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ABSTRACT

In 3D bioprinting, printing resolution represents the deposited material in the x- and y-axes, while dimensionality defines the structural reso-
lution of printed constructs. Dimensionality in 3D bioprinting can be defined as the resolution in the z-axis. The printing resolution, together
with dimensionality, contributes to the overall shape fidelity of the bioprinted constructs. The in-depth understanding of physical processes
for different printing technologies is imperative in controlling the print resolution and definition. In this article, bioprinting technologies are
classified according to the physical processes that deposit or form the bioprinted construct. Due to the different fabrication processes in
forming fundamental printed units (voxels), the definition of printability differs for each bioprinting technique. Another aspect of resolution
is the spatial positioning of cells within each fundamental building unit. The proximity of cells in the bioprinted construct affects the physio-
logical outcomes. The second aspect of 3D bioprinting technologies is the ability to control shape fidelity. Different strategies have been used
to improve the construction of a 3D engineered tissue or organ. Lastly, moving toward complex tissue printing involves adding functionali-
ties to the bioprinted construct. Data processing, material formulations, and integration of different fabrication technologies are key areas in
bioprinting that can recapture the different hierarchical aspects of native tissues. This article presents a comprehensive overview of enhancing
the resolution of the bioprinting construct and identifying methods to improve functionalities of bioprinted tissues.
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thickness of each printed layer.” A higher number of printed layers
increase the likelihood of the deviation from the pre-defined height.”
Furthermore, material properties such as material contraction/swell-
ing, thixotropy, and the crosslinking mechanism affect the z-
resolution. The resolution in the x-, y-, and z- dimensions gives rise to
the overall shape of printed structures.

The principle for material deposition is different for each bio-
printing technology which affects print resolution and dimensionality
differently. To understand the different bioprinting processes, this arti-
cle discusses about bioprinting technologies in a process-based
approach. The classification mirrors and adapts standardized termi-
nologies used for additive manufacturing. As such, bioprinting
technologies can be classified as material extrusion, material jetting,
and vat photopolymerization.”

A. Principles of bioprinting technologies

The fabrication stage of bioprinting is divided into three distinct
phases as illustrated in Fig. 1. The three phases are loading (A),

Material Extrusion Material Jetting
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printing (B), and structuring (C). The main differences among the dif-
ferent printing technologies lie in the principle and process physics for
constructing physical structures from virtual components. In general,
nozzle-based technologies such as material extrusion and material jet-
ting move the material along a micro-channel and propel the material
towards a build platform. The understanding of jet and droplet forma-
tion is essential for material jetting techniques, where the droplet is the
fundamental unit which determines the eventual print resolution. The
photopolymerization of materials upon exposure to the optical wave-
length in vat photopolymerization initiates the printing process.
Understanding these basic concepts will facilitate the identification of
bio-ink characteristics for printability evaluation.

Due to the intrinsic differences in printing processes, the defini-
tion of printability differs across each technology. As such, there is a
need to identify process-based requirements for each bioprinting tech-
nologies. In general, the definition of printability, as defined by
Murphy, is a material’s property that facilitates handling and deposi-
tion by the bioprinter.” It is a term that has been investigated during
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FIG. 1. Setup of different bioprinting technologies highlighting different phases during the bioprinting process. Phase A: Loading of bio-inks onto the bioprinter; Phase B: The
bioprinting process; and Phase C: Structuring of the bio-ink on the printing platform/glass slide.
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process optimization to have better control over material deposition in
bioprinting. The term also encompasses material’s rheological proper-
ties while extending to the gelation mechanism of different materials.
It is essential to balance these parameters to achieve precise and accu-
rate material deposition with desired spatial and temporal control. The
printability of a bio-ink is highly dependent on its rheological proper-
ties and the use of a suitable bioprinting system. With this definition,
it is essential to comprehend that printability is not a term that is lim-
ited to certain printing processes. A material can be printable using
material extrusion processes whereas deemed inappropriate for mate-
rial jetting technologies.

As a general guideline for printability assessment, evaluation is
conducted using fundamental building units (droplets versus strands/
filaments) as the judging criterion for each bioprinting technology.
Printability is assessed based on material’s properties (e.g., rheology,
viscosity, density, opacity, thixotropy, and photo-curing speed) and
printer’s capabilities (e.g., the nozzle diameter, control of the material
flow rate, the printing/scanning speed, and optical fluence). As such,
Fig. 2 provides an overview of the different parameters, measurements,
and the assessment of material printability according to the printing
processes. Section I A begins by understanding the physical processes
of technologies. The assessment of printability will be discussed based
on the different bioprinting processes.

1. Material jetting

a. Printing process overview. Material jetting is the process in
which droplets of the build material are selectively deposited.
Technologies such as micro-valve, inkjet printing, and laser-induced
forward transfer (LIFT) are examples of the droplet-based deposition
technique. For in-depth discussion on the various droplet-based tech-
nologies and their applications, readers are referred to the review arti-
cle.” The process of material jetting can be described in three phases:
(i) droplet ejection (Fig. 1, Phase B), (ii) pinning of the droplet on sub-
strates, and lastly (iii) spreading of the droplet on substrates. The main
difference among the various material jetting technologies is on the
actuator used for droplet formation. The process begins with an actua-
tor of thermal, piezoelectric, or laser to induce the instantaneous pres-
sure pulse that propels the ink towards the build platform.'” " In
microvalve printing, valves are placed at the nozzle to create droplets
by regulating the opening and closing frequencies of the valves.” The
actuator is used to create a rapid cavity volume which translates
momentum to eject the droplet of materials. As such, the droplet of
ink emerges as a jet which is distinct with a tail like profile (Fig. 3).

The details of droplet dynamics in the inkjet printing process can
be found in a recent review.'® In brief, the inkjet printing process
involves transforming pressure waves into kinetic energy and surface
energy during the drop formation process. Controlling the jetting pro-
cess is essential to suppress satellite drop formation where satellite
drop formation occurs through (i) misting from the breakup of a
secondary tail, (ii) slow and reproducible satellite drops from the
pinch-off of the primary tail after head of drop, (iii) fast and reproduc-
ible satellites formed through large initial acceleration, and (iv) the
Rayleigh breakup of a primary tail. The Rayleigh breaking up of a long
primary tail happens when viscous liquids are dropped at high speed.

In laser-induced forward transfer (LIFT), microdroplets are gen-
erated when localized heat from the laser beam sublimes a small
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portion of the ribbon coated with bio-ink, forming a high-temperature
and high-pressure vapor pocket.'”'” The expansion of the vapor
pocket results in different types of jets. When a receiving substrate is
absent from the setup, the jet eventually breaks into several droplets
due to the Rayleigh-Plateau instability.” Thus, the reduction of the
direct writing height can lead to material deposition onto the sub-
strate.'” Also, when the laser fluence is above a certain threshold value,
the droplet dynamics enters the plume regime, where the vapor pocket
is large and overcomes fluid forces, causing the ink to break into multi-
ple droplets."” Hence, printer parameters such as the direct writing
height and laser fluence are essential in controlling LIFT printing.

b. Ink characterization and printability for material jetting. In
material jetting, printability can be assessed through obtaining stable
and repeatable droplet ejection.”’ In material jetting techniques, the
key properties that influence the ejection of droplets are bio-ink viscos-
ity, surface tension and density, and also the nozzle diameter.” Droplet
formation follows a series of time-dependent processes which result
from a balance between surface energy and viscous dissipation. For
Newtonian liquids, dimensionless numbers such as the Reynolds num-
ber (Re = 22Y | ratio between inertial and viscous forces), the Weiber
number (We = £2 Vz, ratio between kinetic and surface energy), and
the Ohnesorge number (Oh = sz) are useful for understanding drop-
let formation and jet behavior. The characteristic relaxation time of
fluid, /, is incorporated in the Weissenberg number Wi = %Y to
account for the viscoelastic behavior of non-Newtonian fluid.

In general, the printable range of bio-inks is determined by a
dimensionless Z value, which is defined as the ratio between the
Reynolds and the Weber number (the Ohnesorge number). Jettability
is characterized as an inverse of the Ohnesorge number, capturing rel-
ative magnitudes of inertial, viscous, and capillary effects of free-
surface fluid mechanics.”’ During the printing process, the droplet
velocity is highly dependent on the filament elongation and rupture
time.”” A bio-ink with a lower Z value generally has a slower droplet
velocity due to the slow filament elongation and long rupture time and
also a higher bio-ink viscosity, hence resulting in lesser droplet
spreading.

Droplet formation from viscoelastic fluid involves balancing of
inertial, capillary, and viscoelastic forces. The rheological properties of
bio-inks affect the filament breakup time and droplet speed, hence
forming satellite droplets.”” Suppressing satellite droplets in the mate-
rial jetting process ensures printing of a stable and single droplet. To
facilitate printing of a higher viscosity material, the pneumatic system
is used in micro-valve bioprinting such that tear-off speed is achieved
for drop formation.” In the nozzle-free setup of LIFT, laser fluence is
essential to account for rheological properties such as surface tension
and v15cos1ty in jet formation and sustaining cell viability during print-
ing.”>"* Vapour bubble dynamics in the LIFT system is dependent on
the bio-ink’s viscosity, where the higher viscosity material results in
slower vapor formation.

2. Material extrusion

a. Printing process overview. Material extrusion is a process in
which the material is selectively dispensed through a nozzle or orifice.
Pneumatic, mechanical piston, and screw extruder are different dis-
pensing variants in material extrusion technology. In the pneumatic
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FIG. 2. Material- and process-based considerations affecting printability and print resolution for different bioprinting technologies.

system, pressured air is supplied to a syringe, forcing the material in significant when dispensing the material of small amount and results
the syringe to flow through a nozzle. The process performance is in inconsistent material dispensing as the printing process progresses.”*
affected by fluid flow behavior and air compressibility in a time- In positive-displacement dispensing, a mechanical piston is used to
pressure dispensing system.”” The influence of air compressibility is force the fluid through the nozzle when the piston is laterally displaced,
Appl. Phys. Rev. 6, 011307 (2019); doi: 10.1063/1.5053909 6, 011307-4
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FIG. 3. Material jet and droplet formation distinct with features such as axial contraction and radial contraction of the trailing filament.

whereas in a motor-driven screw extruder, the rotation of the screw
moves the fluid out of the nozzle. However, in the screw-based
extrusion, high pressure is accumulated at the syringe bottom.”” As
such, pneumatic extrusion™ *° and positive displacement”"’
extrusion are the common systems used in cell-laden extrusion-
based bioprinting.

The extrusion process can be studied in two regions of the
nozzle-based extrusion system (Fig. 1, Phases A and B). An input pres-
sure is needed to move the material along the barrel at Phase A and
the fluid flow, eventually narrowing into the nozzle region at Phase B.
Different forces acting on the material during extrusion is highlighted
in Fig. 4(a). Sectioning the pipe-flow system into distinct regions for
analyzing the fluid flow behavior can also be done in the microvalve
system with the consideration of geometrical changes within the annu-
lus region.”

The material experiences greater shear stress along the syringe
barrel at Phase B of the extrusion process.”” In the extrusion process,
cells are affected by hydrostatic forces in the syringe (Phase B) and
shear forces in the needle (Phase C). However, hydrostatic pressure
less than 500 kPa does not affect the cell viability significantly.” As the
material flow transits from Phases B to C, the flow narrows and enters
the die region (i.e., syringe needle), inducing greater shear stress on the
material. The shear stress profile changes at Phase C have a significant
impact on the printing performance parameters (Phase C)."*

Different needle geometries induce different shear stress profiles
on the bio-ink. A conical needle requires lesser printing pressure, while
the average shear stress and maximum shear stress were marginally
higher than printing with a straight needle.”” The needle geometry is a
factor that can influence the amount of shear stress acting on cells
during printing. Shear stresses in the dispensing needle are the
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contributing factor towards cell viability."” In a tapered needle, the
geometric feature minimizes the amount of time cells flow through the
narrow channel, reducing the detrimental effect of shearing onto the
cells."” Moreover, the tapered nozzle requires lower pressure when
delivering materials of the same flow rate using a straight cylindrical
needle.””" The use of a straight cylindrical nozzle generates high shear
stresses along the entire nozzle length, whereas by changing the geom-
etry of the nozzle shear, stress peaks only at the nozzle exit, hence
improving cell viabilities. Muller reported a maximum shear stress
value of 160 Pa that is detrimental to cell viability."*

b. Ink characterization and printability. Several rheology models
have been used to describe the fluid flow behavior. Common models
include the power law and Herschel-Bulkley model."” ** Rheological
studies are conducted to get material-specific constants (such as flow
consistency index, K, and flow behavior index, n) for the understand-
ing of the shear stress condition in the nozzle during printing. To cap-
ture the viscoelastic behavior of bio-ink, material characteristics such
as 4, relaxation time, are incorporated in the rheological models.””
Blaeser et al. used a combination of the Hagen-Poiseuille equation and
power law to describe fluid dynamics for the transient flow of non-
Newtonian fluids.”*

Consensus for assessing printability in material extrusion is to
identify material characteristics and printing parameters that extrude
the filament/strand.*>*"”" Materials can be loaded onto syringes and
manually extruded to assess on material’s printability in extrusion-
based processes.'”"” Paxton et al. proposed a two stage evaluation pro-
cess that assess bio-ink printability, which includes an initial screening
step that manually extrudes materials using a plunger syringe.”” This
process helps us to evaluate whether drops or strands are formed

before loading the bio-ink to the bioprinter. Other than manual assess-
ment, the consistency measurement using a mechanical tester can be
used to quantify the fluctuation of force during bio-ink extrusion.” A
greater fluctuation in the extrusion force is related to a material of
lesser homogeneity, resulting in a less uniform gelation of bio-ink.
This assessment helps to select the material composition with homo-
geneous gel-like consistency. Another form of printability evaluation is
to look at cross-patterning of the hydrogel filament. The print out-
come is assessed using the image analysis and judged according to the
degree of filament merging and blending at a cross-sectional area.’’
Similarly, a printability index, defined as the inverse of the circularity
of the enclosed area, was used to characterize hydrogel printed using a
cross pattern.”’ To sum up, good printability can be defined by the
consistency of the extruded filament diameter.

Rheological evaluation such as shear stress ramping, shear viscos-
ity, and recovery testing was performed to describe ink properties
before, during, and after extrusion.”” The form of the extruded mate-
rial was characterized as the droplet versus the filament, where the
varying degree of gelation affects the morphology of extruded hydro-
gel.”’ Several studies have used storage and loss modulus to relate with
printability. The G* modulus of bio-ink was selected as a criterion for
assessing printability based on different degrees of gelation.””>
Extrudability, in terms of minimum pressure required, was modeled
using G and G” to assess the printability of bio-ink.”> Other assess-
ment criteria include checking the uniformity of extruded lines and
structural integrity. While the study suggests the loss tangent of values
0.25-0.45 printable, it also highlighted that other rheological proper-
ties such as the yield stress may affect printability.

Paxton further showed that consistent inks with distinct filament
extrusion have a window period for printing.'" Crosslinking agents
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must be applied within this window period to print additional layers
without merging of subsequent hydrogel struts. Combining the shear
viscosity measurement, printer’s capability, and nozzle geometry, a
model is formulated to predict material’s printability based on these
three factors mentioned.

There are no definite values to determine the printability.
However, the assessment on printability can be done prior to printing
for the evaluation of bio-ink’s suitability for the material extrusion pro-
cess. Evaluation criteria such as uniformity of printed line and merger
of bio-ink filament at cross-sectional point have been used to assess
materials’ printability for material extrusion processes post-printing.
In the attempt to quantify printability, there is a need for uniformity in
terms of conducting rheological measurement. A framework or guide-
line in terms of collecting rheological data will benefit future material

REVIEW scitation.org/journal/are

development research on printability assessment for material extrusion
technology. An index, such as the Z value for material jetting, will be
essential to unify the definition of printability for material extrusion
techniques.

3. Vat photopolymerization

a. Printing process overview. Vat photopolymerization (VPP)
techniques such as stereolithography (SLA), digital light processing
(DLP), and two photon polymerization (2PP) fabricate biological con-
structs through selectively curing a vat of cell-containing photopoly-
mers (Fig. 5).”* 7 The bio-ink consists of photopolymers (monomers
and oligomers), photoinitiators, additives (such as inhibitors and
dyes), and cells. The bio-ink should be tailored to the printer such that
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the wavelength and intensity of light source work with the
photoinitiators.

VPP systems can be divided into vector- and pixel-based sys-
tems.”” The vector-based approach (SLA and 2PP) fabricates through
the exposure of continuous lines that map the contour of each print
layer. To form the complete product, the laser hatches across the
cross-sectional area. The curing mechanism for 2PP differs from SLA.
2PP requires the incidence of two femtosecond lasers, leading to pho-
topolymerization in the center region of the laser focal spot.”’ For an
in-depth review on 2PP, readers are referred to Ref. 61. The pixel-
based approach (DLP) fabricates through projecting arrays of light
based on the cross-section of a single layer. A major advantage of such
system is that the exposure time is independent on the size of the
cross-sectional area.”

The light-polymer interaction in VPP involves two steps, namely,
photophysical and photochemical processes. These processes are
described in detail in Ref. 62. In brief, photophysical process is when
light is absorbed by chromophores and transits between ground and
excited states. Two conditions are critical for light absorption. First,
the energy of the photon, E = hv, must be high enough for the excita-
tion from the ground state to the excited state, AE. Second, there must
be changes in the dipole moment of the molecule from the incident
radiation.”” The second step is the photochemical process, where the
molecules are transformed through cleavage, electron transfer reaction,
hydrogen abstraction, etc.

One of the critical parameters in VPP is the cure depth, as

described in Cy = Dpln <Egj*), where the maximum cure depth C; is

dependent on the penetration depth of the beam Dj, the maximum
energy on the resin surface E,,,,, and the critical energy for the ink to
change from the liquid to the solid phase E,. The exposure energy is
dependent on factors such as laser power P, laser beam radius wy, and

2_P

scanning speed v;, where E,uq = S
2

In a DLP system, where

light projection is used instead of the laser beam, Ep;p is used instead
of E,nax when describing the penetration depth.” The exposure energy
in DLP is dependent on the light intensity of the DLP system I and
exposure time fg, Eprp = I*tg.

In 2PP, the curing process involves the absorption of two pho-
tons to excite molecules to a higher singlet state. The probability of
excitation by the simultaneous absorption of two photons is quadrati-
cally related to the incident light intensity. Thus, submicron resolution
can be achieved using 2PP, while structures can be printed with a
greater depth and at faster speed.”” However, multiple curing mecha-
nisms can occur in the 2PP system other than two photon absorption.
Avalanche ionization, where a region of highly intense electric fields
causes insulating species to be conductive, and polymerization through
heating are other curing mechanisms in 2PP.°" For in-depth readings
on 2PP using near-infrared radiation for biological applications, read-
ers are referred to a recent review article.”’

b. Ink characterization and  printability in vat
photopolymerization. Printability in vat photopolymerization has been
less studied as compared to the other two processes. Nonetheless,
printability can be defined by decoupling the processing components
in vat photopolymerization. The main advantage in VPP is that the
ink need not be tailored to physiochemical properties such as surface
tension, viscosity, and volatility.”” The effect of photopolymer’s
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viscosity is essential when refilling the vat.”* Higher viscosity ink will
require a longer time to reach equilibrium during the recoating process
due to surface tension.”

The light absorbency of resin influences the area at which pho-
topolymerization occurs in the vat system. Dyes can be added to the
photopolymer resin to absorb scattered light from the light projec-
tor.”” Agents can be added to limit light penetration in vat photopo-
lymerization such that good z-resolution can be maintained.”""”
Photo-absorbers improve print resolution through limiting the light
penetration depth, preventing unwanted curing of the bio-ink.””
Another aspect of the bio-ink for VPP is on the choice of photo-
initiators. The photo-initiator has to be highly selective upon activa-
tion to prevent unnecessary free radical crosslinking, resulting in the
polymerization of larger volume.*”

B. Resolution of materials and cells within bio-ink
1. Print resolution as a function of printer’s parameters

Most bio-inks for nozzle-based jetting are Newtonian fluid with
low viscosity, where the viscosity does not change with the shear
rate.”””" For material jetting, it is important to achieve the formation
of a distinct single droplet. Several approaches can be used to modulate
the droplet size, while using the same printhead and ink. First, the
pulse width between fill-before-fire can be adjusted to control the drop
size.'® Also, the interaction of the droplet on the substrate influences
the droplet resolution. A substrate surface with higher contact angles
would result in smaller droplet spreading due to slow energy dissipa-
tion.”” A higher impact velocity leads to an increase in the maximum
energy available for droplet rebound. The spreading of droplet on the
substrate is influenced by surface tension and viscosity.””

Bioprinting with dimensionality in droplet-based printing
involves the coalescence of neighboring droplets. Droplet spacing
influences the coalescence morphology, forming either individual
drops, scallop lines, or linear lines.”” To create lines and areas of print
requires the connection of individual adjacent droplets. The high
Laplace pressure generated between two touching drops results in fast
flow towards the connecting region.'® Additionally, the height differ-
ence between the receiving substrate and printhead influences the size
of printed droplets.”””> By controlling the print height, secondary
droplets can be suppressed, and thus, ensuring that only primary
droplets are produced.

Other than material’s characteristics, printing parameters such as
printing pressure, path-height, path-space, and nozzle moving influ-
ence the print outcome. ” The printing pressure affects the
length, width, and height of printed layers.” When a low pressure is
applied, the pressure is insufficient to extrude the bio-ink immediately
and leads to either a no print or an underprint. In contrast, a higher
pressure induces rapid bio-ink extrusion and also overprint and excess
bio-ink spreading along the width.® The path-height affects the length
and height of the printed layers when (i) the nozzle causes disturbance
to printed layers while traversing at a lower path height and (ii)
extruded bio-ink cannot reach the building platform on time at a
higher path height. An optimal path-height is approximately 75% of
the nozzle diameter (normalized path-height). A change in nozzle
moving speed has little effect on the printing outcome, and the effect is
only significant when the viscosity of the bio-ink is low.

7,47,76,7
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In stereolithography, printing parameters such as print speed,
laser beam size, and optical fluence are parameters that affect the print
resolution and accuracy. Print resolution for stereolithography was
reported to be less than 100 um.”””® Improved print resolution is
achieved through increasing the stage velocity and reducing the optical
power of the laser.”” With higher scanning speed and lower optical
power, there is lesser area exposed to sufficient optical fluence. Thus,
the higher print resolution is produced. An optical fluence model is
used to describe the hydrogel line width as a function of peak optical
fluence, where there is a threshold optical fluence that is necessary to
initiate photo-crosslinking.”” The surface of vat can be coated to mini-
mize the meniscus formation of the photopolymer for ensuring com-
plete polymerization, hence improving the shape and thickness of
polymerized construct.””

2. Print resolution as a function of the cell
concentration

Another factor that influences print resolution in general is the
cells within bio-ink. It is notable that cells do occupy volume within
the bio-ink mixture. With the increasing cell density, the proportion of
cells within bio-ink increases and hence affects the properties such as
viscosity and rate of gelation. At temperature above the gelation point,
bio-ink with a loading cell density of 1.5 x 10° cells ml ™" decreases in
viscosity by a factor of 2, and the factor increases with the increasing
cell density.”' The presence of cells increased the storage modulus of
the bio-ink and is attributed to the viscosity changes. The cell density
also influences the time required for the gelation of bio-ink. It was
shown that for NTH 3T3 and HepG2 C3A cells, a threshold value of 25
x 10° cells ml™" will determine the gelation rate of the bio-ink."’
Skardal also reported that the threshold value in which cell density
interferes with hydrogel formation is cell-type specific.

The effect of the cell concentration has an impact on droplet for-
mation and thus the print resolution. The increasing cell concentration
delays the necking of the ligament which prolongs the breakup time.*’
Also, the addition of cells increased viscous and elastic effects and thus
suppressed the formation of satellite droplets. With the increasing cell
concentration, the viscosity increases and the surface tension
decreases, resulting in an overall decrease in Z values. As shown in the
fluorescent microscopy images in Figure 6, once the Z values drop
below a threshold level, the cell-laden bio-inks become unprintable.

3. Resolution of cells within print

There are 2 main types of cell-laden bio-inks, namely, cell-
encapsulated hydrogels and cell suspension.”"** As shown in the fluo-
rescent microscopy images of Figure 6, cell distribution within each
fundamental unit (filaments in material extrusion and droplets in
material jetting) is randomized. One of the challenges in bioprinting is
the inability to spatially localised positioning of cells and hence the
deviation of cell density within each deposited unit.”"*’ The lack of
control over cell distribution is prevalent in the pre-printing stage,
which affects the printing output over time.”*

The key challenge is to ensure cell homogeneity in cell-laden bio-
inks during the bioprinting process; gravitational forces induce cell
sedimentation which resulted in non-uniform cell distribution within
the bio-ink over time. Recent works have highlighted the influence of
cell sedimentation which resulted in inconsistent printing output over
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time.”**” It was observed that cell sedimentation caused an initial

increase in cell output over the first 15 min of printing until it reached
a plateau, followed by a reduction in cell output over time.** Although
the mathematical model has predicted a linear increase in cell output
over time before reaching a constant steady-state output, the experi-
mental results do not corroborate the numerical simulations. This is
mainly due to cell adhesion along the constriction of the printing
cartridge that occurred because of the presence of van der Waals inter-
actions between the cells and the interior surface of the printing
cartridge.”*"

A counteractive approach is to modify bio-ink formulation to
include non-adhesive polymers’' or weakly crosslinked hydrogel® in
order to reduce the effect of cell sedimentation and adhesion. Some of
the previous studies attempted to mitigate this cell sedimentation effect
by incorporating ethylene diamine tetra-acetic acid (EDTA) within the
bio-inks™ and achieving a state of neutral buoyancy between the
encapsulated cells and bio-inks.”’ A recent study has incorporated pol-
yvinylpyrrolidone (PVP) molecules within the cell suspension, where
the PVP-based bio-inks improved the cell viability and homogeneity
during the printing process.”"

Other than bio-ink modification to improve the cell distribution,
mechanical inputs can be designed into the bioprinting system to aid
in cell positioning. One such technology is surface acoustic waves
(SAWs). In the earlier work on SAWs, the technology was used to
encapsulate cells in each ejected picolitre droplet with a high cell viabil-
ity of >89.8% at high throughout rates of up to 10000 droplets per
second.”’ Tt is challenging to precisely control the number of ejected
cells using the SAW approach; the number of cells per ejected droplet
is mainly determined by the cell concentration in the ejection fluid
and by the ratio of droplet size to cell size. Particularly, a low cell
concentration of 1 x 10° cells/ml would result in up to 24.4% empty
droplets, whereas a high cell concentration of 16 x 10° cells/ml would
result in up to 1.6% empty droplets.

Other than the use of acoustic waves as droplet generators,
SAWs were used to control the positioning of cells to decrease the cell
proximity within the encapsulating material. The alignment of par-
ticles relies on the incident wave and the distribution of forces on the
object. The positioning effect of the cell using SAW is dependent on
cell properties such as size, compressibility, density, and material’s
fluidic properties such as viscosity. Enhancing the cell-cell contact is
critical in tissue development and function.”

Il. STRATEGIES IN ENHANCING SHAPE FIDELITY IN
CELL-HYDROGEL BIOPRINTING

A. Formulation of superior bio-ink

Hydrogel precursors are considered too liquid for printing appli-
cations, whereas crosslinked hydrogels are too brittle to be extruded
through a needle without fracture.” The storage modulus and viscos-
ity indicate whether a material can be self-supporting, whereas viscos-
ity recovery after shear shows whether cells can be incorporated
within the bio-ink.”* The formulation of bio-ink that comprises multi-
ple hydrogels is a commonly used approach to enhance the structural
integrity of bioprinted constructs.”"”* "%’

The mixture comprises a primary material that improves print-
ability and shape fidelity during printing, while the secondary material
later undergoes crosslinking to provide structural fidelity after print-
ing”"*”" For instance, the gelatin methacrylamide (GelMA)/
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FIG. 6. Print resolution and cell resolution of the bioprinted construct shown using material extrusion and material jetting techniques. The print resolution of both material extru-
sion (a) and (b) and jetting (c) controlled using material- and process-based parameters. The microscopy images of struts and droplets showed variations in print resolution
while improving on the print definition (b). Random cell distribution shown within struts (d) and droplets’" (e).

hyaluronic acid (HA) mixture showed enhanced printability as
opposed to using GelMA alone.”’ HA improves the viscosity of the
mixture, while the crosslinking of GelMA retains the structure’s integ-
rity after printing. In the investigation with varying molecular weights
of PEG, hydrogel with longer polymer chains exhibited higher stretch-
ability.” The dual hydrogel system comprising an interpenetrating
network of PEG with sodium alginate displayed an increase in fracture
energies when reversible Ca>" was added to the system. Alternatively,
partial gelation can be performed on hydrogel with the multiple cross-
linking mechanism to enhance the viscosity of bio-ink. One such
example is to induce thermal gelation in GelMA through lowering of
temperature. “

On the other hand, a single component hydrogel system is ideal
for cell printing without the added complexity from bio-ink mixed
with multiple hydrogels. Increasing the number of hydrogel in the sys-
tem adds complexity in terms of satisfying environmental conditions
during bioprinting. The multi-network hydrogel system is sensitive to
more than one external stimulus (e.g., light, temperature, and ion con-
centration). As such, polymers are synthesized to improve the

10

mechanical strength and elasticity.”’ Another approach to the single
component hydrogel system is through mixing of the modified and
pristine materials. For instance, when carboxylated agarose is mixed
with pristine agarose, the elastic modulus of printed gels was enhanced
while keeping the shear viscosity relatively constant.'” This is essential
when printing technologies require a smaller range of viscosities such
as microvalve and inkjet printing.

Another approach to improve on bio-ink formulation is the addi-
tion of nano/microparticles to enhance bio-ink’s mechanical function-
ality. Nanoclay particles are used to improve the viscosity of the
pre-gel solution while increasing its shear thinning properties.””””'%*
The thixotropic response time for such a colloidal system is reported
to be on the order of 0.1's, deeming these nanoparticle-based bio-ink
as versatile self-supporting scaffold materials.'”

Silk fibroin (SF) particles were added to gelatin methacrylate
(GelMA) to increase the viscosity of bio-ink while reducing the cell
sedimentation effects.'”’ SF microparticles were formed through soni-
cation, which accelerated the crystallization process. The addition of
SF increased the viscosity of bio-ink to 140 folds. Cell dispersion in the
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bio-ink was improved with a higher SF content. However, an excess
amount of SF particles induces rapid gelation, decreasing the printabil-
ity of bio-ink.

Other than viscosity modifiers, micro-carriers can be designed to
deliver either cells or biological factors. Nanospheres loaded with
growth factors are mixed with the bio-ink for sustained, slow release of
stimulating factors in promoting cell growth.'"* Single cell encapsula-
tion using flow focuses the droplet-based microfluidic platform to coat
cells with microgels of sizes less than 50 yim.'"” These microgels act as
immune-protective barriers that prevent the exposure of encapsulated
cells to host’s immunoglobins. Such modular bio-inks allow the deliv-
ery of non-autologous cells for stem cell therapies while providing
host-centric macroenvironments. Moreover, micro-carriers can be
used as devices that aid in expansion of cells prior to printing while
reinforcing the mechanical integrity of the soft matrix.'*°

B. In-process crosslinking

Hydrogel with the rapid gelation mechanism, such as alginate and
fibrin, is commonly used during the in-process crosslinking
method' """ . In-process crosslinking is achieved by either modifying
the extrusion head for coaxial extrusion of the hydrogel precursor and
crosslinker or depositing the precursor into the crosslinker bath.'**'"?
Another approach is to setup peripheral crosslinking devices that induce
targets curing the process just before landing on the substrate.''’

Alternatively, the precursor hydrogel and crosslinker are sequen-
tially deposited via designing the printer’s toolpath.'"'~''* Sequential
deposition is prevalent in material jetting techniques, where low vis-
cosity solutions are needed for smooth jetting. Sodium alginate is one
of such quick gelation polymer solution with low viscosity. Another
example of rapid crosslinking involves the use of horseradish peroxi-
dase (HRP)-catalyzed hydrogelation.''” This gelation mechanism tar-
gets polymers with phenolic hydroxyl (Ph) moieties. The mechanism
for this crosslinking technique is to target phenolic groups that have
been added to the natural polymer for initiating the enzymatic cross-
linking reaction.''*""?

C. Support-enabled approach

Hydrogel, being a soft material, has limited capabilities in sup-
porting its structure. Two deposition strategies have been used in the
build/support configuration. First, the support material can exist as the
bath where the print is embedded within the vat comprising materials
not restricted to hydrogels alone,' ' '*” whereas support materials can
be deposited sequentially with build materials.'”* """ Build materials
refer to the intended engineered tissue component (ie., cells and/or
hydrogel), while support materials provide mechanical strength to
hold the structure. In most cases, the support material is removed
through post processing.

Previously, high density fluorocarbon was used to support lesser
buoyant and soft hydrogels."”’ Upon comparing printing agarose in
air and in fluorocarbon support bath, a 28 mm hydrogel rod with an
aspect ratio of 17.5 was printed uniformly, whereas the agarose rod
printed in air collapsed after a critical height has been reached.
Bioprinting in air versus into another medium (e.g., oil bath) affects
also the resolution of print.'”” The droplet of cells that were printed
into the oil packed into an hexagonal array and the construct was sta-
bilized with agarose. The addition of Fmoc-dipeptides increases the
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interfacial adhesion between printed droplets, hence improving shape
retention. Printing into a support bath overcomes the limits of gravita-
tional force.'’" This approach to print soft hydrogel into a bath other
than air is one of the strategies used in build/support printing to
improve on structure retention and shape fidelity. The hydrogel cross-
linker can be incorporated into the support bath to enhance print
fidelity, while the sacrificial bath is removed.'"” Hydrogels with the
reversible crosslinking mechanism such as gelatin, Pluronic F127, and
agarose are commonly used as the support material. Sacrificial ink
30% w/w Kolliphor P407 was used.”' The removal of the sacrificial
mold is induced through washing with cooled water.

The use of computer-assisted technology in bioprinting allows
integration with other fabrication processes. For instance, bioprinting
techniques (such as extrusion and inkjet) have been integrated with
melt-plotting and electrospinning apparatus to build multiscale
parts, 471251271 Thermoplastic PCL and poly (lactic-co-glycolic
acid) (PLGA) are commonly used as the support material for hydrogel
in hybrid printing. These thermoplastics are processed at high temper-
ature which is not compatible to include cells in the plotting process.
Instead, cells are deposited onto the thermoplastic using hydrogel as
the carrier (Table I).

lll. TOWARDS COMPLEX TISSUE AND ORGAN
FABRICATION

Anatomical geometries with controlled accuracy can be three-
dimensionally bioprinted with recent studies showing the capabilities
of printing virtually any anatomical designs.””*"""*"*""** Going
beyond recapturing the shape and form of the native tissue/organ,
there is a need to recreate the highly complex hierarchical structures
found in native human tissues and/or organs.”'*” With print resolu-
tion limited in the micrometer range, incorporating other fabrication
modalities with bioprinting proves to be a disruptive approach in
recapturing the multi-scale heterogeneity of complex tissues/organs.
The modification in the following aspects of bioprinting enhances the
functionality of the bioprinted construct.

A. Data processing for the voxel-based biofabrication
of complex tissue

Constructs with anatomical resemblance have been bioprinted
using data from either medical imaging or manually designed using
CAD software.””'** The ability to print any virtual shapes renders bio-
printing a technology for producing the anatomically accurate 3D con-
struct to mimic the targeted tissue or organ. STL is the commonly
used file format for providing the blueprint to print. As STL file for-
mats are boundary representations of the virtual bodies, objects are
represented by the list of triangles and vertices, with the inner space
bounded by the triangles occupied by a single material. This can be
described as a shell only representation. With printers capable of print-
ing up to 7 materials, objects that are not naturally represented as the
surface has to be converted to boundary representation.'*’ Voxel-
based blueprints that contain point-specific attributes are essential for
more accurate representation.

Multi-material printing is a distinct advantage of bioprinting
which many has leveraged on to produce better engineered tissue
through printing.**"'*’ Recent advances in the use of the microfluidic
platform with 7 channels showed heterogeneous printing for recaptur-
ing different aspects of the native tissue.'"' By digitally tuning valves
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TABLE I. Strategies to enhance shape fidelity in cell-hydrogel bioprinting.
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Strategies Description Bioprinting techniques References
Formulation of Bio-ink with the multiple hydrogel system for Extrusion 30,39,44,51,94-99
superior bio-ink enhancing rheological and mechanical properties DLP 100
Synthesis of bio-ink through the co-polymer for Extrusion 101,102,135
single component hydrogel system
Nano/microparticles to enhance the mechanical Extrusion 93,95,103
functionality DLP 100
In-process Modification of printhead Extrusion 108,110
crosslinking Induce crosslinking upon printing through the Extrusion 113,119
designing of the toolpath Material Jetting Inkjet 109,115
Microvalve 111,112,114
Induce crosslinking upon landing on the print Extrusion 110
substrate through peripheral devices
Support-enabled Printing of bio-ink into the alternative medium Extrusion 119,120,124,125
approach other than air (e.g., support bath, mold, and Inkjet 13,122,126
higher density liquid bath)
Hybrid technology for the fabrication of the scaf- Extrusion 34,128,134
folding material and bioprinting Inkjet 136

that direct different materials, continuous microfiber with spatial cod-
ing is extruded through a single printhead. As such, voxel-based print-
ing coupled with continuous fabrication of filamentous bioprinted
materials can potentially support the heterogeneous printing of native-
relevance tissues.

Print accuracy from obtaining blueprints of medical imaging
requires further optimization. When obtaining print data from medi-
cal imaging, the process involves two major steps concerning data
acquisition and data conversion. As such, the print accuracy of the
reconstructed file from medical images is influenced by factors such as
resolution of the acquisition technique and printers’ capabilities.
Different imaging techniques have different resolutions when collect-
ing data, where the axial resolution of OCT is at 5-7 um and the CT
scan resolution is limited at 100 um. Overall, there is a limit towards
how much details can be represented in the reconstructed construct.'*”
On the other hand, it is inevitable to have geometrical differences
between printed and intended dimensions." Hence, when bioprinting
constructs from reconstructed medical imaging, deviations in terms of
data acquisition, conversion, and print have to be accounted.

B. Enhancing functionalities through material
formulation

Electrically conductive polymers have gained attention tissue
engineering applications such as nerve and cardiac.'**"** For instance,
adding conductive elements to bio-ink creates a proper microenviron-
ment for the organization of cardiac cells.' Gelatin methacryloyl
mixed with gold nanoparticles was incorporated with cardiac fibro-
blasts (CFs) and cardiac muscle cells (CMs). Gold nanoparticles
increased the electrical conductivity of the hydrogel material, which
enhanced the cell-cell connection. The gold nanoparticles improve on
electrical conductivity of the bio-ink, and also serve as modulators for
balancing the ratio between CFs and CMs.'*’

Designing smart hydrogels that are programmed to respond to
external stimuli can increase the functionalities of the bio-ink system
through inducing preferential changes of the bioprinted construct.
Smart hydrogels can be used to manipulate the network structure and
swelling ratio using external stimuli such as pH and electrical or even
magnetic fields.* Patterning hydrogels with soft regions in stiff
hydrogel with photolabile moieties."*” Alternatively, the selective ero-
sion of the material can be achieved through patterning of photolabile
group that is sensitive to a specific wavelength.

C. Controlling material deformation through
bioprinting

Mechanical deformation during the bioprinting process can
influence the behavior of both cells and materials. The shear-induced
alignment of anisotropic particles through extrusion printing was
printed to align anisotropic particles. A recent study has developed a
biomimetic hydrogel composite (stiff cellulose fibrils embedded in a
soft acrylamide matrix) that can be 4D printed into a programmable
bilayer architecture."** Extrusion printing aligns the anisotropic cellu-
lose fibrils, leading to the anisotropic stiffness of the printed construct.
The structure was encoded with localized swelling anisotropy that
induces complex shape changes upon immersion in water.

Shearing in bioprinting was used to induce transient membrane
permeability for in situ cell reprogramming."*’ Fibroblasts that experi-
enced the extrusion method were analyzed for neural lineage-related
genes when cells, plasmid, and neural genes were loaded within
the bio-ink to undergo gene transfection. It is noteworthy that the rhe-
ological properties of the bio-ink affect the cell reprogramming effi-
ciency. It is also shown that a narrow processing window of shear
stress (190 Pa) is optimal for transfection. In a separate study on the
inkjet printing of Chinese Hamster Ovary Cells, it was shown that
these transient pores recover within hours with no adverse effect on
cell viability."™” Both cases used shear force from bioprinting as a tool
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for inducing physical responses to cells, adding the value to bioprinting
being more than just material deposition.

Through selecting bio-ink that responds to stimuli, external forces
can be applied during the printing process to induce heterogeneous
material patterning. For instance, in a setup of a multi-nozzle extrusion
printing system, a rotating magnet was positioned such that magnetic
platelets within the printed ink were aligned to the external magnetic
field.”" An optical setup was also integrated to the system to induce
the photocuring of the ink, fixing the oriented platelets to a specific
direction. The printed construct displayed controlled heterogeneity in
the microstructure. Patterned photomasks were used to selectively cure
areas for controlled texturing. With the control over the microstruc-
tural architecture in the printed construct, the swelling and mechanical
properties of the crosslinked polymers can be controlled, whereas con-
structs can be designed with programmable features.

D. Leveraging design-centric fabrication for better
biomimicry

Other than inducing microstructural changes in the material
through the printing process, the ability to bioprint multi-materials
allow spatial control over the placement of these materials. For
instance, heterogeneity in the collagen organization of the native skin
tissue was recaptured through the use of polyvinylpyrrolidone (PVP)-
based bio-ink to induce macromolecular crowding (MMC) within
printed collagen layers.””'>* The presence of PVP macromolecules
alters the collagen fibrillogenesis process. With the precise control of
PVP droplets within each printed collagen layer the fabrication of 3D
hierarchical porous cell-laden printed collagen constructs is facilitated.
The use of the defined compression approach has also been reported
to generate gradients in the density and fibril morphology along the
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construct thickness.”” The recent use of MMC for biological systems
has attracted wide attention due to its ability to enhance extracellular
matrix deposition and cell proliferation.'”*'*”

In other native tissues, the cellular alignment is attributed to
direction-dependent mechanical properties. From the mechanical and
electrical properties of the heart'*® to the multinucleation of muscle
fibres in myotube formation for musculoskeletal tissues, *” there is a
need to induce cell alignment in these engineered tissues. Through
designing peripherals in the bioprinting setup, the design-based
approach can be used to influence the biological behavior of printed
constructs. For instance, customized printhead aligns cells by present-
ing a grooved surface for cells to grow along,"™*

To produce bioprinted constructs with mechanical properties
resembling native tissue, bioprinting was integrated with non-
bioprinting technologies. This provides a greater design freedom,
hence controlling the mechanical properties of bioprinted constructs.
For instance, Zhang and co-workers bioprinted urethra with mechani-
cal properties matching the native tissue.'”” While cell-laden hydrogels
deliver heterogeneous cells (urothelial cells and smooth muscle cells)
in a well-distributed manner, thermoplastic scaffolds provide the
structural and mechanical characteristics for the construct. Printed in
different topological configurations, the spiral design of thermoplastic
frames better mimics the mechanical properties of urethra as opposed
to cylindrical design.

The automated assembly of pre-formed cell-containing units,
termed as bioassembly,'* is another field of technology that can be
integrated with bioprinting. These bioassembly techniques include
processes such as pick and place of spheroids and magnetic bioprint-
ing with spatial control.'®" '®* These microtissues are first cultured in
specific conditions and assembled in modules. The culturing process
allows the microtissues to mature prior to direct manipulation. The
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direct manipulation of these microtissues combined with bioprinting
can potentially fabricate constructs with higher hierarchical complex-

ity (Fig. 7).
IV. CONCLUSION

The ability to spatially control material and cell deposition has
been well documented for bioprinting. In the pursuit of improving
print resolution and accuracy, the principles behind each bioprinting
technology were analyzed and categorized based on the fundamental
units of filaments and droplets. These units correspond to material
extrusion and material jetting techniques, respectively. On the other
hand, vat photopolymerization may prove to be a technique that can
fabricate engineered tissue at higher resolution. With each printing
technology having different working principles, the definition of print-
ability differs across variants of bioprinting. A guideline for printability
evaluation is to determine whether the fundamental units can be
achieved specific to the bioprinting technology. Another aspect on res-
olution is the cell distribution within the printed construct. Ensuring
homogeneous cell distribution in the loading cartridge and the posi-
tioning of cells within each printed hydrogel will reduce the randomi-
zation of cell distribution in the printed tissue.

The ability to control material deposition in the vertical aspect
determines the success of forming a three dimensionally defined con-
struct. Several approaches can help improve the shape fidelity of the
bioprinted construct. Formulating bio-ink with desirable rheological
properties ensures that the material has sufficient mechanical proper-
ties to be self-supported. Introducing crosslinking agents at different
printing stages helps us to retain the shape throughout the bioprinting
process. Hydrogels with weaker mechanical properties are printed into
desired forms through the use of supporting agents. Such supports
may include changing the medium in which materials are deposited
into and integrating bioprinting with mechanically robust thermoplas-
tics. These strategies aim at improving the overall form of printed
tissue.

Innovations at different stages of the bioprinting process will help
to increase the functionalities of the bioprinted construct. Designing
the blueprint for bioprinting will determine the degree of complexity
of printed tissues. The voxel-based approach, where information for
printing is represented by its fundamental units, will have better repre-
sentation on the heterogeneity of the native tissue. Functionalities can
be added to the engineered construct through formulating bio-inks
that undergo predefined changes when exposed to external stimula-
tion. The mechanical force from the bioprinting process can be lever-
aged to induce mechanical and biological responses in the printed
construct. It is essential to understand that requirements and consider-
ations vary with different types of tissues. The integration of bioprint-
ing with different fabrication techniques can assist in capturing the
different hierarchical attributes of a native tissue.
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