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Classification of 3D bioprinting
As we mentioned in the last editorial, 3D printing, also
known as additive manufacturing, could be considered as the
reverse process of potato cutting, automatically assembling
sliced potato, shredded potato, diced potato to integrity
[1]. Generally speaking, cell-laden 3D bioprinting can be
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classified into three types: extrusion-based, droplet-based
and photocuring-based bioprinting according to different
printing principles. Extrusion-based bioprinting squeezes
out continuous hydrogel fibers to set up structures; dropletbased bioprinting generates droplets as the basic unit for
biofabrication; and photocuring-based bioprinting utilizes
the characteristics of light-sensitive materials, to stack 3D
models layer-by-layer. Different bioprinting approaches
own diverse characteristics facing various scenarios and
have specific requirements for bioinks.

Extrusion-based bioprinting
Extrusion-based bioprinting is the most widely used bioprinting method at present, which is suitable for a broad
range of biocompatible materials. Based on different liquid
dispensing approaches, pneumatic-driven, piston-driven and
screw-driven extrusion systems have been applied to extrude
cell-laden bioinks through a nozzle orifice in manner of
continuous filaments. 3D complex structures are obtained
after repetition of layer-by-layer stacking of fibers on a
receiving substrate.
For extrusion-based bioprinting, scholars often choose
bioinks with temperature-sensitive, or shear thinning properties which meet the printability requirements. Materials
with viscosities ranging from 30 to 6 × 107 mPa/s have
been shown to be compatible with extrusion-based bioprinters [2]. It is a common sense that materials with higher
viscosities offer more support for maintaining bioprinted
structures, while lower viscosities materials provide better
micro-environment for cell viability and functionalization.
Thereby, the wide range of printable biomaterial viscosities
means abundant selection of bioinks facing different scenarios. Furthermore, multi-material bioprinting, which means
utilizing two and more kinds of biomaterials to build a structure in collaboration, can also be closely combined with
extrusion-based bioprinting. Nevertheless, the resolution of
extrusion-based bioprinting is usually about 200 microns,
which not only makes it difficult to accurately simulate tissue structures, but also limits its wide applications. Besides,
shear force during high-viscosity bioinks extrusion process
might result in cell damage.

Droplet-based bioprinting
Other than extrusion-based bioprinting using fibers as basic
unit, droplet-based bioprinting employs discrete droplets to
stack into 3D models. On the basis of different droplets
forming principles, droplet-based bioprinting can be roughly
divided into inkjet bioprinting [3], electrohydrodynamic jetting (EHDJ) [4], and laser-assisted bioprinting (LAB) [5].
Inkjet bioprinting takes advantage of bioinks physical
properties, including viscosity, surface tension and density,
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to deposit microspheres onto a receiving substrate. It can
be further classified into continuous inkjet (CIJ) bioprinting
and drop-on-demand (DOD) inkjet bioprinting, where DOD
inkjet bioprinting, including thermal—and piezoelectricinkjet bioprinting, is more commonly applied in tissue
engineering field. Due to its accessibility and capability of
biomaterials precise control, inkjet bioprinting possesses several advantages such as low cost and high printing precision.
However, this technique has several limitations, including
nozzle plugging during cell-laden bioinks jetting and considerable damage impacts on cells in the process of inkjet
which influences the subsequent functionalization. In addition, this technique has a limited range of available bioinks,
particularly in high concentrations; and its nozzle head is
damageable.
EHDJ employs an electric field motivated by high voltage
to pull droplets out of the nozzle orifice. Variation of the voltage would certainly influence the size of each droplet, where
higher voltage brings smaller droplets [6, 7]. Because it
avoids excessive pressure during extrusion process of bioink
through nozzle, which would affect cell viability, EHDJ is
suitable for bioprinting bioinks with high weight/volume
ratio and high cell concentration. This bioprinting method has
advantages such as low cost, high efficiency, high precision,
deposition position controllability and low cell damage, but
it also has limitations such as electric accumulation affecting
deformation of complex constructions; electric field intensity
is related to the height of printed structure, leading to complicated process control and difficult to stack many layers
[8].
LAB is a non-contact, nozzle-free bioprinting approach,
to precisely deposit bioink droplets. LAB technique contains
laser-guidance direct writing (LGDW) and laser-induced forward transfer (LIFT), where LGDW exploits optical trap to
guild cells onto a substrate, while LIFT utilizes a focused
pulsed laser-induced local evaporation of bioink-coated layer
to propel biomaterial toward receiving layer. LAB innately
avoids nozzle clogging problems and shows reproducibility
because its nozzle-free characteristic, and it can reach higher
printing resolution compared to inkjet bioprinting because of
its smaller droplet generation. Whereas, several drawbacks
still limit the use of LAB technology. For example, the uniformity of the coating layer is not easy to control, manually
replacing coating is inefficient, process adjust and control is
far too tedious, unable to fabricate complex structures, lack
of commercialized devices, etc.

Photocuring-based bioprinting
Photocuring-based bioprinting solidifies photosensitive
polymers to form constructs under precisely controlled lighting with high printing precision and fast printing speed. It
can be further classified into stereolithography (SLA), and
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projection-based printing (also called digital light processing, DLP) on account of different light scanning modes.
For bioprinting each layer using SLA technique, laser
scans a 2D pattern by passing through its path point-bypoint. When one layer is cured, platform would lower a floor
height for the next until the whole structure obtained. Differs from SLA, DLP photo-crosslinking one complete layer
instantaneously instead of point-by-point. The printing process can be categorized into bottom-up, or top-down. Using
a digital micromirror device (DMD) as dynamic mask, a
DLP bioprinter can shift 2D pattern for each layer, which
leads to high printing speed. Photocuring-based bioprinting
has advantages including nozzle-free and high resolution,
while it has several deficiencies such as its non-ideal density
and uniformity of loaded cells, ultraviolet exposure and toxic
photoinitiators might affect cells activity, and there are not
many compatible biomaterials.
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Projection-based bioprinting
As we mentioned above, projection-based printing applies
photosensitive biomaterials, gelatin methacryloyl (GelMA)
hydrogel for instance, to layer-by-layer stack complex 3D
structures under the exposure of particular wavelength of
light. In principle, DLP enjoys an exceptional advantage
in printing speed compared to other bioprinting strategies,
since no matter how complex the structure is, and the printing
time of each layer does not change. Besides, compared to
traditional extrusion-based, or inkjet bioprinting, DLP owns
a much better printing resolution, reproductivity and can
fabricate constructs much smoother [13], which certainly
leads to an improved bioprinted constructs standardization,
structural integrity, mechanical property. There are also no
worries about nozzle plugging, or shear stress affecting cell
viability. We expect that DLP might replace extrusion-based
bioprinting as the most mainstream bioprinting method in
the near future.

Advances in 3D bioprinting methods
Embedded bioprinting
Klebe first demonstrated printing biologics in 1988 [9], and
bioprinting has been carried forward since Boland et al. put
forward the concept of cell and organ printing in 2003 [10,
11]. Since then, there have been a great many bioprinting
methods applied with the rapid technological evolution, and
some outdated printing methods have been gradually eliminated, while novel ideas are continuously applied in this
field. We believe coaxial bioprinting, DLP and embedded
bioprinting, which have approved considerable achievements
and showed great potentials, will play increasingly important
roles in 3D bioprinting.

Coaxial bioprinting
Coaxial bioprinting has been a more and more popular
extrusion-based bioprinting method since it was introduced
to tissue engineering field in 2015 [12], especially in the area
of blood vessel biofabrication/vascularization. The greatest advantage of coaxial bioprinting is its capability of
building biological/mechanical property tunable hierarchical
tubular structures. As is known to all, hydrogels with excellent biocompatibility usually possess insufficient mechanical
strength. And it can be solved to a certain extent with
core–shell structures by coaxial bioprinting: core material ensures biocompatibility, while shell material provides
mechanical strength, or vice versa. Using sacrificial material
as the core material would also contribute to conveniently
bioprinting hollow tubular structures. In the urgent demand
of bioprinted organoids requiring considerable vascularization to ensure the viability and functionality of cells, coaxial
bioprinting will play an increasingly important role in in vitro
model construction.

One of the major limitations of traditional bioprinting
approaches is that fabrication of discrete patterns, which are
not mechanically supported, cannot be achieved. In addition,
building structures with bifurcated blood vessels has never
been a simple task. To address these problems, embedded
bioprinting allows anti-gravity writing of 3D freeform constructs within a yield stress, gel-based supporting bath, which
would be further removed post-printing to retrieve models
with desired shapes or channels [14–16]. What is more, bioprinting components of human heart at various scales, from
capillaries to the full organ, were achieved using embedded
bioprinting technology this year [17]. Although it has a
relatively narrow selection for bioinks and support materials, embedded bioprinting is still a technology with broad
prospects.

Requirements of bioprinters
With the rapid development of 3D bioprinting in the field of
tissue engineering and regenerative medicine, including clinical transplantation, pharmaceutics, high-throughput screening, cancer research and even cosmetology, the demand for
bioprinters has risen substantially. A variety of bioprinters
have been developed at research institutions/universities all
over the world, and numerous companies have sprung up to
commercialize advanced bioprinter technologies.
There are a wide variety of bioprinters available in the market, which are usually enormous, multi-functional, expensive
and difficult to evaluate. Whereas, what kind of bioprinting devices is suitable for researchers with a biomedical
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background? We believe the future trends of bioprinters
are affordable, workable, quantifiable and applicable, which
are highly consistent with the demands of more and more
scholars entering the field of 3D bioprinting. 3D bioprinting,
which is still in the process of gaining popularity, will be a
main method to construct 3D cell culture micro-environment
and become a universal approach in biomedical research
area.
• Affordable
With the rapid development of 3D bioprinting, more and
more researchers and related industry scholars set foot in
this area. 3D bioprinting devices with unreasonable prices
would be a barrier for new comers.
• Workable
Highly integrated bioprinters are usually costly and hard to
get started for beginners. Workable of bioprinting devices
stands for configuration modularized, as easy to use as a
kitchen device at the same time. Modularization ensures
straightforward, relatively small in size, users can select
different modules according to their needs, while compact
of bioprinters is to satisfy the requirements for cell printing
within a standard clean bench.
• Quantifiable
The standardization and consistency evaluation of printing
process are becoming more and more urgent with the rapid
evolution of bioprinting technologies. And a quantitative
standard of printing quality should be established both at
the level of structure precision and cell growth.
• Applicable
Various cell injuries such as mechanical damage in printing
process and cell damage during digestion and metastasis
should be taken into consideration to measure the availability of its follow-up clinical application.

Discussion
3D bioprinting has evolved rapidly over the last three
decades, recent studies have made great achievements in
organoids bioprinting and in vitro model construction, and
a myriad of bioprinting methods have been developed for
multiple application scenarios. Nevertheless, 3D bioprinting
techniques still have a lot of room for progress, for example,
biofabrication resolution, bioprinting speed, applicability to
a wide range of bioinks. And multi-scale, multi-material,
multi-cell bioprinting are becoming the focus of future development. We believe that affordable, workable, quantifiable
and applicable are the future trends of bioprinting devices
development. It is expected that 3D bioprinting will continue
to evolve to achieve the process from structural similarity to
functional realization.
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