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REVIEW ARTICLE 

3D bioprinting technology for regenerative medicine 
applications 
Dhakshinamoorthy Sundaramurthi, Sakandar Rauf and Charlotte A. E. Hauser* 
King Abdullah University of Science and Technology (KAUST), Laboratory for Nanomedicine, Division of Biological 
& Environmental Science & Engineering (BESE), Thuwal, 23955-6900, Saudi Arabia 

 
 

Abstract: Alternative strategies that overcome existing organ transplantation methods are of increasing importance be-
cause of ongoing demands and lack of adequate organ donors. Recent improvements in tissue engineering techniques 
offer improved solutions to this problem and will influence engineering and medicinal applications. Tissue engineering 
employs the synergy of cells, growth factors and scaffolds besides others with the aim to mimic the native extracellular 
matrix for tissue regeneration. Three-dimensional (3D) bioprinting has been explored to create organs for transplanta-
tion, medical implants, prosthetics, in vitro models and 3D tissue models for drug testing. In addition, it is emerging as a 
powerful technology to provide patients with severe disease conditions with personalized treatments. Challenges in tis-
sue engineering include the development of 3D scaffolds that closely resemble native tissues. In this review, existing 
printing methods such as extrusion-based, robotic dispensing, cellular inkjet, laser-assisted printing and integrated tissue 
organ printing (ITOP) are examined. Also, natural and synthetic polymers and their blends as well as peptides that are 
exploited as bioinks are discussed with emphasis on regenerative medicine applications. Furthermore, applications of 
3D bioprinting in regenerative medicine, evolving strategies and future perspectives are summarized. 
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1. Introduction 

ecent advances in bioprinting technology have 
opened up new and exciting opportunities for 
the development of patient-specific medical 

treatments. The fabrication or printing of biomimetic 
tissue structures is a prerequisite for the advancement 
of emerging technologies such as drug testing, tissue 
engineering, biomimetic sensors and 3D tissue models. 
Due to the rejection problems associated with allo-
geneic organ transplantation and scarcity of donors, ex 
vivo methods are being explored for tissue/organ tran-
splantation. These methods involve the expansion of  

patient-derived autologous cells and their use as the 
primary cell source to develop tissues/organs for tran-
splantation. These 3D tissue analogs can be achieved 
by incorporating native cells with suitable biocompat-
ible materials using a precise and well-controlled fa-
brication process[1]. Bioprinted 3D constructs are aimed 
to mimic the cell density, arrangement, niche and 
anatomical geometry of the native tissue and hence 
can be a promising solution for different regenerative 
medicine applications[2].  

A 3D object can be designed and fabricated using 3D 
printing techniques. In 3D bioprinting, a layer-by- 
layer assembly of inks is printed using computer-aided 

R 

mailto:charlotte.hauser@kaust.edu.sa�
mailto:charlotte.hauser@kaust.edu.sa�
http://dx.doi.org/10.18063/IJB.2016.02.010�


3D bioprinting technology for regenerative medicine applications 

 

10 International Journal of Bioprinting (2016)–Volume 2, Issue 2 

instructions to develop biological constructs[3]. Bio-
printing can be defined as the use of materials science 
and fabrication techniques to build biological con-
structs containing tissues, cells and biomolecules with 
a particular organization and biological function[4]. 
Bioprinting techniques have been recently explored 
for different biological applications due to their poten-
tial to overcome most of the problems associated with 
the classical tissue engineering methods[5]. Classical 
tissue engineering involves the combination of scaf-
folds, cells and compounds, such as growth factors[5,6]. 
Scaffolds are seeded with the cells and compounds 
that promote tissue regeneration. Tissue engineering 
strategies have been utilized for the regeneration of 
various organs such as skin, trachea, bone, esophagus 
and myocardium[5]. Though tissue engineering ap-
proaches have been shown to be clinically effective, 
all scaffolds up-to-date lack complex and intricate 
structures of the native tissue[7]. In addition, the tissue 
engineered scaffolds do not mimic the native archi-
tecture of the tissues[8,9].  

The key requirements of a tissue engineered scaf-
fold are (1) biocompatibility; (2) biodegradability; (3) 
adequate porosity; (4) mechanical strength; 5) biomi-
metic structure and (6) therapeutic activity[6]. Various 
fabrication methods such as electrospinning, freeze- 
drying, phase separation, gas foaming, particulate 
leaching and solvent casting have been developed to 
produce tissue scaffolds[10]. However, tissue engineer-
ed scaffolds do not completely mimic the native ar-
chitecture of the tissues, have difficulties to support 
the growth of cells in 3D and have problems to depo-
sit different cell types in the scaffolds at specified lo-
cations[8,9,11,12]. Besides, many of these fabrication 
methods involve the use of organic solvents which 
impair the cellular growth[13]. Further, tissue engi-
neered scaffolds do not completely fulfill all the ideal 
requirements needed for tissue regeneration as dis-
cussed above. On the other hand, bioprinting offers an 
alternative approach solving most of the problems 
associated with the current tissue engineering methods. 
Tissue engineering strategies are mainly involved in 
the development of scaffolds to promote regeneration/ 
repair of tissue defects. While 3D bioprinting methods 
can also be used to develop whole or parts of organs, 
the main advantage is its potential to print whole or-
gans for transplantation purposes. Bioprinting can be 
used to fabricate biological constructs with defined 
micro/nano architectures combining scaffolds with 
cells, and bioactive molecules. Bioprinting uses com-

puter-aided design techniques to make structures that 
closely mimic the anatomical structures of organs/ 
tissues. Based on its ability to produce organ con-
structs with native tissue biology, bioprinting has re-
ceived enormous attention in the field of regenerative 
medicine. Even though bioprinting of a whole organ, 
suitable for transplantation, is yet to be achieved, this 
technology is moving fast and could soon satisfy 
hopes to solve the shortage of organs for transplanta-
tion in the future. 

In this review article, we will first describe different 
bioprinting methods such as extrusion-based printing, 
cellular inkjet printing, laser-assisted printing, inte-
grated tissue organ printing (ITOP) and robotic bio-
printing used to develop scaffolds and other biomedical 
constructs. Secondly, we describe the bioinks available 
for bioprinting and the challenges involved in devel-
oping a suitable bioink that satisfies the critical re-
quirements for printing. Finally, the key applications of 
bioprinting in regenerative medicine are summarized, 
and its future directions are outlined. 

2. Methods for Bioprinting Tissue/Organs 

Bioprinting of a tissue or an organ is a complex 
process which depends on the inherent properties of 
the bioinks, printing techniques and cellular systems 
used for printing. Furthermore, the resolution of the 
printed structure is controlled by the parameters such 
as needle orifice size, surface tension and viscosity of 
the bioink, temperature, and humidity[14–16]. A typical 
bioprinting system can dispense bioinks onto a suita-
ble substrate of choice using a cartridge or a syringe. 
More advanced bioprinting systems contain multiple 
print heads, and each one can be loaded with the same 
or different bioinks[17]. Printing patterns can be gener-
ated, modified and printed using computer-aided 
software such as CAD (Computer Aided Design). The 
turnaround time taken for making modifications in the 
CAD files is just seconds to minutes making this 
process easy and user-friendly[18]. This is advanta-
geous to bioprint custom made structures such as tis-
sues and organs for transplantation. The prerequisites 
to develop a bioprinting process comprise characteris-
tics, such as CAD, high resolution to obtain the mi-
cro/nanoarchitecture and high-precision to localize 
cells in a 3D environment. With these design strategies 
in mind, bioprinting is using biomimicry and 3D tis-
sue generation. The biomimicry approach enables the 
fabrication of constructs with features that mimic the 
native architecture of the tissue as close as possible[19]. 



Dhakshinamoorthy Sundaramurthi, Sakandar Rauf and Charlotte A. E. Hauser 

 

 International Journal of Bioprinting (2016)–Volume 2, Issue 2 11 

The generation of 3D tissue structures combines the 
above mentioned characteristics in order to fabricate 
constructs of multicellular, anatomical architecture 
providing vasculature, if needed (Figure 1). 

 

 
 

Figure 1. Bioprinting design strategies and approaches to develop 
3D tissues and organs (Adopted from Murphy and Atala[19]). 

 

3. Key Requirements of Bioprinted Tissue/Organs 

The key requirements that are preferentially conside-
red for printing tissues/organs are illustrated in Figure 2. 

 

 
 

Figure 2. Key requirements of a bioprinted organ. 
 

There are several essential features that need to be 
considered for developing 3D constructs. The ideal 
structural features of native tissues such as vasculature, 
micro/nano architecture, 3D structure, multi-cellular 
and high cell density are essential to be replicated in 
3D printed constructs (Figure 2). These structural pa-
rameters are required in a 3D printed construct in or-
der to mimic the native tissues. The structural features 
of 3D constructs determine the properties of the con-
struct such as physiological relevance, functionality 
and long term stability. Hence, structural features and 
their resulting properties are key requirements to de-
velop 3D constructs for regenerative medicine appli-
cations. 

4. Bioprinting Methods  

Bioprinting technology involves the deposition of sca-

ffold materials into 3D structures together with viable 
cells to develop tissues/organs that mimic the native 
architecture in structure, dimension, and shape. Three 
different techniques are commonly used for bioprinting 
that are microextrusion, inkjet printing, and laser-ass-
isted printing[20]. A comparison between these printing 
methods is shown in Table 1. In the case of microex-
trusion method, a computer-controlled mechanism is 
involved to print different materials onto the sub-
strates using either pneumatic or robotic power. In this 
method, the material is extruded via a standard extru-
sion needle and the x, y and z-movements of the stage 
and extruder are controlled by a CAD-CAM software 
to produce 3D structures[21]. Inkjet bioprinters were 
developed as a bottom-up approach to fabricate bio-
logical constructs. Inkjet bioprinters translate a design 
pattern into structures by printing in a point-by-point 
fashion (rasterization of a pattern). Different bioinks 
such as synthetic and natural-derived polymeric solu-
tions can be used for inkjet bioprinting[22]. Laser-ass-
isted bioprinting is a jet-based printing technique that 
works on the principle of Laser-Induced Forward 
Transfer (LIFT). In this method, a pulsed laser beam is 
used to transfer the bioink onto the substrate[23]. 
Among these methods, microextrusion and inkjet 
printing are the most popular as compared to the La-
ser-assisted bioprinting which is a relatively newly 
developed technique. In addition to these three widely 
used printing methods, integrated tissue organ printer 
(ITOP) and robotic bioprinting are new methods re-
cently developed to print 3D tissues/organs. 

4.1 Microextrusion  

Microextrusion is a 3D printing method used for bio-
logical and mostly for non-biological purposes. Prin-
ters that use the microextrusion method normally util-
ize a thermo-regulated handling and dispensing sy-
stem, a piezoelectric humidifier and a stage with pro-
visions for movements along the x, y and z direc-
tions[33]. The deposition area is illuminated with a light 
source that enables the activation of photoinitiators. A 
video camera is attached to the xyz stage to monitor 
and control the printing process[18,33,34]. Microextru-
sion technique has been successfully used to print 
scaffolds for tissue engineering[34]. The microextru-
sion head deposits the material onto the substrate as 
continuous beads based on the instructions from the 
CAD-CAM software. Initially, the beads are deposited 
in the x-y direction, then by moving the extrusion head 
(or) stage in the z-axis, complex 3D structures are 
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Table 1. Comparison of bioprinting methods (N/A- Data not available) 

 
Bioprinting Methods 

Microextrusion Inkjet printing Laser-assisted printing ITOP Robotic printing 

Viscosity 6–30×107 mPa/s 3.5–12 mPa/s 1–300 mPa/s N/A N/A 

Cell density High Low < 106 cells/mL Medium, 108 cells/mL High High 

Cell viability 40–80% 85% >95% >90% >90% 

Resolution 100 μm - millimeter 75 μm 10 – 100 μm 2–50 μm N/A 

Print speed 100 μm/s 1–10000 drops/s 2–1600 mm/s N/A N/A 

Nozzle size 20 μm- millimeter 20–150 μm Nozzle-less 50 μm N/A 

Working principle Contact Non-contact Non-contact Contact Contact 

Mechanical integrity High Low Low High Medium 

Purchase cost Low Low Medium High High 

References [14,17–19,24–28] [14,17,19,24,25,27,29–31] [14,17,19,24,25,27,32] [69] [70] 

 
fabricated. Biocompatible polymers, cell spheroids 
and many hydrogels have been shown to be compati-
ble with microextrusion. Two main dispensing systems 
that are used to extrude biomaterials are mechanical 
and pneumatic[35] (Figure 3). The bioink flow is better 
managed in mechanical dispensing rather than pneu-
matic dispensing method[36,37]. The compressed gas 
volume in the pneumatic system can delay the ink flow. 
Pneumatically driven printer systems operate with only 
air-pressure and are more suited for applying limited 
force during printing[20]. 

Using the microextrusion method a wide range of bi-
oinks with different fluid properties can be operated[38]. 
Bioinks in the viscosity range 30 mPa/s to > 60 kPa/s 
are mostly used for microextrusion based bioprinting.  

 

 
 

Figure 3. Microextrusion bioprinting using pneumatic and me-
chanical methods (Adopted from Murphy and Atala[19] and[21]). 

Bioinks capable of shear thinning and thermal cross- 
linking have been used for microextrusion bioprint-
ing[39]. For example, cell spheroids that can self-ass-
emble into 3D structures can be subjected to microextru-
sion to develop 3D spheroid tissues. Microextrusion 
printing has been utilized to develop aortic valves[40], 
tumour models[41] and vascular tissues[42]. Printing high- 
resolution complex structures using microextrusion 
requires a longer time, however, the microarchitecture 
is well developed in the printed constructs. In addition 
to this, the cell viability has been reported to be over 
90% in the biological constructs developed using mi-
croextrusion methods[5]. 

4.2 Inkjet Bioprinting 

Inkjet printers are referred to as drop-on-demand prin-
ters since these printers can reproduce digital informa-
tion by printing small bioink drops onto the prede-
fined location in a suitable substrate[43]. These printers 
are widely used for many biological and non-biolo-
gical applications[44]. The cartridges can be refilled with 
bioinks, and the substrate is controlled by an electron-
ic stage to enable z-axis movements[45]. Nowadays, cus-
tom-designed inkjet printers are available that can use 
different bioinks with enhanced speed, accuracy and 
resolution[45]. Inkjet-based printers utilize acoustic and 
thermal forces to eject bioinks on the substrate[5]. In 
the case of acoustic forces based printers, a piezoelec-
tric material is fixed to the needle that generates an 
acoustic wave to break the ink into small droplets at 
pre-determined intervals[46]. When a voltage is applied, 
the piezoelectric material rapidly undergoes shape tran-
sformations which produce adequate pressure to eject 
bioink from the needle orifice (Figure 4)[47]. Some  
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Figure 4. Electrical heating thermal inkjet printer and acoustic 
inkjet printer that uses piezoelectric material (Adopted from 
ref.[19,41]). 

 

inkjet printers use acoustic radiation coupled with an 
ultrasonic sound to pump out the ink[19]. In this me-
thod, the parameters of ultrasound such as amplitude, 
time and pulse can be varied to control the rate and 
size of the ejected droplets[19]. Further, the desired ink 
droplet size can be easily generated and monitored. In 
this method, cells containing bioinks are not subjected 
to pressure and heat, hence better cell viability[48]. In 
addition to this, nozzle-less print heads can be used to 
avoid exposing cells to shear stresses which may also 
improve cell viability[49]. However, an important pro-
blem involved in this type of printing is the use of 
15-25 kHz frequencies to eject ink, which causes cell 
membrane damage[50]. Also, it is hard to use bioinks 
with high viscosity[24].  

In thermal inkjet printers, a pulsed pressure is gen-
erated to eject the ink by applying electrical heat to the 
print head. Various reports have demonstrated that the 
heating of the print head is localized and has no effect 
on the stability of the bioinks or the cell viability after 
printing[50,51]. The main advantages of thermal inkjet 
printers are their low cost and enhanced print speed. 
However, clogging, variable droplet sizes, less direc-
tionality and poor cell encapsulation are some of the 
disadvantages of thermal inkjet printers. The resolu-
tion of the inkjet printers is in the range of 20–100 μm. 
These printers can print the droplets of up to picolitre 
volume to achieve higher resolution; however, the 
time taken for printing can be longer depending on the 
size of the droplet[20,52]. In the case of bioinks, picoli-
ter droplets are difficult to achieve due to the high 
viscosity. Also, the mechanical integrity of the biolog-
ical constructs could be weak post-print[5,53].  

4.3 Laser-assisted Bioprinting 

Biological constructs developed using laser-assisted 
bioprinting can yield resolution at a single cell per 
droplet[21]. The tissue organization and cell population 
can be easily controlled in laser-assisted bioprinting, 
which makes it a potential technique to develop tissue 
equivalents having similarities in both structure and 
function of the native tissue[54]. This technique is ba-
sed on the principle of laser-induced forward transfer 
which was initially used to print inorganic or organic 
structures with micrometer scale resolution but now 
successfully used to print bioinks such as DNA, cells, 
and peptides[55]. When compared to other bioprinting 
methods, laser-assisted bioprinting was not widely used 
in earlier days, but it has been increasingly popular 
nowadays for the fabrication of engineered tissues for 
regenerative medicine applications[56]. Laser-assisted 
bioprinting system consists of a pulsed laser beam (to 
induce the transfer of bioink), a focusing system (to 
align and focus laser), an absorbing layer (ribbon- made 
of gold or platinum), and a substrate for the bioink 
layer. During printing, the laser pulse is focused on the 
ribbon layer that generates a high-pressure bubble 
from the bioink layer which transfers the bioink onto 
the substrate (Figure 5). 

The resolution of the laser-assisted bioprinting sys-
tem depends on the laser energy, air gap between the 
absorbing layer and substrate, nature of the substrate 
surface, surface tension and viscosity of the bioink[57]. 
It is a nozzle-free printing method, and hence clogging 
of bioink/cells can be completely avoided. However, 
 

 
 

Figure 5. Laser-assisted printers use an absorbing layer to 
create laser pulse pressure that creates droplet ejection from the 
bioink layer (Adopted from ref.[19,41]). 
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this type of printers require bioink of fast gelation ki-
netics to develop constructs with good shape fidelity, 
and this may hinder the flow rate during printing[25,58]. 
Also, preparing multiple cells containing ribbon or 
absorbing layer is a time-consuming process. The con-
structs that are fabricated by laser-assisted bioprinting 
are often found to contain traces of contamination 
(comes from the absorbing layer). To avoid such con-
taminations absorbing layers made up of non-metallic 
substances are being used[59]. Furthermore, it is hard 
to focus the laser spot and to precisely locate the cells 
during printing. To overcome this difficulty, the “aim 
and shoot” technique is used[60]. Here, the laser beam 
will scan and choose the region of interest, in order to 
locate specific cells and to eject one cell per laser 
pulse[60]. Using this printing method bone constructs 
and skin with cells for implantation have been suc-
cessfully fabricated[61,62]. Table 2 and 3 show some of 
the constructs fabricated by different bioprinting me-
thods and points to their advantages and disadvantages, 
respectively. 

4.4 Integrated Tissue Organ Printer (ITOP) 

A major challenge for existing 3D bioprinting me-
thods is the decrease in cell viability in the core re-
gions of the tissue constructs due to the lack of nutri-

tion and oxygen. Recently, ITOP (Integrated Tissue 
Organ Printer) bioprinting method has been reported 
for the fabrication of complex human tissues with 
good viability and vasculature[69]. This approach dem-
onstrated the printing of various polymers and cell ty-
pes in a single tissue construct using multi-dispensing 
modules. ITOP uses pneumatic-actuated microextru-
sion method but differ in dispensing systems, hard-
ware and software as discussed below. ITOP method 
uses air pressure to control dispensing volume and a 
three-axis motorized stage for 3D patterning. The 3D 
patterns employed in ITOP method were generated 
from computed tomography (CT) and magnetic re-
sonance imaging (MRI) data of human organs/tissues. 
This data was finally converted into 3D patterns using 
a computer-aided design (CAD) software. It was pro-
posed that ITOP method can offer many advantages 
over existing 3D bioprinting methods such as better 
carrier materials for cell delivery, the high-resolution 
nozzles (2 μm for biomaterials and 50 μm for cells), 
post-print cross-linking of cell-laden hydrogels and 
simultaneous printing of supporting polymers and 
acellular sacrificial hydrogels[69].  

In ITOP method, synthetic polymer (for mechanical 
support) and a sacrificial polymer (without cells) to-
gether with hydrogels (with cells) are used for  

 
Table 2. Examples of the biological constructs developed using bioprinting methods 

Bioprinting 
methods Bioink used Construct developed Features Applications References 

Microextrusion Gellan-alginate blend with 
biocartilage particles 

Composite cartilage 
graft 

Proliferation of chondrocytes 
and deposition of cartilage 
ECM 

Bioactive cartilage scaffold [63] 

Microextrusion Gellan gum-RGD (RGD- 
GG)- peptide modified 
polymer 

Brain-like branched ne-
uronal network 

3D architecture and high 
neuronal cell viability 

In vitro model to study 
neuronal disorders 

[64] 

Microextrusion Alginate Porous alginate gel with 
Human fetal cardiom-
yocyte progenitor cells 
(hCMPCs) 

Cell growth and viability in 
3D with native gene expr-
ession 

Patch to treat myocardial 
infarction 

[65] 

Inkjet  Poly(ethylene glycol) di-
methacrylate (PEGDMA, 
PEG) and gelatin metha-
crylate (GelMA) 

Layer-by-layer assem-
bled PEG-GelMa con-
taining hMSCs 

Good cytocompatibility. 
Osteogenic and chodrogen-
ic differentiation 

Suitable for cartilage and 
bone tissue engineering 

[66] 

Inkjet Fibrin, collagen and thr-
ombin 

Graft with amniotic 
stem cells and MSCs 

Accelerate wound closure 
and re-epithelialization 

Scaffold for stem cells de-
livery 

[67] 

Inkjet Poly(ethylene glycol) di-
methacrylate (PEGDMA) 

Layer-by-layer assem-
bly of PEGDMA and 
chondrocytes 

Promote chondrocyte gro-
wth and ECM deposition 

Cartilage scaffold [68] 

Laser-assisted HMSCs Highly defined cell pat-
terning 

3D with high resolution Could create complex tis-
sue structure 

[61] 

Laser-assisted Matriderm®  Skin fibroblasts and ker-
atinocytes positioned in 
Matriderm 

Functional skin cells in the 
construct 

3D skin for wound rege-
neration 

[62] 
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Table 3. Advantages and disadvantages of bioprinting methods 

Microextrusion Advantages 
Slightly viscous bioinks (cell spheroids, hydrogels, copolymers) can be used 
Create tissues with high cell density 
Print vascular tissue constructs 
Disadvantages 

Inkjet printing 

Cell viability affected while applying more extrusion pressure 
Difficult to enhance print speed and resolution 
Advantages 
High resolution 
Concentration gradient of cells, and growth factors in the construct 
Electronic control of drop size and ejection rate 
Disadvantages 

Laser-assisted printing 

High viscous bioinks cannot be used 
Weak mechanical integrity of the construct 
Advantages 
Nozzle-less printer setup 
Microscale resolution 
Compatible with broad range of viscous bioinks 
Disadvantages 
Time consuming ribbon layer preparation 
Costly 
Difficult to position cells 

 
bioprinting[69]. The sacrificial polymer can be disso-
lved post-print once the tissue construct achieved suf-
ficient strength to retain a proper shape. Also, the dis-
solution of sacrificial hydrogel leaves a lattice of a 
network throughout the construct that permits rich 
oxygen and nutrient supply. Simultaneous printing of 
supporting polymer, cell-laden hydrogels, and sacrifi-
cial polymer provides good mechanical integrity to the 
constructs and may help to overcome the current limi-
tations of 3D printing methods[69]. The calvarial bone 
construct was developed via ITOP using PCL and tri-
calcium phosphate. A calvarial bone disc of 1.2 mm 
thick and 8 mm diameter was printed with human am-
niotic fluid derived stem cells as cell support. This disc 
was cultured in osteogenic differentiation media for 10 
days and then implanted in cranial bone defect created 
in sprague drawley rats. After 5 months of implantation, 
new bone formation was shown to be higher in cranial 
defects treated with bioprinted calvarial disc[69].  

Ear cartilage and skeletal muscles were also bio-
printed using ITOP. The ear cartilage (3.9 cm × 1.6 cm 
× 0.9 cm) was printed with rabbit ear chondrocytes as 
cell support. This cartilage construct was cultured in 
chondrogenic differentiation media for 5 weeks and 
then implanted in dorsal subcutaneous space of ath-
ymic mice for 2 months. After 2 months, the construct 
was shown to have mature chondrocytes with native 
expression of ECM markers such as glycosaminogly-
cans and collagen II. Skeletal muscle construct (15 mm 
× 5 mm × 1 mm) was implanted in the muscle adjacent 
to common peroneal nerve (CPN) of hind limbs of 

nude rats. The dissected CPN was embedded inside the 
construct to enable proper nerve impulse. After 2 
weeks of implantation, the printed muscle construct 
was shown to have organized myofiber orientation with 
native myoblast markers expression such as alpha- 
bungarotoxin and acetyl choline receptor. All these 
three printed tissue constructs showed good matura-
tion and organization both in vitro and in vivo[69]. 

4.5 Robotic Bioprinting of Organs 

Robotic bioprinting of 3D tissues using cell spheroids 
is an emerging technique that can improve the success 
of regenerative medicine. Automated robotic systems 
are employed to achieve precise printing and scalabil-
ity of organ bioprinting. Robotic printing enables di-
rect self-assembly of tissue spheroids to develop large 
scale tissues/organs[70]. Robotic bioprinting uses pneu-
matic-actuated microextrusion printing method but 
differ in dispensing systems, hardware and software as 
discussed below. In this approach, a robotic dispens-
ing system is used to direct the tissue structure align-
ment (layer-by-layer assembly) using a suitable bioink 
(cell spheroids) onto biopapers (hydrogel sheets). Also, 
an Organ Biofabrication Line (OBL) is required to 
fabricate complex human organs. OBL has many com-
ponents such as stem cell bioreactors, perfusion bio-
reactors, tissue spheroids, encapsulator and a robotic 
bioprinter[70]. Different OBL systems such as “Fab-
ber”(a robotic printer developed by Cornell University, 
USA), 3D dispensing laboratory printer (LBP) devel-
oped by MUSC bioprinting research centre, Charles-
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ton, SC and 3D-Bioassembly Tool (BAB) developed 
by Scipero, Orlando USA have been developed to 
construct 3D tissues/organs. Though BAB is still in its 
infancy, this method can evolve as a promising solu-
tion to create patient-specific tissue constructs for re-
generative medicine applications[33,70,71]. However, 
lack of scalability and problems with precise printing 
are the major drawbacks of the current robotic bio-
printers. Recently, Advanced Solutions (Kentucky, 
USA) has developed a six-axis robotic dispensing bi-
oprinter that can efficiently handle curves and allows 
precise printing of the structures. The main advantage 
of this method is its software, TSIM (TSIM-Tissue 
Structure Information Modeling) that can perform an 
MRI scan of human tissue and convert it into a printa-
ble 3D shape. Robotic bioprinters and tissue spheroid 
encapsulators are well developed commercially avail-
able OBL components. However, high-performance 
perfusion bioreactors are yet to be developed to im-
prove organ printing. The existing technological chal-
lenge is to develop a complete and perfect OBL to 
print organs at a larger scale for regenerative medicine 
applications. 

5. Bioinks for 3D printing 

The 3D printing technology was initially developed for 
many non-biological applications that involve the use 
of high temperature and toxic organic solvents. These 
harsh conditions are not suitable for printing biological 
cells and other biomaterials. Hence, it is essential for 
printing to find suitable bioinks with desired functional 
and mechanical properties in order to come close to 
native tissue. Both natural polymers (such as collagen, 
gelatin, alginate, fibrin, hyaluronic acid and chitosan) 
and synthetic polymers (such as polyethylene glycol 
(PEG), poly(L-lactic acid) (PLA) and poly(ε-caprolac-
tone)(PCL)) are predominantly used as bioinks. Ul-
trashort peptides that can self-assemble into nanofibr-
ous structures have recently been proposed as novel 
bioinks and are attractive candidates for bioprinting 
due to biocompatibility and processability[72]. This ne-
wly developed bioink contains helical fiber structures 
that strongly resemble collagen fibers in topography 
and diameter[72].  

Printability is an important feature of an ideal bioink. 
During printing, the bioink should be accurately depo-
sited in the construct providing the desired temporal 
and spatial resolution. Bioinks should also enhance the 
cell viability post-printing and must have desired phy-
sico-chemical properties to suit the printing needs. For 

example, thermal inkjet printers require bioinks of 
lesser thermal conductivity to improve the cell viabil-
ity[73]. Biocompatibility is another important facet of a 
biological construct aimed for regenerative medicine 
applications[74]. Bioinks should be biocompatible and 
provide a favorable milieu to the cells. The degradation 
profile of the constructs should be in tune with the 
regeneration of new tissues[75] and the degradation 
products of the constructs should not cause any adverse 
reactions. Most importantly, bioinks should provide 
mechanical support and structural support to the 
growing cells to maintain 3D microenvironment. Bio-
inks should have biomimetic properties to have a pos-
itive influence on the cell adherence, proliferation and 
other functionalities[76]. An ideal bioink should also 
possess tunable gelation properties and easy to make 
chemical modifications to improve the biological fun-
ctionalities[1]. These attributes are essential for an ideal 
bioprinting material/bioink. The following section will 
give detailed descriptions about bioink materials.   

5.1 Natural Polymers 

(1) Alginate 
Sodium alginate (alginate) is a raw material ex-

tracted from brown seaweed. Alginate is a polysac-
charide and anionic in nature. It is a linear block co-
polymer having M (β-D mannuronic acid monomers) 
and G (α-L-guluronic acid blocks) domains. Alginate 
structure has a mixture of M and G domains. G-blocks 
can form ionic bonds when interacts with divalent 
cations and become gels in solutions. Biomimetic 
structure, suitable viscosity, gelation at ideal tempera-
tures and high biocompatibility are some of the prop-
erties of alginate that makes it suitable for bioprint-
ing[77–81]. Cell-laden 3D alginate hydrogels were pre-
pared using inkjet printing[81]. Although this hydrogel 
provides biocompatibility and mechanical strength, it 
lacks cell recognition motifs. Moreover, bioprinting 
alginate constructs of thick tissues with well inter-
connected pores is yet to be achieved.  

(2) Collagen and Gelatin 
Collagen is a naturally occurring protein in tissues 

which constitutes largely of amino acids such as hyd-
roxyproline, proline, glycine and trace amounts of su-
lfur containing amino acids and aromatic amino acids. 
Hydroxyproline and proline maintain the tertiary stru-
cture of the collagen. Collagen is a major extracellular 
matrix (ECM) protein and controls all the cellular fate 
processes[82]. It is used as a scaffold material for vari-
ous tissue engineering applications; however, its poor 
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mechanical properties limits its suitability in bioprint-
ing. Gelatin is a denatured form of collagen and hence 
has less tertiary structures[83]. The presence of RGD 
motifs in gelatin makes it a suitable candidate for a 
broad range of applications in tissue engineering[84]. 

Gelatin usually exists in the coiled form at 40° C 
and when cooled it can regain triple helix form[83]. 
This transition property is necessary for a bioink to 
improve the integrity of the constructs post-print. Ge-
latin was blended with methacrylamide to obtain gela-
tinmethacrylamide, a photoactive polymer, that can 
form stable 3D structures after UV crosslinking[85]. 
This cross-linking stabilizes the construct post-print[86]. 
Various chemical functionalization methods have been 
employed to control the gelling behavior, cross-link-
ing behavior, and viscosity of gelatin in solution. 
Though gelatin bioink has shown cellular compatibil-
ity, its highly viscous nature limits its applications in 
bioprinting. 

(3) Hyaluronic acid 
Hyaluronic acid is a linear polysaccharide made of 

(β-1,3) β-1,4-linked D-glucuronic acid and N-acetyl- 
D-glucosamine disaccharides. It is a viscoelastic, bio-
degradable and highly biocompatible polymer. Hya-
luronic acid is an interesting candidate for bioprinting, 
but its high hydrophilicity limits its application[87]. 
Chemical cross-linking methods and derivatization of 
hyaluronic acid with hydrophobic side chains have 
been attempted to reduce hydrophilicity but still not 
successful in bioprinting[87]. Blending hyaluronic acid 
with some photocrosslinkable materials such as Dex- 
HEMA have been shown to improve the cell viability 
of chondrocytes[88]. Further, the physical blends of 
gelatin-alginate[89], fibrin-collagen[67], gelatin-hyalur-
onic acid[88] have also been used as bioinks. 

(4) Silk fibroin 
Silkworm (Bombyx mori) derived fibrous protein 

called silk fibroin is an amphiphilic block copolymer. 
The main heavy chain of silk fibroin has twelve re-
peating domains with frequent occurrence of G-X-G- 
X-G-X where G is glycine and X may be serine or 
alanine. The repeating units are separated by hydro-
philic peptides that have eleven amorphous regions. 
Silk fibroin has high tensile property and also good 
biocompatibility[90]. The addition of weak acids such 
as methanol will cause a transition of molecular or-
ganization between random coils to aggregation and 
β-sheets formation. This property makes silk fibroin 
suitable for bioprinting[90]. However, printing silk fi-
broin alone can cause needle clogging due to aggrega-

tion (crystallization of β sheets). Silk fibroin physi-
cally blended with gelatin will improve the ink flow. 
Also, gelatin can incorporate RGD motifs in silk fi-
broin which in turn improve the cellular compatibility. 
Silk fibroin-gelatin scaffolds promote the redifferen-
tiation of chondrocytes and multilineage differentia-
tion of human nasal inferior turbinate tissue derived 
mesenchymal cells[91,92]. 

5.2 Synthetic Polymers 

Natural polymers containing cell adhesion motifs have 
been used to mimic the native extracellular matrix. 
Synthetic polymers offer biocompatibility, strong me-
chanical properties, degradation profile and allow 
chemical modification to alter the structure and func-
tion of the polymer. The ease of processability has 
made synthetic polymers as a good candidate for bio-
printing applications. Bioactive molecules can be in-
corporated to modify these polymers to induce specif-
ic cellular responses[93]. Some of the synthetic poly-
mers used for bioprinting are discussed as follows. 

(1) Poly(lactide-co-glycolide) (PLGA) 
PLGA is a copolymer of lactide and glycolide, 

synthesized via ring opening polymerization mechan-
ism. It can be synthesized with different copolymer 
ratios, and their degradation rates can be controlled. 
PLGA has been successfully used as bioink to create 
3D vascular networks. Human umbilical vein endo-
thelial cells (HUVECs) were deposited on the PLGA 
based biopaper by using biological laser printing me-
thod[94]. 3D tissues were created by stacking the PLGA 
sheets containing HUVECs[94]. Hydrolytic degradation 
behavior and fast solvent evaporation of PLGA makes 
it a promising bioink for printing various types of tissue 
structures. 

(2) Poly(ethylene glycol) (PEG) 
Poly(ethylene glycol) (PEG) is a biocompatible and 

a hydrophilic polymer used for various biomedical 
applications. PEG has been employed in various ap-
plications such as nanoparticle coating to prevent ag-
gregation, bioink for printing scaffolds and encapsula-
tion of cells[42]. It is soluble in water but require che-
mical modification to form gels. Moreover, tissue en-
gineered scaffolds were surface modified with PEG to 
improve cellular compatibility and protein adsorp-
tion[42]. This polymer can easily form physical or che-
mical crosslinked networks after acrylation. Photoini-
tiators are employed to crosslink PEG under UV ex-
posure. Acrylated PEG has been used as bioink to print 
vascular grafts[42]. PEG blended with dimethacrylate 
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(PEGDMA) was successfully used to print cartilage 
construct containing human articular chondrocytes[95]. 
In this study, PEG has been utilized as 3D biopaper to 
make constructs that repair osteochondral plugs[95]. 

(3) Poly(L-lactic acid) (PLA) 
PLA is an aliphatic polymer with glass transition 

temperature of 60°C and an excellent mechanical 
strength. It is a biodegradable, biocompatible and se-
micrystalline polymer used for various tissue engi-
neering applications. As a bioink, PLA is less viscous 
in nature and can be easily ejected through the needle. 
After printing, PLA exhibits faster evaporation and can 
provide structural integrity to the construct. Recently, 
an acrylonitrile butadiene styrene-PLA blend was used 
as a bioink to produce a cartilage graft[96]. Nucleus 
pulposus and primary articular chondrocytes cultured 
on this scaffold maintained their native phenotypes 
over three weeks[96]. 

(4) Poly(ε-caprolactone) (PCL) 
PCL is a synthetic polyester which is semicrystal-

line, biocompatible and biodegradable. It is an easily 
processable bioink due to its excellent properties such 
as low melting point, thermoplastic behavior, hydro-
lytic degradation and excellent mechanical proper-
ties[97]. Initially, PCL being a viscous solution had dif-
ficulties in printing because of the requirement of 
large diameter nozzle and high pressure. To overcome 
this problem, an electrohydrodynamic jet technique 
was used to print PCL bioinks. Applying electrohy-
drodynamic forces created a temperature gradient in 
the ink and high resolution (10 μm) 3D constructs were 
formed[97]. However, PCL cannot be used as cell-laden 
bioink due to its high melting point (60°C). Instead 
PCL can be used to provide supporting structure in 3D 
constructs and also to reinforce stability to the fabri-
cated scaffolds[9,97]. Though synthetic polymers offer 
many advantages in bioprinting, further developments 
are required to improve the biocompatibility and de-
gradation behavior of this class of polymers.  

5.3 Ultrashort Peptides  

Hauser and co-workers have recently reported that 
distinct peptides selected from the earlier discovered 
class of self-assembling ultrashort peptides can be 
used as bioinks for bioprinting applications[98–100]. 
These ultrashort peptides have an innate tendency to 
self-assemble into hydrogels with a nanofibrous topo-
graphy that closely resemble collagen and thus mi-
micking the native architecture of tissue ECM[72,98]. 
As an example, the biocompatibility of these ultra-

short peptides based hydrogels was demonstrated by 
maintaining the organotypic culture of intestinal epi-
thelial cells (Caco2) and 3D culture of stem cells. It 
was shown that embryonic stem cells encapsulated 
within these ultrashort peptide hydrogels can retain 
their pluripotency, using Tra-I-60, Tra-I-81, Oct4 and 
Nanog as pluripotency markers[72]. Furthermore, hu-
man mesenchymal stem cells encapsulated in these 
peptide based hydrogels differentiated into adipogenic 
lineage under defined culture conditions. It was pro-
posed that these peptide hydrogels can offer a suitable 
nanotopography and 3D microenvironment to support 
organotypic culture of primary cells (gastrointestinal 
and skin cells) as well as 3D culture of stem cells[72,98]. 
Bioinks made from these ultrashort peptides exhibit 
interesting properties that could be useful for the de-
velopment of 3D organotypic cultures for drug scree-
ning and biological constructs for tissue engineering 
applications in the future[100]. 

6. Applications of Bioprinting 

Bioprinting makes use of novel bioinks and 3D print-
ing techniques to fabricate closely resembling organs/ 
tissues for regenerative medicine applications. Bio-
printing techniques make it possible to print cells in 
the constructs in specific locations which is important 
for mimicking native tissue architecture[19]. As dis-
cussed in section 2, there are several structural and 
functional features that are considered ideal for de-
veloping 3D constructs. Among the structural features, 
vasculature is one of the important factors that deter-
mine the success of bioprinted constructs by improv-
ing cell viability[48]. The vasculature of 3D constructs 
is essential to improve nutrient delivery, tissue ingro-
wth, and regeneration[53]. Cells in tissues are mostly 
found within 100-200 μm away from adjacent blood 
vessels. Cells that are present within this limit of 100- 
200 μm receive nutrition and oxygen through diffusion 
from the nearby capillaries. Hence bioprinted 3D con-
structs need to be prevascularized to overcome this 
diffusion limit and also to mimic the native tissue[69]. 
Several bioprinting approaches have been shown to 
stimulate vascularization of scaffolds for tissue engi-
neering applications[19,41,53]. For example, a 3D micro-
vascular construct was printed using human micro-
vascular endothelial cells and fibrin as bioinks[53]. In 
the case of cell viability, numerous studies have dem-
onstrated that there was no difference in cell viability 
between non-printed and printed cells[48,101]. Cell via-
bility and vasculature are some of the important para-
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meters that need to be considered to develop 3D con-
structs for regenerative medicine applications. Some 
of the applications of 3D bioprinting in regenerative 
medicine are listed in Table 4.  

Existing skin grafting techniques and commercially 
available skin grafts do not meet all the requirements 
that are needed for aesthetic skin regeneration. Bio-
printing methods have been employed to construct 
complex stratified layers of skin that may be used in 
skin grafting applications[62]. Lee et al.[102] have engi-
neered skin tissue constructs through a layer-by-layer 
assembly of collagen, dermal fibroblasts and epider-
mal keratinocytes. The printed 3D skin was proposed 
to be useful as a skin substitute to treat full thickness 
skin damages[102].  

Bioprinted cartilage may mimic some of the prop-
erties of the native cartilage and could be useful as a 
scaffold for the repair of cartilage damages such as 
joint injuries[96,103]. For example, bioink made of PEG 
and alginate can form an interpenetrating network[103]. 
Additional crosslinking of this hybrid polymer using 
calcium sulfate allowed higher cell encapsulation and 
also showed toughness (1500 J m–2) greater than na-
tive cartilage[96,103]. 

Critical-sized bone defects require graft assistance 
for healing. Although tissue engineered scaffolds offer 
solutions to the existing problems associated with 
non-healing bone defects, an ideal scaffold that can 
restore the native functions of the bone is yet to be 
identified[104]. Bioprinting methods may provide an 
alternative method to the development of bone scaf-
folds that closely mimic the native functions of the 
bone. For example, PEGDMA hydrogel developed via 
photopolymerization method had a compressive mod-

ulus of >500 mPa and used to print bone constru-
cts[104]. In another study, Cooper et al.[105] have devel-
oped a 3D printed bone made from DermaMatix and 
BMP-2 (Bone Morphogenetic Protein-2). This con-
struct showed an effective healing of a calvarial defect 
in a mouse model[105].  

Bioprinting can be employed to develop neural 
stem cells constructs to treat central nervous system 
(CNS) diseases such as Huntington’s disease, Parkin-
son’s disease, and Alzheimer’s disease. Hsieh et al.[106] 
printed 3D neural tissue constructs of thermorespon-
sive polyurethane containing neural stem cells. These 
neural stem cells-laden 3D printed polyurethane scaf-
folds rescued traumatic brain injury in a zebrafish 
model. Here, bioprinting of neural stem cells was 
demonstrated to improve neural stem cells encapsula-
tion and viability. 

Aortic valves or prosthetic heart substitutes are de-
veloped for regenerative medicine applications[65,40]. 
These biological structures have complex architecture 
and also contain multiple cell types. 3D bioprinting 
methods may offer ways to develop aortic valves/heart 
substitutes with native structure and viable cells. In a 
recent study, alginate–gelatin aortic valve was fabri-
cated using 3D bioprinting[40]. This bioprinted valve 
was claimed to closely match the native anatomy of 
aortic valve. In addition to the structural similarity, the 
fabricated aortic valve also has viable aortic smooth 
muscle cells and aortic valve leaflet interstitial cells. 
These studies demonstrate that it is possible to create 
aortic valves using 3D bioprinting[40]. 

Pluripotent stem cells and embryonic stem cells (ES 
cells) are cell sources for patient-specific treatments 
and hence attractive for 3D bioprinting of constructs 

 
Table 4. Applications of bioprinting in regenerative medicine 

Application Bioink Printing method Cell type Inference Ref. 
Cartilage Alginate-Polyethylene 

glycol 
Microextrusion Bone marrow derived hMSCs Tougher mechanical integrity like 

native cartilage 
[103] 

Acrylonitrile butadiene st-
yrene (ABS) and polylac-
tic acid (PLA) 

Microextrusion Primary articular chondrocy-
tes and nucleus pulposus  

Porous scaffold for cartilage and 
intervertebral disc tissue enginee-
ring 

[96] 

Skin Layer-by-layer assembled 
collagen 

Microextrusion Human skin fibroblasts and 
human skin keratinocytes 

Skin matrix that resembles struc-
tural and biological features of 
native skin 

[102] 

Bone DermaMatrix™ human all-
ograft with bone morph-
ogenetic protein-2 

Inkjet  Mouse C2C12 progenitor cells Osteogenic differentiation of C2-
C12 cells and promotes clavarial 
bone healing 

[105] 

Nerve Polyurethane Microextrusion Neural stem cells Recovery from CNS neural injury 
in zebra fish 

[106] 

Heart Alginate-gelatin Microextrusion Aortic root sinus smooth mus-
cle cells (SMC) and aortic valve 
leaflet interstitial cells (VIC) 

Cell encapsulated aortic valve re-
tain anatomic complexity 

[40] 

Liver Alginate  Microextrusion Human induced pluripotent 
stem cells 

Post-print differentiation into hep-
atocyte lineage 

[107] 
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for various biomedical applications[107,108]. These stem 
cells can differentiate into specific lineages and can 
offer potential cell sources for in vitro tissue models. 
Bioprinting tissues containing stem cells could be a 
potential strategy to develop patient-specific tissue 
constructs for regenerative medicine applications. Ta-
soglu et al. have described in detail the applications of 
bioprinting in stem cells research[108]. Human induced 
pluripotent stem cells (IPSCs) printed with alginate 
hydrogels were allowed to differentiate into hepato-
cyte-like cells using differentiation factors. These 
IPSCs showed better cell viability and also differen-
tiated into hepatocyte-like cells[107]. These differen-
tiated cells were positive for hepatocyte phenotypes 
such as albumin secretion and morphology. This ap-
proach may be helpful to generate patient-specific 3D 
liver constructs using IPSCs for drug screening and 
organ transplantation[107].  

In another study, 3D bioprinting technology was 
used to create ES cells into 3D hydrogel spheroids  to 
maintain the stem cell pluripotency[109]. These sphe-
roids were made from gelatin and alginate. In this 
method, ES cells laden hydrogel spheroids with con-
trolled size and uniform pluripotency were bioprinted 
using an extrusion-based 3D bioprinter. The cell 
spheroids were shown to retain pluripotent stem cell 
markers such as Oct 4, SSEA-1 and Nanog[109]. In 
another study, a novel bioink made from ultrashort 
peptide hydrogels were used to bioprint 3D structures 
encapsulated with human embryonic stem cells. It was 
shown that embryonic stem cells encapsulated within 
these ultrashort peptide hydrogels can retain their plu-
ripotency, using Tra-I-60, Tra-I-81, Oct4 and Nanog as 
pluripotency markers[72]. This bioink was shown to 
have very good applications in 3D bioprinting of tis-
sue constructs and organoids for applications such as 
drug screening and tissue engineering. 

7. Emerging Strategies in Bioprinting 

Recent advancements in 3D printing methods and 
bioink materials will enable further improvements in 
the 3D bioprinting technology. Modified and new 
printing methods are being employed to design better 
quality bioprints with improved properties suitable for 
organ engineering. Novel bioink materials such as 
ultrashort peptides and hybrid polymeric materials are 
promising candidates for 3D bioprinting of tis-
sues/organs. For instance, Shanjani et al.[110] devel-
oped a hybrid bioprinting method using polymer con-

taining a soft part (hydrogels for loading growth fac-
tors/cells) and a hard part (rigid and porous for me-
chanical integrity). In this study, poly-ethylene glycol 
diacrylate (PEGDA) and poly-(ε-caprolactone) (PCL) 
were used as model materials for soft hydrogel and 
rigid scaffold, respectively. This bioprinting method 
involves digital light processing-based stereolithogra-
phy (DLP-SLA) and molten material extrusion based 
techniques for soft and rigid materials, respectively. It 
was demonstrated that the properties of this hybrid 
hydrogel can be easily tailored using DLP-SLA me-
thod and the resultant bioprint had a compressive 
modulus (6 MPa) greater than many hydrogels. This 
hybrid bioprint was reported to exhibit good cell via-
bility and vasculature[110].  

Bioprinted constructs containing native ECM com-
ponents may help to improve the cellular functions 
such as proliferation, maturation and differentiation. 
To achieve this, the bioink materials can be modified/ 
functionalized with ECM components. In a recent study, 
collagen films were first grinded using a crushing- 
particle desk crusher and passed through a 38μm mesh 
to get collagen microfibers of length 22 ± 13μm[111]. 
These collagen microfibers were linked with bone 
morphogenetic protein-2 (BMP2) that contained col-
lagen-binding domain (CBD-BMP2). The CBD-BMP2 
was printed onto bone marrow mesenchymal stem 
cells-laden methacrylamide gels. It was reported that 
these bone marrow mesenchymal stem cells differen-
tiated into osteocyte cells due to the presence of ECM 
components such as collagen and BMP-2 in CBD- 
BMP2[111].  

Cells are subjected to a mild stress (thermal or me-
chanical) during bioprinting that may affect the cell 
viability in the printed constructs. New strategies that 
can minimize cell stress during printing are needed to 
further improve cell viability in bioprinted constructs. 
As an example, Blaeser et al.[112] have developed a 
fluid-dynamic model to control the shear stress while 
printing by optimizing nozzle diameter, bioink viscos-
ity, and extrusion pressure. In another study, micro-
fluidics-based platform and bioprinting technology 
were combined to print constructs using low-viscosity 
bioink (a blend of alginate and gelatin methacroyl 
(GelMA)), which resulted in visible cell viability via 
minimizing the shear stress during bioprinting[112].  

Extra-hepatic transplantation of islets cells using 
biomaterials may be useful in glycemic correction of 
insulin dependent diabetic patients[114]. Marchioli et 
al.[114] bioprinted 3D structures using a bioink solution 
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containing a mixture of islets of Langerhans and algi-
nate. This construct showed sufficient oxygen and 
nutrient permeability due to the suitable porosity of 
the printed construct. The islets in the bioprinted con-
struct were found to be viable and also showed native 
morphology[114]. This bioprinted hydrogel may be used 
as islets carrier for transplantation[114]. 

In vivo bioprinting is another emerging and prom-
ising technology that may bring improvements in the 
field of regenerative medicine. In vivo bioprinting is 
thought to be an alternative to the existing in vitro bi-
oprinting methods[115,116]. In vivo bioprinting technol-
ogy is a medical intervention to directly print new 
tissue constructs at the defect site. During surgical 
procedures, the probe of the bioprinter is inserted (mi-
nimally invasive) into the defect site to reconstruct the 
damaged tissues in vivo by printing relevant structures. 
Keriquel et al.[116] have recently shown a proof-of- 
concept study to repair osteochondral bone in a mouse 
model using in vivo bioprinting of n-hydroxyapatite 
into the defect region. 

8. Conclusions and Future Directions 

Bioprinting is one of the tools for rapid prototyping to 
develop 3D constructs for clinical applications. The 
main goal of 3D bioprinting is to develop 3D organs 
that fully mimic the native tissue architecture and 
functions. An additional goal of 3D bioprinting is de-
velop novel methods like in vivo bioprinting to be used 
in clinics to directly print structures at the damaged 
tissues in patients to promote regeneration. 3D bio-
printing technology offers a broad range of applica-
tions in the biomedical field from tissue models for 
drug screening studies to the fabrication of organ 
transplants for regenerative therapies. This technology 
allows printing of cells, biomolecules, and ink mate-
rials and controls their precise localization in the 3D 
construct. However, bioprinting of complex, multicel-
lular and 3D native tissue structures remain a major 
challenge though there are few attempts to achieve 
this goal. In addition, bioprinted structures do not ex-
actly match the native mechanical strength of the tis-
sues/ organs. Hence, further improvements are re-
quired to overcome these challenges. 4D bioprinting is 
an emerging field, where time is integrated as fourth 
dimension with 3D bioprinting. In 4D bioprinting, the 
printed structures are capable of changing their shapes 
with time when an external stimulus is imposed. This 
technology can enable the reorganization of materials 
and cells after printing to improve effective cell pat-

terning. Though, this field is in its infancy, 4D bio-
printing may help to overcome some challenges in 3D 
bioprinting[117]. 

Vasculature is one of the important factors that de-
termine the success of an organ transplant since it is 
responsible for nutrients delivery and oxygen supply. 
Though several researchers have been focusing on 
developing vascularized constructs using bioprinting, 
further developments are required in this area of re-
search. Simple handheld bioprinters can also be fabri-
cated in the future to address various clinical chal-
lenges. Bioinks and fabrication technologies could be 
further improved to generate fully functional tissues/ 
organs for regenerative medicine applications in the 
future. 

Authors' Contributions 

All authors have equal contribution in the preparation 
of the manuscript. 

Conflict of Interest and Funding 

No conflict of interest was reported by all authors. The 
research reported in this publication was supported by 
funding from King Abdullah University of Science 
and Technology (KAUST). 

References 

1. Pati F, Jang J, Ha D H, et al. 2014, Printing three- 
dimensional tissue analogues with decellularized extr-
acellular matrix bioink. Nature Communications, vol. 
5(5935): 1–5. 
http://dx.doi.org/10.1038/ncomms4935 

2. Jung J W, Lee J S and Cho D W, 2016, Computer-aided 
multiple-head 3D printing system for printing of heter-
ogeneous organ/tissue constructs. Scientific Reports, 
vol.6: 21685.   
http://dx.doi.org/10.1038/srep21685 

3. Bandyopadhyay A, Bose S, Das S, 2015, 3D printing of 
biomaterials. MRS Bulletin, vol.40(02): 108–115. 
http://dx.doi.org/10.1557/mrs.2015.3 

4. Mironov V, Reis N and Derby B, 2006, Review: biop-
rinting: a beginning. Tissue Engineering, vol.12(4): 631– 
634. 
http://dx.doi.org/10.1089/ten.2006.12.631 

5. Seol Y J, Kang H W, Lee S J, et al., 2014, Bioprinting 
technology and its applications. European Journal of 
Cardio-Thoracic Surgery, vol.46(3): 342–348. 
http://dx.doi.org/10.1093/ejcts/ezu148 

6. Schon B S, Hooper G J and Woodfield T B F, 2016, 
Modular tissue assembly strategies for biofabrication of 
engineered cartilage. Annals of Biomedical Engineering, 

http://dx.doi.org/10.1038/ncomms4935�
http://dx.doi.org/10.1038/srep21685�
http://dx.doi.org/10.1557/mrs.2015.3�
http://dx.doi.org/10.1089/ten.2006.12.631�
http://dx.doi.org/10.1093/ejcts/ezu148�


3D bioprinting technology for regenerative medicine applications 

 

22 International Journal of Bioprinting (2016)–Volume 2, Issue 2 

vol.1: 1–15. 
http://dx.doi.org/10.1007/s10439-016-1609-3 

7. Hendow E K, Guhmann P, Wright B, et al., 2016, Bio-
materials for hollow organ tissue engineering. Fibro-
genesis & Tissue Repair, vol.9(1): 1–7. 
http://dx.doi.org/10.1186/s13069-016-0040-6 

8. Varner V D and Nelson C M, 2014, Toward the directed 
self-assembly of engineered tissues. Annual Review of 
Chemical and Biomolecular Engineering, vol.5(1): 
507–526. 
http://dx.doi.org/10.1146/annurev-chembioeng-060713-
040016 

9. Kundu J, Shim J H, Jang J, et al., 2015, An additive 
manufacturing-based PCL–alginate–chondrocyte biopr-
inted scaffold for cartilage tissue engineering. Journal 
of Tissue Engineering and Regenerative Medicine, 
vol.9(11): 1286–1297. 
http://dx.doi.org/10.1002/term.1682 

10. Sundaramurthi D, Krishnan U M and Sethuraman S, 
2014, Electrospun nanofibers as scaffolds for skin tissue 
engineering. Polymer Reviews. vol.54(2): 348–376. 
http://dx.doi.org/10.1080/15583724.2014.881374 

11. Seol Y J, Kang T Y and Cho D W, 2012, Solid freeform 
fabrication technology applied to tissue engineering 
with various biomaterials. Soft Matter, vol.8(6): 1730– 
1735. 
http://dx.doi.org/10.1039/C1SM06863F 

12. Lee J W, 2015, 3D nanoprinting technologies for tissue 
engineering applications. Journal of Nanomaterials, 
vol.2015(213521): 1–14. 
http://dx.doi.org/10.1155/2015/213521 

13. Thavornyutikarn B, Chantarapanich N, Sitthiseripratip 
K, et al., 2014, Bone tissue engineering scaffolding: com-
puter-aided scaffolding techniques. Progress in Bio-
materials, vol.3(2–4): 61–102. 
http://dx.doi.org/10.1007/s40204-014-0026-7 

14. Ma X, Qu X, Zhu W, et al., 2016, Deterministically patt-
erned biomimetic human iPSC-derived hepatic model 
via rapid 3D bioprinting. Proceedings of the National 
Academy of Sciences, vol.113(8): 2206–2211. 
http://dx.doi.org/10.1073/pnas.1524510113 

15. Ahu A Y, Rami El A, Pu C, et al., 2016, Towards 
artificial tissue models: past, present, and future of 3D 
bioprinting. Biofabrication, vol.8(1): 014103.] 
http://dx.doi.org/10.1088/1758-5090/8/1/014103 

16. Hyungseok L, James J Y, Hyun Wook K, et al., 2016, 
Investigation of thermal degradation with extrusion- 
based dispensing modules for 3D bioprinting techn-
ology. Biofabrication, vol.8(1): 015011. 
http://dx.doi.org/10.1088/1758-5090/8/1/015011 

17. Chang C C, Boland E D, Williams S K, et al., 2011, 
Direct‐write bioprinting three‐dimensional biohybrid 
systems for future regenerative therapies. Journal of 
Biomedical Materials Research Part B: Applied Bio-

materials, vol.98(1): 160–170. 
http://dx.doi.org/10.1002/jbm.b.31831 

18. Smith C M, Stone A L, Parkhill R L, et al., 2004, 
Three-dimensional bioassembly tool for generating 
viable tissue-engineered constructs. Tissue Engineering, 
vol.10(9–10): 1566–1576. 
http://dx.doi.org/10.1089/ten.2004.10.1566 

19. Murphy S V and Atala A, 2014, 3D bioprinting of 
tissues and organs. Nature Biotechnology, vol.32(8): 
773–785. 
http://dx.doi.org/10.1038/nbt.2958 

20. Chang C C, Boland E D, Williams S K, et al., 2011, 
Direct-write bioprinting three-dimensional biohybrid 
systems for future regenerative therapies. Journal of 
Biomedical Materials Research Part B: Applied 
Biomaterials, vol.98B(1): 160–170. 
http://dx.doi.org/10.1002/jbm.b.31831 

21. Ozbolat I T and Hospodiuk M, 2016, Current advances 
and future perspectives in extrusion-based bioprinting. 
Biomaterials, vol.76: 321–343. 
http://dx.doi.org/10.1016/j.biomaterials.2015.10.076 

22. Cui X, Boland T, D’Lima D D, et al., 2012, Thermal 
inkjet printing in tissue engineering and regenerative 
medicine. Recent Patents on Drug Delivery & For-
mulation, vol.6(2): 149–155. 
http://dx.doi.org/10.2174/187221112800672949 

23. Catros S, Fricain J C, Guillotin B, et al., 2011, Laser- 
assisted bioprinting for creating on-demand patterns of 
human osteoprogenitor cells and nano-hydroxyapatite. 
Biofabrication, vol.3(2): 025001. 
http://dx.doi.org/10.1088/1758-5082/3/2/025001 

24. Kim J D, Choi J S, Kim B S, et al., 2010, Piezoelectric 
inkjet printing of polymers: stem cell patterning on 
polymer substrates. Polymer, vol.51(10): 2147–2154. 
http://dx.doi.org/10.1016/j.polymer.2010.03.038 

25. Duan B, 2016, State-of-the-art review of 3D bioprinting 
for cardiovascular tissue engineering. Annals of Biom-
edical Engineering, vol.1: 1–15. 
http://dx.doi.org/10.1007/s10439-016-1607-5 

26. Dababneh A B and Ozbolat I T, 2014, Bioprinting 
technology: a current state-of-the-art review. Journal of 
Manufacturing Science and Engineering, vol.136(6): 
061016. 
http://dx.doi.org/10.1115/1.4028512 

27. Wüst S, Müller R and Hofmann S, 2011, Controlled 
positioning of cells in biomaterials — approaches tow-
ards 3D tissue printing. Journal of Functional Biomat-
erials, vol.2(3): 119–154. 
http://dx.doi.org/10.3390/jfb2030119 

28. Khalil S, Nam J and Sun W, 2015, Multi-nozzle 
deposition for construction of 3D biopolymer tissue 
scaffolds. Rapid Prototyping Journal, vol.11(1): 9–17. 
http://dx.doi.org/10.1108/13552540510573347 

29. Jose R R, Rodriguez M J, Dixon T A, et al., 2016, 

http://dx.doi.org/10.1007/s10439-016-1609-3�
http://dx.doi.org/10.1186/s13069-016-0040-6�
http://dx.doi.org/10.1146/annurev-chembioeng-060713-040016�
http://dx.doi.org/10.1146/annurev-chembioeng-060713-040016�
http://dx.doi.org/10.1002/term.1682�
http://dx.doi.org/10.1080/15583724.2014.881374�
http://dx.doi.org/10.1039/C1SM06863F�
http://dx.doi.org/10.1007/s40204-014-0026-7�
http://dx.doi.org/10.1073/pnas.1524510113�
http://dx.doi.org/10.1088/1758-5090/8/1/014103�
http://dx.doi.org/10.1088/1758-5090/8/1/015011�
http://dx.doi.org/10.1002/jbm.b.31831�
http://dx.doi.org/10.1089/ten.2004.10.1566�
http://dx.doi.org/10.1038/nbt.2958�
http://dx.doi.org/10.1002/jbm.b.31831�
http://dx.doi.org/10.1016/j.biomaterials.2015.10.076�
http://dx.doi.org/10.2174/187221112800672949�
http://dx.doi.org/10.1088/1758-5082/3/2/025001�
http://dx.doi.org/10.1016/j.polymer.2010.03.038�
http://dx.doi.org/10.1007/s10439-016-1607-5�
http://dx.doi.org/10.3390/jfb2030119�
http://dx.doi.org/10.1108/13552540510573347�


Dhakshinamoorthy Sundaramurthi, Sakandar Rauf and Charlotte A. E. Hauser 

 

 International Journal of Bioprinting (2016)–Volume 2, Issue 2 23 

Evolution of bioinks and additive manufacturing tech-
nologies for 3D bioprinting. ACS Biomaterials Science 
& Engineering. 
http://dx.doi.org/10.1021/acsbiomaterials.6b00088 

30. Campbell P G, Miller E D, Fisher G W, et al., 2005, 
Engineered spatial patterns of FGF-2 immobilized on 
fibrin direct cell organization. Biomaterials, vol.26(33): 
6762–6770. 
http://dx.doi.org/10.1016/j.biomaterials.2005.04.032 

31. Duarte Campos D F, Blaeser A, Buellesbach K, et al., 
2016, Bioprinting organotypic hydrogels with improved 
mesenchymal stem cell remodeling and mineralization 
properties for bone tissue engineering. Advanced 
Healthcare Materials, vol.5(11): 1336–1345. 
http://dx.doi.org/10.1002/adhm.201501033 

32. Sobral J M, Caridade S G, Sousa R A, et al., 2011, Three- 
dimensional plotted scaffolds with controlled pore size 
gradients: effect of scaffold geometry on mechanical 
performance and cell seeding efficiency. Acta Bio-
materialia, vol.7(3): 1009–1018. 
http://dx.doi.org/10.1016/j.actbio.2010.11.003 

33. Mironov V, Visconti R P, Kasyanov V, et al., 2009, 
Organ printing: tissue spheroids as building blocks. Bio-
materials, vol.30(12): 2164–2174. 
http://dx.doi.org/10.1016/j.biomaterials.2008.12.084 

34. Zhang X and Zhang Y, 2015, Tissue engineering 
applications of three-dimensional bioprinting. Cell Bio-
chemistry and Biophysics, vol.72(3): 777–782. 
http://dx.doi.org/10.1007/s12013-015-0531-x 

35. Peltola S M, Melchels F P, Grijpma D W, et al., 2008, A 
review of rapid prototyping techniques for tissue eng-
ineering purposes. Annals of Medicine, vol.40(4): 
268–280. 
http://dx.doi.org/10.1080/07853890701881788 

36. Khalil S, Nam J and Sun W, 2005, Multinozzle dep-
osition for construction of 3D biopolymer tissue scaff-
olds. Rapid Prototyping Journal, vol.11(1): 9–17. 
http://dx.doi.org/10.1108/13552540510573347 

37. Khalil S and Sun W, 2007, Biopolymer deposition for 
freeform fabrication of hydrogel tissue constructs. Mater-
ials Science and Engineering: C, vol.27(3): 469–478. 
http://dx.doi.org/10.1016/j.msec.2006.05.023 

38. Yu Z, Yang L, Shuangshuang M, et al., 2015, The 
influence of printing parameters on cell survival rate 
and printability in microextrusion-based 3D cell 
printing technology. Biofabrication, vol.7(4): 045002. 
http://dx.doi.org/10.1088/1758-5090/7/4/045002 

39. Jungst T, Smolan W, Schacht K, et al., 2015, Strategies 
and molecular design criteria for 3D printable hydrogels. 
Chemical Reviews, vol.116(3): 1496–1539. 
http://dx.doi.org/10.1021/acs.chemrev.5b00303 

40. Duan B, Hockaday L A, Kang K H, et al., 2013, 3D 
bioprinting of heterogeneous aortic valve conduits with 
alginate/gelatin hydrogels. Journal of Biomedical Mat-

erials Research Part A, vol.101(5): 1255–1264. 
http://dx.doi.org/10.1002/jbm.a.34420 

41. Knowlton S, Onal S, Yu C H, et al., 2015, Bioprinting 
for cancer research. Trends in Biotechnology, vol.33(9): 
504–513. 
http://dx.doi.org/10.1016/j.tibtech.2015.06.007 

42. Skardal A, Zhang J and Prestwich G D, 2010, Biop-
rinting vessel-like constructs using hyaluronan hydro-
gels crosslinked with tetrahedral polyethylene glycol 
tetracrylates. Biomaterials, vol.31(24): 6173–6181. 
http://dx.doi.org/10.1016/j.biomaterials.2010.04.045 

43. Mohebi M M and Evans J R, 2002, A drop-on-demand 
ink-jet printer for combinatorial libraries and functi-
onally graded ceramics. Journal of Combinatorial Che-
mistry, vol.4(4): 267–274. 
http://dx.doi.org/10.1021/cc010075e 

44. Wilson W C and Boland T, 2003, Cell and organ prin-
ting 1: protein and cell printers. The Anatomical Record 
Part A: Discoveries in Molecular, Cellular, and Evolu-
tionary Biology, vol.272A(2): 491–496. 
http://dx.doi.org/10.1002/ar.a.10057 

45. Gao G, Yonezawa T and Hubbell K, 2015, Inkjet- 
bioprinted acrylated peptides and PEG hydrogel with 
human mesenchymal stem cells promote robust bone 
and cartilage formation with minimal printhead clo-
gging. Biotechnology Journal, vol.10(10): 1568–1577. 
http://dx.doi.org/10.1002/biot.201400635 

46. Pervan D and Pervan T, 2014, Digital printing with 
transparent blank ink: Google Patents, WO2014109702. 

47. Tekin E, Smith P J and Schubert U S, 2008, Inkjet 
printing as a deposition and patterning tool for polymers 
and inorganic particles. Soft Matter, vol.4(4): 703–713. 
http://dx.doi.org/10.1039/b711984d 

48. Cui X, Dean D, Ruggeri Z M, et al., 2010, Cell damage 
evaluation of thermal inkjet printed Chinese hamster 
ovary cells. Biotechnology and Bioengineering, 
vol.106(6): 963–969. 
http://dx.doi.org/10.1002/bit.22762 

49. Demirci U and Montesano G, 2007, Single cell epitaxy 
by acoustic picolitre droplets. Lab on a Chip, vol.7(9): 
1139–1145. 
http://dx.doi.org/10.1039/b704965j  

50. Cui X, Boland T and D’Lima D D, 2012, Thermal inkjet 
printing in tissue engineering and regenerative medicine. 
Recent Patents on Drug Delivery and Formulation, 
vol.6(2): 149–155. 
http://dx.doi.org/10.2174/187221112800672949 

51. Hudson K R, Cowan P B and Gondek J S, 2000, Ink 
drop volume variance compensation for inkjet printing, 
Google Patents, US6042211A. 

52. De Gans B J and Schubert U S, 2004, Inkjet printing of 
well-defined polymer dots and arrays. Langmuir, 
vol.20(18): 7789–7793. 
http://dx.doi.org/10.1021/la049469o 

http://dx.doi.org/10.1021/acsbiomaterials.6b00088�
http://dx.doi.org/10.1016/j.biomaterials.2005.04.032�
http://dx.doi.org/10.1002/adhm.201501033�
http://dx.doi.org/10.1016/j.actbio.2010.11.003�
http://dx.doi.org/10.1016/j.biomaterials.2008.12.084�
http://dx.doi.org/10.1007/s12013-015-0531-x�
http://dx.doi.org/10.1108/13552540510573347�
http://dx.doi.org/10.1016/j.msec.2006.05.023�
http://dx.doi.org/10.1088/1758-5090/7/4/045002�
http://dx.doi.org/10.1021/acs.chemrev.5b00303�
http://dx.doi.org/10.1002/jbm.a.34420�
http://dx.doi.org/10.1016/j.tibtech.2015.06.007�
http://dx.doi.org/10.1016/j.biomaterials.2010.04.045�
http://dx.doi.org/10.1021/cc010075e�
http://dx.doi.org/10.1002/ar.a.10057�
http://dx.doi.org/10.1002/biot.201400635�
http://dx.doi.org/10.1039/b711984d�
http://dx.doi.org/10.1002/bit.22762�
http://dx.doi.org/10.1039/b704965j�
http://dx.doi.org/10.2174/187221112800672949�
http://dx.doi.org/10.1021/la049469o�


3D bioprinting technology for regenerative medicine applications 

 

24 International Journal of Bioprinting (2016)–Volume 2, Issue 2 

53. Cui X and Boland T, 2009, Human microvasculature 
fabrication using thermal inkjet printing technology. 
Biomaterials, vol.30(31): 6221–6227. 
http://dx.doi.org/10.1016/j.biomaterials.2009.07.056 

54. Guillotin B, Catros S and Guillemot F, 2013, Laser 
assisted bio-printing (LAB) of cells and biomaterials 
based on laser induced forward transfer (LIFT), in 
Schmidt V, Belegratis M R, (eds) Laser Technology in 
Biomimetics, Springer, Berlin Heidelberg, 193–209. 
http://dx.doi.org/10.1007/978-3-642-41341-4_8 

55. Guillotin B, Souquet A, Catros S, et al., 2010, Laser 
assisted bioprinting of engineered tissue with high cell 
density and microscale organization. Biomaterials, 
vol.31(28): 7250–7256. 
http://dx.doi.org/10.1016/j.biomaterials.2010.05.055 

56. Koch L, Gruene M, Unger C, et al., 2013, Laser 
assisted cell printing. Current Pharmaceutical Biotech-
nology, vol.14(1): 91–97. 
http://dx.doi.org/10.2174/1389201011314010012 

57. Larson C and Shepherd R, 2016, 3D bioprinting tech-
nologies for cellular engineering, in Singh A, Gaharwar 
K A, (eds) Microscale Technologies for Cell Enginee-
ring, Cham: Springer International Publishing, UK, 69–89. 
http://dx.doi.org/10.1007/978-3-319-20726-1_4 

58. Ng W L, Yeong W Y and Naing M W, 2016, Poly-
electrolyte gelatin-chitosan hydrogel optimized for 3D 
bioprinting in skin tissue engineering. International 
Journal of Bioprinting, vol.2(1): 1–10. 
http://dx.doi.org/10.18063/ijb.2016.01.009 

59. Zhu W, Ma X, Gou M, et al., 2016, 3D printing of 
functional biomaterials for tissue engineering. Current 
Opinion in Biotechnology, vol.40: 103–112. 
http://dx.doi.org/10.1016/j.copbio.2016.03.014 

60. Guillotin B, Souquet A, Catros S, et al., 2010, Laser 
assisted bioprinting of engineered tissue with high cell 
density and microscale organization. Biomaterials, 
vol.31(28): 7250–7256. 
http://dx.doi.org/10.1016/j.biomaterials.2010.05.055 

61. Pagès E, Rémy M, Kériquel V, et al., 2015, Creation of 
highly defined mesenchymal stem cell patterns in three 
dimensions by laser-assisted bioprinting. Journal of 
Nanotechnology in Engineering and Medicine, vol.6(2): 
0210061–0210065. 
http://dx.doi.org/10.1115/1.4031217 

62. Michael S, Sorg H, Peck C T, et al., 2013, Tissue 
engineered skin substitutes created by laser-assisted 
bioprinting form skin-like structures in the dorsal skin 
fold chamber in mice. Plos One, vol.8(3): e57741. 
http://dx.doi.org/10.1371/journal.pone.0057741 

63. Kesti M, Eberhardt C, Pagliccia G, et al., 2015, Bio-
printing complex cartilaginous structures with clinically 
compliant biomaterials. Advanced Functional Materials, 
vol.25: 7406–7416. 
http://dx.doi.org/10.1002/adfm.201503423 

64. Lozano R, Stevens L, Thompson B C, et al., 2015, 3D 
printing of layered brain-like structures using peptide 
modified gellan gum substrates. Biomaterials, vol.67: 
264–273. 
http://dx.doi.org/10.1016/j.biomaterials.2015.07.022 

65. Gaetani R, Doevendans P A, Metz C H G, et al., 2012, 
Cardiac tissue engineering using tissue printing tech-
nology and human cardiac progenitor cells. Biomat-
erials, vol.33(6): 1782–1790. 
http://dx.doi.org/10.1016/j.biomaterials.2011.11.003 

66. Gao G and Cui X, 2015, Three-dimensional bioprinting 
in tissue engineering and regenerative medicine. Biote-
chnology Letters, vol.38(2): 203–211. 
http://dx.doi.org/10.1007/s10529-015-1975-1 

67. Skardal A, Mack D, Kapetanovic E, et al., 2012, 
Bioprinted amniotic fluid-derived stem cells accelerate 
healing of large skin wounds. Stem Cells Translational 
Medicine, vol.1(11): 792–802. 
http://dx.doi.org/10.5966/sctm.2012-0088 

68. Cui X, Breitenkamp K, Finn M G, et al., 2012, Direct 
human cartilage repair using three-dimensional bioprin-
ting technology. Tissue Engineering. Part A. vol.18(11–12): 
1304–1312. 
http://dx.doi.org/10.1089/ten.tea.2011.0543 

69. Kang HW, Lee S J, Ko I K, et al., 2016, A 3D bio-
printing system to produce human-scale tissue con-
structs with structural integrity. Nature Biotechnology, 
vol.34: 312–319. 
http://dx.doi.org/10.1038/nbt.3413 

70. Mironov V, Kasyanov V and Markwald R R, 2011, 
Organ printing: from bioprinter to organ biofabrication 
line. Current Opinion in Biotechnology, vol.22(5): 667– 
673. 
http://dx.doi.org/10.1016/j.copbio.2011.02.006 

71. Williams S K, Touroo J S, Church K H, et al., 2013, 
Encapsulation of adipose stromal vascular fraction cells 
in alginate hydrogel spheroids using a direct-write 
three-dimensional printing system. BioResearch Open 
Access, vol.2(6): 448–454. 
http://dx.doi.org/10.1089/biores.2013.0046 

72. Loo Y, Lakshmanan A, Ni M, et al., 2015, Peptide 
bioink: self-assembling nanofibrous scaffolds for three- 
dimensional organotypic cultures. Nano Letters, 
vol.15(10): 6919–6925. 
http://dx.doi.org/10.1021/acs.nanolett.5b02859 

73. Talbot E, Berson A, Brown P, et al., 2012, Evaporation 
of picoliter droplets on surfaces with a range of wetta-
bilities and thermal conductivities. Physical Review E, 
vol.85(6): 061604. 
http://dx.doi.org/10.1103/PhysRevE.85.061604 

74. Williams D F, 2008, On the mechanisms of biocomp-
atibility. Biomaterials, vol.29(20): 2941–2953. 
http://dx.doi.org/10.1016/j.biomaterials.2008.04.023 

75. West J L and Hubbell J A, 1999, Polymeric biomaterials 

http://dx.doi.org/10.1016/j.biomaterials.2009.07.056�
http://dx.doi.org/10.1007/978-3-642-41341-4_8�
http://dx.doi.org/10.1016/j.biomaterials.2010.05.055�
http://dx.doi.org/10.2174/1389201011314010012�
http://dx.doi.org/10.1007/978-3-319-20726-1_4�
http://dx.doi.org/10.18063/ijb.2016.01.009�
http://dx.doi.org/10.1016/j.copbio.2016.03.014�
http://dx.doi.org/10.1016/j.biomaterials.2010.05.055�
http://dx.doi.org/10.1115/1.4031217�
http://dx.doi.org/10.1371/journal.pone.0057741�
http://dx.doi.org/10.1002/adfm.201503423�
http://dx.doi.org/10.1016/j.biomaterials.2015.07.022�
http://dx.doi.org/10.1016/j.biomaterials.2011.11.003�
http://dx.doi.org/10.1007/s10529-015-1975-1�
http://dx.doi.org/10.5966/sctm.2012-0088�
http://dx.doi.org/10.1089/ten.tea.2011.0543�
http://dx.doi.org/10.1038/nbt.3413�
http://dx.doi.org/10.1016/j.copbio.2011.02.006�
http://dx.doi.org/10.1089/biores.2013.0046�
http://dx.doi.org/10.1103/PhysRevE.85.061604�
http://dx.doi.org/10.1016/j.biomaterials.2008.04.023�


Dhakshinamoorthy Sundaramurthi, Sakandar Rauf and Charlotte A. E. Hauser 

 

 International Journal of Bioprinting (2016)–Volume 2, Issue 2 25 

with degradation sites for proteases involved in cell 
migration. Macromolecules, vol.32(1): 241–244. 
http://dx.doi.org/10.1021/ma981296k 

76. Karp J M, Yeh J, Eng G, et al., 2007, Controlling size, 
shape and homogeneity of embryoid bodies using poly 
(ethylene glycol) microwells. Lab on a Chip, vol.7(6): 
786–794. 
http://dx.doi.org/10.1039/b705085m 

77. Ahn S, Lee H, Bonassar L J, et al., 2012, Cells 
(MC3T3- E1)-laden alginate scaffolds fabricated by a 
modified solid-freeform fabrication process supple-
mented with an aerosol spraying. Biomacromolecules, 
vol.13(9): 2997–3003. 
http://dx.doi.org/10.1021/bm3011352 

78. Gaole D, Wenfeng W, Yuliang Z, et al., 2016, Con-
trollable 3D alginate hydrogel patterning via visible- light 
induced electrodeposition. Biofabrication, vol.8(2): 
025004. 
http://dx.doi.org/10.1088/1758-5090/8/2/025004 

79. LeRoux M A, Guilak F and Setton L A, 1999, Com-
pressive and shear properties of alginate gel: effects of 
sodium ions and alginate concentration. Journal of Bio-
medical Materials Research, vol.47(1): 46–53. 
http://dx.doi.org/10.1002/(SICI)1097-4636(199910)47:
1%3C46::AID-JBM6%3E3.0.CO;2-N 

80. Song S J, Choi J, Park Y D, et al., 2011, Sodium 
alginate hydrogel-based bioprinting using a novel mul-
tinozzle bioprinting system. Artificial Organs, vol.35(11): 
1132– 1136. 
http://dx.doi.org/10.1111/j.1525-1594.2011.01377.x 

81. Jia J, Richards D J, Pollard S, et al., 2014, Engineering 
alginate as bioink for bioprinting. Acta Biomaterialia, 
vol.10(10): 4323–4331. 
http://dx.doi.org/10.1016/j.actbio.2014.06.034 

82. Lee J B, Wang X, Faley S, et al., 2016, Development of 
3D microvascular networks within gelatin hydrogels 
using thermoresponsive sacrificial microfibers. Adva-
nced Healthcare Materials, vol.5(7): 781–785. 
http://dx.doi.org/10.1002/adhm.201500792 

83. Bocquier A A, Potts J R, Pickford A R, et al., 1999, 
Solution structure of a pair of modules from the 
gelatin-binding domain of fibronectin. Structure, 
vol.7(12): 1451–S1453. 
http://dx.doi.org/10.1016/S0969-2126(00)88336-7 

84. Sawatjui N, Damrongrungruang T, Leeanansaksiri W, et 
al., 2015, Silk fibroin/gelatin–chondroitin sulfate–hya-
luronic acid effectively enhances in vitro chondrogen-
esis of bone marrow mesenchymal stem cells. Materials 
Science and Engineering: C, vol.52: 90–96. 
http://dx.doi.org/10.1016/j.msec.2015.03.043 

85. Billiet T, Gevaert E, De Schryver T, et al., 2014, The 3D 
printing of gelatin methacrylamide cell-laden tissue- 
engineered constructs with high cell viability. Bioma-
terials, vol.35(1): 49–62. 

http://dx.doi.org/10.1016/j.biomaterials.2013.09.078 
86. Schuurman W, Levett P A, Pot M W, et al., 2013, Gela-

tin-methacrylamide hydrogels as potential biomaterials 
for fabrication of tissue-engineered cartilage constructs. 
Macromolecular Bioscience, vol.13(5): 551–561. 
http://dx.doi.org/10.1002/mabi.201200471 

87. Pescosolido L, Schuurman W, Malda J, et al., 2011, 
Hyaluronic acid and dextran-based semi-IPN hydrogels 
as biomaterials for bioprinting. Biomacromolecules, 
vol.12(5): 1831–1838. 
http://dx.doi.org/10.1021/bm200178w 

88. Skardal A, Zhang J, McCoard L, et al., 2010, Photo-
crosslinkable hyaluronan-gelatin hydrogels for two-step 
bioprinting. Tissue Engineering Part A, vol.16(8): 
2675–2685. 
http://dx.doi.org/10.1089/ten.tea.2009.0798 

89. Zhao Y, Li Y, Mao S, et al., 2015, The influence of 
printing parameters on cell survival rate and printability 
in microextrusion-based 3D cell printing technology. 
Biofabrication, vol.7(4): 045002. 
http://dx.doi.org/10.1088/1758-5090/7/4/045002 

90. Ghosh S, Parker S T and Wang X, 2008, Direct-write 
assembly of microperiodic silk fibroin scaffolds for 
tissue engineering applications. Advanced Functional 
Materials, vol.18(13): 1883–1889. 
http://dx.doi.org/10.1002/adfm.200800040 

91. Das S, Pati F, Choi Y J, et al., 2015, Bioprintable, cell- 
laden silk fibroin–gelatin hydrogel supporting multil-
ineage differentiation of stem cells for fabrication of 
three-dimensional tissue constructs. Acta Biomaterialia, 
vol.11: 233–246. 
http://dx.doi.org/10.1016/j.actbio.2014.09.023 

92. Das S, Pati F, Chameettachal S, et al., 2013, Enhanced 
redifferentiation of chondrocytes on microperiodic silk/ 
gelatin scaffolds: toward tailor-made tissue engineering. 
Biomacromolecules, vol.14(2): 311–321. 
http://dx.doi.org/10.1021/bm301193t 

93. Lutolf MP and Hubbell J A, 2005, Synthetic bio-
materials as instructive extracellular microenvironments 
for morphogenesis in tissue engineering. Nature Biote-
chnology, vol.23(1): 47–55. 
http://dx.doi.org/10.1038/nbt1055 

94. Pirlo R K, Wu P, Liu J, et al., 2012, PLGA/hydrogel 
biopapers as a stackable substrate for printing HUVEC 
networks via BioLP™. Biotechnology and Bioengineer-
ing, vol.109(1): 262–273. 
http://dx.doi.org/10.1002/bit.23295 

95. Cui X, Breitenkamp K, Finn M G, et al., 2012, Direct 
human cartilage repair using three-dimensional biopri-
nting technology. Tissue Engineering Part A, 
vol.18(11–12): 1304–1312. 
http://dx.doi.org/10.1089/ten.tea.2011.0543 

96. Rosenzweig D H, Carelli E, Steffen T, et al., 2015, 3D- 
printed ABS and PLA scaffolds for cartilage and nu-

http://dx.doi.org/10.1021/ma981296k�
http://dx.doi.org/10.1039/b705085m�
http://dx.doi.org/10.1021/bm3011352�
http://dx.doi.org/10.1002/(SICI)1097-4636(199910)47:1%3C46::AID-JBM6%3E3.0.CO;2-N�
http://dx.doi.org/10.1002/(SICI)1097-4636(199910)47:1%3C46::AID-JBM6%3E3.0.CO;2-N�
http://dx.doi.org/10.1111/j.1525-1594.2011.01377.x�
http://dx.doi.org/10.1002/adhm.201500792�
http://dx.doi.org/10.1016/S0969-2126(00)88336-7�
http://dx.doi.org/10.1016/j.msec.2015.03.043�
http://dx.doi.org/10.1016/j.biomaterials.2013.09.078�
http://dx.doi.org/10.1002/mabi.201200471�
http://dx.doi.org/10.1021/bm200178w�
http://dx.doi.org/10.1089/ten.tea.2009.0798�
http://dx.doi.org/10.1088/1758-5090/7/4/045002�
http://dx.doi.org/10.1002/adfm.200800040�
http://dx.doi.org/10.1016/j.actbio.2014.09.023�
http://dx.doi.org/10.1021/bm301193t�
http://dx.doi.org/10.1038/nbt1055�
http://dx.doi.org/10.1002/bit.23295�
http://dx.doi.org/10.1089/ten.tea.2011.0543�


3D bioprinting technology for regenerative medicine applications 

 

26 International Journal of Bioprinting (2016)–Volume 2, Issue 2 

cleus pulposus tissue regeneration. International Jou-
rnal of Molecular Sciences, vol.16(7): 15118–15135. 
http://dx.doi.org/10.3390/ijms160715118 

97. Holländer J, Genina N, Jukarainen H, et al., 2016, Th-
ree-dimensional printed PCL-based implantable pro-
totypes of medical devices for controlled drug delivery. 
Journal of Pharmaceutical Sciences.  
http://dx.doi.org/10.1016/j.xphs.2015.12.012 

98. Loo Y and Hauser C A, 2015, Bioprinting synthetic 
self-assembling peptide hydrogels for biomedical 
applications. Biomedical Materials, vol.11(1): 014103. 
http://dx.doi.org/10.1088/1748-6041/11/1/014103 

99. Hauser C A E, Deng R, Mishra A, et al., 2011, Natural tri- 
to hexapeptides self-assemble in water to amyloid β-type 
fiber aggregates by unexpected α-helical intermediate 
structures. Proceedings of the National Academy of 
Sciences, vol.108(4): 1361–1366. 
http://dx.doi.org/10.1073/pnas.1014796108 

100. Mishra A, Loo Y, Deng R, et al., 2011, Ultrasmall 
natural peptides self-assemble to strong temperature- 
resistant helical fibers in scaffolds suitable for tissue 
engineering. Nano Today, vol.6(3): 232–239. 
http://dx.doi.org/10.1016/j.nantod.2011.05.001 

101. Tirella A, Vozzi F, De Maria C, et al., 2011, Substrate 
stiffness influences high resolution printing of living 
cells with an ink-jet system. Journal of Bioscience and 
Bioengineering, vol.112(1): 79–85. 
http://dx.doi.org/10.1016/j.jbiosc.2011.03.019 

102. Lee V, Singh G, Trasatti J P, et al., 2013, Design and 
fabrication of human skin by three-dimensional biopr-
inting. Tissue Engineering Part C: Methods, vol.20(6): 
473– 484. 
http://dx.doi.org/10.1089/ten.tec.2013.0335 

103. Hong S, Sycks D, Chan H F, et al., 2015, 3D printing of 
highly stretchable and tough hydrogels into complex, 
cellularized structures. Advanced Materials, vol.27(27): 
4035–4040. 
http://dx.doi.org/10.1002/adma.201501099 

104. Cui X, Breitenkamp K, Finn M, et al., 2012, Direct 
human cartilage repair using three-dimensional bioprin-
ting technology. Tissue Engineering Part A, vol.18(11–12): 
1304–1312. 
http://dx.doi.org/10.1089/ten.tea.2011.0543 

105. Cooper G M, Miller E D, DeCesare G E, et al., 2009, 
Inkjet-based biopatterning of bone morphogenetic 
protein-2 to spatially control calvarial bone formation. 
Tissue Engineering Part A, vol.16(5): 1749–1759. 
http://dx.doi.org/10.1089/ten.tea.2009.0650 

106. Hsieh F Y, Lin H H and Hsu S H 2015, 3D bioprinting 
of neural stem cell-laden thermoresponsive biodegrad-
able polyurethane hydrogel and potential in central 
nervous system repair. Biomaterials, vol.71: 48–57. 

http://dx.doi.org/10.1016/j.biomaterials.2015.08.028 
107. Alan F J, Catherine F, Dirk Jan C, et al., 2015, Biopr-

inting of human pluripotent stem cells and their directed 
differentiation into hepatocyte-like cells for the gene-
ration of mini-livers in 3D. Biofabrication, vol.7(4): 
044102. 
http://dx.doi.org/10.1088/1758-5090/7/4/044102 

108. Tasoglu S and Demirci U, 2013, Bioprinting for stem cell 
research. Trends in Biotechnology, vol.31(1): 10–19. 
http://dx.doi.org/10.1016/j.tibtech.2012.10.005 

109. Liliang O, Rui Y, Shuangshuang M, et al., 2015, Three- 
dimensional bioprinting of embryonic stem cells directs 
highly uniform embryoid body formation. Biofabrica-
tion, vol.7(4): 044101. 
http://dx.doi.org/10.1088/1758-5090/7/4/044101 

110. Shanjani Y, Pan C C, Elomaa L, et al., 2015, A novel 
bioprinting method and system for forming hybrid 
tissue engineering constructs. Biofabrication, vol.7(4): 
045008. 
http://dx.doi.org/10.1088/1758-5090/7/4/045008 

111. Mingchun D, Bing C, Qingyuan M, et al., 2015, 3D 
bioprinting of BMSC-laden methacrylamide gelatin 
scaffolds with CBD-BMP2-collagen microfibers. Biofa-
brication, vol.7(4): 044104. 
http://dx.doi.org/10.1088/1758-5090/7/4/044104 

112. Blaeser A, Duarte Campos D F, Puster U, et al., 2015, 
Controlling shear stress in 3D bioprinting is a key factor 
to balance printing resolution and stem cell integrity. 
Advanced Healthcare Materials, vol.5(3): 326–333. 
http://dx.doi.org/10.1002/adhm.201500677 

113. Colosi C, Shin S R, Manoharan V, et al., 2015, Micr-
ofluidic bioprinting of heterogeneous 3D tissue con-
structs using low-viscosity bioink. Advanced Materials, 
vol.28: 677–684. 
http://dx.doi.org/10.1002/adma.201503310 

114. Marchioli G, van Gurp L, van Krieken P, et al., 2015, 
Fabrication of three-dimensional bioplotted hydrogel 
scaffolds for islets of Langerhans transplantation. Bio-
fabrication, vol.7(2): 025009. 
http://dx.doi.org/10.1088/1758-5090/7/2/025009 

115. Wang M, He J, Liu Y, et al., 2015, The trend towards in 
vivo bioprinting. International Journal of Bioprinting, 
vol.1(1): 15–26. 
http://dx.doi.org/10.18063/ijb.2015.01.001 

116. Keriquel V, Guillemot F, Arnault I, et al., 2010, In vivo 
bioprinting for computer-and robotic-assisted medical 
intervention: preliminary study in mice. Biofabrication, 
vol.2(1): 014101. 
http://dx.doi.org/10.1088/1758-5082/2/1/014101 

117. Gao B, Yang Q, Zhao X, et al., 2016, 4D bioprinting for 
biomedical applications, Trends in Biotechnology.  
http://dx.doi.org/10.1016/j.tibtech.2016.03.004 

 

http://dx.doi.org/10.3390/ijms160715118�
http://dx.doi.org/10.1016/j.xphs.2015.12.012�
http://dx.doi.org/10.1088/1748-6041/11/1/014103�
http://dx.doi.org/10.1073/pnas.1014796108�
http://dx.doi.org/10.1016/j.nantod.2011.05.001�
http://dx.doi.org/10.1016/j.jbiosc.2011.03.019�
http://dx.doi.org/10.1089/ten.tec.2013.0335�
http://dx.doi.org/10.1002/adma.201501099�
http://dx.doi.org/10.1089/ten.tea.2011.0543�
http://dx.doi.org/10.1089/ten.tea.2009.0650�
http://dx.doi.org/10.1016/j.biomaterials.2015.08.028�
http://dx.doi.org/10.1088/1758-5090/7/4/044102�
http://dx.doi.org/10.1016/j.tibtech.2012.10.005�
http://dx.doi.org/10.1088/1758-5090/7/4/044101�
http://dx.doi.org/10.1088/1758-5090/7/4/045008�
http://dx.doi.org/10.1002/adhm.201500677�
http://dx.doi.org/10.1002/adma.201503310�
http://dx.doi.org/10.1088/1758-5090/7/2/025009�
http://dx.doi.org/10.18063/ijb.2015.01.001�
http://dx.doi.org/10.1088/1758-5082/2/1/014101�

	REVIEW ARTICLE
	3D bioprinting technology for regenerative medicine applications
	Dhakshinamoorthy Sundaramurthi, Sakandar Rauf and Charlotte A. E. Hauser*
	King Abdullah University of Science and Technology (KAUST), Laboratory for Nanomedicine, Division of Biological & Environmental Science & Engineering (BESE), Thuwal, 23955-6900, Saudi Arabia
	1. Introduction
	2. Methods for Bioprinting Tissue/Organs
	3. Key Requirements of Bioprinted Tissue/Organs
	4. Bioprinting Methods
	4.1 Microextrusion
	4.2 Inkjet Bioprinting
	4.3 Laser-assisted Bioprinting
	4.4 Integrated Tissue Organ Printer (ITOP)
	4.5 Robotic Bioprinting of Organs

	5. Bioinks for 3D printing
	5.1 Natural Polymers
	5.2 Synthetic Polymers
	5.3 Ultrashort Peptides

	6. Applications of Bioprinting
	7. Emerging Strategies in Bioprinting
	8. Conclusions and Future Directions
	Authors' Contributions
	All authors have equal contribution in the preparation of the manuscript.
	Conflict of Interest and Funding
	References



