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ABSTRACT
Biological materials can actively participate in the formation of bioactive organs and can even control cell
fate to form functional tissues that we name as the smart regenerative medicine (SRM).The SRM requires
interdisciplinary efforts to finalize the pre-designed organs.Three-dimensional (3D) printing, as an additive
manufacturing technology, has been widely used in various fields due to its high resolution and
individuation. In SRM, with the assistance of 3D printing, cells and biomaterials could be precisely
positioned to construct complicated tissues.This review summarizes the state of the SRM advances and
focuses in particular on the 3D printing application in biofabrication. We further discuss the issues of SRM
development and finally propose some approaches for future 3D printing, which involves SRM.
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INTRODUCTION
The rapid growth of organ-transplantation demand
is outnumbering the donors. Although 1 million
people benefit from organ transplantation globally,
the death toll of patients while on the transplant
waiting list is up to 15%–30% [1]. Regenerative
medicine, a broad field including tissue engineer-
ing and cell therapy, is a promising approach to re-
store damaged tissues and their normal function by
regenerating cells or tissues with the help of exter-
nal factors such as physical and chemical conditions
including pressure, nutrients, electrical signals and
communication with other cells [2]. Since the first
approval of a cell-based therapy product for treating
serious burns [3] by Food and Drug Administration
(FDA), many significant advances in this field have
resulted in achieving its potential in improving the
lives of countless patients. Regenerativemedicine or
tissue engineering works by delivering the cells and
material constructs fabricated in vitro into the body
as therapeutic assistance aiming to restore original
function with or without low transplant rejection by
the host.

Biomaterials, typically multifunctional, have
been used as part of medical devices such as arti-
ficial bones [4], artificial heart valve or joint [5],

artificial nerve conduit [6], artificial cochlea [7]
and even artificial eyes [8], and it is reported that
the entire artificial heart is under animal model
tests [9]. Biomaterials can be divided into three
categories: synthetic, naturally derived and hybrid
materials [10]. Over the last few years, there is a
transition from the use of synthetic materials such
as metals and ceramics to natural derivatives in
clinical medicine, which consist of mechanical and
biological properties more similar to the native
tissues. Therefore, combining cells with biomate-
rials provide a promising strategy in regenerative
medicine because healthy cells introduced into the
damaged tissues could help to replace or restore
the tissue [11]. Some biomaterials could be used as
scaffolds to improve the biofunction, or as delivery
carriers to locate the cells in cell therapy such as an
FDA-approved product OrCel, which is a bilayered
cellular matrix that cultures dermal fibroblasts as
skin substitutes [12].

Cells are the basic unit of organisms. Each organ
is composed of various cell types and the function
is dependent on themulticellular interaction.Three-
dimensional (3D) printing holds potential to repro-
duce complex bionic devices or fabricate organswith
intricate 3Dmicro-architecture in vitro. 3D printing,
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also known as additivemanufacturing and rapid pro-
totyping, was initially described as stereolithography
[13]. It is a methodology using 3D computer-aided
design (CAD) data to produce 3D structure layer
by layer. The main features of 3D printing are its
specialization and high resolution. It could complete
the structure as the imagination, faster and cheaper.
Currently, 3D printing in biological application has
been reflected in creating clinical devices for implan-
tation, patterning arrays in the drug screening sys-
tem, cell encapsulation via direct writing and even
reconstructing an entire organ [14]. Therefore, 3D
bioprinting is a highly promising tool in regenerative
medicine.

In recent years, various approaches have been ex-
plored in regenerative medicine. The generated tis-
sues account for macro, micro, nanostructure, nutri-
ents and wastes removal transport and cell-matrix,
cell-biomolecules communication for cellular adhe-
sion, proliferation and function [15]. Ideally, with
the development of materials and manufacturing
techniques such as 3D bioprinting, a type of smart
regenerative medicine (SRM) is outlined as below:
an organ structure is reconstructed by 3D bioprint-
ing seed cells and matrix materials, and after some
self-reorganization, it will be a true organ with nor-
mal function.

Here, we review the trend of regenerative
medicine, propose and define SRM. This review
focuses on the present application of 3D bioprinting
in tissue engineering with emphasis on organ and
bionic organ construction. We also review the
present material-involved clinical products and
envisage 3D bioprinting application in SRM.

REGENERATIVE MEDICINE
Regenerative medicine, a term invented in 1999 by
William Haseltine, is an emerging interdisciplinary
field of research and clinical applications [16], which
focuses on the process of replacing, engineering or
regenerating human cells, tissues or organs to re-
store or establish normal functions that are simi-
lar to original ones [17] via means of cell/stem cell
transplantation, tissue engineering, nuclear trans-
fer or materials science [18]. Regarding that, stem
cells have a great potential in regenerative medicine
due to their self-renewing and differentiating capa-
bility. The methods of stem-cell-based therapy con-
tain injection of stem-cells-derived specialized cells
into damaged sites, infusion of biologically active
molecules secreted by stem cells for regeneration in-
duction, possible growth of tissues or organs in vitro
for transplantations into patients whose damaged
organs are no longer able to self-repair [19,20]. In

addition to using the patient’s own tissue or cells to
regenerate organ, the regenerated organ could po-
tentially solve the problem of organ shortage and
transplant rejection [17,21].

Regenerative medicine strategies generally fall
into two categories: cell-based and non-cell-based
regenerative medicine [22]. For non-cell-based re-
generative medicine, synthetic materials and bioma-
terials are utilized to replace diseased tissues or parts
in the humanbody.The advent ofman-mademateri-
als such as Teflon [23] and silicone has created new
prospects such as a wide array of devices that can be
used in humans. Man-made tissues existing already
in clinical use include artificial bones [4], artificial
heart valve or joint [5], artificial nerve conduit [6],
artificial cochlea [7] and so on. However, although
these devices provided structural replacement, the
function of the original tissue was still not restored
to normal. As for cell-based regenerative medicine,
cells can be delivered by direct injection or using
an appropriate biomaterial structures such as hydro-
gels as carriers [24]. Biomaterials provide a 3D en-
vironment for cell survival, attachment and new tis-
sue formation of appropriate structure and function
[25]. Single cell type could not meet the require-
ments for the organ replacement or the reconstruc-
tion of parts of organs. With the development of tis-
sue engineering and additive technologies, it is pos-
sible to fabricate organs in vitro by perfect multidis-
ciplinary research. So, the regenerativemedicine has
upgraded to SRM now. In SRM, biomaterials act as
a pivotal medium to communicate with cells and cir-
cumcentres in the body [26]. Here, we will describe
the specific biomaterials and stem cells that involved
regenerative medicine.

Clinical application of stem cells
Now, there has been a growing interest in
stem cells, including pluripotent stem cells
and adult stem-cells-based clinical treatment
(https://clinicaltrials.gov/). Embryonic stem cells
(ESCs) and induced pluripotent stem cells are
pluripotent stem cells that can differentiate into any
types of cells of the three embryonic germ layers
and have self-renewing capability [27,28]. Adult
stem cells such as hematopoietic stem cells, bone
marrow mesenchymal stem cells and neural stem
cells (NSCs) are derived from specific tissues and
retain the multipotent property of differentiating
into major specialized cell types of the tissue [29].

The ability of stem cells offers a bright future
for regenerative medicine. In 2010, the first hu-
man ESC-derived therapy product, human ESC-
derived oligodendrocyte progenitor cells (OPCs)
which they named as GRNOPC1, was used for
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treating spinal injury [30]. Later in 2012, the first
human ESC-derived terminally differentiated cells,
a retinal pigment epithelium, is used to treat age-
related macular degeneration and two successful
results have been reported [31,32]. Nevertheless,
there are still many problems in cell treatment, for
instance, rejection of cells which makes it impos-
sible to interact with the surrounding internal tis-
sues, cells not reaching diseased site and cells not
functioning as expected and possibility of harmful
developments such as tumour formation fromundif-
ferentiated stem cells [33,34]. To improve the effi-
ciency of regenerative medicine, many studies have
proposed the combination of cells and materials as
a solution especially cell/tissue transplantation for
the damaged sites of the organ [35–38]. In addition,
as mentioned in the previous sections, materials can
act as stem cells regulator, dictating function of stem
cells and fabricate tissue-like structure at macro and
micro level [39].Thus, we will elaborate on the roles
of materials in regenerative medicine.

Bionic materials in SRM
The human body contains various tissues with dif-
ferent shapes and functions. Extracellular matrix
(ECM) supports the survival and attachment of
cells, the basic unit of an organism, in order to form
functional tissues. Bionic materials are important
components in tissue engineering and are used to
replace damaged tissues or mimic the functions of
ECM in native tissues. The materials are able to
mimic natural tissues and environment partially or
wholly [40]. Therefore, the research of bionics is
a multidisciplinary field combining biology, chem-
istry, physics and materials. With hundreds of mil-
lion years of evolution, organisms have the most
complex structure over different ranges of scales and
functions. This fact alludes to not only the impor-
tance ofmimicking the biological structures, but also
their functionality when designing bionic tissues or
organs.

The history of bionic devices in clinical settings
can be divided into three stages (Table 1). From the
1960s to 1980s, the first generation of the bionicma-
terials was the fabrication of hard tissue-like parts

such as metal bone hammer [41] and ceramic teeth
[42], which are still widely used in clinical therapy
to date. As synthetic technology advanced, the sec-
ond generation was developed in the 1980s, which
included bioceramic [43,44] and bioactive glasses
[45] that could contact with physiological cues.
Compared to the first generation bionic materials,
there was no toxic side effect, or immune rejection
response, nor disruption of the immune system, cor-
rosion resistant and high tensile strength [46]. In the
late 1990s, a new generation of biomedical materi-
als started to be developedwith biodegradable prop-
erty andhigh specific influenceoncell activities [47].
Until now, new biodegradable biomaterials are still
under exploitation and they could be called as intel-
ligentor smartmaterials because thematerialswould
respond to the circumstance and regulate cell activ-
ity [48]. With these materials involved in the regen-
erative medicine, there is SRM development.

Natural polymeric biomaterials
Natural polymers are generally derived from native
animal tissues or products, well tolerated in vivo,
and some of them can be readily cross-linked and
modified chemically. The main components of nat-
ural polymeric biomaterials are typically harvested
from ECM of mammalian tissues and organs such
as collagen [36,49–52], fibrin [53–55], gelatin [56–
59], hyaluronic acid (HA) [60–63] and matrigelTM

[64–66]. Some other natural biomaterials are ex-
tracted from plant sources such as alginate [55,67–
71], chitosan [72–74] and agarose [75,76]. Natural
polymers, which have been used in multiple tissues
and organs, have the advantages of high biocompat-
ibility and solubility after transplantation (shown in
Table 2). However, the intrinsic biological activity
of natural polymeric materials may induce an im-
mune response, transmit diseases or have uncer-
tain efficacy [77]. Recent advances in tissue de-
cellularization methods provide a complete ECM
scaffold for detailed analysis of ECM components,
organizations and biological functions [78]. The
process involves dissolving and removing the cel-
lular components of tissue by an infusion, deion-
ized water or a mild detergent, leaving behind the

Table 1. Summary of the three generations of bionic devices.

The first generation The second generation The third generation

Type Ceramics Bioceramics Biomedical composite
Metal Bioglass
Alloy Biomedical polymer material Biomedical-derived materials

Feature Inert material Bioactivity or biodegradability Bioactivity and biodegradability

Reference [41,42] [43–45] [47,48]
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Table 2. Summary of some properties of the natural degradable polymers discussed in this review with references on their use for tissue engineering.

Polymer Composition Forming methods Application

Agarose Consists of repeating units of
alternating β-d-galactopyranosil and
3,6-anhydro-α-l-galactopyranosil
groups

Thermal cross-linking Vascular [76]

Alginate A family of polyanionic copolymers
derived from brown sea algae and
comprising 1,4-linked B-D-mannuronic
(M) and a-L-guluronic acid (G)
residues in varying proportions

Ionic cross-linking when multivalent cations
are added

Bone [71], ear [68], liver analogue
[69], aortic valve [70]

Chitosan A linear polysaccharide consisting of
β-1,4 linked 2-acetamido-2-deoxy-β-d-
glucopyranose units and
2-amino-2-deoxy-β-d-glucopyranose
units

Easily form polyelectrolyte complexes with
other polyanions

Skin [74], cartilage [182], liver
analogue [55]

Collagen Component of the ECM found in all
connective tissues, which represents
30% of the total body protein in
mammals

Thermal cross-linking Bone [71], cartilage [50], ear [51], skin
[36,52]

Gelatin A mixture of peptides and proteins
produced by partial hydrolysis of
collagen

Thermal cross-linking, enzymatic
polymerization or photo-cross-linking when
treated with photosensitive groups

Bone [56], cartilage [57], liver analogue
[58], aortic valve [59]

Fibrin A natural major protein component of
blood clots

Formed by the enzymatic polymerization of
the protein fibrinogen in the presence of
thrombin

Cartilage [50], skin [54], liver analogue
[55], cardiac [53]

HA A linear anionic polysaccharide
comprising 1,3-b-Dglucuronic acid and
1,4-b-N-acetyl-D-glucosamine

Photo-cross-linking when HA treated with
photosensitive groups

Skin [61], eye [63], cardiac [62]

MatrigelTM A gelatinous protein mixture derived
frommouse sarcoma

Thermal cross-linking Skin [64], aortic valve [65], vascular
network [66]

tissue-specific ECM. A detailed analysis of ECMwill
accelerate the use of ECM scaffold in tissue engi-
neering and regenerative medicine because the de-
tailed information of ECM could contribute to the
future high-throughput synthesis of them andwould
supply precise understanding of cell circumstances.

Synthetic polymeric biomaterials
Presently, wide varieties of synthetic polymers are
being used in tissue engineering. Synthetic poly-
mers are advantageous over natural materials in
which they can be precisely characterized and fab-
ricated with significant control over the physical
and chemical properties [79]. Furthermore, syn-
thetic polymers are weakly immunogenic, which is
the main issue with natural materials [80]. Syn-
thetic biomaterials have broad application in tis-
sue engineering, whereby poly a-hydroxy acids in-
cluding polyethylene glycol (PEG) [70,81–83],

polylactic acid (PLA) [84,85], polyglycolide acid
[86], polylactic-glycolic acid (PLGA) [64,87,88]
and polycaprolactone (PCL) [89–92] are widely
used. These materials share common characteris-
tics such as high biocompatibility and degradabil-
ity. However, some of them do not support cell ad-
hesion and hence require pre-treatment with ECM
or ECM-mimetic adjusting their degradation rate
by modifying their structure and relative molecular
weight. Nevertheless, challenges for using synthetic
polymeric include the complex processing technic
and lack of suitable materials with bioactivity.

Composite polymeric biomaterials
Humanbody comprises hard tissues, soft tissues and
hard–soft tissue interfaces; therefore, materials of a
single characteristic are not suitable for transplan-
tation. On the micro level, cells are composed of
well-organized polysaccharide, protein, nucleotides,
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water, minerals, to name a few [93] and these cells
along with ECM make up a tissue. This complexity
means natural or synthetic polymer alone is not suf-
ficient for tissue engineering. Therefore, a natural–
synthetic complex has been created with the aim of
improving certain properties or to create a new func-
tion with functional polymers modification or par-
ticipation such as electrically conductive polymers,
hydroxyapatite, metal nanoparticles and carbon
nanomaterials [94]. Additionally, the biomaterials
must be biocompatible and long-term stable in re-
placement therapy, while degradable in adjuvant
therapy. In future 3D printing application, the ma-
terials must have an appropriate rheology property
to promote bioprinter deposition [95]. Summar-
ily, utilization of a combination of several materi-
als is essential to become the pioneer of the future
development.

Biomaterials for 3D bioprinting
Initially, 3D printing technology is designed for
rapid prototyping using earlier materials such as
metals, ceramics and thermoplastic polymers, which
generally used organic solvents, high temperatures
or non-biocompatible cross-linking [14].Character-
ization of the physical properties (i.e. porosity, elas-
tic modulus, degradation and water swelling) and
cell-response parameters (i.e. cell viability, prolifer-
ation, differentiation and spreading) is fundamen-
tal to determine the suitability of these polymers for
different tissue engineering applications [96], hence
the variety of biomaterials used in tissue engineering.
In this section, we will summarize the biomaterials
used for solid scaffolds and hydrogels, the two main
forms used for 3D printing.

Solid scaffolds are the earliest scaffolds used in
tissue engineering, especially in bone substitution
[4]. To date, solid scaffolds have been studied and
used in regeneration of various tissues in vitroor vivo.
Since the invention of stereolithography, scaffolds
can be printed from inks and cured to support cell
culture after printing [13]. However, the potential
risks and regulatory should be fully understood be-
fore the use of solid scaffolds in clinical application.
Although raw materials such as PLA, PEG and PCL
have been approved by FDA, the processing unit for
the industrial devices must be optimized and tested
for FDA approval [97].

Hydrogels are hydrophilic polymeric network
group that have been used as artificial ECM to en-
capsulate cells. Some biomaterials could format to
hydrogels as shown in Table 2. Due to its high
absorption property, hydrogels have received sig-
nificant attention for cell biology and tissue en-
gineering applications [98]. Furthermore, hydro-
gels possess excellent biocompatibility and possible

bioactive molecules motifs encoded in their chem-
ical structures. Hydrogels are widely used for dif-
ferent biomedical application, such as regeneration,
drug delivery and tissue adhesives [99].The features
could allow cells to travel in the space of hydrogels
and provide a room for cell growth and migration.
The unobstructed diffusion of nutrients and wastes
could avoid cell starvation and cell damages in the
absence of vascularization [100]. However, hydro-
gels commonly have poor mechanical properties
which make them difficult to be incorporated into
devices [101]. To enhance the mechanical prop-
erties of hydrogels, nanomaterials called nanogels
(monodisperse hydrogel nanoparticle), which are
chemically or physically cross-linked by polymer
chains to form a 3D network, are created [102].
Moreover, the concentration of encapsulated cells
must be lower than the cellularity of live organs, oth-
erwise it would limit cell proliferation and function
[100]. Finally, although there are various types of
printable hydrogels available, there is still no well-
developedhydrogel in themarket for 3Dbioprinting
[103].

BIOPRINTING-INVOLVED SRM
Bioprinting holds the potential to reduce the
demand for donor organs as it could combine
different kinds of cells and materials (either natural
polymers or synthetic materials) to generate various
tissues, for example heart tissue, blood vessels and
cartilage, and is already in use for clinical therapy
[104]. In this section, wemainly discuss the benefits
of 3D bioprinting in regenerative medicine.

Bioprinting technologies
3D printing technology was first described by
Charles W. Hull in 1986 [105] and has seen
30 years of development to date. It is regarded as
one of ‘The top ten fastest-growing production
Industry in America’ [106]. Presently, the use of
3D printing in various fields spans from medicine,
textiles, machineries, architectural, military, jew-
ellery to aerospace [107]. 3D bioprinting, on
the other hand, is a newly emerging technology
promised in the medicinal field area [108]. It is a
new interdisciplinary field of regenerative medicine
and tissue engineering, which combines rapid
prototyping technology with biomanufacturing
techniques to fabricate 3D structures, through layer-
by-layer precise positioning of bioink containing
biomaterials and cells. Considering the shortage of
donor organs and the inevitable allograft rejection
reaction, 3D bioprinting has many advantages
compared to traditional tissue engineering such
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Table 3. Schematics and features of selected biofabrication patterning techniques.

Inkjet printing Microcontact printing Laser-assisted bioprinting

Mechanism Non-contact, using thermal or piezo
technology to prompt the liquid
droplets

Contact, robotically controlled
extrusion of materials

Non-contact, via pulsed laser directly
onto gel with cell suspension

Print speed 1–10 000 droplets/s 10–50μm/s 200–1600 mm/s
Resolution (μm) >50 5–200 1–3
Cell viability 75%–90% 40%–80% >90%
Benefits High print speed, low cost, high

resolution, wide availability
Better resolution spatial controllability
and more flexibility in the material

High adaptability with materials, high
cell viability, high resolution, clogging
avoided, high cell concentrations

Limitations Low droplet directionality,
non-uniform droplet size, low cell
concentrations, materials be liquid

Slow print speed, printer cost medium,
low cell availability, low resolution

High cost, low overall flow rate

Reference [112,183,184] [114,185,186] [115,120,132,187,188]

as time saving, rapid speed, high resolution, indi-
viduation and high mimicry [109,110]. The main
technologies in bioprinting are inkjet [111,112], mi-
croextrusion [113,114] and laser-assisted printing
[115,116]. In these systems, inks of cell suspensions
are placed in a printer cartridge, where the printing
patterns are controlled by a computer. However,
the different features of these technologies such as
surface resolution, cell viability and the biological
materials used for printing can influence the quality
of the products (Table 3). Each printing technology
has been investigated comprehensively and has
its own merits and shortcomings as illustrated in
Table 3 [117–124].

Inkjet-based bioprinting is a non-contact tech-
nology. It laminates droplets of biological materi-
als to produce 2D and 3D structures [125,126].
Currently, inkjet bioprinting mainly includes ther-
mal inkjet and piezoelectric inkjet [127], which use
thermal or piezo technology to prompt the liquid
droplets, respectively. The ink in the cartridge is re-
placed with biological materials including cells, cell
culture fluid or gel precursors. The development of
inkjet printing technology is relatively of a quality
and at a low cost therefore has a broad application
prospects in 3D cell printing. However, the disad-
vantage of inkjet printing is the lack of precise con-
trol of directionality and size of droplets.

Microextrusion bioprinting is the most common
3Dprinting system for the printers in addition to be-
ing farmore affordable. Unlike inkjet printers, which
generate droplets, the microextrusion printer’s ma-
terials are deposited onto a substrate. Directed by
the CAD software, small beads of materials are de-
posited into two dimensions, where the deposited
layer serves as a foundation for the subsequent

layer, while the stage or microextrusion head moves
along the z-axis, hence forming a 3D structure. The
most common way to extrude biological materials
for 3D bioprinting use is pneumatic [77,128,129]
or mechanical (piston or screw) systems [130].
Cell-survival rate decreases with increasing extru-
sion pressure and nozzle gauge [131].This observed
decrease in cell viability is mainly due to the shear
stresses inflicted on cells in viscous fluids. Although
cell viability can be increased by using low pressures
and large nozzle sizes, it also results in decrease of
resolution and printing speed.

Laser-assisted bioprinting uses a laser optical
tweezers effect of trace substances sink and thermal
shock to deposit droplets containing cells [132]. Af-
ter several decadesof development, as anon-contact,
sterile technology with high precision and high ac-
curacy, the significance of laser treatment in cell
therapy is recognized. According to the principles
adopted by cell deposition, laser printing can be di-
vided into two distinct technologies: laser-induced
direct writing (laser-guided direct writing, LGDW)
and laser-induced metastasis (Laser-induced for-
ward transfer, LIFT). LGDWwas proposedbyRenn
et al. in 1999 [133].The laser beammay be in paral-
lel or perpendicular orientation to generate a force
in the direction so the cells would move in horizon-
tal and vertical directions.When the forceof the laser
beamon the cells is greater than 10 pN, the cellsmay
movewithin the range of several tens ofmicrometres
to several millimetres, which then will be deposited
on the surface of the selected object. LIFTuses laser-
ablated materials as the basic of the ink. When the
laser beam transferred through the transparent sub-
strate on the interface of the thin film (transferred
material) and matrix, with the interaction between
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Figure 1. The process for 3D bioprinting. Step 1, imaging and model designing. Step
2, selection of cells (up) and materials (bottom). Step 3, printed 3D structure and ap-
plication.

the laser and the material to be transferred (cell sus-
pension film and material liquid), a trace amount of
thin material is forced away from the base body and
deposited on the bottom of the substrate-receiving
layer [134].

The process of 3D bioprinting
To construct of organs using 3D bioprinting, the
first step is imaging and modelling. The most com-
mon medical imaging technologies are computed
tomography (CT) and magnetic resonance imag-
ing, whereas the CAD combines the mathemat-
ical format which can assist with the modelling
[14,125,135].

For the printing preparation, we have to use a
bioink that is compatible with various types of cells
and the matrix which can support the cell prolifera-
tion and functionalization. The material selection is
based on the material’s bioactivity, physical proper-
ties, biocompatibility, toxic degradation and print-
ability. Presently, scientists can successfully extract
cells from donors’ bone marrow, adipose or some
other tissues and then these cells could expand into
sufficient numbers for the preparation of printing.
Through layer-by-layer deposition from vertical to
horizontal direction, the organ construction could

be completed [136]. Finally, thematerials should be
chosen in accordance to the organ’s properties.

After modelling and material selection, we need
to encourage tissue fusion, remodel and accelerate
tissue maturation. As organs are composed of differ-
ent types of tissues, it is necessary to develop a vas-
cular tree for the organs including capillaries andmi-
crovessels. In vitro, bioreactors can be used to main-
tain tissues and provide maturation-promoting fac-
tors. Once the organ is mature, it is ready for trans-
plantation.Thewhole process of 3Dbioprinting out-
lines in Fig. 1 [125,137].

Why does SRM need 3D bioprinting?
The goal of regenerative medicine is to develop new
ways of treatment and restoration of the function
for damaged and abnormal tissues.The artificial ‘tis-
sues’ have primitive structures but can reach the
requirements to form a ‘tissue’ for therapeutic use.
These artificial tissues lack many typical features
of biological tissues such as the complex organiza-
tion of various cell types, complex ECM and mi-
crovasulature. Therefore, 3D bioprinting is needed
to print tissues containing a variety of ECM, and
these biological materials could be organized into
uniform or non-uniform layers of complex organi-
zational systems. In recent years, advances in 3D
fabrication of biological structures include the fab-
rication of artificial bladders [138], skin [12], tra-
chea [139] and heart valves [5] for clinical appli-
cations. These examples relied on thin, biodegrad-
able scaffolds, which were filled with patients’ au-
tologous cells, hence no allograft rejections in the
patients subsequently alleviating the need of organ
transplantation to an extent. In the near future, 3D
bioprintingwill potentially play awider role in regen-
erative medicine because its advantages could con-
tribute to the thick tissue construction with imagi-
national structure, which has been described above.

Hard-tissue repair
Hard-tissue repair is the beginning of tissue engi-
neering. Hard tissue is mainly composed of solids
such as collagen and a substituted hydroxyapatite
[140]. Therefore, acellular tissues such as bone and
teeth could be repaired using biomaterials easier
than the cellular tissues.

Infections, external force, abnormal bone de-
velopment and other bone defects caused by dis-
eases cause a serious impact on patient’s daily life.
Advance in bone tissue engineering for treating
bone defects provides a new way to take advan-
tage of the rapid prototyping technology [141,142].
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Injuries occur distinctively and it requires high
resolution for the interlinkage. Therefore, it is com-
plicated to replace and repair damaged sites using
traditionally fabricated scaffolds. To overcome the
issue, 3D printing, one personalized technology, has
started to create precise bone mould for individual
patients [142]. A cancer patient, Erig Moger, whose
face was mostly removed surgically, initially relied
on a feeding tube to eat [143]. Later, the doctor
used the CT and facial scanning technology to scan
the patient’s skull, followed by a construction of a
normal 3D face model using 3D printing and nylon
plastic.The screws for the artificial facewere also cre-
atedwith a 3Dprinter. After combinationwith autol-
ogous bone, 3D printing could be used to treat or-
bital floor fractures as one cost-effective way [144].
The successful surgery of the new artificial hard tis-
sues enhanced the quality of life of the patient greatly
by enabling the patient to eat, drink and watch nor-
mally and renewed his life prospects. Similar to hu-
man bones, the structure and morphology of teeth
are complex with diverse organizational structure.
The dental growth and development in adapting to
alveolar structure are also different; therefore, the
traditional tissue engineering technology for tooth
regeneration encountered several complexes [145].
At present, growth factors and autologous cells are
considered to be used for hard tissue printing to en-
hance the tissue bioactivity [146].Therewas a report
showing that one thermosensitive microparticulate
material combined cells to print strong constructs
for bone repair [147].These results will facilitate fu-
ture cell-based hard tissue printing.

As 3D bioprinting technology is a computer-
assisted modelling technology designed to meet the
individual needs, the technology also has a great po-
tential in stomatology surgery.

Soft-tissue repair
Soft tissue connects, supports or surrounds all struc-
tures or organs in the body. Traumatic injury or
tumour resections often require a large amount of
soft-tissue reconstruction. From the aesthetic or cos-
metic point of view, soft-tissue reconstruction is also
important for the patients tomaintain good life qual-
ity [148]. In this section,wewill review the soft tissue
in skin, nervous and vascular system, which are the
three main research focuses in soft-tissue regenera-
tive medicine, where many studies have been con-
ducted in order to reconstruct them [14].

Skin is the largest organ of the human body. Skin
lost due to wounds or burns require a transplant to
protect the wound, which can be difficult due to the
lack of autologous or allosome skin [149]. Over the
past four decades, industry and academia have in-

vested in and designed the engineering of human
skin [150–152]. Initial efforts focussed on develop-
ment of a skin graft for wounds and obtained signif-
icant results. Following onto that, the research fo-
cus progressed to the development of skin model
in vitro and the permeability of drugs and excipi-
ents [153,154]. However, the typical approach to
engineering skin begins by simplifying its complex-
ity and cannot render it to the normal layer struc-
ture. Tissue engineering has a high potential for the
production of new skin. Several skin substitutes like
Integra R© and Matriderm R© are already in use clini-
cal settings as the supplements of autologous split-
thickness skin grafts [155–157]. Nevertheless, the
main question still lies in the reconstruction of sub-
cutaneous microvascular network and sweat gland.
Otherwise, 3D bioprinting could solve the prob-
lem and pattern cells as the native tissue [158].
The structure of human skin has been printed us-
ing fibroblasts and keratinocytes [159,160]; how-
ever, the development and function need future in-
vestigation [161]. Neural tissue is the main compo-
nent of central nervous system and peripheral ner-
vous system, known for their difficulty in sponta-
neous recovery [162]. Biological substitutes such as
conductive polymers and biomateirals for the main-
tenance, restoration or improvement of neural tissue
function have been an indispensable tool of neural
regenerative medicine [163,164]. Moreover, the in-
teraction between cells and biomaterials plays an im-
portant role in the tissue fabrication because it im-
proves cell expansion and functionalization, which
has been described in previous sections. Initially, ef-
forts were put into the binding of the small func-
tional molecules to scaffolds for the promotion of
nerve regeneration and the results in animal mod-
els were encouraging [165]. Furthermore, cells co-
cultured with biomaterials, a novel technology com-
bination, have been used in peripheral nerve and
brain injury repair [166]. Now, we have developed a
novel polysaccharide-based hydrogel forNSCprint-
ing and there was functional minineural tissue con-
struct formation [167].Tomimic the ceramal cortex
structure, hand-hold printing methods were used to
print primary neuronal cells and therewere neuronal
network observation [168].

The blood vascular system is the main transport
in tissues. The main challenge in tissue engineering
is the limited mass transfer [169]. Some simplex
and thin tissues (i.e. skin [36], cartilage [50])
have been preliminary establishment. However,
due to the size of tissue engineering, the vascular
system needs to be incorporated into the tissue
structure for the supply of nutrients and oxygen to
cells. 3D inkjet bioprinting system was used with
NIH 3T3 mouse fibroblast for tubes, which

 at Institute of Z
oology, C

A
S on D

ecem
ber 10, 2016

http://nsr.oxfordjournals.org/
D

ow
nloaded from

 

http://nsr.oxfordjournals.org/


REVIEW Gu et al. 339

resulted in an overhang structure with post-printing
cell viability above 82% [170]. Endothelial cell
derived cylindrical multicellular aggregates fabricate
microvascular units. Then, a large network of blood
vessels located in microvascular unit perfusion
supports the self-assembly and connection to an
existing network [171]. Previously, fibroblasts
and umbilical vein endothelia cells combined with
material scaffolds have been used for blood vessels
regeneration [172]. Now, there is also a novel
computer-aided algorithm and methods developed
for 3D bioprinting of scaffold-free biomimetic
macrovascular structures (self-supported model)
[38]. To supply nutrients for the thick tissue and
transport the waste, sacrificial materials such as
plutonic F-127 are used in 3D printing initially,
and then were removed by dissolving with fluids.
The constructs retain the tube shapes for medium
perfusion [173,174].

Many challenges in 3D bioprinting of tissues and
organs need to be addressed. However, the prepara-
tion time for the bioink before printing is dependent
on the time it takes to obtain sufficient amount of
cellswhich is usually lengthywhenusing the conven-
tional cell-culture methods, depending on the cell
type [38]. In addition, materials such as synthetic
or bio-based polymers are required for an extremely
precise development to match with the natural tis-
sue.The tear strength, bursting strength, mechanical
and biological properties, blood compatibility and
long-term stability are the primary limiting factors
in creating large structures as there is no material
that meets these requirements. Therefore, the field
is turning its attention to combine several materials
to obtain a well-rounded biomaterial for 3D print-
ing and tissue culture or to exploring new functional
materials [107].

Complicated tissues fabrication in vitro
Today, 3D-printed prosthetic [175], jaw bone and
trachea [176,177] have been used in clinical setting
with good functions.Moreover, 3D cell spheroids or
hepatocytes are being used to build liver model or
support artificial devices [178].Unfortunately, there
is still no solid organ that can be used for clinical
transplantation, although organ models have been
constructed for surgical stimulation in vitro with
structure exactly mirroring true organs. To print or-
gans with essential vascular network for nutrients
and waste transportation, several studies have in-
corporated vascular tree into the printed organ and
gained vascular tree constructed in the printed organ
[179]. Nonetheless, there are still many challenges
ahead as described above in order to generate a truly
functional artificial tissue or tissue analogues.

THE IDEAL REGENERATIVE
MEDICINE—SRM
Asmentioned previously in the introduction, regen-
erative medicine holds a great promise especially
with the development of prototyping technologies.
However, there is still no artificial organ in the mar-
ket for transplantation, mainly due to the complex-
ity of natural organs [180]. We recommend SRM
as the ideal future for regenerative medicine. Ide-
ally, it requires a scanner to locate the injured site
and a 3D bioprinter to print cells directly onto the
wound to reconstruct tissues and organs in vivo. A
scanner would first scan the patient to identify the
problem, and then return with the printer heads and
a mechanical arm that would perform the surgery
quickly. After the operation, the machine would im-
mediately seal the wound with a certain type of gel.
This system is actually a healthcaremachinery, a new
technology still under development. Although this
machine is still a distant future, we have already ac-
quired its most important and basic principle which
is the 3D bioprinting. Although 3D bioprinting is
still in its premature stage, it has already generated
several tissues at the human scale albeit with lim-
ited functions [174]. Since it is a new field in the
regenerative medicine, challenges including specific
techniques, vascularization,materials andcellular as-
pects still need to be addressed.

In 3D bioprinting technology, the compatibility
with cells and physiologically relevant materials is
a crucial factor in addition to high speed and res-
olution. The current printing materials are used ei-
ther due to their compatibility with cell growth and
function or their cross-linking or extrusion prop-
erties. Because of this, the range of materials for
printing use are limited to collagen, HA, alginate,
modified copolymers and photo-cured proteogly-
cans/glycoproteins (see Biomaterials for 3D bio-
printing). An ideal material for bioprinting should
be biocompatible, easily printed and convenient for
the formation of complex 3D structures and able to
maintain cellular viability and functionality, in order
to provide structural and mechanical support to the
overall structure. Notably, the ability to reconstruct
complex 3D structures containing biologically rele-
vant ECM proteins would be a major advance in the
field.

Bioprinting also faces other challenges shared
by all researchers in the fields of tissue engineering
and regenerative medicine. Sources of cells for bio-
printing should be readily available, easy to expand
in vitro, non-immunogenic and biosafe. To replicate
functions of the tissue or organ, it is necessary to effi-
ciently reproduce the cell types required for specific
tissues in vitro. Stem cells, the precursors of other
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cell types, have been reported to differentiate into
functional cells in the 3D microenvironment [181].
One normal tissue may contain over 1 billion cells;
therefore, it is impossible to collect the large num-
ber of cells in vitro because of huge place, money and
time required. It is also hard to their functions after
printing as the cells are digested into single ones for
collection and cell-cell interactions have been dis-
rupted. If stem cells are used as the source of print-
ing, however, they could extensively self-renew and
differentiate into functional cells under defined con-
ditions in the printed structures [167]. The oxygen,
nutrient and waste transports are dependent on the
cell surrounding capillary network.Therefore, vascu-
larization is also essential for the long-term viability
of any human-scale bioprinted tissue constructs.

Bioprinting tissueswere studied step by stepwith
increasing complexity, beginning with 2D tissues
such as skin, to hollow tubes such as blood vessels, to
hollow non-vascular tubular organs such as the blad-
der, and finally to solid organs such as the kidney.
The increasing complexities such as cell andmaterial
requirements, tissue maturation and functionality,
appropriate vascularization and innervation need to
be addressed. This will be done through coordinate
multidisciplinary research and the potential of 3D
bioprinting can be realized, which subsequently rev-
olutionizes the field of regenerative medicine into
SRM.
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