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Abstract

Temporomandibular joint (TMJ) osteoarthritis causes fibrocartilage damage to the TMJ
disc and mandibular condyle, resulting in local pain and functional impairment that
further reduces patients’ quality of life. Tissue engineering offers a potential treatment
for fibrocartilage regeneration of the TMJ disc and mandibular condyle. However, the
heterogeneous structure of TMJ fibrocartilage tissue poses significant challenges for
the fabrication of biomimetic scaffolds. Over the past two decades, some researchers
have attempted to adopt three-dimensional (3D) printing techniques to fabricate
biomimetic scaffolds for TMJ fibrocartilage regeneration, but publications on such
attempts are limited and rarely report satisfactory results, indicating an urgent need
for further development. This review outlines several popular 3D printing techniques
and the significant elements of tissue-engineered scaffolds: seed cells, scaffold
materials, and bioactive factors. Current research progress on 3D-printed scaffolds for
fibrocartilage regeneration of the TMJ disc and mandibular condyle is reviewed. The
current challenges in TMJ tissue engineering are mentioned along with some emerging
tissue-engineering strategies, such as machine learning, stimuli-responsive delivery
systems, and extracellular vesicles, which are considered as potential approaches to
improve the performance of 3D-printed scaffolds for TMJ fibrocartilage regeneration.
This review is expected to inspire the further development of 3D printing techniques
for TMJ fibrocartilage regeneration.

Keywords: 3D printing; Cartilage regeneration; Temporomandibular joint disc;
Mandibular condyle

1. Introduction

Temporomandibular joint (TM]) is a synovial joint composed of the mandibular
condyle, temporal fossa, and articular disc, whereas the TM] cartilage is composed of
fibrocartilage, which is distinct from hyaline cartilage!’l. TM]J osteoarthritis is defined
as a degenerative and low-inflammatory disease in the unilateral or bilateral TM]J,
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which affects 9.8% of the adult and elderly population*.
Among the complicated etiological factors of TM]
osteoarthritis, the fundamental cause is assumed to be the
excessive mechanical loading on the healthy or impaired
articular fibrocartilage, which may result from mandibular
asymmetry, severe malocclusion, and muscle overusel*.
Locally, the excessive mechanical loading would lead to
both displacement and impairment of the TM] disc and
progressive osteochondral defects of the mandibular
condyle®), with flattening and erosion of the articular
surface as the typical morphologic changes on the cone
beam computed tomography®®. The typical pathological
change in the fibrocartilage tissue in the early phase of
TM]J osteoarthritis is chondrocyte apoptosis or necrosis,
along with the overexpression of inflammatory cytokines
in the synovial fluid of patients”. As TM] osteoarthritis
progresses, patients may exhibit orofacial pain, mouth-
opening limitation, and joint clicking sound as common
clinical symptoms, affecting swallowing, speaking, and
other orofacial activities!”.

Treatment alternatives for TM]J osteoarthritis are
primarily divided into non-surgical and surgical options,
dependingontheseverity ofthecase?. For TMJ osteoarthritis
patients with mild pain and clicking sounds, conservative
treatment, such as arthrocentesis with/without hyaluronic
acid injection, occlusal splints, and non-steroidal anti-
inflammatory drugs, aiming to relieve pain and pathological
progress is recommended”. When local inflammation has
severely impaired most of the TMJ anatomical structure
and caused intractable pain, surgical intervention would
be the priority treatment option. Functional restoration
of the TMJ can be achieved by joint replacement using
an autologous bone, such as costochondral grafts and free
fibula flaps, or an artificial joint®. Autologous cartilage
transplantation, on the other hand, would pose additional
lesions and risk of complications at the donor site.
Allogeneic cartilage transplantation avoids the donor site
lesion but has limited application due to the risk of immune
rejection. Regarding the long-term treatment effects of
TM]J prosthesis, postoperative complications, such as metal
particulation leading to osteolysis, have been reported, and
therefore, patients treated by TMJ prosthesis have to take
the risk of revision surgery!"”.. Considering that the need
for physiological reconstruction of TM]J condyle and disc
remains unmet based on the existing treatment regimen,
cartilage tissue engineering has garnered increasing
attention as a promising alternative for TM]J fibrocartilage
defects.

With progressive achievements in biomaterials and
regenerative medicine, cartilage tissue engineering has
been increasingly explored. The primary process of cartilage
tissue engineering is to select one or some specific cells

as seed cells, and inoculate them with bioactive additives
on biodegradable scaffolds to form artificial grafts, which
are transplanted into the cartilage defect!"!. Degradation
of the scaffold material occurs simultaneously with cell
proliferation and cartilage matrix secretion, resulting in the
formation of new cartilage and local anatomical structures.
However, the complex heterogeneous structures of the
TM]J disc and mandibular condyle pose great challenges
to the fabrication of biomimetic tissue structures based
on traditional scaffold-based strategies. Notably, three-
dimensional (3D) printing has emerged in recent years
as a promising technique, which allows precise control
of the internal structure and dimensional parameters
of scaffolds to fabricate bionic scaffolds for articular
cartilage regeneration!?. Unfortunately, in some reviews
on TMJ regenerative medicine, the content related to
3D-printed scaffolds for TM] tissue regeneration was very
limited and thus did not fully present the great potential
of 3D-printed scaffolds!">'*. On the other hand, several
reviews focusing on 3D printing technology in various
cartilage tissue-engineering fields, such as knee joint,
meniscus, intervertebral disc, ear and nose, etc., have been
published recently, while reviews on 3D-printed scaffolds
for TMJ fibrocartilage regeneration are lacking!'>'>%],
With the increasing popularity of 3D printing techniques
in tissue engineering and regenerative medicine, the great
potential of 3D-printed scaffolds for TM]J fibrocartilage
regeneration should not be ignored. Therefore, in this
review, we will briefly introduce some popular 3D printing
techniques and a scaffold design framework, and then
summarize the research progress of 3D-printed scaffolds
for TM] fibrocartilage regeneration, followed by some
current challenges and emerging tissue-engineering
strategies, which are potential approaches to improve the
performance of 3D-printed scaffolds.

2, 3D printing techniques for cartilage
tissue engineering

The initial step in the 3D printing process to achieve
articular cartilage regeneration is to scan the biological
tissue or organ with computed tomography and magnetic
resonance imaging and build 3D models based on
the acquired data of the tissue characteristics. Then,
appropriate biomaterials are adopted to fabricate scaffolds
using 3D printing techniques. Seed cells are cultured
with specific bioactive factors (BFs) and then seeded into
the 3D-printed scaffolds to enhance their performance.
Another strategy is to fabricate the bioink consisting of
seed cells, BFs, and scaffold materials"™. A 3D bioprinter
under the control of computer can convert the obtained
data into a 3D-printed scaffold using bioink. Subsequently,
in vitro culture will accelerate the maturation and promote
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Figure 1. Schematic diagram of different 3D printing techniques supporting bioink. (A) Inkjet printing. (B) Extrusion-based printing (EBP). (from
ref."” licensed under Creative Commons Attribution license). (C) Laser-assisted printing (LAP). Reproduced with permission from Ravanbakhsh H,
Karamzadeh V, Bao G, et al., Adv Mater, Copyright © 1999-2023 John Wiley & Sons!*!l. (D) Stereolithography. (E) Digital light processing. (from ref.?”)
licensed under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 license).

the biological properties of the artificial scaffold, which
is then transplanted to the tissue defect site in vivo.
Compared with the traditional 3D printing techniques,
some 3D printing techniques supporting bioink have
greater potential in cartilage tissue engineering and have
gained growing popularity in recent years, and some of
them are introduced below (Table 1).

2.1. Inkjet printing

Inkjet printing technology is characterized by low-cost, high
printing speed, relatively high cell viability, and combined
use of bioinks with different properties (Figure 1A)2.
During the electronically controlled printing process, the
bioink is squeezed into micron-scale droplets at the printer
head by a thermal or piezoelectric actuator. The droplets
of a controllable size are sprayed onto the substrate, and
the tailored 3D structure is generated by layer-by-layer
deposition of bioink®. The thermal inkjet system and
the piezoelectric inkjet system differ in their operating
principles and characteristics. In a thermal inkjet system,
a tiny heating element near the nozzle rapidly heats up to
200-300°C in a few microseconds to form bubbles, which

then expand and push the bioink out of the nozzle to form
dropletsi??. The bioink used for thermal inkjet printing
must be thermally stable, which limits the choice of bioink.
Compared with thermal inkjet printing, piezoelectric inkjet
printing generates a pressure pulse inside the nozzle by a
piezoelectric element, thus avoiding potential adverse effects
on cells in the bioink from the thermal stress. However, it
is difficult for the thermal/piezoelectric inkjet system to
print with bioinks with high viscosity or high cell density
due to nozzle clogging®. In recent years, the acoustic
droplet ejection technology has been developed, which
forms droplets by acoustic energy and has the advantage of
protecting the printheads from clogging by manipulating
the droplet size/**.

2.2. Extrusion-based printing

The principle of the extrusion-based printing (EBP)
technique is that the pneumatic, piston, or screw-driven
device generates continuous pressure to extrude the bioink
from the nozzle to form filaments, which are deposited
on the platform to form a 3D structure (Figure 1B)@2.
Several variations of EBP strategies have been developed
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Table 1. Comparison of different 3D printing techniques in cartilage tissue engineering

[25-32]

« Low cell viability (40%-80%)

« High bioink viscosity
« Moderate resolution

« Embedded printing
« Co-axial printing

Extrusion-based printing

« High cell density (>10° cells/mL)

« Suitable for multi-material and various

o Multi- or single-nozzle multi-material

printing

printing demands

« Continuous chaotic printing

[23,30,33,35,36]

« Low cell density (<10° cells/mL)

« High cost

« High cell viability (>95%)

« High bioink viscosity
« High print resolution

Laser-assisted printing

» Complex control system

30,32,37,40]

« Only support liquid photosensitive materials

« High cell viability (>85%)

« High print resolution

« Stereolithography

Vat photopolymerization

« Digital light processing

to meet different printing requirements, such as embedded
printing, co-axial printing, multi- or single-nozzle multi-
material printing, and continuous chaotic printing®. For
example, single-nozzle multi-material printing allows the
synchronized delivery of different bioinks with an array
of nozzles to fabricate the product with heterogeneous
materials and gradient hierarchical structures®. In addition,
the fabrication of multi-material core-shell structures that
mimic anatomical tissues can be easily achieved by co-axial
printing®. The nozzle size can be adjusted by computer to
realize the control of the printing resolution™. However,
compared with other 3D printing technologies, the printing
resolution of the EBP is lower, resulting in poorer accuracy
of cell organization®. The reduction in nozzle diameter
may place greater shear stress on the cells, resulting in a
decrease in cell viability®!. Despite such drawbacks as
limited resolution and lower cell activity, EBP is still widely
applied due to fast printing speed, ease of implementation,
and support for a wide range of bioinks, especially bioinks
with high cell density or high viscosity®?..

2.3. Laser-assisted printing

Laser-assisted printing (LAP) is a nozzle-free printing
approach that avoids technical problems associated with
the printhead, such as nozzle clogging. LAP is composed
of a pulsed laser source, a donor slide, and a receiver slide
(Figure 1C)™. The donor slide consists of three layers from
top to bottom, which are made of transparent glass, metal,
and bioink, respectively. The working principle of LAP is
derived from laser-induced forward transfer technology,
which was introduced over 30 years ago®". The ultraviolet
(UV) light from a pulsed laser source projects onto the
energy-absorbing layer (metal layer) of the donor slide
and causes local vaporization. The vaporization-induced
bubbles push the bioink layer on the lower part of the
donor slide to form droplets, which are deposited on the
receiving substrate and quickly crosslinked®. In the non-
contact printing process, cell viability can be protected
by adjusting the thickness of the metal film"®. Moreover,
cells are free from either thermal or mechanical stress, thus
maintaining a relatively high cell activity (>95%)*. By
adjusting the parameters of the laser pulse, high-precision
printing of bioinks with different viscosities can be
achieved. However, compared with nozzle-based printing
technology, the high cost and complex control system limit
the application of LAPBY,

2.4.Vat photopolymerization

Vat photopolymerization (VPP) 3D printing includes
stereolithography (Figure 1D) and digital light processing
(Figure 1E)®). The principle of stereolithography is that
the liquid photosensitive bioink is photopolymerized in
a vat under exposure to UV light. After the computer-
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controlled laser completes the bioink solidification on
the surface layer, the vat is lowered. The next layer is
crosslinked at the top of the previous section, and layer-
by-layer solidification eventually forms a 3D model®?. In
contrast to stereolithography, in the course of digital light
processing, UV light projects a 2D pattern onto the surface
of the liquid resin material through a digital micromirror
device. With the vertical movement of the substrate,
the liquid resin material is solidified layer by layer until
a designed structure is constructed®”. VPP prevents cells
from physical stress, thus maintaining high cell viability
and supporting high printing resolution’. However,
VPP is only applicable to liquid photosensitive materials,
which limits its application scopel®). In the past decade,
several strategies of VPP have been developed to fabricate
multi-material constructs, including multi-vat, sequential
injection, sequential deposition, and multi-wavelength,
thus increasing the potential of VPP for tissue-engineering
applications!*!l.

3. Scaffold components

3.1.Seed cell

Due to thelack of blood vessels and nerves, articular cartilage
tissue has insufficient self-repair capacity. Therefore, seed
cells are required to have the ideal ability to proliferate and
secrete extracellular matrix (ECM). Seeding techniques
such as static seeding, negative pressure seeding, centrifugal
seeding, spinner flask, orbital shaker, and perfused bioreactor
can be used to seed cells onto the scaffolds to promote
articular cartilage regeneration'>*. The commonly used
seed cells in cartilage tissue engineering and the effects of
cell density in the scaffolds will be discussed below.

Mature chondrocytes as part of cartilage tissue can
be cultured in vitro, then inoculated onto 3D-printed
artificial scaffolds, and ultimately transplanted into the
defect site to promote articular cartilage regeneration.
The feasibility of this regimen has been verified on mature
chondrocytes from various sources, including humans,
bovine, rabbits, etc.” Specifically, compared with tissue-
engineered constructs with articular chondrocytes, tissue-
engineered constructs with costal chondrocytes showed
greater glycosaminoglycan (GAG)/wet weight and tensile
strength, suggesting a better tissue-engineering potential of
costal chondrocytes in TM] fibrocartilage regeneration.
Furthermore, the passaged costal chondrocytes were
demonstrated to have potential superiority over primary
costal chondrocytes in TM] fibrocartilage tissue
engineering, as the former produced more GAG than the
latter in vitro"l. An in vivo study further confirmed the
ability of the passaged costal chondrocytes in TMJ disc
repair”. Chondrocytes co-cultured with other types of
cellshave been demonstrated to be a feasible strategy in TM]J

fibrocartilage tissue engineering, such as fibrochondrocytes
and articular chondrocytes®. The limited availability
of tissue and dedifferentiation tendency during in vitro
culture are assumed to be the main challenges of mature
chondrocytes as seed cells in application!"?.

Mesenchymal stem cells (MSCs) have been widely used
as seed cells in TMJ fibrocartilage tissue engineering due
to their great ability of differentiation, proliferation, and
ECM secretion. Extensive research has demonstrated the
potential of MSCs from bone marrow, adipose tissue, and
synovial fluid for TMJ fibrocartilage tissue engineering!*!.
Continuous attempts have been made to explore more seed
cells suitable for TMJ fibrocartilage tissue engineering.
It has been reported that dental pulp stem cells (DPSCs)
seeded on the scaffold were cultured in chondrogenic
media for 8 weeks, resulting in increased gene expression
of fibrocartilaginous markers®. In addition, umbilical
cord MSCsP!!, induced pluripotent stem cells (iPSCs)®?,
periodontalligament stem cells (PDLSCs)"*), and deciduous
teeth stem cells (DTSCs) have been demonstrated as
potential seed cells in TM]J regenerative medicine.

The effect of cell density on cell behavior and scaffold
properties should not be ignored. Excessive cell density
may lead to a decrease in the ability of individual cells to
secrete ECM and prolong the expansion cycle of cell culture
in vitro, while low cell density may not be conducive to cell
differentiation and secretion of ECM®. The density of
articular chondrocytes is distributed in a density gradient,
gradually decreasing from superficial to deep™. To mimic
natural articular cartilage, cell density gradient scaffolds
were fabricated and it was demonstrated that ECM
production was positively correlated with cell density*”*l.
Furthermore, the comparison of the scaffolds seeded with
different initial cell densities showed that the compressive
stiffness, modulus, thickness, and wet weight as well as
GAG and collagen content of the cartilaginous constructs
increased with increasing cell density™. A recent review
summarized that the cell density in the majority of bioinks
for articular cartilage repair ranged from 5 to 20 x 10° cells/
mL!"?. Under the specific conditions, desirable results can
also be achieved by the scaffolds with the cell densities of
25 x 10° cells/mLI*”, 50 x 10° cells/mL!*", 60 x 10° cells/
mL*?, and so on. So far, there is no gold standard for
optimal cell density because it depends on cell type, scaffold
biomaterial, BFs, and culture conditions. Therefore, it is
suggested to compare the effects of the combination of the
specific scaffold and multiple cell densities to determine
the appropriate cell density for the specific scaffold.

3.2. Scaffold biomaterial
Artificialscaffolds withbiocompatibilityand biodegradability
are required to have mechanical properties similar to
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those of articular cartilage tissue, including hardness,
viscoelasticity, compressive modulus, shear stress, etc.
Artificial scaffolds serve to bear loading and remain intact
after implantation into the cartilage defect, providing space
for cell differentiation, proliferation, and ECM secretion. As
the local tissue regenerates, the artificial scaffold degrades
at an appropriate rate, leaving no toxic residue. A recent
review compared the properties and limitations of different
biomaterials in cartilage tissue engineering®®’. Scaffold
materials can be broadly categorized into two groups:
natural biomaterials and synthetic biomaterials, both of
which are briefly discussed below.

There has been a wealth of research on natural
biomaterials in cartilage tissue engineering, including
collagen, silk fibroin, fibrin, gelatin, sodium alginate
(SA), hydroxyapatite (HA), hyaluronic acid (HyA),
agarose, chitosan, chondroitin sulfate, and decellularized
extracellular matrix (dECM)!'>**%,  Despite ideal
biocompatibility = and  cytocompatibility, = natural
biomaterials innately possess several flaws, such as
poor mechanical properties, poor thermal stability,
inappropriate degradation rate, etc. Several strategies
have been proposed to overcome the obstacles. Compared
with the 3D-printed scaffolds with SA alone, those with
the combination of SA and type I collagen exhibited
higher mechanical strength and effectively suppressed the
dedifferentiation tendency of chondrocytes!**. In addition,
physical and chemical modifications have been adopted
as an effective approach to impart favorable 3D printing
properties to the natural biomaterials (collagen, HyA,
chondroitin sulfate, and dECM)!?l,

Common synthetic biomaterials include polyvinyl
alcohol (PVA), polyethylene glycol (PEG), polycaprolactone
(PCL), polyurethane (PU), polyglycolic acid (PGA), poly
(D, L-lactic-co-glycolic acid) (PLGA), and poly (lactic
acid) (PLA)®**%1 Compared with natural biomaterials,
synthetic biomaterials are gaining popularity due to their
advantages such as better printability, structural stability,
controlled mechanical property, and degradation rate.
However, some undesirable properties of synthetic
materials, such as bioinert and slow degradation rate, are
not conducive to articular cartilage regeneration*.. Recent
attempts to combine natural and synthetic biomaterials to
fabricate hybrid scaffolds provide an effective approach
to improve scaffold performance!®’.. For instance, the
PCL scaffolds modified with chitosan hydrogel were more
conducive to the adhesion and proliferation of synovial
MSCs than PCL scaffolds!*”.

3.3. Bioactive factor
Growth factors (GFs), mineral ions, and intracellular
signaling molecules are collectively referred to BFs, which

play a vital role in articular cartilage regeneration. BFs can
be loaded onto the scaffolds by direct blending or soaking,
surface coating, embedding micro-nano particles, etc. to
enhance the scaffold performance, such as promoting cell
growth, differentiation, and proliferation, and benefiting
ECM production and homeostasis!®®!. In previous research,
BFs used to promote cartilage regeneration included bone
morphogenetic proteins (BMP), fibroblast growth factor
(FGF), transforming growth factor beta (TGF-f), insulin
growth factor (IGF), NEL-like molecule-1 (NELL-1),
platelet-derived growth factor (PDGF), epidermal
growth factor (EGF), SOX family of transcription factors,
interleukin 1 (IL-1), vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), connective
tissue growth factor (CTGF), and tumor necrosis factor
alpha (TNF-a)!123003¢1 " Platelet-rich plasma (PRP) is a
common source of BFs, containing IGF-1, PDGE, FGE,
and TGF-B11"%. PRP can also be incorporated into bioink
to form a 3D-printed scaffold that serves to promote
chondrogenic differentiation of MSCs and deposition
of ECM components”. In addition, the combined
application of multiple BFs exerts a synergistic effect in
promoting TM] fibrocartilage regeneration, such as CTGE,
BMP-2 and TGF-f3"", BMP-2 and TGF-B17%. In general,
screening for the optimal combination of seed cells, BFs,
and scaffold materials is one of the research foci in TM]
fibrocartilage tissue engineering, and further investigations
are needed (Figure 2).

4.TMJ disc cartilage tissue engineering

4.1. Anatomy

The TM]J disc is located in the joint capsule between the
glenoid fossa and the mandibular condyle, ensuring that
the mandibular condyle slides smoothly anteriorly and
posteriorly during mouth opening and closing (Figure 3A).
The morphologicalappearance of the TM] discisabiconcave
and roughly-oval fibrocartilaginous plate, with a medial-
lateral axis averaging 2.36 + 0.0609 cm and an anterior-
posterior axis averaging 1.40 + 0.149 cm (Figure 3B)".
The collagen fibers form a ring around the periphery of
the disc and are aligned anteroposteriorly throughout the
intermediate band (Figure 3C)!". The TM]J disc can be
divided into four sections: an anterior band (approximately
2 mm thick), an intermediate band (approximately 1 mm
thick), a posterior band (approximately 3 mm thick), and
a posterior bilaminar region. Water, collagen, and GAG
are three major components of the TMJ disc, accounting
for 74.5 £ 4.2% wet weight, 62.0 + 11.4% dry weight, and
3.2 + 1.4% dry weight, respectively”. The distribution
characteristics of the three components and the different
biomechanical properties in different regions were
mentioned in the previous research”..
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Components of 3D-printed scaffolds for articular cartilage regeneration

!

Natural biomaterials

collagen silk fibroin fibrin gelatin
SA HA HyA agarose chitosan
chondroitin sulfate dECM

Synthetic biomaterials
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Figure 2. Schematic diagram of components of 3D-printed scaffolds for articular cartilage regeneration. *, too low or too high cell density is not advisable
due to their undesirable effects on the cell behavior and scaffold performance; therefore, it is suggested to compare the effects of specific scaffolds with
multiple cell densities to determine the appropriate cell density for the specific scaffolds.
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Figure 3. Anatomy of temporomandibular joint (TM]). (A) Human TM] sagittal schematic. (from ref.*” licensed under Creative Commons Attribution
license). (B) A 3D computer-aided design model of human TM]J. Reproduced with permission from Legemate K, Tarafder S, Jun Y, et al., ] Dent Res, 95:
800-77%. (C) Schematic diagram showing the arrangement of the collagen fibers in TMJ disc (top view). Reproduced with permission from She Y, Tang S,
Zhu Z, et al., ] Biomed Mater Res B Appl Biomater, 111: 717-29"%. (D) Schematic representation of the gradient structure of the mandibular condylar

fibrocartilage.

4.2, 3D-printed scaffolds for fibrocartilage
regeneration

Since the TMJ disc is a fibrocartilage disc containing
fibroblasts and chondrocytes, several strategies have been
proposed to realize the spatiotemporal delivery of different
GFs in the MSCs-loaded 3D-printed scaffolds (Table
2). In 2016, Legemate et al.”! selected CTGF as a pro-
fibrogenic factor and TGF-B3 as a chondrogenic factor,

both of which were encapsulated with PLGA microspheres
(uS). Subsequently, two types of PLGA pS were spatially
embedded into 3D-printed PCL scaffolds using EBP to
achieve the spatiotemporal delivery of GFs”®.. Fluorescence
images showed that TGF-B3 was mainly distributed in the
intermediate band of the scaffold, while CTGF was scattered
throughout the whole area (Figure 4A and B). Spatiotemporal
delivery of GFs led to the formation of inhomogeneous
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A 5 2 5 . . o
2158 S S S These findings suggest the potential application of CTGF/
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LAR=T =S & N ] . . .
==2 = =5 O TGE-B3-pS scaffolds in TMJ disc repair.
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g = 8 manufacturing parameters and approaches on the product
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& | E < g the compression stress and modulus of the PCL-PEGDA
g 8¢ . . . 1 .
3 § 3 5 o & g = multi-material scaffold increased with increasing nozzle
ot 0 Q ~ .
2 5. |5 .18 |s 2 z% temperature (78-86°C). When the filament size was
g EPn reduced from 300 to 200 um, the compressive modulus
g 2 2 |2 E8 was almost halved. Compared to the PCL scaffold
= N N N 2 p
S | g S s |8 3B modified with a rogel shell, the scaffo
g ls & £ | E g dified with a PEGDA hydrogel shell, the PCL scaffold
5 § g g g = g modified with a PEGDA hydrogel core showed better
1= 8/8/8l8 |8 £ g8 mechanical properties that were closer to the native
= TS| SRR = N @ 2 p P
% Elzlzlzls |z S e disc. In 2021, Angelo et al. further investigated the
= g 5d biological properties of the PCL scaffold with a PEGDA
= Z = g prop
g ¢ ’i% 2 hydrogel shell (PCL +PEGDA) in vivo, which was
& E § =i compared to the pure PCL scaffold and poly(glycerol
5 |8 =% bacate) (PGS) scaffold modified with elect PCL
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&% 4 §°§ ® fibers (PGS + PCL). Histologic, imaging, and kinematic
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3 | £ = £ analysis demonstrated that no regenerated disc was
=¥ .
T NEIHEERE & b % & observed in any group. The PGS + PCL scaffold showed
g | == ol R £ g 5 excellent biocompatibility as it was rapidly resorbed.
iy 2w Besides, the PGS + PCL scaffold prevented condylar
2 259 1% y
< Elz|_ _ é EE degenerative changes, which were still observed in both
= HEBE = $¢% the PCL scaffold and PLA + PEGDA scaffold groups. It
N e & . .
= MEEIEEE S 25 % is noteworthy that the PCL-based 3D-printed scaffolds
¢ S| 3| s S et 5%k in the above-mentioned studies were fabricated without
BEIE Sl sl |2 s =R 3 combination seed cells or BFs. Therefore, further research
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E 2| IE|S|E |8 s 2E g PCL-based 3D-printed scaffolds is needed.
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Figure 4. 3D-printed scaffolds for TMJ disc fibrocartilage regeneration. (A) 3D-printed PCL scaffolds of TM]J disc based on the 3D laser scanning data. The
size of PCL microstrands (300 um) and interstrand distance (300 um) and the relative microstrand density parallel to the alignment direction compared
with the perpendicular direction (2:1) were determined to closely approximate the native tensile properties. (B) Spatial control of connective tissue growth
factor (CTGF) throughout the scaffolds and transforming growth factor beta 3 (TGF-B3) in the intermediate zone. (C) After a 6-week culture with human
mesenchymal stem/progenitor cells, the CTGF and TGF-B3 microsphere-embedded scaffold showed type I collagen throughout the scaffold and aggrecan
in the intermediate zone. Reproduced with permission from Legemate K, Tarafder S, Jun Y, et al., ] Dent Res, 95: 800-77\. (D) Microcomputed tomography
analysis and cross-section images of PCL scaffold modified with a PEGDA shell (upper) and a PEGDA core (lower). (from ref.”” licensed under Creative
Commons Attribution license.) (E) Schematic illustration of the construction process of the composite scaffolds. (from ref.*” licensed under Creative
Commons Attribution license).

Another approach to modify the PCL scaffold is to third disc. After 3 months, histological analysis showed
immerse the 3D-printed PCL scaffold in the PVA hydrogel no degenerative changes in the mandibular condyle, and
solution, and network crosslinking is achieved after ingrowth of fibrous tissue was observed around the PCL. A
three freeze-thaw cycles™. The in vitro study showed probable explanation was that the gaps between PVA and
that the PVA-PCL scaffold possessed non-cell-adhesive PCL provided spaces for fibrous tissue ingrowth, which
nature, desirable surface smoothness (friction coefficient was thought to be an advantage of the PVA-PCL scaffold.

at 0.0662), similar porosity, compressive property, and Although the PCL and PU scaffolds usually had smooth
viscoelasticity as a natural TMJ disc. The PVA-PCL scaffold surfaces, they lacked the desired ability to promote cell
was then implanted in the goats to replace the lateral one- adhesion and growth. To address this challenge, Yi ef al.l*"
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coated the PCL/PU scaffolds with polydopamine (PDA)
and then combined them with dECM derived from porcine
TM]J discs (Figure 4E). The modified scaffolds exhibited
higher tensile modulus and compressive moduli. PDA-PCL/
PU and PDA-PU had similar compressive modulus to the
central region and the peripheral region of the human TM]
disc, respectively. Compared with the original scaffolds,
the chondrogenic-specific markers (Sox 9 and Col II) and
fibrous-specific marker (Col I) were upregulated in the
modified scaffolds after they were seeded with rat costal
chondrocytes and 1929 fibroblasts and cultured for 14 days.
Invivo tests further confirmed the ability of the PDA coating
to enhance chondrogenesis and fibrogenesis.

5. Mandibular condyle cartilage tissue
engineering

5.1. Anatomy

The immunohistochemical staining of the fibrocartilage
of the mandibular condyle revealed that type I and type
IT collagen predominate in the superficial zone and deep
zone (the mature and hypertrophic zones), respectively,
which is different from articular hyaline cartilage!®'.
Specifically, the fibrocartilage covering the upper surface
of the mandibular condyle can be subdivided into four
layers super-inferiorly: fibrous, proliferating, mature,
and hypertrophic zones, where the fiber organization
and cellular composition vary (Figure 3D)®. Flat-shape
fibroblasts and type I collagen occupied the fibrous zone.
MSCs, which serve as chondrocyte precursors, were
distributed in the proliferative zone. The mature and
hypertrophic zones are composed of type II collagen with
loose organization and mature chondrocytes. Aggrecan
was mainly found in the mature and hypertrophic zones
and not in the fibrous zone. The collagen fiber network
and proteoglycans provide load-bearing functions to the
mandibular condyle. Singh et al.**! divided the mandibular
condylar cartilage into three sections in anteroposterior
and mediolateral directions, respectively. They discussed
the spatial variation of GAGs, anisotropic fiber orientation,
and biomechanical properties (compression, tension,
and shear) of the condylar cartilage, providing valuable
guidance to the fabrication of condylar biomimetic
structures with zonal and topographic heterogeneity.

5.2. 3D-printed scaffolds for fibrocartilage
regeneration

Several attempts have been reported to achieve mandibular
condylar fibrocartilage regeneration in vivo using
monophasic 3D-printed scaffolds (Table 3). In 2007,
Smith et al.® fabricated PCL scaffolds using selective laser
sintering. They filled the condylar head of the scaffold with
minipig iliac crest bone marrow and secured the scaffold

Table 3. Research on 3D-printed scaffolds for cartilage regeneration in the mandibular condyle

Scaffold materials Bioactive factors

Cell density

Cell type
HGFs

Animal model

Study design

3D printing techniques

Reference

BMP-7

HA

5x 107 cells/mL

Mice

In vivo

FDM

Schek et al. (2005)!

PLA

Pig chondrocytes

PCL*
HA

Minipig

In vivo

SLS
SLS

Smith et al. (2007)

Sheep

Mice

In vivo

Ciocca et al. (2013)%7)
Wang et al. (2017)"*

PCL/HA

5x 107 cells/mL

Minipig BMSCs

In vitro and in vivo

FDM

BMP-2

PGA/PLA

PCL
Gelatin**

2.5 x 107 cells/mL

2 x 10° cells/mL;
1.2 x 10° cells/mL

Minipig chondrocytes

Minipig
Rat BMSCs

In vivo
In vitro

SLS
EBP

Abramowicz et al. (2021)!%)
Helgeland et al. (2021)1*°9")

Abbreviations: SLS, selective laser sintering; PCL, polycaprolactone; HA, hydroxyapatite; HGFs, human gingival fibroblasts; FDM, fused deposition modeling; CS, chitosan; PGA/PLA, polyglycolic

acid/polylactic acid; BMSCs, bone mesenchymal stem cells; TGF-p1, transforming growth factor beta 1; BMP-2, bone morphogenetic protein 2; PLGA, poly(D, L-lactic-co-glycolic acid); ¥, the
condylar head of the scaffold was packed with iliac crest bone marrow from the minipig; **, the gelatin scaffolds were crosslinked with dehydrothermal, ribose glycation, dehydrothermal-ribose, and

genipin, respectively.
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Figure 5. 3D-printed scaffolds for mandibular condylar fibrocartilage regeneration. (A) Iliac crest bone marrow packed into 3D-printed scaffold condylar
head (left) and the scaffold well adapted to mandibular ramus (right). Reproduced with permission from Smith MH, Flanagan CL, Kemppainen JM,
et al., Int ] Med Robot, 3: 207-16/*. (B) 3D-printed PCL porous scaffold with collar fixation fit (outlined in red) on 3D-printed pig mandible. Reprinted
from Oral Surg Oral Med Oral Pathol Oral Radiol, 132: 145-52, Abramowicz S, Crotts SJ, Hollister SJ, Tissue-engineered vascularized patient-specific
temporomandibular joint reconstruction in a Yucatan pig model, © (2021), with permission from Elsevier'*”\. (C) Visual design (left) and real view (right)
of the hydroxyapatite (HA) scaffold and customized bone plates. Reproduced with permission from Ciocca L, Donati D, Fantini M et al., ] Biomater Appl,
28:207-18*". (D) The assembly process and real view of the assembled composite scaffold (upper polymer phase and lower ceramic phase). Reproduced
with permission from Schek R, Taboas J, Hollister S, et al., Orthod Craniofac Res, 8: 313-9"%%. (E-G) The gross images of PCL/HA scaffold (E) and PGA/
PLA scaffold (F) and the well-matched biphasic scaffold (G). Reprinted from J Craniomaxillofac Surg, 45: 855-61, Wang F, Hu Y, He D, et al., Regeneration
of subcutaneous tissue-engineered mandibular condyle in nude mice, Copyright 2017, with permission from Elsevier!*”..

to the mandibular ramus (Figure 5A). At both the 1- and
3-month time points, the cartilaginous tissue was observed
along the articular surface. Nevertheless, the regenerated
cartilage was unevenly distributed on the condyle surface
and blended with a small amount of bony tissue. Another
similar study reported different results. Abramowicz
et al™ found that 6 months after implantation of
3D-printed PCL scaffolds coated with BMP-2 into the
mandibular condyle defect, no regenerated cartilage was
observed in histologic evaluation (Figure 5B). Although
an ideal result for mandibular condylar fibrocartilage
regeneration cannot be achieved so far, 3D-printed PCL
scaffolds still have great potential in mandibular condylar
engineering as they are able to withstand early functional
loading due to their mechanical property!®.

Some studies have successfully regenerated both
fibrocartilage and the osteochondral interface in vivo using
either monophasic or biphasic 3D-printed scaffolds (Table
3).In 2013, Ciocca et al.*” fabricated porous HA scaffolds to
replace the mandibular condyles in sheep. The HA-F70 (70
vol% total porosity) was selected as the scaffold material as
it had the highest compressive strength compared to that of
the other three types of HA materials. The customized plates
fixed on the bone were used to fix the scaffolds with a single

titanium screw (Figure 5C). Four months after surgery, the
histological evaluation showed that the regenerated dense
fibrocartilage developed on the new articular bone and the
osteochondral interface was on average 1.25-mm thick.
Notably, several fractures in the material and fragments
encapsulated by tissue were observed. Fractures of the
scaffold are detrimental to the stability of the scaffold during
TMJ movement. In addition, the fixation of the scaffold to
the condyle during implantation is of particular concern,
as firm primary stability is crucial for osteoblastic and
chondroblastic activity.

In 2005, Schek et al.® fabricated a biphasic PLA/HA
scaffold using an image-based design and indirect solid free-
form fabrication (Figure 5D). Human gingival fibroblasts
transduced with an adenovirus expressing BMP-7 and
porcine knee joints chondrocytes were seeded into the lower
ceramic phase and the upper polymeric phase, respectively.
After subcutaneous implantation into the mice for 4 weeks,
the regenerated cartilage, bone, and osteochondral interface
were observed in the biphasic scaffold. However, some small
pockets of cartilage also occurred within the pores of the
ceramic phase, suggesting that greater control of the spatial
distributionoftheregeneratedtissueisrequired.In2017, Wang
et al™ further improved the component of the PLA/
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HA biphasic scaffold. The PGA/PLA scaffold seeded with
chondrocytes and the PCL/HA scaffold seeded with bone
MSCs formed a biphasic scaffold (Figure 5E-G). Scanning
electron micrographs showed a difference in microscopic
structure between the two phases of the scaffold. Twelve
weeks after subcutaneous implantation into the dorsum
in mice, smooth, continuous, cartilage-like tissue with
approximately 1.2-mm thickness covered the surface of the
scaffold. Histological examination revealed the regenerated
cartilage and the interface between the regenerated
cartilage and the subchondral bone. Notably, the auricular
chondrocytes seeded in the PGA/PLA scaffold may have
been responsible for the reduction of the bone formation
in the microchannels of the PCL/HA scaffolds as bone
mesenchymal stem cells (BMSCs) have the capacity of
biphasic differentiation. Therefore, further research is
needed to focus on reducing the effect of chondrocytes
(including both auricular and articular chondrocytes) on
BMSCs to enhance osteochondral interface formation.

Recent research on 3D-printed gelatin scaffolds
has provided new guidance on scaffold fabrication for
mandibular condylar engineering. Helgeland et al.l*
compared the chemical, mechanical, biological, and
physical properties of the 3D-printed gelatin scaffolds
crosslinked with dehydrothermal (DHT), ribose glycation,
and both. Compared with the DHT-crosslinked and
ribose-crosslinked scaffolds, dual-crosslinked scaffolds
showed the largest degree of crosslinking, moderate
compressive modulus, lowest swelling ratio, highest
resistance to hydrolytic and enzymatic degradation,
greatest cell proliferation, and lowest expression of the
hypertrophy-related collagen 10 gene (COL10). In another
study by Helgeland et al.®, when 3D-printed gelatin
scaffolds were crosslinked by genipin, the stability, swelling,
and mechanical properties of gelatin were improved.
Unfortunately, the aforementioned improvement in
3D-printed gelatin scaffolds was only demonstrated in
vitro, so in vivo studies are needed to further evaluate the
effect of modified 3D-printed gelatin scaffolds.

6. Challenges and prospects

6.1. Current challenges

3D printing is currently at an early stage of development
in TMJ tissue engineering, and as such, a large number of
challenges remain unresolved, which can be divided into
the general cartilage tissue-engineering challenges and the
TM]J-specific local challenges.

General challenges faced by 3D-printed scaffolds
used for articular cartilage regeneration at different sites
include a mismatch between the mechanical properties of
the scaffold and the natural cartilage, lack of integration

between the scaffold and the natural tissue, and potential
immune response induced by the scaffold, etc.[%%>%)
Several recent reviews have discussed potential solutions
to these challenges, such as hybrid scaffolds composed of
synthetic and natural materials, chemical or non-chemical
modification of biomaterials, etc.[**>%]

Some additional barriers in TM] tissue engineering are
related to the anatomical structure and location of the TM].
Although the PCL scaffolds that mimic the organization of
the collagen fibers of the TM] disc have been constructed
by 3D printing techniques, the mechanism by which the
internal structure of the PCL scaffold regulates cellular
behavior and regenerates articular disc tissue remained
unclear. The internal structure of the scaffolds has been
demonstrated to affect the mechanical stability of the
PCL scaffold in vitro, and therefore, further in vivo
studies are needed®. In addition, the immunological
implications associated with 3D-printed TMJ tissue-
engineered products have not been fully investigated in
large animal models. Furthermore, given the proximity
of the TMJ to the brain, stringent safety guidelines need
to be established to facilitate the translation of 3D-printed
TMJ tissue-engineered products from research to clinical
applications and to reduce the risk of medical accidents®*.
Another challenge is that the existing research on TM]
tissue engineering has employed 3D-printed scaffolds
to repair either the TMJ disc or the mandibular condyle
only. However, in clinical practice, it is common for
osteoarthritis to cause fibrocartilage defects in both the
TMJ disc and mandibular condyle at the same timel”.. It is
therefore necessary to establish animal models (e.g., goats,
minipigs) with articular defects in both the TMJ disc and
mandibular condyle, based on which the synergistic effects
of the 3D-printed scaffolds used to repair the TM] disc and
mandibular condyle need to be investigated.

6.2. Critical need for support and guidance in TMJ
tissue engineering

Partly due to the lack of financial and academic support
for TM] tissue engineering, attempts to promote TM]
fibrocartilage regeneration using 3D-printed scaffolds
have been relatively limited so far. There is a large gap
between knee and TM]J tissue engineering in terms of
research funding, academic publications, and research
translation, despite similarities in the incidence of knee and
TM]J osteoarthritis*. There is a lack of sufficient primary
research in TM] tissue engineering, resulting in a paucity of
TMJ tissue-engineered products and human clinical trials.
The limited number of human clinical trials results in the
low availability of marketed TM]J products and little to no
commercial support for TM] products. This exacerbates
the lack of industrial guidance and research funding for the
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Figure 6. The vicious cycle of TMJ translational research. (from ref. licensed under Creative Commons Attribution 4.0 license).

TMJ tissue engineering, resulting in a vicious cycle of TMJ
translational research (Figure 6). Considering knee tissue
engineering as an important reference, several approaches
and suggestions have been raised to promote TM] tissue
engineering, such as increasing the amount of rigorous
TM] research, strengthening surgical training opportunities
and research grants for TM] physicians and researchers,
holding large-scale interdisciplinary conferences on TM],
establishing clear indications and industry guidance for TM]J
tissue-engineered products, and so on'**.. On the other hand,
the anatomical structures, functions, and biomechanical
properties of the TMJ disc, meniscus, and intervertebral
disc have been compared in a recent review, suggesting that
their similarities may guide the imitation and improvement
of TMJ tissue-engineered products in seed cells, scaffold
materials, and BFs"®. In general, there is an urgent need for
increased interdisciplinary collaboration, societal support,
and financial investment in TM] tissue engineering.

6.3. Emerging tissue-engineering strategies

3D printing technology has provided new impetus for the
development of TM]J fibrocartilage tissue engineering, but
satisfactory results have rarely been achieved so far. Several
tissue-engineering  strategies are considered potential
approaches to improve the performance of 3D-printed TM]
scaffolds and are therefore briefly presented below (Figure 7).

To better regulate the complex effects of printing
parameters on the quality of 3D-printed products, machine
learning (ML) has been introduced to the biomaterials
field as a promising approach to quantitatively assess
printability and optimize printing parameters®”. Recently,

Conev et al.”® predicted the quality of 3D-printed products
from the material composition and printing parameters
using an ML model. Similar work was done by Ruberu
et al.”, who adopted ML to create the optimal printing
parameters protocol, including ink composition, ink
reservoir temperature, driving pressure, needle speed, and
platform temperature. Furthermore, the effect of nozzle
geometry, printing pressure, and material properties on
cell viability was analyzed by Reina-Romo et al.'® using
an ML approach named Gaussian Process. ML shows great
potential as a novel approach to improve the biological
properties of 3D-printed scaffolds.

AlthoughBFsplayanimportantrolein TM]fibrocartilage
regeneration, they are rarely used, mainly due to the
lack of an effective approach to realize spatiotemporally
controlled release of BFs. As mentioned in the previous
studies, microspheres loading BFs have been demonstrated
to possess the ability to realize spatially-controlled delivery
of BFs with a prolonged release” 7). However, the release
of BFs from microspheres remains passive and unable to
interact with the local biological microenvironment”7],
Stimuli-responsive delivery systems for growth factors
may be the solution to the developmental asynchrony of
different components of the heterogeneous TM] tissues in
the regeneration process. The release of stimuli-responsive
delivery systems can be triggered by, for example, a specific
pH, biomolecule recognition, and external stimuli, such as
temperature, ultrasound, magnetic, voltage, and light!°"1%%,
For example, the release of BMP-7 and BMP-2 at different
times and sequences using light-triggered delivery systems
is regulated by different wavelengths of light!%l.
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Figure 7. Schematic illustration of some emerging tissue-engineering strategies (lower row) potentially promoting the research translation (upper row) of

TM]J fibrocartilage tissue engineering.

Extracellular vesicles (EV's) containing various paracrine
signaling agents are another approach to deliver BFs to
the tissue defect. MSC-derived EVs have been reported to
induce progenitor cells migration, facilitate cartilage and
bone regeneration, and relieve pain in TMJ osteoarthritis
animal models'®”. Chen et al!™ further demonstrated
that the 3D-printed scaffolds loaded with MSC-derived
EVs facilitated the regeneration of osteochondral defects
using a rabbit model, providing an ideal example of the
combination of 3D printing techniques and EVs in cartilage
tissue engineering. Several recent reviews have provided
new perspectives for the adoption of EVs as promising
engineered product components to promote fibrocartilage
regeneration for TM] osteoarthritis patients!!*>1%7),

With the advancement of regenerative medicine, 3D
printing techniques have shown great ability to fabricate
complex bionic products to promote the regeneration
of various tissues. Although TM] tissue engineering
remains an evolving field with many challenges to date,
the continued attempts to combine 3D printing techniques
with TM]J tissue engineering will likely bring us closer to
a future where 3D-printed tissue-engineered products
become an effective treatment for TM]J osteoarthritis in
clinical practice.
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