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Abstract

Musculoskeletal disease and injury are highly prevalent disorders that impose
tremendous medical and socioeconomic burdens. Tissue engineering has
attracted increasing attention as a promising technique of regenerative
medicine to restore degenerative or damaged tissues and is used to produce
functional disease models. As a revolutionary technology, three-dimensional
(3D) bioprinting has demonstrated a considerable potential in enhancing the
versatility of tissue engineering. 3D bioprinting allows for the rapid and accurate
spatial patterning of cells, growth factors,and biomaterials to generate biomimetic
tissue constructs. Meanwhile, 3D-bioprinted in vitro models also offer a viable
option to enable precise pharmacological interventions in various diseases.
This review provides an overview of 3D bioprinting methods and bioinks for
therapeutic applications and describes their potential for musculoskeletal tissue
regeneration. We also highlight the fabrication of 3D-bioprinted models for drug
development targeting musculoskeletal disease. Finally, the existing challenges
and future perspectives of 3D bioprinting for musculoskeletal regeneration and
disease modeling are discussed.

Keywords: 3D bioprinting; Bioink; Musculoskeletal tissue; Regeneration; Disease
modeling

1. Introduction

The musculoskeletal system is made of bone, skeletal muscle, cartilage, tendon, meniscus,
and intervertebral disc (IVD), which are responsible for motion as well as provide
structural support for the human body and protect internal organs. In daily activities,
musculoskeletal tissues are susceptible to small tears or other injuries due to various
mechanical loads. Unlike cartilage, tendon, meniscus, and IVD, bone and skeletal muscle
have high regenerative capacity after slight injuries. However, severe damage beyond the
self-repair ability can lead to a range of musculoskeletal disorders (MSDs).
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MSDs affect 1.7 billion people and have become the
leading cause of morbidity worldwide according to the
Global Burden of Disease Study."* Moreover, the incidence
of MSDs shows an increasing trend with the aging of the
population. In the United States, for example, there are
at least 70 million clinic visits and 130 million clinical
contacts for MSDs each year, resulting in more than $150
billion in the national healthcare system costs.” Mild
MSDs can be addressed with physical therapy or drug
intervention. Severe MSDs, on the other hand, require
surgical reconstruction. Autograft represents the gold
standard for the treatment of severe MSDs, but is limited
by donor site scarcity, morbidity, and pain.* Allografts and
xenografts are feasible alternatives, although concerns
regarding immunological incompatibility, rejection risk,
and infectious agent transmission remain.” Therefore, novel
approaches to regenerating damaged musculoskeletal
tissues are urgently needed.

Tissue engineering enables the creation of viable
scaffolds for the regeneration of damaged tissues. Since
the beginning, tissue engineering has the prospect of
generating tissues for a variety of purposes, ranging from
in vitro disease modeling to in vivo tissue regeneration.
Tissue-engineered scaffolds provide a hospitable
microenvironment for cell adhesion, spreading,
proliferation, migration, and differentiation. Moreover, the
addition of bioactive molecules, such as drugs or growth
factors, can further enhance the ability of scaffolds to
promote cell differentiation and induce the formation of
target tissues. However, generating tissues that precisely
mimic the structural and functional features of native
tissues remain unattainable in musculoskeletal tissue
engineering, despite the promising translational potential
of tissue engineering approaches. This is primarily due to
the fact that conventional manufacturing technologies lack
the ability to accurately regulate the spatial arrangement of
construction elements.® Furthermore, while spontaneous
cellular organization processes can build certain types of
fundamental biostructures, they are extremely difficult to
regulate and manage. Few technologies have so far been
able to reconstruct the complex tissue architecture and
cell spatial heterogeneity, which are required to mimic the
physiologic function.

Recently, three-dimensional (3D) bioprinting is
applied in a variety of biomedical scenes, such as tissue
engineering, disease modeling, and drug screening.’*
Compared with traditional tissue engineering approaches,
3D bioprinting has several advantages, such as determining
tissue form prior to printing, and acts as a bridge to clinical
application. The advancement of 3D bioprinting has
substantially expanded the field of musculoskeletal tissue
engineering by allowing the development of scaffolds that

can effectively replicate desired mechanical characteristics
and structures. 3D bioprinting allows for the precise and
controlled spatial arrangement of cells in 3D scaffold
materials. The development of increasingly sophisticated
and biomimetic tissue-engineered analogues holds the
promise for producing patient-derived functional grafts as
well as clinically predictive drug testing tools. Therefore,
it is an emerging strategy of constructing tissues for
musculoskeletal regeneration, disease modeling, and drug
development by 3D bioprinting.

In this review, we provide a concise review of 3D
bioprinting, including several common 3D bioprinting
techniques and bioinks. The application of these techniques
in musculoskeletal tissue regeneration is highlighted.
Following that, recent advances of 3D bioprinting for
musculoskeletal disease modeling and drug screening are
summarized. Finally, we discuss the existing challenges and
future perspectives of 3D bioprinting for musculoskeletal
regeneration and disease modeling.

2. Brief overview of 3D bioprinting

3D bioprinting is the process of patterning and assembling
bioactive materials, such as growth factors, cells, and
biomaterials based on predefined 3D designs, leading to the
creation of a functional tissue construct.” 3D bioprinting
technology is a subclass of 3D printing technology that
is primarily used in the biomedical field. Traditional 3D
printing often uses plastic or alloy materials for printing,
whereas the materials used in 3D bioprinting are called
bioinks, which consist of living cells alone or together with
supporting biomaterials such as hydrogels.” The major
advantage of 3D bioprinting over other approaches, such
as microengineering and cell sheet engineering, is its
ability to create spatially complex and heterogeneous tissue
constructs consisting of cells and/or various biomaterials."
Through 3D bioprinting, diverse cells and biomaterials
can be localized to replicate the structural complexity
of tissues. The 3D bioprinting process can be achieved
through different technologies and each technique is based
on its own principles and has distinct requirements for the
materials to be used. Therefore, bioinks and bioprinting
techniques need to be attuned to each other. The following
is a brief introduction to several common 3D bioprinting
technologies and bioinks.

2.1. Bioprinting technologies

3D bioprinting technologies create functional tissue
constructs based on the principles of layer-by-layer
stacking and consistent self-assembly.’? According to
the adopted bioprinting techniques, these layers can be
integrated by different means, such as heat, light radiation,
and chemical crosslinking. The current mainstream 3D

Volume 10 Issue 1 (2024)

76

https://doi.org/10.36922/ijb.1037



International Journal of Bioprinting

3D bioprinting for musculoskeletal system

bioprinting methods are inkjet bioprinting, extrusion-
based bioprinting, and light-based bioprinting. Briefly,
inkjet bioprinting typically involves spraying low-viscosity
bioinks onto a substrate in discrete droplets, while
extrusion-based bioprinting extrudes viscous bioink
into continuous filaments. The bioinks for light-based
bioprinting are composed of photoresponsive materials,
which are solidified by light irradiation.

2.1.1. Inkjet bioprinting

Inkjet bioprinting is the earliest developed 3D bioprinting
technology and its concept is the same as that of traditional
2D inkjet printing.”® The technology, also known as drop-
on-demand bioprinting, uses various energy sources to
allow for pattern deposition of discrete droplets onto
a substrate layer.!* The system achieves the deposition
of droplets by applying pressure pulses to overcome
the surface tension of the materials. By adjusting the
energy parameters, the density, shape, and size of the
droplets can be controlled. These droplets can be ejected
to predetermined positions to create a 3D construct
with different concentration gradients. Inkjet printers
with a reservoir connected to multiple nozzles enable
simultaneous printing of different cells and biological
components. Moreover, this technology has relatively
fast printing speed and is ideal for printing structures for
soft tissue regeneration.® However, it is limited by several
disadvantages. Due to the low driving force of inkjet
printers, bioinks with a higher viscosity are not suitable for
inkjet printing, narrowing the selection range of printable
materials.”” The use of lower-viscosity bioinks results in
poor mechanical strength of scaffolds, which fail to meet
the requirements of in vitro culture and transplantation. In
addition, it is difficult to print constructs with physiologic
cell density because of the nozzle clogging caused by high
cell density bioinks.

2.1.2. Extrusion-based bioprinting

Currently, extrusion-based bioprinting has become one
of the most popular technologies of 3D bioprinting due
to its versatility and affordability.'® This method usually
fabricates a 3D construct by utilizing mechanical forces
driven by air pressure or a motor to extrude viscous
cell-laden bioinks through a nozzle in a controlled
and filamentous manner. The precision of the printed
construct can be adjusted by controlling the printing
speed, extrusion speed, printing temperature, nozzle
size, and other parameters. Extrusion-based bioprinting
allows successful fabrication of constructs with high cell
density (>10° cells per mL).”” Another major advantage
for extrusion-based bioprinting is that any materials with
sufficient viscosity can be used as candidates for bioinks."
Higher-viscosity materials provide structural support for

the printed structure and lower-viscosity materials are
beneficial for maintaining cell survival and function. The
trade-off between printability and cell viability needs to
be considered in the selection of bioinks. Bioinks with
different ranges of viscosity (30 to over 6 x 10’ mPa-s) for
use in extrusion-based bioprinting have been reported.”
Extrusion-based bioprinting is the most common printing
method for musculoskeletal tissue engineering, mostly
because of its advantages, including a wide selection of
available bioinks, ease of operation, fast printing, and
ability to create large and complex constructs.

2.1.3. Light-based bioprinting

Light-based bioprinting is an additive manufacturing
technology with very high resolution and accuracy. The
technology uses a tuned light source to solidify or deposit
bioinks. The printed structure supports higher cell survival
(85%-95%) due to the absence of high temperature and
extrusion shear force damage.” Stereolithography (SLA)
and digital light processing (DLP) are typical light-based
bioprinting technologies that could crosslink polymer
solutions based on the light pattern on each layer to fabricate
desired constructs. The samples printed by these methods
usually present high precision and smooth surfaces.
Another common light-based bioprinting method is laser-
assisted bioprinting (LAB), which does not depend on
printheads, and the structures printed by this method can
support high cell viability (>95%).?! For LAB, laser pulses
are manipulated to induce the bioink droplets to transfer
from the donor layer to the collecting substrate and form
3D structures. Volumetric bioprinting has recently become
a potent tool because of its ability to quickly fabricate tissue
constructs.”»* The bioinks polymerize and form expected
structure when exposed to a specific light source. The
process can be completed in seconds without the need for
support and sacrificial materials, significantly improving the
suitability of biomaterials.** Compared with the traditional
extrusion-based and laser-assisted bioprinting technologies,
volumetric bioprinting has obvious advantages in accuracy,
resolution, and cell viability, opening new possibilities for
musculoskeletal regeneration and disease modeling.”
Overall, the major advantage of light-based bioprinting
technologies is their capacity to fabricate complex designs
with high resolution and instantly print structures without
supporting materials. Despite these advantages, there are
also some limitations, such as high cost and limited choice
of photopolymerizable bioinks.

2.2. Bioinks

In 3D bioprinting, living cells encapsulated in bioinks are
used and printing parameters are adjusted in the fabrication
process of living tissues. The printability of bioinks is defined
as the capacity to generate 3D structures with good fidelity
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and integrity.*® Relative to the printing method used, the
printability of bioinks mainly depends on their rheological
characteristics and gelation kinetics.”” The printability of
bioinks and the regulation of their physicochemical properties
on cell behaviors are the key to the regeneration of tissues
and organs. In general, bioinks need to possess some essential
characteristics that meet the basic requirements of 3D
bioprinting. Bioinks must have good biocompatibility, which
requires that the chosen materials and their degradation
products must be nontoxic. Moreover, bioinks must provide
cell adhesion sites that allow cells to survive, adhere, and
proliferate. When used for printing different musculoskeletal
tissues, bioinks must meet the tissue-specific requirements.
For bone tissue, bioinks need to have angiogenic and
osteogenic bioactivity as well as strong mechanical properties.
For skeletal muscle tissue, bioinks must be able to promote
cell alignment and myogenic differentiation and maturation
to simulate muscle-oriented fibrous structures. For cartilage,
meniscus and IVD tissue, region-specific extracellular
matrix (ECM) deposition is a concern when designing
bioinks. Bioink materials commonly used for 3D bioprinting
of musculoskeletal tissues include natural materials and
synthetic materials. They provide suitable environment for
cell growth and are used together with cells for bioprinting of
target tissues or organs.

2.2.1. Natural materials

Natural materials such as collagen, gelatin, alginate,
fibrinogen, hyaluronic acid, and decellularized extracellular
matrix (dECM) are common components in the bioink
formulation. As a key structural component of ECM,
collagen has the advantages of low immunogenicity, good
biocompatibility, and biodegradation. The concentration
of collagen affects the printing accuracy and the structural
fidelity of the target constructs. The constructs printed
using bioinks composed of low-concentration collagen
are fragile, which is not conducive to the long-term
maintenance of structural stability. To that end, Beketov
et al. developed a bioink based on high-concentration
collagen for the bioprinting of chondrocytes.”
Cartilaginous tissue formation was observed 5-6 weeks
after subcutaneous implantation. Gelatin is the product of
partial hydrolysis of collagen, and its structure is similar to
that of ECM. Compared with collagen, gelatin has a higher
water solubility. Gelatin remains a gel at low temperature
(<20°C) and dissolves into a liquid at high temperature
(37°C). This temperature-sensitive property makes
gelatin one of the most common bioink components.
However, gelatin-based bioinks alone cannot form a
stable network structure for subsequent cell culture. To
address this, a common strategy is used to modify gelatin
with methacrylate groups to obtain a photocrosslinkable
hydrogel, namely gelatin methacrylate (GelMA).”

Another strategy is to combine gelatin with other
polymers, such as alginate or fibrinogen, to form a hybrid
bioink.***! Alginate, a polysaccharide derived from natural
algae, is considered nontoxic and biologically inert to
mammalian cells. A major advantage of alginate is that
it can be rapidly crosslinked into a gel in the presence
of divalent cations.”? Due to the lack of biological cues,
alginate is often combined with other components such
as gelatin or collagen to form a bioink with biological
activity.” Fibrinogen, a glycoprotein found in the blood,
can be converted to insoluble fibrin under the catalysis
of thrombin, forming a stable network structure to
promote tissue repair. Fibrin has good biocompatibility
and biodegradability, and there are some amino acid
sequences, such as RGD (Arg-Gly-Asp), in its structure
which can promote cell binding** Despite these
advantages, mechanically stable constructs cannot be
bioprinted with pristine fibrinogen solutions because of
their low viscosity. Other components, such as alginate
and GelMA, are often incorporated to fibrinogen solutions
to improve their printing feasibility.”*** Hyaluronic acid
(HA) is one of the main constituents of ECM and has been
extensively employed in tissue engineering because of its
anti-inflammatory and angiogenic properties. Due to its
versatility in structure modification, it has proved to be
an excellent bioink successfully applied to 3D bioprinting
in recent years. The addition of HA can improve the
dispersion uniformity of the bioinks.”” Like gelatin, HA
has been mainly used in bioinks in combination with other
polymers. Recently, dECM-based bioinks have gained
popularity in 3D bioprinting applications. As a novel
bioink derived from native tissue, a dECM-based bioink
retains native ECM components and necessary biological
cues, which can enhance cell viability and tissue-specific
functionality.’®* Lee et al. employed bone-derived dECM
to incorporate human adipose-derived stem cells and
printed 3D bone construct.”” It was found that bioinks
composed of bone dECM and alginate promoted cell
viability and osteogenic differentiation compared with
pristine alginate-based bioinks.

2.2.2. Synthetic materials

Synthetic polymers provide greater design flexibility and
structural complexity than natural polymers, which is
advantageous for bioprinting. With the incorporation
of ECM elements and extra crosslinking, synthetic
polymers can exhibit improved mechanical and biological
performance. Pluronic is a nontoxic FDA-approved block
copolymer that is often used in 3D printing.*! Depending on
their molecular weight and the ratio of poly (ethylene oxide)
(PEO) to poly (propylene oxide) (PPO) in the Pluronic
chain, several grades of Pluronics are available in different
states, such as liquid, paste, and solid. Among them,
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Pluronic F127 is most commonly used in 3D bioprinting.
Pluronic F127 solution can flow at low temperature (<10°C),
which is conducive to cell encapsulation and dispersion.** As
the temperature rises, the solution gradually transitions to a
gel state by self-assembly. Due to its inverse thermogelling
properties, Pluronic F127 gained much attention in the field
of 3D bioprinting. Mozetic et al. developed a thermosensitive
bioink based on Pluronic/alginate blends and investigated its
effect on the behaviors of C2C12 cells.”® This system enables
printing of cell-laden structures with good shape retention
under physiological conditions. Shearing forces generated
during the printing process induced cellular alignment
along the deposition direction. The resulting constructs
demonstrated high cell viabilityand enhanced myogenic gene
expression. Polyethylene glycol (PEG) is another common
synthetic material used in 3D bioprinting. Polyethylene
glycol diacrylate (PEGDA), a derivative of PEG, has reactive
acrylate groups at both ends and can be used to prepare
hydrogels by photocuring. A study has demonstrated that
the mechanical performance of bioprinted constructs can
be flexibly adjusted by altering the concentration of PEGDA
in bioinks.* As a synthetic polyether, PEO is broadly used
in the field of 3D bioprinting owing to its biocompatibility,
inertness, and ease of molecular modification. Several
studies have demonstrated that the addition of PEO can
enhance the strength of hydrogen bonding between gelatin
chains, leading to phase separation of gelatin/PEO aqueous
solution. Therefore, PEO often functions as a porogen in the
bioink system for the generation of micropores in the printed
construct.** Based on this principle, Ying et al. developed
a novel bioink consisting of GelMA and PEO and induced
the formation of uniformly dispersed PEO droplets in the
continuous GelMA phase.** The printed construct with
highly interconnected pores was generated by removing the
PEO phase from the photocrosslinked GeIMA hydrogel.

3. 3D bioprinting for musculoskeletal
regeneration

Tissue defects caused by trauma, tumor removal, or
congenital  malformations  require  reconstruction
of anatomy and restoration of function through the
introduction of custom-made constructs to fill the defects.
Various tissue constructs fabricated by 3D bioprinting
have shown great application potential in the field of
musculoskeletal tissue engineering. In this section,
we discuss the recent advances in 3D bioprinting for
musculoskeletal tissue regeneration.

3.1.Bone

Bone tissue is a hard connective tissue consisting of
cancellous and cortical bone. It not only offers structural
support and protection but also sustains various metabolic

activities including mineral transfer, hematopoiesis,
and hormone modulation. The cell types of bone tissue
include bone progenitor cells, osteoblasts, osteocytes, and
osteoclasts, which are responsible for regulating the process
of bone formation and resorption. Despite the remarkable
regenerative capacity of bone tissue, significant challenges
remain when it comes to repairing large segmental bone
defects caused by various factors, such as tumor resection,
infections, or trauma.”** Clinicians often have to resort to
surgical intervention in cases where significant bone defects
need to be repaired, with autografts, allografts, xenografts,
and inorganic grafts being the most commonly used
approaches for repairing bone defects.*** However, existing
clinical treatments for bone repair suffer from several
shortcomings, such as donor-site morbidity, anatomical
mismatch, inadequate bone volume, graft absorption, and
rejection.” To address these limitations, the demand for
tissue-engineered bone substitutes has been on the rise,
leading to the development of new, converging technologies
that offer hope for more effective and sustainable bone repair
solutions. As a cutting-edge technology, 3D bioprinting has
been widely used in the field of bone regeneration due to
its significant potential to create functional bone grafts
(Table 1). For example, recent advances in 3D bioprinting
have enabled the development of multicell co-culture
models thathold promise for simulating the intricate cellular
interactions present in native bone tissue. By constructing
a sophisticated microenvironment, these models provide
the necessary conditions to investigate and understand the
delicate cell-cell interactions that underpin the function
of bone tissue. Tang et al. used GeIMA to bioprint a bone
construct in which Hertwig’s epithelial root sheath cells
and dental papilla cells were recombined to mimic the
microenvironment of cell-cell interaction in vivo.”> The
formation of the mineralization texture and improved
bone regeneration were observed after implantation of the
construct in an alveolar bone defect model, which may be
attributed to cell-cell interactions (Figure 1).

Abbreviations: DFC, dental follicle cell; DPC,
dental papilla cell; GelMA: gelatin methacrylate; HERS,
Hertwig’s epithelial root sheath; LAP, lithium phenyl-2, 4,
6-trimethylbenzoylphosphinate; UV, ultraviolet.

Angiogenesis and osteogenesis are considered tightly
coupled during bone development and regeneration.”
Vascularization is one of the key factors affecting the
effectiveness of bioprinted scaffolds for bone regeneration
in bone tissue engineering.’”” The constructs bioprinted
using stem cells and endothelial cells demonstrated higher
osteogenic potential than the stem cell constructs.”” Nulty
et al. used fibrin-based bioinks to prepare a prevascularized
construct with customized shapes and sizes.>® The construct
can significantly promote the formation and development
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Table 1. Advances in 3D bioprinting for bone regeneration

Bioprinting Materials Cell type Cell density ~ Key outcomes Ref.
technology (cells/mL)
Extrusion HA, fibrinogen, gelatin, and HUVECs and 1x 107 Supported robust vascular 3
glycerol BMSCs development and higher levels of new
bone formation
GelMA BMSCs 5 x 10° Promoted new bone formation in >
vivo
Collagen, chitosan, and p-GP BMSCs 5% 107 Facilitated osteogenic differentiation ~ *°
and bone regeneration in vivo
Bone ECM ADSCs 1.2 x 107 Promoted new bone formation 3
and more competent vascular
development
HAMA and GelMA C3H10T1/2 1x 107 Promoted osteoblast differentiation 7
and induced ectopic bone formation
GelMA, PEG, gelatin, and MSN ~ BMSCs 1x 107 Promoted osteogenic differentiation %
and accelerated diabetic bone repair
ACuMBGNsE, oxidized alginate, BMSCs 1x10° Promoted osteogenic differentiation ~ **
and gelatin and angiogenesis
HAMA, GelMA, alginate, and BMSCs and 2% 10° Promoted the M2-type polarization 60
graphene oxide macrophages of macrophages and promoted bone
repair
HA, gelatin, PCL, fibrinogen, BMSCs and EPCs 1.5 x 107 Promoted the new blood vessels and '
PF-127, glycerol, and thrombin new bone formation
GelMA, HERS cells and 1x10° Generated mineralization texture and
DPCs promoted alveolar bone regeneration
Fibrinogen, gelatin, glycerol, BMSCs 5% 10° Supported bone formation and 62
HA, and PCL vascularization
GelMA, gum methacrylate HUVECs, BMSCs 2 x10° Promoted bone regeneration and o
angiogenesis
Graphene oxide, alginate, and BMSCs 5% 107 Promoted osteogenic differentiation
gelatin
Bone ECM HUVECs, MSCs 1x 107 Led to the formation of o
interconnected vascular networks
Robotic in situ PEGDA, GelMA, and alginate MC3T3-El cells - Promoted the repair of long 66
extrusion segmental defects
VBP GelMA HUVECs, BMSCs 3 x10° Promoted osteogenic differentiation ¢
LAB BioRoot RCS® and collagen Stromal cells 7 x 107 Promoted osteogenic differentiation
and bone formation
DLP GelMA and dextran BMSCs - Promoted bone regeneration in vivo ¢
SilMA MC3T3-E1 cells 2% 10° Drove osteogenesis 70

Abbreviations: VBP: volumetric bioprinting, LAB: laser-assisted bioprinting, DLP: digital light processing, HA: hyaluronic acid, GelMA: gelatin

methacrylate, ECM: extracellular matrix, HAMA: hyaluronic acid methacrylate, MSN: mesoporous silica nanoparticle, PCL: polycaprolactone, PEGDA,
SilMA: silk fibroin methacrylate, -GP: B-glycerophosphate, PF-127: Pluronic F-127, HUVECs: human umbilical vein endothelial cells, BMSCs: bone
marrow stem cells, ADSCs: adipose-derived stem cells, EPCs: endothelial progenitor cells, HERS: Hertwig’s epithelial root sheath, DPCs: dental papilla
cells, ACiMBGNSs: amine-functionalized copper (Cu)-doped mesoporous bioactive glass nanoparticles

of vascular networks, which facilitate the repair of critical
bone defects. Shen et al. developed a bioprinting strategy
to fabricate bone tissue-engineered scaffolds in which
endothelial cells were able to form in situ networks of
blood vessels.* The in vivo bioprinted in situ vascularized
scaffolds have shown excellent performance in new

bone formation in a rat model with cranial critical-sized
defects.” Another study used intraoperative bioprinting
to prepare a scaffold that enabled simultaneous delivery of
pPDGEF-B and pBMP-2 for the repair of critical-sized bone
defects. Platelet-derived growth factor (PDGF) has been
reported to exhibit angiogenic effects by promoting the
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Figure 1. 3D bioprinting for bone regeneration. (A) Schematic diagram

of 3D bioprinting and transplantation of bone constructs. (B) Hematoxylin

and eosin staining, Masson’s trichrome staining and immunohistochemical evaluations of implantation in alveolar bone after 8 weeks. Adapted from

Tang et al.*.

expression of vascular endothelial growth factor, which is
conducive to osteoblast proliferation and cell migration.”
Kim et al. used 3D bioprinting to prepare a construct
loaded with endothelial cell spheroids and human adipose
stem cells.”® The spheroid-laden construct demonstrated
higher angiogenesis and osteogenic ability compared
with traditional multiple-cell construct. Moreover, in
vivo experimental results showed that spheroid-laden
multicell construct can induce new bone formation
and neovascularization more effectively, which further
confirmed its potential for bone regeneration. A study
evaluated the effect of 3D-bioprinted scaffold structures
on angiogenesis.”’ It was found that the increase in the
number of hierarchical microchannels in bone biomimetic
scaffolds, especially the transverse Volkmann canals,
accelerated the formation of new blood vessels. This is
probably because microchannels promote the exchange of
nutrients and thus improve angiogenesis.

The pathophysiological microenvironment is critical
for tissue regeneration after injury, which can significantly
affect cell growth, differentiation, apoptosis, and other
cell functions.” For patients with primary diseases such
as diabetes, the inflammatory microenvironment in the
injured bone can lead to vascular occlusion and decreased
neovascularization. A bioactive scaffold containing bone
morphogenetic protein (BMP)-4-loaded mesoporous
silica nanoparticle (MSNs), bone marrow stem cells
(BMSCs), and RAW264.7 cells was bioprinted for use in
diabetic bone repair. BMP-4 in the scaffold facilitated the
polarization of RAW264.7 toward M2-type macrophages,
secreting more anti-inflammatory mediators to improve
the local microenvironment. Furthermore, BMP-4 and
BMP-2 released by M2-type macrophages worked together
to enhance the osteogenic differentiation of BMSCs. With
the implantation of the scaffolds, the process of bone repair
was significantly accelerated.”® Infection is a potential
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complication following bone defect repair, and the risk of
infection is heightened in the presence of open wounds or
orthopedic implants.

When infectious bone defects occur, bacteria adhere to
aggregate and proliferate on the scaffold surface to form
biofilms that impair the function of osteoblasts, leading to
delayed union or nonunion.”>’ It has been reported that
doxycycline can be released from a 3D-bioprinted scaffold,
which is capable of inhibiting bacteria to reduce the risk
of infection, to promote the expression of BMP-2 for
stimulating new bone formation.”

3.2. Cartilage

Cartilage is an important tissue responsible for a variety
of critical functions, including cushioning stress, reducing
friction between adjacent bones, and composing organs.
Cartilage consists mainly of proteoglycans, water, type II
collagen, and a few chondrocytes. The articular cartilage has
a specific zonal orientation (superficial, middle, deep, and
calcified zones), and its structure and composition vary in
a depth-dependent manner.”” Trauma, aging, disease, and
other factors can increase the risk of damage to cartilage,
especially articular cartilage, resulting in joint dysfunction.
According to the depth of the lesion, articular cartilage
defects can be divided into partial cartilage defects, full-
thickness cartilage defects, and osteochondral defects. Due
to the inherent characteristics such as low cell density and
absence of blood vessels and nerves, the self-healing ability
of articular cartilage is significantly limited.”® Without
timely and potent intervention, chondral lesions often
progress to secondary osteoarthritis, leading to severe pain
and even disability.”” Eventually, patients with end-stage
diseases have to undergo total joint replacement. Therefore,
the repair and regeneration of cartilage tissue has attracted
much attention. The common clinical treatment strategies
for cartilage defects include debridement, bone marrow
stimulation, and osteochondral transplantation.®**!
Among them, debridement and bone marrow stimulation
are classified as palliative treatments, which cannot
achieve the curative effect.’* The application of transplant
technology is constrained by several shortcomings, such
as the need for reoperation, insufficient donor tissue,
and increased risk of immune rejection and disease
transmission.*> The current available treatments, which
are not widely available, often result in the development of
fibrotic tissue, which is unfavorable to the native articular
cartilage and increases the tendency to degeneration.™
Thus, it is imperative to develop innovative techniques
capable of effectively enhancing the regeneration of
cartilage tissue. The emergence of bioprinting technology
represents a significant advancement in the field of
cartilage regeneration. Bioprinting is a potential method

for producing functional grafts that more closely resemble
native tissue architectures and is therefore a promising
approach to cartilage tissue repair. Recent 3D bioprinting
studies for cartilage regeneration are listed in Table 2.

Numerous studies have attempted to evaluate the effects
of formulations or physical properties of bioinks (such
as matrix stiffness) on the maintenance of chondrocyte
phenotype and subsequent influence on cartilage-specific
ECM production. Conventional bioprinted hydrogels
usually have poor mechanical strength, so it is a challenge
to engineer mechanically robust cartilage constructs that
can withstand high load-bearing environments. A feasible
strategy for improving the mechanical strength of tissue
constructs is to incorporate stiffer polymer components
into the bioink to strengthen its network.'®!*” Inspired
by this strategy, an alginate hydrogel reinforced with
short submicron polylactide was designed as a bioink
for the bioprinting of cartilaginous construct. Round
chondrocytes with high cell viability were observed in the
bioprinted constructs which had an elastic modulus three
times higher than that of the pristine alginate constructs.'®
A similar approach was used in another study to develop
fiber-reinforced cartilage ECM-based bioinks for cartilage
regeneration. The incorporation of ECM promoted the
growth and chondrogenic differentiation of stem cells
in the bioink. Furthermore, the bioprinted constructs
augmented with polycaprolactone (PCL) fibers displayed a
compression modulus comparable to that of native articular
cartilage.® In addition to the mechanical performance
required by motion forces, the engineering of biomimetic
cartilage tissues should focus on their chondrogenic
function.” To address this issue, de Melo et al. developed
a new tissue design option for cartilage regeneration.’
Based on spatially organized bioprinting, this strategy
enables human mesenchymal stem cell (hMSC) spheroids
to maintain the chondrogenic behavior without detriment
to the macro mechanical properties of engineered tissues.”
Pei et al. used extrusion printing to construct a cartilage
repair scaffold in which mesenchymal stem cells (MSCs)
were transfected with microRNA-410.'” The up-regulation
of microRNA-410 enhanced the migration, proliferation,
and chondrogenic differentiation of loaded cells.
Compared with the nontransfected group, the transfected
group showed better cartilage regeneration in the rabbit
cartilage defect model (Figure 2). Another important issue
with the bioprinted grafts is their integration with native
host tissue, which is deemed vital for successful cartilage
regeneration.'' In response to this concern, a visible-light-
responsive bioink was designed for chondral repair. The
bioink material consists mainly of a dual-functionalized
tyramine and GelMA and tris (2,2'-bipyridyl) ruthenium
(II) chloride and sodium persulfate (Ru/SPS) that acts as
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Table 2. Advances in 3D bioprinting for cartilage regeneration

Bioprinting Materials Cell type Cell density (cells/  Key outcomes Ref.
technology mL)
Extrusion GelMA-Tyr and Ru/SPS ACPCs 2% 107 Promoted neo-cartilage formation 35
Alginate, cartilage ECM BMSCs 2 %107 Promoted chondrogenesis 5
Gelatin, PCL, fibrinogen, BMSCs 1x 107 Enhanced anisotropic cartilage 87
HA glycerol, and PLGA regeneration
-CD and PNIPAm ADSCs 1x10° Formed cartilage-like tissue in vitro 8
Gellan gum and lignin MSCs 3.5x10° Improved chondrogenesis 8
Alginate and GelMA MSCs 2 %107 Promoted cartilage-specific ECM %
deposition
HA-PBA and PVA ADSCs 3.5x10° Promoted ECM deposition o
PRP and SF Chondrocytes 2.5x10° Favored ECM deposition o2
Methacrylated kappa-car- ~ ATDCS5 cells 2% 107 Enhanced the viability, proliferation, and ~ *
rageenan GAGs deposition
Alginate, HA, and PLA Chondrocytes 1x10° Promoted ECM deposition ot
PCL, gelatin, HA, glycerol, BMSCs 1x107 Promoted cartilage repair in vivo 9
and fibrinogen
Alginate, GelMA, and BMSCs 1x 107 Enhanced the formation of calcified %
B-tricalcium phosphate cartilage tissue
Norbornene-modified HA ~ MSCs 2% 107 Promoted ECM deposition 7
GelMA and HAMA ADSCs 1x 107 Led to hyaline-like cartilage formation %
DLP Methylacryloyl naringin Chondrocytes 1x 107 Improved cartilage defect repair 9
and GelMA
y-PGA-GMA Chondrocytes 1x10° Promoted ECM deposition 100
Robotic-assisted Alginate and PEGDA - - Promoted focal cartilage defect 11
DLP restoration
4-Armed PEG-ACLT and - - Promoted in vivo cartilage regeneration '
HAMA
SLA GelMA and PEGDA BMSCs 2% 10° Improved chondrogenic differentiation 103
Inkjet PEGDMA Chondrocytes 5x10° Promoted ECM deposition 104
- BMSCs - Promoted GAGs deposition and collagen  '*

network organization

Abbreviations: DLP: digital light processing, SLA: stereolithography, GelMA: gelatin methacrylate, ECM: extracellular matrix, HA: hyaluronic acid, PCL:
polycaprolactone, PLGA: poly(lactic-co-glycolic acid), p-CD: B-cyclodextrin, PVA: polyvinyl alcohol, HA-PBA: phenylboronic acid grafted hyaluronic
acid, SF: silk fibroin, PRP: platelet-rich plasma, PLA: polylactic acid, y-PGA-GMA: y-poly(glutamic) acid-glycidyl methacrylate, PEGDA: polyethylene
glycol diacrylate, HAMA: hyaluronic acid methacrylate, PEGDMA: polyethylene glycol dimethacrylate, ACPCs: articular chondroprogenitor cells,
BMSCs: bone marrow stem cells, ADSCs: adipose-derived stem cells, MSCs: mesenchymal stem cells, GAGs: glycosaminoglycans

initiators. After one-step photoactivation, the adhesive
strength of bioink, which acts as a cartilage-binding glue,
had increased 15-fold, by forming covalent bonds with
tyrosine residues in natural cartilage tissue compared with
GelMA alone.®

The treatment of severe cartilage injury, especially
osteochondral defects, poses a huge challenge for
clinicians due to the complexity of the biphasic layered
structure of osteochondral units. The ideal scaffolds for
the repair of osteochondral defects should mimic the
heterogeneous structure of native cartilage, characterized

by compartmentalized zonal microstructure and
composition. Cartilage with heterogeneity and anisotropy
is typically studied as a layered structure of “zones” with
mechanical performance dependent on the constituents
and architecture of each zone."" Inspired by this, Idaszek
et al. developed an extrusion printing system with a
microfluidic print head to bioprint tissue constructs with
cell and biomaterial gradients.''> The bioprinted constructs
simulate the layered cartilage structure consisting of
hyaline and calcified cartilage. In vivo results in rat models
confirmed that the constructs can promote full-thickness
cartilage regeneration.'> Another study offered a novel
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Figure 2. 3D bioprinting for cartilage regeneration. (A) Schematic illustration of 3D bioprinting of cell-laden GelMA hydrogel for repairing cartilage
defects. (B) Gross view and imaging evaluation of 3D-bioprinted scaffolds for repairing cartilage defects. Adapted from Pei et al.""!

hybrid bioprinting strategy to fabricate zonally stratified
articular cartilage to simulate the anatomical structure of
native cartilage utilizing cartilage tissue strands consisting
of densely packed cells and matrix. Tissue strands show
excellent printability and mechanical stability and can
rapidly fuse into large-scale tissues. Predifferentiated
cartilage tissue strands showed higher mechanical strength
and expression of cartilage-specific genes compared with
differentiated group. Moreover, the printed construct
exhibits a compression modulus comparable to that of
human articular cartilage (approximately 1.1 MPa)'".
In order to more accurately guide cells in each layer to
achieve region-specific differentiation and extracellular
matrix deposition, Sun et al. developed a dual-factor
release construct with gradient structure via bioprinting.
The bioprinted construct was incorporated with growth
factor-mediated biochemical cues and biomechanical
cues mediated by small pore size, which demonstrated a
strong potential to promote the whole-layer regeneration
of anisotropic cartilage.”” Recently, Dai et al. described a
novel host-guest modulated dynamic hydrogel bioink
for osteochondral regeneration."'* The dynamic network
formed by the interaction of host and guest is conducive
to the achievement of improved cell adaptability, enhanced
cell adhesion, bolstered mechanical strength, and
adjustable stiffness of the construct. Employing the cavity
of B-cyclodextrin, a tissue-specific microenvironment can
be provided by releasing kartogenin and melatonin in the
upper zone with lower stiffness and the lower zone with
higher stiffness, respectively, to facilitate the fabrication of
the heterogeneous construct.'*

3.3. Skeletal muscle

Skeletal muscle makes up 45% of the body mass and
enables a variety of vital functions including support,
movement, stability and metabolic regulation.”!>"®
Skeletal muscle is composed of myofibers, blood vessels,
nerves, and connective tissue. The functional unit of
skeletal muscle is myofiber, which consists of a number
of aligned myofibrils wrapped by the sarcolemma.'”” The
activation and contraction of skeletal muscles are achieved
by connecting with a network of neurons. The movement
is then accomplished by the connection between tendons
and bones. The vascular network connecting the muscles
is responsible for the transport of nutrients and metabolic
wastes. Skeletal muscle has high regenerative ability,
and small injuries below a certain threshold can be self-
repaired in a highly orchestrated manner.'"* However,
extensive injuries involving volumetric muscle loss
(VML) overwhelm the inherent repair capacity of the
remaining muscles, resulting in severe dysfunction of the
locomotion system.'” Frequent causes for VML include
combat injuries, high-energy traffic accidents, tumor
resection, and degenerative diseases. The regeneration
phase after VML injuries involves abnormal inflammatory
responses and excessive collagen deposition. Necrosis
of myofibers stimulates the infiltration of immune cells,
mainly neutrophils and macrophages, which participate
in the clearance of necrotic myofibers and secrete
specific cytokines and growth factors that regulate the
activation and differentiation of satellite cells and direct
the surrounding cells to partake in the ECM remodeling
and angiogenesis. Currently, the treatment options
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for VML are limited. The most common procedure is
muscle flap transplantation, which involves the transfer
of autologous tissue with blood and nerve supply from
the donor site to the injured site in the patient. Despite
some beneficial outcomes, this treatment suffers from the
common drawbacks of autologous tissue transplantation,
such as donor tissue deficiency, donor site morbidity, and
potential graft failure.’**'?! Another treatment option is
physical therapy, which compensates for the functional
deficits associated with VML defects by hypertrophy of
the remaining muscles.'” However, this treatment is not
suitable for large-scale VML defects, and VML patients are
often unable to perform physical exercise, limiting its use
in clinic. These concerns have led to the investigation of
novel regenerative medicine treatments.

A variety of 3D bioprinting techniques have been
investigated in order to create skeletal muscle grafts with
regenerative potential for VML repair (Table 3). Choi et al.
developed a granule-based printing reservoir to fabricate
volumetric muscle constructs based on cell-laden dECM
bioinks.'” The resultant constructs supported high cell
viability and enhanced muscle formation to promote
muscle regeneration. Behre et al. prepared patient-specific
scaffolds for VML repair using ECM-based bioinks.'**
This fabrication process was implemented with the
freeform reversible embedding of suspended hydrogels
(FRESH) 3D bioprinting technology, which allows the
ECM hydrogel to match the tissue defects and manage
the characteristics of the construct microstructure. The
creation of anisotropic muscle tissues remains a challenge
for traditional 3D extrusion bioprinting. In combination
with the ice-templating method, Luo et al. developed an
innovative bioprinting technology, namely vertical 3D
extrusion cryo-bioprinting.'” With precise temperature
control, GelMA-based bioinks can be bioprinted into
freestanding filamentous constructs with interconnected,
anisotropic, and gradient microchannels. Using this
technology, the printed muscle-tendon units showed
high cell survival and desired cell arrangement. Without
using the toxic materials, Mostafavi et al. developed
GelMA-based foam bioinks for the preparation of
tissue engineering scaffolds.’”® Homogeneous and
interconnected pores were generated by mechanical
stirring of the precursor gel solution at a high rate,
which facilitated cell infiltration and spreading in the
hydrogels. The porous bioinks were compatible with
both conventional and handheld bioprinters (Figure
3A). Moreover, the constructs bioprinted based on the
bioinks presented significant regenerative potential
as evidenced by a mouse VML model. Successful
biofabrication of skeletal muscle constructs for VML
repair requires precisely replicating the structural and

functional features of natural skeletal muscle. Kim et al.
fabricated human skeletal muscle constructs that were
integrated with neural cells via bioprinting and evaluated
the effects of neural input on the bioprinted constructs.'”
The results showed that the neural-skeletal muscle
constructs achieved rapid integration with the host neural
network and enhanced the recovery of muscle function.
3D-bioprinted constructs have mechanical properties
that are similar to native tissue, which is especially
important for musculoskeletal tissue regeneration. A
new bioprinting strategy, assembled cell-decorated
collagen (AC-DC) bioprinting, was invented to fabricate
musculoskeletal tissue implants for the reconstruction of
damaged tissues.'?® The mechanical properties of resultant
implants consisting of robust glyoxal crosslinked collagen
microfibers and human-related cells were comparable
to or better than those of native tissue, and they could
facilitate function restoration.

Muscle fiber bundles fuse to form skeletal muscle with a
highly parallel-aligned structure that is essential for effective
force transfer and anisotropic locomotion.'**"*> Therefore,
the fabrication of biomimetic muscle constructs to simulate
thealigned structure, which can stimulate 3D cell alignment,
is crucial for skeletal muscle tissue regeneration. Numerous
attempts have been made in muscle cell alignment by
improving the bioprinting strategies.”®'**"* Li et al.
developed bioinks based on viscoelastic hydrogels, which
enhanced the arrangement of the cell microenvironment.*
Combined with the gel-in-gel strategy, the bioprinted
biomimetic scaffold with aligned structure was prepared
for VML repair. The scaffold demonstrated the capacity
to induce the alignment and elongation of 3D myoblasts.
Distler et al. demonstrated that the microstructure of
the hydrogel could be oriented by adjusting printing
conditions, such as nozzle diameter and extrusion pressure,
thus guiding the orientation of cell growth.'”* During the
3D printing process, the orientation of C2C12 cells in the
printing direction increased with the rise of the shear force
in the printing head. Kim et al. described an innovative
bioprinting strategy for the guidance of the muscle cells.'**
To induce the alignment of laden myoblasts, they designed
collagen-based bioinks mixed with gold nanowires, which
provided aligned topological clues to the cells in response
to the external electric field (Figure 3B and C). The bioink
supported high cell viability, and the printed structures
demonstrated excellent myoblast alignment and efficient
myotube formation. Yeo et al. described a novel bioprinting
method in combination with the electrohydrodynamic-
direct-writing (EHD-DW) procedure, which enabled the
biofabrication of high-resolution microscale structures.'”
Alginate/fibrin  bioinks loaded with myoblasts or
endothelial cells can be printed into spatially patterned
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Table 3. Advances in 3D bioprinting for skeletal muscle regeneration

Bioprinting technology =~ Materials Cell type Cell density (cells/  Key outcomes Ref.
mL)
Extrusion GelMA ASCs 1x 107 Accelerated muscle regeneration %
PEDOT and GelMA C2C12 cells 2% 10° Enhanced the formation of 12
muscle fibers
GelMA and fibrinogen C2C12 cells 2x10° Recruited native muscle cells 3
and promoted revascularization
in situ
GelMA C2C12 cells - Achieved significant functional 126
recovery and higher muscle
forces
HA, gelatin, fibrinogen, hMPCs and hNSCs 3 x 107 Facilitated rapid innervation and '’
glycerol, and PCL maturation into organized muscle
tissue
Gelatin and fibrinogen C2C12 cells 1x 107 Promoted myotube formation o
Oxidized alginate-gelatin C2C12 cells 8 x 10° Enhanced cell differentiation into '
ordered myotube clusters
Fibrinogen, gelatin, HA, hMPCs 1x 107 Showed a highly organized 130
and glycerol multi-layered muscle bundle and
significant functional recovery
Electric field-assisted GelMA C2C12 cells 1.5 x 107 Promoted myotube formation e
extrusion and maturation
Collagen and Au nanowires C2C12 cells 1x 107 Enhanced myoblast alignment 132
and efficient myotube formation
Extrusion cryo(bio) GelMA, DMSO, and C2C12 cells 1x10° Enhanced cell viability, spreading, '*
printing D-(+)-melezitose hydrate and alignment
AC-DC bioprinting HA hMSCs 1-5 x 10° Increased total muscle fiber 128
count, median muscle fiber size,
and cellularization
Inkjet Alginate, fibrin, and PEO C2C12 cells 5x10° Presented fully aligned myotube ~ '*
formation and greater myogenic
differentiation
DNP-based 3D printing ~ GelMA and UCNP@LAP  ADSCs 1x 107 Obtained a muscle tissue repair- '
nanoinitiators able cell-laden conformal scaffold
without surgery implantation
HCC-PEG and gelatin Muscle-derived 2-4x10° Lead to the de novo formation of ~ '**

stem cells

myofibers

Abbreviations: AC-DC: assembled cell-decorated collagen, DNP: digital near-infrared photopolymerization, GelMA: gelatin methacrylate, PEDOT:
poly-3,4-ethylene dioxythiophene, HA: hyaluronic acid, PCL: polycaprolactone, SAPs: self-assembling peptides, DMSO: dimethyl sulfoxide, PEO: poly
(ethylene oxide), HCC-PEG: 7-hydroxycoumarin-3-carboxylate—polyethylene glycol, hMPCs: human muscle progenitor cells, ANSCs: human neural
stem cells, h(MSCs: human mesenchymal stem cells, ADSCs: adipose-derived stem cells

constructs by adjusting a series of printing parameters,
such as the electric field, the distance from the nozzle to
the loading platform, and the nozzle moving speed. The
constructs bioprinted with myoblasts and endothelial
cells demonstrated completely aligned myotube formation
and higher myogenic differentiation potential than those
bioprinted with myoblasts alone, which may be attributed

to angiogenic cytokines secreted by endothelial cells. Yang
et al. described a novel one-step printing system in which
an electric field was applied simultaneously to induce
the orientation and differentiation of C2C12 cells while
the bioinks were being extruded.”' The rate of myotube
formation and maturation was significantly faster in the
printed structures stimulated by an electric field than in the
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Figure 3. 3D bioprinting for skeletal muscl