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Abstract: 3D bioprinting has the capability to create 3D cellular constructs with the desired shape using a layer-by-layer
approach. Inkjet 3D bioprinting, as a key component of 3D bioprinting, relies on the deposition of cell-laden droplets to create
native-like tissues/organs which are envisioned to be transplantable into human body for replacing damaged ones. Benefiting
from its superiorities such as high printing resolution and deposition accuracy, inkjet 3D bioprinting has been widely applied to
various areas, including, but not limited to, tissue engineering and drug screening in pharmaceutics. Even though inkjet 3D
bioprinting has proved its feasibility and versatility in various fields, the current applications of inkjet 3D bioprinting are still
limited by the printing technique and material selection. This review, which specifically focuses on inkjet 3D bioprinting, firstly
summarizes the techniques, materials, and applications of inkjet 3D bioprinting in tissue engineering and drug screening,
subsequently discusses the major challenges that inkjet 3D bioprinting is facing, and lastly summarizes potential solutions to
those challenges.
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1 Introduction

The concept of 3D printing was firstly presented
in 1986 when Charles W. Hull was able to form a 3D
construct by curing photo cross-linkable materials
using an early ultraviolet light-based stereolithography
technique layer-by-layer (Murphy and Atala, 2014).
Since then, 3D printing technology which can create
3D constructs with desired structures has drawn much
attention (Zhang et al., 2019). For example, only two
years after Charles W. Hull, Klebe attempted to print
collagen and fibronectin using an HP thermal inkjet
printer which relied on heat bubbles to squeeze the ink
and form droplets with controllable size (Klebe, 1988).
Even though the first commercial inkjet 3D printer
was reported to come out in 2000, the development of

the normal inkjet printer, with its first practical patent
approved in 1951, was long before the proposal of the
concept of 3D printing (Gudapati et al., 2016). With
the consistent development of printing techniques, the
application areas of 3D printing have been broadened
into various fields such as electronic devices (Li et al.,
2020). In recent years, with advances in materials sci‐
ence and biology, the application of 3D printing, in‐
cluding inkjet printing, has been further extended into
tissue engineering by 3D printing the bioink com‐
posed of biological materials, living cells, and biomol‐
ecules. The concept of 3D bioprinting, with its aim to
artificially create 3D functional tissues/organs to re‐
place damaged ones (Mandrycky et al., 2016; Santoni
et al., 2022), has thus been proposed. Also, 3D bio‐
printing has been used in a number of fields including
drug delivery and screening (Ma et al., 2018), and
cancer research (Knowlton et al., 2015).

The concept of inkjet 3D bioprinting was firstly
presented by Boland after successfully depositing liv‐
ing cells using a modified inkjet printer (Mironov
et al., 2003). One early application, using inkjet 3D
bioprinting to fabricate poly (lactic-co-glycolic acid)
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(PLGA)-based scaffolds, on which living cells such
as endothelial cells were seeded, can be traced back to
1997 (Griffith et al., 1997). Since then, inkjet 3D bio‐
printing, as one of the pioneering 3D bioprinting tech‐
nologies, has been extensively used due to its low
cost, high printing resolution, high deposition accuracy,
and negligible harmfulness on the living cells during
the printing process (Gudapati et al., 2016; Wu and
Xu, 2018; Takagi et al., 2019). However, inkjet 3D
bioprinting also has disadvantages such as the restric‐
tion in bioink viscosity because of the nozzle size (Xu
et al., 2022a). Considering the broad impact of inkjet
3D bioprinting, it is critical to present a specialized re‐
view focusing on inkjet 3D bioprinting. The aim of
this review is to list the main techniques of inkjet 3D
bioprinting, summarize its typical applications in tissue
engineering and pharmaceutics, discuss its limitations
and key challenges, and present its future research
directions so as to address the existing key challenges
and promote the technological advances that will
enable its broader impact.

2 Overview of inkjet 3D bioprinting technologies

Various inkjet printing technologies have experi‐
enced remarkable improvement during the past few
decades. Depending on the droplet generating and dis‐
pensing mechanism, the most impactful ones can be
divided into three categories, namely continuous ink‐
jet (CIJ) printing, drop-on-demand (DOD) inkjet
printing, and electrohydrodynamic (EHD) inkjet print‐
ing (Wijshoff, 2010; Gudapati et al., 2016; Shah et al.,
2021). Schematic diagrams of these representative
inkjet printing techniques are shown in Fig. 1. To the
best of our knowledge, DOD and EHD inkjet printing
technologies have already been used for 3D bioprint‐
ing whereas CIJ printing has yet to be used in inkjet
3D bioprinting. In this section, the principles of these
three groups of inkjet printing technologies will be
discussed and the characteristics of DOD and EHD
inkjet 3D bioprinting will be summarized.

2.1 CIJ printing

In CIJ printing, as depicted in Fig. 1a, pressur‐
ized ink is ejected through a tiny nozzle to form an en‐
ergetically unstable jet, which subsequently breaks up
into a stream of droplets owing to Rayleigh-Plateau

instability (Eggers and Villermaux, 2008). The rup‐
ture of the jet is stimulated via a piezoelectric vibra‐
tion (produced by a piezoelectric transducer) exerted
on the ink upstream of the nozzle, which regulates the
breakup position of the jet and the velocity and size of
the droplets (Basaran et al., 2013). After detaching
from the end of the continuous liquid jet, the formed
droplets are charged while passing through the elec‐
tric field of the charging electrode, and are steered
with a set of deflecting electrodes to be deposited at
the pre-designed locations on the receiving substrate.
The non-printed droplets are collected by a gutter and
recycled back to the nozzle (Derby, 2010; Hoath,
2016).

CIJ printers are prevalent in industry thanks to
their long drop throw distance (>10 mm) which is fa‐
vored for printing on cardboard and curved surfaces
(Hoath, 2016). Even though nozzle clogging is not
frequently observed in CIJ printing due to its rela‐
tively large nozzle size (Derby, 2010), the recycling
of the ink significantly increases the chance of con‐
tamination which would be detrimental for the encap‐
sulated cells during 3D bioprinting. In addition, the
complex composition of a CIJ printing system further
restricts its applications (Li et al., 2020). For these rea‐
sons, CIJ printing has not been used in 3D bioprinting
despite its significant contribution to industrial print‐
ing (Godleman et al., 2021; Phung and Kwon, 2022).

2.2 DOD inkjet 3D bioprinting

DOD inkjet printing, unlike CIJ printing, emits
droplets only when the ejection signal is provided,
enabling better controllability of the formed droplets.
Compared to CIJ printers, DOD inkjet printers are
simpler (Derby, 2010; Wijshoff, 2010). Furthermore,
a DOD inkjet printer can be equipped with multiple
printheads to enable multi-material printing. The cur‐
rent DOD inkjet 3D printing system can produce
droplets with a volume as small as 1 pL (Yang et al.,
2021), and for that reason, DOD inkjet printing is fa‐
vored as one of the most promising 3D bioprinting
technologies. According to the mechanism of the for‐
mation of droplets in DOD inkjet printing, different
types of current DOD inkjet printing can be catego‐
rized. Typically, the bioink inside the fluid chamber is
held in place at the nozzle orifice by surface tension
and back pressure. A droplet is ejected when the con‐
trolled pressure pulse inside the nozzle exceeds a
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certain threshold, where the pressure pulse has been
induced by means of a thermal, a piezoelectric or an
electrostatic actuator, referring to thermal inkjet (TIJ)
printing (Hoath, 2016), piezoelectric inkjet (PIJ) print‐
ing (Li et al., 2019; Kwon et al., 2020), electrostatic
inkjet printing (Nishiyama et al., 2009; Gudapati et al.,
2016; Li et al., 2020), respectively. In addition, micro‐
valve inkjet printing where the droplets are expelled
from the nozzle filled with positively pressurized bio‐
ink via the opening and shutting of a microvalve can
also be seen as a modified version of DOD inkjet
printing (Blaeser et al., 2016; Ng et al., 2017). All
these four types of DOD inkjet printing have proved
their feasibility in 3D bioprinting.

2.2.1 TIJ 3D bioprinting

In TIJ 3D bioprinting, as illustrated in Fig. 1b(i),
a small thin-film heater is placed in the nozzle cham‐
ber to trigger thermal bubbles which expel a small
amount of bioink from the nozzle to form droplets.
During the droplet ejection process, upon receiving a
current signal, the heater immediately boils the sur‐
rounding bioink for several microseconds at a greater
than 107 K/s heating rate to form the vapor bubble
which expands rapidly to the point of collapse and
generates the required pressure pulse to eject the ink
(Hoath, 2016). The heating temperature usually rises
to nearly 300 ℃; however, the temperature of the bio‐
ink within the chamber has been reported to increase

Fig. 1 Depiction of typical inkjet printing technologies: (a) CIJ printing, a liquid jet from a nozzle breaks up into a
stream of droplets which are deflected by electric fields onto a substrate to conduct printing; (b) DOD inkjet 3D bioprinting:
( ⅰ) TIJ 3D bioprinting where droplets are ejected by thermal bubble expansion, (ⅱ) PIJ 3D bioprinting where droplets
are produced via fast piezoelectric ceramic deformation, (ⅲ) electrostatic inkjet 3D bioprinting where droplets are expelled
through rapidly deforming the pressure plate, and (ⅳ) microvalve inkjet 3D bioprinting where droplets are generated
with the rapid opening and shutting of the nozzle orifice; (c) EHD inkjet 3D bioprinting, which relies on electric force to
expel the bioink from the nozzle to form droplets
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no more than 4–10 ℃ because of the extremely short
boiling time (Cui et al., 2012). Even though the ther‐
mal and shear stresses during printing might jeopar‐
dize cell viability and alter the phenotype of the en‐
capsulated cells (Campbell et al., 2020), some studies
have reported a greater than 90% cell viability by opti‐
mizing the printing parameters (Li et al., 2020; Ng
et al., 2022; Suntornnond et al., 2022).

TIJ 3D bioprinting is favored for its rapid print‐
ing speed and low cost. However, it also has several
disadvantages which restrict its broader applications.
First of all, its lifetime is relatively low for several
reasons, such as the electromigration of the heater,
damage by bubble cavitation, and thermal stress-
induced cracks, even though the lifetime can be pro‐
longed by improving the thickness and shape of the
heater (Lim et al., 2005). Kogation, which is caused
by the accumulation of bioink particles on the heater,
is another main issue in TIJ and affects the formation
of bubbles and droplet ejection (Shah et al., 2021).
Furthermore, it is challenging to maintain a steady
formation process of droplets (Li et al., 2020). Lastly,
the nozzle with a tiny orifice is prone to clogging,
and the material choices of TIJ 3D printing are quite
limited.

2.2.2 PIJ 3D bioprinting

In PIJ 3D bioprinting, the pressure pulses for
droplet ejection are introduced via direct mechanical
deformation of a piezoelectric transducer. PIJ technol‐
ogies can be further categorized into squeeze, bend,
shear, and push modes depending on the configura‐
tion of the transducer (Kwon et al., 2020; Shah et al.,
2021). Fig. 1b(ii) demonstrates the PIJ 3D inkjet bio‐
printing with a squeeze mode. During the droplet for‐
mation process, the actuator expands or contracts due
to the voltage waveform, which thereby changes the
volume of the bioink chamber to cause a pressure
pulse for bioink ejection and droplet formation (Li
et al., 2019; Kwon et al., 2020; Shah et al., 2021).
The printing performance of PIJ 3D bioprinting can
be mediated by optimizing the printing parameters,
such as the parameters of driving voltage signal (Zhao
et al., 2021) and the material composition of the bio‐
ink (Yin et al., 2019).

It is relatively simple to regulate the droplet
formation during PIJ 3D bioprinting by adjusting
the driving voltage waveform. Compared to TIJ 3D

bioprinting, PIJ 3D bioprinting has broader choices of
nozzle diameter (10 to 120 μm), and nozzle cleaning
is easy to conduct (Li et al., 2020). Ideally, PIJ 3D
bioprinting could deposit a wide variety of inks onto
the substrate for the formation of well-defined patterns
or structures. However, the instability of the droplet
formation process and the entrainment of bubbles
(Wijshoff, 2010) in the ink channel are two big chal‐
lenges yet to be overcome. In addition, the generated
ultrasonic and shear stresses during PIJ 3D bioprint‐
ing are also adverse to the viability and functionality
of printed cells (Murphy and Atala, 2014; Shi et al.,
2018). The cell viability in PIJ inkjet 3D bioprinting
has been reported to lie in the range from 75% to
95% depending on the printed cell type, printing pa‐
rameters, and bioink composition (Gudapati et al.,
2016; Li et al., 2020; Kang et al., 2021).

2.2.3 Electrostatic inkjet 3D bioprinting

The electrostatic inkjet 3D bioprinting process
shown in Fig. 1b(iii) is similar to PIJ, with the pres‐
sure pulse for emitting the bioink also induced by the
mechanical deformation of chamber wall. The pres‐
sure plate on the nozzle wall is attracted to the elec‐
trode owing to the electrostatic forces when a voltage
pulse is applied between them, and the pressure plate
subsequently regains its original shape in the absence
of the voltage signal, so as to trigger a pressure pulse
in the chamber to squeeze the bioink out for droplet
formation (Wijshoff, 2010; Gudapati et al., 2016).

The nozzle selected for electrostatic inkjet 3D
bioprinting typically has a diameter of 10–60 μm, re‐
sulting in the formation of droplets with a diameter
ranging from 24 to 67 μm, while the droplet spacing
between adjacent droplets during printing can be as
small as 8.8 μm (Nakamura et al., 2005). Electrostatic
inkjet printing is not selected for graphic and text print‐
ing onto paper because of its poor printability and reli‐
ability. However, it has been utilized for other appli‐
cations owing to its low cost and easy implementa‐
tion (Wijshoff, 2010). A representative application in
the 3D bioprinting field was reported by Nishiyama
et al. (2009), where they employed an Epson SEA-Jet
printhead to print microbeads, fibers, sheet structure,
and 3D tube structures with or without cells encapsu‐
lated. More than 70% of the cells were found to be
alive (Nakamura et al., 2005, 2010; Nishiyama et al.,
2009).
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2.2.4 Microvalve inkjet 3D bioprinting

The key element of a microvalve inkjet 3D bio‐
printing system is the normally-closed microvalve
nozzle, with the chamber of the nozzle filled with bio‐
ink by positive back pressure. The outlet of the nozzle
is governed by a plunger, and the bioink can be ex‐
pelled to form a droplet when the plunger executes
one open-shut action of the orifice within a short dura‐
tion (about 100 μs). The movement of the plunger can
be accurately driven by a solenoid coil, a piezoelectric-
stack actuator or air pressure (Gudapati et al., 2016;
Shah et al., 2021). Fig. 1b(iv) presents the schematic
configuration of a solenoid microvalve inkjet printer.
Once a voltage pulse is provided to the solenoid coil,
the plunger is pulled upwards with the magnetic field
generated by the coil resulting in the ejection of the
bioink and generation of a droplet under the high posi‐
tive back pressure. Afterwards, the plunger returns to
its initial position to block the nozzle using a mechani‐
cal spring.

Even though sonication and heat are not major
concerns in microvalve inkjet 3D bioprinting, the
shear stress can still injure the cells (Blaeser et al.,
2016) despite the larger nozzle orifice (about 100 to
600 μm in diameter) compared to TIJ, PIJ, and elec‐
trostatic inkjet 3D bioprinting (Blaeser et al., 2016;
Ng et al., 2017; Bedell et al., 2022; Dufour et al.,
2022). Even though a larger nozzle reduces the proba‐
bility of nozzle clogging, the printing resolution is
somewhat compromised. Microvalve inkjet 3D bio‐
printing is capable of handling bioink up to a viscosity
of 200 mPa·s which is a unique advantage compared
to the DOD printing processes described above (Ng
et al., 2017). There have been several reported studies
on the effects of process parameters on cell viability
during microvalve inkjet 3D bioprinting (Lee et al.,
2009; Gurkan et al., 2014; Faulkner-Jones et al.,
2015). A cell viability greater than 86% has been
broadly reported (Blaeser et al., 2016; Duarte Campos
et al., 2019). However, studies reporting the utiliza‐
tion of microvalve inkjet 3D bioprinting on the fabri‐
cation of complex 3D tissue constructs are still miss‐
ing (Xu CX et al., 2012; Christensen et al., 2015).

2.3 EHD inkjet 3D bioprinting

As illustrated in Fig. 1c, EHD inkjet 3D bioprint‐
ing relies on an electric force to emit bioink for drop‐
let formation instead of the pressure pulse in DOD 3D

bioprinting. This electric force is generated with a
high-voltage (0.5 to 20.0 kV) power supply connected
to the nozzle and substrate whose typical standoff dis‐
tance is hundreds of microns (Gasperini et al., 2015;
Gao and Zhou, 2019). In EHD inkjet 3D bioprinting,
bioink in the metallic nozzle is charged and distorted
into a Taylor cone, which is governed by the interplay
of electric force, inertial force, capillary force, viscous
force, and/or elastic force. Under a specific controlled
voltage, the Taylor cone is stretched as the electric
force exceeds the surface tension, which results in the
ejection of a thin bioink filament to form droplets
which are precisely deposited onto the substrate to
construct structures (Zhang et al., 2016; Cai et al.,
2021; Mkhize and Bhaskaran, 2022).

The nozzle diameter can be as small as 2 μm due
to the Taylor-cone (Cai et al., 2021). Therefore, the di‐
ameter of the formed droplets in EHD inkjet 3D bio‐
printing is smaller than that in DOD inkjet 3D bio‐
printing. With the support of the electrostatic stresses,
EHD inkjet 3D bioprinting is capable of providing
higher printing resolution, with the highest resolution
approaching 10 μm (Poellmann et al., 2011; Li et al.,
2020). EHD bioprinters do not rely on a substantially
high pressure to form the droplets and can print the
bioink with a viscosity of up to 2000 mPa·s (Work‐
man et al., 2014). However, it is challenging for EHD
inkjet 3D bioprinting to print in a DOD manner, and
thus it is not suitable for applications where high-
accuracy delivery of cells and materials is required.
In addition, although the cell viability and genomic
expression are not significantly impacted immediately
after bioprinting by the printing parameters (e.g., the
applied voltage, cell concentration, and bioink compo‐
sitions), long-term post-bioprinting cell viability has
been reported to be adversely affected (Workman et al.,
2014). A comparison of the typical characteristics of
each inkjet 3D bioprinting technique is summarized
in Table 1.

3 Bioink for Inkjet 3D bioprinting

3.1 Biomaterials for inkjet 3D bioprinting

As mentioned above, the bioink, as a key ele‐
ment in inkjet 3D bioprinting, is typically composed
of biomaterials and living cells. Biomolecules such as
growth factor (Freeman et al., 2020) and drugs (Peng
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et al., 2017) are sometimes encapsulated within the
bioink for specific applications. With recent advances
in materials science, the choice of materials suitable
for 3D bioprinting is continuously broadening. Like
the other types of biomaterials which are widely uti‐
lized in 3D bioprinting, biomaterials which are suit‐
able for inkjet 3D bioprinting should also have attri‐
butes such as good biocompatibility and biodegrad‐
ability, suitable rheological properties, fast and stable
cross-linking mechanisms, and satisfying mechanical
properties that mimick the extracellular matrix (ECM)
for cell adhesion, proliferation, and differentiation
(Guvendiren et al., 2016).

Unlike the biomaterials which are used in
extrusion-based bioprinting, biomaterials used for
inkjet 3D bioprinting should have a relatively low vis‐
cosity or, better, a shear-thinning characteristic, to en‐
sure the smooth flow inside the inkjet nozzle and suc‐
cessful droplet formation (Xu et al., 2022b). Therefore,
there are limited sources of materials suitable for ink‐
jet 3D bioprinting, among which, hydrogels with high
water content are widely selected as proper materi‐
als for inkjet 3D bioprinting (Zhu et al., 2016). Hydro‐
gels can be mainly categorized into naturally derived
and synthetic hydrogels depending on their source.
Natural hydrogels such as collagen and gelatin which
are frequently found in human tissues, have proved
their suitability for inkjet 3D bioprinting by providing
the environment for cellular activities (Gudapati and
Ozbolat, 2020; Bedell et al., 2022). In addition, algi‐
nate is another commonly used natural hydrogel in
inkjet 3D bioprinting due to its good biocompatibility
and fast ionic crosslinking mechanism (Xu et al.,
2014). Synthetic hydrogels such as U. S. Food and
Drug Administration (FDA)-approved polyethylene
glycol (PEG) with low molecular weight have also
been selected for applications using inkjet 3D bio‐
printing due to their enhanced mechanical properties
(Gao et al., 2015). In addition to hydrogels, polymers
such as poly (ε-caprolactone) (PCL), poly (lactic acid)
(PLA), and PLGA have also been widely reported to
be used in inkjet 3D bioprinting for various applica‐
tions (Lee et al., 2012; Scoutaris et al., 2016). These
polymers are used by being dispersed in organic sol‐
vents such as ethanol and dimethylformamide, which
might be harmful for cells. Therefore, before cells are
seeded on the scaffolds, it is necessary to guarantee
that the solvents have fully evaporated to ensure cell

viability and functionality during the post-printing cul‐
turing and maturation process.

3.2 Cells for inkjet 3D bioprinting

As the other key element in the bioink, there are
many available choices of cells for inkjet 3D bioprint‐
ing depending on the applications. It is critical for the
cells, especially those vulnerable cells such as stem
cells, to remain alive and functional both during and
after the bioprinting process to ensure their prolifera‐
tion and differentiation ability and to guarantee the
functionality of the 3D bioprinted constructs. Gener‐
ally, the sources of cells can be divided into two types:
primary cells and stem cells. There are several types
of primary cells including, but not limited to, human
microvascular endothelial cells (HMVECs) (Cui and
Boland, 2009), human dermal fibroblasts (Lee et al.,
2009), and porcine Schwann cells (Tse et al., 2016),
which have been widely reported to be selected for
inkjet 3D bioprinting. Meanwhile, due to the negligi‐
ble injury of cells during inkjet 3D bioprinting pro‐
cess, stem cells, such as human mesenchymal stem
cells (hMSCs) (Gao et al., 2015) and mouse embryonic
stem cells (mESCs) (Yumoto et al., 2020), which main‐
tain their pluripotent ability to differentiate into the
desired cell type under specific guidance, have also
been selected for inkjet 3D bioprinting demonstrating
the potential of using inkjet 3D bioprinting to biofab‐
ricate 3D native-like constructs, which have the poten‐
tial to be transplanted into the human body.

4 Inkjet 3D bioprinting for tissue engineering
and pharmaceutics

Inkjet 3D bioprinting has been reported to be
broadly used as a functional tool in various fields. Al‐
though it remains challenging for current inkjet bio‐
printed constructs to be used for clinical trials, inkjet
3D bioprinting has been widely used in in vitro tissue/
organ reconstruction and the formation of in vivo tis‐
sue substitutes and high throughput drug screening
models. In this section, the typical applications in vari‐
ous fields will be summarized.

4.1 In vitro biomimetic tissue models

In vitro biomimetic 3D tissue models enable the
investigation of cell-cell interactions as well as of the
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cell response to changes in the microenvironment.
They are therefore valuable tools for basic and clini‐
cal research, drug screenings or toxicological analyses
(Moroni et al., 2018; Taymour et al., 2022). The func‐
tionality of living tissues is dictated by their highly
specialized and hierarchical architecture. Meanwhile,
tissues and organs are composed of many types of
cells and ECM components and, with few exceptions,
are infiltrated with vascular and innervation networks
(Levato et al., 2020). There is a major challenge in re‐
capitulating the native tissue-like architectures struc‐
turally and functionally. To address it, a fabrication
method capable of precisely depositing various mate‐
rials and cells in pre-defined locations in the 3D space
is highly desirable (Shapira and Dvir, 2021). Inkjet
3D bioprinting, as one of the most effective biofabri‐
cation technologies, could endow us with that capabil‐
ity. Indeed, some intriguing research and fascinating
developments in inkjet 3D bioprinting of in vitro tis‐
sue models have been witnessed. The bioprinted bio‐
mimetic tissues are sharing more and more structural
and functional features with their natural counterparts.

At its early stage, inkjet 3D bioprinting of in
vitro tissue model focused on the fabrication of 3D
acellular structure to mimic the geometry and macro
structure of various native tissues and organs (Derby,
2012; Gudapati et al., 2016; Li et al., 2020). Concur‐
rently, the feasibility of using inkjet 3D bioprinting to
deposit the bioink composed of various cell types and
materials was checked (Xu et al., 2009, 2013; Herran
and Huang, 2012; Kim et al., 2016; Kumar et al.,
2021). A distinguished work that elegantly demon‐
strated the reconstruction of acellular biomimetic tissue
structure was accomplished by Blaeser et al. (2016).
In this work, the researchers developed a multi-nozzle
inkjet 3D bioprinting system with a bi-phasic support
liquid serving as a supporting and cross-linking bath.
The liquid bath consisted of perfluorocarbon (PFC)
and 50-mg/mL calcium chloride solution, where CaCl2

solution floated on top of the PFC, forming a thin
CaCl2 aqueous layer on top. A droplet of 5-mg/mL
sodium alginate ejected from a microvalve nozzle was
cross-linked upon contact with the CaCl2 solution. Be‐
sides, the bath could be cooled to print biomaterials,
like gelatin, with a reversible thermal cross-linking
mechanism. These biomaterials can be introduced
as fugitive materials to support the printed structure,
especially when a soft hydrogel is selected for 3D

bioprinting. On the basis of this printing strategy, the
authors successfully printed hollow acellular struc‐
tures with a thin wall thickness, as shown in Fig. 2a,
and demonstrated the possibility of constructing those
native tubular tissues in human body. Using the same
biomaterial, Christensen and his colleagues provided
an excellent example of inkjet bioprinting of a bionic
cellular structure (Christensen et al., 2015). In their
study, the NIH 3T3 mouse fibroblasts with a cell den‐
sity of 5 million cells/mL were suspended in 1% (in
mass) sodium alginate to form the bioink, which was
printed into a liquid bath of 2% (in mass) CaCl2 solu‐
tion to build a thin-walled tubular structure with mul‐
tiple bifurcations in both horizontal and vertical direc‐
tions. As illustrated in Fig. 2b, the printed structure
containing 3T3 fibroblasts resembled native vascula‐
ture and maintained a more than 90% post-printing
cell viability. Both the cellular and acellular bifurcated
tubes were found to exhibit good fidelity.

After inkjet printing of living cells was proved
feasible, researchers started to pay more attention to
study the effects of process parameters on cells both
during and after printing. Apart from cell viability, cel‐
lular behaviors such as the biomarker and gene ex‐
pressions are also taken into consideration, pushing
the in vitro tissue model from shape-centered to cell-
centered. A typical work was conducted by Faulkner-
Jones et al. (2015), where the first study using 3D bio‐
printing of human induced pluripotent stem cells (hIP‐
SCs) was reported. In this study, hepatocyte-like cells
(HLCs) differentiated from hIPSCs, and human em‐
bryonic stem cells (hESCs) were bioprinted, and the
hepatic markers were examined to validate the feasi‐
bility of using microvalve 3D bioprinting to bioprint
sensitive cells such as stem cells. It was found that the
stem cells had successfully differentiated into hepato‐
cytes. There was no evidence that the viability and
pluripotency of hESCs and hIPSCs were affected
by the bioprinting process. The authors also printed
hESCs-derived HLCs in a 3D alginate matrix as shown
in Fig. 2c. The viability and secretion of albumin
were tested during differentiation. It was reported that
a 40-layer construct containing HLCs reached peak al‐
bumin secretion at day 21. To fully imitate the hetero‐
geneity of cell types in native tissue, Xu et al. (2013)
pioneered multi-material and multiple cell type bio‐
printing. In their work, human amniotic fluid-derived
stem cells (hAFSCs), canine smooth muscle cells
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(dSMCs), and bovine aortic endothelial cells (bECs)
were separately suspended in a CaCl2 solution to for‐
mulate three types of bioink. A 3D heterogeneous pie-
shaped tissue construct as shown in Fig. 2d was printed

by individually depositing these bioinks on a sodium
alginate-collagen composite. 3D constructs with homo‐
geneous cells of each cell type were also biofabrica‑
ted for comparison. The formed constructs containing

Fig. 2 Inkjet 3D bioprinting of in vitro biomimetic 3D tissue structures: (a) A hollow acellular structure with a thin wall
thickness to mimic the shape of tubular tissue (reprinted from (Blaeser et al., 2016), Copyright 2016, with permission
from Wiley); (b) Thin-walled tubular structures with bifurcations in horizontal and vertical directions representing
vasculature models (reprinted from (Christensen et al., 2015), Copyright 2015, with permission from Wiley); (c) A 3D
alginate ring structure with staining of the embedded HLCs derived from hESCs using live/dead assays (reprinted from
(Faulkner-Jones et al., 2015), Copyright 2015, with permission from Institute of Physics); (d) 3D heterogeneous pie-
shaped tissue constructs containing patterned hAFSCs, dSMCs, and bECs and 3D cuboidal homogenous tissue constructs
with/without bECs after 8-week implantation (reprinted from (Xu et al., 2013), Copyright 2013, with permission from
Elsevier); (e) Functional 3D biomimetic corneal models with optical properties similar to native corneal tissue with the
encapsulated CSKs maintaining their native keratocyte phenotypes after 7-d in vitro culture (reprinted from (Duarte
Campos et al., 2019), Copyright 2019, with permission from Wiley); (f) Three-layered alveolar barrier model recapitulating
the structure, morphologies, and functionality of lung tissue (reprinted from (Kang et al., 2021), Copyright 2021, with
permission from Wiley). HLCs: hepatocyte-like cells; hESCs: human embryonic stem cells; hAFSCs: human amniotic
fluid-derived stem cells; dSMCs: canine smooth muscle cells; bECs: bovine aortic endothelial cells; CSKs: corneal stromal
keratocytes; Kera: human keratocan; Lum: lumican; SMA: smooth muscle actin; DAPI: 4',6-diamidino-2-phenylindole;
AG-COL: agarose-collagen; SP-A: surfactant protein A
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both one cell type and multiple cell types were cul‐
tured for one week and subcutaneously implanted into
outbred athymic nude mice for up to 18 weeks. After‐
wards, the constructs were surgically retrieved every 4
or 8 weeks. The experimental results showed that cell
viability and cellular activities such as cell proliferation
of the bioprinted cells of each type were not affected
significantly both in vitro and in vivo. It is noted that
the vascularization level of the constructs containing
bECs was much higher compared to the control group.

As the focus of inkjet 3D bioprinting of in vitro
tissue construction turns from shape to function, two
exemplary works were recently published by Duarte
Campos et al. (2019) and Kang et al. (2021). In the
study presented by Duarte Campos et al. (2019), the
primary corneal stromal keratocytes (CSKs) derived
from human were bioprinted in collagen-based bioink
to fabricate 3D biomimetic corneal models. The shape
fidelity as well as the functionality of the bioprinted
samples was evaluated after in vitro culture. In their
study, CSKs mixing 0.5% agarose and 0.2% Type I
collagen hydrogel were used as bioink, and the func‐
tional 3D corneal structure was directly printed using
a solely freeform microvalve inkjet 3D bioprinting
system without additional supporting bath. As illus‐
trated in Fig. 2e, the bioprinted 3D corneal models
were highly transparent, and the optical density of the
constructs both with and without CSKs was similar to
that measured for rabbit corneas (blue color intensity).
In addition, the bioprinted CSKs were kept alive after
the bioprinting process and maintained their native
keratocyte phenotypes after a 7-d in vitro culture. In
another elegant work presented by Kang et al. (2021),
a 3D biomimetic alveolar barrier model was fabricated
by inkjet printing of four human alveolar cell lines,
namely, types I and II alveolar cells (NCI-H1703 and
NCI-H441), lung fibroblasts (MRC5), and lung micro‐
vascular endothelial cells (HULEC-5a). Benefiting
from the high resolution and good controllability of
PIJ 3D bioprinting, a three-layered alveolar barrier
model with an unprecedented thickness of about
10 µm was formed, as shown in Fig. 2f. Immunofluo‐
rescence and histology images showed that the 3D in
vitro model better recapitulated the structure, mor‐
phology, and functionality of the lung tissue, com‐
pared to the conventional 2D cell culture model and
3D non-structured model of a homogeneous mixture
of the alveolar cells and collagen. Moreover, it was

found that this thin multilayered model could repro‐
duce practical tissue-level responses to influenza in‐
fection, showing the great potential of using this 3D
in vitro model for pathological and pharmaceutical
applications.

Overall, these meticulously engineered tissues
are definitely an important step in promoting the de‐
velopment of 3D bioprinting, especially inkjet 3D bio‐
printing. However, in vitro tissue reconstruction is
still in its infancy; more efforts are needed to facilitate
the development of inkjet bioprinting to enable better
similarity of the engineered constructs as native tissues/
organs.

4.2 In vivo tissue substitutes

Inkjet bioprinted constructs have not only been
used for in vitro models, but also been used as in vivo
substitutes. Several engineered tissues/organs fabri‐
cated using inkjet 3D bioprinting technique have been
transplanted into human/animal body. Even though it
remains challenging to implant engineered tissues/
organs with complex geometries and heterogeneous
cell/material types into human body to fully replace
damaged native tissues/organs, simple structures such
as bone, cartilage, and skin have reached the level of
implantation (Chen et al., 2021). For example, as
shown in Fig. 3a, Cooper et al. (2010) successfully
created bones which can be transplanted into a mouse
calvarial defect model for in vivo tests. It was found
that the bone formation in vivo was similar to that in
in vitro tests, and bio-patterning formed using inkjet
3D bioprinting could guide cell differentiation and
facilitate tissue formation in vivo. Xu et al. (2009)
presented an innovatory approach to simultaneously
transfect genes and deliver cells using inkjet 3D bio‐
printing technique. In this study, porcine aortic endo‐
thelial (PAE) cells with genes modified were mixed
with pmaxGFP plasmid and directly delivered to the
desired locations on the printed fibrin gel in the subcu‐
taneous tissues of athymic mice. The fibrin gel con‐
taining the PAE cells was retrieved from the mouse
one week after the implantation. The printed tube shape
was still found to match with the designed shape, and
vasculature was observed in this printed fibrin tube as
shown in Fig. 3b. Later, the same group (Xu T et al.,
2012) selected a hybrid printing system by combining
inkjet 3D bioprinting and electrospinning to fabricate
the engineered cartilage tissues as shown in Fig. 3c.
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Fig. 3 (a) Engineered bones with bio-patterning capable of guiding cell differentiation in vivo (reprinted from (Cooper
et al., 2010), Copyright 2010, with permission from Mary Ann Liebert); (b) Printed tube with vasculature formed 1
week after implantation into mice (reprinted from (Xu et al., 2009), Copyright 2009, with permission from Mary Ann
Liebert); (c) Cartilage-like constructs implanted into mice resulting in successful deposition of type II collagen and
glycosaminoglycans (reprinted from (Xu T et al., 2012), Copyright 2013, with permission from Institute of Physics); (d)
Inkjet-printed dermal fibroblasts and epidermal keratinocytes onto the skin wound facilitating skin wound closure (reprinted
from (Albanna et al., 2019), Copyright 2019, with permission from Springer Nature). BMP-2: bone morphogenetic protein-2;
WB: woven bone; BM: bone marrow space; BV: blood vessel; C: endochondral bone; IC: invading undefined cells; LB:
lamellar bone; MT: Masson’s trichrome; Saf O: Safranin O
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The cartilage-like constructs formed with PCL and
fibrin-collagen were found to exhibit enhanced me‐
chanical properties compared to those formed directly
using an inkjet 3D bioprinting system. In addition, the
cells encapsulated within the formed constructs were
found to maintain the ability to proliferate, and the
five-layered cellular cartilage-like constructs implanted
into immunodeficient mice were found to be similar
to native cartilage by detecting the successful deposi‐
tion of type II collagen and glycosaminoglycans.
Albanna et al. (2019) proposed a new concept by pre‐
cisely inkjet printing the bioink containing dermal fi‐
broblasts and epidermal keratinocytes onto the injured
area of skin to replicate the native skin structure and
facilitate wound healing. Their experimental results
showed that both wound closure and re-epithelization
were speeded up. In addition, these engineered skins
shown in Fig. 3d showed similarities to healthy skin
demonstrating the great potential of using inkjet 3D
bioprinting for healing skin wounds. Currently, de‐
spite lacking successful transplantation of the com‐
plex engineered tissues/organs due to lacking suffi‐
cient mechanical properties and structural integrity, it
can be expected that more and more engineered tissues/
organs will be gradually implanted into human body
to fully replace damaged ones as the bioprinting tech‐
niques become more and more mature.

4.3 High throughput drug screening model

Drug screening, which is an essential step during
drug development, refers to the evaluation process of
the pharmacological function when selecting drug can‐
didates. The appearance of 3D bioprinting provides a
new solution for solving the current dilemma of drug
screening (He et al., 2020; Ramezani et al., 2020;
Zhang and Khademhosseini, 2020). For example,
inkjet 3D bioprinting with a non-contact delivery
mechanism provides a more efficient and accurate way
to create an environment for chemical reactions since
small volumes of droplets can be deposited at pre-
defined locations with a high frequency and without
contamination. The utilization of inkjet 3D bioprinting
in drug screening has been found to significantly in‐
crease the efficiency and reduce material consump‐
tion. For example, Arrabito and Pignataro (2010) pre‐
sented a non-contact and rapid way for drug screen‐
ing by inkjet dispensing in a micro-array format as
shown in Fig. 4a. By controlling the volume of the
formed droplets, picolitre droplets containing a model

substrate/inhibitor couple could be precisely depos‐
ited onto the desired location containing the enzymatic
target. The experimental results showed that this
method had the potential to be broadly utilized in
drug screening. As shown in Fig. 4b, Rodríguez-
Dévora et al. (2012) proposed an innovational method
to assemble a miniature drug-screening platform with
the help of an inkjet 3D bioprinting system to replace
the normal expensive therapeutic process during drug
development and evaluation. By screening the antibi‐
otic inhibition on bacteria, this platform has validated
its effectiveness and exhibited its superiority to the
traditional drug evaluation process. Matsusaki et al.
(2013) selected inkjet 3D bioprinting to rapidly form
simplified micro-tissue chips representing simplified
liver, as shown in Fig. 4c, on which 400 micro-arrays
of multilayered structures were integrated. These chips
were found to have great potential for tailored drug
screenings and toxicological evaluations replacing
high-cost and time-consuming animal experiments.
Drug screening of antitumor drugs is a rapidly grow‐
ing market (Ma et al., 2020; Xie et al., 2020), and
understanding the underlying physics of invasion and
metastasis of cancer cells is of great interest to tumor
and cancer research. Therefore, in vitro 3D tumor
models are necessary to study the cell-cell/matrix in‐
teractions and for anticancer drug screening. Recently,
benefiting from 3D bioprinting, Jung et al. (2022) de‐
veloped a sophisticated in vitro model as shown in
Fig. 4d using a DOD 3D bioprinting system for better
understanding cancer cell invasion and metastasis and
for high throughput anticancer drug screening. With
consistent technological advances, the printing resolu‐
tion of the multi-nozzle inkjet 3D bioprinting system
can be further increased resulting in higher deposition
accuracy and efficiency, and the material usage can be
further saved. Therefore, the applications of inkjet 3D
bioprinting in drug screening can be further extended.

5 Discussions and future perspectives

By summarizing the techniques, material selec‐
tions, and typical applications of inkjet 3D bioprinting
in tissue engineering and pharmaceutics, it is obvious
that inkjet 3D bioprinting is versatile and can be envi‐
sioned as an effective tool for fabricating native-like
tissues/organs which are transplantable to human body.
However, there are still many challenges that inkjet
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3D bioprinting is currently facing. These challenges
restrict the application areas of inkjet 3D bioprinting.
Generally, the challenges mainly come from the print‐
ing and materials side, and there could be several di‐
rections, listed as follows, to address them.

From the printing side, better designing the print‐
ing system might be helpful for improving the print‐
ing performance using inkjet 3D bioprinting. For ex‐
ample, it has been reported that the shear stress im‐
posed on the cells during the printing process can be

reduced by simply changing the shape of the inkjet
nozzle (Liu et al., 2017). Using the substrate coating
with low-absorptivity or low thermal conductivity ma‐
terials has also been found to be effective in better
protecting the cells during the landing of the droplets
(Hopp et al., 2012; Talbot et al., 2012). In addition,
better understanding of the physics during inkjet 3D
bioprinting process will also be helpful for better de‐
signing the printing system. However, some underlying
physics during the printing process is still unknown.

Fig. 4 (a) Inkjet-assisted micro-arrays for rapid drug screening (reprinted from (Arrabito and Pignataro, 2010), Copyright
2010, with permission from ACS); (b) A miniature drug-screening platform fabricated using inkjet 3D bioprinting
demonstrating superior advantages over traditional drug screening process (reprinted from (Rodríguez-Dévora et al.,
2012), Copyright 2012, with permission from Institute of Physics); (c) Micro-tissue chips fabricated with inkjet 3D
bioprinting system for drug screening (reprinted from (Matsusaki et al., 2013), Copyright 2013, with permission from
Wiley); (d) An in vitro model for studying cancer cell invasion and metastasis and high throughput anticancer drug
screening (reprinted from (Jung et al., 2022), Copyright 2022, with permission from Royal Society of Chemistry).
HUVEC: human umbilical vein endothelial cells; HepG2: human hepatocellular carcinoma; RGD: arginine-glycine-aspartic
acid
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For example, current inkjet 3D bioprinting of bioink
usually causes splashes when the cell-laden drop‐
lets are collected on the substrate, especially when the
droplet velocity is high (Yarin, 2006). This collision
between the droplets and the container not only in‐
creases the shear stress imposed on the encapsulated
cells, but also sacrifices the printing resolution (Tsai
et al., 2011; Li et al., 2020). In addition, bubbles are
sometimes entrapped within the nozzle during the
droplet formation process (Liu et al., 2022) and wet‐
ting on the inkjet nozzle is frequently observed. These
phenomena have significant effects on the stability of
the formed cell-laden droplets and on the printing
quality and functionality of the final constructs. How‐
ever, these phenomena which are detrimental to the
printing performance are still not yet understood.

The utilization of a multi-nozzle inkjet 3D bio‐
printing system/multi-method 3D bioprinting system
is an alternative for improving the printing perfor‐
mance, especially for the fabrication of heterogeneous
native-like constructs with complex geometries and
different material compositions. Inkjet 3D bioprinting
can be combined with other techniques such as micro‐
fluidic devices, extrusion-based bioprinting, and elec‐
trospinning to break the barriers and broaden the ap‐
plication areas (Zhou et al., 2022). For instance, as
mentioned in this review, inkjet 3D bioprinting has
been accompanied with electrospinning to fabricate
cartilage-like constructs, and the experimental results
have shown that their mechanical properties are far
higher compared to those of the constructs formed
purely using inkjet 3D bioprinting. However, multi-
material/method 3D bioprinting may bring some side
effects, such as an increase in the printing time be‐
cause of the different cross-linking mechanisms of dif‐
ferent materials, the complexity in planning the trajec‐
tory of the nozzles to avoid the interference, and the
potential decrease in the printing resolution at the in‐
terface connecting the two layers formed with differ‐
ent bioprinting techniques.

Inkjet 3D bioprinting system relies on the ejec‐
tion of the bioink from the nozzle orifice to form cell/
drug-laden droplets as the basic building block. It is
well known that the largest restriction of inkjet 3D
bioprinting comes from the material choice of a low-
viscosity bioink due to the limitation of the small
nozzle size (tens of microns). Currently, even though
there have been several materials which are suitable

for 3D bioprinting, only few of them can be selected
to be used in inkjet 3D bioprinting. For example, it is
noted that gelatin methacrylate (GelMA) is a frequently
used biological material in various bioprinting tech‐
niques due to its easily tunable properties and accept‐
able cell viability (Pepelanova et al., 2018). However,
since the development of GelMA, it has seldomly
been reported to be used for inkjet 3D bioprinting.
One main reason is that natural light can potentially
crosslink the GelMA-based bioink with the presence
of the photoinitiator at the nozzle orifice and thus
block the nozzle. Therefore, a better design of the
nozzle is necessary. For example, coating on the exte‐
rior region of the nozzle might be helpful for avoiding
nozzle clogging. Alternatively, an inkjet 3D bioprint‐
ing system with multiple nozzles connected with dif‐
ferent bioink reservoirs could also be considered. In
this case, photo cross-linkable materials can be held
separate from the photoinitiator in different bioink res‐
ervoirs, and the photo cross-linking process cannot
occur within the nozzle protecting the nozzle from
blocking. With better protection of the nozzle, other
photo cross-linkable materials with shear-thinning char‐
acteristics can also be selected for inkjet 3D bioprint‐
ing, enriching the material choices and expanding its
applications. Besides, current 3D bioprinting is always
a tradeoff between high cell viability and high print‐
ing shape fidelity since materials (e.g., synthetic hy‐
drogels) providing sufficient mechanical strengths
during and after the printing process are always lack‐
ing sufficient biocompatibility, while materials with su‐
perior biocompatibility (e.g., natural hydrogels) are
unable to self-support the structures and thus reduce
the shape fidelity (Unagolla and Jayasuriya, 2020).
For these reasons, it is critical to seek for the next-
generation materials which simultaneously hold several
biomaterial superiorities and are more likely to imi‐
tate the environment of human body and provide better
conditions for cellular activities.

To conclude, with a better physical understand‐
ing of the printing process, a better design of the print‐
ing system, a combination with other bioprinting tech‐
niques, and broader material choices, inkjet 3D bio‐
printing, as a key component in 3D bioprinting, has
great potential to achieve the goal of 3D bioprinting
in successfully replacing damaged tissues and organs
in human body and becoming more involved in tissue
engineering and pharmaceutics.
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6 Conclusions

Recently, inkjet 3D bioprinting, as a key element
in 3D bioprinting, has received much attention. This
review focusing on inkjet 3D bioprinting firstly sum‐
marizes the techniques, materials, and applications of
inkjet 3D bioprinting, subsequently discusses the
major challenges that inkjet 3D bioprinting is currently
facing, and lastly proposes potential solutions for ad‐
dressing those challenges. Overall, inkjet 3D bioprint‐
ing has proved its feasibility and versatility in tissue
engineering and pharmaceutics. However, despite the
continuous advances in bioprinting techniques and
materials science, inkjet 3D bioprinting still needs sig‐
nificant improvements in several aspects, such as its
printing resolution and speed. In addition, the materi‐
als which are suitable for inkjet 3D bioprinting are
still quite limited. Therefore, interdisciplinary collabo‐
ration between experts from mechanical engineering,
materials science, and biology is necessary to pro‐
mote the development of inkjet 3D bioprinting. More‐
over, inkjet 3D bioprinting, combined with other print‐
ing techniques and relying on multi-method to 3D bio‐
print multi-material, will be the future trend of 3D
bioprinting and lead 3D bioprinting to the next step
towards the clinical transplantation of 3D engineered
tissues and organs.
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