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Abstract

Osteochondral defects, characterized by the structural and functional disruption
of articular cartilage and subchondral bone, present significant clinical challenges
due to the tissue’s limited intrinsic regenerative capacity. Scaffold-based tissue
engineering has paved the way for osteochondral defect treatment; however, fully
restoring the complex structure and composition of native osteochondral tissue
remains challenging. Recent advances in three-dimensional (3D) printing have
enabled the fabrication of layered, anisotropic scaffolds designed to biomimetically
recapitulate the native tissue’s zonal properties through precise hierarchical design.
High-resolution fabrication techniques facilitate the construction of delicate
microarchitectures, while advanced bioprinting methods allow for the incorporation
of bioactive factors and cells into the scaffold matrix. This review emphasizes the
following four scaffold design paradigms: composite gradients, microarchitectural
patterning, biochemical gradients, and cellular heterogeneity. Moreover,
key properties of multilayered scaffolds are discussed, including mechanical
performance, interfacial strength, and degradation behavior. In addition, several
obstacles associated with the in vivo scaffold application are discussed, providing
insights to guide future clinical translation in osteochondral defects treatment.

Keywords: 3D-printed scaffold; Biomaterials; Osteoarthritis; Osteochondral
regeneration; Regenerative medicine; Tissue engineering

1. Introduction

Osteochondral defect, caused by injury or various forms of arthritis including
osteoarthritis (OA), imposes a growing global health burden."> Over 500 million
individuals worldwide are suffering from OA,’ making it the seventh leading cause of
disability.” Notably, early-onset OA (diagnosed before the age of 55) accounts for over
50% of new cases,’ indicating a growing trend of osteochondral injuries occurring in
younger populations. Unfortunately, osteochondral tissue has limited self-healing
capability due to cartilage avascularity.® Current therapeutic approaches include the
following: (1) palliative treatment, such as topical or oral administration of non-steroidal
anti-inflammatory drugs (NSAIDs), corticosteroid intra-articular injections, or physical
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therapy for symptom relief’; (2) microfracture surgery, a
minimally invasive option for defects less than 2 cm? via
marrow stimulation®; (3) autologous or allogeneic grafts,
which are limited by insufficient tissue availability and
poor integration between the graft and host tissue’; and
(4) total knee joint arthroplasty (TKA), commonly used to
treat end-stage joint degeneration, but in younger patients
associated with major drawbacks, including limited
lifespan of the prosthesis, restricted physical function and
the risk of future revision surgeries.'*!?

Currently, conventional treatments have proven
insufficient to achieve complete bone and cartilage
regeneration. In recent years, 3D-printed scaffolds have
been increasingly utilized for in situ regeneration of joint
defects. Considering the layered characteristics of articular
cartilage, 3D-printed hierarchical biomimetic scaffolds
have garnered significant attention. This paper aims to
review the recent advancements in gradient-manufactured
strategies based on 3D printing, providing a novel approach
for cartilage repair.

2. Natural gradient of osteochondral tissue

Native articular cartilage is a complex hierarchical tissue
that transitions from a surface layer of hyaline cartilage,
continuing with calcified cartilage in the deep layer, then
to the subchondral osseous layer. These layers account
for 90%, 5%, and 5% of the total thickness, respectively.”
Each layer has a distinct composition, along with
different microenvironment and mechanical properties.
This hierarchical structure enables the joint to bear
loads and serves to distribute load, absorb shock, and
facilitate motion."*

From the surface of the articular cartilage to the
subchondral bone, the structure is divided into several
distinct layers: the superficial zone (SZ), middle zone
(MZ), deep zone (DZ), calcified cartilage zone (CCZ),
and subchondral bone (SCB). These layers not only differ
in depth but also exhibit gradient features in various
aspects, including composition, biochemical properties,
mechanical characteristics, and topography gradient.

2.1. Content gradient

Hierarchical compositional gradients emerge across
zones from the SZ to the SCB. Collagen types I/II/X,
glycosaminoglycans (GAGs), proteoglycans, water, and
hydroxyapatite demonstrate depth-dependent gradients,
with systematic redistribution patterns.'®

In the SZ, collagen type II exhibits lower concentration
but forms densely packed, surface-parallel fibrillar
networks, providing shear resistance to the surface.
Progressing to the MZ, fibers adopt a loosely organized

configuration, facilitating stress distribution through
enhanced deformability. Collagen type II reaches maximal
concentration in the DZ, with vertically oriented fibrillar
bundles optimized for compressive load-bearing.'® The
CCZ undergoes a compositional shift, replacing collagen
type II with type X to establish a calcified matrix for
osteochondral integration.” This transition reverses
abruptly in the SCB, where collagen type I supersedes type
X as the predominant isoform. While minimally expressed
in the CCZ, collagen type I becomes the dominant organic
constituent in the SCB, conferring structural rigidity and
tensile strength.'

GAGs and proteoglycans increase progressively from
the SZ to the DZ, peaking in the DZ. This gradient facilitates
water retention and hydrostatic pressure management,
critical for load-bearing.' Their levels drop sharply in the
CCZ as the matrix undergoes mineralization.

Water content is the highest in the SZ,¢ aiding
lubrication and reducing friction. It decreases progressively
through the MZ and DZ, where lower levels enhance
structural strength. In the CCZ, water is nearly absent due
to the predominance of mineralized matrix.

Hydroxyapatite concentration increases steadily within
the CCZ, reaching its peak in the SCB. This gradient
provides hardness and compressive strength to the
mineralized regions.'¢

These gradient distributions ensure a seamless
mechanical and structural transition between cartilage and
bone, supporting the functional integrity of the joint.

2.2, Biochemical gradient

The extracellular matrix (ECM) creates a specialized
microenvironment that supports tissue metabolism, repair,
and growth, mediated by biomolecular factors such as
transcription factors, cytokines, and signaling molecules."”
Gene expression regulated by these factors varies across
osteochondrallayers, withzone-specificmarkerssupporting
the specialized functions of each region. Articular cartilage
and subchondral bone exhibit distinct molecular biology
profiles that support their specialized functions. In the
SZ, key biomolecular factors such as aggrecan, collagen
type II alpha-1 chain (COL2A1), and SOX9 display peak
expression levels. Aggrecan and COL2A1 are critical for
maintaining cartilage mechanical integrity, while SOX9
regulates chondrocyte differentiation and maturation.”
Moving to the MZ and DZ, these factors decrease, reflecting
a shift from cartilage synthesis to mineralization processes.
Concurrently, bone morphogenetic protein-2 (BMP2) and
collagen type X alpha-1 chain (COL10A1) are upregulated,
driving chondrocyte differentiation into osteoblast-like
progenitors®' and promoting matrix calcification.”? Alkaline
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phosphatase (ALP), a key enzyme in mineralization, is
selectively enriched in these zones, underscoring their role
in cartilage maintenance and mineralization.”

In the CCZ, osteogenesis factors like COL10A1, ALP,
and Runx2 are most highly expressed.” Runx2, a key
osteogenic transcription factor, drives the transition of
hypertrophic chondrocytes into osteoblast-like cells,
facilitating ossification. Vascular endothelial growth factor
(VEGF), a critical angiogenic factor, ensures vascular
invasion, necessary for bone formation.”” These gradients
promote the mineralization and ossification of the cartilage
matrix, thereby bridging cartilage and bone.

In the SCB, factors like osteocalcin, osteopontin
(OPN), Receptor Activator for Nuclear Factor-k B Ligand
(RANKL), and matrix metalloproteinases (MMPs) are
concentrated, reflecting bone mineralization, remodeling,
and resorption.”*” Osteocalcin and OPN are involved in
bone matrix formation, while RANKL regulates osteoclast
differentiation for bone resorption. MMPs, key for
ECM turnover, are highly expressed in the SCB, where
active bone remodeling occurs.®** The distribution of
osteochondral substances is listed in Table 1.

2.3. Mechanical gradient
The mechanical properties of cartilage layers exhibit a
depth-dependent pattern, with each stratum fulfilling

specialized biomechanical functions that correlate with the
compositional gradients and microstructural organizations
described in Section 2.1. The SZ, characterized by the
lowest compressive modulus, maintains joint flexibility
through its unique architecture: fine fibers of collagen
types II/IX aligned parallel to the articular surface,®
coupled with densely packed, flattened disc-shaped
chondrocytes arranged horizontally,” collectively create
a low-friction interface that minimizes shear stress. The
MZ exhibits transitional viscoelastic properties, enabled
by its randomly oriented thicker collagen bundles forming
a porous scaffold, where sparsely distributed spherical
chondrocytes facilitate stress redistribution and energy
dissipation. The DZ achieves maximal compressive
resistance through perpendicularly aligned hypertrophic
collagen fibrils relative to the articular surface,
accompanied by spherical chondrocytes organized into
columnar arrays parallel to the collagen orientation. The
CCZ demonstrates ultimate stiffness through mineralized
collagen networks, firmly anchoring the cartilage to the
SCB while preventing mechanical delamination.® This
hierarchical mechanical stratification, evolutionarily
conserved across mammalian articular cartilage systems,
enables efficient stress transmission through depth-specific
structural adaptations, ensuring optimal joint functionality
and biomechanical stability.

Table 1. Gradient distribution of biochemical factors in articular cartilage

Substance Function Distribution

Aggrecan Enhances cartilage strength and elasticity High in SZ; low in DZ

COL2A1 Provides cartilage structural integrity High in SZ; decreases toward CCZ
SOX9 Maintains chondrocyte phenotype Predominantly active in SZ; reduced in deeper layers
TGF-B Regulates cell proliferation and ECM synthesis High in MZ; lower in deeper layers
BMP2 Promotes chondrocyte-to-osteoblast differentiation Low in SZ and MZ; high in DZ and CCZ
COL10A1 Marker of cartilage mineralization Present in DZ; high in CCZ

ALP Promotes mineralization High in DZ and CCZ

VEGF Promotes angiogenesis High in DZ; present in CCZ

Runx2 Promotes cartilage-to-bone conversion Highest in CCZ

Osteocalcin Involved in bone mineralization Present in SCB; high in CCZ

OPN Involved in bone mineralization and cell adhesion High in SCB

RANKL Stimulates osteoclast differentiation High in SCB

MMPs Degrades ECM components; aids in tissue remodeling High in SCB

Abbreviations: ALP, alkaline phosphatase; BMP2, bone morphogenetic protein-2; COL2A1, collagen type IT alpha-1 chain; COL10A1, collagen type
X alpha-1 chain; CCZ, calcified cartilage zone; DZ, deep zone; ECM, extracellular matrix; MMPs, matrix metalloproteinases; MZ, middle zone; OPN,
osteopontin; RANKL, receptor activator of nuclear factor-xB ligand; SCB, subchondral bone; SZ, superficial zone; TGF-p, transforming growth factor B;

VEGE, vascular endothelial growth factor.
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Niu et al’! quantified depth-dependent mechanical
gradients in rabbit articular cartilage, reporting Young’s
modulus progression from the SZ (0.4-0.6 MPa) through
the MZ (0.6-1.0 MPa) to the DZ (2.0-3.0 MPa). This
mechanical gradient was corroborated in porcine cartilage
by Sun et al.,*> who documented analogous depth-related
variations with SZ (0.8 MPa), MZ (2.0 MPa), and DZ
(3.6 MPa) Young’s modulus values.

The mechanically vulnerable regions within
cartilage tissue also correspond to distinct histological
microstructural features. A distinct calcified cartilage
band, referred to as the “tidemark,” separates the DZ from
the CCZ, marking the mineralization front of the calcified
cartilage. Continuous collagen fibrils pass through the
tidemark, hence serving as a transitional interface between
calcified and non-calcified cartilage and facilitating the
gradual transition of tissue mineralization.” The boundary
between the CCZ and the SCB is demarcated by the
“cement line” The absence of continuous collagenous
connections between the CCZ and the SCB renders this
region biomechanically vulnerable.** Furthermore, the
pronounced stiffness changes between the CCZand SCB are
hypothesized to be akey factor underlying the delamination
of cartilage from the bone, particularly under shear stress
conditions.” This steep variation in mechanical properties
creates localized stress concentrations, exacerbating the
risk of tissue failure at the cartilage-bone interface.*

The progression of OA is characterized by progressive
reductions in both elastic modulus and stiftness of articular
cartilage.”” Emerging evidence suggests that early-stage
OA may involve biomechanical precursors, including
stiffening of the DZ and diminished SCB stiffness, prior
to overt cartilage degeneration.’® Furthermore, the elastic
modulus of cartilage demonstrates a significant correlation
with OA severity grades.”” Quantitative analyses reveal
substantial mechanical degradation in advanced OA,
exemplified by the SZ Young’s modulus reduction from
26.51 £ 10.63 MPa in healthy cartilage to 18.58 + 9.61 MPa
in severe OA specimens. Concurrently, both aggregate
modulus and shear modulus exhibit significant decreases
in moderate-to-severe OA, particularly within the SZ and
MZ, indicative of compromised load-bearing capacity.®

3. Hierarchy establishment strategies for
osteochondral regenerating scaffold

Over the past decade, hierarchical 3D-printed scaffolds
have emerged as a predominant strategy for osteochondral
regeneration. Advances in fabrication technologies have
spurred the development of multiphase design strategies
to mimic zonal tissue complexity. Hierarchical 3D
printing strategies are systematically categorized as follows

(Figure 1): (1) composite gradient defined as
methodologies that achieve stratified functionality through
layer-specific variations in material composition and
physicochemical properties; (2) microarchitectural gradient
characterized by the implementation of function-specific
structural configurations across distinct layers to regulate
anisotropic mechanical or nutrient transport behaviors;
(3) biochemical gradient entailing spatio-temporal control
of biochemical factors within layered constructs to achieve
zonal biological responses; and (4) cell heterogeneity
involving heterogeneous seed cell populations within
discrete strata to emulate native tissue. Recent research
efforts have focused on optimizing these hierarchical
architectures, with key zone-specific fabrication approaches
systematically categorized in Table 2.

3.1. Composite gradient

Composite gradient architectures have become a
predominant methodology for engineering scaffold
hierarchical organization. This paradigm employs biphasic
or multiphasic systems integrating distinct biomaterials,
each engineered to address zone-specific mechanical
and functional demands. Typical designs incorporate
the following: (1) a bioactive, elastomeric, and porous
phase for chondral regeneration; and (2) a mechanically
reinforced, slow-degrading phase replicating subchondral
bone properties.

Materials commonly used for the chondral layer
include natural biomaterials such as collagen, hyaluronic
acid (HA),® sodium alginate (SA),* agarose,” cellulose,"
and silk fibroin (SF).®® These natural materials provide an
optimal environment for cell adhesion, proliferation, and
growth. However, their mechanical and physicochemical
properties may not always be sufficient for tissue
engineering applications, leading to the increased use
of synthetic materials like polyethylene glycol (PEG),”
polycaprolactone (PCL), polylactic acid (PLA),” gelatin
methacrylate (GelMA),” and polyethylene glycol diacrylate
(PEGDA).” These synthetic materials can be modulated
during the synthesis process to achieve desired properties.
Despite superb mechanical properties, they lack integrin-
binding ligands, which limits direct interaction with cells.

Ceramic materials, which are inorganic and non-
metallic, are typically characterized by their superb
hardness and brittleness. Notable ceramic materials used
for osteochondral regeneration include hydroxyapatite
(HAp),” biphasic calcium phosphate (BCP),” tricalcium
phosphate (TCP),” and bioactive glass (BG).” They
exhibit favorable biocompatibility and porosity, promoting
cell infiltration and tissue integration.* Furthermore,
inorganic ions released by ceramic materials, such as
silicon (Si), lithium (Li), and magnesium (Mg) ions, can
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Figure 1. A schematic diagram of natural gradient classification for osteochondral tissue.

promote osteochondral regeneration. Li ions have been
shown to stimulate chondrogenesis by upregulating
exosomal miR-455-3p in bone marrow mesenchymal stem
cells (BMSCs).”* Mg ions and Mg transporter subtype 1
protein (MagT1) enhance osteogenic differentiation in
rBMSCs.”” Si ions promote angiogenesis by modulating
the expression of insulin-like growth factor-1 (IGF-1)
and VEGE’ However, the use of ceramic materials is
limited due to their asynchronized degradation relative to
bone regeneration.”

Due to the zonal mechanical strength of normal
cartilage, which is adapted to different functions, providing
layered mechanical support during the repair process and
achieving biomimetic repair outcomes are crucial. It has
long been established that the growth of both cartilage
and bone tissues, both in vivo and in vitro, is influenced
by the surrounding mechanical strength.”®”® Cells can
sense and respond to variations in substrate stiffness,
thereby regulating their diffusion, proliferation, and
gene expression.*” Yang et al.* fabricated HAp and PEG/
SE composites with different stiffness levels and induced
osteogenesis in rBMSCs, revealing a positive correlation
between stiffness and the expression of osteogenic
markers. Cao et al.*? demonstrated that the matrix stiffness-

sensitive miR-99b regulates the osteogenic and adipogenic
differentiation of BMSCs by targeting the rapamycin
signaling pathway. Similarly, Lai et al.** demonstrated
that substrate stiffness modulates BMSCs proliferation via
exosome-mediated mechanotransduction through Yes-
associated protein (YAP) pathways.

Scaffolds with a lower elastic modulus (~10 MPa)
inhibit the regeneration of the SCB while promoting the
formation of fibrous tissue at the articular interface. In
contrast, scaffolds with a higher elastic modulus (~1000
MPa) may compress the opposing cartilage, leading to
its degradation. Consequently, scaffolds with biphasic
mechanical properties have been extensively studied
to improve the healing of both bone and cartilage.
Diloksumpan et al.** developed a triple-layer scaffold using
extrusion-based printing and melt electrospinning writing
(MEW). The top chondral layer consists of a PCL mesh
infused with GelMA hydrogel, while the middle layer,
composed of a PCL mesh and polymer-calcium phosphate
(PCaP) composite, is designed to replicate the structure
of calcified cartilage for chondral-osseous transition. The
osseous layer is fabricated from PCaP. Each layer was
designed to adapt to its specific mechanical demand. Gao
etal.”” established a bilayer scaffold based on GelMA, where
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the osseous layer was optimized by incorporating HA into
the GelMA matrix, thereby enhancing the compressive
modulus for bone formation.

3.2. Microarchitectural gradient

Native cartilage exhibits a gradient in microarchitectural
patterning, encompassing variations in geometry, porosity,
stiffness, and density,” which are essential for maintaining
its mechanical properties, as described in Section 3.2.
Meanwhile, the porous structure plays a crucial role in
cell adhesion, metabolism, and proliferation, which are
critical for spatial organization and tissue regeneration in
tissue engineering. Conventional fabrication techniques—
such as solvent casting, freeze-drying, electrospinning,
and gas foaming—can produce well-structured scaffolds,
yet they lack precise microstructural control. Key factors
include pore size,” shape, distribution,* and density.* In
contrast, 3D printing offers a highly adaptable approach
for designing scaffolds that closely replicate the native
cartilage microarchitecture.

Previous studies have demonstrated that neo-tissue
regeneration predominantlyinitiates atthe defect periphery,
whereas central regions often exhibit compromised
regeneration capacity due to reliance on cellular migration
through the scaffold matrix.¥” Proper microstructures
(e.g., pores or channels) provide mechanical support
and guidance for cell migration,*® while simultaneously
facilitating nutrient transportation and bioactive factor
release. Gu et al.* developed a biomimetic bilayer scaffold
using digital light processing (DLP)-based 3D printing.
The upper cartilage layer features a “lotus and radial” pore
distribution that facilitates the transverse migration of
chondrocytes and cartilage progenitor cells at superficial
layers. The bottom osseous layer exhibits a “lotus” pore
structure, guiding BMSCs to vertically migrate to the
defect site, thus creating a native tissue-like cell distribution
pattern. In vitro experiments demonstrated a preference
for cell migration along the delicate “lotus and radial” pore
structure (Figure 2), resulting in nearly a fourfold increase
in cell migration compared to non-porous scaffolds.

Microarchitectural features of biomaterials also regulate
cell differentiation.**° Events such as cell-cell interactions,
adhesion molecule binding, gap junction formation,
and cytoskeletal reorganization, significantly impact
chondrogenic differentiation.”"** Larger pore sizes promote
the aggregation and proliferation of MSCs, facilitating
chondrogenic condensation.® Li et al.”> demonstrated that
pore sizes in 3D-printed silica hybrid scaffolds critically
regulate human BMSCs (hBMSCs) lineage commitment:
pores of ~100 pum resulted in poor matrix formation,
~220 um promoted hyaline cartilage formation through
predominant collagen type II deposition, while ~500 pm

triggered fibrocartilaginous commitment characterized
by collagen type I dominance. Pore sizes around 200 pm
promote the maintenance of a spherical cell morphology,
facilitating cell-cell interactions, whereas, larger pore sizes
encourage cell attachment, reducing intracellular contact.
Conversely, smaller pores may not provide sufficient
space for ECM production. It has been reported that
spherical-shaped BMSCs correlate with higher expression
of chondrogenic molecular markers and are more likely to
undergo chondrogenic differentiation.*

Sun et al.® further revealed that pore size modulates
BMSC:s differentiation by activating the Hypoxia-inducible
factor la/Focal Adhesion Kinase (HIF1a/FAK) signaling
axis. A layered-mesh structured, BMSCs-laden PCL
scaffold was fabricated, in which the superficial small-
pore zone (SPZ, 150 um) provides lubrication and shear
resistance, while the deep large-pore zone (LPZ, 750
um) enhances elasticity and maintains structural rigidity.
The SPZ exhibited high HIFla expression, promoting
chondrogenesis and maintaining a hyaline cartilage
phenotype, whereas the LPZ favored osteogenesis and
increased vascularization (Figure 3).

3.3. Biochemical gradient

In scaffold-based osteochondral defect repair, biomimetic
strategies for cell-free scaffolds involve in situ tissue
regeneration through precise coordination of MSC
recruitment, differentiation, and maturation. For cell-laden
scaffolds, directing cells to undergo specific differentiation
atvariouslayersis equally crucial for successful repair. Thus,
biochemical factors, functioning as chemoattractants, need
to be applied in a spatially distributed manner to regulate
cell behavior and optimize tissue regeneration.”

Biochemical gradient strategies involve adding growth
factors or small molecules to induce cell differentiation.
These can be incorporated directly into the material for
bioprinting or delivered through carriers such as exosomes
or nanoparticles. Additionally, decellularized ECM
(dECM) is used to create biochemical gradients.

Growth factors are a large family of cytokines that
regulate cell migration, adhesion, proliferation, and
differentiation. For cartilage, transforming growth factor
(TGF)-B1, IGF-1, fibroblast growth factor-2 (FGEF-2),
and BMP-2 support maturation and formation, while
BMPs, IGF-1/2, TGF-pB, and FGFs are primarily involved
in bone regeneration.”® These growth factors are spatially
distributed and function in a coordinated manner,
working synergistically to promote tissue development
and repair. Ding et al.”> developed a hydrogel scaffold
covalently functionalized with bioactive TGF-f1 binding
peptides (TBP) to recruit endogenous TGF-f1, thereby
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Figure 2. Evaluation of cell infiltration in bilayer scaffolds with different pore architectures. (A) Schematic design of the bilayered scaffold. (B) Representative
fluorescent images (DAPI staining) showing cell infiltration into scaffolds 5 days after subcutaneous implantation in vivo (scale bar = 200 pm). (C)
Fluorescent images of bilayer scaffolds with different longitudinal pore sizes. (D) Schematic illustration and H&E staining images of the P group scaffold in
horizontal (left) and vertical (right) sections (scale bar = 100 um). Black dashed lines indicate pore boundaries in the magnified views. Among all groups,
the P group exhibited the greatest cell infiltration depth and the highest number of infiltrating cells, indicating that the combined pore architecture most
effectively facilitates cell migration into the scaffold. Group definitions: P = lotus + radial pores; L = lotus pores only; R = radial pores only; N = non-porous
scaffold. Reproduced from Ref.®, Biofabrication (2024), with permission from IOP Publishing.
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Figure 3. Effect of scaffold pore size on cell morphology and differentiation. hBMSCs cultured in 3D-printed silica hybrid scaffolds exhibited different
morphologies depending on the channel size. In scaffolds with smaller channel sizes (~230 pum), cells showed a rounded morphology and underwent
chondrogenic differentiation, with widespread expression of type II collagen matrix indicating a hyaline cartilage phenotype. In contrast, in scaffolds with
larger pores (~500 um), cells adopted a spindle-shaped morphology and predominantly expressed type I collagen, suggesting fibrocartilage formation.

Reproduced from Ref.”* with permission from the Royal Society of Chemistry.

enhancing cartilage regeneration. Similarly, Kilian et al.®*
introduced a core-shell bioprinting strategy to fabricate a
bilayer scaffold. The chondral layer consists of a human
chondrocyte (hChon) shell surrounding a TGF-B3 core,
while the osseous layer comprises a human osteoblast
(hOB) shell encapsulating a BMP-2 core. This core-shell
system enables the spatially controlled delivery of specific
cell types and differentiation factors within distinct
compartments of the hydrogel strands, promoting targeted
tissue regeneration.

The dECM, derived from human or animal tissues,
is another biochemical gradient strategy widely used
in tissue engineering. It primarily contains ECM
macromolecules.” The decellularization process preserves
the physicochemical signals and biological properties of
native tissue, providing a native-like microenvironment that
supports the migration, proliferation, and differentiation
of BMSCs. Studies have shown that BMSCs embedded in
cartilage dECM (DCM) or bone dECM (DBM) hydrogels
interact with the adjacent matrix, promoting chondrogenic
or osteogenic differentiation and subsequent tissue
maturation. However, the mechanical properties of dECM
are suboptimal due to the loss of native tissue topography
during the decellularization process,”®* resulting in
delamination, which hinders its application in larger
cartilage defect regeneration. Zhang et al.** developed a
bilayer scaffold using dECM as bioink and enhanced its
mechanical properties with SE. The DCM and DBM layers
were modified with TGF-f1 and BMP-2, respectively.
This scaffold demonstrated promising osteochondral

regeneration, exhibiting suitable mechanical strength and
degradation rates at the same time. Furthermore, Joyce
et al.'® reinforced an ECM-derived collagen-hyaluronic
acid (CHyA) matrix with a 3D-printed PCL framework
to enhance mechanical strength to adapt to physiological
loads. The PCL reinforcement increased the compressive
modulus of the CHyA matrix threefold, which aligned with
the physiological range (0.5-2.0 MPa) of healthy cartilage.
It also improved the tensile modulus and allowed for
suture fixation to the subchondral bone, thereby enhancing
scaffold-bone integration. In vitro study demonstrated that
MSCs were successfully infiltrated the scaffold, leading to
significantly higher expression of sGAG.

Small molecules are widely applied in osteochondral
engineering to induce cell differentiation, regulate
osteoblast/osteoclast function, or exert anti-inflammatory
effects. Kartogenin (KGN), which promotes chondrocyte
differentiation in a dose-dependent manner,'” provides a
feasible approach to establish biochemical gradients. Wei
et al.”® developed an osteochondral scaffold embedded
with BMSCs, exhibiting a high concentration of KGN in
the chondral layer and a low concentration of KGN with
B-TCP in the osseous layer. Dexamethasone, another
small synthesized glucocorticoid molecule,'” can promote
osteogenesis and chondrogenesis by stimulating MSC
differentiation into osteoblasts and chondrocytes via Wnt/
B-catenin and TGF-B pathways. Its anti-inflammatory
properties reduce inflammation, aiding tissue healing.
Barrera et al.'® developed a biomimetic surface coating
for implants, applying a layer-by-layer technique to create
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Table 2. Hierarchical strategies for 3D-printed osteochondral scaffolds

Scaffold design Strategy Seed cell Manufacturing ~ Mechanical properties In vivo Reference
method model

wCartilage: Pure Composite Cell-free Extrusion-based  Tensile strength: 5.22 MPa Rabbit 4
cellulose ink printing Fracture energy: 1.81 MJ/m?®
Osseous: 58S BG- Compressive strength: 11.8 MPa
filled cellulose ink
Cartilage: DCM/SF- ~ Composite BMSCs Extrusion-based ~ Compressive stress: 44 kPa (cartilage), Rabbit 2
TGF-p1 biochemical printing 47 kPa (osseous without PCL), 310 kPa
Osseous: PCL + (osseous with PCL)
DBM/SF-BMP2 CM: 9-fold enhancement with PCL

applied
WWCartilage: PCL- ~ Composite Cell-free Extrusion-based ~ YM: 269 + 20 MPa (PCL), 67% increase in  Goat s
HAp printing PCL-HAp
Osseous: PHA + Flexural stiffness: 206% increase in PCL-
PEGDA + DVC HAp (compared to PCL)
Cartilage: SA-ANC-  Composite Cell-free Extrusion-based ~ CM: 94.64 + 5.27 kPa (G-dNC/nHA), Rat a“
CaCl, printing 89.12 + 15.2 kPa (G-nHA control), 70.55
Osseous: SA- + 4.29 kPa (G-control)
GelMA-nHA- CaCl, Shear strength: maximum in G-dNC/nHA

G: Gradient
Cartilage: PCL mesh ~ Composite BMSCs MEW + CM: 17.7 + 2.0 kPa N/A “5
+ GelMA extrusion-based  In vivo interface adhesion strength: 6.6 +
Intermediate: MEW printing 1.7 kPa (Day 1), 24.4 + 6.5 kPa (Day 42)
mesh + PCaP
Osseous: PCaP
Top: MeHA + Composite BMSCs Layer-by- EM: 85 + 10 MPa (cartilage), 185 + 15 Rat 16
diclofenac sodium biochemical layer alternate MPa (osseous)
Cartilage: MeHA + (KGN) bioprinting S: 55+ 5 N/mm (cartilage), 110 + 8 N/mm
BMSCs/PCL + KGN (osseous)
Osseous: PCL + Maximum stress: 1.5 + 0.1 MPa
B-TCP (cartilage), 3.0 + 0.2 MPa (osseous)
Cartilage: GelMA Composite Cell-free Continuous 3D CM: 300 + 50 kPa (cartilage), 500 + 70 Rabbit v
Osseous: printing kPa (osseous)
GelMA-HAp (1%
w/t)
Cartilage: PLGA + Composite BMSCs Electrospinning ~ CM: 0.54 + 0.04 MPa (cartilage), 33.6MPa  Rabbit 8
fibrin biochemical + extrusion- (osseous) Minipig
Intermediate: based printing YM: 5.1 + 0.8 MPa (intermediate)
PLCL + CS/BG
Osseous: Calcium
silicate ceramic
Cartilage: SF Composite Cell-free FDM + CM: 0.12 + 0.01 MPa (cartilage), 12.56 +  N/A »
Osseous: PEGT/PBT extrusion-based 1.94 MPa (osseous), 0.113 + 0.028 MPa
mesh+ porous silk printing (fibrin scaffold)
Top: PGS-CS Composite Cell-free FDM + CM: 0.162 + 0.005 MPa (PGS, dry); 0.159  Rabbit 50
Bottom: Gelatin extrusion-based  + 0.003 MPa (PGS, wet); 1.139 + 0.052

printing MPa (PGS-Gel, dry); 0.195 + 0.007 MPa

(PGS-Gel, wet); 2.443 + 0.071 MPa (PGS-

CS/Gel, dry); 0.315 + 0.019MPa (PGS-CS/

Gel, wet)
Cartilage: TPU + Composite Cell-free FDM + CM: 1.079 + 0.031 MPa (cartilage), 44.369  Rabbit o
Gel-Alg extrusion-based  + 2.515 MPa (osseous), 21.336 + 3.683
Osseous: PLA + HAp printing MPa (total)

Shear strength: 0.73 + 0.027 N
YM: 45 MPa (PLA/HAp), 1 MPa (TPU)

(Continued....)
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with different pore
sizes infilled with
cell-laden hydrogel

(pore size)

750 pm

Table 2. Continued...
Scaffold design Strategy Seed cell Manufacturing ~ Mechanical properties In vivo Reference
method model
Cartilage: SF Biochemical Cell-free UV crosslinking ~ CM: 120 kPa (GelMA) Rat 52
Osseous: PEGT/PBT  (TGF-P1 + peptide TGF-B1 binding peptides reduce the CM.
mesh + porous silk  binding) grafting
Upper: PGS-CS Biochemical Cell-free Extrusion-based ~ Reduced modulus: Rat 53
Bottom: Gelatin (dECM + printing 6.3 + 0.4 MPa (bilayer hydrogel-exosome),
exosome) 5.7 £ 0.3 MPa (bilayer hydrogel)
Cartilage: TPU + Biochemical eUCB-MSC High-throughput CM: approximately 2 MPa of PEGT-PBT ~ N/A >
Gel-Alg (thiolated microfluidics- scaffold
Osseous: PLA + HAp  heparin / based fabrication
strontium
nanoparticle)
Cartilage: GelMA Biochemical Cell-free Sequential CM: 190 + 15 kPa (cartilage), 210 + 20 Rat 5
+ KGN (high (KGN) bioprinting kPa (osseous).
concentration) Interfacial shear strength: 40 kPa.
Osseous: GelMA
+ KGN (low
concentration)
Cartilage: GeIMA +  Biochemical Murine DLP CM increased with the incorporation of N/A %
DCM (dECM) osteoblast/ dECM (data not specified)
Osseous: GelMA + chondrogenic
DBM cell precursors
Cartilage: GelMA Biochemical Cell-free Extrusion-based ~ CM: 48.99 + 15.67 kPa (3% B-TCP- Rabbit 7
+ BP + hUMSCs (phosphate) printing GelMA).
exosome YM: 232.86 + 12.45 kPa (1% p-TCP),
Osseous: GelMA 306.17 + 17.82 kPa (3% B-TCP)
+ BP + hUMSCs
exosome + B-TCP
Cartilage: PEGDA Structural Cell-free SLA/ S: 1 MPa (cartilage), 7 MPa (osseous) N/A 8
(1MPa) (geometry/ DLP Porosity: cartilage 81% (cartilage), 68%
Osseous: PEGDA porosity) (osseous)
(7MPa), CM: 11.8 MPa
Bi-phasic: Infill Structural C28/12 hChon Concurrent CM N/A >
density 45% and 60%  (infill density) printing + FDM  397.24 + 41.51 MPa (bi-phasic, 45%);
Tri-phasic: Infill 213.75 + 32.17 MPa (bi-phasic, 60%);
density 30%, 45% 397.24 + 41.51 MPa (bi-phasic, total);
and 60% 228.98 + 40.84 MPa (tri-phasic, 30%);
Gradient: Infill 140.56 + 21.73 MPa (tri-phasic, 45%);
density from 30% 118.99 + 29.13 MPa (tri-phasic, 60%);
to 60%; smooth 228.98 + 40.84 MPa (tri-phasic, total).
transition in 7 layers Gradient:177.98 + 44.78 MPa (total)
4 layers PCL scaffold ~ Structural BMSCs FDM Pore size of four layers: 150, 350, 550, and ~ Rabbit 60

(Continued....)
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Table 2. Continued...

Scaffold design Strategy Seed cell Manufacturing ~ Mechanical properties In vivo Reference
method model
Cartilage: GelMA Structural Cell-free DLP CM: 388.0 £ 17.52 kPa ( 15% GelMA, Rabbit o
(lotus/radial pores) (geometry) + 0 um porosity); 344.3 + 16.50 kPa (15%
+ KGN biochemical GelMA, 100 um porosity); 302.0 + 15.00
Osseous: GelMA (KGN) kPa (15% GelMA, 200 pm porosity);
(lotus pores) 203.3 £ 10.41 kPa (15% GelMA, 400 pm
porosity); 178.0 £ 7.211 kPa (10% GelMA,
0 um porosity); 157.3 + 6.429 kPa (10%
GelMA, 100 pum porosity); 139.0 + 5.568
kPa (10% GelMA, 200 um porosity);
107.3 + 3.055 kPa (10% GelMA, 400 pm
porosity)
Cartilage: hChon +  Cell hChon, hOB Extrusion-based ~ N/A N/A o2
Alg-MC + TGF-p3 heterogeneity + printing
Osseous: hOB + Alg-  biochemical
MC + BMP-2
Cartilage: ACPCs + Cell ACPCs, BMSCs  Extrusion-based ~ YM: ~ 15 kPa. Rabbit 63
GelMA/AIgMA heterogeneity + printing
Osseous: BMSCs + biochemical
GelMA/AlgMA
Cartilage: PCL/ Composite Cell-free Extrusion-based ~ Compressive strength: 2.1 MPa (10% N/A o
gelatin/fibrin printing fibrin), 0.81 MPa (30% fibrin)
Osseous: PCL/HA
nanoparticles

Abbreviations: ACPCs, articular cartilage progenitor cells; Alg, alginate; AlgMA, methacrylated alginate; BG, bioactive glass; BMP2, bone
morphogenetic protein-2; BMSCs: bone marrow-derived mesenchymal stem cells; CM, compressive modulus; CS, chondroitin sulfate; DBM,
decellularized bone matrix; DCM, decellularized cartilage matrix; DLP, digital light processing; dECM, decellularized extracellular matrix; EM, elastic
modulus; eUCB-MSC, expanded umbilical cord blood-derived mesenchymal stem cells; FDM, fused deposition modeling; GelMA, gelatin methacrylate;
HAp, hydroxyapatite; hChon, human chondrocytes; hOB, human osteoblasts; KGN, Kartogenin; MC, methylcellulose; MEW, melt electrowriting;
MeHA, methacrylated hyaluronic acid; PCL, polycaprolactone; PCaP, polymer calcium phosphate; PEGDA, polyethylene glycol diacrylate; PEGT/

PBT, poly(ethylene glycol)-terephthalate/poly(butylene terephthalate); PGS, poly(glycerol sebacate); PLA, polylactic acid; PLCL, poly(L-lactide-co-
caprolactone); PLGA, poly(lactic-co-glycolic acid); S, stiffness; SA, sodium alginate; SE, silk fibroin; SLA, stereolithography; TCP, tricalcium phosphate;
TGE, transforming growth factor; TPU, thermoplastic polyurethane; YM, Young’s modulus.

a polyelectrolyte multilayer (PEM) system, which was
coated with dexamethasone-loaded liposomes. The study
demonstrated that the involvement of dexamethasone-
loaded liposomes exhibited more prominent chondrogenic
differentiation compared to the baseline PEM system.

Gene therapy offers a promising strategy for
osteochondral regeneration by delivering genes essential
for cartilage and bone repair or silencing pathological genes
associated with joint disease, creating a gene expression
gradient to achieve zonal cell differentiation.'” Commonly
used genes include growth factors such as IGF-1,'"
TGF-B,'°°!” BMP,* and FGF; transcription factors such as
SOX9; and anti-inflammatory molecules like interleukin
(IL)-10" and IL-1 receptor antagonist (IL-1RA).**
Traditional gene delivery often relies on viral vectors.'?’
Despite their efficiency, viral vectors face limitations,
including pre-existing immunity to viruses like adenovirus,
which reduces their effectiveness. Additionally, the limited

duration of transgene expression, lasting approximately
only 1-2 weeks, hinders long-term use in vivo.''° Therefore,
non-viral vectors, such as nanoparticle carriers and mRNA
delivery, are gaining attention as promising alternatives.

MicroRNAs (miRNAs) have introduced a novel
approach to gene therapy due to their ability to precisely
regulate the spatial and temporal expression of target
genes and associated pathways, which are crucial for
chondrogenesis and cartilage development.''! Notably,
reduced levels of miR140-5p have been observed
in progenitor/stem cells (CPCs) from OA cartilage,
indicating a correlation with OA progression.''> Exosomes,
with low immunogenicity, targeted delivery, and excellent
biocompatibility, could serve as a promising carrier
for miRNA delivery in gene therapy.'"* Nanoparticles,
featuring a porous organosilicon structure, efficiently
encapsulate and deliver miRNA with temporal release.
Zhu et al.""* developed a self-healing hydrogel loaded with
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Mesoporous organosilicon-Polyethyleneimine (MON-
PEI) nanoparticles for stable miRNA140-5p transfection,
showing effective cartilage defect repair in a rabbit
joint model.

3.4. Cells heterogeneity

Cell-laden hydrogel 3D printing has gradually drawn
attention in the last decade. Cells employed for
osteochondral regeneration include MSCs, such as BMSCs
and adipose-derived stem cells (ADSCs), articular cartilage
progenitor cells (ACPCs), and induced pluripotent
stem cells (iPSCs).'® MSCs show low immunogenicity
and good in vivo safety, becoming the most widely used
cell in regenerative medicine."'® Although technically
pluripotent, MSCs rarely repair damaged tissue in vivo
through direct differentiation and engraftment due to
certain limitations, including the reduced capacity of these
cells for self-renewal, proliferation, and differentiation in
donor sites.'”” Besides, BMSCs are inclined to differentiate
into bone tissue rather than cartilage."®'"* Therefore,
scaffolds require the modulation of differentiation through
cytokines or drugs. However, the side effects associated
with cytokines, combined with their high costs, present
significant limitations for their clinical use in vivo. For
example, although TGF-p is proven to induce chondral
differentiation, Zhen et al.'*® reported that overactivation
of the TGF-p1 pathway in subchondral bone may
lead to pathological changes associated with cartilage
degeneration. Furthermore, the release kinetics and half-
life of small molecules in vivo restrict their long-term
therapeutic efficacy.'” Therefore, a bicellular scaffold could
be a promising approach for tissue regeneration. Bicellular
scaffolds enable precise spatial cell alignment by delivering
the cells during the printing process, rather than relying on
intrinsic cell migration. Furthermore, the bicellular system
enhances tissue function and structural reconstruction
through cell-cell interactions, enabling the synchronous
repair of different tissues.®

Moller et al. demonstrated that co-encapsulation of
hBMSCs and human nasoseptal chondrocytes (hNCs)
within GelMA hydrogels for 3D bioprinting resulted in
more pronounced ECM deposition compared to hBMSCs
alone.'” Wu et al.'” developed a bicellular 3D-printed liver
lobule-mimetic structure, demonstrating that the HepG2 +
NIH/3T3 bicellular system enhanced HepG2 proliferation
and function compared to monocellular systems, which can
be attributed to crosstalk pathways via NIH/3T3-secreted
cytokines and growth factors. The bicellular model better
mimics the physiological microenvironment, improving
cell-cell/matrix interactions and enhancing functionality.

Zhang et al. developed a bicellular anisotropic hydrogel
scaffold using 3D printing. ACPCs were incorporated

into the upper hydrogel layer to simulate cartilage,
while BMSCs were placed in the lower layer for bone
regeneration. The 3D printing technique enabled precise,
layer-specific placement of cells, facilitating independent
functionality and spatial alignment of cartilage and bone.
ACPCs and BMSCs promote cartilage and bone formation
through the secretion of specific growth factors and
ECM components. Cell-cell interactions simultaneously
stabilize the cartilage-bone interface, with BMSCs in the
osseous layer driving both bone matrix production and
angiogenesis, thus enhancing nutrient supply. Vascular
penetration into the cartilage layer is suppressed by the
cartilage matrix secreted by ACPCs, maintaining low
vascularization within the cartilage.

4, Pivotal properties of scaffolds for
in vivo application

4.1. Degradation rate

During osteochondral repair, scaffolds must provide
temporary and adequate mechanical support to the
defect site while degrading at a controlled rate to allow
regenerated tissue to replace the scaffold and integrate with
surrounding tissue. In vivo, osteochondral regeneration
typically progresses through the following stages'*: (1)
the inflammatory stage, where immune cells remove dead
cells from the damaged tissue to establish a foundation
for regeneration; (2) the proliferating stage, lasting
approximately 2-6 months, during which endogenous
cells migrate to the injury site as the scaffold degrades,
proliferate, differentiate, and gradually replace the scaffold;
and (3) the remodeling stage, during which the biophysical
properties of the newly formed tissue further enhance
and replace the scaffold to become the predominant load-
bearing component. This stage could last several months.
Throughout the process, the biophysical properties of the
newly formed tissue improve as the scaffold’s mechanical
support diminishes, establishing a dynamic balance that
preserves the mechanical stability of the osteochondral
tissue.'”* Therefore, the degradation kinetics of scaffolds
must synchronize with tissue growth.'” Meanwhile, since
bone has higher mechanical support requirements than
cartilage, the degradation rate of bone-phase scaffolds is
typically slower than that of cartilage-phase. In vitro studies
reveal that the cartilage phase degrades almost completely
within approximately 12 weeks, aligning with cartilage
regeneration, while bone-phase scaffolds require a longer
degradation period, typically 16-24 weeks or more.* >4

The degradation rate of scaffolds is influenced by
multiple aspects, including chemical composition,
geometric structure, porosity, and microenvironment.
Blending two or more polymer materials is a common
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way to regulate the degradation kinetics. For instance,
incorporating HAp** and B-TCP nanoparticles® into
GelMA hydrogels can reduce the degradation rate for
bone-phase scaffolds. Gao et al.** improved the degradation
performance of GelMA scaffolds by adding 1% HAp.
In vitro, phosphate-buffered saline (PBS) degradation
tests showed that scaffolds without HAp exhibited more
than 70% weight loss after 4 weeks, while those with
HAp degraded by only 50%. dECM can also retard the
degradation rate. Li et al.*® evaluated the residual mass
percentage and revealed a significant reduction in the
degradation rate with the addition of dECM. Bejarano
et al.'”® reported that incorporating BG into the poly(D,
L-lactic acid) (PDLLA) polymer could accelerate the
degradation rate while simultaneously maintaining the
scaffold’s dimensional and structural integrity.

Degradation kinetics of scaffolds are influenced by
their mesostructure, including factors such as porosity,
pore size, pore shape, grain size, and crystallinity. A higher
porosity generally leads to an increased degradation rate,'”
as scaffolds with more micropores and a larger surface
area facilitate the diffusion of degradation products,
thereby accelerating the process. Larger pores also allow
better penetration of degradation products and moisture,
promoting cell growth and tissue infiltration, which further
speeds up degradation.””'*® Conversely, smaller grain sizes
reduce the degradation rate because they increase the grain
boundary area, hindering the diffusion of degradation
products and enhancing the material’s strength.'®

The inflammatory microenvironment, including
cytokines and enzymes, can significantly influence the
degradation rate. In the microenvironment of OA, a
wide range of enzymes and cytokines undergo significant
alterations. Notably, MMP families, which are capable of
cleaving collagen type II, play a pivotal role in cartilage
degradation.”* Liu et al.* established a triple-layer scaffold
consisting of BMSC-laden methacrylated HA (MeHA),
PCL, and KGN as the chondral layer, coated with a MeHA
plus diclofenac sodium layer, and a PCL plus B-TCP
osseous layer. MeHA, a rapidly degradable material, has
a tunable degradation rate influenced by enzymes such as
MMPs. MMP-sensitive MeHA allows for the modulation
of degradation rate and surface drug release in response to
disease activity, such as inflammation in arthritis.

To estimate the degradation rate, weight loss is a
standard approach for in vitro studies, where scaffolds are
incubated in simulated body fluid or PBS for 12 weeks,
and the remaining mass is measured periodically.*>*5>%%
In vivo, histological evaluation is commonly employed to
monitor scaffold degradation and tissue formation at the

defect site, providing insights into the material’s biological
performance over time.*”’

4.2. Interlaminar interface strength

In in vivo studies, mechanical stability is considered a
critical factor for successful regeneration. Beyond the
intrinsic mechanical properties of scaffolds, interface
strength—another crucial element—plays a pivotal role in
ensuring the efficacy of the repair process. This encompasses
two key aspects: the strength of the interlaminar interface
(horizontal integration),””! and integration with native
tissue (lateral integration).'*

During scaffold-based regeneration of osteochondral
defects, the interface between the cartilage and bone
phases is prone to stress concentration due to the
discontinuity in their mechanical properties.'** Therefore,
tissue engineering scaffolds need to achieve an effective
integration between cartilage and bone tissue.

However, bilayered or multilayered scaffolds are often
ineffective in biomimicking osteochondral tissue due to
the potential for delamination between layers."** Current
strategies for enhancing interlaminar interface strength
can be broadly categorized into the following approaches:
(1) interlamellar bonding, (2) mechanical interlocking
through contact surface topography design, (3) tissue
culture with cell seeding, and (4) specified 3D printing
techniques.

Bonding is a traditional method to integrate two layers,
which can be achieved through chemical bonding or
solvent bonding. The dual-phase interface can be modified
by introducing reactive group-containing agents that form
chemical bonds between components and the biopolymer
matrix through chemical interactions. Coyle et al.®
developed a bilayer dECM-incorporated GelMA scaffold,
in which the double layers were chemically bonded
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/
N-hydroxysuccinimide (EDC/NHS) coupling. EDC
activates the carboxyl groups on the GelMA hydrogels,
generating highly reactive O-acylisourea intermediates,
which are stabilized by NHS. These intermediates then
react with primary amines on the second hydrogel layer,
forming amide bonds and effectively conjugating the layers.
This method ensures strong covalent bonding, enhancing
the structural integrity and interface compatibility of the
composite material.

Liuyun et al."** designed a method for modifying nano-
HAp with the assistance of L-lysine, and incorporated
the modified HAp into poly(lactic-co-glycolic acid)
(PLGA) to fabricate nanocomposites. L-lysine bonds
to the HAp surface through the formation of a calcium-
carboxylate linkage between the calcium of HAp and
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the carboxylate group of L-lysine, thereby improving the
interface compatibility between the HAp particles and the
PLGA matrix.

Interlocking is a mechanical bonding method where
material surfaces engage through geometric features such
as grooves, hooks, or ridges, thereby enhancing adhesion
and structural integrity without the need for adhesives
or chemical bonding. 3D printing, as a high-precision
manufacturing technique, is ideal for creating interlocking
surfaces. When utilizing FDM or stereolithography (SLA)
to print materials with varying properties, interlocking
designs can be incorporated to strengthen the interlayer
adhesion.” According to the review by Nedrelow et al."*
focusing on scaffold interface design, interlocking a robust
3D-printed bone phase with a cartilage phase hydrogel
is the most effective method for enhancing the interface
strength. Diloksumpan et al.*” created a bilayer scaffold with
an interlocking interface design. The bone phase consisted
of a bone-biomimetic ceramic ink containing tricalcium
phosphate, nanohydroxyapatite, and a custom-synthesized
biodegradable poloxamer, while the cartilage phase was
composed of MEW-printed PCL microfibers and gelatin-
based hydrogel loaded with chondroprogenitor cells.
During printing, the PCL microfibers interlaced with
the ceramic matrix, protruding into the cartilage region.
This spatially organized arrangement enabled mechanical
interlocking between the bone and cartilage phases.
Compared to non-interlocking designs, the adhesion
strength between the composite hydrogel and ceramic
increased by over 6.5 times. The fiber within the ceramic
scaffold enables more effective lateral constraint of the
hydrogel under axial compression, resulting in a stronger
mechanical response.

Although interface strength can be enhanced through
bonding strategies, it remains inferior to that of native
mature bone-cartilage boundaries.”” Hence, using cell-
laden materials to induce in situ regeneration at the defect
site may offer a promising solution. Current scaffold
designs still suffer from uneven cell distribution. The
inability to precisely control cell placement and spatial
alignment often results in discrepancies in cell density,
potentially compromising the efficacy of tissue repair.'*
ECM secretion by cells may help to create a more
harmonious interface. Wang et al."* designed a cell-based
strategy to improve integration and transition between
cartilage and osseous layers by sandwiching a human
umbilical cord mesenchymal stem cells (hUCMSCs) layer
between the constructs before suturing. Histological and
immunohistochemical analyses showed more uniform
ECM distribution in the cell-loaded constructs, while the
control group exhibited V-shaped gaps at the interface due
to a lack of cells and ECM.

Co-printing involves the simultaneous or sequential
deposition of different materials within a single 3D printing
process, enabling the creation of complex, functional
structures, and interfaces. This requires 3D printers with
multiple print heads, each capable of handling distinct
materials.”** Continuous 3D printing provides another
approach to enhance the mechanical properties.'® In
continuous 3D printing, the print head deposits successive
material layers without interruption, ensuring seamless
integration and smooth transitions between materials. This
method effectively eliminates the interface misalignment
or gaps often seen in traditional layer-by-layer printing.*”

4.3. Scaffold-native tissue integration

The mechanical discontinuity at the scaffold-native tissue
interface significantly hinders integration. Yodmuang
et al."*! that interface strength before mechanical loading
and shear stresses within the scaffold during loading are
key determinants of integration. Periodic axial forces
of 1 and 6 N were applied to the scaffold to simulate
the contact stress experienced by cartilage during daily
activities and their effects on scaffold—cartilage interface
integration were evaluated. The results indicated that
1 N loading resulted in poor integration between the
scaffold and cartilage, whereas 6 N loading significantly
enhanced interface strength, demonstrating that higher
loading intensity more effectively promotes integration.
This effect may be attributed to increased shear and
interface stresses, which facilitate scaffold—cartilage cell
adhesion and accelerate cell and matrix migration and
proliferation. Moreover, high-intensity loading improves
mechanical matching between the scaffold and cartilage;
simulates physiological loading; and enhances cartilage
cell migration, ECM synthesis, and cross-linking. It also
activates cellular mechanosensing pathways, promoting
cell proliferation, differentiation, and exosome secretion.
However, the detailed mechanisms are not yet illustrated;
hence, studies devoid of mechanical analysis may lack
translational relevance for clinical applications.

Crosslinking of ECM between the scaffold and
native tissue can enhance integration. Zhao et al.'*
present a multifunctional scaffold loaded with lysyl
oxidase (LOX) plasmid DNA, exosomes, and manganese
dioxide nanoparticles (MnO, NPs). LOX facilitates ECM
crosslinking, strengthening the mechanical bonding
between the scaffold and tissue. Concurrently, MnO,
NPs efficiently scavenge excess ROS at the injury site,
preventing ECM degradation and thereby potentiating the
crosslinking activity of LOX.

Cell-laden scaffolds offer a promising way to enhance
scaffold-tissue integration. Claramunt et al.'** developed a
polyurethane meniscal scaffold coated with fibronectin. The
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quality of the newly formed meniscal tissue was assessed
in vivo by the rabbit model. Compared to scaffolds without
MSC loading, the incorporation of MSCs into the scaffold
significantly improved scaffold integration, proteoglycan
synthesis, and the mechanical properties of the newly
formed tissue. Similarly, Chung et al."** demonstrated that
hUCMSCs-laden 4% HA hydrogel significantly enhanced
cartilage quality histologically, achieving a remarkable
collagen pattern and cell arrangement that closely resemble
the structure of adjacent native cartilage.

4.4. Evaluation assays for interface strength

The interlaminar interface strength can be evaluated
mechanically or histologically. For example, in the interface
shear test, the osseous phase is fixed while a lateral force is
applied to the chondral phase.” In contrast, the lap shear
test relies on sandwiching the bilayer scaffold between two
tabs, with both surfaces of the scaffold being stuck to the
tabs with adhesive. The laps are then subjected to tensile
loading in opposite directions.'”® Additionally, interface
strength can be evaluated using the peel test, in which the
chondral phase is gripped and a force perpendicular to
the interface is applied to induce delamination from the
osteal phase." Compared to the interface shear test, the

lap shear test requires extra clamping or adhesive bonding
of the scaffold, which may introduce additional artifacts
in evaluation.” While the peel test provides insight into
interface strength, its loading condition failed to replicate
in vivo scenarios. Given these considerations, the interface
shear test is generally regarded as the most appropriate
method for evaluating interface strength.”*¢ Additionally,
histological studies can reveal the tissue growth pattern,
including cell density, cell alignment, and ECM, which
can serve as an important reference for assessing
interface integration.'”

The integration efficacy between the scaffold and native
tissue can be quantitatively assessed through mechanical
evaluation. Specifically, the push-out test serves as a
standardized assay to determine interfacial adhesion
strength, in which an axial compressive load is applied
parallel to the scaffold-tissue interface until interfacial
failure occurs. The maximum load at failure is recorded
and normalized to the total surface area of the scaffold’s
luminal interface, enabling the calculation of the ultimate
interfacial shear strength."' This parameter provides a
quantitative measure of the biomechanical integrity at the
scaffold-tissue interface (Figure 4).
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Figure 4. Evaluation assays for interlaminar and integration strength for bilayer scaffold.

Volume 11 Issue 4 (2025)

18

doi: 10.36922/1JB025120100


https://doi.org/10.36922/IJB025120100

International Journal of Bioprinting

3D-printed scaffolds for osteochondral defect

5. Discussion

5.1. 3D printing methodology

With the development of bioprinting methods and ink
materials compatible with bone engineering, various
3D printing techniques have been applied to fabricate
osteochondral scaffolds. Conventional 3D printing, such
as SLA, FDM, and selective laser sintering (SLS), involves
layer-by-layer deposition of materials. In contrast, 3D
bioprinting creates 3D artificial implants or complex
tissues through layer-by-layer deposition of living cells,
ECM, and other biomaterials. Common techniques for
bioprinting include inkjet-based bioprinting, extrusion-
based bioprinting, and laser-assisted bioprinting.'"’

As shown in the studies of hierarchical printed scaffolds
in Table 2, scaffolds employing different strategies tend to
adopt specific 3D printing technologies. Extrusion-based
printing is the most commonly used method across all
strategies. Extrusion-based bioprinting is compatible
with a wide variety of materials and does not involve
a heating process, making it particularly suitable for
printing materials with high cell densities and biological
activity."”"*® Due to nozzle size limitations, extrusion- and
inkjet-based 3D printing can only produce microstructures
at a minimum scale of 100 um.*® However, the fine strain

within the cartilage changes at a length scale ranging from
10 to 100 pm.">1%0

In contrast, scaffolds designed with a microarchitectural
gradient strategy tend to apply SLA and DLP¢%% as
these printing methods offer higher resolution and can
create finely detailed microstructures.””** In particular,
microstereolithography (USLA) enables layer-by-layer
fabrication of high-resolution constructs with spatially
programmable mechanical properties. By precisely
regulating exposure parameters (e.g., duration, light
intensity), this technique achieves z-axis control over both
microstructure and compressive modulus at 10-50 pm
resolution.’®'** Such precision facilitates the development
of biomimetic osteochondral scaffolds replicating
native tissue’s hierarchical mechanical gradients. The
characteristics of various printing technologies are
summarized in Table 3.

In addition to manufacturing the structure of the
scaffold itself, creating fine micro-structures at the
interlayer interfaces using high-precision 3D printing
techniques also positively impacts the interfacial bonding
strength. Section 4.2 discusses methods to enhance
interface strength through interlocking design. The
interlocking features created by high-resolution methods,

Table 3. Comparison of 3D printing technologies for osteochondral scaffold design

Technology Advantages Disadvantages Materials
Inkjet-based Low cost Limited resolution Low-viscosity biomaterials (<20 mPa-s)
printing!+"15+1% High cell viability Non-continuous printing

High throughput Nozzle clogging

Heat damage to cells

Extrusion-based
printing52,148, 150,156

Broad range of bioink selection
Short fabrication time
High cell density and #viability

Limited resolution
Shear stress damage to cells

Compatible with a wide range of materials

Laser-based printing'”’ High resolution
High cell viability and density

Nozzle-free

High cost
Long fabrication time
Relatively low 3D built-up

Photocurable resins/nanocomposites
Wide range of viscosities

capability
SLA!S819 High resolution Limited materials Resins only
Layer thickness adjustable High cost
Smooth surface finish Post-processing required
FDM7>15ti60.161 Quick fabrication Limited materials Molten thermoplastic material only
Low-cost Limited resolution
Strong layer bonding
DLpe!i62 High resolution Limited materials Photopolymers
Slow fabrication
MEW*1% Ultra-fine fiber production Limited materials Thermoplastic conductive polymers

Precise porosity control

High cost

Slow fabrication

Abbreviations: DLP, digital light processing; FDM, fused deposition modeling; MEW, melt electrospinning writing; SLA, stereolithography.
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such as MEW,*'®* enhance the structural stability during
both the processing and implantation stages.'*®

5.2. Cell-free versus cell-laden strategies

Over the past decade, notable progress has been achieved
in cell-free scaffold-mediated in situ osteochondral
regeneration. However, critical unresolved challenges
persist, including: (1) structural incompatibility
between scaffolds and defect topography, (2) inadequate
recruitment of endogenous host cells, and (3) suboptimal
remodeling of neo-formed tissues.'®* The limited diffusion
capacity of oxygen and nutrients within conventional
scaffolds, compounded by progressive peripheral
mineralization, establishes a diffusion barrier that restricts
cellular infiltration to superficial regions.'®® This results
in preferential survival of cells localized near the scaffold
surface, while deeper regions remain sparsely populated.
Bioprinting with cell-laden materials offers a promising
alternative by enabling precise spatial deposition of pre-
seeded cells within scaffolds. However, a fundamental
limitation persists in maintaining the long-term viability
and functional persistence of encapsulated cells,
particularly under sustained physiological stresses.'®

Ongoing research should focus on biomaterial
optimization to achieve biomimetic cell alignment, density,
and ECM patterns to better resemble native tissue.

5.3.Vasculature in osteochondral regeneration
During in vivo osteochondral regeneration, angiogenesis
serves as a prerequisite for osteogenesis, as neo-
vasculature provides indispensable metabolic support for
bone-forming cells.'” Inadequate vascularization results
in hypoxic microenvironments and cellular necrosis.
Oxygen diffusion constraints restrict metabolically active
osteoblasts/osteocytes to within 100-200 pm of functional
capillaries to sustain viability and biosynthetic activity.!®®
Cartilage, however, must preserve avascularity to avoid
pathological ossification and complications, necessitating
precise spatial regulation of vascularization in scaffold-
based osteochondral regeneration. Current approaches
focus on dual-pathway control: pro-angiogenic growth
factors such as VEGF and bFGF'®'° are selectively
incorporated into subchondral regions to stimulate
vascular infiltration, while anti-angiogenic compounds
(e.g., suramin and bevacizumab)'”"'”> are embedded
within cartilaginous zones to inhibit ectopic vessel
formation. Besides this biochemical strategy, a physical
barrier—typically a semipermeable membrane engineered
to block endothelial cell migration while permitting
metabolic exchange—is interposed between osteochondral
layers to anatomically restrict vascular encroachment into
cartilage layers.'”

Cell-laden scaffolds can demonstrate dual angiogenic
modulation through both direct angiogenic differentiation
and paracrine signaling mechanisms. Qin et al.'”
established a pre-vascularized scaffold by encapsulating
human umbilical vein endothelial cells (HUVECs)
within Li-Mg-Si (LMS) ceramic-incorporated GelMA
scaffolds. This design significantly enhanced angiogenic
functionality, evidenced by robust neovascularization
through both HUVEC-derived capillary network
formation and amplified VEGF secretion. Notably, the
endothelial paracrine profile concurrently stimulated
neurogenic precursor proliferation and bone marrow
stromal cell osteogenic differentiation, thereby establishing
a multifunctional regenerative microenvironment.

Cellular regulation of angiogenesis demonstrates zonal
specificity in osteochondral regeneration. Zhang et al.®®
engineered an anisotropic bilayer scaffold by spatially
embedding ACPCs in chondral layers and BMSCs in
osseous layers. During regeneration, ACPCs maintained
avascularity through paracrine secretion of anti-
angiogenic factors (e.g., endostatin, chondromodulin-1)
and transcriptional downregulation of pro-angiogenic
factors (e.g., VEGE, EGF). Meanwhile, osteogenic-phase
BMSCs promoted vascular invasion via sustained release of
angiogenic signals (e.g., ANGPT1, VEGFA, endomucin),
which stimulated endothelial cell proliferation, chemotaxis,
and lumenogenesis through ERK1/2-MMP9 pathway
activation. Similarly, Liang et al.”* engineered GelMA-
alginate core-shell microcapsules for dual encapsulation
of human dental pulp stem cells (hDPSCs) and HUVECs.
Compared to monoculture groups containing either
hDPSCs or HUVECs alone, co-cultured groups exhibited
elevated proliferation rates. Notably, 3D capillary-like
networks formed in all hDPSC-containing co-culture
microcapsules, regardless of cell ratio, with significant
increases vasculogenesis markers after 14 days of culture
(e.g., percentage vascular area, branch length, branch
number, and junction points). In contrast, hDPSC-
deficient groups showed no vasculogenesis at day 14,
demonstrating the essential role of intercellular interactions
during vascularization. Given the persistent challenge of
vascularizing osteochondral interfaces, scaffolds designed
with a cell heterogeneity strategy offer a promising way to
address this critical limitation in tissue engineering.

5.4. Inflammatory microenvironment in vivo

Osteochondral defects are often accompanied by
inflammatory alterations in the local microenvironment.
The persistent presence of an inflammatory environment
is a major obstacle to cartilage repair, as it may limit the
recruitment of endogenous cells to the site, ultimately
leading to the failure of in situ cartilage regeneration.'”
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Therefore, improving the inflammatory microenvironment
at an early stage should be prioritized to achieve better
repair outcomes. The alleviation or deterioration of
inflammatory markers can reflect the repair status,
including the following: (1) pro-inflammatory cytokines,
such as IL-1B, IL-6, IL-8, and tumor necrosis factor-
alpha (TNF-a); (2) macrophage polarization (M2/Ml
ratio) assessed by flow cytometry'’® (3) immune cell
infiltration (e.g., T lymphocytes, neutrophils) assessed by
immunostaining®; and (4) oxidative stress levels, such
as reactive oxygen species (ROS),"” lipid peroxidation
products (e.g., malonaldehyde),"”® and antioxidant enzyme
activities (e.g., superoxide dismutase, catalase).'”

As an implanted foreign material, the inflammatory
response induced by scaffolds should be considered.
Most studies reviewed in this article did not focus on
inflammation-related responses. Nedrelow et al.** observed
CD4+ T cell infiltration following scaffold implantation;
however, this does not necessarily indicate the level of
inflammation.”® Li et al.*® quantitatively analyzed IL-1§
levels after implantation, finding a significant increase in
the early stage (1 week), which gradually decreased after
4 weeks, suggesting that scaffold implantation induces a
mild inflammatory response during the early phase.

The balance between anti-inflammatory and pro-
inflammatory pathways within the microenvironment
is closely associated with macrophage phenotypes.
M1 phenotype generates ROS and inflammatory
cytokines.'®"%2 ROS directly degrades the chondral ECM,
inducing lipid peroxidation and DNA fragmentation,
thereby imposing significant limitations and challenges for
scaffold-based tissue regeneration.'®® Hence, the concept of
ROS-scavenging hydrogels has been proposed to enhance
the efficacy of scaffold-based tissue regeneration. Current
strategiesfor ROSscavenginginclude: (1) anti-inflammatory
small-molecule drugs,'”® such as NSAIDs; (2) integration
of antioxidant nanoparticles'®; (3) incorporation of
antioxidant enzymes (e.g., catalase) or nano enzymes'**'%>;
and (4) fabrication of scaffolds using bioactive materials
with inherent antioxidant properties.'s*-'%

Liu et al.'"® incorporated cerium oxide nanoparticles
functionalized with cerium bifunctional albumin (CeNPs)
into GelMA, which counteracted the toxic effects induced
by hydrogen peroxide. 2',7'-dichlorofluorescein diacetate
(DCFH-DA) and dihydroethidium (DHE) staining
confirmed a reduction in ROS. Furthermore, the scaffold
promoted the activation of the PI3K/Akt/EBV1 pathway,
facilitating the polarization of gliogenic cells toward the
anti-inflammatory M2 phenotype. Deng et al.”° utilized
human hair-derived antioxidant nanoparticles (HNPs)
and microparticles (HMPs). These bioactive nanoparticles

protected chondrocytes from oxidative stress-induced
damage by scavenging ROS, while simultaneously
stimulating the HIF-1la and glucose transporter (GLUT)
signaling pathways to promote chondrocyte proliferation
and maturation.

Combining ROS-scavenging agents with anti-
inflammatory drugs demonstrates synergistic efficacy
in alleviating inflammatory progression.”’ Lu et al.'
developed a dual-layer hydrogel system co-loaded
with diclofenac sodium and BMSC-derived exosomes.
During the early phase, the ROS-responsive upper layer
degrades and releases diclofenac, which rapidly improves
the inflammatory microenvironment by suppressing
lipoxygenase activity, nuclear factor kappa p (NF-kf)
signaling, and M1 macrophage polarization. Subsequently,
the sustained release of exosomes promotes cartilage
repair. In vitro and in vivo analyses confirmed reduced
expression of pro-inflammatory M1 markers, inhibition
of ECM degradation-related genes, and upregulation of
cartilage repair-associated genes.

5.5. In vivo animal model verification

Osteochondral repair research utilizes animal models
across the following different size categories: small rodents
(murine and rat models),"” intermediate species (rabbits
and canines),*” and large animal models (ovine, caprine,
equine, and porcine)." Current studies predominantly
employ small animal models, particularly rabbits and
murines, for in vivo experimentation. These models
offer practical advantages, including short experimental
timelines, low maintenance cost, simplified husbandry,
and feasibility for large-scale study.'®

However, there are notable differences between small
animals, large animals, and humans, in terms of joint size,
load-bearing capacity, anatomical features, and tissue repair
potential, which limits the translational relevance of small
animal models. For example, human articular cartilage is
typically 2-4 mm thick, whereas rabbit cartilage is only
0.25-0.75 mm,"” and murine cartilage is even thinner.
The area of cartilage defects also varies significantly with
body size. Strategies effective in small animals may be
inadequate to support larger defects, presenting a major
challenge. Furthermore, osteochondral defects in rodent
models tend to undergo spontaneous repair,'” which may
lead to an overestimation of scaffold efficacy.

Guinea pigs, which exhibit spontaneous cartilage
degeneration similar to humans and lack the ability for
spontaneous cartilage repair, are widely used as OA models.
However, the anatomical features of their knee joints differ
significantly from humans and the medial compartment
of their knees bears increasing load during movement.'”®
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Generally, the knee joints of small animals are in a
highly flexed position, unlike in humans."® Additionally,
humans engage in a wider range of movements—such
as walking, squatting, and stair climbing—that generate
different mechanical stress patterns on the knee joint
compared to animals. Therefore, while experimental
success in small animal models is valuable, a gap remains
in clinical translation.

In contrast, large animals such as pigs, goats, and horses
exhibit biomechanical features and joint sizes that are
more similar to humans.'”*"” Validation in these models
can provide more clinically relevant data. Nevertheless,
significant interspecies differences persist. For example,
only the human knee achieves full extension, a feature not
observed in common large animal models.””” Therefore,
clinical translation of osteochondral repair strategies
requires careful adaptation to human physiological and
biomechanical characteristics.

6. Conclusion

Osteochondral defects remain difficult to repair due
to the complex structure and specialized function of
osteochondral tissue. Recent advances in 3D printing have
enabled the fabrication of hierarchical scaffolds that better
mimic native tissue and support zone-specific regeneration.
This review has highlighted four key strategies—composite
gradients, microarchitectural patterning, biochemical
gradient, and cellular heterogeneity—as essential
approaches to achieving functional hierarchical design.
Despite progress, challenges like degradation mismatch,
poor interface integration, and inflammatory responses still
limit clinical translation. Future research should prioritize
the development of stimuli-responsive biomaterials,
validation in large-animal models, and the integration of
multi-material bioprinting technologies to further advance
scaffold-based osteochondral repair.
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