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Bioprinting is an emerging research field that has attracted tremendous attention for various applications;
it offers a highly automated, advanced manufacturing platform for the fabrication of complex bio-
engineered constructs. Different bio-inks comprising multiple types of printable biomaterials and cells are
utilized during the bioprinting process to improve the homology to native tissues and/or organs in a
highly reproducible manner. This paper, presenting a first-time comprehensive yet succinct review of
microvalve-based bioprinting, provides an in-depth analysis and comparison of different drop-on-
demand bioprinting systems and highlights the important considerations for microvalve-based bioprinting
systems. This review paper reports a detailed analysis of its printing process, bio-ink properties and cellular
components on the printing outcomes. Lastly, this review highlights the significance of drop-on-demand
bioprinting for various applications such as high-throughput screening, fundamental cell biology research,
in situ bioprinting and fabrication of in vitro tissue constructs and also presents future directions to trans-
form the microvalve-based bioprinting technology into imperative tools for tissue engineering and re-
generative medicine.
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Introduction

Recent advances in 3D bioprinting facilitate the simultaneous
deposition of biomaterials and living cells to directly create
biomimetic 3D cell-material constructs that are biomimetic in
macro-architecture.” 3D bioprinting can be defined as “the use
of computer-aided transfer processes for patterning and
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organization to fabricate complex bioengineered structures”.”
it is a new fabrication paradigm that provides a highly auto-
mated manufacturing platform for the fabrication of complex
bioengineered constructs via a layer-by-layer printing process
with a high degree of flexibility and repeatability.> The biologi-
cally relevant material used in these bioprinting systems is
known as “bio-ink”. “Bio-ink” refers to a printable biomaterial
consisting of various biologics (i.e. cells, growth factors or
drugs) encapsulated within a delivery matrix such as culture
media or hydrogels. Significant advances in 3D bioprinting
research over the past decade have been recently highlighted
by several excellent review papers.”” These papers discussed
the use of various AM processes and different printing strat-
egies to fabricate 3D bioprinted constructs that closely
resemble the native tissues. Notably, 3D bioprinting®° is an
advanced manufacturing platform that can provide an alterna-
tive source of 3D in vitro tissue models with high-throughput
rates and reproducibility for toxicology studies. The 2D tissue
models lack the complex 3D microenvironment®'® while the
significant discrepancies in the detrimental effects of chemi-
cals between humans and animal models lead to the demand
for alternative in vitro models. Furthermore, 3D bioprinting
has emerged as an advanced manufacturing platform for the
fabrication of several tissues and/or organs such as the
skin,'"'? heart tissue,">'* bone,” liver,'® tubular tissues'” and
cartilage.'® Overall, 3D bioprinting offers radical solutions for
the prevailing biomedical and healthcare problems.
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There are two main printing approaches, namely the drop-
on-demand (DOD) printing'®>" (microvalve-based, inkjet-
based and laser-based) and continuous printing®*?*® (extru-
sion-based). The DOD printing approach has several advan-
tages over the continuous printing approach such as its highly
precise control over the deposition pattern and material
volume at pre-defined positions that facilitate the fabrication
of spatially heterogeneous 3D bioengineered constructs
with precise deposition of different types of cells and bio-
materials.>® It is highly challenging to create heterogeneity in
such a subtle manner using the continuous printing approach.
Major progress in the bioprinting field was observed over the
last decade; the demand for improved bioprinting systems has
spurred the development of more advanced printing systems
for enhanced printing accuracy, consistency and reliability.>®
Particularly, the microvalve-based DOD bioprinting system has
attracted tremendous attention for numerous applications
such as high-throughput drug screening for toxicology studies,
fundamental cell biology research, fabrication of in vitro tissue
models and even in situ bioprinting of cells and extracellular
matrixes for wound regeneration.”®° This article presents a
comprehensive yet succinct review of a microvalve-based bio-
printing system and performs a comparative evaluation of the
microvalve-based DOD bioprinting system versus the other
DOD bioprinting systems. We also provide an in-depth analysis
of important considerations (system parameters, bio-ink pro-
perties and cellular components) during the printing process,
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report the recent studies/applications using the microvalve-
based bioprinting system and propose a future outlook on the
DOD bioprinting system. We aim to present a timely review of
an emerging bioprinting technology that should be of interest
to the tissue engineering community with a reach towards the
broader community interested in applying 3D bioprinting
approaches for tissue engineering and regenerative medicine
(TERM) applications.

Drop-on-demand (DOD) bioprinting
systems
DOD bioprinting systems

There are currently many variations of bioprinting systems®”~*°

available commercially; the DOD bioprinting systems are
favourable over continuous bioprinting systems due to their
ability to create complex 3D heterocellular constructs compris-
ing multiple types of cells that are positioned relative to each
other with a high degree of specificity and enhance its
homology to native tissues and/or organs. We will discuss and
evaluate the three main types of DOD bioprinting systems
(microvalve-based, inkjet-based, and laser-based) (Fig. 1) in
the following sections.

Microvalve-based bioprinting. A typical microvalve-based
bioprinting system comprises a three-axis movable robotic

View Article Online
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platform and an array of multiple electromechanical micro-
valve print-heads. Each microvalve print-head is connected to
an individual gas regulator that provides the pneumatic
pressure (positive pressure) and the valve opening time
(minimum 0.1 ms) which is controlled by the movement of
both the plunger and the solenoid coil. The applied voltage
pulse induces a magnetic field in the solenoid coil that opens
the nozzle orifice by pulling the plunger up in an ascending
motion. The bio-ink is deposited when the pneumatic pressure
overcomes the fluid viscosity and surface tension at the
opened orifice. The material deposition process is highly
dependent on the nozzle diameter, the viscosity and surface
tension of the bio-ink, the pneumatic pressure and the valve
opening time.**

It offers controlled deposition of materials via a layer-by-
layer fabrication approach; the key advantages of microvalve-
based bioprinting are the synchronized ejection of biomater-
ials and cells from different print-heads, deposition of a thin
material layer (1-2 pm thickness), precise cellular positioning
with high viability greater than 86%°’ and high throughput
printing (~1000 printed droplets per second).*’ However, it is
only possible to print hydrogels within a limited range of
viscosities (~1 to 200 mPa s) and cell concentrations of up to
10° cells per ml due to the clogging issues in the small nozzle
orifice (100-250 pm).***" The cells tend to sediment over time,
affecting the overall cell homogeneity within the bio-inks.
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Fig. 1 Schematic drawing of different DOD bioprinting systems.
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Inkjet-based bioprinting. Inkjet bioprinting manipulates
bio-inks to facilitate the deposition of liquid droplets. It
leverages the physical properties (density, viscosity and surface
tension) of bio-inks for successful deposition of nano-liter
droplets onto a receiving substrate. Inkjet bioprinting can be
classified into two different categories: (i) continuous inkjet
bioprinting and (ii) drop-on-demand (DOD) inkjet bioprinting.
As the DOD inkjet bioprinting is more widely-utilized than the
continuous inkjet bioprinting for tissue engineering appli-
cations, the authors have confined this review to only DOD
inkjet bioprinting. DOD inkjet bioprinters comprise a single
or multiple print-heads. Each print-head consists of a fluid
reservoir and a varying number of nozzles. The surface tension
at the nozzle orifice prevents the leakage of the bio-ink from
the fluid reservoir.*® There are many variations of DOD inkjet
bioprinters; namely thermal, piezoelectric, electrostatic and
electrohydrodynamic inkjet bioprinters. Generally, a droplet is
ejected when the pressure pulses applied by using a thermal
or a piezoelectric or an electrostatic actuator overcome the
surface tension of the bio-ink at the nozzle orifice, whereas the
electrohydrodynamic inkjet bioprinter utilizes the electrostatic
stress between the metallic nozzle and the charged substrate
to overcome the surface tension at the orifice under a
sufficiently high voltage. The different mechanisms of these
inkjet-based print-heads have been discussed in detail else-
where." The key advantages of inkjet-based bioprinting are its
high printing resolution (20-60 pm) and low droplet volume
(1-100 pL).>° Nevertheless, it faces challenges in terms of its
poor printing stability at high-throughput rates (>500 Hz),*?
low range of printable viscosities (3-30 mPa s),** clogging of
the nozzle orifice due to cell sedimentation,*> and potential
cell desiccation during the printing process.*®

Laser-based bioprinting. A laser-based system consists of a
pulsed laser beam with a focusing device, a donor slide (with a
layer of an energy-absorbing layer, followed by another layer of
a cell-encapsulated hydrogel) and a collector slide facing the
ribbon. It is a nozzle-free printing technique that eliminates
the clogging issues and enables printing of high cellular
density (>10” cells). A blade coater is used to form a homo-
geneous layer (~50 pm thickness) of a cell-laden hydrogel and
a gap of 350-500 pm is maintained between the donor and
collector slides.?” The energy-absorbing layer first absorbs the
laser energy; next the vaporized energy-absorbing layer
induces a pressure which ejects the droplets of the cell-encap-
sulated hydrogel toward the collector slide. The printing
resolution is highly dependent on the bio-ink viscosity, laser
energy and pulse time.*® The repetitive printing process facili-
tates the fabrication of a multi-layered construct with accurate
positioning of cells and materials at pre-defined locations. The
benefits of laser-based bioprinting include the use of high
cellular density on the order of 1 x 10® cells per ml at high
printing resolutions (~40 pm), a wider range of printing
viscosities (1-300 mPa s) compared to other DOD bioprinting
systems”® and high cell survival rates (>90%)."” Some short-
comings of the laser-based systems include slow throughput
rates (~20 printed droplets per second),’” non-uniform cell

This journal is © The Royal Society of Chemistry 2017
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distribution of the coated cell-laden hydrogel at low cellular
density,"® fast drying of the thin cell-encapsulated hydrogel
layer (~50 pm)®° and the possible transfer of harmful residues
from the energy-absorbing layer.”" The printing output could
be amplified by maximizing the laser pulse rate and increasing
the number of laser beams. To address the problem of poor
cell distribution in the ribbon, a higher cellular density
(>10® cells per ml) is required to ensure that at least a single
cell is contained in each printed droplet.*® Furthermore, the
use of a shock-absorbing polyimide membrane could mitigate
the transfer of harmful metallic residues to the final printed
products through mechanical deformation.>?

A comparative evaluation of DOD bioprinting systems

As highlighted in the earlier section, the DOD printing
approach has several advantages such as its good control over
the deposition pattern and material volume at pre-defined
positions. Furthermore, it offers high-throughput DOD bio-
printing capabilities in a highly reproducible manner, which is
highly desirable in high-throughput screening applications. It
is highly challenging to achieve such similar results using the
continuous printing approach. Particularly, DOD bioprinting
has great clinical translational potential in tissue reconstruc-
tion. It can be utilized for in situ bioprinting of tissue defects
(such as skin burns, deep wounds'' or even craniofacial re-
construction®®) via deposition of biologics in a non-contact
manner to cover the wound site (usually non-planar). In the
following sections, we provide an in-depth analysis of the
different DOD bioprinting systems and present them in
Table 1.

Ease of operation. For inkjet-based bioprinting, the droplet
size and deposition rate are closely related to the fluid’s vis-
cosity and surface tension. The droplet deposition process can
be controlled by varying the vibration frequency (Hz) and the
driving voltage waveform. In order to achieve single droplet
dispensing in the inkjet-based bioprinting system, there is an
optimal range of pulse width (pwmax and pwmin) for each
corresponding pulse amplitude (p,). No droplet is formed
before pw min, Whereas satellite droplets are generated above
Dwmax . Optimization of the pulse width and amplitude is
necessary to ensure stable ejection of discrete droplets
(Fig. 2).>>*® The profound relationship and cursory knowledge
of these parameters in actuating the piezoelectric printhead
compound the difficulty of establishing stable droplets.
Hence, determining the optimal dispensing conditions for
each specific type of bio-ink is time-consuming.** For laser-
based bioprinting, a ‘ribbon’ must be prepared prior to bio-
printing. A layer of the energy-absorbing layer (~60 nm) is first
coated on the donor slide, followed by manually-coating
another layer of the cell-encapsulated hydrogel over the
previous layer using a blade-coater. It is important to ensure a
homogeneous cell-hydrogel layer (cell homogeneity and con-
stant layer thickness). Furthermore, the preparation of mul-
tiple ‘ribbons’ is required (one ribbon for each specific type of
cell) for the fabrication of heterogeneous cellular constructs.
For microvalve-based bioprinting, the dispensing process is

Biomater. Sci,, 2017, 5, 632-647 | 635
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Wide range of printable viscosity

High cell viability

Reliable system for high-throughput printing

Wide range of printable viscosity

Cell sedimentation*®

Cell sedimentation®

Challenges

Difficult to incorporate multiple types of biologics"®

Non-uniform ‘ribbon’ thickness*”

Potential cell desiccation*®

High shear stress experienced by cells'®*

Poor cell homogeneity of the coated ‘ribbon’ at low

cellular density*®
Fast drying of the

Droplet instability at high printing frequencies*®

‘ribbon’ layer (50 pm)>°

Potential transfer of cytotoxic materials™*

High shear stress experienced by cells'**
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controlled by the valve opening time (VOT) and the printing
pressure. Generally, a combination of a longer VOT and higher
printing pressure is required to dispense more viscous
fluids.*>* It is also important to note that a minimum print-
ing pressure is required (~0.2 bar for water) to dispense the
fluid. Nevertheless, additional pressure will not contribute to
droplet generation once the fluid exceeds the range of print-
ability. Overall, the microvalve-based bioprinting is a simple,
user-friendly system that has an easy sample-loading proce-
dure and does not require much trouble-shooting.**

Printable viscosities. Next, we compiled and analyzed the
range of printable viscosities (determine the range of biologics
that can be printed using the printing systems). Both the
nozzle-based DOD bioprinting systems have a narrower print-
able range of viscosities (microvalve-based: 1-70 mPa s (ref. 41
and 43) and inkjet-based: 3-30 mPa s (ref. 20)) compared to
the nozzle-free laser-based bioprinting system (1-300 mPa s
(ref. 49)). The additional pneumatic pressure in the micro-
valve-based bioprinting system facilitates the deposition of
more viscous bio-inks compared to the inkjet-based bioprint-
ing system.*’ A longer valve-opening time and pressure is
required to eject more viscous bio-inks for the microvalve-
based bioprinting system, whereas a higher pulse amplitude is
required for printing more viscous bio-inks.** Furthermore, it
was shown that excessive pressure (in microvalve-based) or
pulse amplitude (in inkjet-based) would generate undesired
satellite droplets during the printing process.** Although the
microvalve-based bioprinting system is capable of printing
more viscous bio-inks (up to 200 mPa s), slow filament elonga-
tion (Fig. 2) was observed in the more viscous bio-inks
(>70 mPa s).*>** In contrast to the nozzle-based DOD bioprint-
ing systems, an increase in the bio-ink’s viscosity (laser-based
bioprinting) would require a higher laser energy for bio-ink
deposition (resulting in a smaller droplet diameter for the
same laser energy).*®

Printing speed. The deposition speed of the printing
system is critical for large-scale biomanufacturing and high-
throughput screening applications. The inkjet-based bio-
printing has the highest throughput rates of up to 30 kHz,>°
followed by the microvalve-based bioprinting (up to 1 kHz
(ref. 41)) and lastly the laser-based bioprinting (20 Hz).*”**
Although the inkjet-based bioprinter has the capability to
achieve such a high-throughput rate, droplet instability was
observed at high frequencies (>500 Hz) due to pressure fluc-
tuations within the inkjet print-head.”® In contrast, there is
no droplet instability issue in the microvalve-based bioprint-
ing at the optimal printing parameters, making it a more
reliable bioprinting system for high-throughput bioprinting
(up to 1 kHz).*"*?

Printing resolution. Both the microvalve-based and inkjet-
based bioprinter have nozzle sizes of 100-250 pm and dia-
meters of 15-200 pm, respectively, whereas the laser-based bio-
printing system is a nozzle-free bioprinting system. A study®
has demonstrated that the nozzle size is the most significant
parameter that influences the printing resolution. The printing
resolution from the microvalve-based and inkjet-based print-head

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Dispensing mechanisms for (left) the inkjet-based system and (right) the microvalve-based system.

(similar nozzle size) is approximately 1.5-2.5 times and 1.2-2
times the nozzle size respectively. This is due to the higher
pushing force from the pneumatic pressure in the microvalve-
based bioprinting that resulted in a slightly lower printing
resolution compared to inkjet-based bioprinting.*’ In contrast,
the printing resolution of the laser-based bioprinting system is
highly dependent on the laser pulse profile (i.e. wavelength,
pulse duration, beam energy and focus diameter) and bio-ink
properties (thickness, surface tension and viscosity of the
‘ribbon’).*® Overall, the inkjet-based bioprinting system has
the highest printing resolution (~20 pm (ref. 20 and 43)) com-
pared to other systems (laser-based: ~40 pum (ref. 48 and 55)
and microvalve-based: ~150 pm (ref. 43)). Nevertheless, some
complications to achieving such high printing resolution
include the use of an extremely small nozzle orifice that
induces higher shear stress to the viable cells,”® a trade-off
between the high printing resolution and scalability of the
printed constructs®” and lastly potential desiccation of the
printed cells*®*® due to the higher surface area to volume ratio
of pico-liter sized droplets.

Cell viability. The living cells are an important consideration
in bioprinting; both the microvalve-based and inkjet-based
bioprinting facilitate printing up to 10° cells per ml with high
cellular viabilities (microvalve-based: >80%,>* inkjet-based:
>70%°°°"), whereas the laser-based bioprinting enables the
printing of extremely high cellular densities (up to 10° cells
per ml) with exceptionally high viability (>90%"”). However,
some of the challenges in laser-based bioprinting include
difficulties to incorporate multiple types of biologics within
the same ‘ribbon’,'® non-uniform ‘ribbon’ thickness,"” poor
cell homogeneity of the coated ‘ribbon’ at low cellular
density,*® fast drying of the ‘ribbon’ layer (50 pm)>° and poten-
tial transfer of cytotoxic materials®® during the bioprinting
process. In contrast, both microvalve-based and inkjet-based
bioprinting experienced cell sedimentation®® (gravitational
force acting on the cells). Hence, there is a need to modify the
bio-inks to mitigate the sedimentation effect and preserve
high cellular viabilities while maintaining the bio-inks within
the printable range of viscosities.*>

This journal is © The Royal Society of Chemistry 2017

Each printing system has its own advantages and limit-
ations over the others in specific fabrication tasks. Both micro-
valve-based and inkjet-based bioprinting are superior over
laser-based bioprinting in terms of fabrication of spatially
heterogeneous 3D bioengineered constructs with precise depo-
sition of different types of cells' and higher fabrication
speed.’®*" Particularly, the ability to create such spatially
heterogeneous 3D constructs is the key advantage of 3D bio-
printing over conventional tissue engineering approaches. As
highlighted earlier, the microvalve-based bioprinting is a more
reliable system for high-throughput printing (1 kHz) compared
to the inkjet-based bioprinting (droplet instability issue at
high frequencies of >500 Hz).*> Furthermore, its wider range
of printable viscosities would translate to broader bioprinting
applications using microvalve-based bioprinting. Although the
inkjet-based bioprinting can achieve the highest printable
resolution via the use of an extremely small nozzle orifice
(~15 pm diameter), it induces significantly higher shear stress
to the viable mammalian cells (~20 pm diameter)*® and it is
reasonable to expect potential desiccation of the printed
cells*® due to the higher surface area to volume ratio of the
pico-liter sized droplets. Overall, the microvalve-based bio-
printing is a more reliable bioprinting system that facilitates
precise control over the deposition of multiple types of cells
and biomaterials with high cellular viabilities (>80%), high-
throughput rates (up to 1 kHz) and with a moderate printing
resolution (~150 pm).

Operation considerations for
microvalve-based bioprinting
System considerations

Valve opening time. The valve opening time (VOT), printing
pressure and the nozzle size are critical system parameters
that determine droplet formation in a microvalve-based bio-
printing system. As the viscosity increases, a longer VOT is
necessary to generate the bio-ink droplet. However, a VOT that
is higher than VOT,,x will induce the formation of satellite
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droplets.”® Hence, there is an optimal range of VOT values
[VOT min, VOTax] to achieve single droplet dispensing for each
specific bio-ink.*’

Printing pressure. A minimum printing pressure is required
to provide an adequate force for droplet generation and this
Pmin increases with increasing fluid viscosity. When the
pressure is below the minimum printing pressure, a huge
droplet will start to accumulate on the nozzle orifice due to the
insufficient force to overcome the surface tension of the fluid.
In contrast, excessive printing pressure would result in the for-
mation of satellite droplets. The printing pressure has a huge
influence on the cellular behaviour; it was reported that cells
that were exposed to an optimal printing pressure of less than
0.5 bar will not exhibit any detrimental short-term or long-
term impairments.>®

Nozzle size. It was reported that a variation in the nozzle
size is a more effective approach to tune the droplet diameter,
whereas a variation in printing pressure (0.15-0.4 bar) does
not result in a significant change in the droplet diameter.*®
Although the smallest nozzle diameter provides the highest
printing resolution, it also has the narrowest range of optimal
VOT values.*® Hence, more time and experience is required to
optimize the process for high resolution microvalve-based
printing.

Bio-ink considerations

Physical properties of bio-inks. The DOD microvalve-based
printing deposits precise quantities of functional bio-inks at
high throughput rates (up to the kHz range) in the form of drop-
lets (nL-pL); the droplet volume is controlled by varying the
printing pressure and valve opening time (0.1 ms and beyond).
The range of printable hydrogels for DOD bioprinting systems
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has been covered extensively elsewhere,'”®> hence we will
instead discuss the critical aspects of the bio-inks. The micro-
valve-based bioprinting system is an advanced manufacturing
platform that facilitates the precise deposition of bio-inks with
moderate viscosities (up to 70 mPa s),*** and the four key
parameters that influence the printability include viscosity,
density and surface tension of the printable bio-inks and the
radius of the printing orifice.>* An approximate solution to the
Navier-Stokes equations for printability of the bio-inks can be
represented by the Reynolds number (Ng: the ratio of inertial
to viscous forces) and the Weber number (Nwe.: a balance
between the inertial and capillary forces).®

vrp

Nge =— (1)
127,
Nye = 2P (2)
4
7 = NRE _ (rp}/)l/Z (3)
(Nwe)'? n

where v, p, n and y are the mean droplet velocity, density,
viscosity and surface tension of the bio-inks, respectively, and
r is the radius of the orifice. The dimensionless number Z, an
inverse of the Ohnesorge number (Oh), is the ratio between
the Reynolds number (Ng.) and a square root of the Weber
number (Nye), and is not affected by the bio-ink velocity.

The printability of the bio-inks is governed by the Z values
(4 < Z < 12); the lower limit of Z is governed by the maximum
printable bio-ink viscosity whereas the upper limit is deter-
mined by the point at which the satellite droplets are formed™*
(Fig. 3). During the printing process, bio-inks with low
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(Left) Representative photo sequence of droplet formation and (right) representative trajectories of the ejected droplets as a function of the

elapsed time for bio-inks with varying values of Z: (a) Z = 2.17; (b) Z = 17.32. "Reprinted (adapted) with permission from ref. 45. Copyright (2009)

American Chemical Society”.
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Z values ranging from 2 to 4 experience slower filament
elongation. This leads to a longer rupture time and results in a
slower droplet velocity.”® In contrast, bio-inks with high
Z values of above 14 experience more rapid filament elonga-
tion and rupture. The resultant satellite droplets during the
printing process are unable to merge with the primary droplet
even before reaching the substrate surface, hence resulting in
poor printability (deposition of tiny satellite droplets around
the primary droplet on the substrate surface). Therefore, it is
imperative to tune the physical properties (density, surface
tension and viscosity) of the bio-inks within a suitable range
of Z values to achieve good printability at high-throughput
rates.

Chemical properties of bio-inks. The bio-inks that are com-
monly used in the bioprinting systems can be classified as
physical or chemical hydrogels based on the formation mecha-
nism.®> The physical hydrogel is dynamic as the network for-
mation is dependent on the non-covalent interactions (such as
hydrogen bonds, ionic bonds, complex formation or n-n stack-
ing) between the building units. Furthermore, the physical
hydrogels are highly suitable for bioprinting processes due to
the dynamic and reversible nature of the cross-linking mecha-
nisms and their excellent bioactivity.®® Some examples of
physical hydrogels include proteins (collagen, fibrin, gelatin
and silk) and polysaccharides (alginate, agarose and chitosan).
However, these physical hydrogels possess low mechanical
strength and stability.

In contrast, the covalent bonds found in the chemical
hydrogels resulted in a highly stable but less dynamic network.
The various cytocompatible chemical cross-linking mecha-
nisms for cell-encapsulated hydrogels include polymerization,
redox reactions, enzyme-driven reactions and classical organic
reactions (e.g., Michael addition and click chemistry).®* 1t is
important that the formulation remains printable throughout
the printing process and rapid chemical cross-linking should
occur immediately after printing to ensure high shape fidelity
of the printed constructs.

Bio-ink-substrate interactions. Upon impact, the printed
bio-inks divert outward and expand radially along the sub-
strate surface to form a spherical droplet. The impact of the
printed droplets on the substrate surface (maximum droplet
spread and rebound) is mainly influenced by the bio-ink vis-
cosity, substrate hydrophilicity and impact velocity.®> The
energy dissipation during the droplet impact increases with
increasing bio-ink viscosity, thus a droplet with a higher vis-
cosity produces a smaller droplet spread upon impact and has
less available energy for droplet rebound. A similar pheno-
menon is observed on a more hydrophilic substrate surface; the
area of the liquid-substrate contact during rebound decreases
slowly on a more hydrophilic substrate indicating higher
energy dissipation on a more hydrophilic surface.®® Lastly, a
higher impact velocity leads to an increase in the maximum
energy available for droplet rebound. As a result, the droplet
rebounds higher with increasing impact velocity.®> A good
understanding of the printing process (working principle,
droplet generation from the nozzle and droplet impact on the
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substrate surface) allows us to control the printing resolution
and accuracy of the bioprinted droplets.

Cellular considerations

Cell sources for bioprinting. Most of the published bioprint-
ing studies utilized cell lines that are very robust and have sub-
stantial proliferation capacity for proof-of-concept studies.****
The cells used for bioprinting applications must be robust
enough to survive the bioprinting process (withstand the high
shear stress, the presence of cross-linkers or even non-physio-
logical pH). It is also critical for the choice of cells to be able
to expand into sufficient numbers for printing. The different
types of printed cells include fibroblasts,>>° keratino-
cytes, >3 HEK-293,%® astrocytes,®® neurocytes,** HUVECs,*?
human alveolar epithelial cells,*® and even stem cells.>®>"2973!
Stem cells are also attractive cell sources due to their potential
to proliferate and generate multiple functional tissue-specific
cell phenotypes. The stem cells not only have high prolifer-
ation and differentiation capacity but they can also be isolated
and propagated easily with the established protocols.®®°®
The capacity of stem cells to generate a large number of cells
indicates the potential of these cells for bioprinting appli-
cations. Nevertheless, it is still critical to conduct more pre-
clinical trials to evaluate the potential risks of malignant
teratoma formation and long-term adverse effects of these
stem cells.

Maximum printable cell concentration. Cells are usually
encapsulated within a delivery matrix such as the culture
media or hydrogels; the cell concentration within the bio-ink
determines the number of printed cells in each droplet. Here,
we discuss and analyze how the changes in the cell concen-
tration affect the properties of the bio-inks and the different
parameters that limit the maximum printable cell concen-
tration. As highlighted in the previous section, the physical
properties of the bio-inks (surface tension and viscosity) have a
great influence on the printability. A higher cell concentration
increases the bio-ink viscosity due to the distortion of the fluid
flow and the friction exerted by the bio-ink flow at the cell
surface (increased energy dissipation).®® The increase in cell
concentration also reduces the surface tension of the bio-ink
as the total free energy of the bio-ink decreases (more cells are
adsorbed to the interface).®® Overall, an increase in cell con-
centration results in a lower Z value and it is critical to ensure
that the resultant bio-ink still remains within the printable
range of Z values (Fig. 4). Another important factor that deter-
mines the optimal printable cell concentration is the nozzle
size. Cell sedimentation is a prevalent issue in most bioprint-
ing systems; the gravitational forces act upon the suspended
cells in the bio-ink and cause the accumulation of mammalian
cells (~20 pm) at the nozzle orifice over time (Fig. 4). It was
reported in a study that a cell concentration (higher than
3 million cells per ml) induced clogging issues in the nozzle
with a diameter of 150 pm.*' Hence, an optimal cell concen-
tration (typically within the range of 1-3 million cells per ml)
is highly dependent on the Z value of the resultant bio-inks
and the nozzle orifice diameter.
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perties of the resultant bio-inks, (bottom) cell sedimentation over time.

Applications

With a better understanding of different DOD bioprinting
systems and the key considerations for microvalve-based bio-
printing (with regard to system parameters, bio-ink properties
and cellular components), we next highlight the use of micro-
valve-based bioprinting (Fig. 5) for numerous applications
(Table 2).

High-throughput screening for toxicology studies

Although micro-engineering approaches such as microfluidic-
based manipulation, soft-lithography and surface patterning”®
have been utilized for high-throughput screening, the DOD
bioprinting system offers several advantages that include high
repeatability and high-throughput rates. The microvalve-based
DOD bioprinting has been utilized in many studies to conduct
biological studies through 3D-array patterning.*®”*””* The
enabling technologies that facilitate rapid isolation of viable
single cells from heterogeneous solutions have contributed
significantly to the field of medical genomics; the understand-
ing of single-cell level functional genomics for stem cell
characterization has become increasingly important.”> The
microvalve-based bioprinting approach eliminated the need
for additional cell isolation steps in conventional fluorescence-
activated cell sorting (FACS) and microfluidic set-ups.”® The
cellular densities and printing parameters were tuned to
optimize the number of droplets containing single cells; next
RNA extraction was conducted within the nanoliter-scale
droplets containing the targeted cells for genomic analysis.
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Furthermore, nanomaterials (different types and concen-
trations) can be deposited alongside the cells to provide valu-
able insights into the potential risks and health impacts
associated with nanomaterial exposure.

Fundamental cell biology research

The extracellular microenvironment has a huge influence on
cellular behaviour;”””’® numerous studies are currently focused
on the development of biomaterials that provide optimal cellu-
lar substrates.””®° A pioneering study reported the high-
throughput nanoliter-scale synthesis of arrayed biomaterials
(576 different combinations of 25 different acrylate-based poly-
mers) followed by seeding of human embryoid bodies (EBs)
onto the arrays for large-scale cellular-biomaterial inter-
actions; the study elucidated a plethora of unforeseen material
effects that provide unprecedented control over human
embryonic stem cell (hESC) behaviour.”® Another study pre-
sented an extracellular matrix (ECM) microarray platform for
the culture of seeded mouse embryonic stem cells (mESCs) on
different combinatorial matrix mixtures (collagen I, collagen
I1I, collagen IV, laminin and fibronectin);*” this approach
enables the facile identification of the synergistic effects of
different combinations of ECMs on cellular differentiation at
high resolution (nanolitre-scale) in a highly repeatable
manner.

Another interesting application is to fabricate uniform-
sized tissue spheroids using the microvalve-based bioprinting
system.*’ Embryonic stem cells (ESCs) are pluripotent cells
with multi-lineage differentiation potential; this unique
feature of pluripotency makes ESCs an ideal cell source for
tissue regeneration applications.®"®> The embryoid bodies
(EBs) mimic the early stages of embryogenesis and they play
critical roles in in vitro ESC differentiation. Various methods
have been utilized to form EBs;**®® but challenges persist to
form EBs with controlled size and uniformity in a highly-repro-
ducible manner. The microvalve-based bioprinting approach
has been utilized for the formation of controllable, uniform-
sized EBs by integrating bioprinting technologies with the
existing hanging-drop methods.*’ The EB size and uniformity
are important factors that affect the phenotypic expression of
embryonic stem cells (ESCs).**®” The number of cells encapsu-
lated within each printed droplet can be controlled by manipu-
lating the droplet volume and cellular concentration to fabri-
cate the resultant cellular aggregates with controllable and
repeatable sizes (0.25-0.6 mm).

Fabrication of in vitro 3D tissue models

Traditional tissue engineering approaches involved the
seeding of cells over prefabricated scaffolds, which resulted in
a random and non-uniform distribution of cells that does not
truly reflect the sophisticated hierarchical organization of
native tissues.*®®® 3D bioprinting enables precise control over
the spatial deposition of multiple types of biomaterials and
cells to improve the homology to native tissues and/or organs;
the ability to recapitulate the complexity of native tissues/

This journal is © The Royal Society of Chemistry 2017
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Applications in Microvalve-based Bioprinting
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Fig. 5 Applications of microvalve-based bioprinting; (A) high-throughput screening, (B) fundamental cell biology research, (C) fabrication of in vitro

tissue models, (D) in situ bioprinting.

organs using AM approaches is highly attractive for the fabrica-
tion of functional tissue-engineered constructs.

Previous studies have demonstrated the ability to fabricate
3D constructs from 2D hydrogel droplets using the microvalve-
based printing approach;**?>*% the hydrogel droplets and
cells were deposited simultaneously via epitaxial layering to
fabricate 3D tissue-engineered constructs. Furthermore,
complex hollow 3D structures consisting of fugitive support

This journal is © The Royal Society of Chemistry 2017

materials and hydrogels can also be printed using the micro-
valve-based bioprinter.>®

Biological in vitro 3D models such as smooth muscle cell
patches, air-blood barrier models and skin tissue models have
been bioprinted using microvalve-based systems.?*?*9%91
Microvalve-based bioprinting facilitated the homogeneous
patterning of cells on the thin layers of bioprinted ECMs
at controlled proximity; the printed cells formed a thin
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Table 2 Microvalve-based bioprinting for numerous applications

Resolution
Applications Materials and cells Diameter Volume Advantage or outcome Ref
High-throughput screening
RNA analysis Mouse embryonic stem cell suspension 250 pm — Array patterning 30
Single cell droplet generation for RNA analysis
Fundamental cell biology research
ECM micro-arrays Acrylate-based polymers — ~nl Large-scale cell-ECM interactions 26
Human embryoid bodies (EBs)
ECM micro-arrays Combinatorial matrix mixtures (collagen I, II, IV, ~ 500 pm — Large-scale cell-ECM interactions 27
laminin and fibronectin)
Mouse embryonic stem cells (mESCs)
Formation of tissue spheroids HEK-293 cell suspension 250-600 pm  4-120 nl  Controllable, uniform-sized EBs in a highly reproducible 31
Human embryonic stem cell suspension manner
Cell-cell interactions Collagen type I precursor — 8 nl Optimal inter-cellular distance to regulate neurite 32
Astrocytes from embryonic rats — 11 nl outgrowth and astrocyte morphology
Neurocytes from embryonic rats — 11 nl
In situ transplantation of tissues
In situ bioprinting Fibrin/collagen type I matrix — — Direct cell delivery for wound healing 36
Keratinocytes — — Complete re-epithelialization of large wounds
(10 cm x 10 cm) after 8 weeks
Fibroblasts — —
Rapid hydrogel formation for in situ Complementary pairs of DNA-conjugated 500 pm ~60 nl Rapid hydrogel formation at the nanoliter-scale level 28
bioprinting hydrogels (within one second)
AtT-20 anterior pituitary cells
HEK-293 cells
Tissue engineering and regenerative medicine (TERM)
3D scaffold for neural cell migration Collagen type 1 precursor 500 pm — Fabrication of instructive bioengineered constructs 29
studies Fibrinogen, VEGF and aprotinin — —
Thrombin, heparin, VEGF and calcium chloride — —
Murine neural stem cell C17.2 700 pm 11 nl
In vitro air-blood barrier model Matrigel — — Thin and homogeneous bioprinted ECM layers (1-2 pm) for 33
Human alveolar epithelial cell A549 — — enhanced cellular interactions
EA.hy926 (fused HUVEC with A549) — —
In vitro skin model Collagen type I 500 pm 52 nl Uniform gelation of collagen hydrogels 34
Human keratinocytes (HaCaT) 500 pm 28 nl Controlled cellular densities within 3D bioprinted
constructs
Human neonatal foreskin-derived fibroblasts 500 pm 28 nl
(HFF-1)
Fabrication of micro-channels within 3D Collagen type I 400 pm — Enhanced cellular viabilities within thick 3D constructs 35
bioprinted constructs Gelatin type A porcine skin 200 pm —

Primary human dermal fibroblasts
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homogeneous cellular layer whereas the manually-seeded
cells formed discrete multi-layered cellular clusters. This thin
layer of bioprinted ECM (1-2 pm), unlike the thick ECM layer
(20-30 pm) in the manual approach, facilitated enhanced
cell-cell interactions that induced higher structural and func-
tional resemblance to the native air-blood barrier.*?
Furthermore, the microvalve-based bioprinting approach was
utilized to achieve representative cellular densities within the
different regions of the bioengineered 3D construct to
improve the homology to native tissues and/or organs.®* It
was also reported that the bioprinted constructs (6 x 6 X
1.2 mm) formed by repeated deposition of the collagen pre-
cursor (each droplet ~52 nL) retained their shape and dimen-
sions whereas the conventional manually-seeded constructs
underwent significant changes in shape and dimensions
during culture.*® The bioprinting approach facilitated nano-
liter-scale deposition of biomaterials that resulted in uniform
gelation of hydrogels compared to the conventional manual
mixing approach.**

Furthermore, the precise control over cellular deposition by
the DOD microvalve-based bioprinting facilitates the fabrica-
tion of co-culture models. The cells are spatially patterned
in their 3D microenvironment to facilitate an intricately
orchestrated exchange of stimuli that influence their cellular
behaviour;”” the precise control over the patterning of multiple
types of cells is critical for eliciting critical cell-cell inter-
actions. It has been demonstrated that an optimal patterning
distance is required to regulate the neurite outgrowth and
morphology of neurons (150 pm) and astrocytes (400 pm)
respectively.”> The spatial positioning of these patterned
neural cells at optimal proximity recapitulated important cell-
cell interactions for potential organoid construction.

Cells encapsulated within the 3D bioprinted tissue-engin-
eered constructs are required to undergo a maturation process
prior to implantation; adequate perfusion of growth factors,
oxygen and other nutrients to the cells is necessary during the
maturation process.”>®> The microvalve-based bioprinting
approach has been used to design and fabricate intricate
channels within the 3D bioprinted constructs; micro-channels
were printed within a 3D collagen scaffold that enabled
medium perfusion throughout the bioprinted construct.’
Gelatin was used as a sacrificial material to fabricate micro-
channels (400 pm width and 100 pm height) that were
subsequently removed to create perfusable channels. This
enhanced the cellular viability within the 3D constructs
and holds great potential for the fabrication of thick bio-
engineered constructs with complex vasculature-like networks.

In situ bioprinting

The advent of in situ bioprinting could revolutionize future
surgical practice as it can be used to directly deposit bio-inks
at the defective site in the living body via the aid of highly
automated robotic arms in a non-contact manner.’® As such,
the human body functions as an “in vivo bioreactor” to facili-
tate the maturation of printed constructs in the most ideal bio-
logical microenvironment.

This journal is © The Royal Society of Chemistry 2017
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The human skin, being the largest and most easily accessi-
ble organ in the body, has huge potential for in situ bioprint-
ing applications, especially potentially useful in burn injuries.
Burn injuries are a common source of morbidity and morta-
lity;”” the patient survival is directly proportional to the rate of
wound closure. A feasibility study on in situ bioprinting was
conducted on full-thickness large wounds (10 cm x 10 cm) of
nude mice using a microvalve-based bioprinting system.*® It
was reported that complete re-epithelialization of the large
wound was achieved after 8 weeks. Another study reported the
in situ printing of amniotic fluid-derived stem cells (AFSCs)
and bone marrow-derived mesenchymal stem cells (MSCs)
over full-thickness wounds on the backs of mice.”® Multiple
layers of a fibrin-collagen hydrogel were used as the carrier to
deliver the stem cells directly to the wound sites. The AFSCs
secreted trophic factors that expedited the rate of wound
closure in full-thickness wounds and increased neovasculariza-
tion was observed.

Another work reported the rapid hybridization of comp-
lementary DNA motifs to form mechanically strong supramole-
cular polypeptide-DNA hydrogels under physiological con-
ditions.”® The fast diffusion between the nanoliter-scale
printed DNA droplets induced a much rapid hydrogel for-
mation (within one second) compared to the manual mixing
of a bulk DNA-based hydrogel (within several seconds). The
printed DNA-based hydrogel does not exhibit any obvious
shrinkage or swelling behavior, making it an attractive choice
of a printable biomaterial for potential in situ bioprinting
applications. Despite the significant advances in the pilot
studies on in situ bioprinting of tissues/organs, further optim-
ization of the bioprinting techniques is essential to achieve
functional in situ bioprinting for immediate repair of wounds
in humans.

Future outlook
Improving cell homogeneity in bio-inks

Cell sedimentation was shown to affect the printing output
consistency over time;”>'°° which is a common problem in
most of the existing bioprinting systems. This cell sedimen-
tation effect can be mitigated by decreasing the sedimentation
velocity, v, through neutral buoyancy of the cells and increas-
ing the viscosity of the bio-inks within the printable Z range as
discussed in the earlier section. The theoretical solution for
sedimentation velocities was obtained using Stokes’ law as"®*

(Peell = Pbio-ink)gDeen” (a)
187

V=

where peell, Pbio-inks £ Deen and »n are the density of the cell,
density of the bio-ink, gravitational acceleration, diameter of
the cell size and the viscosity of the bio-ink respectively.
Although studies have been conducted to mitigate the cell
sedimentation effect through neutral buoyancy,**'°%10%193
another possible phenomenon such as cell adhesion on the
interior surface of the printing cartridge affects the overall cell
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homogeneity during the printing process. The issue of cell
adhesion during the bioprinting process is yet to be
thoroughly studied.

Printing-induced cell damage

Despite numerous studies conducted on DOD bioprinting,
most of the prior studies focused on the droplet formation
process (printability) and little emphasis is placed on the post-
impact viability of the printed cells. A recent study reported
that the phenotype and the proliferation potential of the cells
can be retained when printed below the specific shear stress
threshold (<5 kPa).'®® It was highlighted in another study that
the droplet impact (substrate stiffness) has a more adverse
effect than the shear stress during the printing process.'®
There is still an unmet need to fully comprehend the relation-
ship between the droplet formation process and post-printing
cell viability. Interestingly, the detrimental droplet impact on
the substrate surface could be minimized by reducing the
pressure (from ambient pressure to 0.3 atm) within the print-
ing chamber.'°® The ejected droplet gently spreads on the sub-
strate surface with no subsequent splashing under reduced
atmospheric pressure (0.3 atm).'®” Furthermore, it is also criti-
cal to investigate the influence of temperature on cellular
viabilities and damage during the printing process. The wide-
spread applicability and future success of bioprinting techno-
logies would benefit from the evaluation of cellular functions
during and after bioprinting.

Bio-ink development

Furthermore, the progress in the bioprinting field is currently
hindered by the limited choices of printable bio-inks;'*®**
the stringent requirements for the bio-inks include printability
and biocompatible cross-linking mechanisms. Particularly, the
dynamic reciprocity between a cell and its microenvironment
is critical for recapitulating cell-biomaterial interactions.’?
Despite numerous reports on bioprinted cell-encapsulated
constructs, inferior tissue formation and sparse cellular-
biomaterial interactions are the foremost concerns. These
materials cannot fully emulate the complexity of natural extra-
cellular matrices (ECMs), which is necessary to guide tissue
formation and recapitulate important cell-cell interactions.
Recent studies on cells and ECMs isolated from specific
tissues and organs highlighted the importance of tissue
specificity for preserving critical cellular functions and
phenotypes.''**®> Although a decellularized extracellular
matrix (AECM) is an attractive source of biomaterial,'"®
plete removal of cellular remnants may induce potential pro-
inflammatory responses.’’” A plausible solution is to recon-
struct the unique ECM niche via patterning of the desired
types of biomaterials at specific regions to emulate a bio-
mimetic microenvironment that can better satisfy the natural
niche for specific types of cells. Hence, the ability to emulate
the biochemical and physical microenvironment with the con-
trolled 3D spatial deposition of specific types of biomaterials
and cells at high resolution and accuracy is critical towards

incom-

644 | Biomater. Sci,, 2017, 5, 632-647
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achieving the goal of fabricating fully-functional bioengineered
constructs.

Hybrid bioprinting

Hybrid bioprinting, through integrating other fabrication
technologies with bioprinting, provides an attractive approach
to fabricate 3D hierarchical constructs with macro, micro- and
nano-scale features."'®'"® Surface topography plays an impor-
tant role in influencing cellular behaviour;'*” microscale topo-
graphies can influence the shape and motility of cells'*
whereas the nanoscale topographies can alter differentiation
and proliferation of stem cells."*> The bioprinting approach
has its limitations in creating such nanoscale structures that
are critical in directing cellular differentiation. To address
these limitations, bioprinting/electrospinning hybrid systems
could be used to fabricate complex constructs with intricate
nanoscale structures and deposit highly viable cells at pre-
defined regions. It has been reported that the combination of
bioprinting/electrospinning approaches''® facilitated the
hybrid printing of cartilage constructs with improved biologi-
cal and mechanical properties. Furthermore, the manufactur-
ing speed plays an important role in realizing the goal of fabri-
cating large-scale tissues and/or organs. Different bioprinting
techniques could be utilized simultaneously to complement
each other; such as the combination of DOD bioprinting
systems (precise deposition of nano-liter cellular droplets with
high viability®®) with the continuous extrusion-based bioprint-
ing system (a high deposition and printing speed, which can
facilitate scalability within a relatively short period of time*?).
The complementary bioprinting approaches (microvalve- and
extrusion-based) could facilitate simultaneous drop-on-
demand printing of highly viable cells at specific positions
and continuous extrusion of hydrogel filaments respectively to
fabricate large 3D spatially-heterogeneous cell-laden printed
constructs at high-throughput rates.

Concluding remarks

It is becoming increasingly obvious that the automated robotic
platform is emerging as an imperative tool for TERM.
Particularly, the DOD microvalve-based bioprinting system pro-
vides a highly advanced manufacturing platform that facili-
tates precise control over the cellular and biomaterial depo-
sition in a highly reproducible and reliable manner. The holis-
tic in-depth understanding of the influence of system para-
meters, bio-ink properties and cellular components on the
printing outcomes provides valuable insights into the formu-
lation of novel bio-inks and design of improved bioprinting
systems. Furthermore, we also present and highlight the signi-
ficance of DOD microvalve-based bioprinting in the reported
studies/applications such as high-throughput ECM micro-
arrays, cellular manipulation, fabrication of complex instructive
constructs and in situ bioprinting. Apart from the discussion
of recent progress in the bioprinting field, we also inform the
readers about the existing limitations and highlight promising

This journal is © The Royal Society of Chemistry 2017
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directions to transform microvalve-based bioprinting into an
enabling technology that will potentially drive significant
advances in the field of TERM.
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