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Osteoarthritis caused by articular cartilage defects is a particularly common orthopedic disease that can
involve the entire joint, causing great pain to its sufferers. A global patient population of approximately
250 million people has an increasing demand for new therapies with excellent results, and tissue
engineering scaffolds have been proposed as a potential strategy for the repair and reconstruction of
cartilage defects. The precise control and high flexibility of 3D printing provide a platform for subversive
innovation. In this perspective, cartilage tissue engineering (CTE) scaffolds manufactured using different
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biomaterials are summarized from the perspective of 3D printing strategies, the bionic structure
strategies and special functional designs are classified and discussed, and the advantages and limitations
of these CTE scaffold preparation strategies are analyzed in detail. Finally, the application prospect and
challenges of 3D printed CTE scaffolds are discussed, providing enlightening insights for their current
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1. Introduction

Human cartilage tissue is essential for supporting and moving
joints. The major components of cartilage tissues are chondro-
cytes, matrices, and fibers. Articular cartilage (AC) is a form of
hyaline cartilage with a lot of matrix and little collagen fiber.
It is often described as a smooth, avascular connective tissue
that is 2-7 mm thick and covers the surface of the joint."?
Its main job is to lubricate joint motion and absorb shock from
cyclic compression stresses when the joint moves.’ It does,
however, have a limited capacity to heal itself, just like the
majority of human tissues and organs. Therefore, injuries,
mishaps, and tissue lesions frequently result in a great deal
of problems for people over time.* The whole joint, including
the articular cartilage, subchondral bone, ligaments, and other
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tissues is affected by osteoarthritis (OA), a common degenera-
tive joint condition that results in cartilage abnormalities
(when OA occurs, the articular cartilage is severely thin or lost,
the subchondral bone is sclerotic, and the articular capsule
becomes thickened®™”). A vicious loop exists between the dete-
rioration of OA and the imbalance of cartilage deterioration/
repair. More than 22.7 million individuals globally currently are
affected by OA, which has annual economic impacts in billions
in terms of medical expenses and lost wages.® Over the follow-
ing ten years, this number is expected to increase by almost
50%. Therefore, the fundamental objective of treating OA is to
restore cartilage tissue defects, and this need is now urgent.
Articular cartilage tissue is composed of a compositionally
differentiated extracellular matrix (ECM) constructed by chon-
drocytes, whose main components include water (about 70%), a
type II collagen crosslinking network, and protease. As shown
in Fig. 1, articular cartilage tissue can be spatially divided into
four layers. The outermost layer is the superficial zone, where
the long axis of the flattened oval chondrocytes is parallel to the
surface of the cartilage, the collagen fibers are dense,® and the
structure and integrity of the superficial zone affect the tensile
load performance of the articular cartilage.”"'® Next, the middle
zone (transition zone) is adjacent to the superficial zone, which
accounts for 40-60% of the total cartilage thickness and
isotropically oriented collagen fibers are dispersed to better
absorb compression forces.'"'*> Further down, it reaches the
deep zone, where chondrocytes mature, increase in size, and
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Fig.1 A schematic diagram of the multi-layered structure of articular
cartilage? (Copyright © 2022, The Author(s). Published by Elsevier Ltd).

appear elliptical or circular.® Collagen fibers are arranged
parallel and perpendicular to the surface of the cartilage,
increasing compression resistance.”® A thin layer named tide
mark (2-5 pm)**'®> can be observed between the deep zone
(radial zone) and the calcified zone located in the deepest
regions. The calcified zone interacts closely with the subcarti-
laginous bone, allowing the articular cartilage to anchor strongly
to the subcartilaginous bone, while facilitating the transfer of
transient stress from the articular cartilage to the bone.'®

Articular cartilage is typically subjected to physical compres-
sive stress between 0.5 MPa and 7.7 MPa, depending on the
interaction between multiple substances within the ECM (e.g.
extracellular collagen and aggregating glue networks).”'”'
Ideally, scaffolds should replace the ECM, thereby providing
structural support for cell migration, tissue formation and
remodeling.’®*" This functionality is largely dependent on
adequate mechanical and biological scaffold properties.*>>*
Therefore, imitation and reconstruction of multi-layered carti-
laginous ECM is a key issue for cartilaginous repair.>®

At the clinical level, several methods have been explored for
cartilage restoration, such as cell therapy, osteochondral graft-
ing (OCG),*® microfracture techniques,®>”*® osteochondral
autograft transplantation,” and autologous chondrocyte
implantation (ACI).>°7?
have poor biological compatibility, poor mimicry of natural
tissues (the reconstructed cartilage tissue is less durable than
hyaline cartilage and more prone to re-injury**), and suscepti-
bility to immune rejection and other complications.*®> All of
these factors greatly limit the use of these treatments.

Tissue engineering (TE) is an emerging interdisciplinary
field that combines the use of cells, biomaterials, and bioactive
factors (or bioreactors) to develop biological alternatives
that regenerate, maintain or improve tissue function.>® The
advancement of tissue engineering opens up new avenues for

Unfortunately, most of these strategies

the clinical treatment of skin,?” liver,>® and cardiovascular®
and musculoskeletal tissues.® A TE scaffold, an important part
of regenerative medicine, can imitate the microenvironment,
structure, and function of natural tissues,'* and provides a
physical support for cell aggregation and infiltration®’ and
offers a physicochemical environment conducive to success-
ful tissue regeneration.*” Suitable cells can be attached to
the scaffolds, cultured in vitro for a period of time, and then
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implanted inside the body. Typically, TE scaffolds have a three-
dimensional (3D) interconnected pore structure, which gradu-
ally degrades and is replaced by new tissues in the human body.
Biomaterial-based scaffolds can also be combined with suitable
growth factors and excellent biomimetic structures to further
promote tissue regeneration. Therefore, the manufacturing of
TE scaffolds requires flexible and high-precision processing.

3D printing, also known as additive manufacturing, was first
proposed by Hull’s team in 1987. Based on a digital model
created by computer-aided design, a real and physical 3D entity
is obtained by accurately and rapidly accumulating materials
layer by layer*>** using various types of 3D printers and
computer-aided manufacturing. 3D printing technology pro-
vides powerful engineering design options for biomedicine-
related complex devices, such as drug printing, medical diag-
nostic models, biosensors, tissue engineering, and artificial
organs. The emergence of 3D printing technology facilitates
free fabrication of a variety of complex biologically inspired
3D structures and brings new ideas for customizing high-
performance and multifunctional scaffolds.

With the development of 3D printing over the last ten years,
an increasing number of research studies on tissue engineering
scaffolds have reported this processing approach, and the
number of papers has been increasing. Fig. 2 displays data
for articles extracted from Web of Science for a ten-year period
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Fig. 2 The statistical data of publications on the topic of CTE scaffolds
from Web of Science. (I) Quantitative comparison between all preparation
strategies and 3DP strategies under the CTES topic, (ll) publications in
different nations/regions.
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(2013-2022). When looking for the topic CTES, the number of
all relevant studies (All) compared to studies involving 3D
printing (3DP) is displayed in Fig. 2(I). The latter is growing
yearly, and it is obvious that TE professionals are paying more
attention to this technology. Fig. 2(1I) also displays the quantity
of pertinent research conducted in various countries and areas
at the same period. We can see that academics in China and the
United States are quite interested in this subject because a
substantial share of study papers comes from these two coun-
tries/regions.

Herein, we review the system of materials and printing
technology used for 3D-printed CTESs. Firstly, we will summar-
ize the CTESs printed with different materials based on differ-
ent 3D printing strategies and analyze their advances and
defects. Then, excellent biomimetic structural and functional
designs from various studies will also be discussed in cate-
gories. Finally, in view of the preparation methods used for
3D printed CTES, this paper will discuss their development
prospects and several challenges.

2. Common methods of 3D printing in
tissue engineering

Rapid advances in biomaterials and manufacturing techno-
logies have made possible more high-performance biomimetic
CTE scaffolds that mimic the extracellular matrix (ECM) of
natural cartilage, in combination with pro-growth factors (such
as BMP-2,*> B-TCP,*® and others) to promote proliferation and
differentiation of attached cells and the production of specific
His proteins.*” 3D printing is an emerging modern processing
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strategy with high precision and flexibility. In recent years, the
combination of the biomimetic tissue reconstruction concept
and 3D printing has led to a new strategy for 3D bioprinting,
which has been rapidly used in the field of TE to reinvigorate
the design and manufacture of TE scaffolds. Using materials
including biomaterials, bioactivators, and even cells, 3D bio-
printing takes advantage of 3D printing to create structures
close to the body’s natural tissues.*® Table 1 records CTE
scaffolds made using different 3D printing methods and their
mechanical properties are quantified in it.

As shown in Fig. 3, depending on the printing principle, 3D
bioprinting can be classified into the following categories:
direct ink writing (DIW), stereolithography (SLA), selective laser
sintering (SLS), fused deposition modeling (FDM), etc. A wide
variety of biomaterials have been applied in different forms in
these 3D printing strategies. This section discusses in detail
these 3D bioprinting strategies and potential applications of
biomaterials in 3D bioprinting to create engineered scaffolds
for cartilage tissues.®®

2.1. Direct ink writing

The most prevalent type of 3D bioprinting is extrusion-based
and it mostly uses mechanical and pneumatic extrusions. DIW
is a typical extrusion-based technology. Bio-inks are pressurized
or mechanically driven by matching nozzles for viscoelasticity
(loss modulus G” and storage modulus G’). The bio-ink probed
here is usually a non-Newtonian fluid whose viscosity decreases
as the shear rate increases and returns to its original state after
the shear forces disappear. In addition, bio-inks have low
surface tension and adhesion and their particles distribute
uniformly and flow without adhering to the nozzle. To alter

Table 1 CTE scaffolds made using different 3D printing methods and their mechanical properties

Processing strategies Processed materials Mechanical properties of scaffolds Ref.
Direct ink writing Alg/PCL/PLA/PLGA Compressive modulus (E’): 15.31 MPa 49
Alg/Gel/HA/CPCs/FN Compressive modulus (E): 11.20 + 0.40 kPa 50
Alg/NC/Chs/DS Compressive modulus (E'): ~0.20 kPa 51
Alg/nHA/CS Compressive modulus (E'): ~300 kPa 52
PLGA Biomechanics of the regenerated area: ~45 N 53
PCL/GelMA/DCECM Compressive modulus (E): 24.62 + 8.89 MPa 54
Alg/PEG Compressive modulus (E'): 4.43 & 0.21 MPa 55
PGD/APGD Tensile modulus (E): ~5 MPa, tensile strength: ~1.2 MPa 56
PU/HA Compressive modulus (E’): 0.33 & 0.02 MPa 57
PU Compressive modulus (E'): 0.94 + 0.01 MPa 58
Stereolithography PEG-DA/PLGA/nHA Compressive modulus (E'): ~12 MPa, compressive strength: ~25 Mpa 59
NARMA/GELMA Compressive modulus (E'): ~40 KPa, compressive strength: ~27 Kpa 60
GelMA/PTMC Tensile modulus (E): 4.62 £ 0.84 MPa, tensile strength: 0.52 & 0.18 Mpa 61
Selective laser PCL/nHA Compressive modulus (E'): 8.7 MPa, compressive strength: 4.6 Mpa 62
sintering PCL Compressive modulus (E’): 5.91 MPa (consecutive-channel scaffold) 63
Fused deposition PLA/ABS Compressive modulus (E): ABS ~200 KPa, PLA ~600 KPa 64
modeling Alg/ALG-SUL/dECM/PCL Compressive modulus (E'): 0.27 + 0.04 MPa, compressive strength: 65
6.26 + 0.27 MPa
Insulin-PLGA/PDA/PCL Compressive strength: 6.21 + 0.63 MPa, compressive modulus 66
(E): 233.71 £+ 7.57 MPa (maximum)
PCL/PLA/nHA Compressive modulus (E'): 1.01 + 0.04 GPa (blank), 1.07 + 0.16 GPa (nHA); 67
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compressive strength: 77.92 4 2.4 MPa (blank), 83.19 + 1.63 MPa (nHA);
tensile modulus (E): 1.10 £ 0.03 GPa (blank), 0.97 + 0.11 GPa (nHA);
and tensile strength: 64.29 + 3.64 MPa (blank), 52.91 + 1.73 MPa (nHA)
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Fig. 3 Classification of 3D printing technology depending on the principle of 3D printing®® (Copyright © 2021, MDPI).

the precision and speed of printing, the nozzle size and print
settings (extrusion speed and printing speed) were varied.
Smaller nozzles can achieve a 3D structure with higher print
resolution and less tolerance for shape at a lower printing
speed, but also greatly lengthen the manufacturing cycle. Based
on its rheological characteristics, ink solidifies either naturally
or artificially after leaving the nozzle. In order to maintain
shape fidelity, the material is changed from a shear-thinning
fluid to a viscoelastic solid in natural curing. The G'/G” ratio
can be used to quantify the properties of the inks discussed
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above (with the ratio >1, the ink becomes solidified; with the
ratio <1, the ink becomes semi-solid or gelatinous). When
deposited on a substrate, artificial curing strategies such as
photocrosslinking, solvent evaporation, and heat treatment
temperature-driven reactions can be used.”®”*

Direct ink printing has the advantages of being inexpensive,
straightforward operation, and highly material compatible, and has
the capacity to combine multiple materials. Fig. 4 shows some of
the related studies carried out on the use of suitable natural and
synthetic biological materials in the realm of medicine.
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Fig. 4 () TE scaffold composition and geometry. (Il) The live/dead assay of CPCs and the cell viability in 14 days®® (Copyright © 2021, The Authors.

Published by Elsevier Ltd.).

This journal is © the Owner Societies 2023

Phys. Chem. Chem. Phys., 2023, 25, 24244-24263 | 24247


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00921a

Open Access Article. Published on 25 2023. Downloaded on 29.10.2025 23:59:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

2.2. Stereolithography

As the most accurate and earliest practical rapid prototyping
technology in 3D printing, stereolithography uses a computer
to accurately control the movement of a laser beam and liftable
platform, solidifying liquid photosensitive materials layer by
layer along the designed scanning path in accordance with a
pre-sliced 3D model to complete the creation of a solid.
In general, UV or visible light irradiation of photoinitiators
in liquid photosensitive materials is chosen to promote
curing.”>”® The structure size in the x and y directions depends
on the spot size of a laser generator, which can guarantee the
high resolution of printing.”*”> While most commercial prin-
ters have a maximum accuracy of 50-200 microns, SLA printers
can even achieve ultra-high accuracy of up to 20 microns.
According to the movement method of the mobile platform,
SLA may be further separated into top-down and bottom-up.

The laser light source of the former is placed above the
material groove. When a layer of scanning and curing is
completed, the printing platform will move down one layer of
height, so it is called sunken stereolithography. This method of
printing has a problem: the depth of the forming height size
and material slot are closely related, and the user needs to fill in
the slot at least theoretically and print the same depth of liquid
photosensitive material structure height, which makes use of a
greater amount of raw materials than that required for printing
the finished product, causing a lot of waste. Pull-on SLA
improved this problem very well, its scan light source is located
in the material tank below, each layer of the curing also occurs
on the photosensitive material exposed to air, then the platform
at the same height moves up away from the contact surface,
liquid materials, relying on gravity flow to fill the gap, and the
ultimate finished product will be placed down on a mobile
platform for printing. The latter achieves a larger print size with
a smaller volume, saves material costs, and improves printing
efficiency; therefore, it can be better promoted for desktop-level
printing equipment.

SLA is a nozzle-free, jet-free printing method, its bio-inks
have a wide range of viscosity options (1-300 Mpa s) and avoids
shear stress on bio-inks (liquid photosensitive materials),
ensuring high bioactivity.”® To further pursue the resolution
and efficiency of printing, a disruptive digital light processing
technology (DLP) similar to SLA has entered the public spot-
light. An original laser generator that can transmit light beams
has been replaced with a digital micro-mirror lens, and it can
scan a two-dimensional plane. The realization of a higher
resolution (about 1 um size of the geometric shape) based on the
projection form one-plane printing greatly shortens the manufac-
turing cycle. While SLA (or DLP) offers numerous advantages, there
are also limitations associated with printing materials: liquid
photosensitive materials must contain specific reactive groups to
allow cross-linking and curing with photoinitiators; At the same
time, the materials need to be transparent with limited scattering
so that the scanning light can pass evenly. A significant number of
scaffolds based on SLA/DLP approaches have been described in the
investigation of CTE, despite the fact that there are several difficul-
ties in this approach.

24248 | Phys. Chem. Chem. Phys., 2023, 25, 24244-24263
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2.3. Selective laser sintering

Selective laser sintering involves the laser irradiation of high
temperature melting sintering accumulation while using
powdered or granular materials. It realizes accurate positioning
and scanning through a computer controlled light source
positioning device. After completing the curing of one layer of
material, the surface of the curing layer will be covered with
another layer of raw materials to continue printing. No support
required, simple operation, and fast printing speed are the
significant advantages of this printing method. However, the
high temperature produced by laser heating easily leads to
the degradation of biological materials, and the introduction
of bioactive substances before the whole printing process
becomes a tricky problem. At the same time, the surface of
the structure printed using this method is relatively rough and
requires post-treatment. Currently, SLS is commonly utilized to
fabricate metal, bioceramics and some engineering plastic scaf-
folds, but printing hydrogels is not feasible for the time being.
This technique has relatively low requirements for printing
materials. The powders (or particles) needed for sintering must
possess a specific particle size (usually in the range of a few
microns to several hundred microns”’) and be in a good
spherical state,””””® since both will have an immediate impact
on the material’s mobility in the powder bed. Because of the
direct relationship between material fluidity and SLS printing, it
is essential to guarantee that the powder can be compactly and
evenly dispersed over the plane at high temperatures. Moreover,
the consolidation phenomenon of polymers is still rarely
described in the literature,”® which eventually leads to the
problem of a few types of SLS powders for commercial use.

2.4. Fused deposition modeling

Fused deposition modeling technology is the most mature and
widely used additive manufacturing technology. The printer
based on this technology has the advantages of a simple
structure, easy operation, a low material loss rate, and a low
maintenance cost. In the process of FDM printing, thermo-
plastic engineering plastics in the form of wire are fed into the
wire feeding mechanism and pushed into the nozzle. The
thermoplastic quickly melts into a semi-liquid after being
heated at a high temperature, is extruded, and is then depos-
ited on the workbench. After cooling, the shape is fixed as the
section shape of the model in this layer and finally, the 3D
workpiece is completed by stacking layer by layer. The precision
of this printing method is affected by the extrusion pressure
and the diameter of the extrusion needle. The printing speed is
limited by the melting viscosity of the material, the environ-
ment, and the temperature of the nozzle, and is relatively slow.
To prevent collapsing, some complex spatial structures also
need to be supported.

There are many kinds of thermoplastic engineering plastic
wire suitable for the FDM method, such as butadiene-styrene
(ABS), polyvinyl alcohol (PVA), polyurethane (TPU), and poly-
lactic acid (PLA). The number of studies on PLA and PCL is
relatively high in the field of CTE.

This journal is © the Owner Societies 2023
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3. The biomaterial selection for
3D-printed CTE scaffolds

3.1. Natural polymers

The most typical natural polymer materials utilized in 3D-
printed CTE scaffolds are hydrogels because their polymer
networks can accommodate large amounts of water. They
mimic the composition and structure of the natural cartilage
ECM to a certain extent,*®" creating a physicochemical micro-
environment suitable for the proliferation and differentiation
of mesenchymal stem cells, but are constrained by their weak
mechanical properties (even an order of magnitude less than
cartilage), which makes scaffolds difficult to mimic cartilage.
Natural polymers that have attracted much attention in acade-
mia include gelatin, silk fibroin,®* alginate, hyaluronic acid,*
chondroitin sulfate, chitosan,®® etc. To build CTE scaffolds,
extrusion-based bioprinting employs one or more of these
materials.

Gelatin is essentially a peptide mixture obtained by partial
hydrolysis of type I collagen,® which is excellent due to its
biocompatibility, degradability, and accessibility.*® Huang et al.
reported a gelatin scaffold doped with hydroxyapatite (HAP)
based on extruded bioprinting.®” They prepared a HAP scaffold
out of 10% gelatin and 5% volumetric weight, then soaked it in
1% (w/v) streptococcal transglutaminase for 6 hours to cross-
link it. The resulting scaffold porosity was 81.29 + 2.05%, water
content was 84.29 + 0.75%, and human umbilical cord blood-
derived mesenchymal stem cells (hUCB-MSCs) adhered,
migrated, and proliferated well within this scaffold.?” Their work
demonstrated a strategy to modulate the fluidity of gelatin by
doping nano-hydroxyapatite (HAP), which could fine-tune the
fluidity and gelation time to optimize the rheological properties
of gelatin; HAP insertion into gelatin scaffolds, however, signifi-
cantly improved MSC differentiation and cartilage repair effec-
tiveness, while marginally reducing cell survival and proliferation
rates in vitro.

Huang et al. demonstrated the application of DLP printing
technology in the field of cartilage repair scaffolds.®® They
discovered that naringin (NAR), a natural flavonoid found in
citrus plants, has great potential for application in knee
rehabilitation.?®®® Methacrylic anhydride (MA) was used as
the matrix, NAR was used a modified substance to synthesize
NARMA, and a little amount of GELMA was employed as an
excipient to obtain a NAR-derived bioink (NARMA-GelMA
bioink) with photo cross-linking, high fidelity and good
mechanical properties. The bio-ink was used to print (DLP)
loop structures with intersections and compared them with the
same structures constructed using GELMA. NAR derived
bioinks are more resistant to light scattering, enhancing optical
cross-linking performance of the MA based ink, ensuring print
fidelity. At the same time, it retains high bioactivity in cell
culture experiments. When the transcription of SoX9 gene was
measured using the RT-qPCR method, it was found that the
addition of NAR highly promoted the chondrocyte phenotype
and was suitable for 3D bioprinting to form a new cartilage
tissue ink.
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Silk fibroin (SF) is a natural protein material derived from
the secretions of the silkworm, spider, bee, and other animals.
It has a complicated molecular structure made up of light
chains (26 kDa) and heavy chains (390 kDa), which are joined
together by disulfide bonds.?® Silk fibroin has been effectively
used in clinical practice by being formed into surgical sutures,
artificial blood vessels, and wound dressings due to its superior
mechanical qualities, great biocompatibility, excellent degrad-
ability, and numerous supplies.®”* Weili Shi et al. manufactured
an SFG-E7 scaffold with dual structural and functional optimi-
zation through DIW technology.®” Gelatin and silk fibroin were
blended in a mass ratio of 1:1 (6.9% w/v) and the E7 peptide
was then added to balance the mechanical qualities and
degradation rate. A uniform pore size of 350 um was designed
to promote the proliferation, differentiation, and ECM pro-
duction of BMSCs. This doubly optimized scaffold exhibits
improved efficacy in knee cartilage regeneration because it
not only attracts and maintains enough BMSCs but also offers
mechanical protection before the development of new cartilage
and an appropriate 3D microenvironment for BMSCs.

Alginate (Alg) is a polysaccharide carbohydrate extracted
from brown algae. Low price, easy availability, good biocompat-
ibility and low immunogenicity are the advantages of this
natural polymer material, so it is widely applied in the bio-
medical field®® as medical swabs, dental impression materials,
surgical dressings, etc. Alginate has the capacity for fast gela-
tion when combined with divalent cations, such as Ca*".%*
Alginate saline gel is one of the bioinks commonly used in
extruded bioprinting. Susan Critchley et al. prepared a variety of
fiber reinforced sodium alginate hydrogel CTE scaffolds using
PCL, PLGA and other materials for printing network structures
as mechanical supports (as shown in Fig. 7).* Among them,
sodium alginate hydrogel has been used as an excellent carrier
to carry bioactive materials such as BMSCs and chondrocytes.
Of course, alginate can also be combined with other substances
to create composite hydrogel bioinks that can be printed
directly into the porous scaffold’s body. He et al. made a
composite hydrogel (Alg/Gel/HA) using alginate, gelatin, and
hyaluronic acid, and the cartilage progenitor cells (CPC) and
fibronectin (FN) were also encapsulated in the bio-ink. CPCs
achieved separation, migration, and proliferation through dif-
ferential adhesion on FN (Fig. 4).°° Finally, chondrogenesis is
accomplished.”® The generated 3D printed bioactive biofilm
(1 mm thick scaffold) was made to modify the AMIC technique
(autologous matrix-induced chondrogenesis technique is a one-
step procedure for healing cartilage defects, a fibrin membrane
or collagen membrane will be implanted in the defect®), which
replaced the traditional collagen membrane and covered the
tissue defect site, providing sufficient mechanical support and
structural integrity to provide a stable microenvironment for
BMSC released from the subchondral bone. This approach
effectively improved the thickness and quality of the newly
generated cartilage, significantly enhanced the results of AMCI,
and was more conducive to clinical translation.

Hyaluronic acid (HA) is an acidic glycosaminoglycan
composed of two disaccharide units, p-glucuronic acid and
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N-acetylglucosamine. Its molecular weight is generally in millions
and its content is high in brain nerve tissue, connective tissue,
and epithelial cells. As a component of chondrocyte extracellular
matrix and synovial fluid, hyaluronic acid has the functions of
joint lubrication, wound healing, and strong water retention.
In addition, the inclusion of the methacrylate group gives
hyaluronic acid the ability to light-cure,’® classifying it as one
of the raw components for bio-ink. At present, a hyaluronic
acid-based cartilage repair scaffold (Hyaff-11) has been com-
mercially produced in Italy. This scaffold has time-controlled
characteristics. Compared with chondrocyte transplantation
without in vivo fixation, it exhibits excellent biocompatibility
and the capacity to reconstruct cartilage.*°” Autologous chon-
drocyte transplantation using Hyaff-11 significantly improved
the repair capacity of articular cartilage according to histo-
logical and histomorphological analysis. After 24 weeks, hya-
line cartilage prevailed at the original defect. These cartilage
sites had a well-organized histoarchitecture and columnarisa-
tion, and ECM formation was observed. (In the control group
in which the cartilage defect was not treated with Hyaff-11,
no signs of extracellular matrix formation were observed after
24 weeks.)

Chondroitin sulfate (ChS) is a sulfated glycosaminoglycan
composed of N-acetylgalactosamine and glucuronic acid (GAG,
the previously mentioned HA is a non-sulfated glycosamino-
glycan). As one of the important components of cartilage,
chondroitin sulfate attaches to proteins to form proteoglycans,
endowing cartilage with strong compressive resistance and
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providing mechanical protection.”® At the same time, it has
also been reported to promote cell differentiation,”® improve
anti-inflammatory activity,®® and aid cartilage recovery,'°® and
has been manufactured as a dietary supplement, forming a
method to improve and even treat osteoarthritis (OA).**°
Markel Lafuente-Merchan et al. added chondroitin sulfate to
nanocellulose alginate saline gel to improve the rheological
properties of bio-ink and improve the resolution and shape
fidelity of scaffold printing: The viscosity of bio-inks increased
somewhat with the addition of ChS. However, when the shear
rate increased, they also displayed a shear thinning behavior
and as the shear rate reverted to its initial level, the viscosity
was recovered. This contributes to the fidelity of the scaffold’s
shape after printing. Cell survival and chondrogenic differen-
tiation capacity were dramatically increased when ChS was
added compared to the blank control group (without ChS)
(as shown in Fig. 5).>' Dermatan sulfate (DS), which is similar
to ChS, has also been tried by adding to NC-Alg ink to improve
its properties. DS and ChS have the same chemical make-up,
however there are certain glucuronic acid residues in DS that go
through an epimerization process to become iduronates. "'
It can manipulate the behavior of MSCs in terms of adhesion
and proliferation. It may also encourage their differentiation"®?
and maturation. In terms of rheological qualities (the visco-
elasticity of bio-inks), ChS performed better than DS (a higher
viscoelastic bio-ink could protect the encapsulated cells from
the stress caused by the printing process), but the addition of
DS led to greater improvements in cell viability (the live/dead
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staining: the ChS group showed 80.11 + 1.85%, but the DS
group showed 88.14 £ 2.62% and the blank group showed
77.77 £ 6.80%, a higher percentage means more living cells,
which were proliferative and differentiated by MSCs.)

Chitosan (CS) is the structural element of the exoskeleton of
crustaceans (such as crabs and shrimps) and the cell wall of
fungi in nature. It is a linear polysaccharide composed of two
kinds of glucosamine. Chitosan contains glycosaminoglycans
that can promote chondrogenesis'® and has a hydrophilic
surface that promotes cell attachment and growth. It is one
of the most effective options for CTE scaffold materials due to
its superior biodegradeation, antimicrobial, and physiological
activity. Huang et al. reported in 2014 that their research group
prepared hydrogels loaded with BMSCs using chitosan and
decalcified bone and they found that it had a significant effect
on promoting chondrogenic differentiation.’®® Recently, Ali
Sadeghianmaryan et al. constructed a novel chitosan/nHA/
alginate hybrid scaffold by extrusion bioprinting, making
use of an impregnation technique to connect alginate and
nano-hydroxyapatite particles (nHA) to the scaffold.”® Nano-
hydroxyapatite particles improve the elastic modulus, thermal
stability behavior and cell attachment of scaffolds, and it is
beneficial to achieve a stable physical and chemical microen-
vironment for chondrocytes. The scaffolds impregnated with
sodium alginate showed improvement in swelling, hydrophilicity,
and cell viability.

3.2. Synthetic polymers

Chemical synthesis is also an important source of biomedical
polymers. Generally, monomers with known relative molecular
mass and material structure are used as raw materials to form
polymers through polymerization reactions, such as free radical
polymerization, anion/cation polymerization, and coordination
polymerization. Synthetic polymers have much improved
mechanical properties as compared to natural polymer materials,
and scaffolds composed of these materials will have mechanical
characteristics more akin to natural cartilage. Common synthetic
polymers include polylactide (PLA), polycaprolactone (PCL),"®
polyethylene glycol (PEG),"®” polyglycolic acid (PGA),"*® poly-
vinyl chloride (PVC), polyethylene (PE), nylon, silicone rubber,
poly(1, 3-trimethylcarbonate) (PTMC),*® polyurethane (PU),*®
etc. Researchers have focused primarily on the first two types
of artificial polymers in CTE because of their biocompatibility
and material degradability.

PLA, also known as poly(lactide), is obtained by dehydration
condensation of hydroxyl and carboxyl groups between
a-hydroxypropionic acid molecules. It offers high biodegrad-
ability, tensile strength, and elongation. It is usually applied in
the medical field for producing things like disposable infusion
equipment, pharmacologically slow-release packaging agents,
and surgical sutures due to its excellent properties. PLA reacts
and degrades inside of living organisms before being released
as carbon dioxide and water, although this process takes a
while—possibly even longer than a year."®

Derek et al. used the FDM method to print PLA and ABS
filaments to obtain an orthogonal scaffold with a pore size of

This journal is © the Owner Societies 2023
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Fig. 6 (I) (A) and (B) ABS and PLA scaffold designs, (C) and (D) quantifica-
tion of scaffold weight and scaffold porosity, and (E) and (F) mechanical
testing of ABS and PLA scaffolds. (II) Proteoglycan analysis of scaffolds®*
(Copyright © 2015, MDPI).

about 700 microns, which is suitable for the growth of chon-
drocytes and NP (nucleus pulposus, a gelatinous substance in
the intervertebral disc) cells and the production of type II
collagen and proteoglycans (as shown in Fig. 6).°* Pariya Zare
et al. filled alginate sulfate (Alg-Sul) hydrogel into the PCL
framework based on FDM printing,®® which overcame the
problem of poor mechanical properties of fiber-reinforced
hydrogels reported in previous studies."®® This composite scaf-
fold not only imitates the mechanical properties of natural
nasal cartilage, but also retains the biological similarity
between the Alg/ALG-SUL/dECM hybrid hydrogel and human
cartilage, demonstrating its great potential for osteochondral
repair and regeneration. Pierluca Pitacco et al. reported their
prepared hMSCs/fibrin bio-ink 3D printing scaffold with a PCL-
reinforced skeleton."'® The PCL skeleton portion was treated
with 3 M sodium hydroxide (NaOH) for 12 hours to render the
PCL skeleton more hydrophobic and better able to adhere to
cell-filled hydrogels.

PGA (a saturated fatty acid group polymer) is also a thermo-
plastic, which can be made into films or scaffolds by extrusion,
injection, and hot pressing. The biodegradation cycle of PGA is
less than half that of PLA.°

In fact, in various studies, monomers (lactic acid and
glycolic acid) are used to copolymerize to obtain a better
performance of the degradable polymer material, polyethyllac-
tide (PLGA). This substance, which has FDA approval and is
listed in pharmacopoeia as a microsphere carrier, and it can be
exploited as a pharmaceutical excipient. PLGA degradation
products have almost no toxic side effects and do not trigger
immunological and rejection reactions in surrounding tissues,
which has been continuously studied and reported in the field
of TE. Researchers discovered, however, that its breakdown by-
products were difficult to eliminate, and lactic acid and glycolic
acid accumulated in situ to high concentrations, causing the
biological response to adversely change when they came into
touch with tissues.”® Peng Chen et al. prepared a PLGA scaffold
with high biocompatibility and inoculated BM-MSCs overex-
pressing BMP-12 on the scaffold to evaluate the reconstruction
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effect of this method on rotator cuff tissue and fibrocartilage.>
Collagen organization was enhanced and fibrocartilage deposi-
tion was boosted when BMP-12 overexpressed BM-MSC loaded
with 3D-printed PLGA scaffolds was applied locally. The degra-
dation of the 3D-printed PLGA scaffold was determined by the
weight loss, which reached 75.7% after 12 weeks of incubation
in PBS, indicating the scaffold’s exceptional degradability.

PLGA microspheres are widely employed as drug delivery
vehicles in TE, owing to their capacity to regulate medication
release both spacially and temporally. Recently, Peiran Wei
et al. selected PLGA-coated insulin nanoparticles in order to
achieve sustained and delayed drug release. They were then
adsorbed on the PCL scaffold’s surface to construct a composite
scaffold that would release insulin gradually over time, while
also continuously inducing osteochondrogenesis.®® PCL scaf-
folds were given a biocompatible PDA (polydopamine) modifi-
cation to provide a thick biofunctional coating that improved
hydrophilicity and was beneficial for PLGA nanoparticle (NP)
adsorption. The encapsulation efficiency of PLGA NPs for
insulin was up to 83.6%, and the cumulative release rate was
88.62% within 30 days. However, the modified insulin-PLGA/
PDA/PCL scaffold still maintained a homogeneous and porous
microstructure (pore size 418.06 + 30.17 um and porosity
78.34 + 3.27%) and excellent mechanical properties (compres-
sive strength 6.01 + 0.46 MPa). The insulin-PLGA/PDA/PCL
scaffold efficiently induced rBMSC differentiation and rabbit
chondrocyte proliferation, while enhancing cartilage and sub-
chondral bone healing capacity.

In 2015, Nathan J. Castro et al. reported their bionic osteo-
chondral scaffolds printed using tabletop stereo-lithography.>®
The new 3D printing system developed by the team enables
rapid fabrication of a photocross-linked hydrogel scaffold,
allowing easy modification of the filling density (corresponding
to the pore density) and orientation of each corresponding layer
of the 3D model, thus ensuring a gradual transition of bio-
logical activity and geometry in the structure. They selected two
bioactive nanomaterials: hydrothermally treated nanocrystal-
line hydroxyapatite (nHA) and TGF-B1 coated PLGA nano-
spheres (SEM image analysis shows that its size range is 75 +
17 nm). The cartilage portion was simulated with a PEG-Da
solution containing PLGA microspheres to which different
concentrations of nHA were added to, constructing a gradient
subchondral scaffold of bone layers. PEG-Da hydrogel has
excellent biological properties and its inherent microporous
properties promote the local diffusion of TGF-B1. The
hydroheat-treated nHA acts as an exceptional mechanical
enhancer in 3D-printed structures that mimic cartilage (nHA
increases scafford’s performance via incorporation within a
bulk matrix*'). Nanospheres not only serve as a continuous
drug delivery device, but also inhibit the rapid degradation of
low molecular weight PEG to a certain extent and prolong the
mechanical support time of scaffolds. Xuan Zhou et al. also
demonstrated the same type of study in 2019: they added
gelatin methacrylate (GelMA) to PEGDA to make a biocompa-
tible primary ink (GelMA-PEGDA);""" nHA- and TGF-B1-coated
PLGA microspheres were mixed based on the primary ink,
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meanwhile, the biphasic gradient scaffold was printed by
stereolithography (SLA) to improve the ability of cartilage repair
and osteogenesis.

PCL is a kind of polymer material with a low melting point
(59-64 °C) that is made of caprolactone with diol as an initiator.
This material offers good biological compatibility, mechanical
properties and printability.>**>*'%® At the same time, it has
been reported to have a certain shape memory (SM) ability,"*>
which can be restored from the deformed state to the initial
state when the external conditions are appropriately changed.
Sutures and drug delivery devices made of PCL have been
approved by the FDA. It also has several problems that affect
its performance. For instance, the material is hydrophobic,
which may prevent the cells from adhering smoothly. The
biodegradation cycle of PCL is much longer than that of PLA
(2-3 years'"®), etc. To overcome these issues, researchers have
proposed a variety of modification methods to achieve better
cartilage repair outcomes. In the study of Susan Critchley
et al.*® mentioned above, a biphase composite scaffold consist-
ing of PCL and alginate was obtained by screw extrusion and
printing, and an orthogonal PCL network structure was
obtained. MSCs were covered in an alginate saline gel that
stimulated cartilage repair by promoting cell adhesion and
differentiation. The PCL fiber network serves as a structure
for mechanically reinforced alginate saline gels capable of
supporting robust cartilage formation (as shown in Fig. 7 and 8).
Yang et al. reported a bifunctional PCL/GeIMA/DCECM scaffold
(DPGE) co-printed with the aptamer-GE bioink based on a dual-
nozzle bio-printer.>* PCL has large pores of roughly 800-1000 pm,
which serve as the backbone to provide mechanical strength and
an anatomical structure for the bifunctional scaffold. In the
compressive test, the compressive modulus of the DPGE scaf-
fold is 24.62 + 8.89 MPa, which can withstand physiological
compressive stress,''* indicating that the introduction of the
PCL framework can provide sufficient biomechanical support

Printed Frame

Cotgen sg)
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Fig. 7 () Outline of the experimental groups, whereby 3D printed poly-
mer frames were combined with cells encapsulated in alginate. (Il) Repre-
sentative macroscopic plan view of the hybrid constructs after 3 and 28
days in culture. (lll) Young's modulus. (IV) Biochemical analysis at day 28
for DNA, collagen and sGAG.*® (Copyright © 2020. The Authors. Published
by Elsevier Ltd on behalf of Acta Materialia Inc.)
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Fig. 8 (1) (A) Schematic of the three-phase layered scaffold printing (30/
3% GelMA/nHA for subchondral bone layer, 20/3% GelMA/nHA for inter-
facial layer, and 15% GelMA/nHA for cartilage layer). (B) Top view and side
view of tri-layered scaffold (scale bar is 500 pm)**® (Copyright © 2019, The
Authors. Published by Elsevier Ltd.). (ll) Schematic of the multiphase
scaffolds in Susan et al.'s work*® (Copyright © 2020. The Authors Pub-
lished by Elsevier Ltd on behalf of Acta Materialia Inc.).

and reasonably solve the problem of insufficient mechanical
properties of natural bio-ink.

In the field of cartilage tissue repair, artificial polymers with
strong biocompatibility and degradability, such as PCL and
PLA, have emerged as the preferred option for SLS technology.
As early as 2011, Shuai et al. began using the SLS technology to
print blended materials composed of PCL and ceramic particles
for osteochondral repair research."'® Du et al. proposed a
biomimetic multi-layer cartilage scaffold prepared using poly-
caprolactone (PCL) and hydroxyapatite (HA)/PCL microspheres.
The SLS technology endowed it with a carefully designed
structure with gradient composition and low printing material
requirements.®”> A cylindrical scaffold with large pores is
designed to resemble a cartilage to subchondral bone biomi-
metic structure, while also ensuring a continuous HA compo-
nent gradient. Layer separation, a common issue with
conventional multi-layer scaffolds, can be resolved by using
the SLS technology of printing various microspheres to fabri-
cate continuous transition gradient structures, while guaran-
teeing mechanical properties (a compression modulus and a
compressive strength of 8.7 MPa and 4.6 MPa, respectively).
In addition to macroscopically designed macroporous struc-
tures with pore sizes ranging from 400 to 500 pum, a large
number of interconnected microporous structures with poros-
ity of 60.3% were generated by sintered microsphere fusion,
which could better support cell migration and cell attachment
in vitro. GU et al. reported that they used an improved S/O/W
emulsion solvent evaporation method to prepare two PCL
microspheres with different particle sizes of 50 and 150 um,
designed non-channel-, continuous channel- and non-continuous
channel-integrated osteochondral scaffolds.®® The scaffolds were
constructed using the SLS technique, selecting microspheres with
s small particle size (PCL50) for the 0.5 mm cartilage region and
larger PCL150 for the 2.5 mm subchondral bone region.

PEG is a polyether polymer formed by dehydration and
condensation of ethylene glycol. The hydroxyl active group at
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the end is easy to react with a variety of chemical substances,
and has good hydrophilicity and modifiability. Because of its
outstanding biocompatibility and stable mechanical proper-
ties, it has a great potential in the field of CTE. Fu et al. used
polyethylene glycol and polycaprolactone to form block copo-
lymers, and the scaffolds significantly improved the recruit-
ment ability of stem cells.""” Bruna et al. attempted to use an
interpenetrating polymer network (IPN) hydrogel composed of
light-induced cross-linked PEG and cationic physically cross-
linked alginate as the main body of CTE scaffold, in an effort to
provide a self-healing support bath for subsequent functiona-
lized printing structures.’” This IPN network hydrogel based on
PEG can not only absorb a large amount of water but also retain
considerable mechanical properties including rigidity, tough-
ness and viscoelasticity, which provides a potential solution for
cartilage tissue repair. All of the studies on CTE scaffolds
described above have chosen extrusion-based biological 3D
printing (especially DIW) as the way to process the biomaterials
reported in this paper. There has been an obvious tendency to
combine synthetic materials with natural materials, which have
complementary advantages and disadvantages. Of course, it
does not imply that these materials can only be employed in a
single method to print scaffolds.

Poly (1,3-trimethylcarbonate) (PTMC) is a flexible, bio-
degradable and amorphous polymer synthesized by ring-
opening polymerization of 1,3-trimethylcarbonate. Because PTMC
promotes surface erosion through enzymes, it can still maintain
mechanical strength and elastomeric properties during degra-
dation,***? but its initial mechanical strength is generally low.
In addition, PTMC does not produce acidic byproducts when
degraded, which has been recognized as a great advantage in
tissue reconstruction.>*''® However, it is highly hydrophobic
and lacks cell recognition sites, which leads to difficulties in
cell adhesion.’"® Therefore, it is necessary to improve the
mechanical strength of PTMC and its significant affinity
for water.

Liu et al. prepared PTMC networks by vacuum gamma
radiation using trimethylolpropane triacrylate (TMPTA), pen-
taerythritol triacrylate (PETA) and pentaerythritol tetraacrylate
(PET4A) as crosslinking agents to improve mechanical proper-
ties and creep resistance.”® The maximum tensile strength of
the PTMC cross-linked network can reach 25.95 £ 2.20 MPa.
However, its degradation rate is slow and it still retains more
than 90% of its mass after 12 weeks of in vitro enzymatic
degradation (the degradation performance of scaffolds is also
recorded in Table 2, which also includes the degradation
performance of scaffolds in other studies). Thomas et al. syn-
thesized gAR-graft-poly(trimethylene carbonates) (gel-g-PTMCn)
and successfully manufactured 3D porous objects using stereo-
lithography. To demonstrate the great potential of this bioresin
in tissue engineering.®’ Compared with PTMC or gelatin,
tensile Young’s modulus of gel-g-PTMCN was significantly
improved (gel: 0.74 £+ 0.13 MPa, PTMC: 1.29 + 0.17 MPa, and
gel-g-PTMC: 4.62 + 0.84 MPa). In order to ensure that the resin
has the right viscosity (1-10 Pa s), they diluted it with 40%
dimethyl sulfoxide (DMSO) solution, resulting in a polyporous
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Processed materials Test period Index of sample testing Degradation property Ref.
Alg/NC/Chs/DS 10 days Scaffold area retention rate NC-Alg-CS: 73 + 3.40%, NC-Alg-DS: 79.85 & 0.05%, 51
and NC-Alg: 78.62 + 7.21%
Alg/nHA/CS 28 days Degradative weight loss ratio Ratio maximum: ~30% 52
PLGA 12 weeks Degradative weight loss ratio 75.70% 53
Alg/PEG 25 days Reduction of compressive Maximum reduction: 78 times 55
modulus after degradation (1.05 £ 0.17/4.43 £ 0.21 MPa)
PGD/APGD 28 days Degradative mass remaining ratio ~80% 56
EVO/PCO 3 months Observing the tissue at the Complete degradation 120
placement of the elastomer
PLA/ABS 21 days Reduction of compressive ABS: ~197 kPa and ~193 kPa (0 d and 20 d), PLA: 64
modulus after degradation ~520 kPa and ~560 kPa (0 d and 20 d),
and no significant difference
Alg/ALG-SUL/ 28 days Degradative weight loss ratio ~17% 65
dECM/PCL
GelMA/PTMC 8 hours Degradative mass remaining ratio 0% 61
PTMC/TMPTA/ 12 weeks Degradative weight loss ratio <10% 23
P,ETA/PET4A
PU/HA 28 days Degradative mass remaining ratio ~60% 57
PU 28 days Degradative mass remaining ratio ~60% (PU: 61% and PU/SDF-1/MS_Y: 58.3%) 58
PCL/PLA/nHA 30 days Rate of mass loss from 0.35 £ 0.05% (blank) and 0.33 £ 0.09% (nHA) 67

enzymatic degradation

cube with a layer thickness of about 100 pm and high shape
accuracy.

Polyurethane (PU) is one of the most popular synthetic
biomedical polymers due to its excellent biocompatibility,
tunable chemical structure and good mechanical properties.'*"
As a common 3D printing material, PU has good flexibility and
the data of 3D printed PU stent after cyclic loading show high
elasticity,"”” which can imitate the mechanical properties of
soft tissues. However, PU is usually dissolved in toxic organic
solvents,'*® which makes the final product difficult to print
because of the residual solvent.’* Biodegradable PU can be
prepared using water-based processes. Hung et al. and Wen
et al. reported waterborne polyurethane, using a direct ink writing
method to prepare scaffolds suitable for cartilage tissue engineer-
ing. In Hung et al’s study,”” in order to facilitate printing, PU and
HA aqueous solution were mixed (mass ratio 76:24) and the
compression modulus of the printed PU-HA scaffold was 0.33 +
0.02 MPa, and it showed excellent dimensional recovery ability
under 10% cyclic compression strain. In biological experiments,
MSCs seeded on scaffolds self-assembled into MSC aggregates
and effectively generated cartilages. The compression modulus of
the scaffold prepared by Wen et al. was about 0.94 £+ 0.01 MPa.
Despite ensuring mechanical properties, its degradation ability
was also excellent. After degradation in vitro for 28 days, the
retained mass was about 60% of the initial mass.”®

3.3. Biologically inspired copolymer elastomer

The first two parts of this chapter described the application of
synthetic materials (engineering plastics) and natural materials
(hydrogels). However, because mechanical properties and bio-
logical factors need to be reconciled, they are not usually used
in tissue engineering stents alone. For the mixed-use of the two
types of materials, in addition to their mechanical mixing
together, there is also a common polymerization method to
form a polymer chain.

24254 | Phys. Chem. Chem. Phys., 2023, 25, 24244-24263

Biologically inspired elastomers are an important part of
cartilage tissue engineering. A considerable number of studies
have been conducted using naturally occurring monomers
copolymerized with the monomers of synthetic polymers and
the polymer materials they form are made into elastomers.
Polydiol citrate (POC),">*> polyglycerol sebacate (PGS),"*® poly-
glycerol dodecane dicarboxylate (PGD),>® epoxy vegetable oil,"*”
and other materials are expected to play a role in cartilage
tissue engineering.

Polydiol citrate (POC) is an elastic polyester that can be
obtained from the polymerization of citric acid and 1,8-
octandiol. Its promising properties, such as high elasticity,
hydrophilicity, linear degradation curve, and biocompatibility,
make it ideal for potential clinical applications in soft tissue
engineering.’**3° The degradation rate and mechanical prop-
erties of POC are affected by many factors (such as curing time,
temperature, and initial monomer number), which can be
adjusted to simulate the elastic properties of soft tissues.™"
However, in some reports, POC’s mechanical properties
(Young’s modulus and tensile strength) are weak and their
degradation products may also reduce local pH, leading to
inflammatory responses.'*” The above two problems also limit
the application of POC in tissue engineering.

Ehsan et al. used a solid solution pouring method to blend
different proportions of POC with chitosan (CS) to prepare
films of different components to manipulate their physico-
chemical properties.'*® Firstly, the weak mechanical properties
were solved by the addition of CS: with the increase of the CS
content, the thickness of the blend film gradually became
thinner (from 386 pm to 106 um), but the tensile strength
increased continuously (0.29 MPa to 33.61 MPa). Secondly, the
problem of degradation causing pH reduction is improved:
after 7 days, the pH changes of phosphate buffered saline
(PBS, pH = 7.4, resistant to a certain degree of pH changes)
gradually stabilized and the membranes containing more CS
showed higher pH stability. The pH of pure POC dropped
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sharply to 5.85. In Sara et al.’s study, a mesoporous bioactive
glass (MBG) was selected to improve the physicochemical
properties and degradation behavior of POC."*° The therapeu-
tic trace element Ag improves the composition of MBG and its
excellent antimicrobial potential helps the tissues surrounding
the implant in overcoming microbial infection. Ag-containing
mesoporous bioactive glass (AgMBG) was introduced in the
form of particles to prepare a composite porous scaffold based
on POC. A larger AgMBG particle load can improve the mechan-
ical properties of the scaffold. Compared with the compressive
elastic modulus obtained by compression test, the mechanical
properties of 20 wt%AgMBG/POC scaffolds increased to about 5
times that of pure POC (6.93 KPa vs. 33.95 KPa), which was
considered to be due to the electrostatic interaction between
AgMBG particles and POC, which improved the cross-linking
density of scaffolds. The composite porous scaffold was
immersed in Tris-HCI buffer for 28 days to record the pH value
of the solution. After loading AgMBG particles, the pH value of
the solution did not decrease, which compensated for the
disadvantage of the POC scaffold degrading the local pH value
and causing inflammation.

Polyglycerol sebacate (PGS) is synthesized based on the
polycondensation reaction of glycerol and sebacic acid and it
is a biologically absorbable material because its polymeric
monomers are natural ingredients (glycerol is a basic compo-
nent of lipids, sebacic acid is a natural metabolic intermediate
of the oxidation of medium-long chain fatty acids w). The
adjustable degree of esterification determines the variable
mechanical properties and degradation behavior of the
polymer."** PGS is non-immunogenic and has been shown to
be non-cytotoxic in vitro and cause only minimal inflammatory
responses. These excellent properties have earned PGS its
status as a soft tissue regeneration scaffold material.'**

Dan Lin et al. combined pegylated polyglycerol sebacate
(PEGS) with MBG to construct a PEGS/MBG double-layer scaf-
fold and evaluated it in a cartilage defect model.'*® The
copolymerization of PGS and PEG improves the hydrophilicity,
and Young’s modulus of PEGS with a low crosslinking degree
(shortening the crosslinking time to 12 h) is ~0.6 MPa,
and provides the viscoelasticity, mimics the mechanical micro-
environment of cartilage matrix, and can significantly stimulate
cartilage differentiation and enhance the secretion of cartilage
matrix. At the same time, MBG, as one of the foci of bone repair
scaffolds, has a great advantage in subchondral bone recon-
struction due to its positive bone inductivity and biodegrad-
ability. The MBG scaffolds prepared in this study showed a high
compressive strength (~5 MPa) and irreversible brittle fracture
under compression, which are similar to the mechanical prop-
erties of femoral trabeculae. PEGS/MBG double-layer scaffolds
provide guidance for differentiating of cartilage and osteogen-
esis, respectively, and can achieve synchronous repair of carti-
lage and subchondral bone. In the study, PEGS/MBG double-
layer scaffolds were inserted into the bone and cartilage defect
with a diameter of 6 mm at the femoral patellar groove joint of
a rabbit. 12 weeks later, micro-CT observation showed that
compared with the blank group and the single-layer PEGS
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scaffold group, only the double-layer scaffolds formed comple-
tely closed subchondral bone and the trabecular thickness was
the highest (426.83 pm). The percentage of bone volume was
the highest (BV/TV = 87.78%), showing remarkable cartilage
and subchondral bone regeneration.

Polyglycerol dodecane dicarboxylate (PGD) is a biodegradable
thermosetting polyester, which is synthesized by polycondensa-
tion of non-toxic monomer glycerol and dodecane dicarboxylic
acid to produce biocompatible by-products. It has shape memory
properties and achieves nonlinear elasticity of soft tissues at
transition temperatures close to body temperature, with tangen-
tial elastic modulus ranging from 0.5 to 5 MPa and elastic
deformation of 70-80%."***” The transition temperature and
mechanical properties of PGD can be adjusted by its synthetic
parameters (curing time and temperature) and can be used to
design degradable implants. This biodegradable polyester, which
is affected by enzymes as it degrades in vivo, can lose 50% of its own
mass in four months (it takes about 16 months for the same weight
to be lost in vitro).">® However, PGD is hampered by harsh curing
conditions (high temperature and vacuum), which limits the
strategy of cartilage tissue engineering to maintain the mechanical
properties of scaffolds, while creating connected porous structures.

Rayan et al. explored the use of acrylic acid chemistry to
produce photocurable PGD, which can solve some clinical
problems that require in vivo curing without thermal curing
conditions.”® The crosslinking density of this photocurable
PGD (APGD) is affected by the acrylic acid content (Acr%) and
increases with the increase of its mass fraction, so APGD
samples with higher Acr% should have greater Young’s mod-
ulus. However, in the tensile test of APGD dog bone samples,
there is no significant difference between Young’s modulus
and fracture strain, and it is believed that the addition of Acr
reduces the shape memory transition temperature, and the
elastic rubberization degree is improved due to the shape
memory effect at the preset 37 degrees Celsius, which cancels
the original increase in stiffness. Even so, APGD still maintains
an elastic modulus of ~5 MPa. Thin films made using APGD
showed good cell viability, and NIH3T3 cells proliferated signi-
ficantly 14 days after inoculation, demonstrating the applicability
of this material in soft tissue engineering. They also attempted to
use the DIW method to fabricate scaffold structures with line
widths of 250, 300, and 400 pm, conducting initial validation of
3D printing applications.

Vegetable oils are a class of rich renewable resources, such
as soybean oil, palm oil, flaxseed oil, castor oil, etc., and they
are mainly composed of glycerol and esterified unsaturated
fatty acid, because they are unsaturated theoretically they can
be directly used as a polymeric monomer. Unfortunately,
photoinduced radical polymerization of these oils either does
not occur or is very slow at the application level. Therefore,
vegetable oils are often converted into epoxides.'*® Of course,
the more common epoxidized vegetable oils generally use active
groups such as double bonds, hydroxyl groups, and ester
groups in the structure of vegetable oils, which are converted
into highly active photocurable monomers or prepolymers
through chemical modifications. Some typical modification
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methods include acrylylation, epoxidation of unsaturated
double bonds, ethylene acylation, amidation, etc.'®® Elastomers
prepared from epoxy vegetable oils have good mechanical
properties, biodegradability, and low toxicity, and because they
can be polymerized by ultraviolet irradiation, SLA, DLP and
other printing methods are highly adapted to them and scaf-
folds with high structural accuracy can be constructed, which
have great potential in soft tissue engineering.'?*'4°

To increase the reactivity of vegetable oils and pay attention
to their toxicity, Diego et al. prepared the epoxide of vegetable
oil (hydrogen peroxide and formic acid are epoxidized) and
multi-component photoinitiated catalysts (phenylbis (2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO), curcumin, etc.)
were synthesized to promote UV polymerization. In subsequent
photocurable printing tests, they also added a light absorbent
(0.1 mg mL ") and a cationic active diluent (tri(ethylene glycol)
divinyl ether, 20%) to the epoxy vegetable oil."*® The addition of
these components is necessary: the former facilitates deep
polymerization; the latter reduces the viscosity of the epoxy
plant oil-based resin, facilitates the formation of a liquid layer
in the printing material, and reduces the shear stress during
the printing process. Anda et al. used an SLA printer to produce
cubes printed with soybean oil epoxidized acrylic (AESO). AESO
eliminates toxicity concerns of petroleum acrylates, provides
high printing accuracy and resolution (25 pm) and the intro-
duction of acrylic groups solves the shortcomings of the high
viscosity of epoxidized vegetable o0il.'>” At the same time,
thermal stability also affects the processability and application
range of the polymer and researchers also tried to introduce
two reactive monomers, 1,6-hexadiol diacrylate (HDDA) and
trimethylipropane triacrylate (TMPTA) to adjust the 3D printing
conditions and improve the thermal properties of the photo-
curable polymer. With the addition of the copolymer, the
thermal stability of AESO photocurable resin is greatly
improved, the glass transition temperature is increased by
more than 10 °C, and the maximum thermal degradation
temperature is increased by 28 °C.

Liu et al. reported the preparation of biocompatible and
biodegradable phosphate ester cross-linked vegetable oil (PVO)
elastomers, which are prepared without the addition of any
solvents and initiators. They are prepared by a simple cross-
linking reaction between phosphorylated castor oil (PCO) and
epoxidized vegetable oil (EVO), epoxidized soybean oil (ESO)
and epoxidized linseed oil (ELO)."”® They evaluated the
mechanical properties of PVO. In the tensile test of dog bone
samples, Young’s modulus of PVO showed a trend of first
increasing and then decreasing with the increase of the epoxide
ratio and the highest modulus was 3.05 MPa. In the compres-
sion test, the PVO elastomer also has a good compressive
strength (0.65 MPa) and the maximum deformation is more
than 50%. PVO elastomers show excellent elasticity in cyclic
compression tests, that is, after 1000 compressions, the stress—
strain curve is almost repeatable and quickly returns to its
original shape. In addition, PVO had low cytotoxicity, and the
cell relative viability was greater than 0.85 after 3 days of L929
cell line culture. At the same time, in rats, PVO is completely
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degraded and absorbed within 3 months and there is only a
very slight inflammatory reaction during the whole process.
These characteristics show the application prospects of the PVO
elastomer in soft tissue engineering.

4. The functional design of CTE
scaffolds

4.1. Release of bioactive factors

Several bioactive factors, most of which are synergistic or
complementary: they comprehensively govern the process of
tissue response, integration and healing; they are also required
for the differentiation of stem cells into mature chondro-
cytes.>'*! In the existing TE research, it is generally adopted
to directly add exogenous bioactive factors or implant the
scaffold loaded with factors to enhance the proliferation and
differentiation ability of stem cells, hence promoting the repair
and reconstruction of the injured site. Growth factors, transitive
genes, and small molecule medicines are frequently considered to
be bioactive factors in biochemistry."*' The classification of
biochemical factors and their effect on the tissue during cartilage
treatment are recorded in Table 1 below.

After the occurrence of articular cartilage injury, the self-
healing ability is poor. By adding exogenous bioactive factors
in the scaffold, they can induce MSCs to differentiate into
chondrocytes, promote the continuous proliferation of cells,
and obviously contribute to the repair of cartilage injury
(although the types of factors are different, they are synergistic
or complementary in the physiological activities of cartilage
reconstruction. This also provides favorable conditions for the
combination of multiple growth factors).

4.2. Seed cells provide renewable resources

In the TE scaffold strategy, osteoblast is an important problem to
be reckoned with, cartilage defects are a very complex and diverse
issue with different locations, types, and degrees of severity."*>
The success of the bracket design strategy depends on closely
examining the cell proliferation differentiation situation and even
the seed cells determine the quality’** of the tissue regeneration.
Due to the limited regenerative capacity of human tissue, TE
technology uses the method of seeding cells on biodegradable
scaffolds to create cell-scaffold constructs to complete tissue self-
healing and regeneration."** The cells involved in this process are
called seed cells. In clinical practice, when selecting and obtaining
seed cells, doctors first consider the adequacy of the cell source,
then speculate the stability of reconstructed cartilage, and finally
judge the severity of donor injury."****> Of course, the clinical
selection is conditional on cells of this type having no or only
weak immune rejection and possessing the ability to produce
tissue-specific ECM proteins.'*!14414>

Chondrocytes, embryonic stem cells, mesenchymal stem
cells, and induced pluripotent stem cells are among the seed
cells commonly employed by CTE researchers. They come from
autologous or allogeneic sources. According to the
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Table 3 Types and efficacy of bioactive factors
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Types of
bioactive

factors

Description

Efficacy on osteochondral units

Ref.

Growth factor

TGF-B (subtypes
1/2/3)

Promoting the differentiation of stem cells into chondrocytes and maintaining their
homeostasis; inhibition of cartilage hypertrophy and degeneration; to promote cartilage
extracellular matrix synthesis and hyaline cartilage formation

110,114,146,147

FGF (subtypes Stimulating the up-regulation of endogenous TGF-$, BMP, VEGF and SOX9 to help in 148,149
2/18) repairing cartilage injury; it is beneficial to stem cell differentiation and chondrocyte
enrichment
IGF-1 Promoting cell proliferation and synthesis of aggrecan type II collagen; activation of 150,151
PI3K-AKt pathway helps MSC migration in achieving cartilage repair
Transitive BMP (subtype 2/4) A genetic protein that induces the differentiation of stem cells and helps in 6,152,153
genes chondrogenesis; it promotes anabolism and catabolism, increases ECM production,
inhibits cartilage hypertrophy and maintains cartilage phenotype
SOX9 It influences the expression of genes important for chondrogenesis and plays a key role 154,155
in chondrocyte differentiation
Runx-2 Binding to the promoter of osteocalcin to regulate chondrogenic differentiation 156
Small molecule Dexamethasone It is often used as a supplement to TGF or BMP to further promote cell proliferation and 157
drugs (DEX) maximize chondrogenic induction to achieve the best chondrogenic or osteogenic effect
Y27632 Inhibiting apoptosis of MSCs; promoting the differentiation of cartilage hormones 158
Ascorbic acid It promotes chondrocyte proliferation and chondrocyte protein secretion 159
Berberine Stimulating chondrocyte proliferation; enhancing aggrecan and Col II expression 160,161
chloride
Lysophosphatidic ~ Promoting chondrocyte proliferation; enhancing cell survival 161,162
acid

differentiation state of cells, they can also be divided into
mature adult cells and stem cells with differentiation potential.

4.3. Other functions

Seed cells and bioactive factors are the two most concerning
issues for researchers in the field and they are also the most
easily considered factors for the design strategy of TE scaffolds.
However, for some special application scenarios, more ideas
about functionalization have been developed and progressively
more people are becoming aware of it (Table 3).

Facing a huge challenge of tissue reconstruction after chon-
drosarcoma surgery, Zhu et al. developed a multifunctional
hydrogel that can be directly written and printed with the
assistance of photocrosslinking for this application scenario.'®®
In their research, repair of defective tissue, tumor recurrence, and
bacterial infection are three issues that may arise in this applica-
tion scenario. To overcome these challenges, methacrylic
anhydride-modified silk protein (SerMA) solution was prepared
and mixed with proanthocyanidin-loaded zeolite imidazolate-
skeleton 8(ZIF-8) nanoparticles modified by polydopamine (PDA)
to obtain a PC@ZIF-8@PDA/SerMA hydrogel. The PC@ZIF-8@
PDA nanoparticles are the major part for achieving the multi-
functional function of scaffolds: PC has good antibacterial and
anti-inflammatory effects; PDA, as a photothermal agent with
high photothermal conversion efficiency,'®* makes tumor ther-
motherapy possible. ZIF-8 is a pH-responsive metal-organic fra-
mework (MOF) that has been frequently reported as a drug
delivery vehicle.'®*'%>'%7 gerMA solution loaded with nano-
particles can promote the repair of damaged cartilage tissue.
The complex material design endows this hydrogel with the ability
to promote tissue repair, spatiotemporally controlled release of
drugs, antibacterial and anti-inflammatory properties, and
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photothermal killing ability of tumor cells, opening up new
avenues for future scaffold functionalization research.

5. The architectural design of CTE
scaffolds

For a long time, it has been the goal of researchers to cons-
truct cartilage scaffolds with ideal performance successfully.
In addition to mechanical proximity to natural cartilage, carti-
laginous engineered scaffolds require suitable macroscopic and
microporosity for cellular attachment and transport of nutri-
ents/wastes.'®® The next-generation CTE scaffolds also require
biodegradability based on biocompatibility, allowing them to
be automatically eliminated from the body after tissue restora-
tion without harming other organs and tissues.'®® Except for
biomaterials that can affect the repair function of scaffolds, the
design of the structure is another area of intense focus. Porous
structures with suitable pores and ideal mechanical properties
can accurately mimic the complexity of natural cartilage units,
which can also encourage the generation of new tissues.'®

5.1. Gradient structure design

The gradient architecture strategy has advanced quickly in
recent years, moving from straightforward single-phase scaf-
folds to more complex biphasic and multiphase scaffolds with
continuous gradients in an ongoing effort, which mimic the
spatial structure and mechanical characteristics of various
cartilage layers.

Single-phase scaffolds represent the earliest design standard
for osteochondral repair technology in structural problems.
A single biomaterial is arranged in the defect area with a single
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structure, which initially mimics the structure of cartilage
tissue, in an attempt to achieve ideal structural strength and
porosity.”%'”! Material homogeneity shows that the scaffold as
a whole has the same material in the same proportion of
components rather than implying that only one material is
employed (as is the inclusion of a supplementary gel phase in
the void of the entire scaffold'”*). The PLA stent prepared in
Derek et al’s study mentioned above® is the most typical
single-phase stent. Many studies have shown that monophasic
scaffolds can support the attachment and proliferation of
osteoblasts to a certain extent, but their ability is very limited,
which is difficult to support the partition regeneration of
cartilage and subchondral bone at the same time.

Stratified multiphase scaffolds are the mainstream of cur-
rent research, including biphasic, triphasic, and continuous
gradient phases.'”® They are regarded as the best osteochondral
scaffolds because of their improved composition, structure,
and mechanical qualities. The different structural layers of
the osteochondral unit, mainly cartilage, and subchondral
bone, have been well accounted for, even when calcified layers
of cartilage tissue are involved, further toward the hierarchy of
native cartilage.

Compared with monophasic scaffolds, layered multiphase
scaffolds have greater advantages: (1) appropriate growth fac-
tors can be added in different layers to simulate cartilage and
bone tissues with different pre-cultured seed cells;'”* (2) differ-
ent types of chemical, mechanical, and biological stimuli
conducive to cell proliferation/differentiation can be provided;
and (3) appropriate microenvironments can be constructed
more precisely to guide cell/cell and cell/matrix communi-
cation.'”” Thunsiri et al. proposed a bilayer scaffold prepared from
biomaterials.®” The cartilage (AC) layer was composed of polylactic
acid (PLA) and polycaprolactone (PCL) hybrid fibers, which were 3D
printed and freeze-dried with chitosan (CS)/filamentous fibers
(SF), and the subchondral bone layer was simulated by PLA,
PCL, and 15% (wt%) nHA. The addition of nHA significantly
increased the compressive stress of the subchondral bone layer
compared with the AC layer; the cell viability of PCL/PLA/15nHA
was also higher (177.18 &+ 2.87% and 277.21 + 16.93%) than that
of the control group (PCL/PLA), a similar situation (158.62 +
16.61% and 308.28 + 7.88%) occurred after CS/SF treatment
compared with before treatment in the AC layer.

The three-phase layered scaffold introduces a calcified carti-
lage simulation layer based on the second phase. The newly
added layer helps in supporting a load of articular cartilage, whilst
also serving as a physical barrier, inhibiting vascular invasion,
preventing ossification of full-thickness cartilage, and compre-
hensively regulating the tissue integration ability of the contact
section between the implanted scaffold and host tissue.'”® Li et al.
designed a biomimetic three-layer fiber-reinforced hydrogel
scaffold"’” and fabricated a PLGA/B-TCP composite into a three-
phase CTE scaffold using a low-temperature assisted DIW. It was
also proposed in their work to attempt inoculating MSCs in vitro,
and they attached the three layers using “Iytic adhesion technol-
ogy” to create stable three-layer biomimetic scaffolds."”” Biologi-
cal experiments showed that the number of cells in the scaffolds

24258 | Phys. Chem. Chem. Phys., 2023, 25, 24244-24263

View Article Online

Perspective

increased synchronously with the increase of experimental time
and a stable plateau of cell proliferation began to appear from 7 to
11 days. When observed by SEM, there were differences in the cell
morphology between the cartilage layer and the bone layer of the
scaffold (in human tissues, the cell morphologies of different
layers of cartilage are also different). These results partly confirm
the role of the introduced calcified layer as an osteochondral
interface: the calcified layer can successfully isolate the bone and
cartilage microenvironment and minimize their interaction.
Whereas they did not study the effect of calcified layers, such as
reducing vascular invasion into the cartilage layer of the scaffold,
and they also mentioned in the article that they will continue to
improve the research. However, the gradient between each level of
the three-phase layered scaffold is discrete, which cannot mimic
the smooth transition between tissues and does not have a clear
interface.'”®

Continuous gradient transition has greater adaptability to
most natural conditions, which can improve load transfer and
avoid interfaces with potentially unstable mechanical properties.
Sun et al'”® concluded that region-dependent chondrogenic
differentiation and ECM deposition can be induced by biomi-
metic structures that replicate gradient anisotropic structures and
signaling techniques in various layers. Continuous gradient scaf-
folds do not exhibit independent layer structures, but are manu-
factured as a single matrix with gradient properties,"** %> which
avoids stratification during loading. This structure promotes
chondrogenic/osteogenic differentiation and ECM deposition of
BMSC (or other seed cells). Continuous gradient scaffolds are
developed by buoyancy, magnetic attraction, and electrical attrac-
tion techniques;'®*™% they have a gradual transition between
different areas of the structure. These scaffolds are preferable to
monophase, biphasic, and general multiphase scaffolds in the
restoration of osteochondral lesions because they can more
accurately mimic the natural features of the joint. Similarly, the
preparation of continuous gradient scaffolds is also considerably
more challenging and relevant studies still need to be carried out.

5.2. Balance between porosity and mechanical properties

Designing a TE scaffold for chondro-bone interfaces requires
accurate representation of load and stress distributions, spa-
tiotemporal controlled release of biochemical factors, and
graded porous structures. Interconnected open pores are more
conducive to cell migration and nutrient flow.'***%° In addition to
requiring scaffolds to use biomaterials that match the mechanical
properties of native tissues, the osteochondral tissue exhibits an
ordered structure with varying degrees of mineralization and pore
size that a successful scaffold must precisely mimic."*”"*%'*! In
short, scaffolds need to strike a balance between suitable pores
and the mechanical properties of native cartilage tissue, which
means that they should be met simultaneously. Traditional TE
does not have a solution to this intractable problem. Some
manufacturing technologies (such as foaming, electrospinning,
and freeze-drying) are stochastic in the preparation of high-
performance porous structures and it is difficult to control the
distribution of diverse composite material components in 3D
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space."”” "> The development of 3D bioprinting has given a new
approach to the academic community.

Sean M. Battner et al. varied the vertical gradients of scaffold
porosity and the ceramic content to mimic the changes in
composition and pore morphology in native osteochondral
units in developing a PCL-HA scaffold.'*® Meanwhile, they
evaluated the printing reproducibility and scaffold structure
for inclusion in the study. The printed structures were
then subjected to uniaxial mechanical compression to assess
the effect of scaffold porosity and ceramic content on their
mechanical properties (compressive modulus and yield stress).
It was found that the compression modulus and yield stress of
the small hole (0.2 mm) scaffolds were significantly higher than
those of all other groups after grouping, while there was no
significant difference in compression modulus and yield stress
between the medium hole (0.5 mm) and large hole (0.9 mm)
scaffolds. In the same aperture group (0.2 mm, 0.5 mm, and
0.9 mm), the compressive modulus and yield stress are inde-
pendent of the ceramic content, indicating that the incorpora-
tion of ceramic gradient does not significantly affect the
structure’s mechanical properties. The uniaxial compression
test shows that the porosity, compressive modulus, and yield
stress are inversely proportional. The porosity gradient scaf-
folds exhibit similar compression properties to the scaffolds
with the highest porosity fraction, indicating that these proper-
ties are more influenced by the weakest part of the gradient.

6. Challenges and future perspectives

Cartilage injury is a serious clinical challenge because of the high
prevalence of injury, the presence of only a small number of cells
in cartilage, and the poor intrinsic healing ability."®” Considering
the stratified structure of osteochondral tissue, injured tissue
reconstruction remains a major challenge. For example, articular
cartilage and subchondral bone are unified functional units; the
conflict between the ischemic and nonneuronal character of
hyaline cartilage and the vascular richness of subchondral bone
needs to be resolved. The complex structure and biomechanical
properties of osteochondral tissue bring great challenges for the
construction of TE substitutes with high fidelity to native tissues.
In addition to scaffold manufacturing, cell differentiation and cell
patterning are also important factors in the process of regenera-
tion. Appropriate manual intervention for cell differentiation at
different levels of regions should be considered.

As a revolutionary manufacturing process, 3D printing offers
many opportunities for advancement in the field of CTE.
At present, the main problem in terms of technology is how
to improve printing resolution, printing speed, and processing
costs. Without a doubt, the expansion of biomaterials, the
selection of seed cells, and the adaptation of bioactive sub-
stances are also crucial.
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