegies that are commonly used nowadays to manufacture MZSs, 
including the traditional lyophilization-based, electrospinning-based 
techniques, the most recent emerged 3D printing, and other approaches 
such as those involved the formation of naturally cell-derived structures. 

5.1. Lyophilization 

The basic principle of lyophilization (freeze-drying) is sublimation, 
through which the solid-state frozen water is sublimated directly into 
gas phase under a negative chamber pressure at a low temperature, 
forming a 3D scaffold. The morphology and size distributions of pores 
within the scaffold are simply a replica of those of ice [256,257]. 
Therefore, the microstructure of scaffold is controlled by the nucleation 
and growth of ice crystals during the freezing process of lyophilization. 
Kinetically, the growth of ice crystals prefers the direction perpendicular 
to the c-axis of its hexagonal lattice [51]. As a result, under homoge-
neous cooling, an equiaxed cellular structure is formed. In contrast, 
under a unidirectional freezing gradient, an anisotropic lamellar struc-
ture is formed along the c-axis of ice crystals (Fig. 5A). Overall, the 
freezing temperature, rate, and direction control the pore size, porosity, 
homogeneity, and pore orientation of the obtained structure, offering 
the possibility to design MZSs with zonal specific microstructures that 
replicate the collagen fiber orientations in each region of natural OC 
tissue [258]. Nevertheless, it is still challenging to engineer a multi-
layered scaffold to mimic the complex zonal architecture of natural OC 
using lyophilization alone. In other words, only a single layer of the 
MZSs can be produced at a time, and they have to be subsequently 
stacked to form a zonal structure. However, the poor adhesive strength 
between two adjacent layers has been a huge concern of such designs. To 
solve this problem, several groups including ours have worked to 
fabricate MZSs using multilayered lyophilization techniques or 
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Table 2 
Comparison of the advantages and disadvantages of common materials used in 
constructing the bone layer and the cartilage layer of MZSs for OC regeneration.  

Material Types 
of 
layers 

Pros Cons Ref. 

Polymers - Proteins 
Collagen CL Gelation 

capability 
High 
degradation rate 

[96,111, 
116,161] 

Controllable 
properties 

Self-assembly 
into fibrils 

Chondrogenic 
Gelatin CL Chondrogenic Poor printability [24,70, 

108–110, 
112,118, 
123,124, 
253] 

Poor mechanical 
properties 
Low cost 
Ease of use 

Silk fibroin CL Controllable 
porosity 

Poor mechanical 
properties 

[27,57, 
71,98] 

Controllable 
mechanical 
properties 

Low degradation 
rate 

Chondrogenic 
Polymers - Natural polysaccharides 
Chitosan CL Chondrogenic Cell toxicity [27,59, 

65,69, 
108,111, 
123,124] 

Superior CL-BL 
adhesion 
Promote GAGs 
production 

Low cartilage 
ECM production 
upon 
crosslinking 

Polyelectrolyte 
complexes 
forming ability 

BL Osteogenic Poor mechanical 
properties 

[27,59, 
69,108, 
111,123] Controllable 

degradation rate 
High 
degradation rate 

Controllable 
mechanical 
properties 

Hyaluronic acid CL Chondrogenic Low compressive 
properties 

[58,69, 
75,86, 
188] 

Ideal degradation 
rate 
High printability Better if mixed 

with other 
polymers 

Natural 
component of 
cartilage 

Alginate CL Fast gelation 
capability 

Low viscosity [23,65, 
69,91, 
118,190] Low cost Better if mixed 

with other 
polymers or 
thickeners 

Chondrogenic Poor cell 
adhesion and 
proliferation 

Methylcellulose CL Improve 
structural control 

Preferred as 
inclusion 

[118, 
190] 

High mechanical 
properties 

Polymers - Synthetic 
Polycaprolactone CL Low printing 

temperature 
Poor biological 
properties 

[65,74, 
94,97, 
119,121, 
124,134] 

Chondrogenic Mostly used as 
reinforcing fibers Controllable 

mechanical 
properties 

BL Good mechanical 
properties 

Requires mixing 
with bioceramics 

[58,70, 
74,91,94, 
97,119, 
121,124, 
133] 

Low degradation 
rate 

PLA and PLGA CL Ideal and 
controllable 
degradation rate 

Promotes 
differentiation of 
chondrocytes 

[63,68, 
83,86, 
121,253] 

Good processing 
properties 

Induces type I 
and type X 

Chondrogenic  

Table 2 (continued ) 

Material Types 
of 
layers 

Pros Cons Ref. 

collagen 
impurities 

BL Osteogenic High melting 
temperatures 

[23,64, 
68,86,91, 
104,112, 
121,253] 

Controllable 
porosity 

Creates acidic 
environment 
while degrading 

[63] 

PEG CL High solubility in 
water 

Mostly used as 
reinforcing fibers 

[21,65, 
79,112] 

Controllable 
degradation rate 
Good mechanical 
properties  
Chondrogenic  

PGS CL Controllable 
mechanical 
properties 

Requires long 
crosslinking 
process 

[79,189] 

Undesirable 
processing 
properties 

Bioceramics - Bioglasses 
HAP BL Osteoconductive Mostly used as 

additive 
[57,59, 
65,69,70, 
73,75,86, 
96,97, 
107,108, 
110,115, 
116,119, 
161] 

Osteogenic 
Promote 
osteointegration 

TCP, OCP BL Osteogenic Mostly used as 
additive 

[71,74, 
77,94, 
104,111, 
188,254] 

Promote 
mineralized 
matrix 
production 

Less stable than 
HAP 

Ideal degradation 
rate 

Bioglasses BL Highly 
osteoinductive, 
osteoconductive 
and 
osteointegrative 
surface 

Brittleness [79] 

Antimicrobial 
properties 

Poor processing 
properties 

High strength and 
modulus 

Poor 
biodegradation 
properties 
Toxic ion release 
(borate bioactive 
glass) 

ECM 
Cartilage ECM BL, CL Ideal 

physicochemical 
properties 

Requires 
challenging 
decellularization 

[23,24, 
74,80,94, 
104,125, 
240] Ideal 

microstructure 
Requires laser- 
drilling to 
improve cell 
migration 

Chondrogenic Limited tissue 
availability 

Bone ECM BL Ideal 
physicochemical 
properties 

Requires 
decellularization 

[24,80, 
240] 

Ideal 
microstructure 

Limited tissue 
availability 

Osteogenic 
Metals 
Titanium BL Corrosion 

resistant 
Not 
biodegradable 

[82–84] 

Low density Stress shielding 
High toughness 

(continued on next page) 
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lyophilization in combination with other approaches. 
Levingstone et al. [113] developed a collagen-based layered 

construct for osteochondral repair through an iterative layering 
freeze-drying technique. As shown in Fig. 5B, a porous bone layer 
scaffold was first fabricated by freeze-drying a suspension consisting of 
type I collagen and HAP in a mold. The scaffold was crosslinked and 
rehydrated to facilitate the preparation of the subsequent layers. An 
intermediate layer was then engineered via a second freeze-drying 
process by pipetting a suspension made of type I collagen, type II 
collagen and HAP atop the rehydrated bone layer. Finally, a cartilage 
layer was prepared through a third time freeze-drying by adding a 
suspension made of type I collagen, type II collagen, and HA atop the 
first two layers. As demonstrated in Fig. 5C, such prepared MZS showed 
a seamlessly bonded layered structure, high level of pore inter-
connectivity and high porosity (97%) [113]. Their subsequent in vitro 
and in vivo studies indicated that such prepared MZSs exhibited excel-
lent biocompatibility and promoted osteochondral repair potential in 
both a critical-size OC defect rabbit model [113,262] and a long-term 
caprine (12 months) OC defect model [263]. 

Our group managed to design a monolithic MZS that closely mimics 
the zonal microstructure, composition, and collagen fiber orientation of 
OC tissue through a lyophilization bonding process [22,264]. First, a 
unidirectional freeze casting mold (Fig. 5D) made of poly(methyl 
methacrylate) (PMMA) was developed to fabricate a SZ with lamellar 
structure. PMMA was used as an insulator while a copper cap was 
applied as an excellent thermal conductor to confer a thermal gradient 
along the length of the mold. A suspension consisted of type I collagen 
and HA was added to the mold to form a lamellar SZ upon lyophilization. 
Subsequently, a lamellar osseous zone (OZ; subchondral bone zone) 
scaffold was prepared by co-precipitation of type I collagen and HAP 
into a composite gel, followed by self-compression, unidirectional 
freezing, lyophilization, and crosslinking [265,266]. To create a seam-
lessly bonded scaffold mimicking the zonal composition and structure of 
OC tissue, a lyophilization bonding process was developed to join the SZ 
and OZ, as illustrated in Fig. 5E. As shown in Fig. 5F, these processes 
yielded a fully integrated multidirectional scaffold with four morpho-
logically distinct zones: a lamellar SZ with highly aligned horizontal 
oriented collagen-HA fibers; a thick collagen-HA TZ with homogenously 
distributed isotropic pores; a lamellar OZ consisting of highly aligned 
vertically oriented collagen-HAP fibers; and a calcified cartilage zone 
(CCZ) in between the TZ and OZ with a combination of morphological 
and compositional characteristics of these two zones. Our subsequent in 
vitro and in vivo studies demonstrated that such prepared MZSs were 
able to induce osteogenic differentiation of BM-MSCs, maturity of 
chondrocytes, and neo-OC tissue formation [267]. 

Stuckensen et al. [260] has also utilized unidirectional freeze-drying 
to produce a monolithic MZS with highly aligned lamellar structure in 
each zone. Briefly, a custom-built cryostructuring device (Fig. 5G) was 
designed to create a temperature gradient along the long axis of the 
device to guide the solidification of precursor materials. After the 
addition of the precursor comprising of type I collagen and brushite for 
the subchondral zone (SC), the next precursor consisting of type I and 
type II collagen in chondroitin sulfate was added to build up the deep 

chondral zone (CD). The third precursor composed of type I and type II 
collagen in chondroitin sulfate with a lower concentration compared to 
CD was added atop the CD in the same manner to obtain the middle 
chondral zone (MZ). After the three-step solidification process, lyophi-
lization and crosslinking were applied to generate a stable monolithic 
MZS as shown in Fig. 5H. 

Overall, multilayer lyophilization was used to prepare MZSs in a 
layer-by-layer manner from bottom (subchondral bone layer) to top 
(cartilage layer) [113,260,262,263], or it can be applied at the end to 
serve as a bonding process to join all layers [22,264,267]. Besides these 
examples of multilayer lyophilization process, lyophilization is often 
used in combination with other techniques to fabricate MZSs. Huang 
et al. [105] recently used lyophilization to bond type II collagen sponge 
and acellular normal pig subchondral bone, where a natural CCZ was 
included by removing the hyaline cartilage above the CCZ of pig knee. 
Such prepared scaffold showed a well-integrated morphology with a 
trilayered structure and exhibited excellent in vivo OC repair in a min-
ipig knee joint defect model. In another study, freeze-drying was used in 
combination with a porogen-leaching-out approach to produce multi-
layered, chitosan-HAP scaffold with a distinct zonal specific gradient of 
pore sizes (Fig. 5I) [59]. In this study, PCL microparticles with different 
mean sizes were leached out from lyophilized chitosan-HA scaffold, 
forming a porous multilayered scaffold with zonal specific pore size 
gradient. Similarly, Mahapatra and coworkers [78] applied a combina-
tion of freeze-drying, salt-leaching, and phase-separation to generate a 
bilayered poly(L/D-lactide acid) (PLDLA) scaffold with a dense layer and 
a nanofibrous layer (Fig. 5J). The two layers had a similar level of 
porosity (~90%) and pore size (~150 μm) but different surface topog-
raphies which resulted in distinct surface areas and hydrophilicity. In 
particular, the nanofibrous layer demonstrated a larger surface area and 
higher hydrophilicity, which facilitated osteogenesis by enhancing 
cell-to-matrix interactions and in turn stimulated MSCs into elongated 
morphology, resulting in better osteogenic differentiation [268,269]. 
On the contrary, the dense layer with smaller surface area and lower 
hydrophilicity was able to promote cell-to-cell adhesion by enhancing 
the condensation and aggregation of MSCs, which are important steps 
for chondrogenesis [78,270,27]. Liquid phase synthesis has also been 
used to produce multiphasic scaffolds in combination with the 
freeze-drying technique [163,272]. Fig. 5K shows a good example 
combining these two processes [261], where liquid phase inter-diffusion 
was conducted to produce a gradient interface region to bond the sub-
chondral bone layer with the cartilage layer before lyophilization. Other 
techniques, such as foam replication [273], thermally-induced phase 
separation (TIPS) [274], and microspheres-based syringe pump method 
[275,276], have also been used in conjugation with lyophilization to 
construct MZS. 

5.2. Electrospinning 

Electrospinning is a process used to produce nanofibers through an 
electrically charged jet of polymer solution or melt exerting electrostatic 
force [277]. The nanofibers produced by this process possess high spe-
cific surface areas and adjustable mechanical properties suitable for a 
wide range of applications [278,279]. More importantly, the fiber 
arrangement is tunable to simulate the hierarchical architecture of 
natural ECM [26]. As a result, it has been applied extensively in fabri-
cating tissue engineering scaffolds [280,281]. More specifically, the 
cartilage layer of osteochondral MZSs manufactured using electro-
spinning technique is of potential to have a flexible and elastic structure 
that mimics the morphology of hyaline cartilage ECM; the interfacial 
layer of MZSs constructed through electrospinning can act as a tidemark 
to prevent cell migration between cartilage and bone zones while 
allowing for nutrition and waste transport; and such prepared bone layer 
of MZSs possess good mechanical properties and bioactivity that simu-
late ECM production of subchondral bone [282,283]. Although it is hard 
to use electrospinning alone to construct MZSs due to the low 
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Material Types 
of 
layers 

Pros Cons Ref. 

Supports 
neocartilage 
growth 

Tantalum BL Corrosion 
resistant 

Not 
biodegradable 

[81,85] 

High strength 
Ideal stiffness 
Osteogenic  
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Fig. 5. Representative fabrication processes of MZSs manufactured by multilayered lyophilization or single layered lyophilization in combination with other 
techniques. A. Schematic illustration of the preparation of scaffold with different pore structures through lyophilization. Adapted with permission from Ref. [51]. 
B/C. Schematic illustration of the three-step process of the iterative layering process and SEM images of the three-layered scaffold fabricated by multilayered 
lyophilization. Adapted with permission from Ref. [113]. D. PMMA mold used to unidirectionally freeze collagen suspensions to fabricate lamellar superficial layer. 
Adapted with permission from Ref. [22]. E/F. Schematical illustration of the lyophilization bonding process and SEM images of the monolithic MZS with distinct 
zonal specific fiber orientations. Adapted with permission from Ref. [259]. G/H. Schematic illustration of the process involved in the cryostructuring process for the 
fabrication of the three-layered osteochondral scaffold. Adapted with permission from Ref. [260]. I. Schematic image shows pore size gradient in different zones of 
the trilayered scaffold design prepared by lyophilization in combination with a porogen-leaching out method. Adapted with permission from Ref. [59]. J. Schematic 
illustration of the design and osteochondral strategy of the biphasic scaffold with dense and nanofibrous morphologies fabricated by a combination of lyophilization, 
leaching out and phase separation methods. Adapted with permission from Ref. [78]. K. Schematic illustration of the methodology used for the preparation of a 
bilayered OC scaffold using the combination of lyophilization and liquid phase synthesis method. Adapted with permission from Ref. [261]. 
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three-dimentionality produced by the technique, it is a powerful tool to 
create various MZSs in conjugation with other processing techniques. 

Electrospinning has been used to prepare the cartilage layer of MZSs 
[284], which can be fused together with a bone scaffold using a 
press-fitted method [284–286]. Briefly, a PCL scaffold containing β-TCP 
was prepared using fused deposition modeling (FDM) to serve as the 
bone layer. Meanwhile, a PCL electrospun membrane was produced, 
acting as the cartilage layer. To create an integrated biphasic scaffold, 
the bone layer was quickly heated on a hot plate and then instantly 
press-fitted onto the PCL electrospun membrane, followed by cooling 
and solidification. A similar attempt was made to create electrospun 
cartilage layer, where the bone zone was manufactured by other tech-
niques [287]. As shown in Fig. 6A, a porous scaffold consisting of chi-
tosan and Si-substituted nano-HAP was produced to serve as the bone 
layer of the MZSs using a combination of ultrasonication, centrifugation, 
and lyophilization. Then the porous structure was fixed on a collector, 
and a mixture of zein solution and polyhedral oligomeric silsesquioxanes 
(POSS) was electrospun onto the collector to create an integrated bilayer 
scaffold. The scanning electronic microscopy (SEM) image shows a 
typical morphology of the cartilage layer manufactured by electro-
spinning atop a porous bone scaffold (Fig. 6B). 

Since electrospun structures are typically porous 2D sheets or 
pseudo-3D nanofiber scaffolds, electrospinning is an ideal technique to 
create a thin interfacial layer (tidemark or CCZ) between the cartilage 
and bone layers. Chen et al. [283] built an integrated multilayer com-
posite scaffold using electrospinning in combination with chemical 
synthesis and lyophilization. In this study, coaxial electrospun PCL/PEG 
short fibers were incorporated vertically into the subchondral bone 
scaffold to facilitate controlled, sustained release of loaded growth fac-
tors. More importantly, a PCL/PEG electrospun fiber membrane (Fig. 3E, 
layer C) was included between the cartilage calcification layer (Fig. 3E, 
layer B) and the subchondral bone scaffold (Fig. 3E, layer D) to prevent 
unwanted cell migrations between the chondral and osseous zones. A 
similar attempt was made by Mellor and coworkers [94], where an 
electrospun PCL layer was sandwiched between a 3D-bioploted super-
ficial layer of PCL combined with decellularized articular cartilage ECM 
(dECM) hydrogel (cartilage layer) and a 3D-bioplotted PCL-β-TCP (bone 
layer) scaffold (Fig. 3B). The electrospun layer prevented cell migration 
between the cartilage and the bone layers in vitro and was considered to 
act as a potential barrier to prevent blood vessel invasion into the 
cartilage layer while implanted in vivo in a large animal (Yucatan 
minipigs) OC defect model [74,94]. 

Scaffolds prepared by a traditional electrospinning technique typi-
cally exhibit a thin layer with small pore sizes, which obstruct osteo-
genesis and are not suitable for 3D bone tissue regeneration. To 
manufacture the bone layer of MZSs with good osteochondral regener-
ation, a second processing procedure is generally required to turn the 2D 
electrospun structure into a 3D construct [292]. For instance, a chemical 
immobilization process was applied on an electrospun PCL layer to 
enhance OC repair potential of the scaffold [293]. In another study, a 
type I collagen layer was coated onto microporous electrospun PLA 
nanofiber layer and then freeze-dried to form a bilayered scaffold. This 
second processing step was verified to be effective in promoting osteo-
genic differentiation of MSCs, accelerating subchondral bone emer-
gence, and enhancing cartilage formation in a rabbit OC defect model 
[294]. Alternatively, to enhance osteogenic potential of the subchondral 
bone layer of MZS prepared by electrospinning, plasma treatment can be 
performed on electrospun PCL/PEO nanofibrous layer by boosting the 
hydrophilicity of the scaffold [295]. 

It is also possible to engineer stacked layers by iterative use of the 
electrospinning technique. For example, a 3D anisotropic multilayered 
fibrous scaffold with zonal specific fiber orientations was built using two 
complementary electrospinning set-ups [288]. Fig. 6C schematically il-
lustrates the processes involved in the fabrication of a PCL-graphene 
oxide (GO)-collagen cartilage scaffold. The superficial and deep layers 
were fabricated by electrospinning PCL solutions onto a rotating drum 

(Fig. 6C–I). Cylinders were cut from the electrospun mesh to make the 
superficial layer with horizontally oriented fibers (Fig. 6C–II) while 
rectangles were cut and rolled into spiraled cylinders within a 
GO-collagen hydrogel to form the deep layer with vertically oriented 
fibers (Fig. 6C–III). The middle layer with randomly oriented fibers was 
created using a second electrospinning setup with a bath filled with 
ethanol and water acting as the collector (Fig. 6C–IV). The three layers 
were staggered and frozen (Fig. 6-V). Then the frozen construct was 
immersed into a GO-collagen hydrogel, and eventually lyophilized to 
form an integrated trilayered scaffold with zonal-specific fiber orienta-
tions and appropriate pore sizes (Fig. 6-VI). This study proposed a po-
tential methodology to create multilayered scaffolds via repetitive 
electrospinning approach. However, it relied on external support 
(GO-collagen network in this study) to maintain the structural integrity 
of the scaffold, implying that the intrinsic mechanical strength of the 
multilayered scaffold is likely weak. Another study also demonstrated 
that MZSs prepared by stacked electrospinning method was prone to 
delaminate during implantation as its interfaces were susceptible to 
shear stress [296]. 

5.3. 3D printing/bioprinting 

3D printing, also called additive manufacturing or rapid prototyping, 
is perhaps the most versatile process among the many approaches for 
fabricating MZSs for OC repair. It translates materials (inks) into 3D 
tangible constructs in a layer-by-layer manner with computer-aided 
design (CAD) digital models [297]. Based on various printing pro-
cesses, American Society for Testing and Materials (ASTM) has cata-
loged 3D printing into seven groups, including binding jetting, directed 
energy deposition, materials extrusion, materials jetting, powder bed 
fusion, sheet lamination, and vat photopolymerization [298]. Regard-
less of the subclassifications, MZSs produced by 3D printing have 
significantly higher reproducibility than all other aforementioned 
techniques, and this technique can create customized constructs with 
precisely controlled shapes, mechanical properties, and physiological 
heterogeneities [299]. Over the past ten years, a scaffold-based printing 
approach known as 3D bioprinting, which involves the use of living cells 
in the ink, has been developed rapidly attributed to the recent ad-
vancements in cell biology, materials science, and 3D printing [300]. It 
naturally entails more complications than acellular 3D printing, such as 
the selection of cell types and growth factors (discussed in the following 
section), the biocompatibility of inks, the technical difficulties of using 
living cells, and the environmental sensitivity of growth factors during 
printing [301,302]. That said, 3D bioprinting enables the possibility to 
create MZSs with not only zonal specific compositions and structures, 
but also zonal spatial distributions of cells and biological and chemical 
cues during the scaffold fabrication process [303]. 

Fig. 6D schematically illustrates a few representative contact and 
noncontact 3D printing techniques that are commonly used to manu-
facture cellular and acellular scaffolds for tissue engineering [289]. The 
working principles and detailed mechanisms of these processes have 
been reported [289,300,304,305]. Thereinto, extrusion-based printing 
is considered the most prevalently implemented strategy to produce 
cell-free or cell-laden hydrogels and scaffolds for tissue regeneration and 
has been gaining momentum in recent years [121,289,305–310]. Fig. 6E 
depicts an exemplary schematic of an extrusion-based 3D pneumatic 
printing system [290], and Fig. 6F presents a cell-free trilayered OC 
scaffold created using a custom-made, multi-nozzle 3D printing system 
[110]. The subchondral bone layer, interfacial layer, and cartilage layer 
comprising different combinations of inks were printed layer-by-layer 
from individual nozzles with different syringe temperatures, extrusion 
pressures, and layer thicknesses. A UV light source was equipped onto a 
platform to photo-crosslink the trilayered scaffold during printing. The 
trilayered scaffold exhibited appropriate swelling ratio, biodegradation 
rate, and mechanical properties, excellent biocompatibility, and prom-
ising osteochondral regeneration capability in repairing a full thickness 
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rabbit OC defect. In a recent study, a series of PLA-alginate osteochon-
dral scaffolds, including monophasic, biphasic, triphasic, and gradient 
(seven zones) ones, were designed and fabricated using extrusion-based 
3D printing and bioprinting [63]. Such obtained scaffolds demonstrated 
precisely controlled spatial hierarchy with tunable zonal specific po-
rosities. High cell viability was found in the top zone of either a 
cell-laden triphasic or a gradient scaffold, which was realized by con-
current printing chondrocytes loaded alginate hydrogel-PCL scaffolds 
[63]. 

Another important 3D printing technique in manufacturing osteo-
chondral MZSs is SLS, which is a subset of powder bed fusion 3D 
printing. As the name implies, it is a laser-assisted printing technology 
that selectively sinters powder particles with a high-intensity laser, 
fusing the particles to form 3D objects in a layer-by-layer fashion [311]. 
With the aid of sintered fusion, MZSs manufactured by SLS provide a 
stronger interfacial interlocking to prevent them from delamination 
during implantation compared to other additive manufacturing tech-
niques. Gu et al. [291] constructed three integrated scaffolds with 
distinct channel patterns, including non-channel, consecutive-channel 
(channels pass through both zones), and inconsecutive-channel (chan-
nels in bone zone only) using microsphere-based SLS. Fig. 6G depicts the 
schematic diagram of the process used to fabricate the integrated 
osteochondral scaffold with inconsecutive channels using SLS, and the 
SEM images show both the dense cartilage layer and the porous sub-
chondral bone layer. The obtained scaffolds exhibited excellent me-
chanical properties, the porous bone zone illustrated perforated 
channels promoted bone ingrowth and vascular remodeling, and the 
dense cartilage zone inhibited the invasion of vascularization in a rabbit 
OC defect model. A similar attempt was made by Du et al. [97], where a 
multilayer osteochondral scaffold consisting of PCL and HA/PCL mi-
crospheres was constructed using SLS. This MZS was able to produce 
outstanding neo-native tissue integration and accelerate early sub-
chondral bone healing in a rabbit OC defect model. 

In general, 3D printing techniques suffer from limited spatial reso-
lution and lack of the ability to construct scaffold with submicron fea-
tures to closely mimic the native OC tissue [296,312]. Combining the 
advantages of solution electrospinning and 3D printing, MEW has 
recently emerged as a high-resolution, 3D printing approach to create 
precisely controlled tissue engineering scaffolds with a few micrometers 
to submicronmeter ranged structural details [313–315]. For example, 
Fig. 6H presents the schematic diagram of the preparation processes of a 
gelatin methacrylate (GelMA)-based trilayered osteochondral scaffold, 
which was created by MEW in combination with FDM (an extru 
sion-based printing) using a single MEW device [112]. Poly(ε-capro-
lactone)-block-poly(ethylene glycol)-block-poly(ε-caprolactone) (PCL-b- 
PEG-b-PCL, PCEC) fibers with depth-dependent spatial organizations 
were fabricated via MEW to mimic the collagen fiber orientations in 
natural OC tissue. The printed fibers were continuous and well stacked 
along the constructs with depth-dependent diameters, spacings, 
lay-down patterns, and orientations. Also, the use of PCEC fibers 
significantly increased the mechanical strength of the GelMA hydrogel. 
In follow-up studies, a series of multilayer scaffolds with different 
compositions and pore sizes were fabricated using MEW alone or in 

combination with other techniques, such as inkjet printing, FDM, and 
lyophilization [73,253,316]. 

Overall, 3D printing multizonal scaffolds can be easily constructed 
into defect-specific shapes according to the architecture of different 
osteochondral lesions, making it possible to create customized tissue 
engineering scaffolds. The newly emerged 3D bioprinting technique 
provides a longer tether to treat these defects by creating personalized 
zonal-specific, cell-laden scaffolds. Nevertheless, the high cost associ-
ated with such products might be one of the main barriers that prevents 
it from being widely used in clinics. In addition, the printability 
requirement of materials has also obstructed 3D printing from being 
widely used in tissue engineering. For example, most of the natural 
polymers, such as collagen and chitosan, have limited printability or 
have strict requirements of the physicochemical conditions during 
printing [317,318], and unlikely to be used as the main components in 
constructing 3D printed scaffolds thus far. Furthermore, some specific 
3D printing techniques have their own limitations. For examples, the 
extrusion-based printing or bioprinting has limited ability to construct 
scaffolds with submicronmeter level microstructures; the materials used 
for MEW should be mostly thermoplastics; and the SLS and stereo-
lithography equipment are very expensive. 

5.4. Other strategies 

Other than the aforementioned techniques, there are also some 
routes that can engineer integrated OC multizonal scaffolds or generate 
gradient properties and bioactive cues in uniformed structures to direct 
the zonal regeneration of OC tissue. This can be achieved by pre-
fabricating a support layer and then produce cell-derived layers to create 
a multilayered scaffold [23,319]. Alternatively, it can be simply realized 
by applying external forces such as DC electric field [209] or magnetic 
field [254,320] to redistribute the prefabricated uniformed constructs 
with gradient properties, forming a “fake” osteochondral MZS. Here the 
“fake” MZSs can be defined as those without obvious layered or gradient 
compositions and architectures but have gradient properties or bioactive 
signals from top-to-bottom of the spatial coordinates in the defect area to 
induce zonal-specific, chondrogenic/osteogenic differentiation and 
osteochondral regeneration. 

In a work conducted by Nie et al. [23], a full-scaled osteochondral 
graft consisting of a sintered microsphere scaffold (SMS) subchondral 
bone layer, a natural ECM cartilage layer secreted by chondrocytes, and 
a transitional interconnecting network layer, was manufactured by a 
biofabrication method. As illustrated in Fig. 6I, sintered PLGA micro-
spheres were heated in a silicon mold to prepare the subchondral bone 
layer, on top of which porcine chondrocytes and gelatin microspheres 
were added to an alginate solution allowing for in situ gelation with the 
addition of Ca2+. Then the whole construct was cultured in vitro 
allowing for sufficient secretion of ECM by chondrocytes before the 
alginate gel was revoked. The biologically developed ECM deposition 
was considered the cartilage layer of the OC graft. Between the two 
layers, there was a transitional interface layer formed by the migration 
and ingrowth of chondrocytes in the porous SMS zone, forming a 
continuous interconnecting network. The whole structure was 

Fig. 6. Representative fabrication processes of MZSs manufactured by electrospinning-based, 3D printing and other strategies. A/B. Schematic process and an SEM 
image of the chitosan/nHAP porous layer and zein/POSS fiber layer fabricated by a combination of ultrasonication, lyophilization, and electrospinning. Adapted with 
permission from Ref. [287]. C. Schematical illustration of the process for fabrication of a PCL-GO-collagen scaffold using repeated electrospinning. Adapted with 
permission from Ref. [288]. D. Schematics of representative 3D printing techniques: a) inkjet, b) extrusion, c) laser-assisted, and d) stereolithography printing. 
Adapted with permission from Ref. [289]. E. Schematic of advanced extrusion-based 3D pneumatic bioprinting system affiliated with a temperature controller. 
Adapted with permission from Ref. [290]. F. Schematic of a 3D multi-nozzle pneumatic printing system used to fabricate gelatin methacrylate (GelMA)/nHAP-based 
scaffold. Adapted with permission from Ref. [110]. G. Schematical diagram of the fabrication processes and SEM images of the bilayered integrated OC scaffold with 
inconsecutive channels obtained using SLS. Adapted with permission from Ref. [291]. H. Schematic drawing of the MEW setup and the fiber network for fabrication 
of a trilayered scaffold. Adapted with permission from Ref. [112]. I. schematic illustration of the fabrication process of a full-scale OC graft consisting of natural 
chondrocytes secreted ECM cartilage layer and sintered microsphere scaffold (SMS) subchondral bone layer. Adapted with permission from Ref. [23]. J. Schematic 
illustration of the gradient polarization process using a DC electric field to grant uniform scaffolds with gradient piezoelectricity for osteochondral regeneration. 
Adapted with permission from Ref. [209]. 
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decellularized to achieve a longer shelf life. Such prepared multilayered 
scaffolds (with or without decellularization) demonstrated excellent in 
vivo tissue regeneration as evaluated in a rabbits OC defect model [23]. 
Similarly, Jin and coworkers [319] constructed a multilayered (twelve 
layers) scaffold, in which PCL-gelatin electrospun fibrous meshes were 
integrated with a number of bio-derived cell sheets. They found that the 
fibrous meshes were able to act as supporting substrates to induce 
BM-MSCs to differentiate into osteo- and chondral-linages in chondro-
genic and osteogenic inductive media, respectively [321,322]. In 
particular, three cell sheets, including cartilage, calcified cartilage, and 
bone layers, were respectively produced atop the fibrous meshes in 
different media. Then, these pre-differentiated cell sheets and meshes 
were stacked layer by layer and incubated in vitro for 7 days to form a 
well-bonded, integrated, gradient 3D construct to mimic the 
cartilage-to-bone transition. Such prepared bio-fabricated multilayer 
scaffold was proved to favor OC repair in a rabbit full-thickness OC 
defect. 

Regarding the “fake” osteochondral MZSs, the key point is to direct 
zonal-specific tissue repair by exerting the spatial property gradient 
rather than the compositional and structural variations. Inspired by the 
gradually varied piezoelectric properties of native osteochondral unit, 
Liu et al. [209] recently designed a biomimetic electrospun PLLA 
nanofibrous mat (single layer) with gradient piezoelectric properties to 
induce OC differentiation. As shown in Fig. 6J, an electrospun nano-
fibrous mat was polarized under a DC electric field with linear variation 
of strength to generate gradient piezoelectricity along the depth of the 
scaffold. In the meantime, cell adhesion generated enough forces to 
trigger piezoelectricity and therefore induced a self-stimulated selective 
differentiation of MSCs with different piezoelectricity voltages at 
different spatial coordinates. In particular, it was found that MSCs 
attached on the surface of the top region of the scaffold had a lower 
piezoelectricity voltage that promoted chondrogenesis, while those in 
the bottom region of the scaffold showed a higher piezoelectricity 
voltage favoring osteogenesis. In addition, a smooth transition from 
chondrogenic to osteogenic differentiation was observed between the 
two regions. Other than electric field, an external magnetic field was 
also used to generate a chondrogenic precondition for enhanced OC 
repair [320]. Citric acid-coated magnetic nanoparticles (NPs) (CAG) 
were incorporated into electrospun gelatin nanofibers and seeded with 
MSCs. The cells within the CAG scaffolds were then stimulated me-
chanically as a result of spatial confinement and fluid flow while the 
scaffolds were driven up and down by a rotating magnetic field. These 
treatments significantly enhanced chondrogenesis of MSCs and such an 
in vitro preconditioning could achieve superior osteochondral repair in 
rabbit knee osteochondral defects. Alternatively, the use of magnetic 
field could pattern a spatial biochemical gradients in uniformed 
hydrogels or even scaffold-free systems by pre-loading magnetic NPs 
with chondrogenic or osteogenic growth factors (discussed in the 
following section), and therefore obtain region-specific cell differentia-
tions and eventually simultaneous bone and cartilage regeneration [254, 
323]. Compared to other strategies, the use of these "fake" MZSs in 
treating OC lesions clearly simplifies the manufacturing processes of 
MZSs and lessens the concerns of MZSs delamination. Nevertheless, such 
a strategy usually involves a sophisticated pretreatment or an exquisite 
design to manipulate the spatial distributions of gradient properties and 
bioactive signals, which may in turn complicate the overall treatment in 
in vivo settings and clinical trials. 

6. Cell sources and growth factors in MZSs 

There are four continuous and overlapping stages involving with the 
regeneration of both the bone and the cartilage tissues, including he-
mostasis, inflammation, repair, and remodeling (Fig. 7A) [324]. Tissue 
engineering strategies with the use of MZSs for OC regeneration mainly 
play direct roles in the latter two stages. That said, to realize simulta-
neous bone and cartilage regenerations, cells and growth factors can be 

introduced into MZSs to regulate all the four stages directly or indirectly 
by impacting many important immune molecules and signaling as 
described in Fig. 7A. Therefore, in addition to advanced scaffold design, 
appropriate selections of cell sources and GFs are the remaining two 
major factors impacting the outcomes of osteochondral repair using 
MZSs. 

6.1. Cell sources for osteochondral regeneration 

The major types of cells resident in different zones of the OC tissue is 
depicted in Fig. 7B [325]. Consequently, chondrocytes, osteoblasts, 
chondroprogenitor cells, and stem cells with chondrogenic or osteogenic 
potentials have been used in osteochondral regeneration. As the main 
cell type resident in articular cartilage, chondrocytes were once the 
dominate cell source in the field. However, they are prone to dediffer-
entiate into fibroblasts and have limited proliferation ability during 
expansion [326]. Although osteoblasts have been found to possess some 
potential to differentiate into chondrocyte-like cells [327], they are 
usually cocultured in the lower zone of OC unit with other types of cells 
to primarily promote the subchondral bone regeneration [71,103,122]. 
Chondroprogenitor cells have been considered a promising candidate 
for cartilage repair due to their inherent nature of chondrogenesis po-
tential and low possibility of hypertrophic cartilage formation [312,328, 
329]. But these cells especially their immunogenic properties still have 
not been well identified and their exact contribution to OC repair re-
mains obscure [330]. To optimize the use of chondroprogenitor cells for 
osteochondral regeneration, a better understanding needs to be devel-
oped on how to enhance chondrogenesis of chondroprogenitors while 
maintaining their minimal hypertrophic tendency [331]. 

Alternative options are the use of stem cells, including adult stem 
cells (ASCs), embryonic stem cells (ESCs), and induced pluripotent stem 
cells (iPSCs) [334]. ASCs are found in different adult body tissues. 
Among various ASCs, MSCs derived from adipose tissue (AT-MSCs), 
peripheral blood (PB-MSCs), joint synovium (JS-MSCs), and especially 
bone marrow (BM-MSCs), are the most commonly used forms in osteo-
chondral tissue engineering due to their ease of isolation and high 
availability compared to other types of stem cells [335–337]. As 
BM-MSCs have long been used for bone regeneration due to their high 
potential of osteogenic differentiation and bone formation [269,338, 
339], they can be a good cell source to stimulate subchondral bone 
regeneration in MZS. Although BM-MSCs have shown some chondro-
genic potential, they produce cartilage only after external induction 
with extensive environmental cues, which may cause concerns on hy-
pertrophic cartilage formation and subsequent calcification [340,341]. 
Recent studies have recognized the osteogenic and chondrogenic po-
tentials of activated skeletal stem cells (SSCs), which can be found in 
many different skeletal tissues [342,343]. Fig. 7C depicts multiple 
anatomical sites of mice postnatal long bone where SSCs reside [332]. 
But like other species of ASCs, their application in clinics may be 
restricted by their low population and low proliferation rate in aged 
patients. And they have to be activated by certain procedures to enhance 
their differentiation capacity [342]. Although ESCs from mammalian 
embryo have been considered the most suitable type for osteochondral 
repair due to their unlimited self-renew ability and pluripotency, their 
use is still ethically controversial [344]. The use of iPSCs, which can be 
genetically reprogrammed from somatic cells, has therefore been gain-
ing momentum since their discovery in 2006 as they possess similar 
self-renew potential and pluripotency of ESCs but have no ethical 
complications [345–347]. For example, Nam et al. [348] found that 
human iPSCs derived from cord blood cell showed high expression of 
chondrogenic markers, such as ACAN, COMP, Col2, SOX9, but low 
expression of fibrotic and hypertrophic cartilage makers, Col1 and 
Col10. Zhang et al. [349] successfully induced iPSCs to differentiate into 
chondrogenic mesoderm lineage and the resulted cartilaginous pellets 
were found to be capable of promoting bone/cartilage regeneration in 
vivo. iPSCs have also demonstrated obvious tissue regeneration in large 
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Fig. 7. A. Four continuous and overlapping stages involved with bone/cartilage tissue regeneration and important immune molecules and signaling during tissue 
regeneration. Adapted with permission from Ref. [324]. B. Anatomical illustration of major types of cells residing in osteochondral tissue. Adapted with permission 
from Ref. [325]. C. Multiple anatomical sites of long bone skeletal stem cells in mice. Adapted with permission from Ref. [332]. D. Different mechanisms of cartilage 
regeneration promoted by MSCs. Adapted with permission from Ref. [333]. 
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animal OC defect model, such as pigs, when they are loaded into a tissue 
engineering scaffolds [350]. Despite these exciting findings of iPSCs for 
OC regeneration, as a relative new cell type, there still lacks a gold 
standard to control the directional differentiation of iPSCs toward 
osteogenesis or chondrogenesis, and the production of hyaline cartilage 
from iPSCs is highly dependent on their surrounding microenvironment 
[351,352]. A recent study revealed that even the chondrocytes derived 
from the same iPSCs but through mesodermal and ectomesodermal 
differentiations could induce totally different outcomes [353]. Besides, 
it is noted that both ESCs and iPSCs are of safety risks as the residual 
undifferentiated cells can have a tumorigenic potential [354]. 

Therefore, selection of appropriate cell sources for osteochondral 
regeneration remains a challenge as each type of cell has its pros and 
cons. Table 3 summarizes the major advantages and disadvantages of 
these cells and their applications in osteochondral regeneration. 
Regardless of the cell types, it is believed that stem cells contribute to 
osteochondral repair mainly via three mechanisms: (1) They directly 
differentiate into either cartilage or bone lineage under suitable envi-
ronmental cues; (2) With the revealing that the newly regenerated OC 
tissue consisted of no DNA of donor MSCs [355], researchers have 
proven that the paracrine secretome from exogenous donor stem cells 
play important roles in homing, proliferation, differentiation, meta-
bolism, and inflammatory processes of host cells to facilitate osteo-
chondral repair [356–359]. (3) They participate in immunomodulatory 
functions by interacting with immune cells. Fig. 7D specifies the diverse 
mechanisms of MSCs in regenerating cartilage tissue [333]. To differ-
entiate donor cell contribution to tissue regeneration, our group recently 
used progenitor cells harboring different colors of fluorescent makers 
from host transgenic mice [53,267]. The results showed that no donor 
fluorescence was detected from the newly regenerated bone or cartilage 

tissue, which indicated that the tissue formation was mainly contributed 
by host cells. Overall, we believe that the donor cells contributed to 
tissue regeneration more likely via secreting active paracrine factors or 
playing active roles in immune reactions instead of directly differenti-
ating into targeted cell lineages. 

6.2. Growth factors for osteochondral repair 

Addition of natural or synthetic GFs is an alternative approach to 
regulate the microenvironment for effective OC tissue repair [362]. GFs 
can be administered through systemic delivery, but their half-life in 
blood stream is typically short [19]. To effectively address this issue, 
growth factors have been loaded into MZSs to enable a localized and 
sustained release, as illustrated in Fig. 8. Natural growth factors used for 
osteochondral repair mainly include transforming growth factor-β 
(TGFβ) superfamily, platelet-derived growth factors (PDGFs), 
insulin-like growth factors (IGFs), fibroblast growth factors (FGFs), and 
angiogenesis-related GFs such as the pro-angiogenesis vascular endo-
thelial growth factors (VEGFs) and anti-angiogenesis thrombospondins 
(TSPs) [334,363,364]. Due to the low availability and high cost of these 
natural GFs, synthetic molecules, such as dexamethasone (DEX), kar-
togenin (KGN), and Bevacizumab, have also become popular payloads to 
stimulate OC repair [365,366]. 

Bone morphological proteins (BMPs), which are a group of cytokines 
belonging to the TGFβ superfamily, have long been used for bone and 
cartilage regeneration as they involve in a series of embryonic devel-
opment processes, such as skeletal morphogenesis, hematopoietic, and 
epithelial cell differentiation [367,368]. They are distinguished from 
other TGFβ members by the presence of conserved cysteines in the 
mature region [368]. BMP2 has been investigated the most as it is 

Table 3 
Comparison of different cell sources for osteochondral regeneration.  

Types of Cells Types of 
layers 

Pros for osteochondral regeneration Cons for osteochondral regeneration Ref. 

Chondrocytes CL Major cell type in articular cartilage. Prone to dedifferentiate into fibroblasts. [325,326] 
High tolerance in the low oxygen tension environment 
of avascular tissue such as cartilage. 

Poor self-healing property. 
Limited in vitro proliferation ability. 
Low overall differentiation capacity. 

Osteoblasts BL High availability. Limited chondrogenic potential. [71,103,122, 
325,327] Osteogenic capability. Potential of vascular invasion into cartilage. 

Low overall differentiation capacity. 
Chondroprogenitor cells (descendants 

of stem cells with bias toward 
chondrocytes) 

CL High chondrogenic ability. Low population. [312,328–330, 
354,360] In vitro expansion does not alter differentiation. Extensive expansion is necessary for clinical 

use. 
Low hypertrophic cartilage formation. No standard isolation protocols. 

Immunogenic reaction unclear. 
MSCs (multipotent) BL/CL Abundant sources (can be obtained from different 

tissues such as adipose tissue, joint synovium, 
peripheral blood, bone marrow). 

Potential of hypertrophic cartilage formation. [269,335–342, 
361] 

High potential of both osteogenesis and 
chondrogenesis. 

Potential of cartilage calcification. 

Good anti-inflammatory and immunomodulatory 
properties. 

Difficult to ascertain their contributions and 
reveal specific mechanisms to symptomatic 
improvement. 

SSCs (multipotent) BL/CL Abundant sources (Fig. 7C). Low population in aged patients. [332,342,353] 
High self-renew ability. Differentiation capacity has to be activated by 

certain procedures. High potentials of both osteogenesis and 
chondrogenesis. 
Recruiting of SSCs into injured sites can be triggered by 
localized and acute injuries. 

ESCs (pluripotent) BL/CL Unlimited self-renew ability. Ethical concerns. [344,354] 
Theoretically the most suitable cell type for OC repair. Safety concerns (tumorigenic potential of 

undifferentiated cells). High potentials of both osteogenesis and 
chondrogenesis. 

iPSCs (pluripotent) BL/CL High availability. Safety concerns (tumorigenic potential of 
undifferentiated cells). 

[345–354] 

Unlimited self-renew ability. Highly sensitive to surrounding 
microenvironment. High potentials of both osteogenesis and 

chondrogenesis. 
Superior for clinical use than ESCs.  
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currently the only BMP that has been approved by the Food and Drug 
Administration (FDA) and has shown both osteogenic and chondrogenic 
potentials [369,370]. Still, its applications in clinics were associated 
with various side effects, such as swelling, seroma, increased cancer risk, 
and hypertrophy tissue formation [371]. Besides, convincing clinical 
data, which offer valuable knowledge regarding the BMP2 dosage, 
time-course, loading carrier, and controlled release pattern, remain a 
dearth [372]. BMP7, also known as osteogenic protein 1 (OP1), was 
once considered a potent bone inducing agent and showed some initial 
functions in cartilage homeostasis and repair [373,374]. However, it is 
no longer an option for bone and cartilage repair in clinic as it failed to 
get ultimate approval from the FDA and its products had been with-
drawn from the market [375,376]. With that being said, researchers are 
still actively investigating BMP7, alone or combing with other growth 
factors, in MZSs to stimulate osteochondral defect regeneration [112, 
253,377]. BMP3 is the most abundant BMPs and acts as a negative 
regulator of bone density [378]. Thus, it is commonly used as an 
antagonist to reduce the chance of hypertrophy induced by osteogenic 
BMPs, such as BMP2. BMP4, BMP6, and BMP9 are other commonly seen 
BMPs for bone and cartilage repair. They have shown to induce bone 
mineralization, orthotopic ossification, chondrocyte maturation, and 
chondrogenic differentiation [379–383]. 

Other members of the TGFβ superfamily include activins, inhibins, 
and TGFβs [367]. TGFβ factors were initially isolated from platelets, and 
they were lately found extremely rich in bone as osteoblasts have a high 
concentration of TGFβ receptors [384–386]. Three isoforms of TGFβ (β1, 
β2, β3) present in human beings and play important roles in cell repli-
cation, cartilage/bone formation, and fibrosis [387]. Among them, 
TGFβ1 and TGFβ2 are associated with metabolism of proteoglycans and 
formation of stabilized aggregates of link proteins in articular cartilage, 
while TGFβ3 is believed to regulate collagen synthesis and promote 
hyaline cartilage formation [386–390]. As a result, all three of them are 
commonly used to stimulate chondrogenesis of stem cells and articular 
cartilage tissue regeneration [391–393]. To mediate osteochondral 
damage, TGFβs are usually co-delivered to the defect area with other 
osteogenic growth factors. For example, it has been a long tradition that 
TGFβ1 was loaded to the chondral zones, while BMP2 was added to the 
osseous zones of MZS to simultaneously stimulate cartilage and bone 
regeneration [275,394–398]. 

Besides TGFβ, there is another important family of grow factors that 
can be isolated from platelets, called PDGFs. Human PDGF was identi-
fied as two different disulfide-bonded polypeptide chains, A and B, 
which give three isoforms of PDGFs including PDGF-AA, PDGF-AB, and 

PDGF-BB [399,400]. Since PDGFs are stored primarily in platelets, they 
play fundamental roles in the wound healing cascade [401]. Recombi-
nant human PDGF-BB (rhPDGF-BB) has received FDA approval for the 
treatment of periodontal, orthopedic bone defects, and dermal wound 
healing [402]. Although cartilage is an avascular tissue, PDGFs are 
believed to promote cartilage tissue regeneration as they are potent 
mitogenic and chemotactic factors for various cells, including MSCs, 
fibroblasts, osteoblasts, osteoclasts, and chondrocytes [401,403]. HA 
hydrogels loaded with rhPDGF-BB have shown significant improvement 
of the anabolism of collagen type II and inhibition of the catabolism of 
chondrocytes in a rat knee OA model [404]. Meanwhile, rhPDGF-BB 
could be used to alleviate the level of inflammation in chondrocytes and 
decrease the apoptosis rate of chondrocytes [405]. It has also been 
demonstrated that collagen sponge impregnated with PDGF was able to 
repair full-thickness osteochondral defect of New Zealand while rabbits 
[406]. Very recently, Luo et al. [407] found that continuous release of 
PDGF from SF-HAP-based MZS could significantly increase the adhe-
sion, proliferation, and chondrogenic differentiation of SJ-MSCs and 
largely improve the repair process of rabbit critical-size osteochondral 
defect. 

IGFs include both IGF1 and IGF2, which are named after their similar 
protein sequencing to insulin. IGF1 is a protein participating in many 
biological activities and thus is closely associated with a series of severe 
diseases, such as congestive heart failure, Huntington’s disease, and 
Alzheimer’s disease [408–410]. It is the main anabolic growth factor for 
articular cartilage and primarily produced by livers and it reaches 
cartilage through the synovial fluid [401,411]. As a result, it plays an 
important role in cartilage homeostasis by balancing the synthesis and 
breakdown of proteoglycan via chondrocytes [412]. The decrease of 
serum level of IGF1 is believed to be associated with increased risk of 
rheumatoid arthritis [413]. In osteochondral tissue engineering, sus-
tained release of IGF1 from a coacervate-mediated hydrogel has been 
reported to effectively induce chondrogenic differentiation of AD-MSCs 
and significantly augment tissue repair in a rabbit full thickness OC 
model [414]. Localized delivery of IGF1 enhanced the migration, 
adhesion, growth, and cartilaginous matrix production of chondrocytes, 
and improved the cartilage-graft integration in rats [415]. A co-delivery 
of IGF1 and TGFβ1 accelerated osteochondral defect healing in a rabbit 
OC defect model [416,417]. Besides cartilage, IGF1 has also been shown 
to enhance osteogenic capability of aged BM-MSCs and stimulate mouse 
longitudinal bone growth [418,419]. IGF2 can be a possible mediator 
influencing tumor growth and cardiovascular diseases with some 
inconclusive initial evidences, but it has rarely been used in OC tissue 

Fig. 8. Illustration of typical loading routes and release patterns of natural and synthetic growth factors for osteochondral repair.  
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engineering [420,421]. 
FGFs are important in bone and cartilage development and repair as 

mutations of FGFs in patients may ultimately result in various skeletal 
abnormalities, such as chondrodysplasia syndromes, skeletal over-
growth, and craniosynostosis syndromes [334,422]. They can regulate 
limb bud development and formation of mesenchymal condensation, 
and play important roles in mediating chondrogenesis, osteogenesis, and 
bone and mineral homeostasis [422]. Among the discovered 22 species 
of FGFs, FGF-2, also known as basic FGF (bFGF), is the most broadly 
used form for treating osteochondral damages as it is widely distributed 
in the body, including most organs, tissues, and cells and possesses 
strong cell-promoting ability [423]. It has been demonstrated that tar-
geted delivery of FGF2 to subchondral bone could enhance the repair of 
rabbit articular cartilage defect via BMP signaling pathway [424]. 
Moreover, FGF2 was evidenced to regenerate both bone and cartilage 
tissues when treating large OC defects in rabbits and sheep [425–427]. 
Other members of FGFs, including FGF8 [428,429], FGF9 [430,431], 
and FGF18 [430,432–434], were found effective in treating OC defects. 
FGF8 is known as androgen-induced growth factor (AIGF) and was 
found to play key roles in early embryonic development, brain forma-
tion, and limb development, and therefore has been used to direct MSCs 
to differentiate into osteogenic linages and stimulate new bone forma-
tion [428,429]. FGF9 and FGF18 were reported to stimulate early 
chondrogenesis, augment ECM production, and delay terminal hyper-
trophy of MSCs [430]. Intra-articular injection of exogenous FGF9 has 
been shown to delay articular cartilage degradation while aggravating 
osteophyte formation in post-traumatic OA [431]. FGF18 has also been 
used to stimulate repair of damaged cartilage and decrease articular 
cartilage degradation [432,433]. Recently, it has been applied to 
enhance the healing of microfracture-induced cartilage [434]. 

As mentioned above, healthy cartilage tissue is avascular and 
aneural. However, blood vessels may breach into the tidemark and 
invade cartilage from the subchondral bone while OA is developed 
[435]. Thus, angiogenesis must be avoided in chondrogenesis to prevent 
associated structural damage and pain in cartilage [436–438]. However, 
angiogenesis is a prerequisite to osteogenesis as insufficient neo-
vascularization in bone defect leads to hypoxia and cellular necrosis, 
ultimately leading to the failure of bone regeneration [436,439]. 
Therefore, it is important to manage the angiogenetic effects in different 
zones of MZSs to achieve zonal specific tissue repair of osteochondral 
defects via addition of either pro- or anti-angiogenetic GFs. VEGFs are 
considered major inducers of angiogenesis that can be secreted from 
chondrocytes. The family of VEGFs contains seven members, including 
VEGF-A-F, and placental growth factor (PlGF), among which VEGF-A is 
the most prominent in angiogenesis, being known as VEGF [440]. 
Controlled release of VEGF from tissue engineering scaffolds has been 
shown to effectively enhance osteogenic differentiation and bone 
regeneration [441–444]. In an in vivo study conducted by Sakata et al. 
[445], the early-stage osteochondral regeneration process was found to 
be highly related to the level of VEGF expression. It was found that 
obvious bone ingrowth was achieved in the deep zone of the scaffolds as 
a result of continuous VEGF expression, while cartilage formation was 
observed in the superficial zone of the scaffolds with decreased VEGF 
expression in a rabbit osteochondral defect filled with a bioresorbable 
poly(DL-lactide-co-glycolide) scaffold. In contrast, VEGF localization 
covered the entire defect area in the group without scaffold implanted, 
resulting in delayed cartilage regeneration [445]. Significantly higher 
levels of VEGF and its receptors were also observed from chondrocytes 
and cartilage tissues of OA patients compared to those of healthy ones, 
further revealing the direct relationship between VEGF and cartilage 
damage [446–448]. As a result, creating an avascular environment in 
cartilage zone by effectively blocking VEGF signals could be a promising 
strategy in treating OA and improving cartilage repair [440,448,449]. 
Alternatively, this can be achieved by using antiangiogenic factors, such 
as angiostatin, endostatin, and most of the primarily TSPs including 
TSP1, TSP2, TSP4, and TSP5 [329,364,450–453]. In summary, to 

effectively treat biphasic OC defects using angiogenetic factors, it re-
mains a challenge to balance their roles in promoting bone regeneration 
while deteriorating cartilage lesion. 

Besides these natural growth factors, synthetic molecules have also 
been drawn attention to the treatment of OC defects owing to their low 
cost and high availability. As mentioned above, creating a vascular-free 
microenvironment by the addition of antiangiogenic molecules could be 
an effective way to enhance articular cartilage regeneration. As the first 
antiangiogenic antibody that was approved by the FDA in 2004, bev-
acizumab, also known by its brand name as Avastin, has been used 
extensively to inhibit osteoarthritis and improve articular cartilage 
repair through its anti-VEGF effect in animals [454–456]. Recently, 
Utsunomiya et al. [438] revealed that intra-articular injection of bev-
acizumab could significantly enhance the quality and quantity of re-
generated hyaline cartilage in a rabbit OC defect model. However, it still 
lacked convincing evidence in clinics or even in large animal models to 
prove the efficiency of bevacizumab in treating OA or OC defects. DEX, a 
synthetic glucocorticoid with broad anti-inflammatory activities, has 
been used in clinics to treat a wide range of diseases. It is noted that DEX 
is the first drug to show life-saving effect in patients infected with 
COVID-19, decreasing mortality by 35% of those with severe symptoms. 
This is due to that DEX has potent anti-inflammatory effect to reduce the 
chance of hyperinflammation, an overreaction of the immune system 
which can ultimately cause organ failures and fatalities [457–459]. OA 
or OC defects are always associated with joint inflammation and pain. 
DEX has therefore been orally or intravenously administrated to control 
inflammation and reduce joint damage [460–463]. It has also long been 
used as a supplement of cell culture medium to induce chondrogenic 
differentiation of cells [134,464,465]. It was discovered that localized 
and sustained release of low-dose DEX from an acellular agarose 
hydrogel could enhance osteochondral repair through a dual 
pro-anabolic and anti-catabolic effect to attenuate inflammation and 
support the functional integrity between the acellular graft material and 
host tissue in a preclinical canine OC autograft model [466]. DEX also 
showed enhanced OC repair in rats when it was loaded in a MZS made of 
alginate, chitosan and β-TCP [467]. It was found that the OC healing 
potential of such treated MZS was even better than a commercial 
product, Maioregen® [467]. KGN is another example of synthetic 
molecule that has positive impacts on cartilage regeneration. It has 
drawn significant attention since its discovery in 2012 by Johnson et al. 
[468]. It has been proven to be a chondrogenic and chondroprotective 
agent and be able to induce cartilage regeneration in many forms, such 
as to be a supplement of chondrogenic medium [469–471], a drug in an 
intra-articular injection [472–474], or incorporation in drug delivery 
thermogels and scaffolds [475–479]. Similarly, in multilayered hydro-
gels and MZSs, KGN has been used solely or in combination with other 
GFs such as BMP2 to promote chondrogenic differentiation and OC 
defect repair [188,480–482]. The clinical application of KGN is however 
limited by its hydrophobicity and low water solubility as it forms pre-
cipitates in cells, leading to ineffective chondrogenic stimulation [483]. 
Although encapsulating KGN into other carriers, such as nanoparticles 
[472,484], exosomes [483], nanographene oxide (NGO) [485], has 
shown to be a good strategy to address this issue in animal models, the 
safety of these carrier materials are still concerns in clinics. Besides, as a 
newly discovered molecule for cartilage repair, its long-term in vivo and 
clinical effects remain to be better understood. 

We summarize the major characteristics, functions, and applications 
of various growth factors used for osteochondral regeneration in 
Table 4. Regardless of the species of numerous natural or synthetic GFs 
for bone and cartilage regeneration, one of the largest challenges 
affecting the stimulation efficiency of OC repair is their effective dose. A 
low dose might not provide sufficient repair, while a high dose could 
cause severe side effects, such as bone/cartilage hypertrophy and organ 
toxicity. Therefore, comparing to GF selection, facilitating a stable 
loading and controlled release pattern of GFs from MZSs is equally 
important. Generally, GFs can be loaded onto MZS through directly 
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Table 4 
Comparison of different growth factors for osteochondral regeneration.  

Families of 
growth factors 

Major characteristics and functions Main members for 
osteochondral 
regeneration 

Types of layers 
incorporated 

Applications for osteochondral regeneration Ref 

BMPs Involved in embryonic development such as 
skeletal morphogenesis, hematopoietic and 
epithelial cell differentiation. 

BMP2 BL It is the only BMP that has received FDA 
approval for bone graft substitutes. Its 
application is associated with a series side 
effects including swelling, seroma, risk of 
cancer, and hypertrophy bone formation. 

[367–371] 

BMP7 (OP1) BL It was considered a high potential osteogenic 
agent and showed some initial functions for 
cartilage homeostasis and repair. Its related 
products had been withdrawn from the market 
as they failed to receive final FDA approval. 

[373–376] 

BMP3 BL It is the most abundant BMP that acts as a 
negative regulator of bone density and therefore 
is used to reduce the side effects of other BMPs. 

[378] 

BMP4, 6, 9 BL/CL It induces bone mineralization, orthotopic 
ossification, chondrocyte maturation, and 
chondrogenic differentiation. 

[379–383] 

TGFβs Extremely rich in bone as osteoblasts have a 
high concentration of TGFβ receptors; play 
roles in cell replication, bone/cartilage 
formation and fibrosis. 

TGFβ1, 2 CL It is associated with metabolism of 
proteoglycans and stabilized aggregates of link 
proteins in articular cartilage. It is usually co- 
delivered with BMP to simultaneously stimulate 
bone and cartilage regeneration. 

[275, 
384–387, 
394–398] 

TGFβ3 CL It regulates collagen synthesis and promotes 
hyaline cartilage formation. 

[388–390] 

PDGFs Stored primarily in platelets and play 
fundamental roles in would healing cascade. 

PDGF-BB CL It has received FDA approval for use in 
periodontal, orthopedic bone defects, and 
dermal wound healing. It improves the 
anabolism of collagen type II and inhibition of 
the catabolism of chondrocytes, and it also 
alleviates inflammation in chondrocytes and 
decreases chondrocytes apoptosis. 

[401,402, 
404,405] 

PDGF-AA/AB/BB BL/CL Commercially available PDGFs are usually a mix 
of all three isoforms of PDGFs that have shown 
to repair full thickness of OC defects. 

[406,407] 

IGFs associated with a series of life-threaten 
diseases; the main anabolic GF for articular 
cartilage and play important role in cartilage 
homeostasis 

IGF1 BL/CL Its decrease is associated with increased risk of 
rheumatoid arthritis. Its sustained release can 
enhance the migration, adhesion, growth, and 
cartilaginous matrix production of 
chondrocytes, induce chondrogenic 
differentiation of MSCs, and repair full thickness 
OC defect. It has also been shown to promote 
osteogenesis of MSCs and stimulate bone 
growth. 

[401, 
408–419] 

FGFs Regulate limb bud development and 
formation of mesenchymal condensation, and 
play important roles in mediating 
chondrogenesis, osteogenesis, and bone and 
mineral homeostasis 

FGF2 BL/CL It is known as the basic FGF (bFGF), which is the 
most broadly used member of FGFs. It can 
enhance the regeneration of both bone and 
cartilage owing to its strong cell-promoting 
ability. 

[422–427] 

FGF8 BL It is known as androgen-induced GF (AIGF) and 
plays key roles in early embryonic development, 
brain formation, and limb development. It 
induces osteogenesis of MSCs and stimulates 
bone regeneration. 

[428,429] 

FGF9, 18 CL It stimulates early chondrogenesis, augments 
ECM production, delays terminal hypertrophy 
of MSCs, and delays and decreases articular 
degradation. 

[430–434] 

Angiogenesis- 
related GFs 
(VEGFs/TSPs) 

Angiogenesis is a prerequisite to osteogenesis 
while it has to be avoided in chondrogenesis. 

VEGF-A BL/CL It is known as VEGF, the most prominent in 
angiogenesis. OA patients usually have higher 
expressions of both VEGF and its receptors. Its 
increase can enhance bone regeneration while 
its decrease can enhance cartilage formation. 

[440–448] 

TSPs (TSP1, 2, 4, 5) BL/CL It acts as a reverse role of VEGFs as 
antiangiogenic factors. 

[329,364, 
450–453] 

Bevacizumab BL/CL It is known by its brand name, Avastin, the first 
antiangiogenic antibody to receive FDA 
approval for OA treatment. Its synthetic 
molecule has similar effect of antiangiogenic 
factors. 

[438, 
454–456] 

Other synthetic 
molecules 

N/A DEX BL/CL It is a synthetic glucocorticoid that regulates 
biological activities with broad anti- 
inflammatory effects. It also induces 
chondrogenic differentiation of various cells as 

[134, 
464–467] 

(continued on next page) 
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dropping onto the surface of the scaffolds (physical crosslinking), elec-
trostatic attraction, hydrophobic or hydrophilic interactions, and cova-
lent conjugation. The release patterns of GFs can be diverse, such as 
programmed, delayed, pulsatile, burst, and combining a few patterns, 
depending upon binding mechanisms and properties of the scaffold 
material (Fig. 8). GF loading and release kinetics have been carefully 
reviewed by Qasim et al. [334]. Overall, enabling a sustained and 
localized release of GFs over a relative long working time from MZSs is 
an important criterion for evaluating the effectiveness of MZSs in OC 
repair. 

7. Challenges and future directions 

Although painstaking efforts have been made by a large cadre of 
researchers actively seeking for advanced strategies to treat OC defects 
in the last a few decades, it is still a huge challenge today that OC defects 
and OA account for a large portion of the patients suffering from long- 
term chronic pains in the world. The development of tissue engineer-
ing strategy and particularly the usage of MZSs have open new oppor-
tunities for not only palliating the short-term symptomatic pains of the 
patients, but also aiming for a long-term cure by providing a regenera-
tive treatment. That being said, it is currently impossible to fabricate a 
scaffold with all required features to effectively treat OC defects and OA 
clinically. Considering the multiphasic complexity of natural OC tissue 
in structure, composition, property, and function, several future per-
spectives are proposed here to provide some insight to address the 
current challenges in the field. 

As the integration between the osseous and chondral zones has been 
shown to be a critical factor influencing the treatment efficiency [92, 
486], it is one of the most indispensable needs in the future to explore 
more advanced strategies to improve the interfacial bonding strength 
between two adjacent layers within MZSs. Besides, the transition layer 
should have ideal porosity and pore sizes to 1) allow for nutrient and 
waste transportation between osseous and chondral zones; 2) prevent 
differentiated cells from crossing the interface; 3) act as a barrier to 
prevent the regenerated blood vessels and nerves of subchondral bone 
from invading into the articular cartilage zone; and 4) bear proper 
biomechanics for appropriate stress distribution. Below are a few stra-
tegies we believe may be the future directions to address the integration 
problem of MZSs. Researchers from Massachusetts Institute of Tech-
nology have recently developed a dry double-sided tape made from a 
combination of a biopolymer (gelatin or chitosan) and crosslinked poly 
(acrylic acid) grafted with N-hydrosuccinimide ester, which provides 
strong adhesion between wet tissues and devices [487]. This may offer 
an opportunity to enhance the interfacial bonding of stratified MZSs for 
OC regeneration if the permeability of this tape can be improved. 
Alternatively, some studies have demonstrated that continuous gradient 
scaffolds offer more promising results than the stratified ones as they 
more closely mimic the structure of native OC tissue compared to other 
MZS designs. To this end, Niu et al. [488] recently proposed to use a 
single technique, such as electrospinning or 3D printing, to fabricate the 

whole integrated gradient tissue engineering osteochondral scaffolds 
(IGTEOS). This may potentially mitigate the concerns regarding poor 
shear properties of layered MZSs. Besides, considering the pseudo 3D 
structures generated by electrospinning, advanced techniques such as 
MEW, which combines the advantages of electrospinning and 3D 
printing, could be an ideal candidate for manufacturing MZSs with 
controlled submicron 3D architecture, good shear property, desired 
stress distribution, and capability to load zonal-specific GFs and cells for 
OC defect repair. 

Selection of biomaterials is another challenge. For example, as the 
main organic and inorganic components in native OC tissue, collagen 
and calcium phosphate should be of the top priority for consideration. 
However, collagen is extremely reactive to the surrounding environment 
and prone to denaturation, which significantly reduces its processibility 
for MZSs. Besides, its low printability further limits its possibility to be 
manufactured using advanced processing techniques, such as MEW, to 
fabricate integrated MZSs and continuous gradient scaffolds. To adapt to 
advanced processing techniques, it is key to improve the printability of 
natural polymers via either modifying their rheological properties or 
combining them with other highly printable polymers. For example, 
processing collagen into hydrolyzed collagen through proteolytic en-
zymes could result in lower viscosity and higher solubility compared to 
the native collagen counterpart as the molecular weight of the processed 
collagen significantly decreased [489,490]. Also, the addition of chito-
san was proved to improve the printability of collagen [317]. More 
interestingly, it was found that improved printability of collagen-based 
bioinks could be achieved with a high cell density [491]. Other than the 
printability, there are concerns on the purity and reproductivity of 
collagen. The collagen source, no matter whether it is from fish, bovine, 
rat, porcine or any other animals, can introduce impurities and thus 
cannot maintain the structural integrity as a biomimetic material. 
Additionally, collagen properties may vary significantly from batch to 
batch, which further lowers the reproducibility of the material. To 
mitigate these concerns, future study may need to focus on how to 
develop a global standard for natural polymer extraction and how to 
improve the purity and reproductivity of these extracted materials. 
Regarding the inorganic component in MZSs, although the inclusion of 
nanosized calcium phosphate particles (especially HAP) in the bone 
layer of MZSs has been proven to be effective for osteogenic differenti-
ation, subchondral bone regeneration, and reduction of biodegrad-
ability, additional studies are required to optimize their contents, which 
ranges from 0.5 to 70 wt% in existing studies. Another aspect that needs 
to be addressed in biomaterial selection for OC regeneration is the 
biodegradability of these materials. Ideally, MZSs should have a 
biodegradation rate that matches the rate of bone and cartilage regen-
eration in each zone. 

Another less apparent but nonetheless important characteristic of OC 
tissue is its intrafibrillar mineralization feature of collagen fibers in the 
subchondral bone. Zuo et al. [492] revealed that clear periodic banding 
patterns (D-banding) were observable in the subchondral bone sample 
of grade I (mild OA) patients, whereas only random and undulated 

Table 4 (continued ) 

Families of 
growth factors 

Major characteristics and functions Main members for 
osteochondral 
regeneration 

Types of layers 
incorporated 

Applications for osteochondral regeneration Ref 

a supplement in cell culture medium. It 
enhances OC repair through a dual pro-anabolic 
and anti-catabolic effect to attenuate 
inflammation. 

KGN CL It acts as a chondrogenic and chondroprotective 
agent to induce cartilage regeneration, but its 
clinical application is limited by its 
hydrophobicity and low water solubility as it 
forms precipitates in cells, leading to ineffective 
chondrogenic stimulation. 

[188, 
469–482]  
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arrangement of minerals were detected along the collagen fibrils from 
the subchondral bone of grade IV (severe OA) patients. This suggests 
that the occurrence of OA might be associated with the demineralization 
of collagen fibrils, and intrafibrillar mineralization is a unique charac-
teristic of native subchondral bone, which has unfortunately been 
neglected in the design of existed MZSs for OC regeneration. Intra-
fibrillar mineralized collagen fibrils have demonstrated superior me-
chanical properties, osteoconductivity, and biocompatibility compared 
to those without mineralization or with only extrafibrillar mineraliza-
tion [53,493,494]. Therefore, it is crucial to replicate this feature while 
designing the subchondral bone region of future MZSs to better reca-
pitulate the zonal characteristic of natural OC tissues. 

Although some cell-free and GF-free strategies have demonstrated 
good initial results in repairing OC defects, cell-laden constructs have 
demonstrated the most promising outcomes. To this end, cells, signals 
(GFs or bioactive factors), and scaffolds constitute the three funda-
mental components of OC repair strategy. Cells directly differentiate 
into zonal-specific (bone or cartilage) linages and secrete appropriate 
ECMs, or release paracrine secretome, and thus facilitate the homing and 
differentiation of host cells to accelerate tissue regeneration; signals 
provide the biological and environmental cues to guide the differenti-
ation of both host and donor cells; and finally scaffolds offer the tem-
porary spatial substrate for cell attachment and zonal specific 
proliferation and differentiation [495,496]. To reiterate, since differ-
entiation of iPSCs is sensitive to environmental cues, it may provide 
opportunities for researchers to design a desirable MZS to simulta-
neously induce iPSCs to differentiate into zonal-specific lineages in 
corresponding zones. In addition, ideal MZSs should also have the 
capability to load zonal specific GFs and generate a sustained and 
controlled delivery of GFs. For example, BMP2 has been widely used as a 
GF for bone regeneration, while its overdosage could result in significant 
off-target side effects, such as extopic bone formation and tissue hy-
pertrophy [497,498]. Moreover, GFs are generally vulnerable and easy 
to degrade. Future studies should also focus on how to control the 
loading efficiency and release patterns of GFs while maintaining their 
bioactivity so that they can drive the zonal-specific differentiation of 
cells for a relatively longer period. The zonal-specific delivery of GFs can 
be achieved by introducing a durable CCL, and chondrogenic and 
osteogenic GFs can be loaded into specific regions of MZSs. Besides, 
encapsulating GFs into micro particles, NPs, mesoporous NPs, or poly-
mers (such as the gap zone of collagen fibers, PLGA, SF, etc.) is of great 
potential to obtain a sustained delivery of GFs. Before this strategy can 
be widely adopted, the bioactivity, bioavailability, and long-term per-
formance of the released GFs in regenerating OC tissue must be 
established. 

8. Conclusions 

Osteochondral tissue engineering is a fast-growing research topic 
that has drawn considerable attention since its emergence in the 1990s. 
Due to the sophisticated multiphasic hierarchies of nature OC tissue, the 
use of MZSs has been gaining massive momentum especially over the 
past decade. In this review, the advantages of the tissue engineering 
strategy particularly involving the use of MZSs over the current clinical 
interventions on OC repair have been discussed. By presenting the zonal- 
specific hierarchical architectures of OC tissue, such as the orientations 
of collagen fibers, morphologies of chondrocytes, and distributions of 
blood vessels and nerves, we concluded and compared the pros and cons 
of different biomimetic designs of MZSs, including bilayered, trilayered, 
multilayered, and gradient (continuous and discontinuous) ones. 
Further, key factors influencing the overall treatment efficiency, 
including the selections of biomaterials, cells, growth factors, and pro-
cessing techniques for producing cell-laden and/or GF-incorporated 
tissue engineering MZSs for OC regeneration, have been reviewed in 
detail. Finally, the current major challenges and future perspectives of 
the field have been discussed and proposed. While we are doing our best 

to encompass as much information as we could, due to the delicacy of 
OC tissue and the complexity of the topic itself, we apologize for any 
omissions and oversights. 
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adipose derived mesenchymal stem cell (AD-MSCs) 
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American Society for Testing and Materials (ASTM) 
androgen-induced growth factor (AIGF) 
basic FGF (bFGF) 
bone layer (BL) 
bone marrow mesenchymal stem cells (BM-MSCs) 
bone morphological protein (BMP) 
calcified cartilage layer (CCL) 
calcified cartilage zone (CCZ) 
calcium phosphates (CaPs) 
cartilage layer (CL) 
citric acid-coated magnetic NPs (CAG) 
computer-aided design (CAD) 
decellularized articular cartilage ECM (dECM) 
decellularized bone ECM (DBM) 
decellularized cartilage ECM (DCM) 
deep chondral zone (CD) 
deep zone (DZ) 
dexamethasone (DEX) 
embryonic stem cells (ESCs) 
extracellular matrix (ECM) 
fibroblast growth factors (FGFs) 
Food and Drug Administration (FDA) 
fused deposition modeling (FDM) 
gelatin methacrylate (GelMA) 
glycosaminoglycans (GAGs) 
graphene oxide (GO) 
growth factors (GFs) 
hyaluronic acid (HA) 
hydroxyapatite (HAP) 
induced pluripotent stem cells (iPSCs) 
insulin-like growth factors (IGFs) 
integrated gradient tissue engineering osteochondral scaffolds 

(IGTEOS) 
Interleukin-4 (IL4) 
joint synovium MSCs (JS-MSCs) 
kartogenin (KGN) 
melt electrowriting (MEW) 
mesenchymal stem cells (MSCs) 
mesoporous bioactive glasses (MBG) 
methacrylated hyaluronic acid (MeHA) 
methylcellulose (MC) 
microribbons (μRBs) 
middle chondral zone (MZ) 
middle layer (ML) 
multizonal scaffolds (MZSs) 
N-acryloyl 6-aminocaproic acid (A6ACA) 
nanographene oxide (NGO) 
nano-hydroxyapatite (nHAP) 
nanoparticles (NPs) 
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octacalcium phosphate (OCP) 
osseous zone (OZ) 
osteoarthritis (OA) 
osteochondral (OC) 
osteogenic protein 1 (OP1) 
PCL-b-PEG-b-PCL (PCEC) 
peripheral blood MSCs (PB-MSCs) 
placental growth factor (PlGF) 
platelet-derived growth factors (PDGFs) 
poly(ethylene glycol) (PEG) 
poly(glycerol sebacate) (PGS) 
poly(L/D-lactide acid) (PLDLA) 
poly(lactide-coglycolide) acid (PLGA) 
poly(L-lactic acid) (PLLA) 
poly(methyl methacrylate) (PMMA) 
polycaprolactone (PCL) 
polydopamine (PDA) 
polyethylene glycol diacrylate (PEGDA) 
polyethylene oxide (PEO) 
polyglycolic acid (PGA) 
polyhedral oligomeric silsesquioxanes (POSS) 
polylactic acid (PLA) 
polyvinyl alcohol (PVA) 
scanning electronic microscopy (SEM) 
selective laser sintering (SLS) 
silk fibroin (SF) 
sintered microsphere scaffold (SMS) 
skeletal stem cells (SSCs) 
subchondral zone (SC) 
superficial zone (SZ) 
tantalum (Ta) 
thermally-induced phase separation (TIPS) 
thrombospondins (TSPs) 
titanium (Ti) 
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