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AB S T R AC T
Introduction: The promise of bioprinting tissue constructs that

could potentially serve the same function in the human body as native tis-
sues has taken the world of regenerative medicine by storm. The current
review describes system-wide clinical applications of three-dimensional
(3D) bioprinting and aims to address ethical and social considerations,
while also discussing the scope of this technology in the near future.

Discussion: 3D bioprinting is believed to present new approaches
to conventional treatment; offering the advantage of customization and
on-time availability. It facilitates simultaneous deposition of appropriate
bioinks and biomaterials onto scaffolds which can then be employed to
develop tissue fabricates that can potentially mimic native tissues in both
structure and functionality. It has been extensively employed to regener-
ate viable tissue constructs of skin, bone, cartilage, vasculature, myocar-
dial tissue and heart valves, nervous tissue, lung and tracheal tissue, liver,
pancreatic, and corneal tissue.

Conclusion: To obviate the current restrictions associated with this
technology, it is imperative to understand where we currently stand in
terms of current clinical applications of 3D bioprinting. This technology
is anticipated to contribute significantly to the fields of tissue engineering
and regenerativemedicine (TERM), where it can be employed to fabricate
functional tissues that can simulate their counterparts in the human body.

Relevance: The increasing disparity between organ demand and
supply as well as the shortcomings associated with antiquated ap-
proaches to treatment call for utilizing 3D bioprinting to develop viable
tissue constructs.
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1 | INTRODUCTION

Organ transplantation is the ultimate approach for the
treatment of end-stage diseases. A precarious imbal-
ance between organ demand and organ supply accentu-
ates the need for bioprinting viable tissue fabricates that
can simulate the physiological and anatomical features
of target tissues and can serve the same function in vivo
as their counterparts in the human body. 3D bioprint-
ing is defined as the process of depositing biocompati-
ble materials in a layer-by-layer manner to develop tis-
sues that can mimic the properties of living cells (1). The
creation of tissue constructs is performed by combining
computer assisted design (CAD) with computer assisted
manufacturing (2) to meticulously fashion appropriate
biomaterials and bioinks into tissue substitutes; and pro-
vides considerable control over their structure, repro-
ducibility, and functional accuracy (3). This technology
offers concurrent printing of various types of cells in de-
fined spatial locations, making its use in regenerative
medicine of paramount importance (4). This review aims
to highlight current applications of 3D bioprinting in clin-
ical settings as well as pharmaceutical and cancer re-
search; and, moreover, will recount socio-ethical con-
cerns, future perspectives and possibilities.

2 | APPROACHES TO 3D BIO-
PRINTING

Techniques used to bioprint tissue constructs are
grouped into various categories based on their print-
ing principles. These categories include inkjet-based,
pressure-assisted, laser-assisted bioprinting techniques,
stereolithography, and extrusion based bioprinting (5);
and each technique finds its application in printing spe-
cific tissues, having particular advantages and shortcom-
ings (6). Salient features of commonly employed ap-
proaches to bioprinting have been summarized in Table
1. Bioinks, which are a crucial component, refer to cel-
lular aggregates deposited on or within scaffolds or a
construction of cells that may consist of bioactive com-
ponents and biomaterials (7). Clinical applications of 3D

bioprinting have largely been restricted by the lack of
adequate bioinks available for printing viable target tis-
sues (8) and limitations associated with bioprinting tech-
niques, including poor resolution and deformation of
cells due to shear stress (9).

3 | CURRENT APPLICATIONS

3D Bioprinting has surfaced as a major scientific break-
through in the rapidly advancing fields of regenerative
medicine and medical research (10). Over the last two
decades, it has challenged the obsolescence of conven-
tional treatment, offering an effective solution to prob-
lems such as insufficient matching organ donors, post-
transplant immune rejection, and infection. Current ma-
jor applications of 3D bioprinting have been summa-
rized in Figure 1.

4 | IN TISSUE ENGINEERING AND
REGENERATIVE MEDICINE

4.1 | Skin

Skin, being the outermost layer, is extremely suscepti-
ble to damage resulting from disease, trauma, burns, or
surgery, making skin restoration imperative post-trauma
or injury. The bioink employed in skin engineering is
an optimal combination of cells, typically keratinocytes
and fibroblasts collected from the patient, and collagen,
which is used as hydrogel to imitate the extracellular ma-
trix (ECM) (11). This combination is then printed using
the appropriate bioprinting technique following digital
photographs or thermal images (11). Skin bioprinting
becomes particularly important in the treatment of full-
thickness burns where, in the place of severe burn dress-
ings, multilayered skin substitutes are being developed
using cells and ECM combined as bioinks to counter
the expense of treatment and scarcity of donors (12).
Although skin bioengineering offers a promising solu-
tion to the shortcomings of autotransplantation, allo-
transplantation, and xenotransplantation, which include
transplant rejection, risk of infection, and limitation to
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F IGURE 1 A summary of major applications of 3D bioprinting in Tissue Engineering and Regenerative Medicine

minor injuries (13), the clinical application of skin con-
structs is largely limited by the challenge of how to vas-
cularize and innervate said constructs (14).

4.2 | Bone

Although known to have highly regenerative and repar-
ative properties, osseous tissue often fails to heal large-
scale bone trauma completely by itself (15), whereby
clinical intervention becomes necessary to ensure nor-
mal bone function; and 3D bioprinting of bone tis-
sue offers numerous advantages pertaining to control
over porosity, biocompatibility, mechanical strength,
and degradability (15). Bone tissue is comprised of os-
teoblasts and inorganic ECM, where inorganic ECM is
composed primarily of hydroxyapatite (HA) (16). HA
and tricalcium phosphate ceramics are commonly em-
ployed as bone scaffolds, offering a favorable environ-
ment for cells like osteoblasts and mesenchymal stem
cells (MSCs) to grow (17). Importantly, constructs syn-

thesized using scaffolds of HA and polycaprolactone
(PCL) that are implanted into skull defects exhibit vascu-
larization, integration with surrounding tissue, and pro-
vide support for new bone formation (18). Currently,
such bone graft substitutes are predominately cell-free
and rely on host progenitor cells to initiate the process
of bone recuperation (18). Constant enhancements to
bone constructs are being made by the addition of ef-
fective growth factors, investigation of better biomate-
rials, and improvement of bioprinters to ensure not only
implantation of these constructs but also their sustain-
ability over time. Of great importance when considering
enhancements to bone constructs is successful vascular-
ization, which is crucial for the supply of nutrients and
has been achieved via in vivo strategies that utilize smart
scaffolds and pre-vascularized grafts (19).



4 Nawaz et al.

4.3 | Cartilage

Commonly occurring degenerative cartilage diseases,
such as osteoarthritis, along with the limited regenera-
tive potential of articular cartilage call for cartilage bio-
printing to combat the restrictions associated with cur-
rent treatment options. Because cartilage is an avascular
tissue, this makes it one of the simplest structures to be
successfully bioprinted. Similar to the anatomical and
physiological properties of chondral tissue, 3D bioprint-
ing is able to deposit chondroprogenitor cells or differen-
tiated chondrocytes along with suitable growth factors
in biocompatible scaffolds to attain the functionality of
native tissues (20). Although chondrocytes are predomi-
nantly used for cartilage bioprinting (21), the use of stem
cells instead offer a better opportunity to improve carti-
lage regeneration due to their immune privileged status
and paracrine activity (22). For the bioprinting of carti-
lage, bioinks utilized for the synthesis of hyaline carti-
lage are most commonly alginate and agarose hydrogels
seeded with MSCs, and GelMA (gelatin methacrylate)
for the synthesis of fibrocartilage (23).

4.4 | Cardiac Tissue

Significant research efforts in 3D bioprinting have fo-
cused on ways to bioprint cardiac tissue in hopes of
better treating cardiovascular disease, which is the pri-
mary cause of death worldwide (24). As far as bioprint-
ing of cardiac tissue is concerned, conservation of me-
chanical and electrical properties of cardiomyocytes re-
mains a key requirement (25). Tissue spheroids have
been constructed by co-printing human vascular en-
dothelial cells (HUVECS) and cardiac cells which, when
fused together, establish a cardiac patch after approxi-
mately three days that is able to beat in sinus rhythm
(20). Importantly, contractility and conductivity of car-
diac constructs are reported to be improved by apply-
ing electrical stimulation during the culture of these
constructs (26). Despite prosthetic valves previously
used in treating valvular heart disease being successfully
substituted by 3D printed heart valve conduits (synthe-
sized using methacrylated and methacrylated gelatin)

(27), bioprinted cardiac tissue, as of now, is far from
implantation-ready at present stage. (20)

4.5 | Nervous Tissue

The central nervous system represents considerable in-
tricacy of structure, immense complexity of function
as well as a weak capacity for regeneration and, there-
fore, poses a major challenge for the synthesis of vi-
able neural tissue constructs. Impressively, human corti-
cal spheroids (hCSs) containing neurons from deep and
superficial cortical layers have been developed from
pluripotent stem cells, and, moreover, are able to exhibit
spontaneous activity, form synapses, and recruit net-
works of astrocytes (28). Alternatively, a polysaccharide-
based bioink comprising of alginate, carboxymethyl-
chitosan and agarose used in conjunction with direct-
write printing of human neural stem cells (NSCs) fa-
cilitates in situ differentiation into functional neurons
and supporting neuroglia (29). More recently, a
poly(3,4ethylenedioxythiophene)/chitosan/gelatin (PE-
DOT/Cs/Gel) scaffold used for 3D culture of NSCs has
been reported to not only promote the adhesion and
proliferation of NSCs but also facilitates their differenti-
ation into neurons and astrocytes (30). Since only a few
studies have been reported in the context of bioprinting
nervous tissue, rigorous efforts are needed to further es-
tablish stable and functional nervous tissue constructs.
Neural bioprinting, if and when applied clinically, may
potentially solve the colossal challenge of innervation
of bioprinted tissues.

4.6 | Lung and Tracheal Tissue

3D bioprinting offers an advanced platform for concur-
rent deposition of multiple cell types in an accurate
morphology so that the prerequisites for constructing
lung-like tissues can be realized and appropriate scaf-
folds can be designed. Greater progress has been made
in bioprinting tracheal tissue, however, epithelialization
and vascularization of grafts remain as primary concerns
(31). Even greater obstacles remain with regards to 3D
printed lung tissue, as scaffolds should allow for proper
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gas exchange and account for other mechanical proper-
ties such as lung compliance, elasticity and recoil. To
tackle these challenges, bioprinting is being utilized to
develop a human air-blood tissue barrier analogue com-
posed of alveolar epithelial type II cells, endothelial cells,
and BM MatrigelTM via a valve-based bioprinting ap-
proach (32). Making this endeavour feasible is acellular
collagen, MatrigelTM and alginate, which are commonly
utilized as bioinks for the 3D printing of lung tissue due
to their favorable elastic moduli (33).

4.7 | Blood Vessels and Cellular
Components of Blood

Printing biomimetic blood vessels remains a formidable
challenge as a high resolution is required to print these
extremely fine structures that must endure high stress
and pressure without damage to the integrity and stabil-
ity of the printed cells. Bioprinting blood vessels can be
achieved by (a) the development of bulk matrices with
integrated channels as perfusable matrices, (b) cell pat-
terning into line structures for self-assembly of an in-
terconnected vessel system, or (c) generation of free-
standing tubular structures serving as artificial vessels
(34). The addition of magnetically controlled nanopar-
ticles (NPs) to bioink has been reported to keep the di-
ameter of the blood vessel reduced to that of a capil-
lary, yet, the use of magnetic NPs and magnetic fields
in the positioning of vessel constructs within tissue is
still in its infancy and requires greater investigation (35).
Because a limited number of techniques are available
to vascularize bioprinted tissue constructs, this hinders
their implantation in vivo as adequate blood supply is
needed for proper supply of nutrients and waste re-
moval. So far, spheroid bioprinting upon appropriate
biomaterial beds or direct deposition of cells on hydro-
gel scaffolds are two approaches employed to construct
vascular structures. The former technique, however, re-
sults in constructs with low mechanical strength and
stability (36) and, more generally, considerably more re-
search is needed to generate functional and viable blood
vessel constructs that can stand on their own. As far as
cellular components of blood are concerned, a novel sol-

uble nanobiotechnological complex formed by crosslink-
ing hemoglobin, superoxide dismutase, catalase and car-
bonic anhydrase can serve all three functions of red
blood cells. These include oxygen-carrying and carbon
dioxide-carrying properties along with the ability to re-
move oxygen radicals, thus enabling successful prepara-
tion of artificial red blood cells (37).

4.8 | Renal Tissue

Kidney damage primarily due to renal disease or sec-
ondary to Diabetes Mellitus, hypertension, or obesity
that results in impaired kidney function is a grave health
concern worldwide. Due to its intricate and complex
structural morphology, only specific portions of the
nephron have been synthesized, which are indeed sim-
ilar in anatomy and physiology to native renal tissue.
These constructs are derived from epithelial cells of the
proximal convoluted tubule, supported by a collagen
type IV interface of renal fibroblasts and endothelium
(38). By leveraging human pluripotent stem cells (hPSCs)
and human induced pluripotent stem cells (hiPSCs) (39),
dissociated and re-aggregated embryonic kidneys can
be used to develop compact renal organoids that not
only contain functional nephrons but follow the course
of development of a normal kidney. Despite this, the
collecting ducts in these organoids are still absent of a
drainage system. Although currently employed to study
the effects of drug toxicity, risk assessment, and the de-
velopment of new drugs (40), the production of renal
tissue bioprints demands approaches that cater to both
the filtration and homeostatic function of kidneys.

4.9 | Liver

Despite the inherent and remarkable capability of the
liver to regenerate and restore its normal function post
hepatic injury, the recuperative process can, on occa-
sion, fail to initiate or becomes dysfunctional, leading
to pathogenesis and ultimately hepatic failure (41). Im-
pairment of liver function due to chronic liver disease,
alcohol abuse, cancer, and other liver insults stipulates
the need for developing liver tissue fabricates that ful-
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fil the physiological and structural demands of the orig-
inal tissue. Limited progress in bioprinting viable liver
tissue has prompted the development of ‘liver-on-a-
chip’ and microplatform bioreactors, which offer a fa-
vorable microenvironment that simulates in vivo condi-
tions and make microtechnology a promising tool to bio-
print tissue substitutes that canmimic the complex func-
tions and architecture of hepatic tissues (42). For ex-
ample, Organovo has utilized an extrusion-based bio-
printing technique to develop a 3D printed hepatic tis-
sue construct that sustained functionality for up to 4
weeks (43). Additionally, endothelial cells have been
combined with primary hepatocytes to achieve vascu-
larization (36). Although the printed models did not ex-
hibit accurate structural morphology, the successful use
of endothelial cells has given way to the possibility of
developing a fully vascularized and functional hepatic
model of the liver that can potentially be implanted (36).

4.10 | Pancreas

The World Health Organization declares that approxi-
mately 1.6 million deaths result from diabetes mellitus
each year (44). Raised blood glucose levels, which are
typically regulated by the pancreas, can cause vascu-
lar damage and often result in nephropathy, retinopa-
thy, hypertension, stroke, and neuropathy (45). 3D
bioprinting focuses on synthesizing a construct to im-
plant allogeneic islet cells that may better regulate pan-
creatic function and counteract the debilitating effects
caused by diabetes (46). One technique, named extru-
sion bioprinting, is able to utilize alginate and methylcel-
lulose (Alg/MC) as a bioink to fabricate tissue constructs
with accurate morphology, insulin-secreting properties
and the ability for insulin to diffuse through the scaf-
fold, however, it also results in decreased viability and
fragmentation of the printed islets which eventually un-
dergo apoptosis (47). To address this, co-axial bioprint-
ing technology allows islet cells to be co-printed with
endothelial progenitor cells and T cells in order to im-
prove vascularization and viability (46). The bioprinting
of a fully functional pancreas is still under investigation
and much more research is needed to develop appropri-

ate biomaterials that support and facilitate insulin pro-
duction. If its potential is realized, 3D printing of viable
pancreatic tissue may change the course of treatment
for type 1 diabetes mellitus.

4.11 | Cornea

Because the cornea is an avascular structure, bioprint-
ing techniques are deemed a promising alternative to
the complications associated with corneal transplanta-
tion. Restoration of vision in cases of corneal blindness
is predominantly performed via corneal transplants, yet
the ratio of corneal donation to patients in need for such
transplants is immensely low (less than 1:70 of cases)
(48) and calls for investigating novel treatments to cover
the shortage of donors (48). Laser assisted bioprinting
to fabricate corneal constructs has been carried out by
depositing limbal epithelial stem cells (LESCs) and hu-
man adipose tissue-derived stem cells (hAScs) using col-
lagen 1 and recombinant human laminin as a basis for
these bioinks. Along with corneal constructs, biofabri-
cation of retinal ganglion cells, glia as well as of retinal
pigment epithelium has been described (49). Moreover,
3D bioprinting provides the advantage of customizing
corneal implants as well as precise control over struc-
ture and refractive ability, which makes the use of such
implants in treating corneal blindness of immense impor-
tance.

5 | IN CLINICAL AND CANCER
RESEARCH

Tissue bioprints have been used extensively to study
the effects of drug toxicity and the pathophysiology
of different diseases. There is a pressing demand for
establishing human tissue models that can accurately
recapitulate the cellular and physiological complexities
of in vivo tissues so that the pathogenesis of different
disease states can be studied more efficiently; and for
drug response and toxicity to be investigated more ef-
fectively (50). Restrictions associated with cancer re-
search carried out on 2D cultures and murine mod-
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els, which include failing to develop tumor microenvi-
ronments (TME) and failing to recapitulate human tis-
sue morphology, have been addressed by 3D bioprinted
models (51) with the added advantage of permitting the
study of personalized cancer treatment (52). Engineered
hydrogel tumor models present an opportunity to reca-
pitulate the in vivo environment providing deeper insight
into cancer cell behaviour (53), for example, the recently
described hyaluronan (HA)-oxime breast cancer model
that effectively represents the in vivo phenotype (54).

Bioprinting may also be employed to prepare drugs
and drug delivery systems (55). Predicting the efficacy
and toxicity of new drugs will hasten the process of in-
troducing new and improved drugs into the market, as
biofabricated tissue constructs will not only allow for
testing of these drugs on native-like tissues but will also
provide an opportunity to study physiological responses
to their effects (40). Moreover, patient-specific models
are also being utilized to study surgical planning, to re-
hearse surgical procedures, and for medical and patient
education (56).

6 | IN SITU BIOPRINTING

The objective of 3D bioprinting is to synthesize viable
tissue constructs outside of any living organism that can
be successfully implanted within the body (57). in situ
bioprinting, also called in vivo bioprinting, allows the
printing to take place directly at the site of defect or in-
jury (58) and has been practiced in the context of skin,
where inkjet bioprinting technology (59) has been used
to bioprint in situ over skin using an inkjet-based bio-
printer (60). Although these investigations suggest im-
mense potential for bioprinting tissues on site, further
investigation is needed to make it practical for applica-
tion.

7 | FUTURE PLANS AND POSSIBIL-
ITIES

3D bioprinting is anticipated to contribute significantly
to the development of personalized drugs, which will

be particularly effective in overcoming the issue of phar-
macogenetic polymorphisms (61). Ex vivo 3D Bioprint-
ing also provides the opportunity to customize prosthe-
ses and dental implants in accordance with the needs
of the patient (62). The most anticipated advancement
of 3D bioprinting is predicted to be made in the field
of tissue engineering and regenerativemedicine (TERM),
where these printing technologies can be employed to
construct viable and functional tissues. However, cur-
rent research limits the clinical application of synthe-
sized tissue constructs as the significant challenges of
vascularization, innervation, in vivo survival, and func-
tional sustainability remain. If biofabrication of complex
tissues is to become successful in the future, this would
bridge the gap between organ demand and organ dona-
tion (63); and better test the efficacy of drugs directly on
a patient’s printed tissue strip (62). Although there are
many questions that remain unanswered about the clin-
ical application of this technology, one cannot deny the
immense potential it holds if a transdisciplinary effort
is carried out to circumvent the aforementioned chal-
lenges.

8 | LIMITATIONS

Major limitations associated with 3D bioprinting of tis-
sues and organs are vascularization and maintenance of
post-print sustainability. Bioprinting thick tissues that
are viable and functional also remains a colossal chal-
lenge (64). Although 3D bioprinting offers a novel ap-
proach to conventional treatment, and the media heav-
ily promotes the timely emergence of organ bioprinting,
immense work needs to be done for it to become ap-
plicable in clinical settings (65). Besides biological con-
cerns, monitored use of these printers and patent con-
cerns also need to be addressed (66). An important
question, in this case, is whether bioprinters will be a
patentable or a non-patentable technique? The answer
to this question remains, alongwith other legal concerns
regarding the printers and the technique itself (67).
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9 | SOCIO-ETHICAL VIEW

As the innovations of 3D bioprinting gain traction, it be-
comes crucial to highlight ethical and social concerns,
and to devise policies regarding the application and dis-
tribution of this technology (68). Firstly, the research
community is still unable to determine as to if or when
organ biofabrication, in its entirety, will be possible. in
vivo testing of bioprinted tissues and organs in humans
is another area of major concern: there is the question
of who will be responsible if printed tissue undergoes
necrosis or fails to conform to its bodily environment, ul-
timately leading to infection at the site of implantation?
Would there be a certain limitation as to what should
and should not be bioprinted? In the context of compli-
cations, who will be held accountable for the treatment
opportunity that was lost in favour of implanting bio-
fabricated tissue (69)? Currently, there is an absence of
international directives and a regulatory outline related
to experimental testing of bioprinted tissue in humans.
Concerns over ownership and value of these biofabri-
cated constructs by different parties involved in their
development also needs to be addressed (70), as does
the financial cost for those who opt for biofabricated
and personalized tissues and implants as treatment (71).
Taking into account all these concerns, a collective effort
of researchers, lawyers and policymakers is needed to
avoid exploitation of this potentially revolutionary tech-
nology (72).

10 | CONCLUSION

3D bioprinting opens new doors in the field of regenera-
tivemedicine and research in general by providing an op-
portunity to print viable tissue constructs. Although this
technology can imitate the function and architecture of
their counterparts in the human body, muchwork needs
to be done to make it clinically applicable and to sustain
post-print viability of these tissues, so that they retain
functionality and maintain reproducibility. Ethical con-
cerns and patent issues need to be resolved before it
can be made available as a treatment plan; and a colos-

sal interdisciplinary collaboration is needed to bring this
technique from bench to bedside.
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TABLE 1 A summary of salient features of major bioprinting techniques along with their clinical applications

3D Bioprinting
Technique

Process Advantages Limitations Applications

Inkjet-based

Droplet-On-
Demand tech-
nique.
Involves one of
the techniques
mentioned below
(6) to dispense
droplets onto a
collection plat-
form to allow
build up of layers
in the z direction
and eventual
construction of a
3D structure (5).

Contactless print-
ing. Allows for
modulation of
size, position,
and deposition
rate of droplets.
High spatial
resolution (38).
High cell viability
(80-90%) (5).

Cannot use high
viscosity materi-
als. Mainly used
for printing small
scaffolds (38).

in situ bioprint-
ing of skin (60)
Blood vessels
(35) Human der-
mal fibroblast (5)
Bone and carti-
lage constructs
(5)

Peizo-assisted Glia and retinal
ganglion cells
(36).

Thermal-assisted Cellular viability
is affected by
heat application
(36). Nozzle
clogging (36).

Pressure-
assisted

Involves the use
of plastic or glass
cartridge filled
with selected
bioinks/ bioma-
terials, ejected
in the form of a
filament through
a nozzle or a
needle (36).

Allows dispens-
ing of different
combinations
of cells and
biomaterials (36).

Low resolution.
Improving reso-
lution requires
decreasing noz-
zle diameter
which results and
low cell viability
(36).

Cells such as
murine pre-
osteoblasts,
human mes-
enchymal stem
cells, endothe-
lial cells, and
osteogenic pro-
genitors (6).
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Laser-assisted Involves a tri-
layered system
of an energy-
absorbing layer, a
donor layer and
a bioink layer (5).
Application of
a laser beam to
desired sites of
energy absorbing
layer results in
vaporization of
corresponding lo-
cations of donor
layer underneath,
leading to the
formation of a
high-pressure
bubble at the
interface. This re-
sults in impelling
of bioink, lead-
ing to a droplet
falling onto the
platform (5).

Nozzle free
and so no clog-
ging. Can utilise
bioinks of rel-
atively higher
viscosity. Allows
manipulation
of single cells.
Allows precise
control of po-
sition of cell
droplets. Fast
bioprinting speed
(38).

Although res-
olution is very
high, it is depen-
dant on multiple
factors such
as viscosity of
bioinks, speed of
laser printing, etc.
Laser-induced
cellular death
during the pro-
cess leads to low
ultimate viability
(38).

Human dermal
fibroblasts, Graft-
skin skin substi-
tutes (6). Cornea
(49) Bovine pul-
monary artery
endothelial cells,
breast cancer
cells, mural neu-
ral stem cells
(6).
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Stereolithography Utilises photo-
polymerisation to
solidify bioinks in
a layer-by-layer
fashion along the
z-axis, resulting
in formation
of complex 3D
structures from
2D pattern of
interest (5).

First used in
reconstructive
head surgery to
produce accu-
rate models of
the cranium (5).
Relatively higher
bioprinting speed
(5). No shear
stress is applied
to the cells (5).
High cellular
viability (5). High
resolution (5).
High Fabrication
Accuracy (6).

The liquid used
must be trans-
parent with
minimum scat-
tering of light (5).
Only certain den-
sities of bioinks
can be used (5).
Unavailability of
biocompatible
and biodegrad-
able polymers.
An inability
to completely
remove the sup-
porting structure
and to form hor-
izontal gradient
in the constructs
(6).

Alveoli (31) Bone
tissue (35)
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Extrusion bio-
printing

Continuous ex-
trusion of bioink
from the nozzle
tip (38) driven by
three types of
systems: pneu-
matic, piston
and screw. The
pneumatic sys-
tem dispenses
bioink using com-
pressed gases,
piston and screw
systems use me-
chanical forces
without gases,
dispensing bioink
through a pump
(13).

High deposition
and printing
speed (9). Allows
bioprinting of
a wide range
of bioinks with
high cellular
density, and of
anatomically
correct porous
constructs (9).
Printed scaffolds
show good struc-
tural integrity
(38). Fast print-
ing speed (14).
Can produce
large cell-laden
constructs in
a controllable
manner (14).

Biomaterials
need to have
high elastic
modulus and an
appropriate loss
modulus. The
consistency of
the biomate-
rial should be
fluid-like so it
can be extruded
through the noz-
zle. Extrusions
must be strong
so that shape can
be maintained,
both during and
after the process.
Relatively low
printing reso-
lution. Stress-
induced cellular
distortion. Low
cellular viability
(38).

Bone (19) Carti-
lage (21) Cardiac
tissue (20) Ner-
vous tissue
(microextrusion
bioprinting) (29)
Blood vessels
(35) Liver (43)
Pancreas (47)
Cornea (48)
Skeletal muscle
(35) Hepatocytes
(9) Lung tissue
analogues (9)
Renal organoids
(39)


