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Abstract: Hard tissues and organs, including the bones, teeth and cartilage, are the most extensively
exploited and rapidly developed areas in regenerative medicine field. One prominent character
of hard tissues and organs is that their extracellular matrices mineralize to withstand weight and
pressure. Over the last two decades, a wide variety of 3D printing technologies have been adapted
to hard tissue and organ engineering. These 3D printing technologies have been defined as 3D
bioprinting. Especially for hard organ regeneration, a series of new theories, strategies and protocols
have been proposed. Some of the technologies have been applied in medical therapies with some
successes. Each of the technologies has pros and cons in hard tissue and organ engineering. In this
review, we summarize the advantages and disadvantages of the historical available innovative 3D
bioprinting technologies for used as special tools for hard tissue and organ engineering.

Keywords: hard tissues and organs; mechanical properties; composite materials; bones;
teeth; cartilage

1. Introduction

Hard tissues and organs in the human body include the bones, teeth and cartilage, consisting
of certain unique cell types and substantial organic and inorganic extracellular matrices (ECMs).
For example, the bone is composed of osteoblasts and calcified ECMs, in which the majority inorganic
ECM is hydroxyapatite (HA). The tooth is another highly calcified hard tissue. It consists of the enamel,
cementum, dentin and endodontium [1]. Whereas the cartilage includes articular gristle, and the
main constitutes of noses and ears [2]. These hard tissues and organs take the role of mechanical
support with some basic biological functions, such as hematopoiesis and metabolism, which are vitally
important in maintaining human lives and activities [3].

Hard tissue and organ defects, such as bone tumor, tooth fall and ear deformity, have caused
tremendous harms to people’s health status and life quality. Generally, the small defects can be cured
through host tissue/organ self-regeneration. However, the large defects (e.g., ≥1 cm in length) need
intervention therapies, such as implanting grafts to promote healing or repair [4–9]. Traditionally,
autologous tissue has been considered as gold standard for bridging large hard tissue defects after
accidents or cancer surgery. However, the use of autologous tissue always encounters the risks of
a second operation after the implantation with some unexpected syndromes. Clinically, there is a great
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need for novel, stable and resorbable large hard tissue and organ repair materials that are made by 3D
printing technologies [10,11].

The production of hard tissue and organ substitutes (also named as implants, grafts, biomaterials,
prostheses, precursors and analogues) is an important part of regenerative medicine. Among which,
the fabrication of bone repair materials has started earlier and the clinical applications are more
successful [4–11]. A special need of the hard tissue and organ substitutes is that they require
high content of inorganic ECMs with strong mechanical properties. So, for hard tissue and organ
engineering, the material constitutes and structural characteristics of the substitutes have always been
the research focuses. Particularly, biomaterials, which have been used frequently as hard tissue and
organ implants, have undergone several development stages, such as passive commercial products,
no bioactive scaffolds, cell-laden hydrogels, and pre-designed initiative smart composites [12–16].
Additionally, some hard organs, such as the nose and ears, have complex curved surfaces which require
specific processing technologies to manufacture. Therefore, the development of new hard tissue and
organ substitutes with suitable physical and biological functions based on the bionic principles is
an important area of hard tissue and organ engineering [17–23].

3D printing, also named as solid freeform fabrication (SFF), additive manufacturing (AM), layered
manufacturing (LM) or rapid prototyping (RP), is a family of enabling technologies that can produce
solid objects layer-by-layer using computer aided design (CAD) models [24,25]. Compared with
traditional tissue engineering approaches, 3D printing technologies are often sophisticated, flexible,
and automated [26–28]. Through the use of 3D printers, the manufacturing procedures can be
dramatically simplified. Over the last decade, many industrial 3D printers have been employed
to generate porous scaffolds for hard tissue engineering [29]. Whereas some distinctive 3D printers for
cell-laden tissue and organ manufacturing have drastically increased [12–23,26–28]. The 3D printing
technologies have been already described as the third industrial revolution with number of new
publications increasing rapidly [30].

The main advantage of 3D printing technologies in large hard tissue and organ engineering is
their capability to produce complex 3D objects rapidly from a computer model with varying internal
and external structures, such as go-through channels. These complex 3D objects can be either tissue
engineering porous scaffolds, cell/biomaterial composites, homogeneous tissues, or multiple tissue
contained organs (Figure 1). After printing, the porous 3D scaffolds can be implanted alone or
seeded with autologous cells to serve as osteoconductive templates in large tissue engineering. Ideally,
new tissue forms along the go-through channels during the scaffolds degrade slowly in the body [31,32].
The cell/biomaterial composites can be used in vitro or in vivo for large hard tissue regenerative
research. The homogeneous tissues can be used for large hard tissue defect repair. While the multiple
tissue contained organs can be used for customized organ engineering and substitution. Currently,
there is a wide range of materials can be used for the 3D printing processes.

Currently, there is a wide range of materials which have been used for the 3D printing processes.
For example, 3D printed metal hip joints are considerably lighter than the ones produced by
conventional methods. With the go-through channels, the implants can remain longer in the body than
conventional implants due to the coalescence of the 3D printed implants with the host bones. Hard
tissues can grow easily into the go-through channels and enhance the repair effects. Subsequently,
synthetic polymer based scaffolds with similar material properties as natural real bones have been
extensively researched. One of the advantages of these synthetic scaffolds is that they—unlike metal
implants—behave neutrally in X-ray equipment [33,34]. It is now possible to reconstruct an outline of
an ear or a jaw that exactly mimicks the patients’ large tissue and organ contours based on the images
acquired by magnetic resonance imaging (MRI) or computerized tomography (CT) scans directly from
the patients. The predefined go-through channels have a direct impact on the outcomes of the hard
tissue and organ repairs [35].
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Figure 1. Applications of 3D printing technologies in regenerative medicine: the produced 3D objects 
can be porous scaffolds, cell/biomaterials composites, homogeneous tissues, or multiple tissues 
contained organs. 

During the last three decades, various metal implants have become the main solutions for large 
hip replacement and long bone graft. Some metal powders have been used for 3D printing. Theses 
metal powders include titanium, stainless steel, tantalum, aluminum alloys, Inconel, nickel-based 
alloys, titanium aluminides, and their composites. Xue et al. have employed 3D techniques to make 
titanium scaffolds with an average pore size of 800 µm and porosity of 17%–58% [35]. This porous 
titanium scaffold improved the clinical performance of the metal substitutes by promoting 
osteoblasts to adhere and proliferate inside. When the titanium scaffold was implanted into the target 
location, osteoblasts migrated into the go-through channels, proliferated and secreted ECMs, leading 
to the reconstruction of the damaged bone along the gradually degraded metal scaffold. However, 
metal implants can cause many vice reactions or syndromes for hard tissue and organ regeneration.  

As stated above, hard tissues and organs have unique material and structural characteristics that 
give them their strength. An advantage of 3D printing over traditional tissue engineering strategies 
is the ability of 3D printing to include these material and structural elements in the fabrication 
processes of the hard tissue and organ analogues. Especially, many hard organs have soft tissues 
(such as bone marrow in the bones and pulp in the teeth) that are hard to fabricate using traditional 
tissue engineering approaches. In this review, we summarized some of the innovative 3D printing 
technologies for hard tissue and organ engineering obtained over the last three decades with 
emphasis on functional aspect of each technology, suitable printing materials, strengths and 
weaknesses in hard tissue and organ engineering. 

2. 3D Printing Technologies 

First developed in the 1980s, 3D printing refers to many different methods of creating original 
looking objects from CAD files [36]. The printing principles can be imagined as placing a certain 
number of coastal layers onto each other to build up a coaster cube (i.e., 3D object) [37]. Digital 
manufacturing serves as a general term for computer-aided production and includes various 
technical procedures. A processed digital model (e.g., CAD file) is always employed. With the rapid 
development of this area, a series of advanced processing technologies have been applied to hard 
tissue and organ engineering [25–29]. 

2.1. Classification of 3D Printing Technologies 

3D printing technologies can be classified in several different ways based on the working 
principles, pre-material (base material or starting material) states, energy sources and biological 
functions of the products.  
  

Figure 1. Applications of 3D printing technologies in regenerative medicine: the produced 3D objects
can be porous scaffolds, cell/biomaterials composites, homogeneous tissues, or multiple tissues
contained organs.

During the last three decades, various metal implants have become the main solutions for large hip
replacement and long bone graft. Some metal powders have been used for 3D printing. Theses metal
powders include titanium, stainless steel, tantalum, aluminum alloys, Inconel, nickel-based alloys,
titanium aluminides, and their composites. Xue et al. have employed 3D techniques to make titanium
scaffolds with an average pore size of 800 µm and porosity of 17%–58% [36]. This porous titanium
scaffold improved the clinical performance of the metal substitutes by promoting osteoblasts to adhere
and proliferate inside. When the titanium scaffold was implanted into the target location, osteoblasts
migrated into the go-through channels, proliferated and secreted ECMs, leading to the reconstruction
of the damaged bone along the gradually degraded metal scaffold. However, metal implants can cause
many vice reactions or syndromes for hard tissue and organ regeneration.

As stated above, hard tissues and organs have unique material and structural characteristics that
give them their strength. An advantage of 3D printing over traditional tissue engineering strategies
is the ability of 3D printing to include these material and structural elements in the fabrication
processes of the hard tissue and organ analogues. Especially, many hard organs have soft tissues
(such as bone marrow in the bones and pulp in the teeth) that are hard to fabricate using traditional
tissue engineering approaches. In this review, we summarized some of the innovative 3D printing
technologies for hard tissue and organ engineering obtained over the last three decades with emphasis
on functional aspect of each technology, suitable printing materials, strengths and weaknesses in hard
tissue and organ engineering.

2. 3D Printing Technologies

First developed in the 1980s, 3D printing refers to many different methods of creating original
looking objects from CAD files [37]. The printing principles can be imagined as placing a certain
number of coastal layers onto each other to build up a coaster cube (i.e., 3D object) [38]. Digital
manufacturing serves as a general term for computer-aided production and includes various technical
procedures. A processed digital model (e.g., CAD file) is always employed. With the rapid
development of this area, a series of advanced processing technologies have been applied to hard
tissue and organ engineering [26–30].

2.1. Classification of 3D Printing Technologies

3D printing technologies can be classified in several different ways based on the working
principles, pre-material (base material or starting material) states, energy sources and biological
functions of the products.
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2.1.1. Categories Divided in Working Principles

3D printing technologies can be divided into seven main groups according to the working
principles used to produce 3D objects: (1) binder jetting RP (also known as powder bed and inkjet
head 3D printing) is a process in which a liquid bonding agent (such as, polymer solution) is
selectively deposited in conjunction with powder materials [21,39]; (2) material extrusion RP, such as
fused deposition modeling (FDM)/fused filament fabrication (FFF) and stick deposition molding
(SDM), is a process in which material is selectively dispensed through a nozzle or orifice [21,39];
(3) directed energy deposition RP, such as electron beam direct manufacturing (EBDM) and laser
powder forming (LPF), is a process in which focused thermal energy (e.g., laser, ultraviolet (UV),
electron beam and plasma arc) is used to fuse or melt the materials being deposited [21,39]; (4) powder
based fusion RP, such as selective laser sintering (SLS), selective laser melting (SLM), selective
heat sintering (SHS), and electron beam melting (EBM), is a process in which thermal energy is
used to selectively fuse regions of a powder bed [21,39]; (5) material jetting RP, such as multiJet
printing (MJP)/multiJet modeling (MJM), polyJet printing, and contour crafting (CC), is a process
in which droplets of build material are selectively deposited [21,39]; (6) vatphotopolymerization
RP, such as stereolithography (SLA or SL), digital light processing (DLP), and scan-LED technology
(SLT), is a process in which liquid photopolymer in a vat is selectively cured by light-activated
polymerization [21,39]; and (7) sheet lamination RP, such as laminated object modeling (LOM), and
film transfer imaging (FTI) or selective deposition lamination (SDL), is a process in which sheets of
material are bonded to form an object [21,39]. Most of these 3D printing technologies, such as binder
jetting, FDM/FFF, SDM, EBDM, LPF, SLS, SLM, SHS, EBM, MJP/MJM, CC, SLA/SL, DLP, SLT, LOM,
FTI and SDL, are initially used for metal, paper and plastic material reshaping.

2.1.2. Categories Divided in Starting Material States

3D printing technologies can be divided into the following three main procedures according
to the base (or starting) material states: (1) fluid material RP technologies; (2) powder material
RP technologies; and (3) solid material RP technologies. Each of the groups has many subgroups,
such as SLA, MJP, polyJet printing, solid object ultraviolet-laser printing, 3D bioprinting, rapid freeze
prototyping, and bioplottering for fluid material RP technologies; SLS, colorJet printing (CJP), EBM,
SLM, and EOSINT systems for powder material RP technologies; FDM/FFF, SDL, LOM and ultrasonic
consolidation for solid material RP technologies. Among these 3D printing technologies, SLA, MJP, SLS,
and SLM are currently the main procedures in hard tissue scaffold manufacturing with the addition of
inorganic materials, such as HA and calcium phosphate.

2.1.3. 3D Printing Categories in Energy Sources

In addition, 3D printing technologies can be divided into the following six main groups according
to the energy sources: (1) inkjet-based printing; (2) laser-based printing; (3) force (extrusion)-based
printing; (4) ultrasonic-based printing; (5) electron beam-based printing; and (6) UV-based printing.
Each group has a large family. For example, powder metal deposition, laser consolidation (LC),
laser metal forming (LMF) and laser engineered net shaping (LENS) all belong to the laser-based 3D
printing group. Among the above six groups, the first three groups have been widely used in hard
tissue and organ engineering. Especially, some porous metal scaffolds have been applied clinically as
biodegradable or non-degradable hard tissue engineering templates. The working principles of the
inkjet-, laser-, and extrusion-based bioprinting technologies are summarized in Figure 2 [22].
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Figure 2. Working principles of three main groups of bioprinting technologies for tissue and organ 
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tissues and the biological functionality of the implants. The latter has been defined as 3D bioprinting 
by tissue engineers. Thus, 3D bioprinting is the process of creating cell patterns in a confined space 
using 3D printing technologies, where cell function and viability are preserved within the printed 
construct [39,40]. We now would like to introduce the following three major types (i.e., inkjet-based, 
laser-based and extrusion-based) of 3D bioprinting technologies. 

2.2. Three Main 3D Bioprinting Technologies 

2.2.1. Inkjet-Based 3D Bioprinting 

Inkjet-based 3D bioprinting is a non-contact image reconstruction technology (Figure 3), which 
includes piezoelectric, thermal and acoustic conductivity nozzles. Normally, inkjet 3D bioprinting 
techniques are derived directly from commercially available 2D printers and employ ink binding 
starting materials, such as polymer solutions, to form desired objects [41,42]. Inkjet printers usually 
consist of one or several ink chambers with different nozzles corresponding to piezoelectric, thermal, 
or acoustic actuating units. A short pulse of electrical current is needed to actuate the units. Before 
printing, the starting materials need to be liquefied to permit droplets deposition onto a solid 
platform. During the printing process, a fixed volume of fluid is continually jetted onto the platform 
through the thermal, acoustic or piezoelectric actuating units and the pre-designed signals reappear 
on the platform through the ink droplets. The droplets must be solidified into the pre-defined 
geometry before the next layer of droplets is added. The deposited droplet size can be modulated 
from 1 to 300 pL with deposition rates changing from 1 to 10,000 droplets per second. Cells are 
normally printed in suspensions or low concentration polymer solutions. 

Figure 2. Working principles of three main groups of bioprinting technologies for tissue and
organ engineering: (a) laser-based bioprinting; (b) inkjet-based bioprinting; and (c) extrusion-based
bioprinting [22].

2.1.4. Categories Divided in Biological Functions

3D printing technologies can also be divided into the following two groups according to the
biological functions of the products: (1) printing without living cells; and (2) printing with living
cells [21]. The printing requirements for each group are very different. For example, when printing
without living cells, the main requirements for the 3D printing technologies are the accuracy of the
scaffold structures, the stability of the connected layers, the flexibility of the go-through pores and the
biocompatibility of the deposited materials. When printing with living cells, the main requirements
for the 3D printing technologies are the viability of the cells, the growth capacity of the tissues
and the biological functionality of the implants. The latter has been defined as 3D bioprinting by
tissue engineers. Thus, 3D bioprinting is the process of creating cell patterns in a confined space
using 3D printing technologies, where cell function and viability are preserved within the printed
construct [40,41]. We now would like to introduce the following three major types (i.e., inkjet-based,
laser-based and extrusion-based) of 3D bioprinting technologies.

2.2. Three Main 3D Bioprinting Technologies

2.2.1. Inkjet-Based 3D Bioprinting

Inkjet-based 3D bioprinting is a non-contact image reconstruction technology (Figure 3),
which includes piezoelectric, thermal and acoustic conductivity nozzles. Normally, inkjet 3D
bioprinting techniques are derived directly from commercially available 2D printers and employ ink
binding starting materials, such as polymer solutions, to form desired objects [42,43]. Inkjet printers
usually consist of one or several ink chambers with different nozzles corresponding to piezoelectric,
thermal, or acoustic actuating units. A short pulse of electrical current is needed to actuate the units.
Before printing, the starting materials need to be liquefied to permit droplets deposition onto a solid
platform. During the printing process, a fixed volume of fluid is continually jetted onto the platform
through the thermal, acoustic or piezoelectric actuating units and the pre-designed signals reappear on
the platform through the ink droplets. The droplets must be solidified into the pre-defined geometry
before the next layer of droplets is added. The deposited droplet size can be modulated from 1 to
300 pL with deposition rates changing from 1 to 10,000 droplets per second. Cells are normally printed
in suspensions or low concentration polymer solutions.
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Figure 3. (a) 3D printing schematic using an inkjet printing system; and (b) 3D printed calcium 
phosphate (CaP) sintered structures fabricated at Washington State University using a 3D printer 
(ProMetal®, ExOne LLC, Irwin, PA, USA) [41]. 

The advantages of inkjet based bioprinting technologies in hard tissue and organ engineering 
are fast, cheap, readily available and high resolution. The deposition resolution can be adjusted to 
about the size of one cell (≈10 µm) and the printing accuracy can be tailored to less than 100 µm [43]. 
There are several disadvantages of the inkjet bioprinting technologies: (1) the starting materials need 
to be dissolved into liquid states at low viscosities; (2) the heat, ultrasound, and mechanical stresses 
(especially shear forces) generated during the inkjet bioprinting have adverse effects on cell viability; 
(3) it is difficult to update the required hardware and software for multiple cell type assemblings; (4) 
limited biomaterials used for cell loading because of nozzle (or head) clogging; (5) only low cell 
numbers can be printed; and (6) finite printing height. Future work needs to be done to develop 
multi-head printers with heterogeneous cell constitutes and gradient structural information [44–46]. 

2.2.2. Laser-Based 3D Bioprinting 

Laser-based 3D bioprinting technologies are a group of printing methods that use laser energy 
to transfer or coordinate starting biomaterials (Figure 4). There are many different forms of laser-
based 3D bioprinting technologies in hard tissue and organ engineering. For example, laser direct 
writing (LDW) uses a laser pulse to locally heat and deposit a layer of energy-absorbing starting 
biomaterial. The starting biomaterials can be cell-laden polymer hydrogels or solutions. Multiple cell 
types can be simultaneously deposited onto the surface of a work piece. An existing example is that 
in 2000 Odde and Renn first reported a cell printing technology via a laser-guided direct cell writing 
method [47,48]. Additionally, these techniques can be further divided into direct RP or indirect RP 
3D bioprinting technologies for hard tissue and organ engineering.  

Figure 3. (a) 3D printing schematic using an inkjet printing system; and (b) 3D printed calcium
phosphate (CaP) sintered structures fabricated at Washington State University using a 3D printer
(ProMetal®, ExOne LLC, Irwin, PA, USA) [42].

The advantages of inkjet based bioprinting technologies in hard tissue and organ engineering
are fast, cheap, readily available and high resolution. The deposition resolution can be adjusted to
about the size of one cell (≈10 µm) and the printing accuracy can be tailored to less than 100 µm [44].
There are several disadvantages of the inkjet bioprinting technologies: (1) the starting materials need
to be dissolved into liquid states at low viscosities; (2) the heat, ultrasound, and mechanical stresses
(especially shear forces) generated during the inkjet bioprinting have adverse effects on cell viability;
(3) it is difficult to update the required hardware and software for multiple cell type assemblings;
(4) limited biomaterials used for cell loading because of nozzle (or head) clogging; (5) only low cell
numbers can be printed; and (6) finite printing height. Future work needs to be done to develop
multi-head printers with heterogeneous cell constitutes and gradient structural information [45–47].

2.2.2. Laser-Based 3D Bioprinting

Laser-based 3D bioprinting technologies are a group of printing methods that use laser energy to
transfer or coordinate starting biomaterials (Figure 4). There are many different forms of laser-based
3D bioprinting technologies in hard tissue and organ engineering. For example, laser direct writing
(LDW) uses a laser pulse to locally heat and deposit a layer of energy-absorbing starting biomaterial.
The starting biomaterials can be cell-laden polymer hydrogels or solutions. Multiple cell types can be
simultaneously deposited onto the surface of a work piece. An existing example is that in 2000 Odde
and Renn first reported a cell printing technology via a laser-guided direct cell writing method [48,49].
Additionally, these techniques can be further divided into direct RP or indirect RP 3D bioprinting
technologies for hard tissue and organ engineering.
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detail of SLA [46]: (A) photograph; (B) micro computed tomography (mCT); and (C,D) scanning 
electron microscope (SEM). Scale bar is 500 mm.  
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Figure 4. Schematic of stereolithographic (SLA) printing technique; and (A–D) exemplary tissue
engineering scaffold composed of poly(D-L lactic acid) (PDLLA) that showcases the resolution and
detail of SLA [47]: (A) photograph; (B) micro computed tomography (mCT); and (C,D) scanning
electron microscope (SEM). Scale bar is 500 mm.

Typically, this group of 3D bioprinting technologies is nozzle free high precision methods for
cell patterning [48,49]. Single cells or cell suspensions can be placed onto a platform in a controlled
manner. A wide range of viscosities of cell-laden polymer solutions with high cell number can
be printed [50–55]. Nonetheless, most of these 3D bioprinting technologies have extremely high
restrictions on the types of the polymer solutions. It is a time-consuming process for large tissue and
organ printing applications. Three more prominent limitations of these techniques are the damages of
the laser to cells, cell distributing accurate and metal contaminants. This is why, sixteen years later,
this group of 3D bioprinting technologies is still limited to some simple constructs arranged with a thin
layer of cells [56].

2.2.3. Extrusion-Based 3D Bioprinting

Extrusion-based 3D bioprinting technologies are a swarm of processes in which starting materials
are totally dispensed by force through a nozzle, syringe or orifice (Figure 5). There are three broad
categories of this group of 3D bioprinting technologies according to the printing temperature (i.e., high-,
ambient- and low-temperature). One of the most popular processes is melting extrusion with
a very high working temperature for starting material melting, such as fused deposition modeling
(FDM) [57–60]. Some specific plastics, such as acrylonitrile-butadiene-styrene (ABS) and poly(lactice
acid) (PLA) that melting about 200 ◦C, are the most suitable printing materials as nonbiodegadable
hard tissue and organ engineering scaffolds. Currently, it is one of the least expensive methods
to create solid 3D scaffolds with go-through channels. Other popular processes are ambient- and
low-temperature deposition RP manufacturing technologies, which were first put forward by the
Center of Organ Manufacturing, Department of Mechanical Engineering, in Tsinghua University and
adapted by other labs over the world [61–68].

In this research group, headed by Professor Wang, cells were first encapsulated into hydrogels for
bioprinting [69–75]. Natural polymer hydrogels mimic ECMs to provide the cells with suitable
conditions to migrate, grow, proliferate and differentiate. The hydrogel concentration and cell
density have significant effects on tissue and organ formation and maturation. Many ingredients,
such as polymers, growth factors, cryoprotectants, can be added into the natural polymer hydrogels.
Using appropriate polymer concentrations, oxygen and nutrients can maximally diffuse into the
encapsulated cells. The temperature of the working platform, nozzle and environment can be
controlled, which allows a wide range of biomaterials to be printed. Extremely high cell densities
and viabilities have been achieved. Because of the advantages of these two groups of 3D bioprinting
technologies, implants for patient-specific (or customized) hard tissue and organ regeneration are now
available and become more and more attractive.
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Compared to inkjet-based and laser-based 3D bioprinting technologies, the printing speed
of the extrusion-based 3D bioprinting technologies is relatively slow. Cells encapsulated in the
high concentrations natural hydrogels may lose some functions, such as, cell–cell direct interactions
or communications. Nevertheless, with the proper concentration of natural hydrogels, cells have
enough space to grow, proliferate, and differentiate. The 3D printed construct can mimic the native
cell survival environment, recapitulating the in vivo milieu and allowing cells to create their own
micro-environments. Furthermore, Additionally, the high capacity of the starting materials and the
easy of updating hard- and software make this group of 3D bioprinting technologies outstanding for
hard tissue and organ engineering.
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3. Examples of 3D Bioprinting Technologies for Hard Tissue and Organ Engineering

3.1. Hard Tissue Scaffolds Printing

In the hospitals, 3D printing technologies were originally used for the production of visual models
and functional prototypes, now they are increasingly employed in the manufacture of hard tissue
engineering scaffolds. Nearly all the cell-free 3D printing products, including metal, synthetic and
natural polymers, have been used as the hard tissue engineering scaffolds. Metal and HA powders
are the frequently used starting materials to enhance the mechanical strength of the hard tissue repair
substitutes [11,55]. Additionally, metallic systems can be biodegraded slowly in vivo. The degraded
elements, such as iron and manganese ions, can be absorbed in biosystems and act as important
minerals for new tissue growth and bone remodeling. This is a new theory for tissue engineering
approaches based on seeding cells on porous biodegradable polymer scaffolds.

As the main component of bone, HA has some prominent merits for the use as a pre-material for
hard tissue scaffold printing. HA can be produced synthetically or from bovine sponges or by coral
pyrolysis and sintering processes. These systems provide an abundant resource. Some of the natural
HA particles have good biocompatibilities and high osteoconductivity. In 3D printing technologies HA
can be used in different forms, such as powder, slurry or granule. To obtain the fluidity necessary for
the 3D printing processes, HA can be modified by means of granulation or mixed with other polymer
solutions [76]. A polymer solution is often used as a liquid binder for the coalescent of the powdered
HA particles and even the incorporation of cells.

One example is in polymer–ceramic binder jetting 3D printing, HA objects can be obtained by
selectively spraying liquid organic binder onto a bed of HA powder and solidifying the powder into
a cross-section [77,78]. Many thin layers of HA powder are continuously applied to a base platform
(or plate), which are then solidified by adding the specific liquid organic binder according to the
predefined pattern. The liquid organic binder can be applied by dribs and drabs using a print head.
After printing, the loose HA powder is removed and the solid HA objects are directly used as the hard
tissue engineering scaffolds. In some of the established 3D printing processes the solid HA objects
can be further sintered in the second step at a temperature of about 1250 ◦C [55]. This produces high
final strength to the 3D objects. During the sintering process, the liquid organic binder is completely
burned [79,80].

In 1994, Gima et al. made a hard tissue engineering scaffold using the binder jetting 3D printing
process [81]. In this technique, powders from poly(ethylene oxide) (PEO) and PCL were used as the
base starting materials. Porous 3D objects were created by selectively joining the powders in each layer
using a pure polymer solvent as the inkjet printing binder. Synthetic hard tissue regenerative scaffolds
were built through the layered printing and bonding procedures. Thinner filaments (200–500 µm in
diameter) were obtained by printing polymer solutions rather than using pure polymer solvent as
the adhesive binder [82,83]. Later, Giordano et al. reported a dense porous PLA object which can be
used as a bone tissue regenerative scaffold through a Waring blender to mill the liquid nitrogen-chilled
PLA granules [84]. An Ultra Centrifugal Mill was employed to improve the yield of the starting
materials. Theoretically, any materials that can be processed into powders can be used for this 3D
printing technology. For the polymer–ceramic mixture, the polymer is usually used as a low melting
point binder. A drawback of this technology is that the redundant powder needs to be wiped off after
the printing processes. This may lead to some waste and additional procedures.

Similar to the above-mentioned polymer–ceramic binder jetting technique, Lee and Barlow used
a SLS technique to make bioceramic hard tissue engineering scaffolds [85]. Using this SLS technology,
porous 3D objects were built by sintering of powdered material on a powder bed with an infrared
laser beam focused on a thin layer of the powder, such as HA containing PCL, nylon and wax. When
the local particle surface temperature of the powder is raised to the glass transition temperature
(i.e., the melting temperature), the powder is melted and results in particle bonding to each other and
to the previous layer. A porous 3D object is created by the fused particles being bonded layer-by-layer.
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In 1997, Langton et al. developed a user-defined cancellous bone substitute using a STL approach
by polymerizing photopolymer resins [86]. Photopolymer resins are mixtures of low-molecular-weight
monomers which can be polymerized when activated by special radiant energy, such as ultraviolet laser
or masked lamp. This group of technology emerged in 1999 based on the combination of the masked
lamp and laser curing photopolymerization techniques. Since then the preparation of customized hard
tissue and organ structural models and/or substitutes has become more and more popular.

In 1998, Chu et al. built another HA-based prototype for producing bone tissue engineering
scaffolds from image-based design files [87]. This ceramic bone tissue engineering scaffolds are
created using a UV-curable suspension of HA powders in acrylates. Viscosity control for the
highly concentrated HA suspensions and cure depth behavior are the main issues of this technique.
Meanwhile, Steidle et al. fabricated a non-resorbable bioceramic bone repair scaffold, which consisted
of HA particles and a calcium phosphate glass using a LOM technology [88]. Molecular Geodesics, Inc.
(MGI, Boston, MA, USA) developed a new class of hard tissue engineering substitutes that mimic
the structural, mechanical and biological characters of the ECMs of the hard tissues. A small-spot
laser STL system was used to produce a smallest structural feature of 70 µm in diameter of the printed
filaments [89].

In 2003, a group in the School of Mechanical and Aerospace Engineering, Nanyang Technological
University, Singapore, led by professor Chua, developed a 3D printing technique for customized
scaffold fabrication with controlled go-through pore sizes and topological structures [90]. Later they
made a collagen scaffold using an indirect 3D printing technique [45].

The above mentioned primary extrusion-based low-temperature 3D printing technology
developed at Tsinghua University in 2000 has been mainly used for hard tissue engineering scaffold
manufacturing [61–68]. Synthetic biodegradable polymers, such as poly(L-lactic acid) (PLLA) and
PLGA, have been fabricated into large 3D bone repair scaffolds under the temperature below
−20 ◦C [2,3]. Some inorganic additives, such as HA and tricalcium phosphate, were incorporated in
the polymer solution to increase the mechanical strengths of the scaffolds and mimic the components
of the ECMs of the hard tissues. One drawback of this technique is that the synthetic polymers need to
be dissolved in organic solvents before printing. The organic solvents need to be removed from the
scaffolds throug freeze-drying.

3.2. Construction of Patient-Specific Tissues

With the help of 3D printing technologies, customized or patient-specific tissues are now available
for hard tissue and organ engineering. An important aspect in the production of customized tissues
using 3D printing technologies is to generate digital models for the implants and harvest autologous
cells from the patients. Autologous cells are obtained from the same individual in whom they will be
implanted to avoid immune rejection. The digital models can be calculated by mirroring a healthy
tissue or organ on the corresponding defect area and subsequently transferring and simplifying
the data. Based on the 3D obtained data, patient-specific implants, including autologous cell-laden
polymer hydrogels, can be prepared using one or several of the above mentioned 3D bioprinting
approaches [91–95].

For large skull, oral and maxillofacial surgery, the individual shape of the implants for
reconstruction for the original function and aesthetics is required. Patient medical data has to be
analyzed and implemented to create predefined standard geometries. For this reason, the large defects
of the patient are necessary to be scanned with CT technique before a 3D printing technology is
employed. The resulting two-dimensional (2D) data are converted into a 3D surface model with the
aid of a special segmentation software. The individual 2D and 3D regions are, thereby, distinguished
by the selection of the corresponding threshold value for the segmentation [96,97].

Progress in this field has been extremely rapid. For instance, at the beginning, the CT scanning
technique was employed only for the purpose of getting a digital model of the damaged tissues
and organs. RP was primarily introduced into this field as a means of guiding surgical procedures.
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The first customized titanium orbital implant was built around 2001 using a tactile model derived
from the patient CT data [91–95]. With the rapid development of 3D bioprinting technologies, now
patient-specific tissues, generated through the CAD digital models derived from the CT results,
including multiple autologous cell types, hard tissue ECMs or even metal constitutes can be directly
used for ideal clinical repairs [35]. An obvious benefit of the patient-specific tissues is that their
mechanical properties are similar to those of the natural bones. Unlike traditional tissue engineering
strategies, it is not obligatory for the metal constitutes to be biodegraded quickly in the body. However,
some side reactions, such as electric conduction, ion exudation and liquid corrosion, need to be clearly
considered for each patient before implantation. In some locations of the hard tissues and organs
these side reactions have no adverse effects on the hard tissue and organ repair and functionality.
An additional benefit of the metal constitutes is that in those areas where bending stiffness and
strength are required, the metal constitutes can be compacted. When host tissue grows into the printed
go-through channels, the metal scaffolds can tightly integrate into the body tissues. This is a totally
new strategy for traditional tissue engineering approaches.

Currently, there is a high clinical need for novel biological implants that are made of biodegradable
synthetic polymers, autologous cells and/or growth factors for patient-specific hard tissue and organ
engineering. In other words, synthetic biological hard tissue and organ substitutes are increasingly
demanded by medical personnel. Many kinds of 3D printing technologies have been applied to the
patient-specific large hard tissue and organ engineering. On the one hand, the ideal synthetic ECMs
need to be adapted to the large defect site of the patient to enable an ideal reconstruction. On the
other hand, autologous cells and growth factors need to be incorporated into the implants before
implantation. Ideally, the large defects can be repaired with newborn tissues during the synthetic
ECMs degrade in the same time period.

3.3. Hard Organ Printing

In addition to producing scaffolds for hard tissue engineering, 3D printing technology is also
used to create multiple cell-laden constructs for hard organ engineering [98]. The multiple cell type
printing can overcome some of the limitations of conventional scaffold based tissue engineering
approaches, such as uneven cell seeding in the scaffolds, dead core in the thick tissues, difficulty in
multiple cell incorporation and unable to create uniaxial branched vascular and/or nervous networks
in a construct. The available protocols for complex organ manufacturing are absolutely different from
the traditional tissue engineering approaches with respect to biological, mechanical, structural and/or
biochemical aspects.

In 2003, Boland et al. printed cells into a virtual 3D structure using a thermal inkjet printing
technique. Since then the concept of cell printing has been expanded rapidly from cells to tissues
and to organs with several papers and a burst of conduct literature [99–103]. However, a significant
limitation of the inkjet-based 3D bioprinting technology is that the shear force from the rapid printing
irreversibly damages the cells. Additionally, the most useful 3D structures in this technology are
electrical objects, in which the printing is closely related to the material hydrodynamics and support
structures [104]. Until now, only simple 3D cell-laden constructs have been produced using cell
suspensions or aggregations with limited height and material constitutes.

Universally, most of the 3D bioprinting technology is initially used for soft tissue and organ
(e.g., the liver, heart and kidney) engineering. With the addition of hard inorganic materials, such as
HA and calcium phosphate, nearly all of them have been adapted for hard tissue and organ analog
(such as the bone, nose, ear, and tooth) manufacturing [105–109]. Recently, there has been a trend
towards the utilization of autologous stem cells, such as adipose-derived stem cells (ADSCs) and
induced pluripotent stem cells (iPSCs), from the patients (such as, bone marrow and adipose tissues)
for organ printing. Multiple nozzle (or multi-nozzle) 3D printers have been employed to assemble the
multiple autologous cells, growth factors and other bioactive agents. Normally, for a large structural
organ engineering, a larger number of cells are needed. For a large vascular organ engineering, stem
cells and growth factors are good candidates for potential proliferation and differentiation capabilities.
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It has been found that many stem cells are capable to be differentiated into a variety of tissue types,
including bone, cartilage and tooth, before or after 3D bioprinting [110–115].

In the 3D organ printing field, extrusion-based technologies have become increasingly important
based on the following reasons: (1) compared with inkjet- and laser-based printing technologies, it is
much easier for the hardware and software to be updated; (2) new printers are relatively ready to be
designed; (3) multiple cell types can be obviously convenient incorporated; (4) large scale-up structures
can be achieved simply through adjusting the printing parameters; (5) costs are relatively low; and (6)
using combined multi-nozzle 3D printers, it is possible to overcome nearly all the problems that are
encountered by tissue engineering in organ manufacturing experienced in the past (Table 1) [116–144].

As an outstanding example, Professor Wang and her students at the Center of Organ
Manufacturing and Department of Mechanical Engineering, Tsinghua University, China, have made
a series of unique extrusion-based 3D printing technologies for various tissue and organ manufacturing
(Figure 6) [12–23,116–144]. In the extrusion-based cell, tissue and organ printing technologies,
gelatin-based natural polymers are dissolved in inorganic solvents, such as cell culture medium,
to form solutions or hydrogels with high viscosity. After the cells were mixed with the natural polymer
solutions or hydrogels, they were reversibly encapsulated and allowed to be printed layer-by-layer
with a piston-driven extrusion-based 3D printer [12–23,116–144]. Both physical and chemical crosslinks
are necessary for the integrity maintenance of the 3D printed cell-laden structures. This is due to the
gelatin-based hydrogel state is very dependent on temperature. Above 30 ◦C, the physical crosslinking
of the gelatin-based hydrogel is broken and the structural integrity of the printed 3D structure collapses.
Long-term in vitro cultures of the 3D structures in culture medium can lead to some of the chemical
crosslinks loses. Some new synthetic polymers, such as PU, with excellent biocompatibilities and
mechanical properties have been used for the vascular system enhancement and whole structural
stabilization overcoat [12–23,116–144].
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Figure 6. A double-nozzle low-temperature (DLDM) technology developed at Tsinghua University,
prof. Wang’ group: (a) the DLDM printer; (b) schematic description of the working processes of the two
nozzles; (c) a tubular polyurethane-collagen conduit made by the DLDM system; and (d) an elliptical
hybrid hierarchical polyurethane and cell/hydrogel construct made by the DLDM system [12].
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Table 1. Typical three-dimensional (3D) bioprinting technologies for hard tissue and organ engineering.

Technique Working principle Main starting
biomaterials Advantages Disadvantages Morphology References

Extrusion-based rapid
prototyping (RP)

Fluidic material is forced
through a piston nozzle

at a low temperature
(≤−20 ◦C)

Natural or synthetic
polymer solutions

A wide range of materials can be
used; high accuracy; flexible;

reproducible; scalable; growth
factors can be incorporated;

constructs with high mechanical
properties can be obtained

Organic solvents are
needed for synthetic
polymer deposition;
cells are difficult to

be incorporated
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FDM

Strands of polymer
composite extruded

through a commercial
FDM (MakerBot)

Hydroxyapatite (HA)
incorporated

polycaprolactone (PCL)

Automated; controllable; fast;
sophisticated; accurate;
reproducible; scalable

Limited materials can be
used; cells cannot be
incorporated directly
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binder solution to fabricate 
collagen-calcium phosphate 
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Collagen solutions 
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Indirect 3D
bio-printing

Fibrin-polymer–ceramic
scaffolds manufactured by
fused deposition modeling

Calcium phosphate
modified PCL (PCL-CaP)
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A wide range of biomaterials can
be used; cells and bioactive
agents can be incorporated

Low accuracy of the final
structures; complex

processing procedures
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Collagen solutions 
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incorporated  
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Indirect micro-
stereolithography

(mSTL)

Tracheal cartilage
regeneration on an indirect

printed gelatin sponge

Poly-(L-Lactide-co-
ε-caprolactone)/gelatin,
heparin, transforming

growth factor-β1,
chondrocytes

A wide range of biomaterials can
be used; bioactive agents can

be incorporated

Low accuracy of the
final structures;

complex processing
procedures; limited

mechanical properties

Materials 2016, 9, 802 13 of 22 

Table 1. Typical three-dimensional (3D) bioprinting technologies for hard tissue and organ engineering. 

Technique Working principle Main starting biomaterials Advantages  Disadvantages Morphology References 

Extrusion-based 
rapid prototyping 

(RP) 

Fluidic material is forced 
through a piston nozzle at a 
low temperature (≤−20 °C)  

Natural or synthetic polymer 
solutions 

A wide range of materials can be used; 
high accuracy; flexible; reproducible; 

scalable; growth factors can be 
incorporated; constructs with high 

mechanical properties can be obtained 

Organic solvents are needed 
for synthetic polymer 

deposition; cells are difficult to 
be incorporated  

[58] 

Pneumatic 
extrusion-based 

bioplotter 

Polymer strands stabilized 
layer-by-layer in a liquid 

medium  

Natural polymer solutions, 
such as alginate and proteins, 

cells and growth factors can be 
incorporated 

Good biocompatibilities 
Low cell survival rate; weak 

mechanical properties; fragile 
[140] 

Fused deposition 
modeling (FDM) 

Strands of heated polymers 
extruded through nozzles 

Synthetic polymers, such as 
acrylonitrile butadiene styrene 
(ABS), poly lactic acid (PLA), 

polyvinyl alcohol (PVA) 

Automated; controllable; fast; 
sophisticated; accurate; reproducible; 

scalable  

Limited materials can be used; 
cells cannot be incorporated 

directly 
[141] 

FDM 

Strands of polymer 
composite extruded through 

a commercial FDM 
(MakerBot)  

Hydroxyapatite (HA) 
incorporated polycaprolactone 

(PCL) 

Automated; controllable; fast; 
sophisticated; accurate; reproducible; 

scalable 

Limited materials can be used; 
cells cannot be incorporated 

directly 
[142] 

Indirect 3D 
bio-printing 

Fibrin-polymer–ceramic 
scaffolds manufactured by 
fused deposition modeling 

Calcium phosphate modified 
PCL (PCL-CaP) and treated 

with fibrinogen 

A wide range of biomaterials can be 
used; cells and bioactive agents can be 

incorporated 

Low accuracy of the final 
structures; complex processing 

procedures 
[143] 

Indirect micro-
stereolithography 

(mSTL) 

Tracheal cartilage 
regeneration on an indirect 

printed gelatin sponge 

Poly-(L-Lactide-co-ε-
caprolactone)/gelatin, heparin, 
transforming growth factor-β1, 

chondrocytes 

A wide range of biomaterials can be 
used; bioactive agents can be 

incorporated  

Low accuracy of the final 
structures; complex processing 

procedures; limited 
mechanical properties 

[110] 

Laser-based 
stereolithography 

(SLA) 

A small-spot of laser is used 
for solid polymers  

Synthetic polymers 
High resolution; cells can be 

incorporated 
Limited materials; low 

throughput 
[53,84] 

Thermal  
inkjet-based AM 

Collagen was dissolved into 
phosphoric acid-based 

binder solution to fabricate 
collagen-calcium phosphate 

composites 

Collagen solutions 
The fabrication temperature can be 

reduced 

Low accuracy; low mechanical 
properties; cells cannot be 

incorporated 
[112] 

Extrusion-based 
RP 

Pneumatic forced nozzles 
for fluidic materials  

Natural or synthetic polymer 
solutions 

A wide range of biomaterials can be 
used; cells, bioactive agents can be 

incorporated  

Nozzle easily clogging; harms 
to cells 

[34] 

[111]

Laser-based
stereolithography

(SLA)

A small-spot of laser is
used for solid polymers Synthetic polymers High resolution; cells can

be incorporated
Limited materials;
low throughput
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[54,85]
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Table 1. Cont.

Technique Working principle Main starting
biomaterials Advantages Disadvantages Morphology References

Thermal
inkjet-based AM

Collagen was dissolved
into phosphoric acid-based
binder solution to fabricate

collagen-calcium
phosphate composites

Collagen solutions The fabrication temperature can
be reduced

Low accuracy; low
mechanical properties; cells

cannot be incorporated
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[113]

Extrusion-based RP Pneumatic forced nozzles
for fluidic materials

Natural or synthetic
polymer solutions

A wide range of biomaterials can
be used; cells, bioactive agents

can be incorporated

Nozzle easily clogging;
harms to cells
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incorporated 
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Indirect micro-
stereolithography 

(mSTL) 
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stereolithography 

(SLA) 
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throughput 
[53,84] 
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phosphoric acid-based 

binder solution to fabricate 
collagen-calcium phosphate 

composites 

Collagen solutions 
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incorporated 
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Extrusion-based 
RP 

Pneumatic forced nozzles 
for fluidic materials  

Natural or synthetic polymer 
solutions 

A wide range of biomaterials can be 
used; cells, bioactive agents can be 

incorporated  

Nozzle easily clogging; harms 
to cells 

[34] [35]

Inkjet-based RP Fluidic material is forced
through an orifice

Hyaluronic acid
(HA) improved

gelatin-methacrylamide
(gelMA) hydrogels

High mechanical properties;
cells, bioactive agents can

be incorporated

Limited biomaterials can be
used; limited height of

the construct
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Inkjet-based RP Fluidic material is forced 
through an orifice 

Hyaluronic acid (HA) 
improved gelatin-

methacrylamide (gelMA) 
hydrogels 

High mechanical properties; cells, 
bioactive agents can be incorporated 

Limited biomaterials can be 
used; limited height of the 

construct  
[143] 

Direct write (DW) 
RP 

3D ink writing (or 
robocasting) in an oil bath 

A concentrated colloidal gel 
(typically 50% HA particles 
suspended in an aqueous 

medium) 

Two materials can be printed in a 
construct 

Limited biomaterials can be 
used; limited height of the 

construct  
[94] 

Double nozzle 
extrusion-based RP 

Fluidic materials are forced 
through two piston nozzles 

at a temperature about 10 °C 

Natural polymer hydrogels, 
such as gelatin, 

gelatin/alginate, and 
gelatin/alginate/fibrinogen 

A wide range of biomaterials can be 
used; cells, bioactive agents can be 
incorporated; branched vascular 

systems can be easily created; excellent 
biocompatibilities  

Weak mechanical properties; 
high concentration of 

hydrogels affects cell–cell 
interactions; easily being 

biodegraded under in vivo 
conditions 

[119,120] 

Double nozzle low-
temperature 

extrusion-based RP 

Fluidic materials are forced 
through two piston nozzles 

at a temperature ≤−20 °C 

Natural and synthetic polymer 
solutions 

A wide range of biomaterials can be 
used; cells, growth factors, cytokines, 
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properties; stable; fast; controllable; 
sophisticated; accurate; scalable; 

reproducible  

High concentration of natural 
hydrogels affects cell–cell 

interactions; organic solvents 
are needed for synthetic 

polymer dissolution and to be 
removed after printing 

[60,61,126,127] 

[144]

Direct write (DW) RP
3D ink writing

(or robocasting) in
an oil bath

A concentrated colloidal
gel (typically 50% HA
particles suspended in
an aqueous medium)

Two materials can be printed
in a construct

Limited biomaterials can be
used; limited height of

the construct
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High concentration of natural 
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removed after printing 

[60,61,126,127] 

[95]

Double nozzle
extrusion-based RP

Fluidic materials are forced
through two piston nozzles

at a temperature
about 10 ◦C

Natural polymer hydrogels,
such as gelatin,

gelatin/alginate, and
gelatin/alginate/fibrinogen

A wide range of biomaterials can
be used; cells, bioactive agents
can be incorporated; branched
vascular systems can be easily

created; excellent
biocompatibilities

Weak mechanical
properties; high

concentration of hydrogels
affects cell–cell interactions;
easily being biodegraded
under in vivo conditions
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Subsequently, this group has been the leader towards the goal of complex organ manufacturing
with a great of significant breakthroughs over the last decade [12–23,118–144]. For example, it was the
first time that cells encapsulated in biodegradable hydrogels (such as gelatin-based hydrogels) were
used to print large scale-up 3D structures [69]; as well as the multiple steps of polymer crosslinking and
cocktail stem cell engagement in a 3D printed structure [70,71]. They developed the first 3D bioprinted
structures that are used for energy model establishment and high throughput drug screening [72,73].
In addition, ADSCs in a grid 3D printed structure were induced into both endothelial and adipose
tissues with the spatial effects and made the visualization of the large vascular tissues (i.e., organs)
manufacturing come true [72,73]. The two nozzle extrusion-based 3D bioprinting technologies were
developed in 2007 to manufacture bioartificial organs with more than two types of cells [74,75].
It was also the first report that multiple cell types, such as ADSCs and hepatocytes, assembled into
vascular liver tissues with a uniaxial branched vascular system [124,125]. Later in 2009, the 3D
bioprinting techniques were combined with cell cryopreservation techniques successfully to store
and preserve the bioartificial tissues and organs [120–122]; at the meantime, two level gradient tumor
bone repair materials were developed using their home-made double-nozzle low-temperature 3D
printing technology [64]; it was the first report that natural and synthetic polymer systems were printed
into hierarchical constructs with a predesigned vascular template for in vivo implantation [66–68].
The printing cells could be any types, including osteoblasts and chondrocytes. Furthermore, they also
first developed a series of combined multi-nozzle 3D bioprinting technologies for complex hard tissue
and organ engineering. The above technologies were printed in the first book on Organ Manufacturing
published in America by the Nova Science Publishers Inc., Hauppauge, NY, USA [18,19,21,23]. Some
of the above technologies have been adopted by many other research groups, such as the Wake Forest
Institute for Regenerative Medicine, Wake Forest School of Medicine, Medical Center Boulevard,
Winston-Salem, NC, USA, for cartilage and ear manufacturing [35].

Particularly, the establishment of the scale-up hierarchical vascular system was a long awaited
breakthrough in tissue engineering, organ manufacturing and regenerative medicine [72,73,134,139,141].
These overwhelming developments in multi-nozzle bioprinting technologies yielded a novel set
of organ regeneration strategies. The in-depth studies about complex organ manufacturing were
accompanied with a series of new theories and protocols, such as a combined multi-nozzle 3D printer
is essential for vascular organ manufacturing; both natural and synthetic polymers are useful to
provide heterogeneous cells with a suitable environment to survive, proliferate, and differentiate in
a construct; the natural polymers need to be double crosslinked to maintain the structural integrity of
the printed 3D cell-laden structures; the weak mechanical properties of natural polymer hydrogels
can be compensated by the synthetic polymers; spatial effect of stem cell engagement is necessary
for a whole vascular system generation; the soft organ 3D printing technologies are also suitable
for complex hard tissue and organ engineering with the incorporation of particular inorganic ECMs,
cell types and/or growth factors in the natural or synthetic polymer solutions [35]. It is expected that
the complex organ manufacturing era is finally coming and the average life span of human beings will
be extremely prolonged with these series of outstanding breakthroughs.

4. Conclusions and Future Directions

Modern 3D printing technology has enabled the production of hard tissue and organ 3D models,
scaffolds and analogs directly from CAD data. The 3D printing technology can be classed into
various categories according to different techniques. Especially in the field of surgical technology
these technologies were used for the production of patient-specific implants, such as porous
scaffolds, cell-laden constructs, bioartificial tissues and organs, for hard tissue and organ engineering.
The integration of CT techniques, visual hard tissue and organ regenerative models and biological
functional prototypes has attained great successes in large tissue and organ defect healing and
repair. Over the last decade, the extrusion-based 3D printing technologies have developed very
quickly and outstood among all the available protocols. The inkjet- and laser-based 3D printing
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technologies are in the second or third location due to the limitations of software and hardware of the
inkjet-based equipment and the time-consuming and damage effects to cells of the laser-based devices.
Recognition should be given to the low-temperature double-nozzle extrusion-based 3D printing
technologies, which are especially useful for patient-specific hard tissue and organ engineering.
A prominent accomplishment is the uniaxial branched vascular system incorporated in the large
tissues and organs. Many major problems for vascular organ engineering were overcome by the
Wang Group in the Center of Organ Manufacturing, Department of Mechanical Engineering, Tsinghua
University. Compared with traditional tissue engineering strategies, in which cells need to be seeded
onto porous scaffolds to form tissues, their in house 3D bioprinting technology has many advantages
in creating bioartificial tissues and organs. The gelatin-based natural hydrogels and synthetic polymers
have provided the cells with a compliant accommodation to grow, proliferate and differentiate.
The controlled go-through channels and branched vascular systems are essential for blood/body fluid
passing through/penetration and vascularization/new tissue in-growth. Their scientific advances
in extrusion-based combined multi-nozzle 3D bioprinting technology, novel PU biomaterials, stem
cell engagement protocols, bioactive agent (e.g., cryoprotectant, growth and differentiation factor)
incorporation techniques, and spatial macro- and micro-environment controlling strategies give rise to
opportunities for manufacturing bioartificial hard tissues and organs with the whole spectrum of their
native counterparts.

Currently, much more meaningful research platforms and 3D bioprinting tools on the one hand
are being exploited for hard tissue and organ engineering. On the other hand, reverse hard tissue and
organ engineering from patient-specific CT and MRU data have attracted more and more attention
for the high frequent traffic accidents and lumpectomies. It is expected that in the future, custom
tissue and organ banks and patient-specific hard tissue and organ repairs will become prevalent.
Especially, combined multi-nozzle bioprinting technology will be the most important tools for complex
hard tissue and organ engineering. The combined multi-nozzle bioprinting technology has distinct
advantages in producing complex tissue and organ substitutes mimicking their native counterparts
with a predesigned branched vascular network. Multiple cell types together with heterogeneous
biochemical molecules (i.e., biological cues, bioactive agents or drugs) can be precisely constructed
through the combined multi-nozzle 3D printers. Stem cells, progenitor cells and decellularized ECMs
will become more and more popular for a large tissue and organ printing. There is a need for sustained
release of growth factors and other bioactive agents over time. With the advances of modern 3D
bioprinting sciences and technologies, the era of patient-specific hard tissue and organ manufacturing
is coming and clinical standards for the bioartificial hard tissues and organs will be a common subject
in hospitals.

Acknowledgments: The work was supported by grants from the Cross-Strait Tsinghua Cooperation Basic
Research (No. 2012THZ02-3), Beijing Municipal Natural Science Foundation (No. 3152015), National Natural
Science Foundation of China (NSFC) (No. 81571832, 81271665, and 30970748), International Cooperation and
Exchanges NSFC and Japanese Society for the Promotion of Science (JSPS) (No. 81411140040) and the National
High Tech 863 Grant (No. 2009AA043801).

Author Contributions: Xiaohong Wang conceived, designed and wrote the main content; Qiang Ao,
Xiaohong Tian, Jun Fan, Yujun Wei, Weijian Hou and Hao Tong contributed the technical details; and Shuling Bai
gave some important suggestions.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Yu, W.Y. The structure, development and health of the teeth. Bull. Biol. 1982, 8, 36–39.
2. Eckstein, F.; Reiser, M.; Englmeier, K.H.; Putz, R. In vivo morphometry and functional analysis of human

articular cartilage with quantitative magnetic resonance imaging—From image to data, from data to theory.
Anat. Embryol. 2001, 203, 147–173. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s004290000154
http://www.ncbi.nlm.nih.gov/pubmed/11303902


Materials 2016, 9, 802 17 of 23

3. Wang, X.H.; Ma, J.B.; Wang, Y.N.; He, B.L. Progress in the research of bone substitutes. J. Biomed. Eng. 2001,
18, 647–652.

4. Wang, X.; Ma, J.; Feng, Q.; Cui, F.Z. Skeletal repair in rabbits with calcium phosphate cements incorporated
phosphorylated chitin. Biomaterials 2002, 23, 4591–4600. [CrossRef]

5. Wang, X.; Ma, J.; Wang, Y.; He, B. Bone repair in radii and tibias of rabbits with phosphorylated chitosan
reinforced calcium phosphate cements. Biomaterials 2002, 23, 4167–4176. [CrossRef]

6. Wang, X.; Ma, J.; Wang, Y.; He, B. Structural characterization of phosphorylated chitosan and their
applications as effective additives of calcium phosphate cements. Biomaterials 2001, 22, 2247–2255. [CrossRef]

7. Wang, X.H.; Ma, J.B.; Wang, Y.N.; He, B.L. Reinforcement of calcium phosphate cements with phosphorylated
chitin. Chin. J. Polym. Sci. 2002, 4, 325–332.

8. Wang, X.H.; Ma, J.B.; Feng, Q.L.; Cui, F.Z. In vivo evaluation of S-chitosan enhanced calcium phosphate
cements. J. Bioact. Compat. Polym. 2003, 18, 259–271. [CrossRef]

9. Wang, X.H.; Feng, Q.L.; Cui, F.Z.; Ma, J.B. The effects of S-chitosan on the physical properties of calcium
phosphate cements. J. Bioact. Compat. Polym. 2003, 18, 45–57. [CrossRef]

10. Bruder, S.P.; Kraus, K.H.; Goldberg, V.M.; Kadiyala, S. The effect of implants loaded with autologous
mesenchymal stem cells on the healing of canine segmental bone defects. J. Bone Jt. Surg. Am. 1998, 80,
985–996.

11. Seitz, H.; Rieder, W.; Irsen, S.; Leukers, B.; Tille, C. Three-dimensional printing of porous ceramic scaffolds
for bone tissue engineering. J. Biomed. Mater. Res. B Appl. Biomater. 2005, 74, 782–788. [CrossRef] [PubMed]

12. Wang, X.; Tuomi, J.; Mäkitie, A.A.; Poloheimo, K.-S.; Partanen, J.; Yliperttula, M. The integrations of
biomaterials and rapid prototyping techniques for intelligent manufacturing of complex organs. In Advances
in Biomaterials Science and Applications in Biomedicine; Lazinica, R., Ed.; In Tech: Rijeka, Croatia, 2013;
pp. 437–463.

13. Wang, X. Overview on biocompatibilities of implantable biomaterials. In Advances in Biomaterials Science and
Biomedical Applications in Biomedicine; Lazinica, R., Ed.; In Tech: Rijeka, Croatia, 2013; pp. 111–155.

14. Wang, X.; Yan, Y.; Zhang, R. Gelatin-based hydrogels for controlled cell assembly. In Biomedical Applications
of Hydrogels Handbook; Ottenbrite, R.M., Ed.; Springer: New York, NY, USA, 2010; pp. 269–284.

15. Wang, X. 3D printing of tissue/organ analogues for regenerative medicine. In Handbook of Intelligent Scaffolds
for Regenerative Medicine, 2nd ed.; Pan Stanford Publishing: Palo Alto, CA, USA, 2016, in press.

16. Wang, X.; Zhang, Q. Overview on “Chinese-Finnish workshop on biomanufacturing and evaluation
techniques”. Artif. Org. 2011, 35, E191–E193. [CrossRef] [PubMed]

17. Lei, M.; Wang, X. Biodegradable polymers and stem cells for bioprinting. Molecules 2016, 21, 539. [CrossRef]
[PubMed]

18. Liu, L.; Wang, X. Organ manufacturing. In Organ Manufacturing; Wang, X.H., Ed.; Nova Science
Publishers Inc.: Hauppauge, NY, USA, 2015; pp. 1–28.

19. Liu, L.; Wang, X. Hared tissue and organ manufacturing. In Organ Manufacturing; Wang, X.H., Ed.;
Nova Science Publishers Inc.: Hauppauge, NY, USA, 2015; pp. 301–333.

20. Wang, X.; Wang, J. Vascularization and adipogenesis of a spindle hierarchical adipose-derived stem
cell/collagen/alginate-PLGA construct for breast manufacturing. IJITEE 2015, 4, 1–8.

21. Schrepfer, I.; Wang, X.H. Progress in 3D printing technology in health care. In Organ Manufacturing;
Wang, X.H., Ed.; Nova Science Publishers Inc.: Hauppauge, NY, USA, 2015; pp. 29–74.

22. Ozbolat, I.T.; Yu, Y. Bioprinting toward organ fabrication: Challenges and future trends. IEEE Trans.
Biomed. Eng. 2013, 60, 691–699.

23. Henzler, T.; Chai, L.; Wang, X.H. Integrated model for organ manufacturing: A systematic approach from
medical imaging to rapid prototyping. In Organ Manufacturing; Wang, X.H., Ed.; Nova Science Publishers Inc.:
Hauppauge, NY, USA, 2015; pp. 171–200.

24. Azari, A.; Nikzad, S. The evolution of rapid prototyping in dentistry: A review. Rapid Prototyp. J. 2009, 15,
216–225. [CrossRef]

25. Melchels, F.P.; Domingos, M.A.; Klein, T.J.; Malda, J.; Bartolo, P.J.; Hutmacher, D.W. Additive manufacturing
of tissues and organs. Prog. Polym. Sci. 2012, 37, 1079–1104. [CrossRef]

26. Wang, X. Intelligent freeform manufacturing of complex organs. Artif. Org. 2012, 36, 951–961. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0142-9612(02)00205-3
http://dx.doi.org/10.1016/S0142-9612(02)00153-9
http://dx.doi.org/10.1016/S0142-9612(00)00413-0
http://dx.doi.org/10.1177/088391103036042
http://dx.doi.org/10.1177/0883911503018001005
http://dx.doi.org/10.1002/jbm.b.30291
http://www.ncbi.nlm.nih.gov/pubmed/15981173
http://dx.doi.org/10.1111/j.1525-1594.2011.01341.x
http://www.ncbi.nlm.nih.gov/pubmed/21899573
http://dx.doi.org/10.3390/molecules21050539
http://www.ncbi.nlm.nih.gov/pubmed/27136526
http://dx.doi.org/10.1108/13552540910961946
http://dx.doi.org/10.1016/j.progpolymsci.2011.11.007
http://dx.doi.org/10.1111/j.1525-1594.2012.01499.x
http://www.ncbi.nlm.nih.gov/pubmed/22888830


Materials 2016, 9, 802 18 of 23

27. Wang, X.; Yan, Y.; Zhang, R. Recent trends and challenges in complex organ manufacturing. Tissue Eng.
Part B 2010, 16, 189–197. [CrossRef] [PubMed]

28. Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping as tool for manufacturing bioartificial livers. Trends Biotechnol.
2007, 25, 505–513. [CrossRef] [PubMed]

29. Derby, B. Printing and prototyping of tissues and scaffolds. Science 2012, 338, 921–926. [CrossRef] [PubMed]
30. Markillie, P. A third industrial revolution. Integr. Biol. 2009, 1, 148–149.
31. Schieker, M.; Seitz, H.; Drosse, I.; Seitz, S.; Mutschler, W. Biomaterials as scaffold for bone tissue engineering.

Eur. J. Trauma 2006, 32, 114–124. [CrossRef]
32. Chang, C.C.; Boland, E.D.; Williams, S.K.; Hoying, J.B. Direct-write bioprinting three-dimensional biohybrid

systems for future regenerative therapies. J. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 98, 160–170.
[CrossRef] [PubMed]

33. Fastermann, P. 3D Printing: How Additive Manufacturing Technique Works (3D-Drucken: Wie Die Generative
Fertigungstechnik Funktioniert); Technik im Fokus—Springer: Berlin, Germany, 2014.

34. Gausemeier, J.; Echterhoff, N.; Kokoschka, M.; Wall, M. Thinking Ahead of the Future of Additive Manufacturing.
Future Applications; University of Paderborn: Paderborn, Germany, 2011.

35. Kang, H.-W.; Lee, S.J.; Ko, I.K.; Kengla, C.; Yoo, J.J.; Atala, A. A 3D bioprinting system to produce human-scale
tissue constructs with structural integrity. Nat. Biotechnol. 2016. [CrossRef] [PubMed]

36. Xue, W.; Krishna, B.V.; Bandyopadhyay, A.; Bose, S. Processing and biocompatibility evaluation of laser
processed porous titanium. Acta Biomater. 2007, 3, 1007–1018. [CrossRef] [PubMed]

37. Hull, C.W. Apparatus for Production of Three-Dimensional Objects by Stereolithography. U.S. Patent
4,575,330, 11 March 1986.

38. Wilson, C.E.; de Bruijn, J.D.; van Blitterswijk, C.A.; Verbout, A.J.; Dhert, W.J. Design and fabrication
of standardized hydroxyapatite scaffolds with a defined macro-architecture by rapid prototyping for
bone-tissue-engineering research. J. Biomed. Mater. Res. A 2004, 68, 123–132. [CrossRef] [PubMed]

39. Committee F42 on Additive Manufacturing Technologies. Terminology for Additive Manufacturing Technologies;
ASTM International: West Conshohocken, PA, USA, 2012.

40. Chua, C.K.; Yeong, W.Y. Bioprinting: Principles and Applications; World Scientific Publishing Co.: Singapore,
2015; p. 296.

41. Doyle, K. Bioprinting: From patches to parts. Gen. Eng. Biotechnol. News 2014, 34, 34–35. [CrossRef]
42. Bose, S.; Vahabzadeh, S.; Bandyopadhyay, A. Bone tissue engineering using 3D printing. Mater. Today 2013,

16, 496–504. [CrossRef]
43. Lam, C.X.F.; Mo, X.M.; Teoh, S.H.; Hutmacher, D.W. Scaffold development using 3D printing with

a starch-based polymer. Mater. Sci. Eng. 2002, 20, 49–56. [CrossRef]
44. Schuurman, W.; Levett, P.A.; Pot, M.W.; van Weeren, P.R.; Dhert, W.J.; Hutmacher, D.W.; Melchels, F.P.;

Klein, T.J.; Malda, J. Gelatin-methacrylamide hydrogels as potential biomaterials for fabrication of
tissue-engineered cartilage constructs. Macromol. Biosci. 2013, 13, 551–561. [CrossRef] [PubMed]

45. Yeong, W.Y.; Chua, C.K.; Leong, K.F.; Chandrasekaran, M.; Lee, M.W. Indirect fabrication of collagen scaffold
based on inkjet printing technique. Rapid Rrot. J. 2006, 12, 229–237. [CrossRef]

46. Philippi, J.A.; Miller, E.; Weiss, L.; Huard, J.; Waggoner, A.; Campbell, P. Microenvironments engineered by
inkjet bioprinting spatially direct adult stem cells toward muscle- and bone-like subpopulations. Stem Cells
2008, 26, 127–134. [CrossRef] [PubMed]

47. Sears, N.A.; Seshadri, D.R.; Dhavalikar, P.S.; Cosgriff-Hernandez, E. A review of three-dimensional printing
in tissue engineering. Tissue Eng. B 2016, 22, 298–310. [CrossRef] [PubMed]

48. Odde, D.J.; Renn, M.J. Laser-guided direct writing of living cells. Biotechnol. Bioeng. 2000, 67, 312–318.
[CrossRef]

49. Odde, D.J.; Renn, M.J. Laser-guided direct writing for applications in biotechnology. Trends Biotechnol. 1999,
17, 385–389. [CrossRef]

50. Murphy, M.; Lee, C.; Steen, W.M. Studies in Rapid Prototyping by Laser Surface Cladding Conference (LIA);
LIA Laser Institute of America: Orlando, FL, USA, 1994.

51. Cheah, C.M.; Chua, C.K.; Lee, C.W.; Feng, C.; Totong, K. Rapid prototyping and tooling techniques: A review
of applications for rapid investment casting. Int. J. Adv. Manuf. Technol. 2005, 25, 308–320. [CrossRef]

http://dx.doi.org/10.1089/ten.teb.2009.0576
http://www.ncbi.nlm.nih.gov/pubmed/19824803
http://dx.doi.org/10.1016/j.tibtech.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/17949840
http://dx.doi.org/10.1126/science.1226340
http://www.ncbi.nlm.nih.gov/pubmed/23161993
http://dx.doi.org/10.1007/s00068-006-6047-8
http://dx.doi.org/10.1002/jbm.b.31831
http://www.ncbi.nlm.nih.gov/pubmed/21504055
http://dx.doi.org/10.1038/nbt.3413
http://www.ncbi.nlm.nih.gov/pubmed/26878319
http://dx.doi.org/10.1016/j.actbio.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17627910
http://dx.doi.org/10.1002/jbm.a.20015
http://www.ncbi.nlm.nih.gov/pubmed/14661257
http://dx.doi.org/10.1089/gen.34.10.02
http://dx.doi.org/10.1016/j.mattod.2013.11.017
http://dx.doi.org/10.1016/S0928-4931(02)00012-7
http://dx.doi.org/10.1002/mabi.201200471
http://www.ncbi.nlm.nih.gov/pubmed/23420700
http://dx.doi.org/10.1108/13552540610682741
http://dx.doi.org/10.1634/stemcells.2007-0520
http://www.ncbi.nlm.nih.gov/pubmed/17901398
http://dx.doi.org/10.1089/ten.teb.2015.0464
http://www.ncbi.nlm.nih.gov/pubmed/26857350
http://dx.doi.org/10.1002/(SICI)1097-0290(20000205)67:3&lt;312::AID-BIT7&gt;3.0.CO;2-F
http://dx.doi.org/10.1016/S0167-7799(99)01355-4
http://dx.doi.org/10.1007/s00170-003-1840-6


Materials 2016, 9, 802 19 of 23

52. Lander, R.; Pfister, A.; Hubner, U.; John, H.; Schmelzeisen, R.; Mulhaupt, R. Fabrication of soft tissue
engineeering scaffolds by means of rapid prototyping techniques. J. Mater. Sci. 2002, 37, 3107–3116.
[CrossRef]

53. Wang, W.; Li, G.; Huang, Y. Modeling of bubble expansion-induced cell mechanical profile in laser-assisted
cell direct writing. J. Manuf. Sci. Eng. 2009, 131, 051013. [CrossRef]

54. Hopp, B.; Smausz, T.; Szabó, G.; Kolozsvári, L.; Kafetzopoulos, D.; Fotakis, C.; Nógrádi, A. Femtosecond
laser printing of living cells using absorbing film-assisted laser-induced forward transfer. Opt. Eng.
2012, 51, 014312. [CrossRef]

55. Sachs, E.; Cima, M.; Cornie, J. Three dimensional printing: Rapid tooling and prototypes directly from
a CAD model. CIRP Ann. Manuf. Technol. 1990, 39, 201–204. [CrossRef]

56. Li, W.; Sun, W.; Zhang, Y.; Wei, W.; Ambasudhan, R.; Xia, P.; Talantova, M.; Lin, T.; Kim, J.; Wang, X.; et al.
Rapid induction and long-term self-renewal of primitive neural precursors from human embryonic stem
cells by small molecule inhibitors. Proc. Natl. Acad. Sci. USA 2011, 108, 8299–8304. [CrossRef] [PubMed]

57. Kundu, J.; Shim, J.-H.; Jang, J.; Kim, S.-W.; Cho, D.-W. An additive manufacturing-based PCL-alginate-
chondrocyte bioprinted scaffold for cartilage tissue engineering. J. Tissue Eng. Regen. Med. 2013, 9, 1286–1297.
[CrossRef] [PubMed]

58. Peltola, S.M.; Melchels, F.P.; Grijpma, D.W.; Kelloma’ki, M.A. Review of rapid prototyping techniques for
tissue engineering purposes. Ann. Med. 2008, 40, 268–280. [CrossRef] [PubMed]

59. Duarte Campos, D.F.; Blaeser, A.; Korsten, A.; Neuss, S.; Jäkel, J.; Vogt, M.; Fischer, H. The stiffness and
structure of three-dimensional printed hydrogels direct the differentiation of mesenchymal stromal cells
toward adipogenic and osteogenic lineage. Tissue Eng. Part A 2014, 21, 740–756. [CrossRef] [PubMed]

60. Vaezi, M.; Yang, S. Extrusion-based additive manufacturing of PEEK for biomedical applications.
Virtual Phys. Prototyp. 2015, 10, 123–135. [CrossRef]

61. Yan, Y.; Cui, F.; Zhang, R.; Hu, Y. Rapid prototyping manufacturing for artificial human bone. Mater. Rev.
2000, 14, 11–13.

62. Xiong, Z.; Yan, Y.; Wang, S.; Zhang, R.; Zhang, C. Fabrication of porous scaffolds for bone tissue engineering
via low-temperation deposition. Scr. Mater. 2002, 46, 771–776. [CrossRef]

63. Yan, Y.; Xiong, Z.; Hu, Y.; Wang, S.; Zhang, R.; Zhang, C. Layered manufacturing of tissue engineering
scaffolds via multi-nozzle deposition. Mater. Lett. 2003, 57, 2623–2628. [CrossRef]

64. He, K.; Wang, X.; Kumta, S.; Qin, L.; Yan, Y.N.; Zhang, R.; Wang, X. Fabrication of a two-level tumor bone
repair biomaterial based on a rapid prototyping technique. Biofabrication 2009, 1, 1–7.

65. Xu, W.; Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping of polyurethane for the creation of vascular systems.
J. Bioact. Compat. Polym. 2008, 23, 103–114. [CrossRef]

66. Xu, W.; Wang, X.; Yan, Y.; Zhang, R. A polyurethane-gelatin hybrid construct for the manufacturing of
implantable bioartificial livers. J. Bioact. Compat. Polym. 2008, 23, 409–422. [CrossRef]

67. Cui, T.; Yan, Y.; Zhang, R.; Liu, L.; Xu, W.; Wang, X. Rapid prototyping of a double layer polyurethane-collagen
conduit for peripheral nerve regeneration. Tissue Eng. Part C 2009, 15, 1–9. [CrossRef] [PubMed]

68. Cui, T.; Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping a new polyurethane-collagen conduit and its Schwann
cell compatibility. J. Bioact. Compat. Polym. 2009, 24, 5–17.

69. Wang, X.; Yan, Y.; Pan, Y.; Xiong, Z.; Liu, H.; Cheng, J.; Liu, F.; Lin, F.; Wu, R.; Zhang, R.; et al. Generation of
three-dimensional hepatocyte/gelatin structures with rapid prototyping system. Tissue Eng. 2006, 12, 83–90.
[CrossRef] [PubMed]

70. Yan, Y.; Wang, X.; Pan, Y.; Liu, H.; Cheng, J.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R.; Lu, Q. Fabrication of viable
tissue-engineered constructs with 3D cell-assembly technique. Biomaterials 2005, 26, 5864–5871. [CrossRef]
[PubMed]

71. Yan, Y.; Wang, X.; Xiong, Z.; Liu, H.; Liu, F.; Lin, F.; Wu, R.; Zhang, R.; Lu, Q. Direct construction of
a three-dimensional structure with cells and hydrogel. J. Bioact. Compat. Polym. 2005, 20, 259–269. [CrossRef]

72. Xu, M.; Wang, X.; Yan, Y.; Yao, R.; Ge, Y. A cell-assembly derived physiological 3D model of the metabolic
syndrome, based on adipose-derived stromal cells and a gelatin/alginate/fibrinogen matrix. Biomaterials
2010, 31, 3868–3877. [CrossRef] [PubMed]

73. Xu, M.; Yan, Y.; Liu, H.; Yao, Y.; Wang, X. Control adipose-derived stromal cells differentiation into adipose
and endothelial cells in a 3-D structure established by cell-assembly technique. J. Bioact. Compat. Polym. 2009,
24, 31–47. [CrossRef]

http://dx.doi.org/10.1023/A:1016189724389
http://dx.doi.org/10.1115/1.4000101
http://dx.doi.org/10.1117/1.OE.51.1.014302
http://dx.doi.org/10.1016/S0007-8506(07)61035-X
http://dx.doi.org/10.1073/pnas.1014041108
http://www.ncbi.nlm.nih.gov/pubmed/21525408
http://dx.doi.org/10.1002/term.1682
http://www.ncbi.nlm.nih.gov/pubmed/23349081
http://dx.doi.org/10.1080/07853890701881788
http://www.ncbi.nlm.nih.gov/pubmed/18428020
http://dx.doi.org/10.1089/ten.tea.2014.0231
http://www.ncbi.nlm.nih.gov/pubmed/25236338
http://dx.doi.org/10.1080/17452759.2015.1097053
http://dx.doi.org/10.1016/S1359-6462(02)00071-4
http://dx.doi.org/10.1016/S0167-577X(02)01339-3
http://dx.doi.org/10.1177/0883911507088271
http://dx.doi.org/10.1177/0883911508095517
http://dx.doi.org/10.1089/ten.tec.2008.0354
http://www.ncbi.nlm.nih.gov/pubmed/18844602
http://dx.doi.org/10.1089/ten.2006.12.83
http://www.ncbi.nlm.nih.gov/pubmed/16499445
http://dx.doi.org/10.1016/j.biomaterials.2005.02.027
http://www.ncbi.nlm.nih.gov/pubmed/15949552
http://dx.doi.org/10.1177/0883911505053658
http://dx.doi.org/10.1016/j.biomaterials.2010.01.111
http://www.ncbi.nlm.nih.gov/pubmed/20153520
http://dx.doi.org/10.1177/0883911509102794


Materials 2016, 9, 802 20 of 23

74. Zhang, T.; Yan, Y.; Wang, X.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R. Three-dimensional gelatin and
gelatin/hyaluronan hydrogel structures for traumatic brain injury. J. Bioact. Compat. Polym. 2007, 22,
19–29. [CrossRef]

75. Xu, W.; Wang, X.; Yan, Y.; Zheng, W.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R. Rapid prototyping three-dimensional
cell/gelatin/fibrinogen constructs for medical regeneration. J. Bioact. Compat. Polym. 2007, 22, 363–377.
[CrossRef]

76. Nakamura, M.; Kobayashi, A.; Takagi, F.; Watanabe, A.; Hiruma, Y.; Ohuchi, K.; Iwasaki, Y.; Horie, M.;
Morita, I.; Takatani, S. Biocompatible inkjet printing technique for designed seeding of individual living
cells. Tissue Eng. 2005, 11, 1658–1666. [CrossRef] [PubMed]

77. Farzadi, A.; Hashjin, M.S.; Eydivand, M.A.; Osman, N.A. Effect of layer thickness and printing orientation on
mechanical properties and dimensional accuracy of 3D printed porous samples for bone tissue engineering.
PLoS ONE 2014, 9, e108252. [CrossRef] [PubMed]

78. Venkatesan, J.; Qian, Z.J.; Ryu, B.; Kumar, N.A.; Kim, S.K. Preparation and characterization of carbon
nanotube-grafted-chitosan–natural hydroxyapatite composite for bone tissue engineering. Carbohydr. Polym.
2011, 83, 569–577. [CrossRef]

79. Bose, S.; Roy, M.; Bandyopadhyay, A. Recent advances in bone tissue engineering scaffolds. Trends Biotechnol.
2012, 30, 546–554. [CrossRef] [PubMed]

80. Gruene, M.; Deiwick, A.; Koch, L.; Schlie, S.; Unger, C.; Hofmann, N.; Chichkov, B. Laser printing of stem cells
for biofabrication of scaffold-free autologous grafts. Tissue Eng. Part C Methods 2010, 17, 79–87. [CrossRef]
[PubMed]

81. Gima, M.J.; Sachs, E.; Cima, L.G.; Yoo, J.; Khanuja, S.; Borland, S.W.; Wu, B.; Giordan, R.A. Computer-driven
microstructures by 3D printing: Bio- and structural materials. In Presented at the ’94 SFF, Austin, TX, USA,
8–10 August 1994; pp. 181–190.

82. Wu, B.M.; Borland, S.W.; Giordano, R.A.; Cima, L.G.; Sachs, E.M.; Cima, M.J. Solid free form fabrication of
drug delivery devices. J. Control. Release 1996, 40, 77–87. [CrossRef]

83. Cima, L.G.; Gima, M.J. Preparation of Medical Devices by Solid Free-Form Fabrication Methods. U.S. Patent
5,490,962, 13 February 1996.

84. Giordano, R.A.; Wu, B.M.; Borland, S.W.; Gima, L.G.; Sachs, E.M.; Cima, M.J. Mechanical properties of dense
polylactic acid structures fabricated by three dimensional printing. J. Biomater. Sci. Polym. Ed. 1996, 8, 63–75.
[CrossRef] [PubMed]

85. Lee, G.; Barlow, J.W. Selective laser sintering of bioceramic materials for implants. In Presented at the ’93
SFF, Austin, TX, USA, 9–11 August 1993; pp. 376–380.

86. Langton, C.M.; Whitehead, M.A.; Langton, D.K.; Langley, G. Development of a cancellous bone structural
model by stereolithography for ultrasound characterisation of the calcaneus. Med. Eng. Phys. 1997, 19,
599–604. [CrossRef]

87. Chu, G.T.; Brady, G.A. Ceramic SFF by direct and indirect stereolithography. Mrs Online Proc. Libr. 1998, 542.
[CrossRef]

88. Steidle, C.; Klosterman, D.; Chartoff, R.; Graves, G.; Osborne, N. Automated fabrication of custom bone
implants using rapid prototyping. Presented at the 44th International SAMPE Symposium and Exhibition,
Long Bach, CA, USA, 23–27 May 1999.

89. Leong, K.F.; Cheah, C.M.; Chua, C.K. Solid freeform fabrication of three-dimensional scaffolds for engineering
replacement tissues and organs. Biomaterials 2003, 24, 2363–2378. [CrossRef]

90. Rayna, T.; Striukova, L. From rapid prototyping to home fabrication: How 3D printing is changing business
model innovation. Technol. Forecast. Soc. Chang. 2016, 102. [CrossRef]

91. Hutmacher, D.W.; Sittinger, M.; Risbud, M.V. Scaffold-based tissue engineering: Rationale for computer-aided
design and solid free-form fabrication systems. Trends Biotechnol. 2004, 22, 354–362. [CrossRef] [PubMed]

92. Yang, S.; Leong, K.F.; Du, Z.; Chua, C.K. The design of scaffolds for use in tissue engineering. Part I.
Traditional factors. Tissue Eng. 2001, 7, 679–689. [CrossRef] [PubMed]

93. Yang, S.; Leong, K.F.; Du, Z.; Chua, C.K. The design of scaffolds for use in tissue engineering. Part II. Rapid
prototyping techniques. Tissue Eng. 2002, 8, 1–11. [CrossRef] [PubMed]

94. Chua, C.K.; Leong, K.F. Rapid Prototyping: Principles and Applications in Manufacturing; Wiley: New York, NY,
USA, 1997.

http://dx.doi.org/10.1177/0883911506074025
http://dx.doi.org/10.1177/0883911507079451
http://dx.doi.org/10.1089/ten.2005.11.1658
http://www.ncbi.nlm.nih.gov/pubmed/16411811
http://dx.doi.org/10.1371/journal.pone.0108252
http://www.ncbi.nlm.nih.gov/pubmed/25233468
http://dx.doi.org/10.1016/j.carbpol.2010.08.019
http://dx.doi.org/10.1016/j.tibtech.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22939815
http://dx.doi.org/10.1089/ten.tec.2010.0359
http://www.ncbi.nlm.nih.gov/pubmed/20673023
http://dx.doi.org/10.1016/0168-3659(95)00173-5
http://dx.doi.org/10.1163/156856297X00588
http://www.ncbi.nlm.nih.gov/pubmed/8933291
http://dx.doi.org/10.1016/S1350-4533(97)00027-1
http://dx.doi.org/10.1557/PROC-542-119
http://dx.doi.org/10.1016/S0142-9612(03)00030-9
http://dx.doi.org/10.1016/j.techfore.2015.07.023
http://dx.doi.org/10.1016/j.tibtech.2004.05.005
http://www.ncbi.nlm.nih.gov/pubmed/15245908
http://dx.doi.org/10.1089/107632701753337645
http://www.ncbi.nlm.nih.gov/pubmed/11749726
http://dx.doi.org/10.1089/107632702753503009
http://www.ncbi.nlm.nih.gov/pubmed/11886649


Materials 2016, 9, 802 21 of 23

95. Ricci, J.L.; Clark, E.A.; Murriky, A.; Smay, J.E. Three-dimensional printing of bone repair and replacement
materials: Impact on craniofacial surgery. J. Craniofac. Surg. 2012, 23, 304–308. [CrossRef] [PubMed]

96. Fierz, F.C.; Beckmann, F.; Huser, M.; Irsen, S.H.; Leukers, B.; Witte, F.; Degistirici, O.; Andronache, A.;
Thie, M.; Muller, B. The morphology of anisotropic 3D-printed hydroxyapatite scaffolds. Biomaterials 2008,
29, 3799–3806. [CrossRef] [PubMed]

97. Cazon, A.; Aizpurua, J.; Paterson, A.; Bibb, R.; Campbell, R.I. Customised design and manufacture of
protective face masks combining a practitioner-friendly modelling approach and low-cost devices for
digitising and additive manufacturing. Virtual Phys. Prototyp. 2014, 9, 251–261. [CrossRef]

98. Lee, J.M.; Yeong, W.Y. A preliminary model of time-pressure dispensing system for bioprinting based on
printing and material parameters. Virtual Phys. Prototyp. 2015, 10, 3–8. [CrossRef]

99. Pardo, L.; Wilson, W.C.; Boland, T. Characterization of patterned self-assembled monolayers and protein
arrays generated by he ink-jet method. Langimur 2003, 19, 1462–1466. [CrossRef]

100. Wilson, W.C.; Boland, T. Cell and organ printing 1: Protein and cell printers. Anat. Rec. Part A Discov. Mol.
Cell. Evol. Biol. 2003, 272, 491–496. [CrossRef] [PubMed]

101. Boland, T.; Mironov, V.; Gutowska, A.; Roth, E.A.; Markwald, R.R. Cell and organ printing 2: Fusion of cell
aggregates in three-dimensional gels. Anat. Rec. Part A Discov. Mol. Cell. Evol. Biol. 2003, 272A, 497–502.
[CrossRef] [PubMed]

102. Mironov, V.; Boland, T.; Trusk, T.; Forgacs, G.; Markwald, R.R. Organ printing: Computer-aided jet-based 3D
tissue engineering. Trends Biotechnol. 2003, 21, 157–161. [CrossRef]

103. Mironov, V.; Visconti, R.P.; Kasyanov, V.; Forgacs, G.; Drake, C.J.; Markwald, R.R. Organ printing: Tissue
spheroids as building blocks. Biomaterials 2009, 30, 2164–2174. [CrossRef] [PubMed]

104. Liu, L.; Wang, X. Creation of a vascular system for complex organ manufacturing. Int. J. Bioprint. 2015, 1,
77–86.

105. Butscher, A.; Bohner, M.; Hofmann, S.; Gauckler, L.; Müller, R. Structural and material approaches to bone
tissue engineering in powder-based three-dimensional printing. Acta Biomater. 2011, 7, 907–920. [CrossRef]
[PubMed]

106. Chia, H.N.; Wu, B.M. Recent advances in 3D printing of biomaterials. J. Biol. Eng. 2015, 9. [CrossRef]
[PubMed]

107. Ringeisen, B.R.; Kim, H.; Barron, J.A.; Krizman, D.B.; Chrisey, D.B.; Jackman, S.; Auyeung, R.; Spargo, B.J.
Laser printing of pluripotent embryonal carcinoma cells. Tissue Eng. 2004, 10, 483–491. [CrossRef] [PubMed]

108. Koch, L.; Kuhn, S.; Sorg, H.; Gruene, M.; Schlie, S.; Gaebel, R.; Polchow, B.; Reimers, K.; Stoelting, S.;
Ma, N.; et al. Laser pinting of skin cells and human stem cells. Tissue Eng. Part C Methods 2010, 16, 847–854.
[CrossRef] [PubMed]

109. Diekman, B.O.; Christoforou, N.; Willard, V.P.; Suna, H.; Sanchez-Adamsa, J.; Leong, K.W.; Guilak, F.
Cartilage tissue engineering using differentiated and purified induced pluripotent stem cells. Proc. Natl.
Acad. Sci. USA 2012, 109, 19172–19177. [CrossRef] [PubMed]

110. Markstedt, K.; Mantas, A.; Tournier, I.; MartÍnez Ávila, H.; Hägg, D.; Gatenholm, P. 3D bioprinting
human chondrocytes with nanocellulose-alginate bioink for cartilage tissue engineering applications.
Biomacromolecules 2015, 16, 1489–1496. [CrossRef] [PubMed]

111. Zhang, W.; Lian, Q.; Li, D.; Wang, K.; Hao, D.; Bian, W.; He, J.; Jin, Z. Cartilage repair and subchondral
bone migration using 3D printing osteochondral composites: A one-year-period study in rabbit trochlea.
Biomed. Res. Int. 2014, 5, 23–28. [CrossRef] [PubMed]

112. Fedorovich, N.E.; De Wijn, J.R.; Verbout, A.J.; Alblas, J.; Dhert, W.J. Three-dimensional fiber deposition of
cell-laden, viable, patterned constructs for bone tissue. Tissue Eng. Part A 2008, 14, 127–133. [CrossRef]
[PubMed]

113. Fedorovich, N.E.; Wijnberg, H.M.; Dhert, W.J.; Alblas, J. Distinct tissue formation by heterogeneous printing
of osteo- and endothelial progenitor cells. Tissue Eng. Part A 2011, 17, 2113–2121. [CrossRef] [PubMed]

114. Park, J.H.; Hong, J.M.; Ju, Y.M.; Jung, J.W.; Kang, H.-W.; Lee, S.J.; Yoo, J.J.; Kim, S.W.; Kim, S.H.; Cho, D.-W.
A novel tissue-engineered trachea with a mechanical behavior similar to native trachea. Biomaterials 2015, 62,
106–115. [CrossRef] [PubMed]

115. Inzana, J.A.; Olvera, D.; Fuller, S.M.; Kelly, J.P.; Graeve, O.A.; Schwarz, E.M.; Kates, S.L.; Awad, H.A. 3D
printing of composite calcium phosphate and collagen scaffolds for bone regeneration. Biomaterials 2014, 35,
4026–4034. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/SCS.0b013e318241dc6e
http://www.ncbi.nlm.nih.gov/pubmed/22337431
http://dx.doi.org/10.1016/j.biomaterials.2008.06.012
http://www.ncbi.nlm.nih.gov/pubmed/18606446
http://dx.doi.org/10.1080/17452759.2014.958648
http://dx.doi.org/10.1080/17452759.2014.979557
http://dx.doi.org/10.1021/la026171u
http://dx.doi.org/10.1002/ar.a.10057
http://www.ncbi.nlm.nih.gov/pubmed/12740942
http://dx.doi.org/10.1002/ar.a.10059
http://www.ncbi.nlm.nih.gov/pubmed/12740943
http://dx.doi.org/10.1016/S0167-7799(03)00033-7
http://dx.doi.org/10.1016/j.biomaterials.2008.12.084
http://www.ncbi.nlm.nih.gov/pubmed/19176247
http://dx.doi.org/10.1016/j.actbio.2010.09.039
http://www.ncbi.nlm.nih.gov/pubmed/20920616
http://dx.doi.org/10.1186/s13036-015-0001-4
http://www.ncbi.nlm.nih.gov/pubmed/25866560
http://dx.doi.org/10.1089/107632704323061843
http://www.ncbi.nlm.nih.gov/pubmed/15165465
http://dx.doi.org/10.1089/ten.tec.2009.0397
http://www.ncbi.nlm.nih.gov/pubmed/19883209
http://dx.doi.org/10.1073/pnas.1210422109
http://www.ncbi.nlm.nih.gov/pubmed/23115336
http://dx.doi.org/10.1021/acs.biomac.5b00188
http://www.ncbi.nlm.nih.gov/pubmed/25806996
http://dx.doi.org/10.1155/2014/746138
http://www.ncbi.nlm.nih.gov/pubmed/25177697
http://dx.doi.org/10.1089/ten.a.2007.0158
http://www.ncbi.nlm.nih.gov/pubmed/18333811
http://dx.doi.org/10.1089/ten.tea.2011.0019
http://www.ncbi.nlm.nih.gov/pubmed/21513466
http://dx.doi.org/10.1016/j.biomaterials.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26041482
http://dx.doi.org/10.1016/j.biomaterials.2014.01.064
http://www.ncbi.nlm.nih.gov/pubmed/24529628


Materials 2016, 9, 802 22 of 23

116. Liu, L.; Wang, X. Artificial blood vessels and vascular systems. In Organ Manufacturing; Wang, X., Ed.;
Nova Science Publishers Inc.: Hauppauge, NY, USA, 2015; pp. 75–99.

117. Wang, J.; Wang, X. Development of a Combined 3D Printer and Its Application in Complex Tissue
Construction. Master’s Thesis, Tsinghua University, Beijing, China, 2014.

118. Sui, S.; Wang, X.; Liu, P.; Yan, Y.; Zhang, R. Cryopreservation of cells in 3D constructs based on controlled
cell assembly processes. J. Bioact. Compat. Polym. 2009, 24, 473–487. [CrossRef]

119. Wang, X.; Paloheimo, K.-S.; Xu, H.; Liu, C. Cryopreservation of cell/hydrogel constructs based on a new
cell-assembling technique. J. Bioact. Compat. Polym. 2010, 25, 634–653. [CrossRef]

120. Wang, X.; Xu, H. Incorporation of DMSO and dextran-40 into a gelatin/alginate hydrogel for controlled
assembled cell cryopreservation. Cryobiology 2010, 61, 345–351. [CrossRef] [PubMed]

121. Wang, X.; Cui, T.; Yan, Y.; Zhang, R. Peroneal nerve regeneration along a new polyurethane-collagen guide
conduit. J. Bioact. Compat. Polym. 2009, 24, 109–127. [CrossRef]

122. Li, S.; Xiong, Z.; Wang, X.; Yan, Y.; Liu, H.; Zhang, R. Direct fabrication of a hybrid cell/hydrogel construct
by a double-nozzle assembling technology. J. Bioact. Compat. Polym. 2009, 24, 249–265.

123. Li, S.; Yan, Y.; Xiong, Z.; Weng, C.; Zhang, R.; Wang, X. Gradient hydrogel construct based on an improved
cell assembling system. J. Bioact. Compat. Polym. 2009, 24, 84–99.

124. Yao, R.; Zhang, R.; Wang, X. Design and evaluation of a cell microencapsulating device for cell assembly
technology. J. Bioact. Compat. Polym. 2009, 24, 48–62.

125. Yao, R.; Zhang, R.; Yan, Y.; Wang, X. In vitro angiogenesis of 3D tissue engineered adipose tissue. J. Bioact.
Compat. Polym. 2009, 24, 5–24.

126. Xu, Y.; Wang, X. Fluid and cell behaviors along a 3D printed alginate/gelatin/fibrin channel. Bioeng. Biotech.
2015, 112, 1683–1695. [CrossRef] [PubMed]

127. He, K.; Wang, X. Rapid prototyping of tubular polyurethane and cell/hydrogel constructs. J. Bioact.
Compat. Polym. 2011, 26, 363–374.

128. Wang, X.; Sui, S.; Yan, Y.; Zhang, R. Design and fabrication of PLGA sandwiched cell/fibrin constructs for
complex organ regeneration. J. Bioact. Compat. Polym. 2010, 25, 229–240. [CrossRef]

129. Wang, X.; He, K.; Zhang, W. Optimizing the fabrication processes for manufacturing a hybrid hierarchical
polyurethane-cell/hydrogel construct. J. Bioact. Compat. Polym. 2013, 28, 303–319. [CrossRef]

130. Huang, Y.; He, K.; Wang, X. Rapid Prototyping of a hybrid hierarchical polyurethane-cell/hydrogel construct
for regenerative medicine. Mater. Sci. Eng. C 2013, 33, 3220–3229. [CrossRef] [PubMed]

131. Wang, X.; Huang, Y.; Liu, C. A combined rotational mold for manufacturing a functional liver system.
J. Bioact. Compat. Polym. 2015, 39, 436–451. [CrossRef]

132. Zhao, X.; Liu, L.; Wang, J.; Xu, Y.F.; Zhang, W.M.; Khang, G.; Wang, X. In vitro vascularization of a combined
system based on a 3D bioprinting technique. J. Tissue Eng. Regen. Med. 2014. [CrossRef] [PubMed]

133. Xu, Y.; Wang, X. Application of 3D biomimetic models for drug delivery and regenerative medicine.
Curr. Pharm. Des. 2015, 21, 1618–1626. [CrossRef] [PubMed]

134. Liu, L.; Zhou, X.; Xu, Y.; Zhang, W.; Liu, C.-H.; Wang, X. Controlled release of growth factors for regenerative
medicine. Curr. Pharm. Des. 2015, 21, 1627–1632. [CrossRef] [PubMed]

135. Wang, X. Editorial: Drug delivery design for regenerative medicine. Curr. Pharm. Des. 2015, 21, 1503–1505.
[CrossRef] [PubMed]

136. Wang, X.; Rijff, B.L.; Khang, G. A building block approach into 3D printing a multi-channel organ regenerative
scaffold. J. Stem Cell Res. Ther. 2015. [CrossRef]

137. Wang, X. Spatial effects of stem cell engagement in 3D printing constructs. J. Stem Cells Res. Rev. Rep.
2014, 1, 5–9.

138. Zhou, X.; Liu, C.; Wang, X. A 3D bioprinting liver tumor model for drug screening. World J. Pharm. Pharm. Sci.
2016. [CrossRef]

139. Zhao, X.; Du, S.; Chai, L.; Xu, Y.; Liu, L.; Zhou, X.; Wang, J.; Zhang, W.; Liu, C.-H.; Wang, X. Anti-cancer drug
screening based on an adipose-derived stem cell/hepatocyte 3D printing technique. J. Stem Cell Res. Ther.
2015, 5. [CrossRef]

140. Zhao, X.; Wang, X. Preparation of an adipose-derived stem cell/fibrin-poly(DL-lactic-co-glycolic acid)
construct based on a rapid prototyping technique. J. Bioact. Compat. Polym. 2013, 28, 191–203.

http://dx.doi.org/10.1177/0883911509338990
http://dx.doi.org/10.1177/0883911510382571
http://dx.doi.org/10.1016/j.cryobiol.2010.10.161
http://www.ncbi.nlm.nih.gov/pubmed/21055398
http://dx.doi.org/10.1177/0883911508101183
http://dx.doi.org/10.1002/bit.25579
http://www.ncbi.nlm.nih.gov/pubmed/25727058
http://dx.doi.org/10.1177/0883911510365661
http://dx.doi.org/10.1177/0883911513491359
http://dx.doi.org/10.1016/j.msec.2013.03.048
http://www.ncbi.nlm.nih.gov/pubmed/23706204
http://dx.doi.org/10.1177/0883911515578872
http://dx.doi.org/10.1002/term.1863
http://www.ncbi.nlm.nih.gov/pubmed/24399638
http://dx.doi.org/10.2174/1381612821666150115154059
http://www.ncbi.nlm.nih.gov/pubmed/25594404
http://dx.doi.org/10.2174/1381612821666150115154602
http://www.ncbi.nlm.nih.gov/pubmed/25594403
http://dx.doi.org/10.2174/138161282112150220122841
http://www.ncbi.nlm.nih.gov/pubmed/25714104
http://dx.doi.org/10.1002/term.2038
http://dx.doi.org/10.20959/wjpps20164-6311
http://dx.doi.org/10.4172/2157-7633.1000273


Materials 2016, 9, 802 23 of 23

141. Poldervaart, M.T.; Wang, H.; van der Stok, J.; Weinans, H.; Leeuwenburgh, S.C.G.; Öner, F.C.; Cumhur
Öner, F.; Dhert, W.J.A.; Alblas, J. Sustained release of BMP-2 in bioprinted alginate for osteogenicity in mice
and rats. PLoS ONE 2013, 8, e72610. [CrossRef] [PubMed]

142. Zein, I.; Hutmacher, D.W.; Tan, K.C.; Teoh, S.H. Fused deposition modeling of novel scaffold architectures
for tissue engineering applications. Biomaterials 2002, 23, 1169–1185. [CrossRef]

143. Albrecht, L.D.; Sawyer, S.W.; Soman, P. Developing 3D scaffolds in the field of tissue engineering to treat
complex bone defects. 3D Print. Addit. Manuf. 2016, 3, 106–112. [CrossRef]

144. Schantz, J.T.; Brandwood, A.; Hutmacher, D.W.; Khor, H.L.; Bittner, K. Osteogenic differentiation of
mesenchymal progenitor cells in computer designed fibrin-polymer-ceramic scaffolds manufactured by
fused deposition modeling. J. Mater. Sci. Mater. Med. 2005, 16, 807–819. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0072610
http://www.ncbi.nlm.nih.gov/pubmed/23977328
http://dx.doi.org/10.1016/S0142-9612(01)00232-0
http://dx.doi.org/10.1089/3dp.2016.0006
http://dx.doi.org/10.1007/s10856-005-3584-3
http://www.ncbi.nlm.nih.gov/pubmed/16167109
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	3D Printing Technologies 
	Classification of 3D Printing Technologies 
	Categories Divided in Working Principles 
	Categories Divided in Starting Material States 
	3D Printing Categories in Energy Sources 
	Categories Divided in Biological Functions 

	Three Main 3D Bioprinting Technologies 
	Inkjet-Based 3D Bioprinting 
	Laser-Based 3D Bioprinting 
	Extrusion-Based 3D Bioprinting 


	Examples of 3D Bioprinting Technologies for Hard Tissue and Organ Engineering 
	Hard Tissue Scaffolds Printing 
	Construction of Patient-Specific Tissues 
	Hard Organ Printing 

	Conclusions and Future Directions 

