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Abstract

Articular osteochondral defects are quite common in clinical practice, and tissue
engineering techniques can offer a promising therapeutic option to address this
issue.The articular osteochondral unit comprises hyaline cartilage, calcified cartilage
zone (CCZ), and subchondral bone.As the interface layer of articular cartilage and
bone, the CCZ plays an essentialpart in stress transmission and microenvironmental
regulation.Osteochondral scaffolds with the interface structure for defect repair are
the future direction of tissue engineering. Three-dimensional (3D) printing has the
advantages of speed, precision, and personalized customization, which can satisfy
therequirements of irregular geometry, differentiated composition, and multilayered
structure ofarticular osteochondral scaffolds with boundary layer structure. This paper
summarizes the anatomy, physiology, pathology, and restoration mechanisms of the
articular osteochondral unit, and reviews the necessity for a boundary layer structure
in osteochondral tissue engineering scaffolds and the strategy for constructing the
scaffolds using 3D printing. In the future, we should not only strengthen the basic
research on osteochondral structural units, but also actively explore the application
of 3D printing technology in osteochondral tissue engineering. This will enable
better functional and structural bionics of the scaffold, which ultimately improve the
repair of osteochondral defects caused by various diseases.

Keywords: 3D printing, Scaffold, Osteochondral defect

1. Introduction

Osteochondral defects are lesions that involve both the articular cartilage (AC) and
its underlying subchondral bone (SB). The location, size, and degree of osteochondral
defects in clinical practice vary from one cause to another, including traumatic
osteochondral injury, exfoliative osteochondritis, osteonecrosis, and osteoarthritis
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(OA). In addition, their pathological characteristics are
also different. Osteochondral lesions usually require
surgical treatment. If fibrocartilage is formed with different
biomechanical properties from hyaline cartilage, it will
cause degeneration of the adjacent normal cartilage and
subchondral bone, eventually leading to severe pain,
joint deformity, and mobility loss". The different causes
of osteochondral defects contribute to the complexity of
their treatment. Significant progress has been made in the
repair of articular cartilage defects in recent decades, but
osteochondral defects deep into subchondral bone have
not gained much attention.

The current treatment options for osteochondral defects
include nonsurgical and surgical treatments, such as joint
debridement, microfracture, autologous osteochondral
grafting or mosaic inlay, matrix-associated autologous
chondrocyte implantation (MACI), and autologous
chondrocyte implantation (ACI)®. Although conventional
osteochondral repair strategies have their corresponding
advantages, their inherent disadvantages are also evident.
For example, arthroscopic debridement is not effective;
microfracture repair tends to form fibrocartilage rather
than normal hyaline cartilage®; autologous or allogeneic
osteochondral implantation have a limited source of graft
tissuel* and high incidence in the area of the graft origin; the
defective area repair does not fit the surrounding articular
cartilage; and among other problems. Therefore, their
clinical practical restorative results are not satisfactory.
Cell-based treatments, such as ACI and MACI, also involve
the possibility of fibrocartilage production in the repair
area, incomplete filling of the repair, and poor integration
with the surrounding tissues, and their actual results have
not been uniformly accepted. As a result, there is a lack of
practical and effective treatment for osteochondral defects
in clinical practice.

The development of tissue engineering techniques
offers a novel approach to the treatment of osteochondral
defects. Long-term restorative results can be achieved
through the use of an integrated tissue-engineered
osteochondral bionic scaffold, combined with the
relevant advantages of existing treatment methods
and a systematic and personalized postoperative
rehabilitation program. Tissue engineering technology
aims to repair the structure and function of damaged
tissue by combining seed cells and growth factors with
material scaffolds. The articular cartilage is relatively
homogeneous in composition and simple in structure
with no complex vascular system. Due to its low
difficulty of tissue engineering, it is considered the most
promising alternative for osteochondral defect treatment.
Since the 1990s, research into articular osteochondral
tissue engineering has made significant progress.

However, there are also disadvantages, such as excessive
tissue fibrosis, grafts sinking, abnormal bone formation,
excessive cartilage growth, and scaffold separation®.
Compared to articular osteochondral tissue, single- or
double-layered scaffolds lack a “boundary structure”
between cartilage and bone, that is, calcified cartilage
zone (CCZ)". This usually causes an imbalance in
the microenvironmental homeostasis of the articular
cartilage and subchondral bone, as well as altered stress
transmission patterns, ultimately leading to repair failure.
In order to achieve complete biomimicry, researchers
have designed a strategy for constructing a multilayered
osteochondral scaffold with a boundary layer structure.
With the advent of additive manufacturing technology in
recent years, 3D printing has developed rapidly, providing
new tools and technical methods to solve this challenge.
As shown in Figure 1, this paper summarizes the anatomy,
physiology, pathology and restoration mechanisms of the
articular osteochondral unit, and reviews the necessity
for a boundary layer structure in osteochondral tissue
engineering scaffolds and the strategy for constructing
the scaffolds using 3D printing.

2, Osteochondral tissue: Anatomy and
physiology, pathology, and restoration
mechanisms

2.1. Anatomy and physiology

The articular osteochondral structure can be roughly
divided into five layers according to the biological
differences in fiber orientation, cell morphology and
density, content of glycosaminoglycans (GAGs), collagen
and water, and their corresponding mechanical gradients.
As shown in Figure 2A and C, the five layers are superficial
layer, intermediate layer (transitional layer), deep layer
(radial layer), calcified cartilage layer, and subchondral
bone layer. The first three layers are generally referred to
as hyaline cartilage layer. There is a tidemark structure
that connects the relatively soft articular cartilage to hard
calcified cartilage. The subchondral bone lies beneath the
calcified cartilage layer, and the structure formed by the
interlocking of these two layers is called cement line!®..

2.1.1. Hyaline cartilage layer

The superficial layer comprises 10%-20% of the total
thickness of hyaline cartilage layer and is characterized
by thin and densely arranged collagen fibers that run
parallel to the cartilage surface. This layer has a high
density of chondrocyte distribution with a long, thin, and
flattened morphology™. The chondrocytes in this area are
primarily associated with the outward tissue growth and
are referred to as persistent chondrocytes. The uppermost
area of the superficial layer is overlaid with a thin layer
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Figure 1. Schematic illustration of different aspects of 3D-printed gradient scaffolds for osteochondral defects in this review. (Some of the icons used in

this figure are derived from Biorender.com.)

of noncellular structures, usually only a few hundred
nanometers, whose primary function is to reduce the
surface friction on articular cartilage!'”. This protective
layer contains high levels of glycoproteins, also known as
mucosal proteoglycans. Type II collagen and water content
are the highest, while type I collagen and GAGs content
are the lowest in the superficial layer. The arrangement and
density of the collagen fibers, water, and GAGs content
in the superficial layer allow for the highest permeability
of this layer and the effective dispersion of shear stresses
from the joints. The middle layer comprises 40%-60%
of the total hyaline cartilage layer thickness, with thick
collagen fibers (9-60 nm) that are unevenly aligned and

cross the articular cartilage surface. The cells in this layer
are round and randomly arranged chondrocytes, which
are usually known as the proliferating chondrocytes!!l.
From superficial to deep layers, there is an increasing trend
in type I collagen and GAGs, and a decreasing trend in
type II collagen and water content. Due to its high content
of GAGs, the permeability of the intermediate layer is low
compared to the superficial layer, thus moderating and
supporting the compressive stress from the joint!'?. The
radial layer (deep layer) of articular cartilage accounts for
20%-50% of the hyaline cartilage layer thickness, with
thick collagen fibers (60-140 nm) aligned perpendicular
to the articular cartilage surface. The chondrocytes in this

Volume x Issue x (2023)

https://doi.org/10.18063/ijb.724



International Journal of Bioprinting

3D-printed scaffolds for osteochondral defects

Damaged| Healthy s .
. !’T‘ B
2

. [ Hyaline cartilage

Cartilage —

LY . AHAEAE
Subchondral AT 8 § ! J H;)(’.M /
bone AR ¢ - Calcified cartilage

et b
s ,‘t e S S50 . [ subchondral bone
B

E <ascm B }- Superficial zone
. —> ~15%

5 %" | mransitional zone
o 8 ~50%
‘.* gl .47(’}' eep/radial zone
HHHIN ~50%
i "}' .‘ 8 )(a {ﬁ Ay‘;:}ldemark
L : ‘L, bea ement line
“E S8 ‘o"‘“’i\-a; ] }Q‘@-Camnous bone
Gread 0: Nirnal Cartilage Gread II: Pamal Thicness Defect
— "
#, >1.5cm B q
e

Tibia

B

x -e‘

.'fﬁ({
# :ﬁ ':”m""l\a

Greade [V: Osteochondral Defect

[

Gread [11: Fully Thickness Defect

C Bone physiology

Osteociasts:
Osteoblasls X
Osteocytes< B N : s v
Vascularity ! 2 .

Stem cells

Stem cells of_ [
periosteum B

Active
remodeling

Marrow
(stem cells,
nutrients.

factors)

Cartilage physiology
Large articular motion
Compression, tension, lubrication
Low cellularity
Slow matrix turnover
Hyaline, non-adhesive matrix

No surface-on-surface motion
Compression, torsion, bending
High cellularity
Rapid matrix turnover
Integrates, even with metal

—4-Chondrocytes

H Negatively
;{ charged GAGs

Subchondral
tissues (bone
and marrow)

Bone's putative
healing capacity
Nutrients and stem cells to
wound site, healing occurs

Cartilafa's intrinsic
inability to heal

Insufficient cell response
leading to unsuccessful healing

@ Mcchanlca!ly
Z ﬁbrocamlagc
H fills osteo-

chondral
defects

Coliagen |

growth drocytes

Figure 2. Physiological and pathological occurrence and repair of bone and cartilage defects. (A) Diseased joint and osteochondral units including cartilage,
calcified cartilage, and subchondral bone. (B) Categoriesofosteochondral defect. (C) The schematic diagram of the osteochondral physiologic environment
and healing capacities in different conditions ' (Reproduced with permission from Huey DJ, Hu JC, Athanasiou KA, Science, 2012, 338(6109):917-921).

layer are elongated and subglobular, and the cell density
is lower than that of the superficial and intermediate
layers!™®. Type I collagen and GAGs content are the
highest, while type II collagen and water content are the
lowest. The permeability of the deep layer is so low that
almost no fluid flow can pass through this layer. This layer
is subjected to the maximum interfacial shear stress!'. The
partial cartilage defect involves only the hyaline cartilage
layer, and the tidemark is intact (Figure 2B).

2.1.2. Tidemark and CCZ

The tidemark lies between the deep layer and CCZ.
It was found that the number of tidemarks increased
correspondingly with age as the tissue is reconstructed.
The CCZ is located below the tidemark and contains
abundant apatite and alkaline phosphatase, with marked
tissue mineralization and low cell density, mostly rounded
and hypertrophied chondrocytes!™. Some thick collagen
fibers from deep layer connect CCZ to hyaline cartilage
layer through tidemark. Tidemarks and CCZ serve as
an interface between soft hyaline cartilage layer and
hard subchondral bone. Biologically, this layer acts as
a barrier against vascular invasion of the subchondral
bone and prevents mineralization of hyaline cartilage
layer. Mechanically, this layer is subjected to extreme and
varjable shear stresses during joint movement, providing
cushioning mechanical support to the upper and lower
layers it connects. In addition, the modulus of elasticity
varies considerably among the layers, with the superficial,
deep, calcified cartilage, and subchondral bone layers
having a compressive modulus of approximately 0.079,
2.1, 320 MPa, and 5.7 GPa, respectively!'®”.. Thus, it can be

seen that the tidemark and CCZ, as the interface between
bone and cartilage, play an important role in the integrated
osteochondral structure and function. Total cartilage
damage reaches the level of CCZ, but not yet below the
cement line, with varying degrees of tidemark loss!'®
(Figure 2B).

2.1.3. Subchondral bone layer

Subchondral bone is located below the cement line and is
mainly composed of collagen, laminin, fibronectin, and
other types of glycoproteins and hydroxyapatite with a
thickness of 2-5 nm and length of 20-80 nm¥l. This layer
can be divided into two parts based on the distribution
of blood vessels and porosity. The upper cortical bone is
adjacent to CCZ with minimal vascularity and low porosity.
The lower part is spongy cancellous bone, which contains
abundant blood Vessels and randomly arranged trabecular
porous structures””.. Disruption of the subchondral bone
layer integrity is a sign of osteochondral damage.

2.2, Pathology

Articular cartilage is an elastic, smooth tissue that encases
the surface of articular bone to form the joint structure.
Due to its unique physical properties, articular cartilage
provides a force cushioning effect in the weight-bearing
area and significantly reduces friction during joint
movements®?!l, Many diseases including OA, rheumatoid
arthritis, and sports injuries can cause damage to articular
cartilage. Their pathophysiological factors leading to
cartilage damage vary: it is mainly articular cartilage
degeneration in OA, inflammatory erosion in rheumatoid
arthritis (RA), and mechanical abrasion in sports injury®..
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2.2.1. Cartilage degeneration in OA

Although many tissue cells are involved in the pathological
process of OA, chondrocytes are thought to be a key factor
in the development and progression. Aging of articular
chondrocytes causes impaired synthesis and secretion of
type II collagen and proteoglycan, and imbalances in the
anabolic and catabolic processes of the extracellular matrix
(ECM). This can cause further cartilage degradation and
destruction, ultimately leading to the onset of QA%

It was found that the number of senescent
chondrocytes in OA cartilage was significantly higher than
in healthy control cartilage of the same age***. Senescent
chondrocytes are predominantly located around damaged
cartilage in OA and are rarely detected in intact cartilage,
further suggesting an intrinsic link between chondrocyte
senescence and OA™?! Senescent chondrocytes secrete
senescence-associated secretory phenotype (SASP) factors
that inhibit ECM synthesis and activate matrix protein
hydrolases to promote the development of OA"". Notably,
although the accumulation of senescent chondrocytes
(chronic cellular senescence) can lead to joint tissue
dysfunction and OA, acute cellular senescence plays
a positive role in embryonic development and tissue
regeneration®. For example, senescent cells derived from
the wound can release platelet-derived growth factor
AA (PDGF-AA) to promote wound healing®?. Research
shows that PDGF-AA promotes chondrocyte proteoglycan
secretion and cartilage repair, and that PDGF-AA from
subchondral bone can alleviate cartilage degeneration in
an OA mouse model™l.

2.2.2. Inflammatory erosion in rheumatoid arthritis
Inflammation, one of the most remarkable pathological
features of rheumatoid arthritis, plays a crucial role in its
development. Macrophages are the main cells that promote
the inflammatory response in RA. A large number of
macrophages have been found in the cartilage and synovial
tissue of patients with rheumatoid arthritis®*. The study
found that the synovial macrophage activation caused
overexpression of major histocompatibility complex II
(MHC 1II) molecules, chemokines, and inflammatory
factors, and that the number of macrophages and the levels
of interleukin (IL)-1p and tumor necrosis factor alpha
(TNF-a) correlated with the degree of joint damage and
clinical symptoms in patients™!.

On the other hand, T cells play a crucial part in the
development of RA. Its development is caused by the
interplay of CD4* cells and antigen-presenting cells
(APCs). The binding of T cells with MHC II and antigenic
peptides activates macrophages to release inflammatory
cytokines including TNF-a and IL-1. These cytokines
further stimulate chondrocytes and synovial fibroblasts

to release various enzymes that break down collagen
and glycoproteins, thereby destroying the tissuel®¥l.
In addition, helper T cells (Th17) and regulatory T cells
(Tregs) are related T cells. Th17 are able to release pro-
inflammatory cytokines, which further activate immune
cells and induce inflammation. In contrast, regulatory T
cells secrete immunosuppressive cytokines that effectively
suppress the activity of T cells and other immune cells.
Studies have shown that decreased Tregs function in RA
patients induces the initiation of harmful autoimmunity by
Th1 cells, which further leads to chronic inflammation*1.

2.2.3. Mechanical abrasion in sports injury

Traumatic osteochondral lesions are related to the
high-intensity violence to bones, including bone
bruises, cartilage fractures, subchondral fractures, and
osteochondral fractures. Traumatic osteochondral lesions
are “outside-in” lesions that affect articular cartilage first
and then destroy the subchondral bone when sufficient
force is applied. Articular cartilage provides a smooth
and load-bearing surface. Synovial fluid in the joint
cavity contains hyaluronic acid and lubricating hormones
secreted by superficial chondrocytes*, which lubricate
the cartilage surface. The synovial fluid is one of nutrition
sources for chondrocytes and contains electrolytes, oxygen
and glucose. Due to the lack of directly nourishing blood
vessels and nerves in the cartilage, its nutrition source
is mainly derived through matrix penetration of the
subchondral bone vessels. Therefore, articular cartilage has
a limited ability to repair itself. Studies have shown that
the cartilage tissue surrounding the damaged area has a
lower cell density compared to healthy tissue in articular
osteochondral lesions. The animal model of osteochondral
lesions further demonstrates that a decrease in cell
density within 100 um of the defect edge can be observed
for weeks and even months after surgical treatment.
Some chondrocytes undergo apoptosis, with the highest
apoptosis rate on day 4 after trauma*!.

2.3. Restoration mechanisms

Mature articular cartilage will make some attempts to repair
itself when damaged, although the ultimate effect is rather
limited. When articular cartilage is impaired by factors
such as trauma or repeated abrasion, the repair mechanism
varies depending on the lesion category. The cartilage tissue
at the edge of the lesion is barely capable of repairing itself
when the lesion depth does not reach the subchondral bone
level. Although a few fibroblasts and mesenchymal stem
cells (MSCs) from the synovium or synovial fluid migrate
to the lesion site, this is not sufficient to repair the cartilage
defect®, whereas in complete lesions (when the lesion
reaches the level of subchondral bone), a large amount of
blood and even bone marrow will rush into the defect and
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form a thrombus. As a result, mobilized MSCs and blood
cells form hematomas to repair the cartilage defects!*’l. In
this case, only fibrocartilaginous scar tissue is generated,
which has more type I collagen and less type II collagen
in the ECM. Additionally, its mechanical properties are far
inferior to those of hyaline cartilage, and it does not form
an effective and long-lasting bond with the surrounding
tissue. Bone marrow stimulation techniques, including
microfracture and deep drilling, use similar principles to
penetrate the subchondral bone to the bone marrow cavity
and mobilize cells to the cartilage defect site to achieve
regenerative repair. However, the regenerative repair by
these techniques ultimately only generates fibrocartilage
tissue in the defect and does not completely regenerate the
articular cartilage to restore its original functional statel*.

3. 3D-printed osteochondral repair
materials

The articular osteochondral tissue units are an ordered
and integrated whole. In normal tissue, articular cartilage
polysaccharide chains have a pore size of approximately
6 nm between them and the collagen fibril network
has a pore size of 60-200 nm and extends vertically to
the CCZ"!. Unlike hyaline cartilage layer, the internal
structure of CCZ and SB is much denser. This structural
difference poses a major challenge for the bionic fabrication
of CCZ-containing osteochondral scaffolds, particularly
in the selection of the scaffold raw material and its design
strategies.

3.1. 3D printing techniques in osteochondral tissue
engineering

Currently, the most common 3D printing techniques
for articular osteochondral scaffolds include electro-
spinning (ES), material extrusion (ME), stereolithography
(SLA), digital light processing (DLP), and melt electro-
writing (MEW). However, every technique has their own
advantages and limitations, as well as their appropriate
printing materials. In terms of material selection, there is
no evidence to date that one material is definitely better
than another. In general, hydrogels are mostly used for the
printing of hyaline cartilage layer; bioceramics, hyaluronic
acid, tricalcium phosphate (TCP), and metallic materials
are more suitable for the printing of SB\. In addition, the
development of new materials with better biocompatibility,
plasticity, and modifiability is one of the most important
issues in the future.

ME technology involves depositing material via nozzles
on a print bed in the X-Y plane and then stacking it layer-
by-layer in the Z-axis plane!*”.. It is suitable for a wide range
of materials, including thermopolymers, bioceramics, and
hydrogels. Each material requires fine-tuning of printing

parameters, such as temperature, extrusion pressure, print
speed, speed of hydrogel crosslinking or gelation***l.
ME can be used to fabricate scaffolds with relatively high
porosity, which facilitates seed cell adhesion, proliferation,
chondrogenesis and osteogenic differentiation. Porous
structures similar to SB can be printed with thermopolymer-
based ME technology to promote bone growth. The pore
size for the SB section of the multiphase osteochondral
scaffold is usually 0.3-1.0 mm, with a porosity of 70%-—
80%°*>!. ME printing technology based on bioceramics is
mainly used in the CCZ and SB sections of osteochondral
scaffolds®?. In general, the printed bioceramic scaffolds
achieve low porosity (20%-60%) and small pore sizes
(0.1-0.4 mm). Many scaffolds failed to produce pore sizes
>0.3 mm to promote bone growth in the SB section®>*.
Although hydrogel ME printing is commonly used for the
AC section, Gao et al.” fabricated a biphasic osteochondral
scaffold using this technique. The addition of B-tricalcium
phosphate (B-TCP) to the SB section of the hydrogel
increases the mechanical stiffness and osteoinductive
properties of the hydrogel, while transforming growth
factor-beta 1 (TGF-pP1) is incorporated into the AC section
to enhance cartilage formation.

MEW and ES technologies allow long filaments to
be deposited layer-by-layer through a nozzle*®. Its fiber
diameters range from microns to nanometers. In addition,
ES is a solvent-based printing technique that deposits
material fibers randomly on a collector bed, whereas
MEW is a solvent-free method that regulates where and
how the fibers are deposited, thus controlling the final
pattern. Polycaprolactone (PCL) is the most used material
in MEW, as well as gels, chitosan, polyvinyl alcohol (PVA),
hyaluronic acid, and collagen®™. Despite the increased
availability of suitable materials in ES, the solvents used
are often biotoxic and require significant attention!.
When applying MEW and ES to the construction of
articular cartilage scaffolds, the main challenge is the
limited total thickness of the structure printed in the Z-axis
direction®!. The current solution is to print the material
onto various collectors and body beds in order to increase
the structure height in the Z-axis direction®’. On the other
hand, given the limited height and strength of the micro/
nanofibers, MEW and ES often produce soft scaffolds that
are well suited for the AC section manufacture of articular
osteochondral scaffolds.

SLA and DLP technologies are used to achieve
3D-printed shapes by depositing material layer-by-layer.
However, these technologies are not based on a nozzle
approach, but rather on a liquid material in a resin bath.
The difference between SLA and DLP technology is the
light source used; SLA uses a laser while the light source
of DLP comes from projection®). The accuracy of SLA/
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DLP conventional printing is up to 50 pm, which is
between MEW/ES and ME®. The basic materials used
in these techniques are compatible with many of the
above-mentioned materials, but usually require extensive
modification/®. SLA and DLP printing technologies are
not as widely used in scaffold preparation as ME, probably
due to the high upfront investment and maintenance
costs of these systems. To date, SLA- and DLP-printed
scaffolds have no porosity advantage (50%-65%) over
other technologies®”. These techniques can be used to
construct multilayered articular osteochondral scaffolds.
For example, Zhu et all®l prepared a multilayered
osteochondral scaffold by combining poly(ethylene glycol)
(PEG) material with natural bovine cartilage ECM using
the DLP technique.

Of various 3D printing solutions, ME is the most
commonly used due to its wide availability, material
versatility and low cost. Second, MEW and ES are mainly
used in the cartilage phase and their achievable scaffold
thickness is limited. This so-called “limitation” makes it
suitable for the fabrication of thin and dense boundary
structures, but its technical potential needs to be further
developed. The delicate connection of CCZ to the adjacent
structures provides excellent mechanical properties of the
entire articular osteochondral unit. In order to achieve its
maximum bionic potential, the imitation of this connection
should also be a key direction to be considered. Therefore,
3D printing technology with higher precision should be a
major priority in the future.

3.2. Composition

The materials used in osteochondral tissue engineering
scaffolds are mainly categorized into the following groups,
such as natural biomaterials, synthetic materials and
bioceramics. Due to their composition and structure,
various types of osteochondral scaffolds have different
biological and mechanical properties.

Natural biological scaffold materials have the advantages
of excellent biocompatibility, high degradability, and
favorable cell attachment and proliferation for subsequent
recruitment and infiltration. However, they also have
disadvantages, including excessive degradation rates, poor
mechanical properties, and limited sources®”. Collagen
is the major constituent of osteochondral ECM and its
role is to maintain the structural integrity of ECM°,
Studies have shown that chondrocytes in 3D collagen gels
maintain their normal phenotype and that collagen also
plays a crucial part in tissue repair and wound healing. The
chemical structure of chitosan is similar to that of GAGs in
the cartilage ECM and its biomimetic structure is highly
conducive to the morphogenesis, differentiation, and
proliferation of chondrocytes.

Despite their advantages of better mechanical
properties, higher plasticity, controlled degradation rate,
and availability of a wide range of sources, synthetic
scaffold materials are poorly biocompatible and less
hydrophilic and their degradation products may be toxic!*”..
Bioceramics such as bioglass, hydroxyapatite (HA), and
TCP have been common scaffold materials in bone tissue
engineering because of their high mechanical strength, but
they also have the disadvantage of brittleness.

A combination of two or more materials is used to design
the ideal osteochondral scaffold in order to overcome the
disadvantages of a single material. Composite scaffolds
incorporate the advantages of each constituent material:
controlled degradation rate, good cytocompatibility and
hydrophilicity, and suitable biomechanical strength.
Natural biomaterials, including ECM, are enriched
with favorable molecules for cells (e.g., GAGs, collagen,
and GAGs-like polysaccharides), and therefore, these
materials can be incorporated into composite scaffolds to
enhance their affinity for the host tissue!®l. Inspired by the
collagen fiber structure and ECM composition gradients
in osteochondral tissue, Qiao et al.) prepared a layered
scaffold composed of MSCs-laden GelMA hydrogel with
zone-specific growth factor delivery and melt electro-
written triblock polymer of poly (e-caprolactone) and poly
(ethylene glycol) (PCEC) networks with depth-dependent
fiber organization. It was found that the introduction of
PCEC fibers into GelMA hydrogels significantly improved
the mechanical strength. Considering the osteochondral
anatomy and physiology and the properties and functions
of various scaffold materials, the cartilage layer prefers
hydrogels derived from natural or synthetic polymers
(because their hydration properties and viscoelasticity
are similar to natural ECM), reinforcing materials favor
the subchondral bone layer, such as bioceramics and hard
polymers, and the combination of cartilage and bone
layer materials with a specific ratio is suitable for the
intermediate layer (osteochondral interface).

3.3. Seed cells for the osteochondral tissue
engineering

The seed cells are an important basis for osteochondral
tissue engineering to achieve clinical translation.
Currently, the most researched seed cells are various types
of stem cells, including MSCs, cartilage stem/progenitor
cells, embryonic stem cells, skeletal stem cells, and induced
pluripotent stem cells.

Bone marrow-derived MSCs (BMSCs), which have
a strong proliferative capacity, can easily differentiate
into chondrocytes and maintain their phenotype in vitro.
In addition, large numbers of cells can be obtained
from many different bone marrow sites, making them
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widely used in cartilage regeneration”*”!l. However, the
BMSCs also shows certain limitations. Their tendency to
differentiate toward chondrocyte phenotype on the growth
plate in vitro or in vivo results in chondrocyte hypertrophy
or death and endochondral bone formation, ultimately
affecting the articular cartilage regeneration”?. A series of
recent studies have used different approaches to improve
the ability of BMSCs to differentiate into chondrocytes.
Studies have shown that the addition of stimulating
factors, such as insulin-like growth factor 1 (IGF-1) and
bone morphogenetic protein (BMP)-7, can promote the
differentiation of BMSCs into chondrocytes, maintain
the target phenotype, and inhibit the hypertrophic
phenotype!™.. In addition, due to its advantages of natural
components and the unique structure of cartilage matrix
and good biocompatibility, the decellularized cartilage
matrix could significantly promote the BMSCs maintenance
and differentiation”". BMSCs have been widely used in
the articular osteochondral tissue engineering, but further
research is needed to improve their application effects.

Adipose stem cells are MSCs of adipose origin. They
are easy to obtain and have broad sources and good
immunomodulatory properties, while being less invasive
to the donor, having fewer postoperative complications and
possessing the potential to be seed cells for osteochondral
tissue engineering. Studies have shown significant
improvements in clinical symptoms and imaging in
patients with OA following implantation of adipose stem
cells alone or in combination with a scaffold”!. Although
studies have shown positive short-term effects, the long-
term recovery and histological regeneration characteristics
after use of adipose stem cells in cartilage defects need to
be further investigated.

Chondral progenitors/stem cells are found in the
superficial layer of the articular cartilage, which account
for 0.1%-1% of the total articular cartilage tissue. These
cells are capable of self-renewal in vitro and maintain the
potential to differentiate into osteoblasts, chondrocytes
and adipocyte lines even after 60 generations of
expansion”. They play an important role in the
formation, growth and maturation of articular cartilage,
and also respond to chondral damage by migrating to
the injury site and proliferating and differentiating to
repair the defect””. Compared to MSCs, chondrocytes
derived from chondrogenic stem/progenitor cells are more
likely to maintain their phenotype rather than progress
to chondrocyte hypertrophy and calcification™. These
results show the possible prospect of chondrogenic stem/
progenitor cells as a source of chondral tissue-engineered
seed cells, but the limitations of their scarcity and safety
issues of aberrant karyotypes after many passages need to
be further investigated.

There have been many attempts to use highly
differentiated embryonic stem cells in articular cartilage
repair. Wakitani et al.” successfully repaired cartilage
damage in the knee joint of mice using a combination
of chondrocytes differentiated from embryonic stem
cells and hyaluronic acid-based hydrogel. McKee et al.!*
successfully induced the differentiation of embryonic
stem cells into chondrocytes on a 3D scaffold material
under stress-stimulated conditions. However, embryonic
stem cells have many limitations, including the risk of
tumorigenicity, disease transmission, immune rejection,
and ethical issues, all of which restrict their widespread
use to some extent. Nevertheless, an in-depth exploration
of the mechanisms of articular cartilage repair during the
fetal period may provide valuable information for chondral
regenerative repair.

The presence of skeletal stem cells was first confirmed
by Chan et al®™ in mice. Unlike conventional MSCs,
these stem cells merely differentiate into osteoblasts,
chondrocytes, and stromal cells, but not into adipocytes,
hematopoietic cells, or myoblasts. Murphy et al.l*?
demonstrated that one of the main mechanisms of cartilage
repair of microfracture techniques is the proliferation
of skeletal stem cells. In addition, BMP and vascular
endothelial growth factor (VEGF) inhibitors were used
to induce differentiation of skeletal stem cells into hyaline
cartilage tissue, which was comparable to the native tissue
in terms of mechanical properties, composition, and
degree of integration with the surrounding tissue.

3.4. Monophasic and biphasic scaffolds

Monophasic scaffolds use a homogeneous single material
or composite to repair the entire articular osteochondral
defects. This means that the scaffold needs to meet the
structural and functional requirements of each of these
tissue areas with the same porosity and mechanical
properties. Studies have been reported on the preparation
of single-phase scaffolds using a range of materials and
bio-fabrication techniques, including ES based on ZnO-
PCL composites and ME based on bio-ceramics™ .
Herein, the material solution concentration and its surface
characteristics are optimized and modified to enhance
chondrogenic or osteogenic differentiation potential of
cells. Furthermore, confocal laser scanning microscope
(CLSM) images display that micro/nanostructured
surface significantly promoted the attachment of both
chondrocytes and rBMSCs. Most importantly, the in vivo
study has shown that the micro/nanostructures on the
surface of the 3D-printed scaffolds significantly promote
the regeneration of cartilage and subchondral bone tissues
(Figure 3C). However, monophasic scaffolds cannot mimic
the biological microenvironment well due to the lack of
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Figure 3. 3D-printed monophasic scaffolds for osteochondral tissue engineering. (A) Morphology of bredigite (BRT) scaffolds before and after
covering with micro/nanostructured surface. (B) Cell adhesion of 3D-printed monophasic scaffolds. (C) Photographs and micro-CT analysis of the
osteochondraldefectsinrabbits at weeks 8 and 12 after surgery. CTR means control®* (Reproduced with permission from Deng C, Lin R, Zhang M, et al,

Adv Funct Mater, John Wiley & Sons).

intrinsic physical structure and properties of osteochondral
tissue. Therefore, they are not a good treatment option for
osteochondral defects.

Biphasic scaffolds usually have a cartilage and
bone phase, more similar to natural osteochondral
tissue than monophasic scaffolds.Their two layers are
fabricated separately, which gives researchers more
space to control and optimize their materials, design,
porosity, mechanical function and unit type.Biphasic
scaffolds have the following advantages: (i) the scaffolds
can promote the differentiation of cartilage and bone
tissue respectively by the addition of appropriate
growth factors; (ii) they can provide suitable chemical,
mechanical, and biological stimuli to proliferation
and differentiation of different cells'®’; and (iii) they
can also provide the appropriate microenvironment
to direct cell-cell and cell-matrix communications°..
For example, the biphasic scaffold of GM + SF-MA/
GM + SF-PTH was fabricated via 3D bioprinting and
implanted into the osteochondral defects of rabbits
(Figure 4A and D). The results showed that the GM
+ SE-MA bio-ink had good mechanical properties,
while the GM + SF-PTH bio-ink inhibited chondrocyte
hypertrophy and promoted the ECM production in
hyaline cartilage®). Moreover, the cell viability of the
three groups of scaffolds was high, as shown in Figure
3D. However, as an integral part of the osteochondral
unit, the CCZ was neglected in biphasic scaffolds.

Furthermore, the scaffolds did not show all the gradient
characteristics of osteochondral tissues.

3.5. Triphasic scaffolds

Considering that osteochondral units are composed
of gradient regions with different compositions and
structures, triphasic and multiphasic scaffolds with CCZ
simulation have been designed and fabricated. As a narrow
transition layer between cartilage and subchondral bone,
CCZ facilitates converting shear stresses into compressive
and tensile ones during joint loading and kinematics®*],
This zone not only forms a physical barrier against vascular
invasion into the cartilage to prevent the full cartilage
layer ossification, but also serves to support the articular
cartilage load to facilitate the integration of the implant
with the host tissue at the interface!. For example, the
mechanical interface bonding strength of the triphasic SA/
MBG scaffold is superior to biphasic scaffolds. The results
showed that the scaffolds immersed in simulated body fluid
(SBF) and cell culture medium induced apatite formation
and had weak compressive and tensile strengths without
layer dislocation or delamination®!. Due to the unique
hierarchical, biological, and mechanical properties of the
osteochondral tissue®?, the triphasic scaffolds cannot still
meet its full complexity.

3.6. Multiphasic and continuous gradient scaffolds
Natural osteochondral tissue has a more complex gradient
of heterogeneity rather than a direct stratification of three
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Figure 4. 3D-printed biphasic scaffolds for osteochondral tissue engineering. (A) Schematic diagram of the preparation of 3D-printed biphasic scaffold and
its applications. (B) Microscopic morphology of 3D-printed biphasic scaffolds. (C) The viability of cellswithin the scaffolds on the first day after printing
24h. (D) Gross observation of the repaired joints in different groups. (E) Micro-CT images at week 12 after implantation (Reproduced from ref.*” with

permission from The Royal Society of Chemistry).

separate regions. Therefore, multiphasic and continuous
gradient scaffolds with gradient physical and chemical
properties are necessary for a smooth transition between
different layers of the osteochondral unit. The multilayered
osteochondral scaffold has at least four different layers.
Increasing the number of phases from three to four
or more usually means dividing the AC section into
different zones. For example, Mancini et al.”®! proposed
an osteochondral scaffold consisting of four different
layers, with the aim of better simulating the properties of
the different regions of AC. This multiphasic scaffold has
a different collagen arrangement from top to bottom: the
PCL scaffold is based on a 0°, 90° cross-alignment pattern
with decreasing porosity until the texture is dense, with the
CCZ-like structure acting as the interface zone; the third
layer is that PCL extending along the hydrogel containing
mesenchymal stromal cells with a 70% porosity; the PCL is
removed from the fourth layer and the hydrogel is retained,
but the MSCs are replaced by articular cartilage progenitor
cells (ACPCs)®. Therefore, it is easy to see how complex
this construction is, and finer 3D printing technology is
required to make it easy to achieve. As shown in Figure 5C,
multiphasic scaffolds with discrete gradients are prepared
by stitching, gluing and press-fitting different phases into

a single structure®*®. It is noted that there is no clear
boundary between layers of the scaffolds*®!.

Gradient scaffolds consistently outperform monophasic
and biphasic ones in osteochondral defect repair®'%!, The
gradient can be described in terms of variations in the
chemical composition and structural characteristics of
the basic units, further including several basic forms of
arrangement, distribution, size, and orientation!’". The
combined incorporation of different patterns of chemical
and structural gradients in a monolithic osteochondral
scaffold have been explored in orthopedic research as well.
For example, with regard to the hydrogel-based scaffolds,
sequential addition of different solutions into a cylindrical
container layer-by-layer before the complete gelation
allows for the formation of a gradient interface. Utilizing
the silk protein-based composites coupled with biosilica
selective peptide-R5, Guo et al. fabricated a bioinspired
gradient protein/biosilica analog by layering three regions
with high, medium, and low concentrations of the R5
peptide along the longitudinal direction!*?. This gradient
silicified silk/R5 system showed continuous transitions in
composition, structure, and mechanical properties and
could promote the osteogenic differentiation of MSCs
in vitro in a gradient manner!'"”. Multiphasic gradient
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Figure 5. 3D-printed triphasic and multiphasic scaffolds for osteochondral tissue engineering. (A) The graphical abstract of 3D-printed triphasic scaffolds.
(B) The constructdesign and printing. (Bi-Bv) The designing and development of the grid structure, and (Bvi) representative images of the printed
structures showing the threelayers. (C) Scanning electron microscope (SEM) images of 3D-printed multiphasic scaffolds'*®!. (Reproduced with permission
from Di Luca A, Lorenzo-Moldero I, Mota C, et al., 2016, Adv Healthc Mater, John Wiley and Sons). (Di-Diii) Field emission scanning electron microscope
(FESEM) images of the printed structure showing the porous grid structure. Scale bar = 400 pm!'®®l. (Reproduced with permission from Singh YP, Moses

JC, Bandyopadhyay A, et al., Adv Healthc Mater, John Wiley and Sons).

and continuous gradient scaffolds prepared by emerging
technologies and traditional methods have achieved
success in both chemical composition and structural
properties, as summarized in this section. However, the
studies on developing gradient scaffolds imitating the
osteochondral heterogeneities in anatomical, biological,
physicochemical, and mechanical properties are still
limited and in the infancy stage.

4. Conclusion and prospects

Osteochondral defects have been a widespread and serious
osteoarticular disease in clinical practice. The effective
osteochondral defect repair has been a pressing challenge
in the field of tissue engineering. This paper systematically
reviews the current problems faced by the conventional
treatment of osteochondral defects and the current status
of research on osteochondral integrated bionic scaffolds.
The osteochondral tissue-engineered scaffold imitates
not only the normal osteochondral structure, but also the
natural osteochondral composition, ultimately achieving
effective repair of osteochondral defects. However, the
complex anatomy and composition of osteochondral tissue
and the dynamic changes of time and space in the defect
area indicate that the osteochondral repair is not a simple
filling of new tissue, but the formation of an integrated
bone-cartilage interface coupled with the simultaneous
osteochondral regeneration.

The osteochondral integrated scaffold is a good
solution to some problems in conventional treatments, but
it also has its corresponding shortcomings. For example,
there are currently no clinical trials using 3D-printed
osteochondral scaffolds to repair osteochondral defects
in joints. Compared to other tissue engineering solutions,
3D printing allows for the construction of a personalized
scaffold that matches the geometry of the defect on the
basis of magnetic resonance imaging (MRI) and computed
tomography (CT) scans. Furthermore, the repair and
regeneration mechanism of the osteochondral integrated
scaffold has not been investigated in depth, and it cannot
still be elucidated at a microscopic cellular and molecular
level. Although the osteochondral integrated scaffold is
structurally and compositionally biomimetic, it is not
comparable to normal osteochondral tissues at either the
biological or mechanical level. No special materials that
resemble natural osteochondral tissues have been found.
Finally, the CCZ and tideline play a crucial role in the
osteochondral structure, which is not yet fully imitated by
the integrated bionic scaffold. Therefore, the problems of
cartilage layer calcification and easy separation between
layers of triphasic and multiphasic scaffolds have not
yet been well resolved. Nevertheless, it is believed that
more suitable scaffold materials can be discovered or
synthesized through novel fabrication technologies and
methods including 3D printing and electrostatic spinning.
Furthermore, multiple disciplines can be combined to
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solve the clinical problem of osteochondral defects, such as
materials, biostructures, and biomechanics.
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