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Three-dimensional (3D) printing technology has emerged as a revolutionary
manufacturing strategy that could realize rapid prototyping and customization. It
has revolutionized the manufacturing process in the fields of electronics, energy,
bioengineering and sensing. Based on digital model files, powdered metal, plastic
and other materials were used to construct the required objects by printing layer by
layer. In addition, 3D printing possesses remarkable advantages in realizing
controllable compositions and complex structures, which could further produce 3D
objects with anisotropic functions. In recent years, 3D bioprinting technology has been
applied to manufacture functional tissue engineering scaffolds with its ability to
assemble complicated construction under precise control, which has attracted
great attention. Bioprinting creates 3D scaffolds by depositing and assembling
biological and/or non-biological materials with an established tissue. Compared
with traditional technology, it can create a structure tailored to the patient
according to the medical images. This conception of 3D bioprinting draws on 3D
printing technology, which could be utilized to produce personalized implants, thereby
opening up a new way for bio-manufacturing methods. As a promising tool, 3D
bioprinting can create complex and delicate biomimetic 3D structures, simulating
extracellular matrix and preparing high precision multifunctional scaffolds with
uniform cell distribution for tissue repair and regeneration. It can also be flexibly
combined with other technologies such as electrospinning and thermally induced
phase separation, suitable for tissue repair and regeneration. This article reviews
the relevant research and progress of 3D bioprinting in tissue repair and
regeneration in recent years. Firstly, we will introduce the physical, chemical and
biological characteristics of biological scaffolds prepared by 3D bioprinting from
several aspects. Secondly, the significant effects of 3D bioprinting on nerves, skin,
blood vessels, bones and cartilage injury and regeneration are further expounded.
Finally, some views on the clinical challenges and future opportunities of 3D bioprinting
are put forward.
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1 INTRODUCTION

The traditional tissue engineering method is to inoculate cells on
the prepared material scaffold after proliferating in vitro to form a
complex of “scaffold + cell”. After culturing in vitro for a certain
period, the complex is implanted into the patient’s body (Groll
et al., 2016). With the gradual degradation and absorption of
biomaterials in vivo, the implanted cells continue to proliferate,
differentiate and secrete extracellular matrix, and finally achieve
the purpose of tissue or organ repair and functional
reconstruction (Zhao and Cui, 2020; Abdollahiyan et al.,
2021). In the past decades, tissue engineering has gained
enormous progress, but traditional methods such as solution
casting/particle leaching method, thermally induced phase
separation method, foaming and electrospinning, cannot

effectively control the pore size, porosity and structure of a
sequential network structure, and the repeatability is poor
(Zhang et al., 2020; Gao C. et al., 2021; Agarwal et al., 2021;
Qu et al., 2021; Zou et al., 2022). However, 3D printing
technology can precisely control the appearance and internal
structure of printed objects through computer-aided design
modeling (Palmara et al., 2021). Its emergence has made the
design and construction of porous scaffolds develop by leaps and
bounds. 3D printing can efficaciously integrate diverse types of
living cells into 3D structures composed of traditional micro-
nano biomaterials, thereby creating artificial grafts that can
regenerate damaged tissues (Cheng et al., 2021). 3D printing
and relevant biological manufacturing methods supply a perfect
set of tools for the operation of materials, cells and molecules to
construct on-demand customized structures in a reproducible
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way (Prendergast and Burdick, 2020). Based on the preparation of
adjustable 3D tissue structure, it can encapsulate cells and growth
factors, which provides a new strategy for designing biomimetic
scaffolds for tissue repair and regeneration (Groll et al., 2016).

In addition to engineered tissue scaffolds, this technology is
also used for drug delivery (Chia and Wu, 2015; Sandler and
Preis, 2016; van der Elst et al., 2021). The current drug delivery
system still cannot meet the needs for individualized treatment of
patients. However, the advancement in technology has made it
possible to realize personalized drug dosage regimens with 3D
printing technology, which has the characteristics of flexibility
and precise control (Sandler and Preis, 2016). Furthermore, 3D
bioprinting has demonstrated its potential to construct
transplantable hard organs/tissues in tissue engineering (Ng
et al., 2019; Fonseca et al., 2020). However, there are still some
uncertainties in the 3D bioprinting methods in the manufacture
of 3D hard organs/tissues (Abdollahiyan et al., 2021). Although
3D printing achieves impressive configurable detail, the process
depends on whether there is a suitable imaging method, and in
some cases, the implantation of printing structures can be
challenging (Tamimi et al., 2009; Klammert et al., 2010). The
prefabricated structures that obtain the same size and shape of
injuries can be applied to treat predictable injuries, under some
circumstances, the geometry of the injury lies on the surgical
technique and may be changed during the surgical debridement
(Ashammakhi et al., 2019). In addition, how to ensure cell
viability after printing is one of the core concerns of 3D
bioprinting. In traditional extrusion bioprinting, the cell-
loaded bioink is extruded through a nozzle, and the shear
stress during the extrusion process will inevitably damage cells
(Blaeser et al., 2016; Jentsch et al., 2021). The performance and
application of the scaffold can be adjusted according to the type of
material applied in 3D printing. The microporous structure of
traditional biomaterials (ceramics, polymers, metals and their
composites) limited their application in 3D bioprinting.
Compared with the above traditional biomaterials,
nanomaterials have a higher surface area and volume ratio,
and their size range is closer to mimicking the structure of
natural tissues, which can improve the rate of cell adhesion
and proliferation. Therefore, the combination of 3D

bioprinting and nanomaterials creates conditions for the
preparation of ideal multifunctional scaffolds (Bhatt and
Anbarasu, 2017; Rana et al., 2017). One of the most critical
obstacles in the clinical application of 3D bioprinting is the
selection of an appropriate cell source, which should be safe,
minimally invasive, fast and easy to expand (Amler et al., 2021).
In addition, 3D scaffold surface functionalization usually requires
post-processing treatment, which may lead to inevitable side
effects or change the original morphology and shape of the
scaffold (Camacho et al., 2021).

In the past decade, 3D printing has become an extremely
popular multi-functional technology platform for the rapid
manufacture of synthetic substitutes for regenerative medicine
(Memarian et al., 2021). In the biomedical field, 3D printing
technology is committed to 1) creating personalized prosthetics,
anatomical models and implants; 2) manufacturing medical
devices; 3) reconstruction of organs and tissues (Kim et al.,
2008). At present, the most common 3D printed artificial
scaffolds for tissues or organs in the medical field include skin,
nerves, blood vessels, cartilage and bones (Lin et al., 2018; Setacci
et al., 2018; Yan et al., 2018). In addition, biological scaffolds
prepared by 3D printing or their combination with other
technologies play an active role in the repair and regeneration
of the above organs and tissues.

2 DIFFERENT CATEGORIES OF 3D
PRINTING TECHNOLOGY TO CONSTRUCT
SCAFFOLDS
Compared with the traditional manufacturing technology, 3D
printing has the following three main advantages: unlimited
design space, which means that objects with any complex
geometric structure can be processed, and designers can
design arbitrarily complex geometric shapes; zero-skill
manufacturing, which means not requiring higher skills to
operate, and can easily realize the personalized design and
customization of products; the infinite combination of
materials, which refers to the ability to print multiple
materials in combination to produce “new products” with

FIGURE 1 | Three categories of 3D printing methods.
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different properties. In other words, the three most valued
advantages of 3D printing technology are accelerating the
product development process, providing personalized and
customized products and increasing production flexibility. 3D
printing is not a single technology, it integrates cutting-edge
technologies in many fields such as digital modeling technology,
electromechanical control technology, information technology,
materials science, chemistry and biomedicine. At present, the
most common 3D printing technologies are mainly divided into
three categories: extrusion printing, inkjet printing and laser-
assisted bioprinting (LAB) (Figure 1) (Azad et al., 2020).
Although no single bioprinting technology can completely
replicate the complexity of various tissues, each technology has
its advantages and can make up for each other’s shortcomings
and limitations (Groll et al., 2016; Mandrycky et al., 2016). The
applied bioprinting method depends on the necessary
considerations of biological issues and their complexity,
resolution and cell structure.

2.1 Extrusion Printing
Extrusion-based 3D printing is the most common method, which
has attracted more attention by its usability (Baniasadi et al.,
2021; Chen et al., 2021). The concept of extrusion bioprinting is to
squeeze bioink from the printer nozzle for printing custom-
designed tissue engineering scaffolds and physiologically
related organs (Daly et al., 2021). The extrusion bioprinting
device consists of two parts: a fluid supply system and an
automatic extrusion printing system. The computer-controlled
deposition system prints the bioink into shape, and the cells are
accurately encapsulated in a 3D structure. Products
manufactured by this technology have good structural
integrity. The diameter of the extrusion bioprinting nozzle can
reach a larger size, the nozzle design is more flexible, and the “ink”
can be nearly solid, which makes the printing “ink” diversified.

In addition, this printing method can perform selective material
melting (Baniasadi et al., 2021). It allows printing bioinks with high
viscosity and high cell density, which is beneficial for controlling the
pore structure of the scaffold and is suitable for making structures
with appropriate dimensions (Murphy and Atala, 2014). Extrusion
bioprinting can be divided into three types: pneumatic drive,
mechanical drive (piston or screw) and solenoid drive, among
which pneumatic drive and piston drive are more commonly
used (Ning and Chen, 2017). This technology can be easily
transformed into multi-nozzle technology, which can easily print
various materials and cells, and further fabricate different types of
biological scaffolds for tissue repair and regeneration. However, due
to the mechanical requirements for structural stability after
extrusion, the ink is usually quite viscous, about 10–300 Pa s,
which will lead to the problems of high shear force and low cell
survival rate (Blaeser et al., 2016; Kang et al., 2018). In addition, due
to the mechanical limitation of extruding viscous materials through
small nozzles, the diameter of the nozzles used is limited, which
further limits the resolution of extrusion printing (Bedell et al., 2020).
The ideal extrusion bioink should be shear thinner and able to
achieve low viscosity in the high shear environment of the printing
nozzle, which is awaiting further exploration and development by
researchers.

2.2 Inkjet Printing
Inkjet bioprinting originates from traditional 2D inkjet printers
and belongs to the category of extrusion bioprinting, which
involves the deposition of bioink droplets through nozzles
instead of continuous filaments (Gudapati et al., 2016; Li et al.,
2020). In theory, inkjet 3D printing is capable of using almost any
powder material, such as biopolymer, ceramic and metal powder.
Especially in recent years, it has attracted extensive attention in
the research fields of polymer molding, nanocomposites and
tissue engineering (Farahani et al., 2016; Mandrycky et al.,
2016; Ligon et al., 2017). UV curable technology is currently
the most environmentally friendly and rapidly growing
technology, and its combination with 3D inkjet printing
provides high resolution, fast curing, and the ability to change
the geometry and material composition in a flexible, adjustable
manner. Moreover, the increase in the number of nozzles and/or
print heads allows for flexible and controllable commercial
production speeds (Clark et al., 2017; Hong et al., 2019).
Inkjet printing is one of the pioneers of 3D printing, which
can realize cell printing to manufacture tissues or organs. On this
basis, inkjet bioprinting was born as a branch of bioprinting
(Moroni et al., 2018). Drop-on-demand inkjet printing and
continuous inkjet printing are two major types of inkjet
technology, among which drop-on-demand inkjet printing has
become the main strategy of inkjet bioprinting due to its unique
advantages. Drop-on-demand inkjet nozzles only generate
droplets while the ejection signal is reached, which makes it
possible to obtain higher accuracy and higher ink utilization (Li
et al., 2020).

Inkjet droplets are generally 10–150 pL, and their volume
change along with pulse frequency, temperature gradient and
material viscosity. Therefore, inkjet bioprinting can achieve a
resolution of fewer than 30 μm (Angelopoulos et al., 2020).
And this printing technology is affected by low cell density,
and the viscosity range of the related printing materials
applied is extremely limited (Ostrovidov et al., 2019).
However, inkjet printing has the preponderances of low
technical cost, high printing resolution and the ability to
print multiple materials synchronously (Saunders and
Derby, 2014).

2.3 Laser-Assisted Bioprinting
The LAB with reproducible characteristics could fabricate tissues
with similar physiological functions as autologous tissues.
Stereolithography and selective laser sintering are both
variants of laser-assisted 3D printing technology. Since the
nozzle construction of laser-assisted printing belongs to the
open type, there is no common nozzle blocking problem with
other 3D bioprinting (Luo et al., 2018). The mechanism of this
printing method is similar to inkjet printing, but the ink will not
pass through the nozzle like inkjet printing, so no wall shear stress
acts on the cells. Based on the above situation, LAB usually
produces a higher percentage of cell viability (Xiong et al., 2017).
Furthermore, the laser and the picoliter-sized droplets ejected
from the bioink enable the LAB to possess exceedingly high
printing resolution and own ability to print single cells (Keriquel
et al., 2017).
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The LAB platforms are also increasingly used for cell printing
and tissue engineering applications. Relevant studies have shown
that this technology can accurately control the density and
position of cells on the scaffold, providing a new strategy for
the repair and regeneration of various tissues. As a non-contact
molding method, this technology can maximize the biological
activity of the bioink. However, LAB has ineluctable problems
such as low printing efficiency, high price and difficulty in
printing large-size tissues and organs.

3 DIFFERENT TYPES OF BIOINKS FOR 3D
BIOPRINTING

Living tissue is a kind of complex heterostructure, which is
composed of building blocks of different sizes arranged in
layers to obtain multifunctional characteristics (Levato et al.,
2014; Jeon et al., 2019). Since 3D printing can prepare
excellent 3D scaffolds to simulate natural tissues, it has been

increasingly applied in tissue engineering (Chen et al., 2020). 3D
bioprinting ultimately produces artificial organs and biomedical
products by assembling a special bioink. The bioink is mainly
responsible for the function of constructing 3D structures and
reconstructing tissue. Therefore, the selection of bioink is very
important, in which the printability, biocompatibility and
mechanical properties must be balanced (Saroia et al., 2018;
Gu et al., 2020). Materials, cells and bioactive molecules have
always been considered as important components of bioinks,
which are used to print structures similar to natural tissues
(Figure 2) (Yang et al., 2020).

It must be emphasized that the applicability of bioinks will
directly determine whether 3D bioprinting technology can be
used in clinics. However, bioinks have bottlenecks in solving
particular biocompatibility challenges, printability and functional
characters (Chen et al., 2021). During 3D bioprinting, high
temperatures or organic solvents are incompatible with the
deposition of living cells and bioactive molecules.
Furthermore, structural integrity and fidelity are difficult to

FIGURE 2 | Three types of bioinks for 3D bioprinting.
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maintain while maintaining high cell viability and phenotype. As
a result, the potential to create anatomically accurate multilayered
tissues with the ability to naturally replicate human
pathophysiological functions is limited (Gold et al., 2021). In
the current research, the commonly used materials for
constructing bioinks are mainly divided into two categories:
synthetic polymers, such as polycaprolactone (PCL), polylactic
acid (PLA), polylactic acid-glycolic acid (PLGA), polyethylene
oxide terephthalate-co-butylene terephthalate (PEO/PBT), and
nature polymers such as alginic acid, hyaluronic acid,
decellularized extracellular matrix, gelatin, agarose, and
nanocellulose (Agarwal et al., 2021). According to the different
types of repaired tissues, related cells and/or biomolecules are
added to make the designed and prepared 3D bioprinted scaffolds
more versatile (Apelgren et al., 2021). 3D cell printing is the
uniform mixing of cells and materials to be printed, hence the
printing material must own printability and crosslinkability, as
well as good biocompatibility and necessary mechanical
properties. With the materials listed above, single and/or
combined utilization could achieve these relevant properties
and meet the requirements for preparing 3D biological
scaffolds. The difference in materials and applied bioprinting
technology leads to the difference in mechanical properties of 3D
scaffold, which determines the application position of the
scaffolds, such as bone, cartilage, skin, nerves and blood
vessels. Next, biological materials, cells and bioactive molecules
commonly used in current research are summarized.

3.1 Materials
3.1.1 Synthetic Polymers
PCL is a common polymer with high mechanical strength, good
biocompatibility, degradability and printability. It has been
approved by FDA for medical devices. Because PCL has the
characteristics of shape memory, it makes the printed things have
“memory”, which can be restored to the original shape under
certain conditions. In the medical field, it can be used to print the
heart, bones, nerve scaffolds, etc. Because of these excellent
properties, PCL has become the most widely used material
among multitudinous materials. However, PCL has
shortcomings such as hydrophobicity or lack of cell adhesion.
To cope with these problems, various methods or technologies
have been proposed to modify the printed biological scaffolds to
meet the needs of tissue repair and regeneration (Mousavi Nejad
et al., 2021).

PLA is a condensation product of α-hydroxy propionic acid,
which belongs to a thermoplastic aliphatic polyester. It possesses
the advantages of excellent mechanical properties, processability,
transparency, dimensional stability and biocompatibility. It is
biodegradable thermoplastic, which comes from renewable
resources and is recognized as an environmentally friendly
material (Sikorska et al., 2018). Secondly, it is the
biodegradable material with the largest production capacity,
and its dosage ratio is increasing year by year among
biodegradable plastics, making it a potential environmentally
friendly solution in the field of 3D bioprinting. Because it is
degraded in the human body and eventually excreted from the
body in the form of CO2 and H2O, thus widely used in medical

applications (Musioł et al., 2016; da Silva et al., 2018). Besides,
PLA film has excellent antibacterial and antifungal properties,
and has a broad market prospect in the preparation of biomedical
materials by 3D printers. As a perfect example of “biomaterials”,
PLA has innovative multi-dimensional applications. However,
pure PLA has some shortcomings of poor toughness, high
brittleness and heat resistance (Bardot and Schulz, 2020). At
present, there has been a lot of research on the modification of
PLA, and the 3D bioprinting consumables of PLA base materials
have been updated for a long time (Brézulier et al., 2021).

As a degradable polymer material, PLGA has been certified by
FDA as a pharmaceutical excipient and included in the FDA
Pharmacopoeia (Danhier et al., 2012). Lactic acid and glycolic
acid, the degradation products of PLGA, are also byproducts of
the human metabolic pathway, so they have no toxic side effects
when used in medicine and biomaterials. At the same time, it has
good biocompatibility, will not cause inflammation of
surrounding tissues and has no rejection, so it has been widely
used in tissue engineering (Du et al., 2020). There are plenty of
reports on the preparation and application of various PLGA drug
microspheres, among which PLGA microspheres as protein and
enzyme drug carriers are the research hotspot (Chereddy et al.,
2018). In addition, the reliability and thermal properties of PLGA
enable it to be processed by additive manufacturing technology of
melt extrusion (Gradwohl et al., 2021).

The uniform properties of synthetic polymers are that they can
be manufactured under controlled conditions, so they exhibit
generally predictable and reproducible mechanical and physical
properties. The more important advantage of synthetic polymers
is the ability to control impurities in the material. In biological
applications, hydrogels based on synthetic polymers such as PCL,
PLA and PLGA can adjust the final mechanical properties by
changing the functional groups, molecular weight or
polymerization chemistry, thereby customizing performance
for specific applications (Yu et al., 2020). However, it is worth
noting that the bioprinting of hydrated and ductile 3D hydrogel
scaffolds with ideal structural properties has not yet been fully
realized (Ning et al., 2021).

3.1.2 Natural Polymers
Collagen is widely found in all tissues from the body surface of
lower vertebrates to the body of mammals, namely cartilage, skin,
bones and other tissues (Gao J. et al., 2021). As a natural polymer,
collagen has been proved in clinical to significantly promote the
repair, regeneration and reconstruction of defective tissues.
Collagen bioink is one of the most widely used in the field of
tissue engineering. Type I collagen widely exists in the human
body, accounting for more than 90% of the total mass of collagen
(Valot et al., 2019). Collagen, as a natural biological material, has
also been applied in the field of 3D bioprinting. However,
collagen is temperature-sensitive and prone to degradation
during most sterilization processes, so collagen scaffolds often
need to be cross-linked or used in combination with other
materials. The 3D collagen scaffold with high porosity,
permeability and biocompatibility, could facilitate the
formation of new tissues (Cheng et al., 2021). Although
collagen has good biocompatibility, it is difficult for collagen
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to form a cell-carrying bioink with appropriate viscosity. The
formed scaffold has low strength and is very sensitive to
metalloproteinases, and further exploration of composite
bioinks with collagen as the core is needed. Moreover, the pH
must be adjusted before using collagen as a hydrogel material,
because the fibers formed under neutral pH conditions form a
physical gel within 30 min at room temperature, and the
concentration is as low as 1.5 mg/ml (Mazzocchi et al., 2018).

Gelatin with good biocompatibility, high water absorption and
no immunogenicity, belongs to denatured collagen, which is the
product of partial hydrolysis of collagen, the main component of
the natural extracellular matrix (Liu et al., 2021). Because gelatin
has strong maneuverability, like some synthetic polymers, it will
be given priority over collagen in some experimental studies (Wu
and Ding, 2004). Like collagen, gelatin must be treated with acid
or alkali before use. The functionalized form of gelatin
methacrylate is compatible with many different types of
crosslinking chemistry, photoinitiators and other
polymerization systems for long-term cell encapsulation (Yue
et al., 2015). Although collagen and gelatin can promote the
deposition of extracellular matrix in vitro, the human body may
still have an immune response to gelatin or collagen from external
sources (Lynn et al., 2004). The shape fixation rate of the gel
system is significantly improved after glutaraldehyde cross-
linking, and the pores of the scaffold formed by gelatin remain
intact, but this approach reduces the biocompatibility of the
scaffold. Based on this characteristic of gelatin, pure gelatin is
usually used as a sacrificial material in 3D bioprinting, which is
conducive to the transmission of oxygen and nutrients. In order
to retain the biocompatibility of gelatin and enhance its
mechanical strength, the modification of gelatin and the use of
UV cross-linking have attracted the attention of a large number of
researchers (Billiet et al., 2014).

As a biodegradable, negatively charged and nonimmunogenic
polysaccharide, alginate has been widely used in tissue
engineering. Its non-toxic and shear thinning are the
prerequisites for the application of bioink materials (Bouhadir
et al., 2001; Rastogi and Kandasubramanian, 2019). This kind of
bioink has been broadly used in the preparation of 3D cell loading
structures due to its advantages of low toxicity, good
biocompatibility and fast cross-linking. However, the main
disadvantage of alginic acid hydrogel is low bioactivity.
Therefore, modification of bioactive ingredients is a promising
strategy to effectively improve its bioactivity. The existing single-
component hydrogels cannot fully satisfy the needs of physical or
biological properties. For instance, the biological activity of
bioinks may be high, but their printability may be poor and

vice versa (Lee et al., 2020). The most commonly used gel-
forming method for alginate is to employ calcium chloride
(CaCl2) solution as a chelating agent to initiate cross-linking
and curing of alginate after 3D printing. At the same time, this
method can also better maintain the biological phase of the
printed scaffold, so it is widely used in 3D bioprinting. The
limitation of alginate is the short cell-binding domain on the
polymer chain, and calcium ions may cause inflammation in the
body (Chan andMooney, 2013). Therefore, modifying alginate to
improve the adhesion, stretching and proliferation of cells on the
alginate scaffold has become the current trend of using alginate
for 3D bioprinting.

In biological applications, the mechanical properties of
hydrogels based on natural polymers such as collagen, gelatin
and hyaluronic acid largely depend on the concentration, cross-
linking mechanism and the cross-linking conditions of the
materials. In addition to the above factors, combining multiple
kinds of natural materials into composite materials can further
facilitate mechanical properties. So far, through 3D cell printing, a
variety of single-component bioinks, such as alginic acid,
hyaluronic acid, silk fibroin and collagen have been taken into
account for the development of multifarious tissue structure
scaffolds (Chae et al., 2021). However, a large number of
experimental studies showed that a single bioink is more
restrictive, and the prepared scaffold can not achieve ideal
performance. Therefore, to meet more performance
requirements, the construction of composite bioinks is one of
the current development trends of 3D bioprinting.

3.2 Cells
The selection of cell types is crucial for 3D bioprinting related
biological tissues or organs. Different tissues of the human body
are composed of unique cells, and different kinds of cells live in
different physical and chemical environments. However, not all
tissue-specific cells can be isolated and cultured in vitro, and not
all cells can maintain their biological activity after undergoing a
3D bioprinted environment. Therefore, how to optimize cell
separation, culture and enhancement of proliferation
technology have always been the focus of exploration and
improvement of 3D bioprinting. At present, although the 3D
structures of cell-loaded hydrogels or other biomaterials have
been widely established in vitro (Table 1), their effectiveness in
vivo still needs to be verified by a large number of long-term
clinical trials (Cidonio et al., 2019).

Stem cells have extremely broad application prospects in the
fields of cell repair, developmental biology and pharmacology of
life sciences. They have been proved to be the key factor in human

TABLE 1 | Different cell types for 3D Bioprinting.

Cell types Bioinks Application Reference

Cell lines Macrophages Hydrogels Craniotomy repair Aldrich et al. (2019)
Endothelial cells (ECs) Hydrogels Vascular Gao et al. (2018)

Primary cells Primary cortical neural cells Gellan gum modified with RGD peptides Brain repair Knowlton et al. (2018)
Adipose stem cells Hyaluronic acid hydrogels Chondrogenesis Nedunchezian et al. (2021)

Stem cell Mesenchymal stem cells Heart tissue-derived decellularized extracellular matrix (hdECM) Cardiac repair Jang et al. (2017)
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tissue repair and regeneration for a long time. For example, based
on hyaluronic acid hydrogels combined with adipose stem cells,
the construction of printable bioinks showed good chondrogenic
properties in vitro (Nedunchezian et al., 2021). Pre-vascularized
stem cell patch fabricated by 3D printing can facilitate rapid
vascularization to improve the therapeutic effect of cardiac repair
(Jang et al., 2017). Macrophages, as white blood cells with a wide
range of protection, not only exist in the blood, but are also
distributed throughout the body. The 3D bioprinted scaffolds
containing live macrophages and antibiotics have been
demonstrated to promote the clearance of Staphylococcus
aureus craniotomy-associated biofilm infections (Aldrich et al.,
2019). Because macrophages are easy to obtain, culture and
purify, they have great potential for the repair of various
tissues in 3D bioprinting. The neuron is the most basic
structural and functional unit of the nervous system, and its
function is to receive stimulation, generate excitation and conduct
excitation. Neuron damage, which often causes irreversible
damage to patients, has always been a major clinical difficulty.
By formulating specific neural tissue bioinks, printing neuronal
structures and precisely controlling the microenvironment in 3D
space, it may be a new therapy that can be realized in the future
(Knowlton et al., 2018).

Almost all cells in the human body can be used for bioprinting,
and other common ones such as muscle cells, T cells, and osteoblasts
have been extensively studied. The main difficulty of 3D printing
cells is still maintaining cell activity and their original functions,
which requires further reform and improvement of 3D printing
technology to achieve the desired therapeutic effect.

3.3 Bioactive Molecules
Bioactive molecules, that is, compounds with biological activity,
refer to trace or small amounts of substances that have an impact
on life phenomena, including polysaccharides, alkaloids,
peptides, nucleic acids, proteins, amino acids, vitamins, etc.
Natural bioactive molecules have physiological activities such
as anti-inflammatory, anti-cancer and antioxidant, and are widely
distributed in a variety of animals, plants, marine organisms and
microorganisms. At present, the bioactive molecules applied in
3D bioprinting are mainly growth factors, enzymes, antibodies,
antigens, plasmids, DNA, etc. (Table 2). These bioactive
molecules can be selected according to the type of tissues to
be repaired and the functions to be achieved in 3D bioprinting, to
achieve the ideal repair effect. The following is a brief
introduction to several bioactive molecules commonly used in
3D bioprinting and their roles in printed products.

Enzymes are proteins or RNAs produced by living cells that
are highly specific and catalytically efficient for their substrates.
Printing enzymes mixed with other polymer materials is a
common method to improve their stability, activity and
biomedical applications (Steier et al., 2020). A bioink prepared
by mixing gelatin methacrylamide, tyrosinase and collagen has
been studied for in vivo skin tissue bioprinting. The experimental
results show that stable 3D living structures could be printed, and
the three main skin cell lines all show high survival rates (Shi
et al., 2018). Growth factor, as a class of substances that can
regulate the growth and development of cells and the human
body, has been widely used in tissue engineering and 3D
bioprinting. It plays a very vital role in the treatment of bone,
digestion, blood, immunity and respiratory diseases. Researchers
have used a custom-made bioprinter to print muscle ink made
from gelatin methacrylamide and VEGF-eluting Laponite
particles directly onto the site of volumetric muscle loss injury.
The muscle ink has been shown to promote muscle function
recovery and reduce fibrosis when printed in vivo, paving the way
for the treatment of other soft tissue traumas (Quint et al., 2021).
DNA is an essential biological macromolecule for the
development and normal operation of organisms. It is widely
used in modern biology and biochemistry, mainly in the field of
genetic engineering. However, it can also be applied in 3D
bioprinting to prepare gene-active bioinks and combine with
bone marrow mesenchymal stem cells, providing a new idea for
the treatment of bone defect regeneration (Cunniffe et al., 2017).

Numerous studies have confirmed that loading cells and/or
bioactive molecules during the 3D bioprinting process can
improve cell viability and regulate the microenvironment to
promote tissue repair and regeneration. All 3D bioprinting
manufacturing processes must meet biological standards,
ensure cell activity, tissue function and meet medical
standards. This requires extensive experimentation to obtain
various optimal combinations of biomaterials, cells and growth
factors for each organ.

4 TYPICAL APPLICATION OF 3D
BIOPRINTED SCAFFOLDS FOR TISSUE
REPAIR OR REGENERATION
4.1 3D Bioprinted Nerve Guidance Conduits
Peripheral nerve injury is a common neurosurgical disease, which
is mainly caused by trauma or neurodegenerative diseases
(Soman and Vijayavenkataraman, 2020). After peripheral

TABLE 2 | Different bioactive molecule types for 3D Bioprinting.

Types Bioinks Application Reference

Enzymes Tyrosinase Gelatin methacrylamide (GelMA) and collagen (Col) Skin Shi et al. (2018)
Growth
factors

Vascular endothelial growth factor
(VEGF)

Gelatin methacrylamide (GelMA) Skeletal muscle
injuries

Quint et al. (2021)

Nerve growth factor (NGF) Silk fibroin/collagen Nerve Huang et al. (2020)
DNA Plasmid DNA (pDNA) RGD-γ-irradiated alginate and nano-

hydroxyapatite (nHA)
Bone Nedunchezian et al. (2021)

Polypeptide-DNA Hydrogel Cartilage Chimene et al. (2016)
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nerve injury, it will lead to movement, sensation and nutrition
damage in the innervated area (Wu et al., 2021). At present, the
“gold standard of clinical treatment” is autologous nerve
transplantation (Paprottka et al., 2013). However, this
approach has many limitations, such as nerve torsion,
dislocation and loss of donor nerve function. Artificial nerve
catheters based on biomedical materials have become a promising
alternative method for peripheral nerve regeneration. Among
plenty of tissue engineering methods, 3D bioprinting has
attracted much attention because it can realize personalized
printing and accurate 3D structure, which immensely
enhances the possibility of nerve defect repair (Li Q. et al., 2019).

Both biochemistry and topology are the keys to axon guidance
and nerve regeneration. However, building a perfect platform that
can integrate biochemical gradients and topographic guidance
cues is still challenging in the 3D scaffold. Studies have combined
improved 3D printing technology with directional freezing
technology to construct a 3D scaffold with longitudinally
oriented microchannels and continuous biochemical gradients.
In vitro experiments and in vivo studies have shown that the
scaffold can synergistically facilitate nerve regeneration and
directed extension, and further accelerate the recovery of nerve
function (Huang et al., 2020). To further functionalize the 3D
scaffolds, researchers have used 3D bioprinting technology to
construct nerve guidance conduits (NGCs) with bionic natural

peripheral nerve structures. NGCs have been proven to provide
structural and nutritional support for the nerve endings at both
ends, supporting the invasion of surrounding tissues and the
regeneration of axons along the conduit (Rodriguez-Sanchez
et al., 2021). The sciatic nerve defect was reconstructed using a
collagen hydrogel poly(lactide-co-caprolactone) (PLCL) elastic
NGC with directional alignment and nanoporous structure
developed by 3D printing technology and electrospinning. The
elastic NGC has been confirmed to obtain a good effect on axon
regeneration and remyelination in a rat sciatic nerve injury model
(Figures 3A,B) (Yoo et al., 2020). Currently, some NGCs have
been approved by the FDA for clinical applications. Schwann cells
are the dominating glial cells in the peripheral nervous system.
They could secrete neurotrophic factors, promote the survival of
damaged neurons and the regeneration of axons, and participate
in the formation of nerve fibers in the peripheral nervous system.
Based on these superior properties of Schwann cells, the
preparation of 3D scaffolds containing live Schwann cells by
3D bioprinting technology has been widely studied. Relevant
experimental evidence proves that tissue scaffolds with Schwann
cells can be used as a substitute for autologous transplantation
and have great potential in peripheral nerve tissue repair (Ning
et al., 2018). These results lay the foundation for the invention of
advanced instruments for the treatment of serious system
damage.

FIGURE 3 | (A) The SEM of 3D printing nerve guidance conduit afterfreeze-drying. Reproduced with permission (Yoo et al., 2020). Copyright 2020, Royal Society of
Chemistry. (B) Results of ankle contracture angle of autograft, bulk and 3D printing groups measured at 3, 6, 9, and 12 weeks following nerve reconstruction. *p < 0.05
autograft group versus 3D printing group; #p < 0.05 bulk group versus 3D printing group. Reproduced with permission (Yoo et al., 2020). Copyright 2020, Royal Society
of Chemistry. (C) Functional living skin (FLS) for full-thickness skin defect repair in a pig model. Gross morphology of the wound healing process within 30 days.
Reproduced with permission (Zhou et al., 2020). Copyright 2020, Elsevier.
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4.2 3D Bioprinted Wound Dressing
As the largest organ of the human body, the skin is in direct
contact with the external environment and has the functions of
protecting, excreting, regulating body temperature and feeling
external stimuli (Talikowska et al., 2019). However, the skin is
vulnerable to external pathogenic microorganisms, accidents or
physical injuries, resulting in injuries that cannot heal themselves
(Rastin et al., 2021). To deal with this situation, autologous grafts
and other skin tissue substitutes are selected clinically, but their
availability is limited and may cause secondary injury to the

human body; Allogeneic transplantation, use may lead to severe
immune rejection (Vig et al., 2017; Hu and Xu, 2020). The
appearance of tissue engineered skin substitutes provides new
ideas for the repair and regeneration of skin tissues. Among the
numerous biomanufacturing methods, 3D bioprinting relies on
its strong ability to control complex 3D structures to produce
functional 3D tissue scaffolds, which have attracted special
attention (Cubo et al., 2016).

3D bioprinting bionic medical dressings are a hot method for
wound healing. The role of this dressing is to transport and

FIGURE 4 | (A)Microscopic CT evaluation of vascular reconstruction in the defect area (showing white circles) at 8 weeks after implantation of MPHS and MPHS-
DMOG scaffolds. Reproduced with permission (Min et al., 2015). Copyright 2015, Royal Society of Chemistry. (B) The surgical procedure for implanting the 3D printed
bioactive ceramic scaffold into the bone defect and FIB-SEM shows the cross section of the implant bone interface. A broken boundary (between the yellow arrows)
represents a ceramic disintegration area. At 12 months, the boundary became more prominent and infiltrated by loose connective tissue. Reproduced with
permission (Li JJ. et al., 2019). Copyright 2019, Wiley.
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release diverse types of cells or key biomolecules required in the
process of wound healing, so as to accelerate the wound healing
process. Some researchers have designed a novel medical grade
PCL fiber wound dressing, which is prepared by 3D bioprinting,
has anisotropic mechanical properties and is loaded with human
gingival mesenchymal stem cells. In the rat injury model, the
wound healing rate of this dressing group is significantly higher
than other groups, and the scar formation of the full-thickness
excision wound is reduced (Shafiee et al., 2021). However, if there
is extensive skin damage, simple dressings cannot meet the
rehabilitation needs of patients, which leads to the
development of skin tissue substitutes. A new method for
printing functional living skin (FLS) with new bionic bioinks
and 3D bioprinting was developed. FLS can significantly promote
the formation of skin appendages (such as hair follicles, sebaceous
glands). It is a promising approach to achieve scar-free skin
regeneration. FLS with the physiological structure of natural skin,
can promote skin and blood vessel regeneration, and because of
the mechanical properties and bioadhesive properties, it is
convenient to be processed and implanted into the wound
surface. This brings new hope for the treatment of large-area
skin defects in the future (Figure 3C) (Zhou et al., 2020).
Common bioengineered skins have relatively simple tissue
structures. Creating porous layered collagen structures and co-
printing fibroblasts, melanocytes and keratinocytes can induce
precise pigmentation (Ng et al., 2018). In addition, the application
of 3D bioprinting dressings is not only limited to the repair and
regeneration of skin tissues, but also can be used in other tissues,
such as the oral cavity, and nasal mucosa.

4.3 3D Bioprinted Blood Vessel
The blood vessel is the biological blood transport pipeline, which
is responsible for the heartbeat blood to all tissues and organs of
the body, to meet the various nutrients required by the body’s
activities, and the metabolic end products (or waste) back to the
heart, through the lung, kidney and other organs discharged from
the body. Vascular proliferation in vivo refers to the proliferation
and migration of endothelial cells to generate new microvessels
from the existing vascular network, which is critical for tissue
regeneration, development and repair (Nulty et al., 2021).
Vascularization is an extremely slow process, and the average
growth rate of new capillaries is only 5 μm/h (Utzinger et al.,
2015). This has prompted tissue engineers to turn their attention
to the design and preparation of a capillary-like network scaffold,
or engineering tissue that accelerate the process of vascularization
through 3D bioprinting (Sharma et al., 2019). In large diameter
vessels such as aortic (>8 mm) and carotid arteries (6–8 mm),
vascular grafts have satisfactory therapeutic effects. But in small
diameter vessels such as coronary artery (<6 mm) are prone to
thrombosis and intimal hyperplasia, and printing small-diameter
vascular grafts is a priority. Gladys et al. designed PCL/
polydioxanone (PDO) small-diameter bilayer nanofibrous
vascular structures by 3D printing, which is able to achieve
the required printing resolution for blood vessels (Datta et al.,
2017; Emechebe et al., 2020).

There is always a certain gap in the complexity and biological
function of biomimetic vascular tissue in various existing tissue

engineering technologies. The ideal substitute for tissue-
engineered blood vessels requires suture in the structure; It is
consistent with natural blood vessels in terms of mechanical
properties; Functionally, it can withstand the high pressure
generated by blood flow, provide sufficient gas and nutrients
for cells, and finally recruit endogenous cells to promote
angiogenesis. There have been studies using 3D bioprinting to
successfully construct an ice scaffold coated with natural or
synthetic polymers to create a customizable, independent and
biocompatible vascular. The results showed that the optimized
vascular had obvious advantages in mechanical properties and
functions compared with natural mammalian blood vessels,
which is conducive to vascular reconstruction or regeneration
(Yeo, 2019). However, due to the size and complexity of
functional microvessels, the preparation of their corresponding
substitutes has always been very challenging. The generation of
blood vessels is often the key to another tissue repair. The
dimethyloxallyl glycine (DMOG) scaffold composed of
mesoporous bioactive glasses and poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) polymers (MPHS scaffolds), could
effectively induce the hypoxic microenvironment of human
bone marrow stromal cells (hBMSC). In vivo studies have
observed that the scaffold could significantly promote
angiogenesis and larger bone formation area in the defect
tissue (Figure 4A) (Min et al., 2015). Researchers have used
improved thermal inkjet bioprinting to synchronously print
human microvascular endothelial cells and fibrin scaffolds to
fabricate microvessels. They want to use it in coronary artery
bypass grafting, but the idea has not been implemented due to the
performance of the blood vessels themselves (Ameri et al., 2017).
In addition to the usual 3D printing technology, fresh
technologies like co-axial nozzle bioprinting are also being
used to print blood vessels. Co-axial nozzle device containing
two syringes, the core layer is connected to the bio-ink, and the
shell layer is connected to the ionic crosslinking agent, realizing
the printing of hollow biological vessels (Jia et al., 2016).
Furthermore, 3D bioprinting technology has also been used to
build various in vitro tissue or organ models. An independent
in vitro vascular model was developed by using coaxial cell
printing and specific bioinks. It is conducive to the integration
of mechanical and biochemical signals in biomedical
applications, and has broad application prospects in future
vascular tissue engineering applications (Gao et al., 2018).

4.4 3D Bioprinted Bone/Cartilage
The structure of bone includes: periosteum, bone and marrow.
Cartilage consists of cartilage tissue and its surrounding
perichondrium. Cartilage tissue is composed of chondrocytes,
matrix and collagen fibers (Li N. et al., 2021). There are no blood
vessels and lymphatic vessels in cartilage. Nutrients penetrate the
intercellular matrix from the blood vessels of the perichondrium and
then nourish the osteocytes. This histological feature greatly limits
the self-regeneration of damaged cartilage. Therefore, the problem of
damage repair has been perplexing clinicians and researchers (Qi
et al., 2018). Bone defects are usually caused by trauma and tumor
resection. Serious defects exceed the regenerative capacity of the
original tissue. The treatment strategy for bone defects is mainly
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bone grafting to repair bone defects, and bone transplantation has
been proved insufficient to reconstruct and regenerate these defects
(Mostafavi et al., 2021). In the context of bone tissue engineering,
physical and biological needs play a key role in the successful
construction and implantation and the formation of bone,
cartilage and vascular tissue. However, meeting these
requirements to simulate the complexity and function of human
tissue remains a major challenge. Recent studies have shown that the
combination of 3D bioprinting technology and advanced
biomaterials exhibits huge potential in bone tissue engineering
(Alcala-Orozco et al., 2021).

Research on substitutes with high strength and high biological
activity for repairing large bone/cartilage injuries has been always a
severe and realistic difficulty facing the clinic. The emergence of 3D
bioprinting has made it possible to print patient-specific bone/
cartilage tissue. A 3D printed bioactive ceramic scaffold without
cells or growth factors was prepared. The structure and
biomechanics of repairing defects of sheep long bone injury were
evaluated for a long time. The results show that the scaffold has
strong mechanical strength and good bone regeneration ability
(Figure 4B) (Li JJ. et al., 2019). In addition, a recent study has
prepared a chitosan hydrogel/3D for printing PCL and synovial
mesenchymal stem cells (SMSCs) hybrid scaffolds. The scaffold had
certain mechanical supportability, can provide an excellent
microenvironment for the proliferation and cartilage
differentiation of the SMSCs, and is conducive to cartilage
regeneration (Li P. et al., 2021). However, bone damage is often
accompanied by cartilage injury. So far, there is no clinical alternative
to repairing bone and cartilage at the same time. The 3D printed
nanoelastomer scaffold with thermo-responsive mechanical
propertihasave been reported previously. The chondrogenic
differentiation of human bone marrow mesenchymal stem cells
on soft scaffolds was enhanced, and the osteogenic differentiation on
hard scaffolds was enhanced, which was similar to the relative
expression of human femoral head tissue (Wu et al., 2018).
Acrylic peptides and PEG hydrogels of human mesenchymal
stem cells were successfully printed by reducing the manipulation
steps by inkjet bioprinting technology, which can promote the
formation of bone and cartilage (Gao et al., 2015). Perhaps, this
can open up new ideas for the development and research of
totipotency artificial bone/cartilage substitutes.

4.5 3D Bioprinted Heart Valves, Urethra and
Esophagus
The application of 3D bioprinting is limited to the repair and
regeneration of the issues mentioned above and has been studied
in various human tissue structures such as heart valves, urethra,
and esophagus. For example, the only available and effective
treatment for valvular heart disease is prosthetic valve
replacement (Cheung et al., 2015). Tissue engineering and 3D
bioprinting technology can design specific functional valves
according to patients’ diseased valves, to make up for some
shortcomings of prosthetic valve replacement (Vashistha et al.,
2019). Urethral stricture caused by urethral injury has always
been a difficult clinical problem, and the traditional urethral
tissue engineering and treatment methods cannot meet the needs
of treatment. Relevant research has shown that the urethra
prepared by 3D bioprinting can simulate the mechanical
properties and structure of human urethral tissue, which
provides a new therapeutic strategy for the field of urology
(Zhang et al., 2017; Agung et al., 2021). Various esophageal
diseases, such as esophageal stenosis, cancer, atresia, etc.,
although the clinical treatment has a certain effect, may lead
to many complications (Farhat et al., 2021). 3D bioprinting
enables the creation of substitutes that mimic the original
esophageal structure and intrinsic composition for esophageal
defect repair (Takeoka et al., 2019; Nam et al., 2020). There is no
doubt that the emergence of 3D bioprinting will provide multiple
possibilities for tissue engineering and regenerative medicine. We
summarized the applications of 3D printing technology, as shown
in Table 3.

5 CONCLUSION AND OUTLOOK

The repair and regeneration of damaged tissue is a major issue in
the fields of biology and medicine, involving plenty of basic
disciplines such as genetics, development, stem cell tissue
engineering, biomaterials and clinical disciplines such as
trauma, burns and orthopedics. The results will provide direct
services for the treatment and rehabilitation of hundreds of
millions of injured patients and improve their quality of life.

TABLE 3 | Applications of 3D printing technology.

3D printing
technology

Materials/Cells/Bioactive molecules Cell type Applications Reference

Extrusion Printing Alginate/Fibrin/Hyaluronic Acid/Arg-Gly-Asp Peptide (RGD Peptide) Schwann cell Nerve Ning et al.
(2018)

Laser-Assisted
Bioprinting

Gelatin Methacrylate (GelMA)/N-(2-aminoethyl)-4-(4-
(hydroxymethyl)-2-methoxy-5-nitrosophenoxy) butanamide (NB)
linked hyaluronic acid (HA-NB)/Lithium Phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP)

Human skin fibroblasts (HSFs) and human
umbilical vein endothelial Cells (HUVECs)

Skin Zhou et al.
(2020)

Extrusion Printing Chitosan (CS)/Poly(ε-caprolactone) (PCL) Mesenchymal stem cells (MSCs) Cartilage Li P. et al.
(2021)

Vascular-tissue-derived Extracellular Matrix (VdECM)/Alginate HUVECs Blood vessel Gao et al.
(2018)

Inkjet Printing Acrylated Peptides/Poly(ethylene glycol) (PEG) Human mesenchymal stem Cells (hMSCs) Bone/
cartilage

Gao et al.
(2015)
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At present, 3D printing technology has become a promising
technology in the field of healthcare, and remarkable progress
has been made in printing various complex bionic structures.
Meanwhile, emerging strategies such as hybrid bioprinting, which
combines biomaterials, cell microenvironments and 3D printing
technology, also show wide application possibilities (Moor et al.,
2020). 3D bioprinting relies on the complexity of controlling the
distribution of cells and biological materials to reconstruct
human tissues, which has unparalleled advantages in preparing
tissue engineering scaffolds (Kolesky et al., 2016). Although a lot
of research results have been achieved in the past 10 years, there is
still a very large space for improvement in the construction of
bioprinting and bioinks. There is short of bioinks that can meet
the requirements of 3D printing and tissue engineering, and the
potential applications of bioprinting have been restricted
(Chimene et al., 2016). For example, decellularized
extracellular matrix (dECM) inks formed by removing cells
from tissue and retaining ECM have good biochemical
properties, but lack mechanical properties (Abaci and
Guvendiren, 2020). Compared with nonbioprinting, 3D
bioprinting is more complex and needs to overcome the
challenges related to material selection, cell type, growth and
differentiation factors, as well as the sensitivity and tissue
structure of living cells.

Future bioprinting strategies may pursue the early stages of
tissue and organ development. The continuous improvement
and integration of cell biology, material science, engineering
and many other disciplines will gradually overcome the
obstacles encountered by bioprinting in tissue repair and
regeneration (Mota et al., 2020). For example, deep learning
has the advantages of parameter optimization and image

processing, which can simplify the bioprinting process and
is expected to promote the progress of 3D printing technology
(Ng et al., 2020). Most importantly, 3D bioprinted tissues or
organs need to meet a lot of requirements before they can be
applied in clinical practice. For example, they need to have
biological properties similar to natural organs and have a
complete blood vessel network including arteries, veins and
capillaries. To achieve a breakthrough in the application of
multi-scale and multi-component tissue/organ bioprinting, it
is necessary to further develop “intelligent” biomaterials and
integrate complementary bioprinting technologies based on
existing research.
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